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АНОТАЦІЯ 

Шалак В.Ф. Структурно-функціональна організація макромолекулярних 

комплексів і їх компонентів апарату елонгації трансляції у ссавців. – 

Кваліфікаційна наукова робота на правах рукопису, підготовлена у формі доповіді 

за сукупністю наукових статей. 

 

Дисертація на здобуття наукового ступеня доктора біологічних наук за 

спеціальністю 03.00.03 - Молекулярна біологія. – Інститут молекулярної біології і 

генетики НАН України, Київ, 2025. 

У дисертаційній роботі представлено широкомасштабні дослідження 

просторової структури і особливостей функціонування компонентів двох основних 

макромолекулярних комплексів, що працюють на дорибосомному етапі трансляції 

ссавців. Комплекс факторів елонгації eEF1B містить субодиниці eEF1Вα, eEF1Вβ і 

eEF1Вγ, що забезпечують обмін гуанінового нуклеотиду на молекулах eEF1А1 або 

eEF1А2, формуючи лабільний комплекс eEF1H. Комплекс аміноацил-тРНК 

синтетаз, які забезпечують синтез аміноацил-тРНК, містить 9 ферментів та 3 

додаткових білка p18, p38, p43.  

Метою роботи було з’ясування особливостей структурної організації і 

функціональної активності комплексів факторів елонгації трансляції eEF1B та 

eEF1H, та їх окремих компонентів, а також функціональних особливостей білка 

р43 – компонента макромолекулярного комплексу аміноацил-тРНК синтетаз 

ссавців. 

У роботі було використано сукупність різноманітних методів для 

проведення експериментальних досліджень у галузі сучасної молекулярної 

біології і біохімії. Робота з рекомбінантною ДНК полягала у створені генетичних 

конструкцій, які потім експресували в бактеріях або в клітинах вищих еукаріот. 

Для створення генетичних конструкцій використовували стандартні молекулярно-

біологічні методи, зокрема ПЛР ампліфікацію, рестрикцію і лігування ДНК 

фрагментів у відповідні вектори, аналіз рестрикційних фрагментів методом 

електрофорезу в агарозному гелі. Синтез цільових рекомбінантних білків 

перевіряли в екстрактах трансформованих бактерій або трансфікованих клітин 
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ссавців методом електрофорезу в поліакриламідному гелі за умов денатурації 

та/або вестерн-блот аналізом. Очищення цільових рекомбінантних білків з 

бактеріальних екстрактів проводили із застосуванням афінної та іон-обмінної 

хроматографії, а також гель фільтрації. Препарати нативних білків-паралогів 

eEF1А1 та eEF1А2 виділяли з печінки і м’язів кроля, відповідно, з використанням 

комбінації різних видів хроматографії, а саме аніон- і катіон-обмінної, 

гідроксилапатиту і гель фільтрації. Активність очищених eEF1А1 та eEF1А2 

визначали в реакції [3H]ГДФ/ГДФ обміну і трансляції полі(У) матриці очищеними 

80S рибосомами у присутності [14С]фенілаланіл-тРНК і фактора елонгації eEF2. 

Активність аміноацил-тРНК синтетаз визначали в реакції аміноацилювання тРНК 

у присутності відповідних [3H] або [14С] мічених амінокислот. Активність 

факторів обміну гуанінового нуклеотиду (eEF1Вα і eEF1Вβ) визначали по кінетиці 

[3H]ГДФ/ГДФ обміну на молекулі eEF1А1 чи eEF1А2. Олігомерний стан 

досліджуваних білків і білкових комплексів визначали за допомогою гель 

фільтрації і аналітичного ультрацентрифугування. Формування білкових 

комплексів визначали за допомогою гель фільтрації і агарозного гель 

електрофорезу за нативних умов. Утворення комплексів між білками і 

радіоактивно міченою тРНК спостерігали за допомогою методу затримки в 

поліакриламідному гелі. Картування сайтів взаємодії між білками проводили з 

використанням різних вкорочених форм білків-партнерів, а також за допомогою 

методу воднево-дейтерієвого обміну (HDX) з наступним мас-спектрометричним 

аналізом пептидів. Вміст елементів вторинної структури N-кінцевого домену 

eEF1Вβ вимірювали за допомогою кругового дихроїзму. Внутрішньоклітинну 

локалізацію цільових білків злитих з зеленим флуоресцентним білком (GFP) 

визначали методом конфокальної мікроскопії живих клітин в культурі. 

Знаходження білків в цитоплазматичній і мітохондріальній фракціях 

підтверджували методом субклітинного фракціонування клітин з наступним 

вестерн-блот аналізом.  

Просторові моделі білків створювали у програмі Modeller, після чого ці 

моделі вдосконалювали в ModRefiner і перевіряли на web-сервері MolProbity з 

подальшим їх покращенням  на сервері з мінімізації енергії YASARA. 
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Молекулярний докінг між білками eEF1Bβ та eEF1Bγ проводили на web-сервері 

PatchDock. Симетричний докінг між мономерами eEF1Bβ моделювали на web-

сервері SymmDock.  

Отримані експериментальні результати виявили низку нових аспектів 

структурно-функціональної організації компонентів апарату трансляції ссавців 

зокрема відмінності просторової організації високо гомологічних білків-паралогів 

eEF1А1 та eEF1А2, неканонічних взаємодій фактора елонгації eEF1А1, 

четвертинної організації комплексу eEF1B, подвійної функціональної ролі білка 

р43 макромолекулярного комплексу аміноацил-тРНК синтетаз.  

Вперше встановлено, що фактор елонгації трансляції eEF1A1 в ГДФ-

зв’язаній формі має видовжену конформацію в розчині з радіусом гірації 5.2±0.2 

нм, що більш ніж в 2 рази більше обрахованого радіусу гірації кристалографічної 

структури його білка-паралога eEF1A2 в комплексі з ГДФ.  

Вперше розшифровано кристалічну структуру фактора елонгації трансляції 

eEF1A2, який складається з трьох доменів і має близьку до сферичної просторову 

конформацію. Встановлено, що іони Mg2+ не впливають на реакцію обміну 

гуанінового нуклеотиду на молекулі eEF1A2.   

Вперше показано, що eEF1A1 у ГДФ-зв’язаній формі може утворювати 

неканонічний потрійний комплекс з деацильованою тРНК і четвертинний 

комплекс з фенілаланіл-тРНК синтетазою, а також збільшує початкову швидкість 

реакції, яку каталізує метіоніл-тРНК синтетаза.  

Вперше виявлено взаємодію трансляційно-контрольованого білка пухлин 

(ТСТР) з факторами елонгації трансляції eEF1A1 і субодиницею eEF1Bβ. 

Зв’язування TCTP з eEF1A1 призводить до зниження швидкості реакції як 

спонтанного, так і eEF1Bβ-опосередкованого обміну гуанінового нуклеотиду на 

молекулі eEF1A1.  

Вперше детально досліджено структурну організацію факторів елонгації 

eEF1Bα, eEF1Bβ і eEF1Bγ, які утворюють макромолекулярний комплекс eEF1B.  

Визначено сайти взаємодії між субодиницями eEF1Bα і eEF1Bγ, eEF1Bβ і eEF1Bγ, 

і встановлено, що мотив «лейцинова застібка» eEF1Bβ відповідає за тримеризацію 

цього білка, а також всього комплексу eEF1B, який має структурну організацію 
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типу (αβγ)3. Показано, що eEF1B(αβγ)3 здатен зв’язувати до шести молекул 

eEF1A2, відповідно до кількості GEF-доменів в ньому.   

Вперше розкрито механізм стимуляції активності eEF1Bα субодиницею 

eEF1Bγ при утворенні комплексу між ними. Конформація N-кінцевого домену 

eEF1Bα частково перешкоджає взаємодії eEF1A з GEF-доменом, що знижує 

швидкість обміну гуанінового нуклеотиду. Зв’язування N-кінцевих доменів 

eEF1Bα і eEF1Bγ усуває цей інгібіторний ефект. 

Встановлено, що N-кінцевий домен білка р43 макромолекулярного 

комплексу аміноацил-тРНК синтетаз взаємодіє з аргініл-тРНК синтетазою. 

Показано, що р43 не впливає на каталітичні параметри аргініл-тРНК синтетази і 

не збільшує її спорідненість до відповідної тРНК. Отже, білок р43 не є кофактором 

для цього ферменту.  

Встановлено, що інкубація макромолекулярного комплексу аміноацил-тРНК 

синтетаз з каспазою 7 in vitro призводить до розщеплення його р43 компоненту на 

два фрагменти. Його С-кінцевий фрагмент, який вивільняється з комплексу, є 

ідентичним EMAPII і здатен викликати хемотаксис моноцитів. Розщеплення p43 

призводить до втрати його тРНК-зв’язувальної властивості. 

Вперше виявлено, що індукція апоптозу в клітинах призводить до появи і 

вивільнення з клітин іншого протеолітичного фрагменту білка р43, названого  

р43(ARF), який на 40 амінокислот довший ніж EMAPII. Показано, що обидва 

р43(ARF) і EMAPII не індукували експресію Е-селектину на ендотеліальних 

клітинах (HUVEC), тоді як повнорозмірний р43 таку індукцію викликав. 

Протеоліз білка р43 дозволяє уникнути активації ендотеліальних клітин і, як 

наслідок, можливого розвитку запальної реакції в організмі.   

Вперше ідентифіковано новий трансляційний продукт гена, який кодує білок 

р43. Цей продукт має мітохондріальну локалізацію і є на 9 амінокислот довшим 

ніж цитоплазматична ізоформа р43. Кількість мітохондріальної ізоформи складає 

приблизно 2% від загальної кількості р43 в клітині.  

Ключові слова: тРНК, аміноацил-тРНК синтетази, G-білки, фактори обміну 

гуанінового нуклеотиду (GEF), фактори елонгації трансляції, мультибілкові 
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комплекси, білок-білкові взаємодії, білок-нуклеїнові взаємодії, цитокіни, EMAPII, 

клітинні сигнальні шляхи, канцерогенез, експресія генів, апоптоз.  

 

SUMMARY 

Shalak V.F. Structural and functional organization of the macromolecular 

complexes and their components of the mammalian translation elongation apparatus. 

This qualifying scientific work is a manuscript that is based on a collection of the 

author’s scientific articles. 

The thesis for the Degree of Doctor of Biological Sciences in Molecular 

Biology (03.00.03). – Institute of Molecular Biology and Genetics, National Academy 

of Science of Ukraine. Kyiv, 2025. 

This thesis presents a large-scale study of structural organization and functional 

properties of the components of two major macromolecular complexes that operate at 

the pre-ribosomal stage of mammalian translation. The eEF1B elongation factor 

complex contains the eEF1Bα, eEF1Bβ, and eEF1Bγ subunits, which ensure the 

exchange of guanine nucleotide on eEF1A1 or eEF1A2 molecules, forming the transient 

eEF1H complex. The aminoacyl-tRNA synthetase complex, which performs the 

synthesis of aminoacyl-tRNAs, contains 9 enzymes and 3 auxiliary proteins p18, p38, 

p43. 

The aim of the study was to elucidate the structural organization and functional 

activity of the eEF1B and eEF1H translation elongation factor complexes and their 

individual components, as well as the functional features of the p43 protein of the 

mammalian macromolecular aminoacyl-tRNA synthetase complex. 

A set of different methods was used to conduct experimental research in the field 

of modern molecular biology and biochemistry. The work with recombinant DNA aimed 

to create the genetic constructs for expression either in bacteria or in higher eukaryotic 

cells. For this purpose, standard molecular biology methods were used, including PCR 

amplification, restriction and ligation of the DNA fragments into appropriate vectors, 

and analysis of the restriction patterns by agarose gel electrophoresis. The synthesis of 

the target recombinant proteins was checked in the extracts of transformed bacteria or 
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transfected mammalian cells by polyacrylamide gel electrophoresis under denaturing 

conditions and/or Western-blot analysis. Purification of the target recombinant proteins 

from bacterial extracts was performed by using affinity and ion exchange 

chromatography, as well as gel filtration. The native eEF1A1 and eEF1A2 paralog 

proteins were isolated from rabbit liver and muscle, respectively, using a combination 

of different types of chromatography, namely anion- and cation-exchange 

chromatography, hydroxylapatite, and gel filtration. The activity of the purified eEF1A1 

and eEF1A2 proteins was determined in the [3H]GDP/GDP exchange reaction and by 

translation of the poly(U)-programed 80S ribosomes in the presence of 

[14C]phenylalanyl-tRNA and elongation factor eEF2. The activity of aminoacyl-tRNA 

synthetases was determined in the tRNA amino acylation reaction in the presence of the 

corresponding [3H] or [14C]-labeled amino acids. The activity of the guanine nucleotide 

exchange factors (eEF1Bα and eEF1Bβ) was estimated by the kinetics of [3H]GDP/GDP 

exchange on the eEF1A1 or eEF1A2 molecule. The oligomeric state of the studied 

proteins and protein complexes was assessed by gel filtration and analytical 

ultracentrifugation. The formation of protein complexes was detected by gel filtration 

and agarose gel electrophoresis under native conditions. The complex formation 

between proteins and radiolabeled tRNA was observed by the polyacrylamide gel 

retardation method. Mapping of the interaction sites between proteins was performed 

using various truncated forms of the protein-partners and by the method of the hydrogen-

deuterium exchange (HDX) followed by mass-spectrometry. The content of secondary 

structure elements of the eEF1Bβ N-terminal domain was measured by circular 

dichroism. The intracellular localization of target proteins fused to the green fluorescent 

protein (GFP) was determined by confocal microscopy of the living cells in culture. The 

presence of proteins in the cytoplasmic and mitochondrial fractions was confirmed by 

subcellular fractionation of cells followed by the Western-blot analysis. 

Spatial models of proteins were created in the Modeller program, after which 

these models were improved in ModRefiner and checked on the MolProbity web server, 

followed by their improvement on the YASARA energy minimization server. Molecular 

docking between eEF1Bβ and eEF1Bγ proteins was performed on the PatchDock web 
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server and symmetric docking between eEF1Bβ monomers – on the SymmDock web 

server. 

The obtained experimental results revealed a number of new aspects of the 

structural and functional organization of the components of mammalian translation 

apparatus, including differences in the spatial organization of the highly homologous 

eEF1A1 and eEF1A2 protein-paralogs, non-canonical interactions of the elongation 

factor eEF1A1, quaternary organization of the eEF1B complex, and the dual functional 

role of the p43 protein involved into macromolecular complex of aminoacyl-tRNA 

synthetases.   

For the first time, it has been found that the translation elongation factor eEF1A1 

in the GDF-bound form has an elongated conformation in solution with a radius of 

gyration 5.2±0.2 nm, which is more than 2 times larger than the radius of gyration of its 

eEF1A2 paralog. 

The crystal structure of the translation elongation factor eEF1A2, which has a 

three-domain fold and a spherical-like spatial conformation, has been deciphered for the 

first time. It has been found that Mg2+ ions do not affect the guanine nucleotide exchange 

reaction on the eEF1A2 molecule.   

For the first time, it has been demonstrated that eEF1A1 in the GDP-bound state 

can form a non-canonical ternary complex with deacylated tRNA and a quaternary 

complex with phenylalanyl-tRNA synthetase, and it also increases the initial rate of 

reaction catalyzed by methionyl-tRNA synthetase. 

For the first time, the interaction of the translationally controlled tumor protein 

(TCTP) with the translation elongation factors eEF1A1 and eEF1Bβ subunit has been 

revealed. The binding of TCTP to eEF1A1 leads to a decrease of the reaction rate of 

both spontaneous and eEF1Bβ-mediated guanine nucleotide exchange on the eEF1A1 

molecule.  

The structural organization of the elongation factors eEF1Bα, eEF1Bβ and 

eEF1Bγ, which form the eEF1B macromolecular complex, has been studied in detail for 

the first time. The sites of interaction between eEF1Bα and eEF1Bγ, eEF1Bβ and 

eEF1Bγ have been identified, and it has been found that the “leucine zipper” motif of 

eEF1Bβ is responsible for the trimerization of this protein, as well as the entire eEF1B 
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complex, which has a structural organization of the (αβγ)3 type. It has been shown that 

eEF1B(αβγ)3 is able to bind up to six eEF1A2 molecules, according to the number of 

GEF domains in the complex. 

For the first time, the mechanism of eEF1Bγ-mediated stimulation of eEF1Bα 

activity upon a complex formation between them has been revealed. The conformation 

of the N-terminal domain of eEF1Bα partially prevents the interaction of eEF1A with 

the GEF domain, which reduces the rate of guanine nucleotide exchange. Binding of the 

N-terminal domains of eEF1Bα and eEF1Bγ eliminates this inhibitory effect. 

We have established that the p43 N-terminal domain interacts with arginyl-tRNA 

synthetase. We have shown that p43 does not affect the catalytic parameters of arginyl-

tRNA synthetase and does not increase its affinity for the cognate tRNA. Thus, the p43 

protein is not a cofactor for this enzyme. 

We have shown that incubation of the macromolecular complex of aminoacyl-

tRNA synthetases with caspase 7 in vitro leads to cleavage of its p43 component into 

two fragments. The resulting C-terminal fragment, identified as EMAPII, is released 

from the complex and exhibits cytokine-like activity in a monocyte chemotaxis assay, 

while the N-terminal fragment remains within the complex. Cleavage of p43 leads to the 

loss of its tRNA-binding property. 

For the first time, it has been found that the induction of apoptosis in U937 cells 

leads to the appearance and release of another proteolytic fragment of p43 protein, 

named p43(ARF), which is 40 amino acids longer than EMAPII. It has been 

demonstrated that both p43(ARF) and EMAPII do not induce E-selectin expression in 

endothelial cells (HUVECs), whereas full-length p43 does. Proteolysis of p43 protein in 

apoptotic cells prevents activation of endothelial cells and, consequently, possible 

development of an inflammatory response in organism. 

For the first time, a new translational product of the p43-encoding gene has been 

identified. It has mitochondrial localization and is 9 amino acids longer than the 

cytoplasmic isoform of p43. The amount of the mitochondrial isoform is approximately 

2% of the total amount of p43 in the cell. 
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ПЕРЕЛІК ОСНОВНИХ УМОВНИХ ПОЗНАЧЕНЬ 

еEF1A – фактор елонгації трансляції 1А еукаріот, під загальною назвою якого 

об’єднано два паралоги еEF1A1 і eEF1A2  

eEF1B – комплекс факторів елонгації трансляції 1В еукаріот, до якого входять 

субодиниці α, β і γ.   

eEF1Bα –субодиниця α фактора елонгації трансляції 1В еукаріот 

eEF1Bβ –субодиниця β фактора елонгації трансляції 1В еукаріот 

eEF1Bγ –субодиниця γ фактора елонгації трансляції 1В еукаріот 

eEF1Н – важка форма факторів елонгації трансляції 1 еукаріот, до складу якої 

входить комплекс eEF1B та паралоги еEF1A1 або еEF1A2 

р43 – білок з молекулярною масою 43кДа у складі мультибілкового  комплексу 

аміноацил-тРНК синтетаз 

р43(ARF) – фрагмент білка р43, який утворюється і вивільняється з клітин під час 

апоптозу (apoptosis released factor). 

EMAPII – протеїн (ІІ), який активує ендотеліальні клітини і моноцити    

р38 – білок з молекулярною масою 38 кДа у складі мультибілкового  комплексу 

аміноацил-тРНК синтетаз 

р18 – білок з молекулярною масою 18 кДа у складі мультибілкового  комплексу 

аміноацил-тРНК синтетаз 

ARS – аміноацил-тРНК синтетази 

ValRS – валіл-тРНК синтетаза 

ArgRS – аргініл-тРНК синтетаза 

MetRS – метіоніл-тРНК синтетаза 

тРНК – транспортна рибонуклеїнова кислота 

ГДФ – гуанозин дифосфат 

ГТФ  – гуанозин трифосфат 

GEF-домен – функціональний домен, який прискорює обмін гуанінового 

18 



нуклеотиду на молекулі еEF1A 

кДа – кілодальтон  

TCTP – трансляційно-контрольований білок пухлин 

HUVEC – первинні ендотеліальні клітини пупкової вени людини 

U937 – клітинна лінія про-моноцитів  

HDX-MS – воднево-дейтерієвий обмін з мас-спектрометричним аналізом 
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ВСТУП 

Актуальність теми. Апарат біосинтезу білка в еукаріотичній клітині є  

просторово і структурно компартменталізованим, що забезпечує високу 

ефективність його функціонування. Однією з характерних особливостей вищих 

еукаріотів є існування двох стабільних трансляційних мультибілкових комплексів, 

що містять аміноацил-тРНК синтетази (ARS) та фактори елонгації трансляції 

(eEF) (Gomez et al., 2020, Le Sourd et al,. 2006). Найбільший з цих комплексів має 

у своєму складі дев’ять аміноацил-тРНК синтетаз і три додаткових білка, названих 

р43, р38 і р18 (Mirande et al., 1985). До іншого стабільного комплексу входять 

валіл-тРНК синтетаза (VRS) і фактори елонгації трансляції ,  і γ групи eEF1В 

(Bec et al., 1994). Окрім цього, вважається, що в клітині певна кількість молекул 

комплексу eEF1В може існувати окремо. eEF1В і VRS-eEF1В можуть утворювати 

лабільні комплекси (відповідно eEF1Н і VRS-eEF1Н) при взаємодії з фактором 

eEF1A – ключовим G-білком циклу елонгації трансляції (Sasikumar et al., 2012). 

Існує два високогомологічних (97%) варіанти цього білка eEF1A1 і eEF1A2, які 

кодуються різними генами (Lund et al., 1993). Експресія їх є тканиноспеціфічною 

(Lee et al., 1992, Knudsen et al., 1993) і змінюється в процесі ембріонального 

розвитку організму (Chambers et al., 1998). eEF1A2 синтезується в нейронах, 

міоцитах і кардіоміоцитах, тоді як eEF1A1 – у всіх інших клітинах (Kahns et al., 

1998). Було повідомлено, що eEF1A2 може виступати в ролі онкогену при розвитку 

раку яєчника і легенів (Anand et al., 2002, Jia et al., 2021). Важливо, що синтез 

цього білка не спостерігається в здорових тканинах цих органів. Окрім цього, 

відомо, що білки-паралоги eEF1A залучені до інших “нетрансляційних” процесів, 

як то перебудова цитоскелету, клітинний цикл, апоптоз, аутофагія, вірусна 

інфекція та інші, а також можуть бути пов’язаними з розвитком деяких 

патологічних станів організму (детально розглянуто Negrutskii et al., 2023). Отже, 

ґрунтовні дослідження відмінностей структурної організації eEF1A1 і eEF1A2 є 

необхідними як для чіткого розуміння їх ролі в процесі білкового синтезу, так і для 

аналізу потенційних механізмів виконання ними численних неканонічних 

функцій, а також для висвітлення їх участі в патологічних процесах, які можуть 

бути специфічними для кожного паралога. 
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Функція комплексу eEF1В в трансляції полягає у відновленні активної ГТФ-

зв’язаної конформації факторів eEF1A1 і eEF1A2, необхідної для взаємодії з 

аміноацил-тРНК (Merrick & Nyborg, 2000, Le Sourd et al., 2006). Відомо, що 

субодиниці eEF1Вα і eEF1Вβ відповідають за ГДФ/ГТФ обмін, тоді як eEF1Вγ є 

структурним компонентом цього комплексу (Andersen et al., 2003, Le Sourd et al,. 

2006). Важливо зазначити, що субодиниця eEF1Вγ підсилює активність eEF1Вα в 

2-4 рази при утворенні комплексу між ними, але механізм такого впливу залишався 

невідомим (Janssen et al., 1988, Bec et al., 1994). Необхідно також зауважити, що у 

комплексі eEF1В з валіл-тРНК синтетазою може відбуватися безпосередня 

передача (channeling) валіл-тРНК від ферменту до eEF1A1*GTP з утворенням 

відповідного потрійного комплексу (Negrutskii et al., 1999).  

На сьогоднішній день, структура макромолекулярного комплексу 

аміноацил-тРНК синтетаз, комплексів eEF1Н, eEF1В і VRS-eEF1В є достеменно 

невизначеними. Це також стосується структури і функції їх окремих компонентів,  

зокрема субодиниць eEF1В, eEF1В і eEF1Вγ, паралогів eEF1A1 і eEF1A2, які 

продовжують знаходитись у фокусі досліджень різних наукових груп у світі.  

Білки макромолекулярного комплексу аміноацил-тРНК синтетаз р43, р38 і 

р18, окрім структурної ролі, можуть виконувати додаткові неканонічні функції. 

Зокрема, білок р43, крім того, що безпосередньо взаємодіє з аргініл- і глютамініл-

тРНК синтетазами в комплексі (Quevillon et al, 1999, Robinson et al, 2000, Fu et al., 

2014), може бути попередником прозапального цитокіну EMAPII (Quevillon et al, 

1997), який, як повідомляється, впливає на активацію моноцитів і ендотеліальних 

клітин  (Kao et al.,1992). Однак, молекулярні механізми вивільнення біологічно 

активних білків (або фрагментів білків) з макромолекулярного комплексу 

аміноацил-тРНК синтетаз залишаються нез’ясованими. Очевидно, що розуміння 

цих механізмів є важливим як з точки зору фундаментальної науки, так і 

прикладної біомедичної галузі. 

Зв'язок роботи з науковими програмами, планами, темами. Дисертаційна 

робота відповідає основному плану фундаментальних досліджень, які 

проводились в лабораторії білкового синтезу, а після її реорганізації - у відділі 

структурної та функціональної протеоміки Інституту молекулярної біології і 
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генетики НАН України за такими бюджетними темами: «Роль неканонічних 

взаємодій компонентів трансляційного апарату в організації білкового синтезу у 

вищих еукаріотів» (2.2.4.9; №0101U009211, 2002–2005 рр), «Особливості 

функціонування та множинність форм фактора елонгації трансляції 1 вищих 

еукаріотів» (2.2.4.9, №0105U005340, 2006–2010 рр.), «Дослідження трансляційних 

нанокомплексів та їх компонентів» (2.2.4.9; №0110U000693, 2011–2015 рр), 

«Дослідження факторів елонгації трансляції ссавців у біосинтезі білка та інших 

клітинних процесах» (2.2.4.9, №0115U003744, 2016 - 2020 рр) та «Структурні та 

функціональні дослідження факторів елонгації трансляції вищих евкаріотів» 

(2.2.4.9; №0120U102238, 2021-2025 рр).  

Мета дослідження: з’ясування особливостей структурної організації і 

функціональної активності комплексів факторів елонгації трансляції eEF1B та 

eEF1H, та їх окремих компонентів, а також функціональних особливостей білка 

р43 – компонента макромолекулярного комплексу аміноацил-тРНК синтетаз 

ссавців. 

Завдання дослідження: 

1. Охарактеризувати просторову організацію фактора елонгації трансляції 

eEF1A1 і його комплексу з деацильованою тРНК в розчині методом 

малокутового розсіювання нейтронів. 

2. Встановити структуру фактора елонгації трансляції eEF1A2 методом рентген-

структурного аналізу і визначити особливості реакції обміну гуанінового 

нуклеотиду на цьому білку. 

3. Виявити утворення неканонічного комплексу і взаємодії фактора елонгації 

трансляції eEF1A1 з деацильованою тРНК,  фенілаланіл- і  метіоніл-тРНК 

синтетазами. 

4. Визначити вплив трансляційно-контрольованого білка пухлин (ТСТР) на 

активність фактора елонгації трансляції eEF1A1 в реакції обміну гуанінового 

нуклеотиду. 

5. З'ясувати структурну організацію і функціональні особливості факторів 

елонгації трансляції eEF1Bα, eEF1Bβ і eEF1Bγ, які утворюють 

макромолекулярний комплекс eEF1B. 
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6. Визначити сайти взаємодії між eEF1Bα, eEF1Bβ і eEF1Bγ і побудувати 

модель просторової організації макромолекулярного комплексу eEF1B. 

7. Охарактеризувати взаємодію білка р43 з аргініл-тРНК синтетазою і 

визначити його вплив на активність цього ферменту. 

8. Визначити вплив каспази 7 на білок р43 в складі макромолекулярного 

комплексу аміноацил-тРНК синтетаз in vitro. 

9. Охарактеризувати протеолітичний фрагмент білка р43, який утворюється 

і вивільняється з клітин U937 в процесі апоптозу. 

10.  Визначити внутрішньоклітинну локалізацію довгої ізоформи білка р43. 

Об’єкт дослідження – фактори елонгації трансляції eEF1A1 і eEF1A2 вищих 

еукаріот, комплекс eEF1B людини, який складається з eEF1Bα, eEF1Bβ і eEF1Bγ субодиниць, 

білок р43 макромолекулярного комплексу аміноацил-тРНК синтетаз. 

Предмет дослідження –  особливості структурної організації факторів 

елонгації трансляції eEF1A1 і eEF1A2, їх функціональна активність, взаємодія з 

тРНК і білками-партнерами, просторова організація і функціональна активність 

комплексу eEF1B факторів елонгації трансляції і його окремих компонентів. Функція білка 

р43 макромолекулярного комплексу аміноацил-тРНК синтетаз в трансляції і його роль як 

попередника цитокін-подібних сигнальних молекул.  

Методи дослідження включають підходи генної інженерії (сайт-спрямований 

мутагенез і клонування кДНК фрагментів, створення генетичних конструкцій для 

синтезу цільових білків і репортерних конструкцій), молекулярно-біологічні 

підходи (ПЛР, електрофорез ДНК в агарозному гелі, створення штамів-продуцентів 

на основі бактерій, дріжджів і клітин людини, вестерн-блот, in vitro та in vivo pull-

down), біохімічні підходи (афінна, іонообмінна хроматографія білків, гель 

фільтрація, визначення активності ферментів в реакції аміноацилювання тРНК, 

визначення активності факторів елонгації трансляції в реакції обміну гуанінових 

нуклеотидів, in vitro трансляція, визначення цитокінової активності білків,  

електрофорез білків в нативних і денатуруючих умовах), біофізичні (рентген-

структурний аналіз, аналітичне ультрацентрифугування білків, воднево-

дейтерієвий обмін, круговий дихроїзм, спектрометрія), підходи клітинної біології 
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(культивування і трансфекція клітин в культурі, конфокальна мікроскопія), 

математичні підходи (моделювання просторової структури білків і білкових 

комплексів), статистичні підходи для кількісної обробки результатів з метою 

оцінки достовірності відмінностей (t - критерій Стьюдента). 

Наукова новизна отриманих результатів. Вперше встановлено, що фактор 

елонгації трансляції eEF1A1 в ГДФ-зв’язаній формі має видовжену конформацію 

в розчині на відміну від його білка-паралога eEF1A2.  

Вперше розшифровано кристалічну структуру фактора елонгації трансляції 

eEF1A2 і встановлено, що іони Mg2+ не впливають на реакцію обміну гуанінового 

нуклеотиду на цьому факторі.   

Вперше показано, що eEF1A1 у ГДФ-зв’язаній формі може утворювати 

неканонічний потрійний комплекс з деацильованою тРНК і четвертинний 

комплекс з фенілаланіл-тРНК синтетазою, а також збільшує початкову швидкість 

реакції, яку каталізує метіоніл-тРНК синтетаза. Виявлено взаємодію 

трансляційно-контрольованого білка пухлин (ТСТР) з факторами елонгації 

трансляції eEF1A1 і субодиницею eEF1Bβ, що призводить до зниження швидкості 

реакції як спонтанного обміну, так і eEF1Bβ-опосередкованого обміну гуанінового 

нуклеотиду на молекулі eEF1A1.  

Вперше детально досліджено структурну організацію факторів елонгації 

eEF1Bα, eEF1Bβ і eEF1Bγ, які утворюють макромолекулярний комплекс eEF1B.  

Визначено сайти взаємодії між субодиницями eEF1Bα і eEF1Bγ, eEF1Bβ і eEF1Bγ, 

і встановлено, що структурний мотив типу «лейцинова застібка» eEF1Bβ 

відповідає за тримеризацію цього білка, а також всього комплексу eEF1B, який має 

структурну організацію типу (αβγ)3. Показано, що eEF1B(αβγ)3 здатен зв’язувати 

до шести молекул eEF1A2, відповідно до кількості GEF-доменів в ньому.  Вперше 

розкрито механізм стимуляції активності eEF1Bα субодиницею eEF1Bγ при 

утворенні комплексу між ними. 

Встановлено, що N-кінцевий домен білка р43 макромолекулярного 

комплексу аміноацил-тРНК синтетаз взаємодіє з аргініл-тРНК синтетазою. 

Показано, що р43 не впливає на каталітичні параметри аргініл-тРНК синтетази і 
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не збільшує її спорідненість до відповідної тРНК. Отже, білок р43 не є кофактором 

для цього ферменту.  

Доведено, що інкубація макромолекулярного комплексу аміноацил-тРНК 

синтетаз з каспазою 7 in vitro призводить до розщеплення його р43 компоненту на 

два фрагменти. Його С-кінцевий фрагмент, який  вивільняється з комплексу, є 

ідентичним EMAPII і здатен викликати хемотаксис моноцитів. Розщеплення p43 

призводить до втрати його тРНК-зв’язувальної властивості. 

Вперше виявлено, що індукція апоптозу в клітинах U937 призводить до 

появи і вивільнення з клітин іншого протеолітичного фрагменту білка р43, 

названого р43(ARF), який на 40 амінокислот довший ніж EMAPII. Показано, що 

обидва р43(ARF) і EMAPII не індукували експресію Е-селектину в ендотеліальних 

клітинах (HUVEC), тоді як повнорозмірний р43 таку індукцію викликав.  

Вперше ідентифіковано новий трансляційний продукт гена, який кодує  

білок р43. Цей продукт має мітохондріальну локалізацію і є на 9 амінокислот 

довшим, ніж цитоплазматична ізоформа р43.  

Практичне значення отриманих результатів. Результати представлені в 

дисертаційній роботі не тільки розширюють і поглиблюють сучасні теоретичні 

уявлення про функціонування апарату трансляції вищих еукаріот, але і мають 

практичне значення. Перш за все, розуміння відмінностей структурної організації 

і функціональної активності високогомологічних (97%)  білків-паралогів  eEF1A1 

і eEF1A2 є важливим для розробки специфічних інгібіторів для eEF1A2, який 

вважається прото-онкогенним білком або eEF1A1, що є важливим компонентом 

системи розмноження РНК-вірусів. Окрім цього, існування взаємодії eEF1A1 і 

eEF1Bβ з трансляційно-контрольованим білком пухлин (ТСТР) також пов’язує 

фактори елонгації трансляції з процесом злоякісної трансформації клітини. Така 

взаємодія може бути ще однією мішенню для розробки лікарських засобів нового 

покоління. Важливо зауважити, що білок р43 високомолекулярного комплексу 

аміноацил-тРНК синтетаз є попередником цитокін-подібних молекул, які можуть 

грати роль певних сигналів, що забезпечують ефективне видалення апоптозних 

клітин імунною системою, уникаючи розвитку запального процесу. Використання 

таких цитокін-подібних молекул може бути перспективним для зменшення 
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запального процесу в організмі.  Матеріали дисертаційної роботи містять новітню 

наукову інформацію і, отже, використовуються в лекціях для навчання студентів і 

аспірантів різних біологічних спеціальностей, які слухають загальний чи 

спеціальний курс(и) з молекулярної біології, зокрема «Структура рибосом, етапи 

і регуляція біосинтезу білка», «Регуляція експресії генів на рівні трансляції».  

Особистий внесок здобувача. Автором було проведено аналіз наукової 

літератури по проблематиці дисертаційної роботи, сформульовано мету і завдання 

дослідження. Автор особисто брав участь в отримані основної частини 

представлених в дисертації експериментальних результатів, їх аналізу, науковій 

інтерпретації, узагальненні і підготовці до публікації. Написання текстів статей і 

їх обговорення проводилось в тісній співпраці з іншими співавторами роботи. 

Деякі експерименти були виконані разом зі співавторами опублікованих робіт, 

зокрема співробітниками Інституту молекулярної біології і генетики НАН України 

к.б.н. Будкевич Т.В., к.б.н. Петрушенко З.М., к.б.н. Яремчук А.Д., к.б.н. Бондарчук 

Т.В., Ложко Д.М., Власенко Д.О.  

Експерименти по малокутовому розсіюванню нейтронів (SANS) проводили 

на базі інституту Пола Шререра, Швейцарія (Paul Scherrer Institute, Switzerland), 

керівники роботи д-р Колбрехер (Dr. J. Kohlbrecher) і проф. Сердюк І.Н. (Prof. I.N. 

Serdyuk).  

 Кристалізацію і рентген-структурний аналіз eEF1A2 проводили на базі  

Університету Гренобль Альпи, Франція (University of Grenoble Alpes, France) і 

Європейського синхротрону (European Synchrotron Radiation Facility), 

відповідальний за роботу д-р Т. Крепан (Dr. T. Crepin).  

Дослідження взаємодії фактора елонгації трансляції eEF1A1 з метіоніл-тРНК 

синтетазою, ТСТР, а також цикл робіт по функціональній ролі білка р43 

високомолекулярного комплексу аміноацил-тРНК синтетаз проводились на базі 

Лабораторії ензимології і структурної біохімії, Франція (Laboratoire d'Enzymologie 

et Biochimie Structurales, CNRS, Gif-sur-Yvette, France), керівник групи д-р М. 

Міранд, члени групи, які брали участь у дослідженні і з якими автор має спільні 

публікації М. Камінська (M. Kaminska), Л. Гігу (L. Guigou), д-р К. Канс (Dr. C. 

Cans).  

26 



 Дослідження воднево-дейтерієвого обміну білків з наступним мас-

спектрометричним аналізом проводили на базі Інституту біохімії і біофізики 

Польської академії наук (Institute of Biochemistry and Biophysics, PAN, Poland), 

керівник лабораторії проф. М. Дадлез (Prof. M. Dadlez) за участі А. Фатальської 

(A. Fatalska).    

Автор висловлює щиру подяку співробітникам Інституту молекулярної 

біології і генетики НАН України М. Вівчарик і Р. Ніколаєву за допомогу у 

вимірюванні спектрів кругового дихроїзму і флюоресценції білків.    

Автор висловлює щиру подяку д-ру Р. Щепановському з Міжнародного 

Інституту молекулярної і клітинної біології, Польща (R. Szczepanowski, 

International Institute of Molecular and Cell Biology, Poland), за допомогу в проведені 

експериментів з аналітичного центрифугування. 

Автор вдячний д-ру Марі-Поль Вот’є, Франція  (Dr. Marie-Paule Wautier, 

Universite Paris 7/Institut National de la Transfusion Sanguine, France) за допомогу в 

проведенні тесту з активації ендотеліальних клітин (HUVEC).  

Автор вдячний д-ру Риті Мітнах-Краус і проф. Матіасу Клаусу  (Dr. Rita 

Mitnacht-Kraus and Prof. Matthias Clauss, Max-Planck-Institut, Germany) за 

проведення експерименту з активації моноцитів. 

Автор щиро вдячний проф. Єльській Г.В. за постійну підтримку і слушні 

поради під час виконання цієї дисертаційної роботи.  

Автор висловлює щиру подяку науковому консультанту проф. Негруцькому 

Б.С. за допомогу в обговоренні та підготовці матеріалів дисертаційної роботи.  

Апробація результатів дисертації. Основні положення роботи 

доповідались на міжнародних і вітчизняних конференціях, зокрема 18th 

International tRNA Workshop - "tRNA 2000" (2000, Cambridge, UK),  Asilomar 

Conference on Aminoacyl-tRNA synthetases in Biology, Medicine & Evolution (2002, 

Pacific Grove, USA), 19th International tRNA Workshop (2002, Shanghai, China); 20th 

International tRNA Workshop (2003, Banz, Germany),  5éme Rencontre sifrARN “ARN, 

le nouveau monde” (2004, Arcachon, France), 5th Parnas Conference “Molecular 

mechanisms of Cellular Signaling” (2005, Kyiv, Ukraine), aaRS2008. International 

conference on aminoacyl-tRNA synthetase: from basic mechanisms to systems biology. 
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(2008, Veyrier du Lac, France), International life sciences’ students’ conference (2009. 

Kyiv, Ukraine), X, XI і XII Українських біохімічних конгресах (2010, м. Одеса, 

2014, м. Київ, 2019, м. Тернопіль, Україна), VII and VIII conferences of Young 

Scientists of the Institute of Molecular Biology and Genetics NAS of Ukraine (2013, 

2014, Kyiv, Ukraine), COMBIOM in research of translation elongation factors. 

Combiom Final Scientific Meeting (2015, Kyiv, Ukraine), International Conference for 

the Young Scientists (CYS-2015) (2015, Kyiv, Ukraine), 41st FEBS congress “Molecular 

and systems biology for a better life” (2016, Ephesus/Kusadasi, Turkey), XІІ Відкритій 

конференцій молодих вчених ІМБГ НАН України (2018, м. Київ). 

Публікації. Результати дисертації викладено у 12 статтях які входять до 
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Структура та обсяг дисертації. Дисертація складається з анотації,  вступу, 

основної частини, яка має три розділи, висновків і додатку. Обсяг дисертації 

становить 169 сторінок. 
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РОЗДІЛ 1  

 СТРУКТУРНА ОРГАНІЗАЦІЯ eEF1A1 та eEF1A2 – 
ВИСОКОГОМОЛОГІЧНИХ ПАРАЛОГІВ ФАКТОРА ЕЛОНГАЦІЇ 

ТРАНСЛЯЦІЇ ССАВЦІВ. НЕКАНОНІЧНІ ВЗАЄМОДІЇ eEF1A1  

1.1. Некомпактна просторова організація фактора елонгації 
трансляції eEF1A1 в розчині 
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Extended Conformation of Mammalian Translation Elongation Factor 1A in
Solution†

T. V. Budkevich,‡ A. A. Timchenko,§ E. I. Tiktopulo,§ B. S. Negrutskii,‡ V. F. Shalak,‡ Z. M. Petrushenko,‡

V. L. Aksenov,| R. Willumeit,⊥ J. Kohlbrecher,# I. N. Serdyuk,§ and A. V. El’skaya*,‡

Institute of Molecular Biology and Genetics, National Academy of Sciences, 150 Zabolotnogo Street, KieV, 03143 Ukraine,
Institute of Protein Research, Russian Academy of Sciences, Pushchino, Russia, Neutron Physics Laboratory, JINR,
Dubna, Russia, GKSS Research Center, Geesthacht, Germany, and Paul Scherrer Institute, Villingen, Switzerland

ReceiVed July 23, 2002; ReVised Manuscript ReceiVed October 22, 2002

ABSTRACT: The conformation of mammalian elongation factor eEF1A in solution was examined by the
small angle neutron scattering and scanning microcalorimetry. We have found that in contrast to the
bacterial analogue the eEF1A molecule has no fixed rigid structure in solution. The radius of gyration of
the eEF1A molecule (5.2 nm) is much greater than that of prokaryotic EF1A. The specific heat of
denaturation is considerably lower for eEF1A than for EF1A, suggesting that the eEF1A conformation is
significantly more disordered. Despite its flexible conformation, eEF1A is found to be highly active in
different functional tests. According to the neutron scattering data, eEF1A becomes much more compact
in the complex with uncharged tRNA. The absence of a rigid structure and the possibility of large
conformational change upon interaction with a partner molecule could be important for eEF1A functioning
in channeled protein synthesis and/or for the well-known capability of the protein to interact with different
ligands besides the translational components.

The eukaryotic translation elongation factor eEF1A1

(formerly EF-1R) is a functional analogue of bacterial factor
EF1A (formerly EF-Tu). The function of EF1A in prokary-
otic cells is well studied. EF1A‚GTP delivers the elongator
aminoacyl-tRNA to the ribosome and promotes the accurate
interaction of the tRNA anticodon with the codon of mRNA
located at the ribosomal A-site. Following the codon-

anticodon recognition, hydrolysis of GTP in the complex with
EF1A takes place. As a result, the factor affinity for
aminoacyl-tRNA and ribosome is lost. EF1A‚GDP leaves
the ribosome, and after the GDP/GTP exchange catalyzed
by special factor EF1B (formerly EF-Ts), the protein can
participate in the next elongation cycle.

Though the basic principles of the eEF1A functioning are
similar to those of EF1A, there are some differences in the
action of prokaryotic and eukaryotic proteins (1). One of
the reasons may be the compartmentalization of the transla-
tion apparatus (2) serving as a structural basis for tRNA/
aminoacyl-tRNA channeling during protein synthesis in
mammalian cells (3). No indication of compartmentaliza-
tion and channeling was observed in prokaryotic protein
synthesis.

The channeling or vectorial transfer of tRNA/aminoacyl-
tRNA means its transportation from the site of synthesis
(aminoacyl-tRNA synthetase) to the site of utilization (ri-
bosome) in such a way that aminoacyl-tRNA is never free
and always remains bound to some protein(s) or ribosome
(4). One of the noncanonical complexes thought to mediate
the channeling of tRNA in mammalian cells is the [eEF1A‚

GDP‚deacylated tRNA] complex (5). This complex was
assumed to appear due to the acceptance of deacylated tRNA
from the E-site of 80S ribosome by eEF1A‚GDP (1). The
putative function of this complex is to deliver tRNA from
the ribosomal exit site to the aminoacyl-tRNA synthetase
for subsequent recharging (1). The nonrandom, specific
character of [eEF1A‚GDP‚tRNA] complex formation dem-
onstrated by nuclease and chemical modification footprinting
assay revealed a similarity of tRNA and aminoacyl-tRNA
sites involved into the interaction with eEF1A‚GDP and
EF1A‚GDPPNP, respectively (5, 6).

Structural studies on EF1A involved in the various
complexes with GDP or GTP/GDPPNP, aminoacyl-tRNA,
and the exchange factor EF1B have provided an almost
complete understanding of the molecular details of the EF1A
functioning beyond the ribosome (6-11). Factor EF1A from
Escherichia coli has the molecular mass of 43.15 kDa (12).
The crystal structure of the protein complexed with GDP is
known for trypsin-modified and native EF1A. The trypsin-
modified EF1A molecule (13) consists of three distinct
globular domains, connected by flexible interconnecting
peptides, like beads on a string. The three domains form a
flattened triangular shape of 7.5 nm by 5.0 nm by 3.0 nm.
The theoretical radius of gyration calculated for such three-
axis ellipsoid is 2.124 nm. The native EF1A‚GDP molecule
(11) has overall dimensions of 5.7 nm by 5.1 nm by 7.8 nm.
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Promotion of Cooperation with Scientists from the New Independent
States of the Former Soviet Union (INTAS) Grant 96-1594 and by
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The theoretical radius of gyration calculated for such three-
axis ellipsoid is 2.347 nm; the theoretical radius of gyration
calculated with the CRYSOL program is 2.354 nm (14).
According to the crystallographic data domain I (nucleotide-
binding domain) is connected with domain II by a 1.6 nm
long peptide. Domain III is connected with domain I by a
short extended stretch of the polypeptide (11).

The solution structure of EF1A fromE. coli was studied
by small-angle neutron scattering using the procedure of
triple isotopic substitution, and the radius of gyration was
found equal to 2.39 nm (15). It should be mentioned that in
the absence of GDP EF1A fromE. coli is not stable; it is
inactivated at 40°C, but the thermal stability is strongly
increased upon the addition of GDP (16). The rate of
hydrogen/deuterium exchange for the free EF1A fromE. coli
at all pH values and temperatures used is higher than that
for the GTP-bound or GDP-bound EF1A (16).

The crystal structures are also known for EF1A‚GTP from
Thermus aquaticus (7) and Thermus thermophilus (8).
Molecular masses are 45.3 kDa (17) and 44.8 kDa (18),
respectively. The polypeptide chain is folded into three
domains, the overall structure of which is very close to that
of EF1A‚GDP fromE. coli. The theoretical radius of gyration
calculated with the CRYSOL program for EF1A‚GTP from
T. aquaticus is 2.165 nm. Contrary to EF1A fromE. coli,
the thermal stability of EF1A fromT. thermophilus only
slightly depends on the presence of GDP in the molecule.
The free EF1A and EF1A‚GDP fromT. thermophilus have
an almost equal rate of hydrogen/deuterium exchange (16).

GDP/GTP exchange changes mutual positions of the
domains toward a more compact state, demonstrating the
high plasticity of EF1A (7, 8). The two parts of the molecule,
one of them corresponding to domain I and another compris-
ing domains II and III, move toward each other as rigid
bodies. Domain II moves along with domain III and forms
a largely polar interface with domain I. It was shown that
binding of the aminoacyl-tRNA occurs in a cleft formed
between the parts of EF1A‚GTP (6). The ternary complex
consisting of yeast phenylalanyl-tRNA,T. aquaticus elonga-
tion factor EF1A, and GDPPNP is elongated (11.5 nm by
4.0 nm by 6.4 nm) and has an overall shape resembling a
corkscrew. The theoretical radius of gyration calculated from
such three-axis ellipsoid is 3.075 nm. It is assumed that
interaction of EF1A‚GTP with the aminoacyl-tRNA slightly
compresses the protein molecule (6, 19).

The structure of eEF1A unlike its prokaryotic counterpart
is poorly understood. The X-ray structure of the eEF1A-
like elongation factor in complex with GDP from the
archaeonSulfolobus solfataricus (molecular mass 48.5 kDa)
has been described (20). The structure of the complex
exhibits a triangular shape with a peculiar large hole, located
at one side of the molecule. The polypeptide chain (nine
amino acid residues) joins domain I and domain II. This
connecting peptide adopts a rather rigid structure, despite
the absence of stabilizing interactions with the rest of the
protein. The theoretical radius of gyration of the protein
calculated with the CRYSOL program is 2.549 nm.

Recently (21), X-ray data have been published for the yeast
eEF1A (molecular mass 50 kDa) crystallized in a complex
with a fragment of the nucleotide-exchanging subunit
eEF1BR (molecular mass 11 kDa). As expected, eEF1A
contains three structural domains similar to EF1A. The

complex has overall dimensions of 7.6 nm by 6.7 nm by 5.2
nm. The theoretical radius of gyration calculated for this
spheroid is 2.546 nm.

At present there is no information on the crystal or solution
structure of mammalian eEF1A. It is not known how the
conformation of eEF1A is affected by its interaction with
tRNA either. To address the issues, we have analyzed here
the structure of both rabbit liver eEF1A‚GDP and its complex
with tRNA in solution by the neutron scattering and
microcalorimetry methods. We have found that rabbit liver
eEF1A has a considerably more disordered conformation
than its prokaryotic analogue. The conformation of eEF1A
becomes significantly more compact during the interaction
with tRNA. The eEF1A molecule is hypothesized to adopt
an extended conformation due to the loss of the association
between domains I and III. The interaction is renewed upon
addition of the biological ligand (tRNA) leading to significant
compactization of the protein.

EXPERIMENTAL PROCEDURES

Isolation and Characterization of eEF1A. eEF1A was
purified from rabbit liver using a combination of gel
filtration, ion-exchange, and hydroxyapatite chromatogra-
phies in the presence of 25% glycerol and 20µM GDP as
described previously (22). GDP/[3H]GDP exchange in the
eEF1A molecule was carried out as in ref23. The eEF1A
ability to support the poly(U)-dependent translation in the
mammalian cell-free system assembled from individual
components was investigated as described (24).

The effect of eEF1A‚GTP on the spontaneous deacylation
of aminoacyl-tRNA was studied at 25°C in 110µL of 70
mM imidazole, pH 7.0, 50 mM NH4Cl, 10 mM MgCl2, 2
mM DTT, 10% glycerol, 0.2 mM GTP, and 2.7µM [ 14C]-
Leu-tRNALeu (from beef liver). At definite time points (0,
0.5, 1, 2 and 3 h) the 20µL aliquots were immersed into 1
mL of ice-cold 10% TCA. The mixtures were filtered through
GF/C (Whatman) and washed twice with 5% cold TCA. The
radioactivity of dried filters was counted using toluene-based
scintillation fluid.

The concentration of eEF1A was measured by the con-
ventional procedure (25) using bovine serum albumin as a
standard.

Isolation of tRNA. Total tRNA was isolated from rabbit
liver as described (26). The tRNA preparation enriched with
tRNAVal was purified by HPLC chromatography using an
ion-exchange DEAE column (Phenomenex). tRNAVal con-
stituted about 45% of the tRNA preparation.

Isolation and Characterization of EF1A from T. thermo-
philus. The elongation factor EF1A purification fromT.
thermophilus was carried out as described (27). The crude
cell-free extract was a kind gift of Dr. M. Garber (Institute
of Protein Research, RAS, Pushchino). EF1A free from
nucleotide was prepared as in ref28. The EF1A concentration
was measured using a molar extinction coefficientε280 )

32900 M-1 cm-1.
Scanning Microcalorimetry. Calorimetric measurements

were done on a precision scanning microcalorimeter SCAL-1
(Scal Co. Ltd., Pushchino, Russia) with glass cells (volume
0.3 mL) at scanning rate of 1.0 K/min (29). Degassing during
the calorimetric experiments was prevented by maintaining
an additional constant pressure of 3.0 atm in the cells.
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Before the measurements all samples were dialyzed
overnight against the corresponding buffer. The concentration
of protein used in the calorimetric experiments was in the
range of 0.7-1.0 mg/mL. A typical value of 0.74 cm3/g for
the partial specific volume for globular proteins was accepted.
The analyses of the heat capacity curves were undertaken
using the fitting routine based on the two-state transition (30).

Neutron Scattering. Two neutron scattering methods were
applied during this study: small angle neutron scattering
(SANS) in a H2O-solvent and polarization-dependent
neutron scattering in a solvent containing 39%h-glycerol,
15%d-glycerol, and 0.8% Cr(V)-EHBA [sodium bis(2-ethyl-
2-hydroxybutyrato)oxochromate(V) monohydrate{ Na[Cr-
(C6H10O3)2]‚H2O} ] diluted in the deuterated D2O-sample
solution.

The small angle neutron scattering experiments were
carried out on the SANS camera of Paul Scherrer Institute
(Switzerland) at the wavelength of 0.6 nm. The quartz cuvette
of 1 mm thickness was thermostated at 4°C. The range of
scattered vectors was 0.1-2.5 nm-1. The raw data were
corrected on the detector sensitivity and normalized to the
absolute scale by using the scattering of light water at the
same experimental conditions.

The stoichiometry of the [eEF1A‚GDP‚tRNA] complex
was determined from the value of the initial ordinateI(0)/C
on a Guinier plot. It is known that

whereCi is the weight concentration ofith component,Mi

is the molecular mass,Vi is the partial specific volume, and
∆Fi is the excess of scattering density.

For eEF1A and tRNAV ) 0.74 cm3/g andV ) 0.55 cm3/g
and∆F ) 2.0× 10-14 cm/Å3 and∆F ) 3.8× 10-14 cm/Å3,
respectively. Taking into account the high affinity of eEF1A‚

GDP for deacylated tRNA (31) and usingMeEF1A/MtRNA ∼

2, one can estimate the value ofI(0)/C for a mixture of
eEF1A and tRNA.

The polarization-dependent neutron scattering experiments
were performed using the SANS-1 beam line of the GKSS
Research Center as described earlier (32). The idea was to
create contrast variation only by changing the polarization
of the hydrogen atoms (spin contrast variation). This has the
great advantage that systematic errors from different samples
can be neglected since only one sample is needed. In
principle, it should even be possible to find a matching
polarization for either protein or RNA contributions of the
scattering.

For the polarization-dependent measurements the sample
plate was cooled to approximately 120 mK in a3He/4He
dilution refrigerator. Following the procedure of dynamic
nuclear polarization the hydrogen ()proton) spins in the
sample were aligned with respect to the external magnetic
field of 2.5 T up to a maximum negative polarization, and
polarization-dependent neutron scattering data were taken.

The sample with eEF1A (10 mg/mL) was measured at
proton polarizationPH ) (60%,(50%,(30% and in the
unpolarized case giving data for seven different contrast
conditions. The sample containing tRNA (2 mg/mL) was
measured only at zero polarization. In the case of the
[eEF1A‚GDP‚tRNA] complex five different contrast condi-
tions were obtained:PH ) 0%, (40%, and(28%. In all

cases the data were taken at three different distances with
0.85 nm neutrons.

RESULTS

Functional Tests of Mammalian eEF1A. To make sure that
the eEF1A preparation was fully active and could be
adequately used for physical studies, different functional
characteristics of the protein were investigated.

Practically all molecules of eEF1A after purification
contained endogenous GDP as determined by HPLC chro-
matography (22). In the GDP/[3H]GDP exchange test more
than 95% of eEF1A‚GDP molecules were capable to
exchange endogenous GDP for [3H]GDP. Importantly, GDP-
exchanging properties of eEF1A were similar before and after
the neutron scattering experiments.

The ability of rabbit eEF1A used in this study to interact
with aminoacyl-tRNA and GTP resulting in a ternary
complex formation was demonstrated in the experiment
where aminoacyl-tRNA was protected from spontaneous
deacylation in the presence of eEF1A‚GTP (Figure 1). Total
protection during 3 h was achieved at the aminoacyl-tRNA:
eEF1A ratio of 1:2, suggesting a rather high ability of eEF1A
to interact with aminoacyl-tRNA. High functional activity
of eEF1A was also demonstrated in the experiments on the
stimulation of aminoacyl-tRNA binding to the ribosomal
A-site and poly(U) translation in a cell-free protein syn-
thesizing system assembled from individual components
[40S and 60S ribosomal subunits, [14C]Phe-tRNA, eEF2,
poly(U) (Figure 2)].

Thus, we concluded that the eEF1A preparation was
functionally active.

Scanning Microcalorimetry of eEF1A. Figure 3 shows the
temperature dependence of the excess heat capacity of eEF1A
(a) and EF1A (b) measured in the absence of GDP (see
Experimental Procedures). The heat absorption curves for
both proteins reveal a complex shape which correlates with
recently published thermodynamic data for EF1A obtained
under somewhat different buffer conditions (33). The excess
heat capacity curves were deconvoluted into three peaks
using the best fit program (30) with each peak corresponding
to two-state transition; i.e., the denaturation enthalpy calcu-
lated from the calorimetric curve (∆Hcal) coincided with the
effective van’t Hoff enthalpy (∆Heff). It implies that each of
proteins consists of three cooperative thermodynamic do-
mains with the appropriate transition temperatures. The
thermodynamic parameters characterizing these transitions

I(0)/C ∼ ∑CiMi(Vi∆Fi)
2/∑Ci (1)

FIGURE 1: Influence of eEF1A‚GTP on spontaneous hydrolysis of
[14C]Leu-tRNALeu. 2.7µM [ 14C]Leu-tRNALeu was incubated alone
(b) and in the presence of 2µM (9), 4.5 µM (×), and 6µM (1)
eEF1A‚GTP. Incubation was carried out at 25°C in the buffer
containing 0.2 mM GTP and 10% glycerol.C/C0 is the fraction of
unhydrolyzed [14C]Leu-tRNALeu.
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are given in Table 1. It should be noted that the presence of
three thermodynamic domains in the mammalian protein
molecule correlates with the fact that both prokaryotic and
lower eukaryotic proteins have three structural domains
revealed by X-ray analysis (see the introduction).

In the buffer containing 20µM GDP (Figure 3c,d), the
heat absorption curves for each protein can also be decon-
voluted into three heat absorption peaks. The melting of all
three domains occurs at the higher temperatures (see Table
1). Noteworthy, the principal character of the protein melting
is not changed within the GDP concentration range from 20
to 200µM (Tiktopulo et al., unpublished).

The heat effect (heat absorption during the denaturation
process) differs considerably for the two proteins. While for
the prokaryotic protein the transition enthalpy of all three
domains corresponds to the melting of small compact
globular proteins with a specific heat of denaturation of 7
cal/g, this value for the eukaryotic protein is much lower
(about 4 cal/g). Strictly speaking, these values should be
compared at the same temperature. According to Kirchhoff’s

equation the temperature dependence of the denaturation
enthalpy can be described as

where∆Hd is the enthalpy of denaturation at temperature
Td, ∆Ht is the enthalpy of denaturation at temperatureTt,
and∆Cp is the heat capacity jump during the heat transition.

In our experiments the heat capacity jump for the eukary-
otic protein was very small. Hence, the enthalpy of dena-
turation only slightly depends on temperature, at least at the
first approximation. Thus, the difference in specific enthalpy
values for the two proteins does exist, and the eEF1A
molecule (or its part) has a far more disordered conformation
than its prokaryotic analogue. The GDP effect on the melting
curves of EF1A and eEF1A is different. In the case of EF1A
the addition of 20µM GDP causes the significant increase
of the enthalpy values of the first two peaks whereas for
eEF1A one can observe the preferable increase of the third
peak stability (see Table 1).

Neutron Scattering of eEF1A. Figure 4 shows the depen-
dence of the neutron scattering intensityI on the scattering
vectorQ (Q ) 4π sin(Θ)/λ, whereλ is the wavelength of
incident neutrons and 2Θ is the scattering angle) in Guinier
coordinates (logI vs Q2) extrapolated to the zero concentra-
tion of eEF1A‚GDP.

The protein molecular mass calculated from the scattering
intensity value extrapolated to the zero scattering angle [I(0)/
C] is 48.6( 2.0 kDa, which is close to 50.34 kDa calculated
from the primary sequence (34). The correspondence of the
slope obtained to the correct molecular mass indicates that
there is no aggregation of eEF1A‚GDP molecules despite
the high concentrations (40-120µM) of the protein in these
experiments. The partial specific volume calculated from
amino acid composition (35) is equal to 0.74 cm3/g. The
values of gyration radii calculated from the Guinier graph
do not depend on the concentration. The average value of a
gyration radius was 5.2( 0.2 nm, evidencing an extremely
extended conformation of protein eEF1A in solution at 20
µM GDP.

eEF1A‚GDP was studied independently by spin-dependent
neutron scattering in the presence of 10µM GDP. The
scattering intensity of negative hydrogen polarization de-
creased linearly with the decrease of spin polarization to zero
polarization. The curves were very similar; only very close
to the matching polarization the shape changed. From all
curves (negative or zero polarization values) the radius of
gyration found was 6.1( 0.5 nm. Since the statistical errors
for positive polarization were very high, we did not take
correspondent data into account. An extrapolation to zero
contrast was not made in this case but will be of interest for
further exploitation of the method of spin contrast variation.
A direct comparison of the scattering curves at low temper-
atures with measurements at room temperature was not made
since it is well established for ribosome (36, 37, 38) and
chaperone (R. Willumeit, personal communications) samples
that the freezing process does not influence the shape of the
molecules.

Neutron Scattering of the [eEF1A‚GDP‚tRNA] Complex.
The formation of the [eEF1A‚GDP‚tRNA] complex was
studied by small angle neutron scattering at different molar
eEF1A:tRNA ratios (1:2, 1:3, 2:1, 3:1). Figure 5 shows

FIGURE 2: Dependence of the poly(U)-directed poly(Phe) synthesis
on factor addition: (2) factor-free translation; (0) translation in
the presence of eEF2 only; (b) translation in the presence of eEF1A
and eEF2. The reaction was carried out in 100µL of reaction
mixture containing 5 mM MgCl2, 100 mM NH4Cl, 3.5 mM
spermidine, 0.4 mM GTP, 1 mM ATP, 18 pmol of 80S ribosomes,
15 µg of poly(U), 20 pmol of eEF2, and 50 pmol of eEF1A. No
aminoacyl-tRNA was added, but instead 700 pmol of tRNAPhe

was preincubated with 30 ng of PheRS, 3 mM ATP, and 60µM
[14C]Phe for 10 min at 37°C.

FIGURE 3: Temperature dependence of the excess heat capacity
of eEF1A (a) and EF1A (b) in 20 mM Tris-HCl, pH 7.9, 10
mM magnesium acetate, and 5 mM 2-mercaptoethanol; eEF1A
(c) and EF1A (d) in the same buffer with 20µM GDP. Solid
line: experimental curve. Dotted line: calculated heat capacity
function.

∆Ht ) ∆Hd - ∆Cp(Td - Tt) (2)
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Guinier dependencies of the neutron scattering intensity
normalized for the concentration at the molar eEF1A:tRNA
ratios of 1:3 and 3:1. The essential changes ofI(0)/C were
observed at the excess of protein over tRNA. From the
intercept valueI(0)/C the approximate stoichiometry of the
complex was estimated as described in Experimental Pro-
cedures. Preliminary interpretation of the data could be that
the complex consists of two protein molecules and one tRNA
molecule. However, further investigations with another
methodical approach may be useful to clarify the point more
definitely.

In Figure 6 the scattering curves obtained in a wide range
of scattering vectors (from 0.1 to 1.5 nm-1) are plotted in
Kratky coordinates (IQ2 vs Q). In that case the scattering
curve for eEF1A is typical for nonglobular disordered
structures (39). Such shape of curves was observed also for
the protein:tRNA mixtures at ratios of 1:3 and 1:2 (data are
not shown for the sake of clarity of the picture). On the
contrary, the scattering curves became much closer to those
typical for globular structures (39) when eEF1A:tRNA ratios
were 3:1 and 2:1 (Figure 6; data at 2:1 ratio are not shown
for the sake of clarity of the picture). Thus, the formation of
the [eEF1A‚GDP‚tRNA] complex led to the essential com-
pactization of the eEF1A molecule.

DISCUSSION

The Mammalian Translation Factor Has Significantly
More Extended Conformation in Solution than the Prokary-
otic Analogue. According to the neutron scattering measure-
ments the rabbit liver eEF1A in the presence of 20µM GDP
has a radius of gyration of 5.2( 0.2 nm, which is 2-fold
more than the calculated radius of gyration of its bacterial
analogue EF1A (2.6 nm, taking into account the molecular
mass difference; see the introduction). Thus, eEF1A is more
extended in solution than EF1A. According to the scanning
microcalorimetry the eEF1A molecule contains elements of
tertiary structure (three thermodynamic domains), melting
of which is reflected by the curves of heat absorption. The
positions of the peaks are affected by GDP. The characteristic
feature of the eEF1A melting was that the heat effect is much
lower than that expected for globular proteins with inflexible
three-dimensional structure. Such a behavior was observed
in a limited set of proteins containing unstructured regions
(histones, ribosomal protein L7) (40).

Thus, both the neutron scattering and microcalorimetry
data evidence the existence of a significantly disordered
structure of the mammalian eEF1A in solution. The following
possible structure of the mammalian eEF1A in solution could
be proposed. The eEF1A molecule consists of three distinct
globular domains, connected by rigid interconnecting pep-
tides, like prokaryotic EF1A. ForS. solfataricus eEF1A (20)
a large interface between domains I and III is shown to be
responsible for the protein heat stability. Therefore, domains
I and III of the mammalian protein are hypothesized to be
disconnected in solution, resulting in the decreased heat
stability of eEF1A in comparison with the bacterial analogue.
Taking the length of the polypeptide chain joining domain I
and domain II equal to 1.5 nm, the length of polypeptide
chain joining domain II and domain III equal to 1.0 nm (13),
and approximating each domain by sphere with radius of
2.1 nm, one can calculate the radius of gyration of such a
trumbell model. This value is about 5.0 nm, which is close
to our experimental data obtained by the neutron scattering.

Table 1: Thermodynamic Parameters Describing the Melting of eEF1A and EF1A

protein q,a cal/g
∆Hcal,a

kJ/mol
∆H1,a

kJ/mol
∆H2,a

kJ/mol
∆H3,a

kJ/mol Td1,a K Td2,a K Td3,a K

eEF1A 4.30 905.0 256.0 361.0 288.0 311.7 320.1 326.9
eEF1A+ 20 µM GDP 4.40 931.0 238.0 363.0 330.0 312.9 322.0 330.1
EF1A 6.60 1192.0 340.5 370.0 481.5 335.8 344.3 350.1
EF1A+ 20 µM GDP 6.95 1252.0 361.0 398.0 493.2 339.1 347.4 352.0
a q is the specific heat of denaturation; calorimetric enthalpy∆Hcal ) Mq, whereM is the molecular mass;∆Hi and Tdi are the calorimetric

enthalpy and midpoint temperature of each heat transition peak, correspondingly.

FIGURE 4: Dependence of neutron scattering intensityI on scattering
vectorQ in Guinier coordinates (logI vs Q2) extrapolated to the
zero concentration of eEF1A at 20µM GDP.

FIGURE 5: Dependence of neutron scattering intensityI on scattering
vectorQ in Guinier coordinates to tRNA (b), eEF1A (O), eEF1A:
tRNA ) 1:3 (3), and eEF1A:tRNA)3:1 (1).

FIGURE 6: Dependence of neutron scattering intensityI on scattering
vector Q in Kratky coordinates for tRNA (b), eEF1A (1), and
eEF1A:tRNA) 3:1 (O).
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Such an “open” conformation of eEF1A may explain why
high glycerol concentration is absolutely required for isola-
tion and preservation of activity of the mammalian protein
contrary to the bacterial EF1A (23, 41). Glycerol seems to
stabilize the conformation of the mammalian elongation
factor.

Peculiarities of Formation of the Noncanonical [eEF1A‚
GDP‚tRNA] Complex. eEF1A‚GDP is known to bind un-
charged tRNA (5). This binding is thought to be rather
specific since the regions of tRNA protected by eEF1A‚GDP
from nuclease hydrolysis and chemical modifications in
footprinting assay closely resemble those of aminoacyl-tRNA
involved in the interaction with EF1A‚GTP according to the
X-ray studies (6). The [eEF1A‚GDP‚tRNA] complex is
thermodynamically stable [Kd is 20 nM as determined by
the fluorescence polarization studies (31)].

The neutron scattering data presented on the Kratky plot
(Figure 6) and the value of the eEF1A radius of gyration
(about 3.2 nm) inside the [eEF1A‚GDP‚tRNA] complex
measured by polarization-dependent neutron scattering (Wil-
lumeit et al., to be published) show essential compactization
of the protein molecule upon complex formation. The
stoichiometry of the [eEF1A‚GDP‚tRNA] complex appears
to be two molecules of the protein per one molecule of tRNA.
The stoichiometry of the regular ternary prokaryotic complex
[EF1A‚GTP‚aminoacyl-tRNA] was not determined unam-
biguously. One set of data demonstrated that the complex
might include one molecule of tRNA and two molecules of
the protein, depending on the experimental conditions (42,
43), while other experiments showed the stoichiometry of
the protein and tRNA in the ternary complex being 1:1 (19,
44). The crystallographic data describing the [EF1A‚GDPPNP‚
aminoacyl-tRNA] complex favored the last point of view,
though the crystallization conditions were far from the
physiological conditions (6). The neutron scattering experi-
ments presented in this paper suggest that in the higher
eukaryotes the stoichiometry of 2:1 for the factor-tRNA
binding might be also found at least in the [eEF1A‚GDP‚
tRNA] complex. The biological importance of the presence
of two protein molecules and one tRNA molecule in the
complex remains unclear though such a stoichiometry in the
classical ternary complex is suggested to support the transla-
tion accuracy under some conditions (43).

Functioning of the Elongation Factors 1A in the Prokary-
otic and Eukaryotic Protein Synthesis. What could be the
biological sense of the partially unfolded conformation of
the mammalian eEF1A in solution? Structural aspects of the
functioning of the translation machinery in prokaryotes and
higher eukaryotes do not appear to be identical. The
mammalian protein synthesizing apparatus is highly com-
partmentalized, which is proven now both in vitro (2), and
in vivo (45, 46). The prokaryotic factor EF1A‚GTP has in
solution the compact conformation which is not changed
much upon interaction with aminoacyl-tRNA (19). On the
contrary, mammalian eEF1A has in solution a significantly
extended conformation, which undergoes dramatic changes
during its interaction with tRNA. That might be a reason
for observed significant difficulties in the crystallization of
the isolated higher eukaryotic factor 1A (unpublished
observation).

Thus, the idea of the absolute similarity of the functioning
of the elongation factors 1A in prokaryotic and eukaryotic

translation may be reconsidered with more critical view. The
concept of the “conformational switch” between functional
GTP and nonfunctional GDP conformations of the prokary-
otic EF1A which sharply alter the protein affinity for such
partners as tRNA and ribosome might not be plainly
applicable for the mammalian protein because of a possibly
less pronounced difference between GDP and GTP solution
conformations of eEF1A (1). However, significant confor-
mational changes in the eEF1A molecule do occur depending
on whether the factor is alone or interacting with some of
its biological partners. Such way of functioning may be
optimal under the conditions of compartmentalized and
channeled mammalian protein synthesis. Therefore, the
comparison of the eEF1A conformations during the interac-
tion with deacylated and aminoacyl-tRNA, with aminoacyl-
tRNA synthetase and 80S ribosome, will be of special interest
for future investigations.

The Mammalian Translation Elongation Factor 1A as a
Possible Member of the Family of Unstructured Proteins. It
has long been axiomatic that the majority of the biological
functions in the cell (such as enzymatic catalysis, immu-
nological and receptor recognition) are performed by proteins
with unique three-dimensional structure. However, there is
an increasing set of data concerning proteins that are totally
or partially unstructured under physiological conditions and
yet are functional. Intrinsically disordered proteins adopt
folded structures upon binding to their biological ligands.
The characteristic features of those proteins are the high
positive charge of a molecule and participation in the most
important regulatory functions in the cell (47). Some
translational components belong to this family. For example,
the 98 amino acid long domain of the eukaryotic translation
initiation factor eIF4G is disordered but becomes structured
upon the interaction with initiation factor eIF4E (48).

The experimental data presented here give the basis to
conclude that eEF1A, which is highly positively charged (pI
9.1), may be partially unstructured in solution and, thus, can
be a member of the family of unstructured proteins. The
chaperone properties of eEF1A (those are also characteristic
for such polypeptides) have been recently found as well (49;
Turkovskaya et al., in press). We believe that the partially
unstructured solution conformation of eEF1A might explain
the well-known ability of the protein to form a complex with
very different ligands such as actin (50), tubulin (51),
calmodulin (52), calmodulin-dependent protein kinase (53),
some regulatory proteins (54, 55), the components of the
ubiquitin-dependent proteolytic system (56), and viral RNA
(57). Taking into account the abundant quantity of eEF1A
in the cell, the eEF1A-ligand interaction in cytoplasm may
be called “net-casting” by analogy with the recently proposed
“fly-casting” (58) mechanism for the interaction of unstruc-
tured regulatory proteins and their targets present in cells at
low concentrations.
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ABSTRACT

Eukaryotic elongation factor eEF1A transits between

the GTP- and GDP-bound conformations during the

ribosomal polypeptide chain elongation. eEF1A*GTP

establishes a complex with the aminoacyl-tRNA in the

A site of the 80S ribosome. Correct codon– anticodon

recognition triggers GTP hydrolysis, with subsequent

dissociation of eEF1A*GDP from the ribosome. The

structures of both the ‘GTP’- and ‘GDP’-bound

conformations of eEF1A are unknown. Thus, the

eEF1A-related ribosomal mechanisms were

anticipated only by analogy with the bacterial homolog

EF-Tu. Here, we report the first crystal structure of the

mammalian eEF1A2*GDP complex which indicates

major differences in the organization of the

nucleotidebinding domain and intramolecular

movements of eEF1A compared to EF-Tu. Our results

explain the nucleotide exchange mechanism in the

mammalian eEF1A and suggest that the first step of

eEF1A*GDP dissociation from the 80S ribosome is the

rotation of the nucleotide-binding domain observed

after GTP hydrolysis.

INTRODUCTION

A number of eukaryotic translation factors demonstrate
RNA-binding properties; however, quite a few of them
directly interact with both tRNA and ribosomes. eEF1A
initiates the ribosomal peptide elongation process by the
formation of the eEF1A*GTP*aminoacyl-tRNA complex
and the timely arrival of the aminoacyl-tRNA to the A site
facil

itates the selection of the correct anticodon by the mRNA-
programmed ribosome. GTP hydrolysis on eEF1A leads to
the steady positioning of the aminoacyl-tRNA in the A site,
which subsequently triggers the transpeptidation reaction.
After adopting the GDP conformation, eEF1A is thought
to leave the ribosome for the eEF1B��� complex, which
catalyzes the exchange of GDP for GTP. This sequence of
events has only been established for the bacterial elongation
factor EF-Tu (1), although this is also commonly believed
to be valid for the eukaryotic elongation factors (2,3).
However, peculiarities of the eukaryotic eEF1A function
during translation have been described (4–9).

High-resolution crystal structures of the eubacterial homo-
log of eEF1A, EF-Tu, were obtained for the GTP- (or, more
precisely, GDPNP), GDP- and (GDPNP+aminoacyltRNA)-
bound forms (10–12). Archaeal elongation factors 1A
(aEF1A) were crystallized in both the GDP- (13) and GTP-
form complexed with Pelota (14) or termination factor RF1
(15). The only studies to date on the crystal structure of
eukaryotic eEF1A have described the cocrystallization of
the yeast elongation factor 1A (eEF1Ay) with the truncated
guanine exchange factor (GEF) (16,17).
Subsequently, this structure served as a universal model to
explain molecular features of any eukaryotic homolog in
any nucleotide-bound conformation. Numerous attempts
to crystallize the higher eukaryotic eEF1A in a GTP or
GDP form were unsuccessful, and a precise understanding
of the eEF1A function was not possible.

Here, we report the X-ray crystal structure of a natively
folded and a post-translationally modi�ed rabbit isoform
2 of eEF1A (eEF1A2) in a complex with GDP. The results
suggest the dissociation of eEF1A*GDP from 80S ribosome
is a multistage process, the �rst step of which is a GTP
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hydrolysis-induced rotation of the nucleotide-binding do-
main from the ribosome. Notably, the data obtained are in-
consistent with the currently accepted concept of theMg2+-
dependent nucleotide exchange in eEF1A (16–18). The ab-
sence of Mg2+ contribution to the binding and dissociation
of GDP explains the similar eEF1A af�nity for GDP and
GTP, contrary to the bacterial homolog EF-Tu. The cur-
rent model re�nes a mechanism of the guanine exchange
process in eEF1A, which is important for understanding the
ribosomal polypeptide elongation in mammalian cells and
contributes to the concept of mechanics of G proteins func-
tioning.

MATERIALS AND METHODS

Puri�cation and crystallization of the rabbit eEF1A isoform
2 was performed as described (19). Recombinant eEF1B�
(Homo Sapiens) was produced essentially as described pre-
viously (20). Brie�y, eEF1B� was cloned into the pGEX-
6P-1 vector (GE Healthcare, Buckinghamshire, UK). The
expression of GST-fusion protein was induced by the ad-
dition of 1 mM isopropyl �-D-1-thiogalactopyranoside
(IPTG) for 3 h at 37◦C in BL21(DE3)pLysE bacteria
strain (Stratagene, La Jolla, CA, USA). Cells were har-
vested and disrupted by sonication followed by centrifuga-
tion. GST-eEF1B� protein was puri�ed from clear lysate
on glutathione-agarose beads (Sigma-Aldrich, St. Louis,
MO, USA). The beads were extensively washed and GST-
eEF1B� was eluted stepwise using a glutathione containing
buffer solution. The GST moiety was removed by incuba-
tion with a Prescission protease according to the manufac-
turer’s instructions (GE Healthcare). eEF1B� was further
puri�ed using a Q-sepharose column and a 150–400 mM
NaCl linear gradient. Pure eEF1B�, as judged by sodium
dodecyl sulphate-polyacrylamide gel electrophoresis, was
dialyzed against 50% glycerol solution containing 30 mM
Tris-HCl, pH 7.5, 50 mM NaCl, 1 mM DTT and stored at
–20◦C.
Crystals of the eEF1A2*GDP complex were obtained

as previously described (19). For structure determination,
crystals of the eEF1A2*GDP complex were soaked in the
mother liquor solution containing 0.5 mM GdCl2 before
freezing in liquid nitrogen. The diffraction data were col-
lected on ID14–4 (ESRF) and processed using the XDS
package (21). The phasing procedure was performed using
SHARP (22). The model was built and re�ned using CCP4i
suite program for crystallography (REFMAC, COOT) (23).
The �nal model was checked with MolProbity (24). The
structure �les and coordinates of the eEF1A2*GDP com-
plexwere deposited in the ProteinDataBank.All the �gures
were drawn using PyMOL (the PyMOL MolecularGraph-
ics System, Version 1.5.0.4 Schrödinger, LLC) or Chimera
(25).

The guanine nucleotide exchange rate of eEF1A2 was
determined by a �lter binding assay mainly as in (6). For
kinetic measurements eEF1A2*[3H]GDP was prepared by
incubation of 8 �M eEF1A2 with 8 �M [3H]GDP (GE
Healthcare, 1500 Ci/mol) in 135 �l of 45 mMTris-HCl, pH
7.5, containing 0.5 mM DTT, 10 mM magnesium chloride,
100mMNH4Cl, 1mg/ml bovine serum albumin (BSA) and
25% glycerol for 10 min at 37◦C. The reaction mixture was

placed at 25◦C and was diluted into 1110 �l of exchange
buffer (20 mM Tris-HCl, pH 7.5, 10 mM magnesium chlo-
ride, 50 mM NH4Cl and 10% glycerol). The reaction mix-
ture was then divided into two parts of 622 �l each. The ex-
change reaction was performed at 25◦C andwas initiated by
the addition of 155.5 �l of exchange buffer containing 750
�M GDP in the presence or absence of eEF1B�. Aliquots
of 100 �l were withdrawn at different times and immedi-
ately �ltered through nitrocellulose �lters (Millipore, Biller-
ica, MA, USA, pore size 0.45 �m). The �lters were washed
three times with 1 ml of ice-cold washing buffer (20 mM
Tris-HCl, pH 7.5, 10 mM magnesium chloride, 100 mM
NH4Cl and 0.1 mg/ml BSA), dried and then were counted
in a liquid scintillator. To evaluate the effect of ethylenedi-
aminetetraacetic acid (EDTA) on the exchange reaction, 10
mM magnesium chloride in all buffer solutions was substi-
tuted with 10 mM EDTA. The time courses depicted in the
�gure were obtained by averaging four independent kinetics
experiments; the error bars represent standard deviations.
The data were evaluated by �tting to a single exponential
function (y = A1*exp(-x/t1) + y0) using OriginPro 8 soft-
ware (OriginLab, Northampton, MA, USA).

RESULTS

Overview of the structure

The crystal structure of the eEF1A2*GDP complex has
been solved and re�ned at 2.7 Å resolution (19) (Table 1).
The asymmetric unit contains two copies (molecules A and
B) arranged in a ‘head to tail’ dimer con�guration (Fig-
ure 1A). The physiological relevance of the dimer is uncer-
tain although evidence for the presence of eEF1A dimers
in a cellular context has recently been obtained which sug-
gests a role in actin bundling (26) and control of eEF1A via
phosphorylation (27).
Molecule A, in comparison with molecule B, displays a

weaker electron density aroundGly50 and contains 10 addi-
tional residues in the C-terminal region. The weak electron
density around Gly50 of molecule A is consistent with the
signi�cantly increased mobility of helix A* in the eEF1A2
structure as determined from the high B-factor value and
subsequent molecular dynamics simulation studies (data
not shown). The local conformations of some sections of the
molecules A and B �uctuate (root-mean-square (rms) devi-
ation 0.068 Å for all S� atoms), and results in a minor (<1
Å) shift of the GDP position. The synchronous �uctuations
of Mg2+ and GDP are observed to favor the contribution
of GDP to the stabilization of Mg2+ in the eEF1A2*GDP
complex. Three structural domains are present in eEF1A2,
domain I (4–234), domain II (241–328) and domain III
(337–445) connected by linker sequences (Figure 1A). The
nomenclature and location of �-helices and �-strands in the
tertiary structure is depicted in Figure 1B. Studies on the
native eEF1A2 structure allowed for the detection of phos-
phorylated Thr239 and Ser163 residues (Figure 1C). To the
best of our knowledge, Thr239 phosphorylation in eEF1A2
has never been reported and has not been described by nu-
merous phosphorylation prediction programs. The phos-
phorylation of Ser163 in eEF1A2 has been predicted by sev-
eral programs, but has not been shown experimentally.
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Figure 1. Overall structure of Oryctolagus cuniculus eEF1A2*GDP. (A)
eEF1A2 is crystallized as a dimer. Three domains of eEF1A2 are colored as
follows: domain I in yellow, domain II in green and domain III in blue. The
Switch I and II regions are designated as S-I and S-II. The GDP is shown
as a ball-and-stick representation. The N-terminus and the C-terminus are
marked as Nt and Ct, respectively. (B) Presentation of the helices and beta-
folds in domain I of eEF1A2*GDP. The �-helices are labeled by upper
case letters, and �-strands are labeled by lower case letters. (C) Location
of phosphorylated Thr239 and Ser163 in eEF1A2. (D)Network of interac-
tions in the nucleotide-binding pocket of the GDP-bound eEF1A2. Mag-
nesium ion is not shown for sake of clarity. (E) Electron density map cor-
responding to the molecule of GDP bound to eEF1A. Magnesium ion is
colored in green.

The main contacts between GDP and eEF1A2 are de-
picted in Figure 1D. Two oxygen atoms of the Asp156 side
chain form H-bonds with N1 and N2 atoms of the guanine
ring, respectively. Nitrogen from a peptide bond of Trp196
and the Ser194 side chain form H-bond with O6 atom of
the guanine base. Asn153 forms H-bonds with N7 atom of
GDP. Lys154 is linked to the ribose ring. Gly19 and Lys20
interact with O1 atom of the �-phosphate moiety. Peptide
groups of Asp17 and Ser21 form H-bond with O3 and O2
atoms of the�-phosphate, correspondingly. Thr22, a part of
the Walker motif, binds O2 atom of the �-phosphate. Elec-
tron density map corresponding to the molecule of GDP
bound to eEF1A is shown in Figure 1E. In the mammalian

Table 1. Data collection and re�nement statistics

eEF1A2

Data collection
X-ray source ESRF ID14-EH4
Wavelength (Å) 0.979
Space group P6122
Cell dimensions
a (Å) 135.4
b (Å) 135.4
c (Å) 304.6
aResolution range (Å) 25–2.7 (2.82–2.7)
aCompleteness (%) 98.6 (95.7)
a,bRsym I (%) 8.8 (86.6)
I/�I 18.5 (2.8)
aTotal re�ections 341,059 (34,459)
aUnique re�ections 45,528 (4,452)
aMultiplicity 7.5 (7.7)

Phasing statistics
cFOM (centric/acentric) 0.065/0.378
Phasing power (iso/ano) -/1.68

Re�nement statistics
R-factor (%) 20.2
Rfree (%) 25.5
Bond length (Å) 0.015
Bond angle (◦) 1.51
Mean B-factor
Protein 62.4
Ligand 44.1
Ion 51.5
Water 46.5
No. atoms
Residues 6 884
Ligand 56
Ion 2
water 9
Ramachandran plot
Allowed regions (%) 97.4
Disallowed regions (%) 2.6

aValues in parentheses are for the highest resolution shell.
bRsym (I) = [

∑

hkl

∑

i |<Ihkl> - Ihkl,i |]/[
∑

hkl

∑

i |Ihkl |], where i is the number
of re�ection hkl.
cFigure Of Merit =

∣

∣

∑

P (α)eiα/
∑

P (α)
∣

∣, where P(α) is the phase prob-
ability distribution and α is the phase.

eEF1A2 the GDP binding site is similar to that of the yeast
and archaeal homologs.
There are no contacts between domains I and II of

eEF1A2. Domain III has an eight stranded �-barrel-type
structure, which interacts with domain I through a large in-
terface including helices B and C. Interestingly, the unstruc-
tured C-terminal tail observed in molecule A is not free but
linked to the ‘Domain II–linker-Domain III’ surface.

A, A* and A’ helices of eEF1A2 in nucleotide exchange

A comparative analysis of eEF1A2*GDP with the
aEF1A*GTP (3AGJ), aEF1A*GDP (1SKQ) and
eEF1Ay*eEF1B� (1IJF) structures reveals a unique
orientation for the A′ and A* helices in eEF1A2*GDP.
While the N-terminal end of the helix A* is situated
in a similar position in all molecules, the C-terminus is
rotated approximately 50◦ in eEF1A2*GDP compared
to aEF1A*GDP or eEF1Ay, and is only rotated ∼23◦
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Figure 2. Main conformational rearrangements upon GTP hydrolysis. (A
and B) A′ and A* helical arrangement in the mammalian and archaeal
elongation factors. eEF1A2*GDP is superimposed with aEF1A*GTP (A)
and aEF1A*GDP (B). The structure of eEF1A2 is colored in red with
GDP in dark gray, aFF1A*GDP and aEF1A*GTP are colored blue
with GDP or GTP in light gray. Mg2+ ions are colored light green in
eEF1A2*GDP and dark green in aEF1A*GDP or aEF1A*GTP. Note the
unwinding of helixA′ in aEF1A*GTPand similar orientation of helicesA*
in eEF1A2*GDP and aEF1A*GTP. (C) Tyr56 and Trp58 are responsible
for an interaction of the A′ and A helices. Mutation of Tyr56 or Trp58 im-
pairs the A′- A interaction during GTP binding and hydrolysis. (D) Super-
imposition of the domain II+III units of eEF1A2*GDP (pink), eEF1Ay

(green) in the complex with eEF1B� (not shown for sake of clarity) and
aEF1A*GTP (blue) after alignment of domain I (not shown for sake of
clarity) of all complexes. (E) Superimposition of the domain II+III units
of bacterial EF-Tu in GDP (pink), GEF-induced (green) and GTP (blue)
conformations after alignment of domain I (not shown for sake of clarity)
of all complexes.

relative to aEF1A*GTP (Figure 2A and B). Helix A′

of eEF1A2*GDP is shifted right compared to both
aEF1A*GDP and eEF1Ay.

Thus, the positions of the A* and A′ helices are signif-
icantly different from the ‘intermediate’ state observed in
the eukaryotic elongation factor complex with GEF (16).
A possible mechanism of the GDP-/GTP-dependent re-

versible changes in the A′-A* region may encompass the
subdivision of A′ into two smaller helixes in the GTP
form of aEF1A (14) (Figure 2A). Assuming the ‘GTP-
conformations’ of eEF1A and aEF1A are similar, a com-
parison of the eEF1A2*GDP and aEF1A*GTP struc-

tures suggests the following mechanism. During the tran-
sition from the GDP to GTP conformation, the Tyr56-
Trp58 segment of the helix A′ remains unchanged, whereas
A′′ approaches the GTP-binding pocket, permitting Thr71
(Thr72 in eEF1A2) from the Switch I region to bind the � -
phosphate of GTP via Mg2+ (Figure 2A).
The role of conformational changes in the helix A′ is sup-

ported by recent �ndings that demonstrated the absolute
importance of Tyr56 and Trp58 in eEF1Ay for yeast growth
(28). There was no obvious reason for the lethality from the
currently available data. However, the crystal structure of
eEF1A2*GDP illustrates the importance of these residues
in the interaction of the A′ and A helices. The aromatic ring
of Tyr56 situated in the helix A′ forms a �-stacking interac-
tion with the His26 imidazole ring, whereas the N�1 atom
of Trp58 forms a hydrogen bond with the hydroxyl group
of Tyr29 in the helix A (Figure 2C). These interactions are
probably needed to keep A′ and A helices together, leaving
A′′ mobile and capable of promoting the Thr71/Thr72 in-
teractionwithGTP in aEF1A/eEF1A.UponGTPhydroly-
sis, Thr71/Thr72 loses the Mg2+-mediated contact with the
� -phosphate, so the A′′ helix can move back and restore
the integrity of the A′ helix. Thus, the strong �xation of A′

by the A helix may provide a basis for the correct position-
ing of the A′ helix in eEF1A2*GDP. The A-A′ contacts are
obviously absent in the ‘intermediate state’ conformation of
eEF1Ay observed in the complex with eEF1B� (16). Conse-
quently, eEF1B� is supposedly able to interact with aY56A
W58Amutated eEF1A. However, it is unlikely that the mu-
tated protein would achieve the correct ‘GTP conformation’
after dissociation of eEF1B�. Interestingly, the prokaryotic
EF-Tu*GDP shows a different secondary structure of the
effector region. Instead of A′′ in eEF1A2, an unstructured
region in the Thermus aquaticus or �-hairpin in Escherichia
coli EF-Tu*GDP is present (29).

Rotation of the domains (II+III) structural unit relative to
domain I is different in eEF1A2*GDP and eEF1Ay bound to
eEF1B�

A comparison of the domain organization in
eEF1A2*GDP, eEF1Ay bound to eEF1B� and
aEF1A*GTP illustrates the domain (II+III) unit move-
ments relative to domain I during GDP/GTP exchange.
Domains II and III of the factors were reported to move
as a single body in molecular dynamic simulations (30).
Evidently, eEF1B� binding induces a 56◦ switch in po-
sition of the domain (II+III) unit relative to domain I
(Figure 2D). The rearrangements of the nucleotide binding
site and subsequent GTP binding lead to an increased
angle of the domain II+III unit rotation (Figure 2D).
A backward movement of the domain (II+III) unit is
permitted only after GTP hydrolysis and produced the
GDP-bound conformation. Notably, the bacterial and
eukaryotic GEFs induce rotations of domain II+III of
counterparts in opposite directions whereas subsequent
GTP binding produces unidirectional rotation of aEF1A,
and, possibly, eEF1A and EF-Tu domains (II+III) relative
to domain I (Figure 2D and E).

The rotation of the domain (II+III) unit is accompanied
by conformational changes in other regions connected with
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domain III. The interaction of GEFwith domain II induces
a change in the linker connecting domains II and III. Do-
main III is bound to domain I and cannot easily follow the
domain IImovement without rearrangement of theH-bond
network. Indeed, in the eEF1Ay bound to eEF1B� com-
plex, the B and C helices acquire some novel contacts as
compared to eEF1A2*GDP. Speci�cally, helix B binds to
residues 422 and 430 instead of Arg381 and Arg382; and
Thr142 of helix C contacts Ile343 and Val435 (Val433 in
eEF1Ay) instead of Lys439 and Val437. Additionally, the
Glu135–Lys386 salt bridge and the His136–Ser383 contact
in eEF1A2*GDP are not observed in eEF1Ay because the
conformational change induced by eEF1B� enablesGlu135
and His136 to contact the Switch II region.

Role of Mg2+ in GDP/GTP exchange in EF1A from evolu-
tionary distinct organisms

The addition of homologous eEF1B� to eEF1Ay or
Artemia salina eEF1A accelerated the nucleotide exchange
process in vitro (31,32). In eEF1Ay, the acceleration was
hypothesized to be induced mainly by the forced exit of
Mg2+ from the nucleotide binding site by GEF. In partic-
ular, Mg2+ displacement by Lys205 from eEF1B� was sug-
gested to destabilize and facilitate the dissociation of GDP
from eEF1Ay (16–18).

Conversely, although Mg2+ was visible and function-
ally important for GTP hydrolysis in aEF1A*GTP (14),
it was observed only under highly arti�cial conditions in
aEF1A*GDP (33). Consequently, an alternative hypothe-
sis was that the GDP/GTP exchange in aEF1A and eEF1A
may occur solely due to the protein structure rearrange-
ments, which are not necessarily coupled with the presence
of Mg2+ (33).
Mg2+ had only a marginal effect on both spontaneous

(Figure 3A) and GEF-dependent (Figure 3B) nucleotide
exchanges in eEF1A2. The values of koff for spontaneous
GDP/GDP exchange in eEF1A2 were 5.6 ± 0.3 .10−4 s−1

and 4.4 ± 0.5 .10−4 s−1, whereas the �rst-order rate con-
stants for the GDP/GDP exchange catalyzed by eEF1B�
were 6.3 ± 0.3.10−3 s−1 and 10.0 ± 0.5.10−3 s−1 in the pres-
ence of 10 mM Mg2+ or EDTA, respectively. The spon-
taneous GDP/GDP exchange was observed to be inde-
pendent of Mg2+ in eEF1Ay; however, the same study re-

ported the importance of Mg2+ for the eEF1B�-catalyzed
nucleotide exchange process (18).
In the eEF1A2*GDP structure Mg2+ is in contact with

the �- and �-phosphates of GDP. In molecule A the dis-
tance from the Mg2+ ion to the Asp17 side chain is 2.7 Å,
in molecule B it rises to 3.5 Å. Because molecule A is crys-
tallized in more �exible conformation as evidenced by the
unresolved electron density of Gly50 situated in the effector
region we believe that approaching the Mg2+ ion by Asp17
occurs due to local intramolecular �uctuations and does not
play any role in stabilization of the metal ion by eEF1A2.
To our knowledge, the aspartate residue at the fourth posi-
tion of a Walker A motif (GxxXxGKS/T) has never been
described as a ligand in GTPases.
The af�nity of eEF1A for GDP is much less than that

of EF-Tu (reviewed in (34)). In EF-Tu*GDP (pdb–1EFC),
Mg2+ is in contact with the �-phosphate and �-phosphate

Figure 3. Mg2+ does not in�uence nucleotide exchange in eEF1A2. Mg2+

(black) and EDTA (red) do not have an impact on spontaneous (A) and
eEF1B�-catalyzed (B) nucleotide exchange process. The eEF1A2 concen-
tration in the incubation mixture was 692 nM and eEF1B� - 4 nM. The
concentration of either Mg2+ or EDTA was 10 mM. Goodness (R2) of
single exponential �ts was calculated to be >0.999 for nucleotide exchange
in the presence of both Mg2+ and EDTA. (C) Mg2+ contributes to GDP
binding in EF-Tu rather than in eEF1A2.

(12). However, Mg2+ is also linked to EF-Tu*GDP via di-
rect contact with Thr25 and via water-mediated bonds with
Asp51 and Asp81, whereas the corresponding residues in
eEF1A2 (Asp61 and Asp91) are situated far from the mag-
nesium binding site. There is also a direct Mg2+ contact
with Thr25 which is conserved in all available EF-Tu*GDP
structures. The side chain of corresponding Ser21 from the
P-loop in eEF1A2 forms an H-bond with Asp61 instead.
Thus, in eEF1A2*GDP the contacts of Mg2+ are limited by
the �- and �-phosphates (Figure 3C). This �nding, along
with the kinetic data, favors the assumption that the pres-
ence of the magnesium ion cannot add any strength to the
GDP stabilization in eEF1A2.

Molecular mechanism of the nucleotide exchange factor
eEF1B� function

Using the structures of both eEF1A2*GDP and
eEF1Ay*GDP*eEF1B�, we can deduce the GEF-mediated
nucleotide exchange mechanism in eEF1A.
In order to destabilize GDP in eEF1A, the Switch I

region has to be displaced, with a subsequent disruption
of the (Glu68–His95, Arg69-Asp97, Glu68-Asp97) inter-
action network between Switch I and Switch II in the
eEF1A2*GDP structure (Figure 4A and B). Such a rear-
rangement causes the loop 90–97 to move upwards and ro-
tate. A key new observation is the orientation of Asp91,
which is stabilized in eEF1A2*GDP by the interaction with
His95, Asn101 and Ser107. In the presence of eEF1B�, this
residue makes a 180◦ �ip to form a salt bridge with Lys20
and anH-bondwith Ser21, which binds and stabilizes the�-
phosphate in eEF1A2*GDP (Figure 4C and D). Ser21 also
forms an H-bond with Lys205 of eEF1B� (18). All of these
events cause a destabilization of the �-phosphate position,
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Figure 4. Mechanism of GEF-induced nucleotide exchange in eEF1A. (A)
Conformation of the Switch I–Switch II region in eEF1A*GDP and in
eEF1Ay-GEF. (B) Conformation of the GDP binding site in the absence
and in the presence of GEF. Note the 180◦ rotation of Asp91. K205 and
Q204 of eEF1B� (numeration of yeast eEF1B�) are shown in light brown.
(C) Arrangement of the GDP-bound structures of eEF1A and EF-Tu. (D)
Changes introduced in the GDP-bound structures of eEF1A and EF-Tu
by corresponding GEFs. Eukaryotic GEF eEF1B� directly disrupts con-
tact of Ser21 with the �-phosphate, induces the conformational switch in
P-loop leading to the disruption of Asp17 contact and prompts the confor-
mational change in Switch II inducing 180◦ rotation of Asp91, with sub-
sequent disruption of the Lys20 contact with the �-phosphate. Note the
non-involvement of Mg2+ and GEF-induced rotation of Asp91 by 180◦.
Prokaryotic GEF EF-Ts causes conformational change in P loop, preclud-
ing contacts of Trp25 with Mg2+ linked to the �-phosphate, inducing ro-
tation of Asp21 away from the �-phosphate and switch of Lys24 toward
Asp81. Note the direct role of Mg2+ in the GDP stabilization, as well as
similar positions of Asp81 in the GDP- and GEF-bound conformations.
Water molecules are shown in blue.Magnesium ion is shown in gray. Com-
pounds which are invisible in the structure, depicted as semi-transparent.

which probably re�ects its disorder in the eEF1Ay*eEF1B�
crystal structure (16). eEF1B� clearly induces a rotamer
change of His95 in eEF1A and permits the formation of H-
bonds with Asp97 (eEF1A, helix B) and Val179 (eEF1B�).
In the presence of eEF1B�, the rotation of the domain

(II+III) unit and the subsequent restoration of its inter-
action with helix B are observed. Such domain rearrange-
ments decrease the distance between helices B and C. Con-
sequently, the Arg96 side chain can reposition upwards and
interact withGln132 andGlu135 of helix C that disrupts the
Gln132-His15 interaction. This results in His15 forming an
H-bondwithAsp17, which prevents it from interactingwith
the �-phosphate group and causes the peptide bond 16–17
to �ip and reorient.
Upon interaction with eEF1B� the H-bond between

Asp17 and Lys154 is broken and amino group of the
Lys154 residue �ipped by about 70◦ when compared to
eEF1A2*GDP alone (Figure 4C and D). Despite this ro-
tation, Lys154 retains the H-bond with the oxygen atom of
the ribose ring, but not Glu122. This leads to an alteration
of the ribose and guanine ring orientation, whereas the �-
phosphate remains in a similar position in the presence or
absence of eEF1B�.

DISCUSSION

Two models for the nucleotide exchange process in eEF1A
exist. One implicates Lys205 from eEF1B� inducing the
Mg2+ removal and peptide �ip in the P-loop of eEF1A for
the dissociation of GDP and prevention of its re-binding
(16,17). Another hypothesis suggests that Mg2+ is dispens-
able for GDP binding and dissociation, and instead em-
phasizes that the signi�cant domain rotation destabilizes
the interaction of the P-loop and the �-phosphate of GDP
(33). The �rst model was based on the EF-Tu-GDP and
eEF1Ay-eEF1B� structures, and assumed that theGDP ex-
change mechanism is similar in pro- and eukaryotic elonga-
tion factors. The secondmodel accounts for the structure of
aEF1A*GDP and expands the available data from archaeal
to eukaryotic elongation factors.
The structure of eEF1A2*GDP demonstrates no direct

Mg2+-protein interactions. A spherical electron density ob-
served between the �- and �-phosphates of GDP and the
side chain of Asp17 was interpreted as the electrostatic in-
teraction of the magnesium ion with the oxygen atoms of
the phosphate groups situated ∼2.5 Å away. The distance
from Mg2+ to the Asp17 side chain in the molecule A is
about 2.7 Å, however, in the molecule B this distance in-
creases to 3.5 Å which makes the formation of a bond be-
tween Asp17 and Mg2+ less probable. No interaction of
Mg2+ with the corresponding Asp is found in all known X-
ray structures of the translational GTPases. Furthermore,
the �uctuations of Mg2+ and GDP in molecules A and B of
the dimer coincide, which favors the notion thatMg2+ is sta-
bilized in eEF1A2 via the GDPmolecule. The coordination
geometry for Mg2 was not determined, however, the water-
mediated contacts, which are not visible at 2.7 Å resolu-
tion, are still possible. The kinetic experiments do not show
any substantial Mg2+ effect on the nucleotide exchange rate
in the presence or absence of eEF1B�, which is consistent
with the non-involvement of Mg2+ in the mechanism of
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GDP stabilization. The exclusion of Mg2+ resulted in the
3.6-fold acceleration of the eEF1B�-catalyzed GDP disso-
ciation from eEF1Ay (18) and in small 1.6-fold increase of
koff for eEF1A2 (Figure 3B). Though one cannot entirely
exclude some impact of Mg2+ upon the GDP release from
eEF1A, the Mg2+ effect appears rather indirect and proba-
bly results from either subtle rearrangements of the GDP-
binding site (35) induced by eEF1B� or the increased sta-
bility of eEF1A*eEF1B� complex in the presence of mag-
nesium ions. Mg2+-induced constriction has been observed
for other protein–protein complexes (36,37).
The insertion of the Gln-204 side chain from eEF1B� be-

tween two antiparallel �-strands linking the Switch I and
Switch II regions was previously claimed to force Asp91
away from Ser21 and a water molecule, contributing to
GDP dissociation (16). This is inconsistent with our ob-
servations because the Asp91 of eEF1A2*GDP undergoes
a 180◦ rotation away from the nucleotide binding site, and
forms H-bonds with His95 and Asn101 from helix B of the
Switch II region. However, in the GTP form of aEF1A (14)
and in the GEF-complexed form of eEF1Ay (16) Asp91 is
situated near the �-phosphate. Thus, eEF1B� forces Asp91
back into the nucleotide-binding site rather than moving it
out as was previously suggested (16) which may contribute
to the dissociation of GDP as described in the Results sec-
tion.
The 180◦ turn of Asp91 away from the GDP-binding

site is detected also in aEF1A*GDP (13) and appears
to be exclusive for non-bacterial elongation factors 1A.
Interestingly, in the yeast termination factor eRF3, the
corresponding Asp322 adopts the same as Asp91/90
in eEF1A2*GDP/aEF1A*GDP �ipped position compar-
ing to Asp81/Asp90 in EF-Tu*GTP/aEF1A*GTP corre-
spondingly. However, contrary to the elongation factors,
no nucleotide-dependent change in position of Asp322 was
found in eRF3 (38).

The eEF1A2*GDP structure presented here contributes
to the evolutionary understanding of the elongation fac-
tor 1 family. It is known that the structures of GDP-bound
proteins display a large difference, while the GTP-bound
forms of the G domain are mostly similar (39). The func-
tional GTP form has the same con�guration in EF-Tu and
aEF1A and, possibly, in eEF1A, considering the principal
common translation function of the factors. GTP forms of
the elongation factors are very likely to preserve a universal
mechanism of interaction with ribosomes in pro- and eu-
karyotes. However, the GDP-bound conformations of EF-
Tu, aEF1A and eEF1A2 demonstrate essential differences.
Thus, EF-Tu*GDP and aEF1A*GDP/eEF1A2*GDP rep-
resent various starting points toward achieving a univer-
sal GTP-bound conformation via different GEF-mediated
mechanisms in bacterial and archaeal or eukaryotic cells.
The bacterial and non-bacterial nucleotide exchange fac-
tors catalyze GDP/GTP exchange via distinct conforma-
tional changes, which results in similar GTP-bound confor-
mations. Molecular details of the different mechanisms in
prokaryotes and eukaryotes depicted as in (40) are summa-
rized in Figure 4C and D.

The role for the domains’ rotation during the transi-
tion of ribosome-bound eEF1A from the GTP- to GDP-

bound conformation has been assessed. The structure of
the eEF1A*GTP*aminoacyl-tRNA complex in the 80S ri-
bosome was modeled by superimposing the X-ray struc-
tures of the yeast 80S ribosomes (41) and the bacterial 70S
ribosome with the aminoacyl-tRNA and EF-Tu*GDPCP
(12). We observed that substitution of the GTP form of
eEF1A with eEF1A*GDP, assuming that an interaction
of eEF1A*GDP with tRNA persists for some time after
GTP hydrolysis (8,9), caused domain I to rotate out of
the ribosome while domains II and III remained in place
(Supplementary Figure S1). This result means that after
GTP hydrolysis, there is a disruption in the interaction be-
tween domain I of eEF1A and the ribosome. Consequently,
eEF1A*GDP is retained on the ribosome mainly due to
some domain (II+III) contacts and can dissociate easier.
Thus, the domain rotation in eEF1A*GDP upon GTP hy-
drolysis is a �rst step of releasing the protein from the 80S
ribosome, which resembles dissociation of EF-Tu from the
70S ribosome (reviewed in (1)).

The link between the A and A′ helices provided by the
Tyr56-His26 and Trp58-Tyr29 interactions is suggested to
play a vital role for adopting a speci�c GDP-bound con-
formation of eEF1A2. Otherwise the �-helical A*-A′ re-
gion would shift away from the nucleotide as seen in the
Sulfolobus solfataricus aEF1A*GDP (13). As compared to
eEF1A2, the archaeal protein has two Phe residues substi-
tuted for Tyr56 and Trp58 correspondingly, lacks the aro-
matic ring, equivalent to His26 and contains Met28 in-
stead of Tyr29. Also, the A-A′ interaction may be impor-
tant for the correct positioning of Thr71/Thr72 into the
GTP nucleotide binding site of eEF1A. The mutation of ei-
ther Trp58 or Tyr56 is lethal (28); therefore, the stabilization
strength of each residue is probably not suf�cient to main-
tain the interaction of the helix A and A′ during the un-
winding of the helix A′ and shift of A′′ to the GTP-binding
site. Moreover, we speculate that the link between A and
A′, which forces these helices to move as a single unit, may
be important for the GEF binding and dissociation mech-
anism. To reach the GDP binding site in eEF1A*GDP,
GEF must separate the Switch I and Switch II regions. In
eEF1A*GTP, the A-A′ unit apparently moves back into
place and provides amechanic force to dissociate GEF. This
mechanismmay be speci�c for the eukaryotic nucleotide ex-
change because the A-A′ link apparently cannot be formed
in archaeal factors.
In higher vertebrates, there are two isoforms of eEF1A,

which are 97% similar and are encoded by different genes.
The expression of the isoforms is mutually exclusive:
eEF1A2 appears in skeletal myocytes, cardiomyocytes and
neurons; eEF1A1 is present in all remaining cells of the or-
ganism (42). Therefore, the role of isoforms during transla-
tion should be principally the same, whereas their tissue-
speci�c localization suggests they may have different ad-
ditional functions. Importantly, eEF1A2 is overexpressed
in a number of human cancers (43,44) and was shown
to have oncogene-like properties in some cases (45,46).
The phosphorylation of Tyr29 has been reported in global
phospho-proteomic cancer studies (47,48). This modi�ca-
tion would prevent the Tyr29–Trp58 interaction in eEF1A2
(Figure 2C), which may affect the stability of the A-A′ he-
lices linkage and result in an impairment of translation. The
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Tyr29-phosphorylated cellular pool could ful�ll some other
functional duty, such as signaling or actin bundling (49,50).
Phosphorylated Ser163 and Thr239 are highly conserved

in both eEF1A1 and eEF1A2 of higher eukaryotes. Bioin-
formatics predicts that the phosphorylation of Ser163 in
eEF1A1 and eEF1A2 (92% identical) is probably per-
formed by different protein kinases, ataxia telangiectasia
mutated or casein kinase 1, respectively, due to a local dif-
ference in the primary structures of the isoforms. Identi�ca-
tion of a kinase for Thr239 is an intriguing task for the fu-
ture. The local landscape near the phosphorylated Thr239
residue includes Lys146 and Lys244 which can be acety-
lated in vivo (51,52). Phosphorylated Ser163 is situated near
Lys165 which is dimethylated in the A1 isoform (53) and
trimethylated in the A2 isoform (6). Cross-talk between the
modi�cations may provide a unique isoform-speci�c local
landscape for eEF1A, which can be utilized, in particular,
to differentially distribute and/or functionally modify the
97% similar isoforms.
A segment of the unstructured C-terminus was observed

in molecule A of the eEF1A2 dimer. The C-terminal tail
was previously proposed to participate in aminoacyl-tRNA
binding by EF-Tu (54). However, the C-terminal tail of
eEF1A2 adopts a somewhat different form compared to the
EF-Tu conformation and is situated far from the putative
tRNA-binding region. This region of eEF1A2 contains a
number of lysine residues which may serve as a platform for
binding other kinds of RNA (55,56).
eEF1A belongs to a family of G-proteins, which func-

tion as GTP hydrolysis-dependent molecular switches and
are pivotal for cell life. Typically, the activity of G-proteins
is regulated by GEF that stimulate dissociation of tightly
bound GDP produced by GTP hydrolysis (57). Mechanism
of GDP/GTP exchange usually involves Mg2+. The af�n-
ity of eEF1A for GDP and GTP is similar, contrary to its
prokaryotic homolog EF-Tu. The data on X-ray structure
of eEF1A2 explain the mechanics behind this, suggesting
that a drop in the af�nity for GDP is caused by exclusion
of the magnesium ion role in the stabilization of GDP in
eEF1A (Figure 3C). The independence from Mg2+, with
consequent decrease in the GDP binding strength, seems
to ensure the reliability of eEF1A functioning in case of
GEF de�ciency. In addition, eEF1A plays a number of non-
orthodox roles and, therefore, is distributed evenly through-
out the cell while the function and localization of itsGEFs is
mostly limited to the protein synthesis compartments (58).
Similar af�nity of eEF1A for GDP and GTP may help to
maintain spontaneous GDP/GTP exchange in the GEF-
de�cient regions of cells where the eEF1A functions are
not related to the protein synthesis. That is possible because
the intracellular concentration of GTP is much higher than
GDP.
The overall strategy of the eukaryotic ribosomal chain

elongation is to ensure a high accuracy of the protein syn-
thesis along with a reasonable rate. The change of the rate-
limiting step from GDP dissociation in EF-Tu to GTP hy-
drolysis in eEF1A (32), which is a consequence of decreased
af�nity of the eukaryotic protein for GDP, apparently con-
tributes to this function as the hydrolysis of GTP is directly
triggered by the correct codon–anticodon recognition. We
believe that the understanding of difference in the molecu-

lar mechanisms of nucleotide exchange in pro- and eukary-
otic elongation factors will be helpful for the development
of anti-bacterial drugs speci�cally targeted to EF-Tu.
The analysis of the crystal structure of eEF1A2*GDP

together with the structures of eEF1Ay*eEF1B� and
aEF1A*GDP provides the important information on the
conformational changes essential for the eEF1A function,
re�nes existing and describes novel aspects of themechanics
of the nucleotide exchange process in the translation factors.
The results provide background for comprehensive knowl-
edge of the mechanism and evolution of the polypeptide
chain elongation by the ribosome.
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Novel complexes of mammalian translation elongation factor

eEF1AÆGDP with uncharged tRNA and aminoacyl-tRNA synthetase
Implications for tRNA channeling

Zoya M. Petrushenko, Tatyana V. Budkevich, Vyacheslav F. Shalak, Boris S. Negrutskii
and Anna V. El’skaya

Institute of Molecular Biology and Genetics, National Academy of Sciences of Ukraine, Kiev, Ukraine

Multimolecular complexes involving the eukaryotic

elongation factor 1A (eEF1A) have been suggested to play

an important role in the channeling (vectorial transfer) of

tRNA during protein synthesis [Negrutskii, B.S. & El’skaya,

A.V. (1998) Prog. Nucleic Acids Res. Mol. Biol. 60, 47–78].

Recently we have demonstrated that besides performing its

canonical function of forming a ternary complex with GTP

and aminoacyl-tRNA, the mammalian eEF1A can produce

a noncanonical ternary complex with GDP and uncharged

tRNA [Petrushenko, Z.M., Negrutskii, B.S., Ladokhin,

A.S., Budkevich, T.V., Shalak, V.F. & El’skaya, A.V. (1997)

FEBS Lett. 407, 13–17]. The [eEF1AÆGDPÆtRNA] complex

has been hypothesized to interact with aminoacyl-tRNA

synthetase (ARS) resulting in a quaternary complex where

uncharged tRNA is transferred to the enzyme for amino

acylation. Here we present the data on association of the

[eEF1AÆGDPÆtRNA] complex with phenylalanyl-tRNA

synthetase (PheRS), e.g. the formation of the above

quaternary complex detected by the gel-retardation and

surface plasmon resonance techniques. To estimate the

stability of the novel ternary and quaternary complexes of

eEF1A the fluorescence method and BIAcore analysis were

used. The dissociation constants for the [eEF1AÆGDPÆ

tRNA] and [eEF1AÆGDPÆtRNAPhe
ÆPheRS] complexes

were found to be 20 nM and 9 nM, respectively. We also

revealed a direct interaction of PheRS with eEF1A in

the absence of tRNAPhe (Kd ¼ 21 nM). However, the

addition of tRNAPhe accelerated eEF1AÆGDP binding to

the enzyme. A possible

role of these stable novel ternary and quaternary complexes

of eEF1AÆGDP with tRNA and ARS in the channeled

elongation cycle is discussed.

Keywords: translation elongation factor; macromolecular

complexes; tRNA channeling; eukaryotic protein synthesis;

BIAcore analysis.

Aminoacyl-tRNA synthetase (ARS) and eEF1A are the
proteins that advance the translation elongation cycle. ARS
binds ATP, an amino acid and tRNA to produce aminoacyl-
tRNA. The molecules of eEF1A bind GTP and aminoacyl-
tRNA, and deliver the latter to the A site of a translating
ribosome. The main steps of protein biosynthesis are similar
in all living organisms. However, some peculiarities of the
higher eukaryotic translation have been revealed, among
which a compartmentalization of the translation apparatus
is of particular importance. There is an increasing body of
evidence for special structural organization of the protein
synthesis machinery in the higher eukaryotic cells. The
existence of multimolecular complexes of ARS [1], initiation

factors [2] and eEF1 [3,4], ribosome–ARS interactions [5–7],
and the association of translation components with cyto-
skeletal framework [8] are among the important signs of the
protein synthesis compartmentalization. Moreover, detailed
fluorescence-based measurements of translation in living
dendrites have visualized the mammalian protein synthesis
compartments in situ [9].

An important mechanism to put into effect the potential
advantages of the compartmentalization is thought to be a
channeling (vectorial transfer) of aminoacyl-tRNA/tRNA
from ARS to the elongation factor, ribosome and back to
ARS without dissociation into the surrounding medium
[10,11]. The channeling influences positively the transla-
tional efficiency because the number of nonspecific
searches is diminished, the effective concentrations of
translational components are increased and the leakage of
important compounds to another metabolic processes is
hampered [12]. The channeling is a mechanism operating
by the formation of intermediate complexes between
subsequent participants of the metabolic pathway. Deut-
scher and coauthors revealed that aminoacyl-tRNA and
tRNA were never free in the cytoplasm of the eukaryotic
cell [10–12]. ARS and eEF1A are supposed to play a main
role in the tRNA sequestering during the mammalian
translation [13].

Several examples of the functional interaction of eEF1A
with ARS resulting in the activation of the latter have been
described [4,14,15]. While the stimulation of the valyl-tRNA
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synthetase activity by eEF1AÆGTP fits well for the
customary channeling scheme, representing transfer of
aminoacyl-tRNA from the enzyme to eEF1AÆGTP [4], the
explanation of the eEF1AÆGDP stimulating effect [14] is not
so obvious. We have hypothesized the activation of ARS by
eEF1AÆGDP could be a consequence of the interaction of
ARS with the [eEF1AÆGDPÆtRNA] complex [13]. A func-
tional meaning of the latter is supposed to accept deacylated
tRNA directly from the E site of 80S ribosome. We
postulated the following order of the interactions during
vectorial transfer of tRNA/aminoacyl-tRNA in the eukary-
otic elongation cycle [13]: [ribosomal E siteÆtRNA] (1) fi

[eEF1AÆGDPÆtRNA] (2) fi [eEF1AÆGDPÆtRNA]ÆARS
(3) fi [eEF1AÆGTPÆaminoacyl-tRNA] (4) fi [ribosomal
A siteÆaminoacyl-tRNA] (5) fi [ribosomal P siteÆ
peptidyl-tRNA] (6) fi [ribosomal E siteÆtRNA] (1).

The existence of complexes 1, 4, 5 and 6 was well
documented and considered in all textbook schemes of
protein synthesis. The formation of noncanonical complex 2
has been demonstrated recently [16] but its thermodynamic
stability has not been determined. The idea of noncanonical
quaternary complex 3 assembling was based on the
stimulatory effect of eEF1AÆGDP on the activity of several
ARS [14], however, it remains to be shown directly.

In this work, the formation of a specific complex of
[eEF1AÆGDPÆtRNA] with PheRS was shown by the gel-
shift assay and surface plasmon resonance technique. High
stability of both novel ternary and quaternary complexes
of eEF1AÆGDP, [eEF1AÆGDPÆtRNA] and [eEF1AÆGDPÆ
tRNAPhe

ÆPheRS], was observed, the dissociation constants
being determined as 20 nM and 9 nM, respectively. The
BIAcore analysis revealed a direct protein–protein interac-
tion within the quaternary complex 3. The sequence of
events in the channeled elongation cycle of protein synthesis
is discussed considering a putative supercomplex of ARS
and GDP/GTP exchanging subunits of eEF1.

MA T E R I A L S A ND ME T HOD S

Materials

Q-Sepharose, SP-Sepharose and Sephacryl S-400 were
purchased from Pharmacia. Bio-Gel HTP hydroxylapatite
was from Bio-Rad. [a-32P]ATP, [14C]phenylalanine and
[3H]GDP were purchased from Amersham. CTP, GDP,
phosphoenolpyruvate and phosphoenolpyruvate kinase
were from Sigma. tRNA nucleotidyltransferase was isolated
from yeast as described [17]. Bovine catalase was from
Serva, rabbit glyceraldehyde-3¢-phosphate dehydrogenase
(GADPH) was from Boehringer Mannheim. Bacterial
EF1A was a gift from Dr I. Rublevskaya (this Department).
BIAcore 2000 apparatus, sensor chip CM-5 and reagents
for the surface plasmon resonance assay (Surfactant P20,
amine coupling reagents, N¢-ethyl-N¢-(dimethylaminopro-
pyl)carbodiimide, N-hydroxysuccinimide, ethanolamine
hydrochloride) were obtained from Pharmacia Biosensor.
Other chemicals were obtained from Sigma and Fluka.

Purification of rabbit liver PheRS and eEF1A

PheRS was isolated as described in [18], except that heparin-
sepharose was used instead of tRNA-sepharose. The
activity of PheRS in [14C]phenylalanyl-tRNA formation

was determined according to [14]. eEF1AÆGDP was purified
using the combination of gel-filtration and ion-exchange
chromatography as previously described [19]. GDP/
[3H]GDP exchange on the eEF1A molecule was performed
as described [19]. The purity of the enzymes was more than
95% according to the SDS/PAGE.

Preparation of bacterial EF1AÆGTP

To obtain the GTP form of bacterial EF1A, the factor was
incubated with 100 lM GTP in the incubation mixture
containing 25 mM Tris/HCl, pH 7.5, 50 mM NH4Cl, 10 mM

MgCl2, 1 mM dithiothreitol, 0.5 mM EDTA in the presence
of 30 lgÆmL)1 phosphoenolpyruvate kinase and 2 mM

phosphoenolpyruvate to remove traces of GDP. Incubation
was carried out at 30 �C for 15 min, and the EF1AÆGTP
preparation was used immediately.

tRNAPhe purification

Enriched tRNAPhe preparation was obtained from crude
rabbit liver tRNA by BD-cellulose chromatography. Indi-
vidual tRNAPhe was purified using Hypersil 5C4 column
(HPLC Gold system, Beckman). 3¢-32P-labeling of tRNAPhe

was performed with tRNA nucleotidyltransferase according
to [20]. The labeled tRNA was purified in 8% polyacryl-
amide gel containing 8 M urea.

Fluorescence measurements

The fluorescein isothiocyanate isomer I (FITC)-labeled
eEF1A was prepared according to [21] with some modifi-
cations. The protein (300 lg) was dialyzed for 2 h in
100 mM NaHCO3, pH 8.1, 2 mM MgCl2, 25 mM KCl, 20%
glycerol, 10 lM phenylmethanesulfonyl fluoride and 2 mM

dithiothreitol at 4 �C. The stock solution of FITC was
added to the final concentration of 0.05 mgÆmL)1 and the
incubation was continued for 40 min at 28 �C. The reaction
was quenched by addition of 2 M NH4Cl (final concentra-
tion 50 mM) and the protein was separated from the dye by
gel-filtration on Sephadex G-25.

To obtain eEF1AÆGMP-PNP, the factor was incubated
with 200 lM GMP-PNP in the incubation mixture contain-
ing 25 mM Tris/HCl, pH 7.5, 5 mM MgCl2, 50 mM KCl,
13% glycerol and 2 mM dithiothreitol. Incubation was
carried out at 37 �C for 5 min directly before start of the
experiment.

Steady-state fluorescence measurements were made with
spectrofluorimeter Hitachi F-4000, Japan. Excitation mono-
chromator was set at 495 nm, emission wavelength was
525 nm.

Measurements were made in 1-mL quartz cuvettes
containing 800 lL of 25 mM Tris/HCl, pH 7.5, 5 mM

MgCl2, 50 mM KCl, 13% glycerol, 2 mM dithiothreitol,
200 lM GDP (GMP-PNP) and 0.2 lM FITC-eEF1AÆGDP
(FITC-eEF1AÆGMP-PNP) at +24 �C. FITC-eEF1AÆGDP
or FITC-eEF1AÆGMP-PNP were titrated by increasing
concentrations of tRNA to measureKd of the [eEF1AÆGDP/
GMP-PNPÆtRNA] complex. An increase in the mixture
volume after tRNA addition did not exceed 3–5%. The data
were corrected for the background fluorescence and dilution.

To confirm complex formation, the polarization value
was determined after each tRNA addition. When plane
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polarized light is used to excite a fluorophore, molecules in
which the absorption oscillators are orientated parallel to
the direction of polarization will excite preferentially. The
polarized components of the emission can be used to
calculate a polarization value P ¼ I|| – I^/I|| + I^ (where
I^ is the perpendicular component of fluorescence intensity
and I|| is the parallel component of fluorescence intensity)
which is dependent on the rotational mobility of the
fluorophores, which in turn relates directly to its size;
therefore, larger fluorophores (with lower rotational mobi-
lity) exhibit higher polarization value under constant buffer
conditions.

Because the polarization change is a nonlinear function
[22], the effect of tRNA on a value of the perpendicular
component of fluorescence intensity (I^) was measured to
estimate the Kd of the complex. The intensity was normal-
ized according to Eqn. (1):

I?norm ¼ I 0
? � I tRNA

? =I 0
? � 1 ð1Þ

where I^norm is the normalized intensity, I 0
? is the fluor-

escence intensity before tRNA addition, I
tRNA
? is the

intensity at given tRNA concentration. Data were curve-
fitted by nonlinear least squares to a bimolecular binding
isotherm according to the expression:

I?norm ¼ I fin
? � C=Kd þ C ð2Þ

where I
fin
? is the normalized intensity at final point of the

titration curve, C is the tRNA concentration, Kd is the
dissociation constant.

Gel mobility shift assay

A possibility of eEF1AÆGDP in forming the complex with
deacylated tRNA was studied by nondenaturing PAGE.
The samples containing 10 lM eEF1AÆGDP were incubated
for 10 min at 37 �C in the presence of different concentra-
tions of tRNA in buffer containing 25 mM Tris/HCl
pH 7.5, 5 mM MgCl2, 50 mM KCl, 10% glycerol, 6 mM

2-mercaptoethanol and 200 lM GDP. After the addition of
0.1 volume of 80% glycerol (containing traces of bromo-
phenol blue) the samples were applied to 5% polyacryl-
amide gel (19 : 1). PAGE was performed for 6 h at 4 �C
(40 mA, 100 V) in a buffer containing 100 mM Bes, pH 6.8,
10% glycerol, 10 lM GDP, 0.5 mM EDTA and 1 mM

dithiothreitol. Protein bands were stained with Coomassie
brilliant blue.

The formation of the complex of [32P]tRNAPhe with
eEF1A and/or PheRS was studied on 0.7% agarose gel.
Three picomoles of tRNA were incubated with 10 pmol of
protein (eEF1A, PheRS or their mixture) at 37 �C for
10 min in 15 lL of 25 mM Hepes/KOH, pH 7.6, 5 mM

MgCl2, 100 mM KCl, 10% glycerol, 2 mM dithiothreitol
and 100 lM GDP. The electrophoresis was run at 20 VÆcm)1

(50 mM Tris/borate, pH 7.5, containing 1 mM EDTA) at
4 �C for 2 h. The radioactivity retained in the gel was
visualized by autoradiography with Kodak BioMax film.
Protein bands were stained with Coomassie brilliant blue.

Surface plasmon resonance analysis

The PheRS (250 000 Da) immobilization to the sensor
chip was carried out in a buffer containing 10 mM

Hepes/KOH, pH 7.4, 150 mM NaCl, 3.4 mM EDTA,
0.005% P20-surfactant at a flow rate of 5 lLÆmin)1 at
25 �C. The carboxymethyl dextran matrix of the sensor
chip was activated by a 30-lL injection of the mixture
of 0.2 M 1-ethyl-3-[(3-dimethylamino)propyl]carbodiimide
and 0.05 M N-hydroxysuccinimide in water. PheRS coup-
ling was performed in 10 mM Hepes/KOH, pH 7.4 by a
20-lL injection of the protein (50 lgÆmL)1). Unreacted
N-hydroxysuccinimide ester groups were quenched by a
30-lL injection of 1 M ethanolamine/HCl, pH 8.0. The
final level of PheRS immobilization was about 2500
resonance units (RU). Bovine catalase (2500 RU) was
immobilized to the sensor chip in the same way. While
studying the binding kinetics by BIAcore technique there
is a danger of deviations from the real data in case of
high surface density of an immobilized ligand. The mass
transport effect was hypothesized to reduce the effective
binding affinity for a soluble analyte [23]. However, a
comparative analysis [24] of the binding data for
immobilized influenza virus N9 neuraminidase (3000
RU surface density) with molecular mass 190 000 Da
(close to PheRS) and the Fab fragment of monoclonal
antibody of 50 000 Da (equal to eEF1A) with and
without the mass transport correction term at a flow
rate of 50 lLÆmin)1 showed that there was no significant
difference in the fits indicating, in turn, that the values
measured at such a high flow rate did not contain
significant contribution from the mass transport.

To produce so-called �blank� chip for the assessment of
nonspecific adsorption of the analyte onto the sensing
surface the sensor chip was activated as described above
with the subsequent quenching of the active groups of
N-hydroxysuccinimide ester by 1 M ethanolamine/HCl,
pH 8.0. Association and dissociation of eEF1AÆGDP or
[eEF1AÆGDPÆtRNAPhe ] with PheRS immobilized surface
were measured in the running buffer containing 25 mM

Hepes/KOH, pH 7.6, 5 mM MgCl2, 100 mM KCl, 10%
glycerol, 2 mM dithiothreitol, 100 lM GDP and 0.005%
P20-surfactant at the flow rate of 50 lLÆmin)1 at 25 �C. The
solutions of eEF1AÆGDP or [eEF1AÆGDPÆtRNAPhe ]
(30–500 nM) were injected for 200 s followed by dissociation
in the same buffer flow for 10 min. KCl (0.5 M) was used to
regenerate a sensor chip after each binding event. The
concentration of the ternary complex was set by eEF1A
concentration.

BIAcore evaluation

The kinetic parameters were calculated using the kinetics
evaluation software package BIAEVALUATION 3.0 (Pharma-
cia Biosensor). The theory of BIAcore measurement
technique and calculations has been extensively described
[25]. The formation of a surface-bound quaternary com-
plex [eEF1AÆGDPÆtRNAÆPheRS] was treated using
Eqn (3):

A+B�!
ka

AB�!
kd

A+B ð3Þ

where A corresponds to the immobilized ligand (PheRS),
B corresponds to analyte (eEF1AÆGDP or [eEF1AÆGDPÆ
tRNA]), ka is the association rate constant (M)1

Æs)1), kd is
the dissociation rate constant (s)1).
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R E S U L T S AND D I S C U S S I O N

Stability of the [eEF1AÆGDP/GMP-PNPÆtRNA] complexes

The stability of the noncanonical [eEF1AÆGDP/GMP-
PNPÆtRNA] complexes was studied by the fluorescence
method. The eEF1A preparation, containing approximately
one molecule of the fluorescence reagent (FITC) per one
protein molecule was obtained using an optimized labeling
procedure. The functional activity of the FITC-modified
eEF1A was verified by two independent techniques: the
GDP/[3H]GDP exchange and stimulation of poly(Phe)
synthesis on poly(U)-programmed 80S ribosomes in recon-
stituted cell-free translation system [26]. The FITC-eEF1A
activity was found to be 85–95% of the native protein
activity in both tests (data not shown). The proportion of
active molecules in the eEF1AÆGDP preparation, i.e.
amount of the protein molecules capable to form the
complex with tRNA, was estimated as in [27] by gel-shift
assay. Constant amounts of eEF1A were mixed with
different tRNA concentrations and run in nondenaturing
5% PAGE (Fig. 1). Under the conditions described in detail
in Materials and methods, eEF1AÆGDP moves rather
slowly (Fig. 1, lane 1) due to its high positive charge. It
did not fully enter the gel even after 6 h of electrophoresis.
As expected, the binding of negatively charged tRNA
during complex formation accelerates the protein band
movement (lanes 2–5). Lane 2 also shows that only at the
ratio of factor to tRNA less than 2 : 1 a part of
eEF1AÆGDP remains on the start. Thus, practically all
molecules of eEF1AÆGDP were found in the complex and
the amount of inactive eEF1A molecules being negligible.

The [eEF1AÆGDPÆtRNA] complex was shown earlier by
several independent qualitative methods [16]. Here its
formation during the factor titration with tRNA was
confirmed by the fluorescence polarization technique
(Fig. 2A). Indeed, gradual increase in the fluorescence
polarization seen upon the addition of tRNA shows a
change in the rotational mobility of the FITC-eEF1AÆGDP
in the free and tRNA-complexed state. The perpendicular
component of fluorescence intensity (I^) was normalized as
described in Materials and methods. To determineKd of the

[eEF1AÆGDPÆtRNA] complex the experimental points were
fit to a bimolecular binding isotherm (Fig. 2B) according to
Eqn (2). Kd for this complex was estimated to be
20 ± 3.1 nM. Substitution of GDP by a nonhydrolyzable
GTP analog, GMP-PNP, diminished the affinity of the
factor for uncharged tRNA causing a more than fourfold
increase in the Kd value (91.7 ± 3.6 nM).

The high stability of the [eEF1AÆGDPÆtRNA] complex
suggests a physiological meaning of its formation in vivo and
is in accordance with the earlier obtained data concerning
the specific sites of tRNA-factor interaction detected by
various footprinting assays [16]. These sites of interaction of
mammalian tRNA with eEF1AÆGDP were shown to
coincide with those of aminoacyl-tRNA in the complex
with EF1AÆGTP revealed by X-ray analysis [28].

Specific association of the [eEF1AÆGDPÆtRNA] complex
with PheRS

Nondenaturing gel-retardation procedure was used to
investigate a possibility of the formation of a stable complex
between [eEF1AÆGDPÆtRNA] and PheRS. The usage of the
polyacrylamide gel for the gel-shift experiments was
ineffective because of the high positive charges of eEF1A
and PheRS (pI are 9.1 and 8.2, respectively) and the high
molecular mass of PheRS resulting in low electrophoretic
mobility of the proteins and their complexes. Therefore, the

Fig. 2. Binding of tRNA to FITC-eEF1AÆGDP. The protein fluores-

cence polarization (A) and perpendicular component of fluorescence

intensity (B) of 0.2 lM FITC-eEF1AÆGDP were recorded in the pres-

ence of indicated tRNA concentrations (0–0.5 lM final) as described in

Materials and methods. Reactions were allowed to reach equilibrium

and data were corrected for the background fluorescence and probe

dilution.

Fig. 1. Electrophoresis of eEF1AÆGDP in nondenaturing conditions in

the presence of different tRNA concentrations. eEF1A (10 lM) and

indicated amounts of tRNA were incubated 10 min as described in

Materials and methods and the mixture was applied to 5% poly-

acrylamide gel. Electrophoresis was performed for 6 h at 4 �C (40 mA,

100 V) in a buffer containing 100 mM Bes, pH 6.8, 10% glycerol,

10 lM GDP, 0.5 mM EDTA and 1 mM dithiothreitol. Protein bands

were visualized by staining with Coomassie brilliant blue.
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[eEF1AÆGDPÆtRNAÆPheRS] complex formation was ana-
lyzed by the gel-retardation assay in 0.7% agarose (Fig. 3).
Mixing all four components of the complex led to a marked
delay of the [32P]tRNA zone (lane 5) which coincided with
the protein zone detected by Coomassie staining (lane 2).

To verify the specificity of the quaternary complex
formation, [32P]tRNAPhe was incubated with rabbit
GADPH or bovine catalase instead of PheRS (Fig. 4).

These proteins were chosen as controls due to high positive
charge of GADPH (pI 9.0) and molecular weight of catalase
(240 000 Da) like PheRS. Moreover, GAPDH is known to
possess nonspecific tRNA-binding properties [29]. Neither
GAPDH (lane 3) nor catalase (lane 5) was found to interact
with tRNAPhe under the same conditions and no quaternary
complexes were detected by the agarose gel electrophoresis.

The novel complexes found are specific for the mamma-
lian eEF1A because the bacterial EF1AÆGDP/GTP, like the
above control proteins, does not form any complex when
incubated with tRNA and PheRS (data not shown). It
would be expected because the prokaryotic EF1A is known
to possess a very low affinity for deacylated tRNA [30].

Stability of the quaternary [eEF1AÆGDPÆtRNAPhe
ÆPheRS]

complex

The stability of the [eEF1AÆGDPÆtRNAPhe
ÆPheRS] com-

plex was evaluated by the surface plasmon resonance
technique. The BIAcore instrument detects changes in the
surface plasmon resonance to monitor the interaction of
an immobilized ligand with analyte molecules in flow
solution [31]. PheRS was the immobilized ligand in all
experiments because the immobilization of eEF1A led to
a significant loss of its ability to bind tRNA. Therefore,
the ternary [eEF1AÆGDPÆtRNAPhe ] complex was pre-
formed for 4 min at 25 �C in the running buffer and
injected as analyte. To estimate the contribution of
nonspecific adsorption property of the sensor surface,
control injections of the ternary complex over a blank
chip (see Materials and methods) were performed. A
background signal was automatically subtracted from the
sensograms obtained with immobilized PheRS. The spe-
cificity of the ligand–analyte interaction was verified by
the immobilization of bovine catalase instead of PheRS
over the sensor chip with subsequent injection of
eEF1AÆGDP in flow buffer. It resulted in a signal equal
to the control injection over a blank chip under the same
experimental conditions (data not shown).

Figure 5 shows the increase in the chip response level
upon addition of various concentrations of the [eEF1AÆ

GDPÆtRNAPhe ] complex. The kinetic and equilibrium
constants determined in three separate runs with the
injection of [eEF1AÆGDPÆtRNAPhe ] at six different concen-
trations are shown in Table 1.

It is noteworthy that the interaction of eEF1AÆGDP with
PheRS was observed in the absence of tRNA as well
(Fig. 6). It means that tRNA binding is not critically
important for the quaternary complex formation. However,
tRNAPhe accelerates the association phase of eEF1AÆGDP
binding to PheRS (see Table 1). In this case, the binding
could be interpreted as biphasic and the apparent Kd value
was calculated taking into account not only hyperbolic but
also biphasic binding mode offered by the BIAEVALUATION

3.0 software package. Similar Kd values were obtained
by both procedures. As complete dissociation of the
[eEF1AÆGDPÆPheRS] and [eEF1AÆGDPÆtRNAPhe

ÆPheRS]
complexes required significant period of time, the dissoci-
ation curves were extrapolated to zero by the software
package. The apparent Kd for the [eEF1AÆGDPÆPheRS]
complex formation was 21 nM. The high affinity of eEF1A
for PheRS may be the reason of their co-purification from
rabbit liver extract during several chromatographic steps

Fig. 3. Nondenaturing agarose electrophoresis assay of the

[32P]tRNAPhe binding to PheRS and eEF1AÆGDP. tRNAPhe (3 pmol)

was incubated with 10 pmol of PheRS (lanes 1, 4) or the mixture of

10 pmol of PheRS and 10 pmol of eEF1A (lanes 2, 5) at 37 �C for

10 min. The electrophoresis was run for 2 h at +4 �C in 0.7% agarose

gel. Lane 3 shows [32P]tRNAPhe alone. The proteins were stained by

Coomassie blue (lanes 1, 2). [32P]tRNAPhe was visualized by autora-

diography (lanes 3, 4, 5). To save space, the tRNAPhe radioactive signal

is shown in a separate box below.

Fig. 4. Nondenaturing agarose electrophoresis of [32P]tRNAPhe in the

presence of eEF1AÆGDP and control proteins. tRNA was incubated

with eEF1A (lane 2), GADPH (lane 3), eEF1A and GADPH (lane 4),

bovine catalase (lane 5), bovine catalase and EF1A (lane 6) at 37 �C

for 10 min. Lane 1 shows tRNAPhe alone. Each lane contained 3 pmol

of [32P]tRNAPhe and 10 pmol of protein.
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(Turkovskaya, G.V. & El’skaya, A.V., unpublished obser-
vation). These data altogether seem to favor a possibility of
the protein–protein association in vivo.

Vectorial transfer of tRNA/aminoacyl-tRNA during
mammalian translation elongation cycle

Recently, the crystal structure of the [eEF1AÆeEF1Ba]
complex became available revealing a possibility of
competition between tRNA/aminoacyl-tRNA and eEF1-
Ba for the same site on the eEF1A molecule [32]. The
results presented here combined with these data, allowed
us to propose the tRNA channeling scheme in detail
(Fig. 7).

Taking into account rather low affinity of tRNA for the
E site of 80S ribosomes (the apparent Kd is about 600 nM

[33]), it is plausible to assume that the transfer of tRNA
from the E site to eEF1AÆGDP occurs due to the affinity
gradient (Kd for [eEF1AÆGDPÆtRNA] is 20 nM, this study).
Furthermore, the ARS affinity for [eEF1AÆGDPÆtRNA] (Kd

is 9 nM, this study) is higher than that for free tRNA (Kd in
the range of 100–200 nM [34,35]), which makes association
of the enzyme with tRNA bound to eEF1AÆGDP thermo-
dynamically favorable. In this quaternary complex, a
transfer of tRNA from the factor to ARS may occur. As
the quaternary complex [eEF1AÆGDPÆtRNAÆARS] (B) is
stabilized by the protein–protein and protein–tRNA inter-

actions, eEF1AÆGDP, being in the quaternary complex,
may interact with eEF1Ba, the factor of GDP/GTP
exchange. A possible association of ARS, eEF1A and

Table 1. Equilibrium and kinetic rate constants for [eEF1AÆ

GDPÆtRNAPhe] and eEF1AÆGDP binding to PheRS derived from the

BIAcore measurements.

ka

(M
)1
Æs)1)

kd

(s)1)

Kd

(M)

[eEF1AÆGDPÆtRNAPhe]ÆPheRS 1.1 · 105 1.0 · 10)3 9 · 10)9

[eEF1AÆGDPÆPheRS] 3.8 · 105 0.8 · 10)3 21 · 10)9

Fig. 7. Scheme showing the tRNA/aminoacyl-tRNA channeling in the

translation elongation cycle. d, amino acid; small and large triangles,

tRNA and eEF1Ba, respectively.

Fig. 5. Biosensor assay of the quaternary [eEF1AÆGDPÆtRNAPheÆ

PheRS] complex formation. PheRS was immobilized on the chip

as described in Materials and methods. Injections of the

[eEF1AÆGDPÆtRNAPhe] complex at concentrations of 60, 80, 125, 150,

250 and 500 nM (curves from bottom to top) were carried out for 200 s

at flow rate of 50 lLÆmin)1 with the following dissociation of the

quaternary complex for 10 min. The sensograms show the kinetics of

the [eEF1AÆGDPÆtRNAPhe] complex binding to immobilized PheRS

and its subsequent dissociation from the immobilized enzyme.

Fig. 6. Biosensor assay of the [eEF1AÆGDPÆPheRS] complex formation.

PheRS was immobilized on the chip as described in Materials and

methods. Injections of eEF1AÆGDP were carried out for 200 s at flow

rate of 50 lLÆmin)1 at concentrations of 40, 60, 100, 150, 250 and

500 nM (the curves from bottom to top) with the following dissociation

of the [eEF1AÆGDPÆPheRS] complex for 10 min. The sensograms

show the kinetics of the eEF1AÆGDP binding to immobilized PheRS

and its subsequent dissociation from the immobilized enzyme.
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eEF1Babc in a supercomplex is corroborated by the recent
data on the ARS contacts with different subunits of eEF1
[36]. eEF1Ba, which possesses higher than tRNA affinity
for eEF1A, displaces tRNA while the eEF1AÆARS and
tRNAÆARS contacts remain intact (C). Thus, aminoacyla-
tion of tRNA and GDP/GTP exchange in the eEF1A
molecule can occur at the same time (D). Then eEF1Ba
departs from eEF1A being ousted by newly synthesized
aminoacyl-tRNA (E) [32]. The finding that the complex of
eEF1A, eEF1Ba and nonhydrolyzable analog of GTP
could be dissociated by aminoacyl-tRNA rather than by
deacylated tRNA [37] favors the decrease in affinity
for eEF1A in the following order: [eEF1AÆGDPÆtRNA] <
[eEF1AÆeEF1Ba] < [eEF1AÆGTPÆaminoacyl-tRNA], sup-
porting the sequence of interactions described above. The
resulting quaternary complex [eEF1AÆGTPÆaminoacyl-
tRNAÆARS] dissociates rapidly giving the canonical ternary
complex [eEF1AÆGTPÆaminoacyl-tRNA] (F) and free ARS.

The scheme proposed and the results reported in this
paper are in good agreement with the observation that
tRNA in the eukaryotic cell is always bound to some
protein [11], never being in a �free� state. Further verification
of the sequence of events during tRNA/aminoacyl-tRNA
channeling involving the ARS molecule, as well as the
elucidation of eEF1AÆGDP action during dissociation of
deacylated tRNA from the E site of 80S ribosome is
presently underway.
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The AppendedC-Domainof HumanMethionyl-tRNA SynthetaseHasa
tRNA-SequesteringFunction†
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ABSTRACT: An ancillary RNA-binding domainis appendedto theC-terminusof humanmethionyl-tRNA
synthetase.It comprisesahelix-turn-helix (HTH) motif relatedto therepeatedunitsof thelinker region
of bifunctionalglutamyl-prolyl-tRNA synthetase,and a specific C-terminalKGKKKK lysine-richcluster
(LRC). Herewe show by gel retardationand tRNA aminoacylationexperimentsthat thesetwo regions
are importantfor tRNA binding. However, the two piecesof this bipartite RNA-binding domain are
functionallydistinct.Analysisof MetRSmutantenzymesrevealedthattheHTH motif ismorespecifically
endowed with a tRNA-sequesteringactivity and confers on MetRS a rate-limiting dissociation of
aminoacylatedtRNA. ElongationfactorEF-1R enhancedthe turnoverin theaminoacylationreaction.In
contrast,the LRC region is most probably involved in acceleratingthe associationstep of deacylated
tRNA. Thesetwo nonredundantRNA-binding motifs strengthentRNA binding by the synthetase.The
nativeform of MetRS,containingtheC-terminalRNA-binding domain,behavesas a processiveenzyme;
releaseof the reactionproductis not spontaneous,but may be synchronizedwith thesubsequentstepof
the tRNA cycle throughEF-1R-assisteddissociationof Met-tRNAMet. Therefore,theeukaryotic-specific
C-domainof humanMetRSmay have a dual function. It may ensurean efficient captureof tRNAMet

underconditionsof suboptimaldeacylatedtRNA concentrationprevailingin vivo, andmayinstigatedirect
transferof aminoacylatedtRNA from the synthetaseto elongationfactorEF-1R.

Aminoacyl-tRNA synthetasesare RNA binding proteins
that catalyzethe esterificationof amino acidsto the 3 -end
of tRNAs (1). With few exceptions,the properorientation
of the acceptorstem of tRNA in the active site of these
enzymesinvolvesconjunctionof RNA-proteininteractions
with the catalytic domain(binding of the acceptorstem of
theRNA molecule)and with theanticodon-bindingdomain
of thesynthetase.However,a productivepositioningof the
3 -terminal adenosineof the RNA moleculecan often be
achievedwith minihelix substratesmimicking theacceptor-
TΨC domainof tRNA (2). AdditionalRNA-bindingdomains
areprimarily appendedto eukaryoticenzymesandmayserve
as cis- or trans-actingcofactors.In yeast,theRNA-binding
protein Arc1p is associatedwith MetRS and GluRS and
functions as a cofactor (3, 4). Plant MetRS possessesa
C-terminalpolypeptidechainextensionrelatedto Arc1p(5).
A similar RNA-binding domain is also recoveredin the
mammalianmultisynthetasecomplex(6). Its crystalstructure
revealedan OB-fold conformationcharacteristicof numerous
RNA bindingproteins(7, 8). A large,functionallyredundant,

228-aminoacidN-terminallyappendeddomainisassociated
with yeastGlnRS(9-11). In contrast,Bombyx mori GlyRS
diplays a short 50-amino acid C-terminal RNA-binding
domaincorrespondingto a single helix-turn-helix (HTH)
motif (12-14). Finally, yeastLysRSandhumanAspRSand
AsnRSshare with class IIb aminoacyl-tRNA synthetases
anothertype of RNA-binding module(15-17).

Methionyl-tRNA synthetase(MetRS) displays an espe-
cially variablestructuralorganizationthroughoutevolution.
As comparedwith the minimal monomericenzymefound
in the eubacteria Aquifex aeolicus (GenBank accession
numberAE000731),N- and/orC-terminalpolypeptideexten-
sionsare frequentlyappendedto thecoreenzymethatasso-
ciatesacatalyticmoduleorganizedaroundaRossmannfold
with an R-helical anticodon-bindingdomain (18, 19). In
eukaryotes,a supplementary,nonspecificRNA-binding do-
mainbuilt a C-terminalpolypeptideextensionassociatedin
cis with plant MetRS(5) or is providedin transto theyeast
enzymethroughprotein-protein interaction(3, 4). In the
lattercase,yeastMetRSpossessesa largeN-domaininteract-
ing with theN-domainof Arc1p, theRNA-bindingcofactor.

In mammals,methionyl-tRNA synthetaseis one of the
componentsof amultisynthetasecomplexcontainingthenine
synthetasesspecific for amino acidsGlu, Pro, Ile, Leu,Met,
Gln, Lys, Arg, and Asp,as well as threeauxiliary proteins
(20). Following controlledtrypsin digestionof the purified
complex, it has beenshown that the 103 kDa polypeptide
correspondingto MetRSis cleavedinto 96, 77, and 68 kDa
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polypeptides (21). The two 103 and 96 kDa species retained
their ability to associate with the complex, in contrast with
the 77 and 68 kDa polypeptides which were released as
monomeric entities. The analysis of human MetRS cDNA
(22; M. Lazard and M. Mirande, unpublished data) revealed
a tripartite structural organization (see Figure 1A) and
allowed us to rationalize the aforementioned biochemical
data. A 214-amino acid N-terminal extension and a 77-amino
acid C-terminal domain are appended to the main catalytic
body of the enzyme, made of 609 amino acids that are 27%
identical to the monomericEscherichia coli enzyme. The
native polypeptide was converted into a 93 or 77 kDa species
by the removal of either the N- or C-terminal module.
Deletion of both extensions led to the 68 kDa form. The
free monomeric species of 77 and 68 kDa lack the large
N-terminal appendage involved in complex assembly and
differ by the presence of the C-terminal domain in the 77
kDa protein. The latter domain is a member of a family of
general RNA-binding domains (13, 23) initially found in the
linker region of multifunctional glutamyl-prolyl-tRNA syn-
thetase (24). The RNA-binding capacity of an isolated
domain is weak [10µM (13)].

We previously determined that the RNA-binding domain
of plant MetRS acts as a cofactor for aminoacylation (5).
Because plant and human MetRSs possess unrelated RNA-
binding domains of different origins, we now analyzed the
functional significance of the extra human domain. To
unravel the role of this discrete RNA binding module,
deletions and point mutations were introduced into the
C-domain of human MetRS. This analysis revealed that the
supplementary RNA-binding domain of MetRSs from higher
eukaryotes contributes an unexpected tRNA-sequestering

activity. These results have strong implications for the
organization of translation in metazoan cells.

MATERIALS AND METHODS

Protein OVerexpression and Purification. The cDNA
fragment encoding the catalytic domain of human MetRS
(MetRS-∆C; from Ala215 to Lys823) was obtained by PCR
with oligonucleotides MHs01 (5′-CCCCATATGGCTGT-
CACCAATGAGCCT) and MHs02 (5′-AAAAAGCTTAG-
GTCGACTTTGCCTGGCCCCCTCCAAA) and inserted into
the NdeI-HindIII sites of the bacterial expression vector
pET-28b (Novagen) to give pET/MHs∆C. The cDNA
encoding the C-terminal extension was amplified with
oligonucleotides MHs03 (5′-GGGGTCGACCCCGAAGC-
CAGCAGTTGT) and MHs04 (5′-CCCCTCGAGTTACTTT-
TTCTTCTTGCC) and inserted into theSalI-XhoI sites of
pET/MHs∆C to give pET/MHs. Deletion of the four C-
terminal lysine residues of MetRS was performed by in-
serting into pET/MHs∆C aSalI-XhoI fragment obtained by
PCR with MHs03 and MHs05 (5′-CCCCTCGAGTTAGC-
CTTTAGGGGCTTCAGGGGGT) to give pET/MHs∆K.
Site-directed mutagenesis of Arg857, Lys860, Lys863,
Lys866, and Lys880 into Ala was performed according to
the method of Ho et al. (25). All constructs were verified
by DNA sequencing.

The proteins encoded by the recombinant plasmids were
expressed inE. coli BL21(DE3) grown in LB medium
supplemented with kanamycin (50µg/mL). Cultures (4.5 L)
were grown at 37°C to anA600 of 0.25 and transferred at 28
°C, and expression was induced at anA600 of 0.5 by addition
of 1 mM IPTG for 4 h. Cells were washed with ice-cold
buffer N1 [20 mM Tris-HCl (pH 8.0), 10 mM imidazole,

FIGURE 1: Structure of human MetRS. (A) The wild-type enzyme (MetRSHs) comprises a 214-amino acid N-terminal extension (hatched
box), a core domain, and a 77-amino acid C-terminal region containing an RNA binding motif (R) initially described as repeated units in
the multifunctional GluProRS (24). Two derivatives, with (MetRS) or without (MetRS-∆C) this C-terminal domain, were expressed inE.
coli. The amino acid sequence from the RNA binding motif is shown; conserved Arg857 and Lys860, -863, -866, and -880 residues that
were changed into Ala are underlined. In addition, the four Lys residues from the very C-terminal LRC motif, removed in the MetRS-∆K
mutant, are marked. The twoR-helices that build the HTH motif are indicated. (B) Alignment of the single motifs of human MetRS (MRS),
GlyRS (GRS), HisRS (HRS), and TrpRS (WRS) and of the three repeated motifs of human GluProRS (EPRS). Residues conserved in at
least four sequences are outlined.
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500 mM NaCl, and 10 mM 2-mercaptoethanol], resuspended
in the same buffer (1.5 mL/g of cell pellet) containing 1 mM
diisopropylfluorophosphate, and sonicated. After centrifuga-
tion at 45000g for 20 min, the lysate was incubated with 5
mL of Ni-NTA Superflow matrix (QIAGEN) at 4°C. After
it had been washed with buffer N1, MetRS was eluted
stepwise with buffer N2 (buffer N1 containing 200 mM
imidazole). After dialysis against buffer Q1 [20 mM Tris-
HCl (pH 7.0), 10 mM NaCl, and 2 mM dithiothreitol], the
solution was fractionated by anion-exchange chromatography
with a Mono Q HR 5/5 column (Amersham Pharmacia
Biotech) developed with a linear gradient of 10 to 300 mM
NaCl. Fractions containing MetRS were dialyzed against 20
mM Tris-HCl (pH 7.0), 50 mM NaCl, 2 mM DTT, and 55%
glycerol and stored at-20 °C. Protein concentrations were
determined by using calculated absorption coefficients of
1.27 and 1.42A280 units mg-1 cm2 for MetRS and MetRS-
∆C, respectively.

Sedimentation Equilibrium. Ultracentrifugation experi-
ments were conducted as described previously (26) in a
Beckman Optima XL-A analytical ultracentrifuge, using an
An 60 Ti rotor and a double-sector cell with a path length
of 12 mm. Equilibrium was verified from the superimposition
of duplicate scans recorded at 4 h intervals.

The experimental sedimentation equilibrium data were
fitted to a model for a single homogeneous species following
the equation

wherec(r) is the protein concentration at radial positionr,
c(rref) is the concentration of the protein at an arbitrary
reference radial distancerref, Mr is the molecular mass,νj is
the partial specific volume (0.732 and 0.730 at 4°C for
MetRS and MetRS-∆C, respectively) of the solute,F is the
density of the solvant,ω is the angular velocity of the rotor,
and R and T are the molar gas constant and the absolute
temperature, respectively.

Gel Retardation Assay. 32P-labeled tRNAs were obtained
by in vitro transcription with T7 RNA polymerase and were
purified on denaturing polyacrylamide gels. Protein-tRNA
interactions were analyzed using a band shift assay as
previously described (5). Free and bound tRNA species were
quantified with a PhosphorImager.

The amino acid acceptor (Acc-tRNAMet) and anticodon
(Ant-tRNAMet) RNA minihelices corresponding to rabbit liver
elongator tRNAMet were produced by in vitro transcription
of BstNI- andBclI-digested pUC118 derivatives constructed
by insertion into theirHindIII-BamHI sites of oligonucle-
otides RS101 (5′-AGCTTAATACGACTCACT)/RS111 (5′-
CTATAGTGAGTCGTATTA) and MR101 (5′-ATAGC-
CTCGTGTGAGTTCGATCCTCACACGGGGCACCAG)/
MR111 (5′-GATCCTGGTGCCCCGTGTGAGGATCGAA-
CTCACACGAGG), and RS101/RS111 and MR102 (5′-
ATAGTCAGTCTCATAATCTGATCAG)/MR112 (5′-GATC-
CTGATCAGATTATGAGACTGA), respectively.

Aminoacylation Assay. Initial rates of tRNA aminoacyla-
tion were measured at 25°C in 0.1 mL of 20 mM imidazole-
HCl (pH 7.5), 150 mM KCl, 0.5 mM DTE, 5 mM MgCl2

(except where stated otherwise), 3 mM ATP, 52µM 14C-
labeled methionine (NEN; 58 Ci/mol), and saturating amounts
of tRNA, as previously described (27). Total brewer’s yeast

tRNA (Roche, methionine acceptance of 9 pmol/A260) or
homogeneous rabbit elongator tRNAMet purified from anE.
coli overproducing strain as described in ref28 (methionine
acceptance of 1215 pmol/A260) was used as the tRNA
substrate. Total bovine tRNA was depleted of tRNAMet by
chromatography on a benzoyl-DEAE column. The incubation
mixture contained catalytic amounts (1-15 nM) of enzymes
appropriately diluted in 10 mM Tris-HCl (pH 7.5) and 10
mM 2-mercaptoethanol, containing 4 mg/mL bovine serum
albumin. One unit of activity is the amount of enzyme
producing 1 nmol of methionine-tRNAMet/min at 25°C. For
the determination ofKM values for tRNA, tRNAMet concen-
trations of 0.05-25 µM were used. Michaelian parameters
were obtained by nonlinear regression of the theoretical
Michaelis-Menten equation to the experimental curve using
the KaleidaGraph 3.0.8 software (Abelbeck Software).

For measurement of the maximal rates of Met-tRNAMet

formation in the presence of EF-1R at the indicated concen-
trations, aminoacylation was conducted as described previ-
ously (29). Briefly, the incubation mixture was 20 mM
imidazole-HCl (pH 7.5), 6 mM Tris-HCl (pH 7.5), 100 mM
KCl, 11.5 mM NH4Cl, 10% glycerol, 0.5 mM DTE, 5 mM
MgCl2, 3 mM ATP, 52µM [ 14C]methionine, 12µM rabbit
elongator tRNAMet, and 0.6 mg/mL BSA. Where indicated,
GTP and GDP were used at concentrations of 120µM.

RESULTS

The Repeated Unit ProVides Human MetRS with RNA
Binding Properties. Human MetRS is a modular enzyme
made of three distinct blocks (Figure 1A). The central
domain, homologous to other known MetRSs, can aminoa-
cylate tRNA in the absence of its eukaryotic-specific N- and
C-terminal polypeptide extensions. To probe the function of
the RNA-binding C-domain of MetRS, we expressed two
derivatives of this enzyme inE. coli with an N-terminal His
tag. Because the N-domain, involved in complex assembly,
is dispensable for catalysis (ref21, and see below), we cloned
into the pET28b expression vector the cDNA of human
MetRS starting from residue 215. A derivative (MetRS-∆C)
with a deletion of residues 824-900, encompassing the
RNA-binding unit, was also constructed. Purification over
Ni-NTA and MonoQ columns led to homogeneous proteins
that displayed the expected molecular masses (80 kDa for
MetRS and 72 kDa for MetRS-∆C) as assessed by SDS-

PAGE. MetRS and MetRS-∆C catalyzed the aminoacylation
of tRNAMet with similar efficiencies (specific activities of
262 and 300 units/mg of protein, respectively, when mea-
sured with saturating amounts of total yeast tRNA). The two
enzyme species were subjected to equilibrium sedimentation
analysis in 20 mM Tris-HCl (pH 7.5), 100 mM NaCl, 10%
glycerol, and 1 mM DTT (Figure 2). Experimental data could
be fitted to monodisperse solutes withMrs of 82 345 and
77 528 for MetRS and MetRS-∆C, respectively. Therefore,
as opposed to the C-domain ofE. coli MetRS (30), the
C-domain of human MetRS is not a dimerization domain.
The finding that human MetRS is a monomer in solution is
consistent with the finding that the multisynthetase complex
contains a single copy of the MetRS polypeptide (21).

We showed earlier that the repeated units from the linker
region of GluProRS (EPRS repeats) display general RNA
binding properties (13). However, its affinity for tRNA was

c(r) ) c(rref) exp{ [Mr(1- νjF)ω2/2RT](r2
- rref

2)}
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weak (Kd ∼ 10µM). Because the C-domain of human MetRS
is extensively similar to these motifs (Figure 1B), we
analyzed by a band shift assay the ability of MetRS and
MetRS-∆C to form stable complexes with tRNAs transcribed
in vitro (Figure 3 and Table 1). Substrate (initiator yeast
tRNAMet) and nonsubstrate tRNAs (yeast tRNAAsp, not
shown) produced stable RNA-protein complexes with
MetRS (apparent dissociation constantsKd of 100 and 150
nM, respectively). The C-terminally truncated protein,
MetRS-∆C, displayed a much weaker binding capacity for
tRNAMet (Figure 3;Kd ∼ 4 µM). These results exemplified
the nonspecific general RNA binding capacity conferred on
MetRS by its C-terminally appended unit. The stable
association of MetRS with tRNA results from the synergy
of two weak interactions between tRNA and (i) the body of
MetRS (MetRS-∆C) and (ii) its C-domain.

The EPRS repeats appended to various aaRSs have been
classified into two groups according to the extent of

conserved residues (13, 23). The solution structure of the
second repeated motif of GluProRS revealed a conserved
helix-turn-helix fold followed by anΩ-loop (13). In the
case of MetRS, only the helix-turn-helix motif is conserved
(Figure 1B). The presence of a lysine-rich cluster (LRC) at
its very C-terminal extremity (Figure 1) suggested that two
regions of this extension could be involved in tRNA binding.
We produced inE. coli a MetRS mutant with a deletion of
the four C-terminal lysine residues, MetRS-∆K. This mutant
also displayed a severely reduced ability to bind tRNAMet

(Figure 3;Kd ∼ 1.5 µM). For MetRS-∆C and MetRS-∆K,
a discrete band of the protein-tRNA complex was not easily
detectable. The smear visible on the gel is most likely due
to partial dissociation of the weak complex during electro-
phoretic separation of free and bound species of tRNAs.

To probe the region of tRNA involved in the interaction
with MetRS, RNA minihelices mimicking the acceptor and
anticodon stems of rabbit elongator tRNAMet were produced
by in vitro transcription with T7 RNA polymerase. The
acceptor minihelix (Acc-tRNAMet) (Figure 3), but not the
anticodon minihelix (Ant-tRNAMet) (not shown), formed a
complex with MetRS. The apparent dissociation constant for

FIGURE 2: Human MetRS is a monomer in solution. MetRS and MetRS-∆C (initial concentrations of 2.6 and 3.2µM, respectively) were
analyzed by equilibrium sedimentation at 10 000 rpm in 20 mM Tris-HCl (pH 7.5), 100 mM NaCl, 10% glycerol, and 1 mM DTT at 4°C.
Experimental values (O) were fitted (s) to monodisperse 82 345 and 77 528 Da solutes. The residuals are indicated.

FIGURE 3: C-Domain conferring on human MetRS the ability to
bind the acceptor domain of tRNA. Gel mobility shift assays of
MetRS and deletion mutants to32P-labeled yeast initiator tRNAMet

(left) or the acceptor-TΨC domain of rabbit elongator tRNAMet

(right) are shown. The arrowheads point to free RNA species.
Numbers refer to concentrations of MetRS and of its derivatives.

Table 1: Apparent Dissociation Constants of Wild-Type and Mutant
Human MetRS for tRNAMet and Acc-tRNAMet Determined by a Gel
Retardation Assay

Kd for tRNAMet (µM) Kd for Acc-tRNAMet (µM)

MetRS 0.1 0.5
MetRS-∆K 1.5 ∼10.0
MetRS-∆C 4.0 ∼10.0
MetRS-R857A 0.4 1.5
MetRS-K860A 1.5 8.0
MetRS-K863A 0.15 0.5
MetRS-K866A 0.15 0.5
MetRS-K880A 2.5 8.0

a Standard errors forKd are in the range of 20-30% of the value.
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Acc-tRNAMet (Kd ∼ 0.5 µM), identical with that observed
for the acceptor domain of yeast tRNAAsp (not shown), a
noncognate tRNA, was increased to∼10 µM with MetRS-
∆K and MetRS-∆C (Figure 3 and Table 1). Therefore, the
C-terminally appended domain of human MetRS is mainly
involved in binding the acceptor region of tRNA.

Roles of the HTH and LRC Regions of the Bipartite RNA-
Binding Domain on tRNA Aminoacylation. Homogeneous
rabbit elongator tRNAMet (methionine acceptance of 1215
pmol/A260) was used to determine the steady-state kinetic
parameters in the aminoacylation reaction catalyzed by
MetRS, MetRS-∆K, and MetRS-∆C (Figure 4 and Table
2). Although the specificity constants (kcat/KM) of the three
MetRS species were similar, they resulted from large
compensatory changes in theKM and kcat values. The
truncated enzyme MetRS-∆C exhibited a 9-fold increase in
theKM for tRNAMet but, unexpectedly, also displayed a 16-
fold increase in thekcat of Met-tRNAMet formation, as
compared with those of the wild-type enzyme. As a control,
we observed that the MetRS component of the multisyn-
thetase complex displayed kinetic parameters essentially
similar to those obtained with the native but ectopic MetRS
used in this study (Table 2). Therefore, the presence of the
C-domain significantly restricts the turnover number of the
enzyme. In contrast, the removal of the four C-terminal lysine
residues had no discernible effect on thekcat andKM values
of MetRS-∆K, as compared with those of the wild type.
Because both mutants, MetRS-∆C and MetRS-∆K, had
partially lost their ability to form stable complexes with
tRNAs (Figure 3) but displayed radically different aminoa-

cylation kinetics, the HTH and LRC motifs from the C-do-
main were quite likely to be nonredundant functional motifs.

The C-domain of MetRS, including the HTH and LRC
regions, is rich in basic residues (Figure 1). We surmised
that positively charged compounds that may form complexes
with tRNA molecules could modulate MetRS activity. The
effect of Mg2+ and spermidine on tRNA aminoacylation by
MetRS and its C-domain deletion mutants was investigated.
We found that increasing the Mg2+ concentration from 5 to
13 mM was accompanied by an∼4-fold increase in the
activity of MetRS and MetRS-∆K, resulting from a 4-fold
increase inkcat without a noticeable change in theKM value
for tRNA, but had only a slight effect on MetRS-∆C (inset
of Figure 4). Likewise, addition of 6 mM spermidine in the
aminoacylation mixture (in the presence of 5 mM MgCl2)
stimulated MetRS and MetRS-∆K activity, but not MetRS-
∆C activity (not shown).

We previously observed that the presence of a large excess
of noncognate tRNA in the aminoacylation assay may
conceal kinetic effects contributed by the appended RNA-
binding domains of eukaryotic enzymes (5). Similarly, the
three enzymes MetRS, MetRS-∆K, and MetRS-∆C exhibited
similar apparentKM values for tRNA (0.5-0.9 µM) and
identicalkcat values (1.2( 0.4 s-1) when total yeast tRNA
(methionine acceptance of 9 pmol/A260) or partially purified
beef tRNA (methionine acceptance of 80 pmol/A260) was
used.

To ascertain that noncognate tRNAs may affect the rate
of tRNAMet aminoacylation by MetRS, the activity of MetRS
was assayed using homogeneous rabbit tRNAMet as the RNA
substrate (1215 pmol/A260), with the addition of increasing
amounts of total beef tRNA which had been depleted of
tRNAMet (1:1, 1:3, and 1:6 mixtures of tRNAMet and depleted
tRNA). At a low Mg2+ concentration (5 mM), addition of a
6-fold molar excess of noncognate tRNA led to a 4-fold
increase in the activity of MetRS and MetRS-∆K, but not
in that of MetRS-∆C. In the presence of 15 mM Mg2+ in
the aminoacylation reaction mixture (resulting in a 4-fold
increase inkcat), no further stimulation of MetRS activity by
noncognate tRNA was observed. Collectively, these results
suggest that the rate-limiting step of Met-tRNAMet formation
by human MetRS can be alleviated in vitro either by lowering
the extent of the intrinsic tRNA-protein interaction (use of
Mg2+ or spermidine, removal of the C-terminal RNA-binding
domain) or by enhancing dissociation of Met-tRNAMet by

FIGURE 4: HTH motif of MetRS that severely restricts its turnover
in the aminoacylation reaction. The tRNA saturation kinetics in
the tRNAMet aminoacylation reaction were determined with nearly
homogeneous rabbit elongator tRNAMet (methionine acceptance of
1215 pmol/A260 unit) in the presence of 5 nM MetRS (O), MetRS-
∆K (]), or MetRS-∆C (0). Experimental values (symbols) were
fitted to the Michaelis-Menten equation (s). The inset shows the
initial velocity (Vi,max) of MetRSs (symbols as above) measured as
a function of MgCl2 added to the aminoacylation mixture.

Table 2: Apparent Kinetic Parametersa for the tRNAMet

Aminoacylation Reactionb of Rabbit Elongator tRNAMet with
Wild-Type and Mutant MetRS

KM (µM) kcat (s-1)

MetRS-Cxc 3.9( 1.3 0.46( 0.05
MetRS 3.5( 1.0 0.15( 0.04
MetRS-∆K 2.2( 0.7 0.09( 0.02
MetRS-∆C 32( 4 2.4( 0.5
MetRS-R857A 5.7( 1.1 0.47( 0.05
MetRS-K860A 17.2( 5.0 0.85( 0.15
MetRS-K863A 3.3( 0.8 0.22( 0.03
MetRS-K866A 3.9( 1.4 0.23( 0.04
MetRS-K880A 16.3( 5.7 1.03( 0.20

a Standard errors were determined from at least two independent data
sets.b tRNAMet acceptance of 1215 pmol/A260. c Multienzyme complex
containing MetRS. Thekcat value is calculated taking into account that
1 mol of complex (Mr ∼ 1.5 MDa) contains 1 mol of MetRS (101 kDa).
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competition (use of nonspecific tRNAs in excess that
compete for interaction with the C-domain). The finding that
noncognate tRNAs also formed stable complexes with native
MetRS is consistent with their ability to displace Met-
tRNAMet from the synthetase.

Role of the ConserVed Basic Residues from the HTH Motif.
To probe the functional role of the HTH motif in a wild-
type background, that is to say, independently of the removal
of the LRC motif, we performed site-directed mutagenesis
of its conserved, presumably functionally important residues.
One arginine residue (Arg857) and four lysine residues
(Lys860, -863, -866, and -880) (Figure 1B) are conserved
in most of the HTH motifs reported to date (23). Because
these residues have no structural role (13) and are clustered
on one side of this domain (Figure 5), we tested for the
impact of point mutations of these conserved basic residues
on tRNA binding and on the steady-state kinetic parameters
for the aminoacylation reaction. We substituted one by one
these basic residues with Ala to give the R857A, K860A,
K863A, K866A, and K880A mutants of human MetRS.
Otherwise, all the mutant proteins contained the native LRC
at their very C-termini. The five resultant mutants were
expressed inE. coli and purified to homogeneity.

Using the gel-mobility shift assay described above, mutants
K860A and K880A displayed a large decrease in their
affinity for tRNAMet and Acc-tRNAMet (15-25-fold; Table
1). These single mutations induced a loss in affinity
comparable to that observed for the deletion mutant MetRS-
∆C, which comprises a deletion of both the HTH and LRC
motifs. MetRS-R857A also displayed a significant increase
in Kd (3-4-fold). In contrast, mutations K863A and K866A
did not alter the apparent affinity of MetRS for tRNA. It is
worth mentioning that analysis of the sequences for 34
repeated units revealed that Arg857, Lys860, and Lys880
are invariant residues, as opposed to the more limiting
conservation of Lys863 and Lys866 which are located in
the loop of the HTH motif (27 and 26 occurrences,
respectively) (23).

Measurement of the kinetic parameters of the aminoacy-
lation reaction corroborated the relative tRNA binding
properties of the mutants. TheKM andkcat values determined
for MetRS-K863A and -K866A were similar to those of the

wild type (Table 2), and both values were significantly higher
for mutants K860A and K880A. Basically, these two mutants
recapitulated the properties of the deletion mutant MetRS-
∆C. Therefore, the HTH motif has a dominant effect over
the LRC motif. The putative RNA binding site is likely to
involve residues Arg857, Lys860, and Lys880 located on
one side of the HTH structural motif, but not Lys863 and
Lys866 located in the turn of this motif (Figure 5).

Are Protein Factors Needed for Optimal MetRS ActiVity?
The above results suggested that product release could be
the limiting step for Met-tRNAMet formation in vivo. Since
elongation factor 1R carries aminoacylated tRNA to the
ribosome, we surmised that it could be involved in facilitating
the dissociation of Met-tRNAMet from the synthetase to
ensure channeling of tRNA in the cycle of protein synthesis.
Therefore, we examined the effect of EF-1R [the purified
factor is in the GDP form (31)], in the presence or absence
of saturating amounts of GDP or GTP, on the rate of
aminoacylation catalyzed by MetRS or by the mutant
enzymes described above. Addition of EF-1R to the reaction
mixture, in the presence or absence of nucleotide, increased
the rate of Met-tRNAMet formation by the native enzyme
(Figure 6). The enhancement of MetRS activity (Vi,max) was

FIGURE 5: Model of tRNA binding to the HTH motif of the repeated
unit of MetRS. The helix-turn-helix motif of MetRS of residues
845-883 is shown as a ribbon diagram, and the five conserved
basic residues are depicted as ball-and-stick diagrams. The putative
interaction region with the acceptor domain of tRNA is likely to
involve residues Arg857, Lys860, and Lys880 (indicated in gray).
This figure was generated using MOLSCRIPT (43).

FIGURE 6: Elongation factor EF-1R stimulates MetRS activity. The
time course of Met-tRNAMet formation by wild-type MetRS or
MetRS-∆C was monitored in the absence or presence of increasing
amounts (2-500 nM) of homogeneous EF-1R added to the
aminoacylation mixture. The reaction mixtures contained 10 nM
MetRS, 1 nM MetRS-∆C, and 12µM rabbit tRNAMet. In the
absence of MetRS, no detectable Met-tRNAMet was formed in the
presence of 500 nM EF-1R.
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maximal at an EF-1R concentration of 500 nM and followed
a saturation kinetics with an apparent dissociation constant
Kd of 180 ( 40 nM. The extent of stimulation was
independent of the addition of nucleotides [in vitro, both EF-
1R-GDP and EF-1R-GTP complexes have been shown to
interact with aminoacyl-tRNAs with similar affinities (32,
33)]. EF-1R also increased the rate of Met-tRNAMet formation
by MetRS-∆K with a similar apparent affinity (not shown).
Conversely, MetRS-∆C did not show any significant stimu-
lation by EF-1R (Figure 6).

DISCUSSION

The C-terminal polypeptide extension provides human
methionyl-tRNA synthetase with general tRNA binding
properties. This domain is related to the repeated motifs
initially discovered in the linker region of the bifunctional
glutamyl-prolyl-tRNA synthetase. The catalytic domain of
MetRS (Kd ∼ 4 µM for tRNA) and its C-domain containing
a single repeat [Kd ∼ 10 µM (13)] act synergistically to
confer on the native enzyme the ability to bind tRNA with
a much higher apparent affinity (Kd ∼ 0.1 µM). Both the
HTH and LRC regions of this bipartite module are essential
for tRNA binding and are not functionally redundant.

The requirement for an additional RNA-binding domain
is a general feature of eukaryotic MetRSs. However, neither
the type of RNA-binding module nor the mode of association
is conserved among species. In plants and nematodes, MetRS
displays a C-terminal polypeptide extension similar to the
C-domain of p43, an RNA-binding protein arranged in an
OB-fold conformation, associated within the mammalian
multisynthetase complex (6, 8). In yeast, MetRS associates
with Arc1p, a protein that provides in trans a p43-like RNA-
binding domain (4). In higher eukaryotic species, from
Drosophila to mammals, corresponding to the coelomate
branch of metazoan organisms, MetRS displays a strikingly
different structural organization. First, this enzyme is as-
sociated with a macromolecular assembly containing eight
other aminoacyl-tRNA synthetases (20). Second, it displays
an original RNA-binding domain related to the repeated units
of GluProRS (13, 23). Among higher eukaryotes, apart from
the human enzyme, only the preliminary genomic sequence
of Drosophila MetRS can be retrieved from GenBank
(AE003798; gene CG15100). In accordance with the analysis
of the enzyme purified fromDrosophila cells (34), the fly
MetRS is larger than the human enzyme. Its C-terminal
polypeptide extension is made of three HTH motifs, and it
displays a KGKKKK C-terminal sequence identical to the
LRC of the human enzyme. Thus, the two distinct blocks
identified within the RNA-binding domain of human MetRS
are likely to be conserved from fly to human.

MetRS is one of the rare examples of a sudden change of
structural organization in evolution. Why do higher eukary-
otic MetRSs need an RNA-binding domain distinct from that
found in MetRSs from lower eukaryotes? We had previously
shown that the p43-like domain of plant MetRS contributed
a 10-fold decrease inKM for tRNA in the aminoacylation
reaction catalyzed by the native enzyme, as compared with
the C-terminally truncated MetRS (5). No evidence forkcat

limitation was obtained. Because the free tRNA concentration
is nonsaturating within the cell, we concluded that the
C-terminally appended domain of plant MetRS is required

for an efficient capture of tRNA by the synthetase. In
contrast, the appended domain of human MetRS not only
decreases the apparent affinity for tRNA but also causes a
severe turnover limitation. Because removal of the LRC
region did not relieve turnover restriction (Figure 4) but
impaired tRNA association at equilibrium (Figure 3), we
suggest that the HTH and LRC regions have distinct roles
in sustaining tRNA aminoacylation. The LRC might be
involved in tRNA capture via an increase in the association
rate (kon) of tRNA. The five exposed lysine residues would
create a high positive electrostatic potential involved in long-
distance interactions with these negatively charged molecules,
thus leading to a higher local concentration in tRNA. In
contrast, the HTH module is likely to contribute a rate-
limiting product release. Stimulation of Met-tRNAMet syn-
thesis was observed upon deletion of the entire C-terminal
domain, or in the presence of the LRC region when point
mutations are introduced into the HTH segment.

Polyamines have long been known as modulators of
protein biosynthesis efficiency both in vivo and in vitro (35).
Our data show that Mg2+ or spermidine, and to a lesser extent
KCl (not shown), partially releases the rate-limiting step of
Met-tRNAMet dissociation observed for the native enzyme.
Magnesium and polyamines are known to interact with tRNA
and to contribute important interactions in maintaining the
tertiary structure of tRNA (36-38). Because Mg2+ or
spermidine did not enhance the activity of MetRS-∆C,
stimulation of MetRS or MetRS-∆K is not related to a
structural change in the tRNA used in our study. As more
polyamine is added, neutralization of phosphate charges may
alter the interaction of tRNA with the basic patches from
the C-domain of MetRS.

The acquisition of supplementary RNA-binding domains
by mammalian aminoacyl-tRNA synthetases may be related
to the emergence of tRNA channeling in translation (39).
This is supported by the finding that EF-1R may mediate
the release of Met-tRNAMet (this study), of Val-tRNAVal (29),
of Phe-tRNAPhe (31), and of Asp-tRNAAsp (40) from their
cognate synthetase. This would be a rational means of
ensuring EF-1R-assisted vectorial transfert of tRNA from
its aminoacylation site (the synthetase) to its utilization site
(the ribosome). In the case of ValRS, the channeling is
mediated by stable association of this synthetase with
elongation factor EF-1H, the heavy form of elongation factor
1 that comprises the three subunits EF-1â, EF-1γ, and EF-
1δ and contributes the guanine nucleotide exchange activity
(41, 42). The finding that Met-tRNAMet is not spontaneously
released from the synthetase suggests that mammalian
synthetases work in vivo in a processive manner. Product
dissociation awaits productive interaction between the syn-
thetase and elongation factor EF-1R. The high cellular
content in EF-1R may be essential for this process to occur.
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26 Rue d’Ulm, 75248 Paris Cedex 05, France

Communicated by Georges Charpak, European Organization for Nuclear Research, Geneva, Switzerland, September 16, 2003 (received for review
August 1, 2003)

Recently, we demonstrated that the expression levels of the

translationally controlled tumor protein (TCTP) were strongly

down-regulated at the mRNA and protein levels during tumor

reversion�suppression and by the activation of p53 and Siah-1. To

better characterize the function of TCTP, a yeast two-hybrid hunt

was performed. Subsequent analysis identified the translation

elongation factor, eEF1A, and its guanine nucleotide exchange

factor, eEF1B�, as TCTP-interacting partners. In vitro and in vivo

studies confirmed that TCTP bound specifically eEF1B� and eEF1A.

Additionally, MS analysis also identified eEF1A as a TCTP interac-

tor. Because eEF1A is a GTPase, we investigated the role of TCTP on

the nucleotide exchange reaction of eEF1A. Our results show that

TCTP preferentially stabilized the GDP form of eEF1A, and, further-

more, impaired the GDP exchange reaction promoted by eEF1B�.

These data suggest that TCTP has guanine nucleotide dissociation

inhibitor activity, and, moreover, implicate TCTP in the elongation

step of protein synthesis.

Translationally controlled tumor protein (TCTP), also termed
p23, is ubiquitously expressed and is present in evolutionarily

diverse organisms. TCTP was initially identified in Ehrlich
ascites tumor cells, as a serum-inducible mRNA whose expres-
sion is regulated at both the transcriptional and translational
levels (1–4). Biochemical and immunofluorescence studies dem-
onstrated that TCTP is a tubulin-binding protein that associates
with microtubules in a cell-cycle dependent fashion (5). Re-
cently, the polo-like kinase was shown to directly interact with
and phosphorylate TCTP and was shown to be required for the
normal progression of cytokinesis (6). In addition, TCTP binds
the myeloid cell leukemia 1 protein, which is involved in pro-
grammed cell death (7, 8). Importantly, TCTP has also been
characterized as the histamine-releasing factor (9).

Recently, a series of biological models of tumor reversion have
been developed that have aided in understanding some of the
molecular events underlying tumor reversion (10). Comparing
gene expression profiles from leukemia and breast cancer cell
lines with their revertant counterparts, as well as Siah-1 and p53
transfectants, we identified tpt1 transcripts of TCTP as being
significantly down-modulated among series of 263 genes differ-
entially expressed. Decreasing TCTP expression levels, either by
antisense or siRNA, was shown to either promote apoptosis, or
more strikingly, induce the reorganization of MCF7 and T47D
breast cancer cells into ductal�acinar structures of the now
suppressed malignant phenotype (10).

A breakthrough was recently achieved by J. Craven’s group by
solving the solution structure of TCTP from Schizosaccharomy-
ces pombe (11). These studies revealed that TCTP is structurally
similar to the mammalian suppressor of Sec4 (MSS4�DSS4).

MSS4 has a weak guanine nucleotide exchange factor (GEF)
activity for various Rab proteins, however, subsequent experi-
ments demonstrated that MSS4 functions, instead, as a guanine
nucleotide-free chaperone (12, 13). MSS4�DSS4 binds to the
nucleotide-free form of a subset of Rabs, which are members of
the Ras superfamily of small G proteins involved in regulating
the secretory pathway (14, 15). Its interaction with the nucle-
otide-free form of Rab15 is essential for endocytic trafficking
(14). Interestingly, these structural studies showed that the
highest homology observed between TCTP and MSS4 coincides
with the Rab-binding site on MSS4. Thus, these structural
studies indicate that TCTP may associate with and regulate the
activities of GTPases in a similar fashion.

The small monomeric G proteins transition between active
and inactive forms, depends on whether GTP or GDP is bound,
respectively. This process is regulated by accessory factors that
either stimulate GTP hydrolysis (GTPase activating proteins) or
promote GDP exchange (GEFs) (16, 17). Guanine nucleotide
dissociation inhibitors (GDIs) represent another class of mole-
cules that regulate small G protein activity. GDIs act by inhib-
iting the dissociation of GDP bound to the GTPase, thereby
maintaining the GTPase in its inactive state (18). The structural
analysis of the GDIs complexed to one of the members of the
Rho family, for example, has provided insight on the mechanism
by which GDIs are able to execute their function. The interaction
of a Rho-GDI with Rac shows how the GDI influences the
stabilization of the Mg2� ions associated with the nucleotide
binding pocket via a system of switches present in Rho, which
determines the fate of the bound nucleotide. On the other hand,
the presence of a hydrophobic pocket inside the Rho-GDI
explains how Cdc42 is able to quit its membrane anchorage by
its geranylgeranyl moiety that is displaced toward the Rho-GDI
in this precise pocket composed of �-sheets. This mechanism is
at the basis of the shuttle function of the Rho-GDI between
cytoplasm and membrane (19–21).

In this article, the elongation factor eEF1A and its GEF,
eEF1B�, were identified as TCTP-binding partners in a yeast
two-hybrid hunt. The eukaryotic elongation machinery consists
of the large G protein, eEF1A (1 or 2), which is homologous to
the bacterial EF-Tu. In higher eukaryotes, GDP�GTP exchange

Abbreviations: GEF, guanine nucleotide exchange factor; GDI, guanine nucleotide disso-

ciation inhibitor; MSS4, mammalian suppressor of Sec4; NKTR, NK tumor recognition
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is triggered by eEF1B, which consists of �, �, and �. eEF1A
recruits the aminoacyl-tRNA to the programmed ribosome,
which requires the binding of GTP (aminoacyl-tRNA–eEF1A–
GTP). On correct codon–anticodon interaction, GTP hydrolysis
is triggered, and, in the resulting eEF1A–GDP complex, GDP is
removed by two GEFs, eEF1B� and eEF1B�, allowing for
another cycle of elongation (22, 23). Interaction mapping studies
indicate that eEF1A and the eEF1B subunits form a pentamer
composed of two molecules of eEF1A, complexed with either
eEF1B� or eEF1B�, held together by eEF1B� (24).

Here, we show that TCTP is involved in the elongation step of
translation. TCTP is shown to impair the GDP exchange reaction
promoted by eEF1B� on eEF1A. Thus, by stabilizing eEF1A in
its GDP-bound form, TCTP functions as a GDI.

Materials and Methods

Antibodies. Rabbit anti-eEF1B� and chicken anti-TCTP anti-
bodies were generated against synthetic peptides corresponding
to residues 14–30 of human eEF1B� or residues 55–65 of human
TCTP, respectively (Agro-Bio, La Ferté St. Aubin, France).
Rabbit anti-TCTP and mouse anti-eEF1A antibodies were pur-
chased from Medical & Biological Laboratories (Nagoya, Japan)
and Upstate Biotechnology, respectively.

Purification of Recombinant Proteins. Full-length TCTP, eEF1B�,
and NK tumor recognition protein (NKTR) cDNAs were cloned
in-frame into pGEX-6P (Amersham Biosciences). Production
and purification of GST-fusion proteins are discussed in Sup-
porting Materials and Methods, which is published as supporting
information on the PNAS web site.

Yeast Two-Hybrid Hunt. Full-length or the first 84 amino acids of
TCTP were fused in-frame with the LexA DNA-binding domain
of pEG202. A cDNA library derived from human monocytic
leukemia U937 cells was cloned into galactose-inducible
pYESTrp2 vector. A yeast two-hybrid hunt was performed as
described (25).

In Vitro and in Vivo Interaction. In vitro-transcribed�translated
(IVT) 35S-methionine-labeled proteins were generated as de-
scribed by the manufacturer (Promega). GST or GST-fusion
proteins immobilized on beads were incubated with IVT radio-
labeled products or purified rabbit eEF1A for 3 h at 4°C. Proteins
bound to the GST-fusion proteins or GST alone, were washed
and eluted directly in Laemmli buffer or in the presence of 10
mM reduced glutathione (ICN) (see Supporting Materials and
Methods). For detection of endogenous interactions, 293T and
HeLa cells were lysed for 1 h in 1% Nonidet P-40 lysis buffer
containing 25 mM Tris�HCl, pH 7.5, 150 mM NaCl, 10%
glycerol, plus the protease inhibitors 1 mM 4-(2-aminoethyl)ben-
zenesulfonyl f luoride (AEBSF), 1% aprotinin, 1 mM leupeptin,
and 2 mM pepstatin (all reagents from ICN) and cell lysates
clarified by centrifugation (16,000 � g) for 20 min. Endogenous
TCTP or eEF1B� were immunoprecipitated from lysates with
either anti-TCTP, anti-eEF1B�, or an isotype-matched control
antibody. The addition of G protein agarose beads (Amersham
Biosciences) was followed for an additional 3 h at 4°C. Immune
complexes were washed four times in the lysis buffer, eluted in
Laemmli buffer, and analyzed by Western blot.

Immunofluorescence Analysis. Details of the immunofluorescence
staining can be seen in Supporting Materials and Methods.
Confocal imaging was performed on a Leica TCS SP1 confocal
microscope.

Affinity Chromatography and MS Analysis. See Supporting Materials
and Methods for further information.

Guanine Nucleotide Exchange Assay. Rabbit liver eEF1A was pu-
rified as described (26). The guanine nucleotide exchange on
eEF1A was monitored essentially as described (27, 28). The
eEF1A–[3H]GDP complex was prepared after incubation of 4
�M eEF1A with 4 �M [3H]GDP [Amersham Pharmacia Bio-
sciences; 1,500 Ci�mol (1 Ci � 37 GBq)] in 80 �l of 45 mM
Tris�HCl, pH 7.5, containing 0.5 mM DTT, 10 mM magnesium
acetate, 100 mM NH4Cl, 1 mg�ml BSA, and 25% glycerol for 5
min at 37°C. The reaction mixture was placed on ice and diluted
by the addition of 640 �l of ice-cold exchange buffer (20 mM
Tris�HCl, pH 7.5, 10 mM magnesium acetate, 50 mM NH4Cl, and
10% glycerol). The exchange reaction was conducted at 0°C after
the addition of 160 �l of exchange buffer containing nucleotide
and specified exchange factors. Aliquots of 100 �l were taken at
times indicated, and were immediately filtered through nitro-
cellulose filters (Millipore; pore size 0.45 �m). Filters were
washed three times with 1 ml of ice-cold washing buffer (20 mM
Tris�HCl, pH 7.5, 10 mM magnesium acetate, 100 mM NH4Cl,
and 0.1 mg�ml BSA), dried, and counted in a liquid scintillator.

Results

TCTP Interacts with the Elongation Factors eEF1B� and eEF1A. A yeast
two-hybrid hunt was undertaken to identify proteins that interact
with TCTP. Full-length or the first 84 amino acids of TCTP were
used as baits to screen a cDNA library obtained from the human
monocytic leukemia U937 cell line. Among the positive clones
isolated were two proteins involved in the elongation step of
protein synthesis, the GTPase eEF1A, and one of its GEFs,
eEF1B�. Mating assays subsequently confirmed an interaction
between LexA–TCTP and either B42–eEF1A or B42–eEF1B�
(see Table 1, which is published as supporting information on the
PNAS web site, and Fig. 1A). As defined by growth and �-gal
activity, a robust interaction between LexA–TCTP and B42–
eEF1B� was observed. A LexA–TCTP and B42–eEF1A inter-
action was also seen, although it was not as strong. Furthermore,
the C-terminal GEF-containing region of eEF1B� (amino acids
153–281) was mapped as the TCTP-binding region (Fig. 1 A).
GST pull-down assays confirmed direct and reciprocal binding
between TCTP and eEF1B�. IVT 35S-labeled eEF1B� derived
from reticulocyte lysates bound to GST-TCTP (Fig. 1B Left), but
not to GST alone. Furthermore, GST-TCTP did not interact
with the IVT-negative control protein, ALG-2-interacting pro-
tein 1 (AIP1) (29). A reciprocal interaction was also demon-
strated for GST-eEF1B� and IVT-generated TCTP (Fig. 1B
Right). Moreover, purified eEF1A derived from rabbit liver
bound specifically to GST-TCTP, but not to the negative control,
GST-NKTR (30) (Fig. 1C). Because the apparent Kd of TCTP–
eEF1A interaction is high (see below; Fig. 4C), we could not
quantitatively address the binding of TCTP to eEF1A in a
nucleotide-dependent manner in an in vitro pull-down experi-
ment. Kinetic studies described below showed that TCTP pref-
erentially binds the GDP form of the factor.

To investigate the presence of endogenous interaction be-
tween TCTP and eEF1B�, antibodies directed against TCTP
and eEF1B� were generated and initially tested on total cell
lysates derived from 293T cells. Immunoblot analysis revealed
that the anti-TCTP antibody detected a protein band of 23 kDa,
corresponding to its expected molecular weight (see Fig. 6, which
is published as supporting information on the PNAS web site).
In addition, the anti-eEF1B� antibody recognized a single
protein band of 36–38 kDa, which corresponded to the predicted
size of eEF1B�. Finally, anti-TCTP and anti-eEF1B� antibodies
immunoprecipitated their respective recombinant protein, indi-
cating that both antibodies recognize native proteins (see Fig. 6).

Coimmunoprecipitation experiments were subsequently car-
ried out on lysates derived from either 293T or HeLa cells to
identify the presence of an endogenous association between
TCTP with either eEF1B� or eEF1A. Rabbit anti-TCTP or
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isotype-matched IgG control antibodies were initially incubated
with cell lysates. Immunoblot analysis with antibodies against
either eEF1B� (Fig. 2A) or eEF1A (Fig. 2C) revealed that
anti-TCTP, but not rabbit IgG, specifically coimmunoprecipi-
tated protein bands of 36 and 51 kDa, respectively. In addition,
immunoblotting with the chicken anti-TCTP antibody on im-
mune complexes immunoprecipitated with anti-eEF1B� re-
vealed a reciprocal association between TCTP and eEF1B� (Fig.
2B). In agreement with previous studies (24), Fig. 2D illustrates
an association between eEF1B� and eEF1A. Finally, MS anal-
ysis of affinity-purified TCTP-binding partners confirmed that
eEF1A interacts with TCTP. Interestingly, eEF2, a GTPase also
involved in elongation, was identified as an additional TCTP-
interacting partner in the same screening (see Tables 2–4, which
are published as supporting information on the PNAS web site).
Overall, the above data show that TCTP associates with eEF1B�
and eEF1A, proteins involved in translation elongation.

TCTP Colocalizes with Either eEF1B� or eEF1A. Indirect immunoflu-
orescence studies were also performed on HeLa cells to further

investigate an endogenous association between TCTP and either
eEF1B� or eEF1A. Fig. 3 shows that staining with the chicken
anti-TCTP antibody appeared punctate and cytoplasmic and
partially colocalized with the endoplasmic reticulum (ER)
marker protein disulfide isomerase (PDI) (see Fig. 7, which is
published as supporting information on the PNAS web site).
Moreover, in agreement with previous reports (5), confocal
imaging also showed a strong perinuclear staining with the
anti-TCTP, partially overlapping with ER marker. Anti-eEF1B�

staining was restricted primarily to the ER (Fig. 3A Upper),
costaining with PDI (31) (see Fig. 7). The overlay of TCTP and
eEF1B� staining indicates that these proteins partially colocalize
to the perinuclear region of the cell. Finally, colocalization
studies of eEF1A and TCTP were also performed. Immunoflu-
orescence analysis using an anti-eEF1A antibody revealed stain-
ing around the nucleus and throughout the cytoplasm (31).
Confocal analysis on HeLa cells stained with chicken anti-TCTP
and anti-eEF1A antibodies revealed a partial colocalization
around the nucleus (Fig. 3B).

TCTP Preferentially Stabilizes the GDP Form of eEF1A. The functional
relevance of a TCTP and eEF1A association was further inves-
tigated by monitoring the effects of TCTP on the rate of
dissociation of GDP from the eEF1A–[3H]GDP complex. We
sought to determine whether TCTP preferentially binds to the
GDP-bound form of the factor (and pushes the equilibrium
toward the formation of eEF1A-GDP) or associates with the
nucleotide-free form of eEF1A (and displaces the exchange

Fig. 1. Association of TCTP with either eEF1B� or eEF1A. (A) TCTP interacts

with the C terminus of eEF1B� and eEF1A in yeast. Diploids carrying the

constructs HM12, Bcl-x, eEF1A, eEF1B�, or truncated form of eEF1B� (B�-�ter

residues 1–152 or B�-Cter residues 153–281) fused to B42 domain (activation

domain) and LexA-TCTP were streaked onto either glucose (Glu) or galactose

(Gal) plates and assayed for growth. (B and C) In vitro interaction of TCTP with

either eEF1B� or eEF1A. (B) The indicated GST-fusion proteins immobilized on

glutathione beads were incubated with AIP1, TCTP, or eEF1B� IVT. Radiola-

beled proteins bound to the GST proteins were visualized by autoradiography.

Inputs for each experiment are indicated. The negative controls, AIP1 and

NKTR, are 120- and 150-kDa proteins, respectively. (C) GST-NKTR or GST-TCTP

were incubated with eEF1A purified from rabbit liver. Eluted eEF1A was

detected with the anti-eEF1A antibody. Arrow, full-length eEF1A. *, a de-

graded product of eEF1A.

Fig. 2. Endogenous interaction of TCTP with either eEF1B� or eEF1A. TCTP

was immunoprecipitated from either 293T or HeLa cell extracts with a rabbit

anti-TCTP or an isotype-matched control antibody (IgG). Immunoprecipitates

(IP) were analyzed by Western blot using anti-eEF1B� (A) or anti-eEF1A (C)

antibodies. (B) Anti-eEF1B� antibodies or preimmune serum (IgG) were used

to immunoprecipitate eEF1B� from 293T or HeLa cell extracts. Western blot

analysis on the immune complexes using either anti-TCTP (B) or anti-eEF1A (D)

antibodies revealed a specific association. Total cell lysates (TL) are indicated.

Arrows highlight IP proteins. *, a degraded product of eEF1A; Hc and Lc, heavy

and light chain of IgG, respectively.
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reaction toward the formation of eEF1A). When eEF1A was
preloaded with [3H]-GDP and incubated in the presence of
saturating amounts of unlabeled GDP (150 �M), GDP dissoci-

ation followed monoexponential kinetics corresponding to a
half-life of the complex of 12 min (Fig. 4A). This result corre-
sponded to a rate of 0.082 � 0.004 pmol GDP exchanged per min
per pmol of eEF1A. In the absence of free GDP in the incubation
mixture, the eEF1A–[3H]GDP complex remained stable over a
period of 40 min. Increasing amounts of TCTP (from 0.2 to 3.0
�M) were added in the exchange assay, and the rate of disso-
ciation of the eEF1A–[3H]GDP complex was monitored in the
presence of 150 �M free GDP (Fig. 4A). TCTP by itself did not
bind nucleotides (data not shown). When 3 �M of TCTP were
added, the half-life of the eEF1A–[3H]GDP complex increased
to 39 min, corresponding to a rate of GDP dissociation of 0.026 �

0.003 pmol GDP exchanged per min per pmol of eEF1A.
Therefore, TCTP is devoid of exchange activity; its addition
decreases the rate of GDP exchange on eEF1A. The inhibition
of GDP exchange by TCTP was concentration dependent and
followed a saturation kinetics with an apparent dissociation
constant, Kd, of 1.2 � 0.2 �M (Fig. 4C). The stabilization of the
eEF1A–[3H]GDP complex by TCTP suggests that TCTP pref-
erentially binds the GDP form of eEF1A as compared with the
nucleotide-free form of the factor.

The eukaryotic elongation factor, eEF1A, binds GDP and
GTP with similar affinity (2–4 �M) (32). To determine whether
TCTP preferentially binds the GDP or the GTP form of eEF1A,
the effect of the addition of TCTP on the GDP–GTP exchange
on eEF1A was monitored (Fig. 4B). When unlabeled free GTP
(150 �M) was added in the exchange reaction instead of GDP,
a similar protection of the eEF1A–[3H]GDP complex was ob-
served (rate of GDP dissociation decreasing from 0.078 � 0.004
to 0.024 � 0.003 pmol GDP exchanged per min per pmol of
eEF1A), showing that TCTP does not displace the equilibrium
toward the formation of an eEF1A–GTP complex. The apparent
Kd of TCTP for the GDP form of eEF1A (1.6 � 0.3 �M; Fig. 4C)
was not significantly affected. These data show that TCTP
preferentially binds the GDP form of eEF1A and impairs GDP
dissociation.

TCTP Inhibits the eEF1B�-Mediated Exchange Reaction. Higher eu-
karyotes contain two GEFs, eEF1B� (formerly EF-1�, 27 kDa),
and eEF1B� (formerly EF-1�, 35 kDa) (28, 33). The exchange
activity of eEF1B� is enhanced by its association with eEF1B�
(formerly EF-1�, 50 kDa). Because TCTP stabilizes the GDP
form of eEF1A, we investigated its effect on eEF1B�–eEF1B�
complex or eEF1B�-mediated GDP exchange on eEF1A (only

Fig. 3. Endogenous colocalization of TCTP with either eEF1B� or eEF1A in

HeLa cells. (A) Immunofluorescence analysis of anti-TCTP (green) and anti-

eEF1B� (red) staining. Merge shows a partial colocalization of TCTP and

eEF1B� (yellow). A higher magnification of cell is shown in Lower. (B) Immu-

nofluorescence analysis of anti-TCTP (green) and anti-eEF1A (red) staining.

Merge indicates a partial colocalization of TCTP and eEF1A. A higher magni-

fication of cell is shown in Lower. Note the enhanced colocalization of TCTP

with either eEF1B� or eEF1A within the perinuclear region of the cell. Each

confocal image represents a similar plane through the cell.

Fig. 4. TCTP preferentially stabilizes the GDP form of eEF1A. The time course of GDP exchange was assayed at 0°C in the presence of 350 nM eEF1A-[3H]GDP without

TCTP (■ ) or with increasing amounts of TCTP (final concentrations of 200, 300, 500, and 750 nM, and 1, 2, and 3 �M, which are indicated by red and blue symbols in

A and B, respectively). The reaction was monitored in the presence of 150 �M unlabeled GDP (A) or 150 �M unlabeled GTP (B). In the absence of unlabeled nucleotide,

the eEF1A–[3H]GDP complex remained stable (F). All reactions were performed in triplicate. (C) The inhibition of GDP exchange on eEF1A observed in A and B in the

presence of GDP or GTP is plotted as a function of TCTP added.
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eEF1B� was found to interact with TCTP in the two-hybrid
screen). As reported (28), in the presence of the eEF1B��
complex, GDP exchange followed first-order kinetics (initial rate
of 0.84 min�1 per pmol of eEF1B��; Fig. 5A) whereas eEF1B�-
mediated exchange was biphasic (initial rates of 0.66 min�1 and
1.68 min�1 per pmol of eEF1B�; Fig. 5B) as reported (28). When
TCTP was added in the exchange reaction at a final concentra-
tion of 2 �M, the kinetics of GDP exchange in the presence of
eEF1B�� remained essentially unchanged (initial rate of 0.96
min�1; Fig. 5A). By contrast, the initial rate of GDP exchange in
the presence of eEF1B� and TCTP was no more biphasic and
followed a simple first-order rate (0.294 min�1 per pmol of
eEF1B�; Fig. 5B). From these data, we conclude that TCTP
stabilizes the GDP form of eEF1A and specifically antagonizes
the eEF1B�-mediated exchange reaction.

Discussion

TCTP has been proposed to be involved in growth-related
activities (2). In this study, we found by yeast two-hybrid assay
and confirmed by coimmunoprecipitation and immunofluores-
cence studies that TCTP associates with components of the
translational machinery, the elongation factors, eEF1A and
eEF1B�.

Elongation factors of translation have been implicated in
tumor formation (34). For example, constitutive expression of
eEF1A caused fibroblasts to become highly susceptible to trans-
formation (35). In addition, a truncated form of eEF1A, en-
coded by the PTI-1 gene, was identified in prostatic cancers
(36–38). Inhibiting PTI-1 expression with PTI-1 antisense re-
sulted in the suppression of its tumorigenic potential. eEF1B�
has also been implicated in cell transformation and tumorigen-
esis. Its overexpression resulted in anchorage-independent
growth and in the formation of tumors in nude mice (39).

In agreement with the structural studies on the shared ho-
mology between MSS4 and TCTP, we show that TCTP interacts
with the GTPase, eEF1A, preferentially in a GDP-bound form.
We propose that TCTP acts as a GDI, based on the following
observations: (i) TCTP inhibited the eEF1A–[3H]GDP complex
dissociation in the presence of cold GDP in excess, and (ii) TCTP
preferentially stabilized eEF1A–[3H]GDP in the presence of
cold GTP in excess. Furthermore, we demonstrated that TCTP
impaired the GDP exchange reaction promoted by eEF1B� on
the eEF1A–[3H]GDP complex.

Takai and coworkers (40) first identified GDIs, which inhib-
ited the specific release of GDP, but not GTP from Rab3A.

GDIs generally prevent the translocation of small G proteins to
the membrane, thereby sequestering them in cytoplasm (18). In
the case of Rabs, GDIs have the potential to regulate the
availability of specific intracellular transport effectors (41).
More recently, GDIs have been shown to regulate the large
heterotrimeric G proteins. For example, the activator of G
protein signaling 3 (AGS3) acts as a GDI on Galpha (i3). AGS3
prevents Galpha (i3) activation by keeping the GTPase in the
cytoplasm in a GDP-bound state (42, 43).

The findings that GDIs are associated with both small and
large G proteins implies that they could be implicated in
regulation of GTPases involved in translation. In this regard,
TCTP could selectively modulate the activity of eEF1A during
the process of translation elongation. Our data show that TCTP
specifically impaired the exchange reaction promoted by
eEF1B�, and not eEF1B��. The function and the existence of
two exchange factors for eEF1A is largely not understood.
However, kinetics studies indicate that they act differently on the
elongation factor, eEF1A. The eEF1B�–eEF1B� complex me-
diates GDP dissociation from eEF1A in a linear way according
to the time. By contrast, eEF1B� mediates a biphasic exchange
reaction. It has been hypothesized that the first step, a fast-
exchange reaction, corresponds to the rate of exchange under
single-turnover conditions (28). This initial, fast rate of GDP
exchange in the presence of eEF1B� (1.68 min�1) is believed to
correspond to the intrinsic rate of exchange promoted by the
formation of the eEF1A–eEF1B� complex. The second, slow-
exchange reaction step (0.66 min�1) only observed in the pres-
ence of eEF1B�, may be due to the slow dissociation of eEF1B�
from the nucleotide-free form of eEF1A, which would be the
rate-limiting step of the reaction. In the presence of TCTP,
because the rate of GDP-exchange promoted by eEF1B� is
significantly decreased (0.294 min�1), and is slower than the rate
of dissociation of the eEF1A–eEF1B� complex, monophasic
kinetics are observed. The crystal structure of the eukaryotic
elongation factor complex eEF1A–eEF1B� from yeast revealed
that the GEF interacts with domains 1 and 2 of eEF1A. On
binding, eEF1B� causes reorganization of the switch 2 region of
eEF1A and inserts a lysine side chain in the Mg2�-binding site,
which promotes nucleotide release (44, 45). These two features
are common to the nucleotide exchange mechanism for several
G proteins. In this context, TCTP binding to eEF1A-GDP may
either prevent the conformational rearrangement occurring in
the switch 2 region of eEF1A on binding of eEF1B� or impair
the formation of a productive eEF1A–eEF1B� complex. That

Fig. 5. TCTP inhibits the eEF1B�-mediated exchange reaction. Kinetics of GDP exchange promoted by 10 nM of the eEF1B�–eEF1B� complex (EF1B��) (A) or

by 50 nM of eEF1B� (EF1B�) (B) were conducted in the presence (�TCTP) or in the absence (�TCTP) of 2 �M TCTP. In the absence of unlabeled nucleotide, the

eEF1A–[3H]GDP complex remained stable (F). The time course of GDP exchange was initiated by addition of 150 �M unlabeled GDP.
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TCTP was found to impair the function of eEF1B�, but not of
eEF1B�–eEF1B� on eEF1A, indicates the specificity of the
effect and suggests that TCTP interferes with the proper binding
of eEF1B�. TCTP binds specifically the C-terminal GEF domain
of eEF1B�, which is highly conserved with eEF1B�, suggesting
that the two exchange factors do not interact in the same region
on eEF1A, or have somewhat different exchange mechanisms.

During protein synthesis, eEF1A forms a ternary complex
with aminoacylated tRNA and GTP (eEF1A–GTP–aatRNA),
and delivers aatRNA to the ribosome after GTP hydrolysis.
Inactive eEF1A-GDP and deacylated tRNA are released from
the ribosome and must be recycled. Maintaining eEF1A in a
GDP-bound form by TCTP could represent an important step of
tRNA channeling. The concept of tRNA channeling during
translation assumes that tRNA is first vectorially transferred
from its specific aminoacyl-tRNA synthetase (to be aminoacy-
lated), next to eEF1A (to form the tRNA species competent for

ribosomal translation), then to the ribosome, and finally back to
the synthetase without mixing with the cellular fluid (27, 46, 47).
In this context, the formation of a complex between TCTP and
eEF1A-GDP may be involved in the channeling of tRNA. It has
been shown that eEF1A-GDP can bind deacylated tRNA (48).
The GDI activity of TCTP may prevent eEF1A activation into
eEF1A-GTP before it is recruited by other components of the
translation machinery to form a ternary complex with a de
novo-aminoacylated tRNA. Thus, TCTP may play a prominent
role in the elongation cycle of translation. Accordingly, decreas-
ing the expression of TCTP in cancer cells might be a means to
decrease the efficiency of protein synthesis, and to down-
regulate cell proliferation.

We thank Jeremy Craven for helpful discussion and Philippe Fontanges,
Institut Federatif de Recherche, Hopitâl Tenon for excellent confocal
microscopy support.
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РОЗДІЛ 2  

 СТРУКТУРНА ОРГАНІЗАЦІЯ КОМПЛЕКСУ ФАКТОРІВ 
ЕЛОНГАЦІЇ ТРАНСЛЯЦІЇ eEF1В ЛЮДИНИ. CТРУКУТУРНО-

ФУНКЦІОНАЛЬНА ХАРАКТЕРИСТИКА ЙОГО СУБОДИНИЦЬ  

2.1. Особливості структурної організації і функціональної активності 
субодиниці eEF1Bα 
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Eukaryotic translation elongation factor 1Ba (eEF1Ba) is a functional

homolog of the bacterial factor EF-Ts, and is a component of the macro-

molecular eEF1B complex. eEF1Ba functions as a catalyst of guanine

nucleotide exchange on translation elongation factor 1A (eEF1A). The C-

terminal domain of eEF1Ba is necessary and sufficient for its catalytic

activity, whereas the N-terminal domain interacts with eukaryotic transla-

tion elongation factor 1Bc (eEF1Bc) to form a tight complex. However,

eEF1Bc has been shown to enhance the catalytic activity of eEF1Ba

attributed to the C-terminal domain of eEF1Ba. This suggests that the

N-terminal domain of eEF1Ba may in some way influence the guanine

nucleotide exchange process. We have shown that full-length recombinant

eEF1Ba and its truncated forms are non-globular proteins with elongated

shapes. Truncation of the N-terminal domain of eEF1Ba, which is dispens-

able for catalytic activity, resulted in acceleration of the rate of guanine

nucleotide exchange on eEF1A compared to full-length eEF1Ba. A similar

effect on the catalytic activity of eEF1Ba was observed after its interaction

with eEF1Bc. We suggest that the non-catalytic N-terminal domain of

eEF1Ba may interfere with eEF1A binding to the C-terminal catalytic

domain, resulting in a decrease in the overall rate of the guanine nucleotide

exchange reaction. Formation of a tight complex between the eEF1Bc and

eEF1Ba N-terminal domains abolishes this inhibitory effect.

Introduction

The heavy form of eukaryotic translation elongation

factor 1 (eEF1H) is a unique macromolecular assem-

bly of translation elongation factors that exists only in

higher eukaryotes. It comprises the transiently associ-

ating eEF1A protein and the stable eEF1B complex

containing the a, b and c subunits: the nomenclature

used is that proposed by Merrick and Nyborg [1,2].

eEF1A in the GTP-bound form is responsible for

delivery of aminoacylated tRNA to the ribosome. In

turn, the eEF1B complex functions as a catalyst of

guanine nucleotide exchange on eEF1A. Both the

eEF1Ba and eEF1Bb subunits possess guanine

exchange activity, but the functional role of eEF1Bc

remains obscure [1,3].

In higher vertebrates, there are two isoforms of

eEF1A (designated eEF1A1 and eEF1A2) that are

Abbreviations

eEF1A, eukaryotic translation elongation factor 1A; eEF1Ba, eukaryotic translation elongation factor 1Ba; eEF1Bb, eukaryotic translation

elongation factor 1Bb; eEF1Bc, eukaryotic translation elongation factor 1Bc; GEF, guanine exchange factor; Sw, weight-average

sedimentation coefficient.
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97% similar and are encoded by different genes [4].

cDNAs of both isoforms of eEF1A and all three sub-

units of eEF1B have been expressed in yeast two-

hybrid analyses to map the interaction patterns

between the proteins [5]. It was reported that, in con-

trast with eEF1A1, eEF1A2 has weak affinity for both

the eEF1Ba and eEF1Bb exchange factors. This sur-

prising finding suggests the existence of different gua-

nine exchange factor (GEF) for eEF1A2 [5]. However,

this proposal has not been experimentally confirmed.

Moreover, recombinant eEF1Ba was shown to cat-

alyze guanine nucleotide exchange on eEF1A2 in vitro

[6]. In addition, eEF1Ba and eEF1A2 were recently

shown to co-localize in mammalian cells and tissues

[7]. Thus, the absence of interaction between eEF1Ba

and eEF1A2 in yeast two-hybrid experiments was pos-

sibly a false-negative result.

eEF1Ba is the smallest subunit (24–28 kDa) of the

eEF1B complex, and is the functional homolog of the

bacterial translation elongation factor EF-Ts. The

amino acid sequence of eEF1Ba is highly conservative

among all eukaryotes, but the homology with EF-Ts

is relatively low. The structure of yeast eEF1A com-

plexed with the C-terminal catalytic fragment of eEF1Ba

was the first reported crystal structure of a eukaryotic

translation elongation factor [8]. Lys205, located at the

C-terminal end of Saccharomyces cerevisiae eEF1Ba, has

been proposed to play a pivotal role in the nucleotide

exchange mechanism [8]. Despite the reported similarity

of the tertiary structures of the eEF1Ba C-terminus and

the EF-Ts catalytic domains [9], the proteins interact

respectively with eEF1A and EF-Tu in different ways

[8,10].

It has been demonstrated that the C-terminal

domain of eEF1Ba is necessary and sufficient for the

catalytic activity [11–13], while the N-terminal domain

is involved in interaction with eEF1Bc [11,12]. eEF1Ba

is tightly associated with eEF1Bc, such that the two

proteins may only be separated under strong denatur-

ing conditions [14,15]. Moreover, eEF1Bc enhances

the catalytic activity of eEF1Ba [14,16]. The mecha-

nism of this effect is still not understood.

To obtain insight into the mechanism of eEF1Bc-

mediated enhancement of the eEF1Ba catalytic activ-

ity, we designed a set of eEF1Ba truncated forms,

characterized them by various methods, and tested

their activity in a guanine nucleotide exchange assay

with two isoforms of mammalian eEF1A. We also

assessed the interaction between eEF1Ba, its trun-

cated forms and both eEF1A isoforms by native gel

electrophoresis in order to estimate their relative

affinity.

Results and Discussion

Domain structure of eEF1Ba

Two domains joined by a linker region are apparent

in the eEF1Ba primary structure (Fig. 1). The highly

conserved C-terminal domain (residues 98–225) is

responsible for the catalytic activity, while the less con-

served N-terminal domain (residues 1–62) is involved in

interaction with the N-terminal part of eEF1Bc [11–14].

The linker region contains a hydrophilic stretch of amino

acids that includes a recognition site for casein kinase II

[12,17]. The structure of the human eEF1Ba fragment

(residues 135–225) has been solved by NMR [9].

To explore the significance of the eEF1Ba N-terminal

domain for the catalytic activity of the protein, a set of

deletion mutants lacking 18, 38, 65 and 90 amino acids

from the N-terminus (Fig. 1A) were designed, based on

multiple amino acid sequence alignments (Fig. 1B). The

first three mutants represent a stepwise truncation of

the N-terminal domain, whereas the last one also lacks

the linker region. Shorter N-terminally truncated frag-

ments of eEF1Ba were not used in this study as peptides

116–225 and 135–225 of eEF1Ba have been shown to

possess considerably lower catalytic activity: ~ 65% and

50% of that of the full-length protein, respectively [13].

The N-terminal part of eEF1Ba (residues 1–92), encom-

passing the N-terminal domain and the linker region,

was also used for the experiments (Fig. 1A).

Expression and purification of full-length eEF1Ba

and its truncated forms

Full-length eEF1Ba, also referred to as eEF1Ba(FL),

and its truncated forms, except for GST–eEF1Ba

(91–225), were purified by a two-step chromatographic

procedure. As a first step, chromatography on a glu-

tathione agarose column was performed. The isolated

GST-fused proteins were then subjected to PreScission

protease treatment. PreScission protease was chosen as

it efficiently cleaved the target sequence at 4 °C, which

was important to preserve the catalytic activity of the

exchange factors. Then the mixtures of GST and

eEF1Ba(FL) or its truncated variants were separated

on a HiTrap Q Sepharose column. GST does not bind

the matrix at 200 mM NaCl in the buffer solution,

whereas eEF1Ba(FL) and the three truncated forms

eEF1Ba(19–225), eEF1Ba(39–225) and eEF1Ba(66–

225) do. Finally, as determined by SDS/PAGE

(Fig. 2), highly purified proteins were retrieved after

elution from the column by a salt gradient. Approxi-

mately 2 mg of eEF1Ba(FL) was obtained from 1 L

485FEBS Journal 283 (2016) 484–497 ª 2015 FEBS

T. V. Trosiuk et al. The catalytic activity of eEF1Ba truncated forms

72 



of BL21 (DE3) pLysE bacterial culture. The yield of

the N-terminally truncated forms was similar to that

of the full-length protein: ~ 2 mg each of purified

eEF1Ba(19–225) and eEF1Ba(39–225), and 4 mg

eEF1Ba(66–225), per 1 L of BL21 Gold culture.

GST–eEF1Ba(91–225) was purified on a glutathione

agarose column only, because treatment with PreScis-

sion protease resulted in precipitation of the eEF1Ba

fragment. Approximately 17 mg of the GST–eEF1Ba

(91–225) deletion mutant was obtained per liter of cul-

ture, and its purity was more than 90% based on

SDS/PAGE (Fig. 2).

The N-terminal part of eEF1Ba comprising residues

1–92 was also expressed as a GST fusion protein.

After the first purification step and the PreScission

protease treatment, eEF1Ba(1–92) was separated from

GST and other contaminating proteins in a HiLoad

16/600 Superdex 200 per grade column. HiTrap Q

sepharose could not be employed in this case since

eEF1Ba(1–92) and GST possess a similar affinity for

this resin. About 9 mg of more than 90% pure

eEF1Ba(1–92) was obtained from 1 L of BL21Gold

culture (Fig. 2).

Recombinant full-length eEF1Ba behaves as a

non-globular monomer in solution

Recombinant eEF1Ba(FL) was eluted from a Super-

ose 6 HR column as a 75 kDa protein (Fig. 3), i.e.

three times larger than the theoretical value of the

monomer (25.4 kDa), suggesting oligomerization of

the protein. To address this issue, sedimentation

velocity analysis of eEF1Ba(FL) was performed as

described in Experimental procedures. The size distri-

bution pattern obtained by continuous c(s) size dis-

tribution analysis is shown in Fig. 4A. The RMSD of

the best fit was 0.0042. eEF1Ba(FL) sedimented as a

single species at Sw = 0.932 S (weight-average sedi-

mentation coefficient corrected to standard conditions

of water at 20�C, S20,w = 1.910 S). Integration of

1 62 98 225

1

19
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eEF1Bα

CE

HS

MM

GG
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DM

SC

AS
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B

Fig. 1. Primary structure of eEF1Ba. (A) Schematic representation of the eEF1Ba truncated forms. (B) Multiple amino acid sequence

alignment of eEF1Ba from various species. Abbreviations: HS, Homo sapiens; MM, Mus musculus; GG, Gallus gallus; DR, Danio rerio; XL,

Xenopus laevis; OC, Oryctolagus cuniculus; DM, Drosophila melanogaster; CE, Caenorhabditis elegans; SC, Saccharomyces cerevisiae; AS,

Artemia salina.
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the c(s) distribution showed that eEF1Ba(FL) peak

represented 93.4% of the total absorbance signal.

Using a best-fit frictional ratio (f/f0) of 1.64, the

molecular mass of eEF1Ba(FL) was estimated to be

25.5 kDa, in perfect agreement with the theoretical

molecular mass of the monomer. The ratio Smax/S

was calculated to be 1.6, as described in Experimental

procedures. Importantly, the f/f0 obtained and the

calculated Smax/S values are characteristic of non-

globular moderately elongated proteins [18].

This result was confirmed by sedimentation equilib-

rium analysis, which does not depend on the shape of

the molecule. First, eEF1Ba(FL) at three initial concen-

trations was subjected to centrifugation at 17 000 rpm.

After equilibrium was established, the speed was changed

to 21 000 rpm (Fig. 4B). The experimental data obtained

at different velocities were fitted to a single non-interact-

ing species model using SEDPHAT, as described in Experi-

mental procedures [19]. The molecular mass of eEF1Ba

(FL) was estimated to be 26.3 � 2.6 kDa after analysis

of six single-speed scans (data not shown). Multi-speed

analysis in SEDPHAT using the same model for the three

protein concentrations was also applied [19]. In this case,

the calculated molecular mass of eEF1Ba(FL) was

25.5 kDa (Fig. 4B), which coincides with the theoretical

mass of its monomer (25.4 kDa).

Therefore, we conclude that full-length recombinant

eEF1Ba behaves as a monomer in solution, and most

probably belongs to the family of non-globular

proteins with a moderately elongated shape.

The C-terminal domain and the linker region are

the major contributors to the extended shape of

eEF1Ba

Four N-terminally truncated forms of eEF1Ba and one

C-terminally truncated form were purified to homo-

geneity (Fig. 2) and analyzed by size-exclusion chro-

matography on Superose 6 HR (Fig. 3). The apparent

molecular mass of the eEF1Ba truncated mutant lack-

ing the 18 N-terminal amino acids was estimated to be

the same as that of the wild-type protein, whereas

eEF1Ba lacking 38 amino acids and eEF1Ba(66–225),

which lacks the entire N-terminal domain, eluted from

the column in the same volume, corresponding to the

apparent molecular mass of 60 kDa. The theoretical

molecular masses of these truncated forms are approxi-

mately three times lower than the values assessed by gel

filtration. The apparent molecular mass of the GST–

eEF1Ba(91–225) fusion protein was estimated to be

~ 300 kDa, suggesting oligomerization of this protein.

Similarly to the full-length eEF1Ba, the difference

between the theoretical and experimental molecular

masses of the N-terminally truncated mutants may be

explained by the extended shapes of these mutants.

However, truncation of the eEF1Ba N-terminal

domain may destroy its hydrophobic core, and exposed

hydrophobic residues may allow protein association.

To address this issue, sedimentation velocity analysis

of all N-terminally truncated mutants of eEF1Ba was

performed (Fig. 5). eEF1Ba(19-225) sediments as a

single species at Sw = 0.740 S (S20,w = 1.434 S).

Integration of the c(s) distribution showed that

eEF1Ba(19–225) peak represented 92.4% of the total

absorbance signal. The RMSD of the best fit was

0.0056. Using a best-fit friction ratio (f/f0) of 1.86, the

molecular mass of eEF1Ba(19-225) was estimated to

be 20 kDa, close to the theoretical molecular mass of

the monomer (22.7 kDa). The Smax/S value for

eEF1Ba(19-225) was calculated as 2.02.

Continuous c(s) size distribution analysis of eEF1Ba

(39-225) revealed three sedimenting species (Fig. 5).

The first species sediments at Sw = 0.83 S (S20,w =

1.612 S), the second at Sw = 1.554 S (S20,w = 3.017 S),

and the third at Sw = 2.217 S (S20,w = 4.3 S). Integra-

tion of the c(s) distribution showed that the peak of

first species represented 49.3%, second species – 9.9%

and third – 40.8% of the total absorbance signal. The

RMSD of the best fit was 0.0061. Using a best-fit fric-

tion ratio (f/f0) of 1.64, the molecular masses of the

first, second and third species were estimated to be

19.8, 50 and 85 kDa, respectively. The Smax/S values

for the first, second and third species were calculated to

be 1.68, 1.43 and 1.59, respectively. The molecular mass
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Fig. 2. SDS/PAGE of purified eEF1Ba(FL) and its truncated forms.

Left and middle panels: the indicated proteins (3 lg each) were

loaded onto a 12.5% polyacrylamide gel. Right panel: 4 lg of

eEF1Ba(1-92) were loaded onto a 17% polyacrylamide gel.
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of the first species is close to the theoretical molecular

mass of the eEF1Ba(39-225) monomer (20.5 kDa). The

second and third species most probably represent a

dimer and a tetramer, respectively. Thus, sedimentation

velocity analysis demonstrated that, under these condi-

tions, 49.3% of eEF1Ba(39-225) is monomeric and

50.7% forms oligomers. This contradicts the gel filtra-

tion results (Fig. 3), showing very small amounts of oli-

gomers. Moreover, when eEF1Ba(39-225) at the same

initial concentration as used for the sedimentation

velocity experiment was re-analyzed on a Superose 6

HR column, oligomers represented < 20% of total pro-

tein in the eluate (data not shown). This suggests that

oligomerization of eEF1Ba(39-225) may be reversible,

and that protein dilution during gel filtration may shift

the equilibrium toward the monomeric form.

eEF1Ba(66-225) sediments as a single species at

Sw = 0.766 S (S20,w = 1.485 S). Integration of the c(s)

distribution showed that eEF1Ba(66–225) peak repre-

sented 98.7% of the total absorbance signal. The

RMSD of the best fit was 0.0063. Using a best-fit fric-

tion ratio (f/f0) of 1.69, the molecular mass of eEF1Ba

(66-225) was estimated to be 18.3 kDa, close to the

monomer theoretical mass (17.5 kDa). The Smax/S

value for eEF1Ba(66-225) was calculated to be 1.63.

The GST–eEF1Ba(91-225) fusion protein sediments

as a single species at Sw = 1.981 S (S20,w = 3.967 S).

Integration of the c(s) distribution showed that GST-

eEF1Ba(91–225) peak represented 91.2% of the total

absorbance signal. The RMSD of the best fit was

0.0062. Using a best-fit friction ratio (f/f0) of 1.73, the

molecular mass of GST–eEF1Ba(91-225) was esti-

mated to be 83 kDa, which is similar to the molecular

mass of the dimer, as the theoretical molecular mass

of the monomer is 42.2 kDa. The Smax/S value for the

GST–eEF1Ba(91-225) dimer was calculated to be 1.75.

The N-terminal part of eEF1Ba, comprising residues

1-92, was also analyzed by size-exclusion chromatogra-

phy (Fig. 3). Its molecular mass was estimated to be

21 kDa, which is twice the theoretical mass of the mono-

mer (10.5 kDa). This suggests that, the eEF1Ba(1-92)

truncated form may also possess a non-globular shape.
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Therefore, the N-terminally truncated variants of

eEF1Ba used in this study are monomeric in solution,

with the exception of eEF1Ba(39-225), which may

partly form oligomers. The GST–eEF1Ba(91-225)

fusion protein most probably exists as a stable dimer

due to the presence of the GST moiety. It is worth

noting that the truncated variants analyzed by sedi-

mentation velocity have a frictional ratio in the range

of 1.64–1.86 and Smax/S values in the range 1.68–2.02,

which is typical of non-globular proteins that are mod-

erately or highly elongated [18]. Altogether, the results

obtained suggest that the linker region, together with

the C-terminal domain, make the most significant con-

tribution to the extended shape of eEF1Ba.

Our results are in agreement with observations made

using the yeast eEF1Ba C-terminal fragment comprising

residues 110–206. This 11 kDa tryptic fragment eluted

from the gel filtration column as a 30 kDa protein [20].

Based on the crystal structure of the eEF1A*eEF1Ba

complex [8], the authors attributed this threefold

difference between apparent and theoretical molecular

mass to the highly elongated shape of this domain [20].

Truncation of the N-terminal domain enhances

the catalytic activity of eEF1Ba

The kinetics of the guanine nucleotide exchange reaction

were measured as described previously [6]. As shown in

Fig. 6A,B, deletion of 18 amino acids from the eEF1Ba

N-terminal domain only slightly increases the rate of

GDP/GDP exchange on eEF1A2, whereas deletion of

38 amino acids increases the rate by 50%. Complete

deletion of the N-terminal domain (65 residues) results

in more than 2.5-fold acceleration of the guanine nucleo-

tide exchange rate on eEF1A2. The GST–eEF1Ba

(91-225) mutant lacking the N-terminal domain and the

linker region displayed the same catalytic activity as

eEF1Ba(66-225). The eEF1Bc subunit positively influ-

ences the catalytic activity of eEF1Ba(FL) (Fig. 6A).

The apparent rate constant of GDP/GDP exchange on

eEF1A2 in the presence of the eEF1Bac complex was

estimated to be 17.2 � 0.4 9 10�3 s�1, which is more

than 3.6 times higher than with eEF1Ba alone.

Unexpectedly, a weak stimulatory effect of eEF1Ba

truncation was observed on the eEF1A1 isoform. The
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Fig. 4. Analytical ultracentrifugation analysis of the full-length recombinant eEF1Ba. (A) Left panel: absorbance scans of the sedimentation

velocity data (only symbols for every third data point of every third scan are shown for clarity) and best-fit boundary model from the c(s)

analysis (solid lines). Residuals are indicated. Right panel: continuous size distribution analysis, c(s), plotted as a function of sedimentation

coefficient. Inset: 2D grayscale ‘bitmap’ residual plot shows a high quality of fit. The initial concentration of eEF1Ba was 0.85 mg�mL�1. (B)
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the single-species model in the multi-speed analysis (solid lines). Red curves and symbols represent the equilibrium experiments performed

at 17 000 rpm; black curves and symbols represent the equilibrium experiments performed at 21 000 rpm. Residuals are indicated. The
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eEF1Ba truncated forms and the eEF1Bac complex

enhance the rate of guanine nucleotide exchange on

eEF1A1 to a significantly lesser extent than on

eEF1A2 (Fig. 6C,D). A relatively small (~ 13%)

increase of the exchange rate compared to eEF1Ba

(FL) is observed only in the case of eEF1Ba(66-225).

The effect of eEF1Bc addition is also quite modest

(~ 20%). However, the tendency is observed: deletion

of the whole eEF1Ba N-terminal domain and its bind-

ing to eEF1Bc result in enhancement of the guanine

nucleotide exchange rate on eEF1A1. Importantly, the

kinetic data obtained for eEF1A1 and eEF1A2 cannot

be directly compared due to the different reaction tem-

peratures and concentrations of the exchange factors.

The rate of spontaneous GDP release from eEF1A1 is

much higher even at 0 °C (k-1 = 6.6 9 10�3 s�1) than

that from eEF1A2 at 25 °C (k-1 = 5.4 9 10�4 s�1). In

addition, at least a fivefold higher concentration of

eEF1Ba(FL) and its truncated variants was required

for a substantial effect on the rate of GDP/GDP

exchange on eEF1A1 compared to eEF1A2.

Our data on spontaneous GDP/GDP exchange on

both eEF1A isoforms are in agreement with those

reported previously [4]. It worth noting that, despite

the differences in the guanine nucleotide exchange

activity, eEF1A1 and eEF1A2 demonstrated similar

specific translation elongation activity in vitro [4]. The

residues of eEF1A2 involved in direct contact with

GDP [6] and the corresponding residues of eEF1A1

are identical. Thus, there is no obvious explanation for
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Fig. 5. Sedimentation velocity analysis of

the eEF1Ba N-terminally truncated forms.

(A) Left panel: absorbance scans of the

sedimentation velocity data (only symbols

for every third data point of every fifth

scan are shown for clarity) and best-fit

boundary model from the c(s) analysis

(solid lines). Residuals are indicated. Right

panel: continuous size distribution analysis,

c(s), plotted as a function of sedimentation

coefficient. Inset: 2D grayscale ‘bitmap’

residual plot shows a high quality of fit.

The initial concentration of eEF1Ba(19–

225) was 0.3 mg�mL�1, that of eEF1Ba

(39–225) was 0.37 mg�mL�1, that of

eEF1Ba(66–225) was 0.47 mg�mL�1, and

that of GST–eEF1Ba(91–225) was

0.28 mg�mL�1.
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the difference in the affinity of the isoforms for GDP.

Information about the structure of the eEF1A1*GDP

complex is required to elucidate this issue.

eEF1A1 has been reported to be less resistant to heat

and chemical denaturation, to possess a more extended

shape in solution and to have a higher hydrophobicity

compared with eEF1A2 [21,22]. Thus, the eEF1A iso-

forms appear to interact with eEF1Ba in a somewhat

different manner. However, the nucleotide exchange in

eEF1A1 was measured at a much lower temperature,

which may weaken the protein–protein interactions and

decrease the stimulatory effect of the eEF1Ba trunca-

tion. We believe that further examination of the

eEF1A1 and eEF1A2 guanine nucleotide exchange

activities by stop-flow kinetic experiments may provide

additional information about the affinity of both pro-

teins for guanine nucleotides and exchange factor(s).

Deletion of the N-terminal domain increases

eEF1Ba affinity for eEF1A

Amino acid residues directly involved in the catalytic

process were identified exclusively at the C-terminal

extremity of eEF1Ba [8]. The Artemia salina eEF1Ba

Fig. 6. Rates of guanine nucleotide exchange on eEF1A2 and eEF1A1 and in the absence or presence of full-length eEF1Ba, its truncated

forms and the eEF1Bac complex. (A,C) First-order rate constants of the [3H]GDP/GDP exchange reaction on eEF1A2 (A) and eEF1A1 (C) in

the absence (k-1) and the presence (kapp) of various exchange factors. The numbers above the bars indicate the mean values; the error bars

represent standard errors. (B,D) Time course of the [3H]GDP/GDP exchange reactions on eEF1A2 (B) and eEF1A1 (D) without or with

eEF1Ba(FL), its truncated forms and the eEF1Bac complex. The time courses were obtained by averaging four independent kinetics

experiments; the error bars represent standard deviations. Experimental data (symbols) were fitted to a single exponential function (curves).

The first-order rate constant (k-1) of spontaneous GDP/GDP exchange on eEF1A2 was calculated from the kinetic curve obtained for the

time period of 40 min (not shown).
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(114-206) fragment and the Saccharomyces cerevisiae

eEF1Ba(110-205) fragment form complexes with

eEF1A, but the N-terminal parts of the protein do not

[11,20]. Consequently, only the C-terminal part of

eEF1Ba was suggested to be involved in the nucleotide

exchange reaction [11–13]. In this context, the

enhancement of the rate of [3H]GDP/GDP exchange

on eEF1A in the presence of the N-terminally trun-

cated variants of eEF1Ba (Fig. 6) is rather surprising.

One possible explanation for this phenomenon is that

the N-terminal domain of eEF1Ba may somehow

impair eEF1A binding to the catalytic domain. This

may be due to either direct eEF1A binding to the

eEF1Ba N-terminal domain or interaction between the

eEF1Ba N-terminal and C-terminal domains them-

selves, which restrains eEF1A binding.

To clarify these points, we examined the interactions

between the eEF1Ba N-terminal and C-terminal

domains and eEF1A2 by native gel electrophoresis. As

shown in Fig. 7, the eEF1Ba(1-92) fragment does not

form a stable complex with either eEF1A2 or eEF1Ba

(66-225). The absence of direct interaction between

eEF1Ba(1-92) and eEF1A2 suggests that the N-term-

inal domain of eEF1Ba may be folded in a manner

that restrains eEF1A binding to the catalytic C-term-

inal domain. In this case, the full-length eEF1Ba and

the truncated form that lacks the N-terminal domain

may be expected have a different affinity for eEF1A.

To verify this possibility, we compared the stability of

the eEF1Ba(66-225)*eEF1A(1/2) and eEF1Ba(FL)

*eEF1A(1/2) complexes by native gel electrophoresis.

Indeed, eEF1Ba(66-225) retains both eEF1A isoforms

better in the complex compared to eEF1Ba(FL)

[Fig. 8A, compare lanes 10 and 17.5 lM of eEF1Ba

(66–225) with respective lanes 10 and 17.5 lM of

eEF1Ba(FL), and Fig. 8B, compare lanes 5 and 10 lM

of eEF1Ba(66–225) with respective lanes 5 and 10 lM

of eEF1Ba(FL). This result demonstrates that eEF1Ba

(66-225) may have a higher affinity for both isoforms

of eEF1A compared to full-length eEF1Ba.

Conclusions

Hence, the following mechanism for eEF1Bc-mediated

stimulation of eEF1Ba activity can be proposed. The

N-terminal domain of the free eEF1Ba molecule most

probably possesses a conformation that partially

restrains eEF1A binding to the GEF domain. The for-

mation of a tight complex between eEF1Bc and the

eEF1Ba N-terminal domain leads to conformation

changes in the latter that allow the eEF1Ba GEF

domain to be fully accessible for eEF1A binding. As a

result, the inhibitory effect of the eEF1Ba N-terminal

domain is eliminated, and the eEF1Bac complex dis-

plays a higher rate of guanine nucleotide exchange

compared to eEF1Ba alone.

Another important conclusion that may be drawn

from native electrophoresis experiments is that eEF1Ba

(FL) has a lower affinity for eEF1A1 compared to

eEF1A2. As shown in Fig. 8A,B (lower parts), dissocia-

tion of the eEF1Ba(FL)*eEF1A1 complex occurs at a

concentration of 10 lM of both proteins, whereas disso-

ciation of the eEF1Ba(FL)*eEF1A2 complex occurs

only at 17.5 lM eEF1Ba(FL). Thus, taking into account

the low rate of spontaneous GDP release from eEF1A2

and its higher affinity for eEF1Ba, this isoform may be

more dependent on the guanine nucleotide exchange

factors than eEF1A1.

Our data favor the notion that full-length eEF1Ba

and its truncated forms belong to the family of non-

globular proteins with moderately or highly elongated

shapes. Truncation of the non-catalytic N-terminal

domain accelerates the rate of guanine nucleotide

exchange on eEF1A compared to full-length eEF1Ba.

Moreover, eEF1Ba lacking its N-terminal domain pos-

sesses higher affinity for eEF1A than full-length

eEF1Ba. Therefore, the N-terminal domain of eEF1Ba

may interfere with eEF1A binding to the GEF domain

and thus decrease the rate of guanine nucleotide

exchange. The formation of a tight complex between

the eEF1Bc and eEF1Ba N-terminal domains leads to
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Fig. 7. The isolated eEF1Ba N-terminal

fragment (residues 1-92) does not form a

stable complex with eEF1A2 and eEF1Ba

(66-225). eEF1A2 and eEF1Ba(66–225)

(10 lM each) were incubated with

increasing concentrations (0–20 lM) of

eEF1Ba(1–92) and applied onto a 0.7%

native agarose gel. Proteins were detected

by Coomassie Brilliant Blue staining.
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conformational changes in the latter and thus elimina-

tion of this inhibitory effect.

Experimental procedures

The conservative domains in the primary structure of

eEF1Ba were defined by multiple sequences alignment

using CLUSTAL W [23]. The following eEF1Ba amino

acid sequences from the Genbank database were used:

Homo sapiens, NCBI reference sequence NP_066944.1; Mus

musculus, NCBI reference sequence NP_061266.2; Gallus

gallus, NCBI reference sequence NP_990232.1; Danio rerio,

NCBI reference sequence NP_956243.1; Xenopus laevis,

NCBI reference sequence NP_001084134.1; Oryctolagus

cuniculus, NCBI reference sequence NP_001075868.1;

Drosophila melanogaster, GenBank accession number

AAF57941.3; Caenorhabditis elegans, NCBI reference

sequence NP_498737.1; Saccharomyces cerevisiae, GenBank

accession number BAA03165.1; Artemia salina, GenBank

accession number AAC83402.1.

Plasmid construction

The cDNA encoding the full-length human eEF1Ba was

amplified from pGBKT7-eEF1Ba (kindly provided by Char-

lotte R. Knudsen, Institute of Molecular and Structural

Biology, Aarhus University, Denmark) using Pwo poly-

merase (Roche Diagnostics, Mannheim, Germany) using 50-

TTTTGAATTCATGGGTTTCGGAGACCTGA-30 as the

forward primer and 50-CCCCTCGAGTTAGATCTTGTT-

GAAAGCAGC-30 as the reverse primer, containing EcoRI

and XhoI restriction sites, respectively. The PCR fragment

was inserted into the pGEX6P-1 expression vector (GE

Healthcare, Buckinghamshire, UK) digested using the same

enzymes. The resulting recombinant plasmid pGEX6P-1/

eEF1Ba(FL) contained the cDNA of full-length human

eEF1Ba in-frame with the GST sequence.

cDNA fragments encoding the N-terminally truncated

forms of human eEF1Ba were produced by PCR using

appropriate forward primers containing the EcoRI restric-

tion site (as listed below) and the reverse primer 50-

TTCTCGAGTTAGATCTTGTTGAAAGCAGCCACATC

CAT-30, containing an XhoI restriction site. The forward

primer for the eEF1Ba(19–225) fragment was 50-AAGA

ATTCGCGGACAAGAGCTACATCGA-30, that for eEF1

Ba(39–225) was 50-AAGAATTCGCCGTGTCCAGCCCA

CCGCCT-30, that for eEF1Ba(66–225) was 50-AAGAA

TTCGCCAGCCTGCCAGGAGTGAAGAAA-30, and that

for eEF1Ba(91–225) was 50-AAAGAATTCGCTACAGA-

TAGTAAAGATGATGATGAC-30. The cDNA fragment

encoding the N-terminal part of eEF1Ba comprising resi-

dues 1–92 was amplified using the forward primer 50-AA

AGAATTCATGGGTTTCGGAGACCTGAAAAGCCT-30

and the reverse primer 50-TTTCTCGAGTTATGTAGTGT

CTTCCACAT-30, containing an EcoRI and an XhoI

restriction site, respectively. PCR was performed using

DreamTaq or Pfu DNA polymerase (both from Thermo

Fisher Scientific, Waltham, MA, USA) using the pGEX6P-

1/eEF1Ba(FL) plasmid as template. The PCR products

were purified and digested using XhoI and EcoRI, and

ligated into the pGEX6P-1 vector digested by the same

enzymes. The resulting recombinant plasmids encoded the

truncated forms of eEF1Ba in-frame with the GST

sequence. All constructs were confirmed by sequencing.

Expression and purification of recombinant

proteins

The full-length human eEF1Ba encoded by pGEX6P-1/

eEF1Ba(FL) was expressed in the Escherichia coli BL21

(DE3) pLysE strain (Stratagene, La Jolla, CA) grown on

LB medium supplemented with 100 lg�mL�1 ampicillin and

2% glucose. The bacterial culture was grown at 37 °C until

an attenuance at 600 nm of 0.5 was reached, and expression

of the target protein was induced using 0.7 mM isopropyl-

b-D-thiogalactopyranoside for 3 h. The cells were then

harvested by centrifugation (3220 g for 10 min at 4 �C) and

washed twice (10 min at 4 �C) with 40 mL of ice-cold

0 2015105 17.5 3025 30

+ eEF1Bα(66–225), μM

10 μM eEF1A2

0 2015105 17.5 3025 30

+ eEF1Bα(FL), μM

10 μM eEF1A2

eEF1Bα

(66–225)

eEF1A2

Complex

eEF1A2

Complex

eEF1Bα

    (FL)

A

0 2015105 17.5 3025 30

+ eEF1Bα(66–225), μM

10 μM eEF1A1

0 2015105 17.5 3025 30

+ eEF1Bα(FL), μM

10 μM eEF1A1

eEF1Bα

(66–225)

eEF1A1

Complex

eEF1A1

Complex

eEF1Bα

(FL)

B

+

–

Fig. 8. Comparison of eEF1A*eEF1Ba(FL)

and eEF1A*eEF1Ba(66–225) complexes by

0.7% native gel electrophoresis. (A)

Simultaneous electrophoresis of 10 lM

eEF1A2 alone and in a complex with

increasing concentrations of eEF1Ba(66–

225) (upper part) or eEF1Ba(FL) (lower

part) in the same gel. (B) Simultaneous

electrophoresis of 10 lM eEF1A1 alone

and in a complex with increasing

concentrations of eEF1Ba(66–225) (upper

part) or eEF1Ba(FL) (lower part) in the

same gel. Proteins were detected by

Coomassie Brilliant Blue staining.
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extraction buffer containing PBS (1.47 mM KH2PO4, 10 mM

Na2HPO4, 137 mM NaCl, 2.7 mM KCl, pH 7.4), 10% glyc-

erol and 5 mM 2-mercaptoethanol, followed by centrifuga-

tion (6000 g for 5 min at 4 �C). The cell pellet was dissolved

in 8 mL extraction buffer per mg of cells and sonicated. All

subsequent steps were performed at 4 °C. After centrifuga-

tion at 18 500 g for 30 min, the clear supernatant was

recovered. This solution was mixed with 6–7 mL of a 50%

slurry of glutathione agarose (Sigma-Aldrich, St Louis, MO,

USA), pre-equilibrated with the same buffer, and incubated

on an orbital shaker overnight. The resin was washed three

times for 20 min in a tube with 40 mL of the extraction buf-

fer, followed by centrifugation at 3000 g for 5 min. After

the last wash, the glutathione agarose was packed into a col-

umn and washed extensively to remove unbound material.

eEF1Ba(FL) was stepwise eluted using 20 mM glutathione,

pH 8.0, in the extraction buffer. Fractions were collected

and analyzed by SDS/PAGE. The purest fractions were

combined and dialyzed against the cleavage buffer (30 mM

Tris/HCl, pH 7.5, 150 mM NaCl, 10% glycerol, 5 mM 2-

mercaptoethanol and 0.01% Tween-20). The GST tag was

removed by incubation with PreScission protease (GE

Healthcare) according to the manufacturer’s instructions.

The protein mixture was applied onto a HiTrap Q Sepharose

(volume 1 mL) column (GE Healthcare), equilibrated with

cleavage buffer. The column was extensively washed with

250 mM NaCl in buffer containing 30 mM Tris/HCl, pH 7.5,

150 mM NaCl, 10% glycerol, 5 mM 2-mercaptoethanol and

0.01% Tween-20. eEF1Ba(FL) was eluted from the column

using a 250–450 mM NaCl gradient in the same buffer. Frac-

tions were collected and analyzed by SDS/PAGE. The purest

fractions were combined and dialyzed against the storage buf-

fer (30 mM Tris/HCl, pH 7.5, 150 mM NaCl, 55% glycerol

and 5 mM 2-mercaptoethanol). The protein was stored at

�20 °C. The eEF1Ba concentration was determined using a

calculated absorption coefficient of 1.18 A280 units mg�1 cm2.

All N-terminally truncated forms of eEF1Ba were pro-

duced as GST fusion proteins in the E. coli BL21 Gold

strain (Stratagene) grown on LB medium supplemented

with 100 lg�mL�1 ampicillin. The expression and purifica-

tion protocol was essentially the same as described for full-

length eEF1Ba, except that the eEF1Ba(19–225), eEF1Ba

(39–225) and eEF1Ba(66–225) deletion mutants were eluted

from the HiTrap Q Sepharose (volume 1 mL) column using

a 200–450 mM NaCl gradient. Unfortunately, the eEF1Ba

(91–225) deletion mutant precipitated after incubation with

PreScission protease, and therefore the GST fusion protein

was used for the experiments.

The eEF1Ba(1-92) fragment was also produced as a

GST fusion protein as described for the N-terminally trun-

cated forms. After treatment with PreScission protease, the

eEF1Ba(1-92) fragment was purified on a HiLoad 16/600

Superdex 200 per grade (diameter 16 mm 9 length

600 mm, volume 120 mL) column (GE Healthcare), equili-

brated with buffer containing 25 mM Tris/HCl, pH 7.5,

150 mM NaCl, 5% glycerol and 5 mM 2-mercaptoethanol.

The purest fractions were combined and dialyzed against

the storage buffer described above and stored at �20 °C.

The protein concentrations were determined using the

following calculated absorption coefficients (A280 units

mg�1 cm2): 1.25 for eEF1Ba(19–225), 1.24 for eEF1Ba

(39–225), 0.97 for eEF1Ba(66–225), 1.4 for GST–eEF1Ba

(91–225) and 1.37 for eEF1Ba(1-92).

Preparation of the eEF1Bac complex

Human recombinant eEF1Bc was purified as described pre-

viously [24]. For formation of the eEF1Bac complex, puri-

fied eEF1Bc and eEF1Ba were mixed in buffer containing

25 mM imidazole HCl, pH 7.5, 150 mM NaCl, 10% glyc-

erol, 5 mM 2-mercaptoethanol, and incubated for 5 min at

37 °C. The final concentrations of eEF1Bc and eEF1Ba

were 8 and 10 lM, respectively. The eEF1Bac complex was

then purified on a Superose 6 HR 10/30 (volume 24 mL)

column (GE Healthcare), equilibrated in the same buffer,

to eliminate excess eEF1Ba. The most concentrated frac-

tions of the eEF1Bac complex was used to measure the

rate of guanine nucleotide exchange on eEF1A1 and

eEF1A2. The protein concentration of the eEF1Bac com-

plex was determined using the calculated molar absorption

coefficient 117 270 M
�1
9 cm�1, assuming that the stoi-

chiometry of the subunits in the complex is 1 : 1.

Analytical gel filtration of proteins

The aggregation state of all the purified proteins was moni-

tored by size-exclusion chromatography on a Superose 6

HR 10/30 column. The column was equilibrated with

25 mM imidazole HCl, pH 7.5, 150 mM NaCl, 10% glycerol

and 5 mM 2-mercaptoethanol. The sample (0.1 mL) was

loaded onto the column and eluted at a flow rate of

0.4 mL�min�1. The absorbance of the eluate was monitored

at 280 nm. The column calibration and molecular mass

determination of the protein of interest have been described

previously [24].

Analytical ultracentrifugation

Analytical ultracentrifugation experiments were performed

using a ProteomeLab XL-I analytical ultracentrifuge (Beckman-

Coulter, Indianapolis, IN, USA), equipped with an An-60

Ti analytical rotor, at 2.3 °C for eEF1Ba(FL) and at 4 °C

for the eEF1Ba N-terminally truncated forms, using absor-

bance optics at 280 nm.

In sedimentation velocity experiments, sample (400 lL)

and reference (410 lL) solutions were loaded onto 12 mm

double-sector Epon charcoal-filled centerpieces (Beckman-

Coulter). The experiments were performed at a rotor speed

of 50 000 rpm. Absorbance was monitored using a continu-
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ous-mode time interval of 270 s and a step size of

0.003 cm. The multiple scans at various time points were

fitted to a continuous size distribution model using SEDFIT

[25–27]. All size distributions were solved and regularized

at a confidence level of 0.95 by maximum entropy, using

the best-fit mean anhydrous frictional ratio (f/f0), and a res-

olution N of 300 sedimentation coefficients for the range

between 0.2 and 12.0 S. Additionally, to assess the shape of

the proteins analyzed, the ratio Smax/S was calculated,

where Smax is the sedimentation coefficient if the protein

was a smooth sphere without water, and S is the sedimen-

tation coefficient S20,w estimated for the protein by size dis-

tribution analysis. Smax for the protein was calculated using

the formula Smax = 0.00361 (Mr)
2/3, where Mr is the molec-

ular mass of the protein in Daltons [18].

The sedimentation equilibrium experiment was performed

using six-channel Epon charcoal-filled centerpieces (Beckman-

Coulter). Three samples (0.1 mL) were loaded into the sam-

ple channels, and 0.12 mL of buffer solution was loaded

into the reference channels. The cells were then loaded into

the rotor and run at 17 000 and 21 000 rpm. The approach

to equilibrium was monitored using SEDFIT, and sedimenta-

tion equilibrium absorbance data were collected every 4 h.

The eEF1Ba protein achieved equilibrium after 40.5 h at

17 000 rpm and 28 h after the speed change to 21 000 rpm.

The scan obtained at a single rotor speed or scans obtained

at various rotor speeds (multi-speed equilibrium data) were

then fitted to a non-interacting discrete species model

assuming a single species by using SEDPHAT [19]:

AR ¼ Cr0 e d exp M 1� vqð Þ
x2

2RT
ðr2 � r20Þ

� �

ð1Þ

in which r indicates the distance from the center of rota-

tion, r0 is the arbitrary reference radius, x is the angular

velocity, T is the absolute temperature of the rotor, R is

the gas constant, v is the partial specific volume, q is

the solvent density, e is the extinction coefficient, d is

the optical path length, and cr0 is the concentration at

the reference radius. For multi-speed data analysis at

each channel, a single baseline parameter was included

as a floating parameter that is common to all rotor

speeds. The time invariant and radial invariant noise

components were also fitted for better fitting quality.

The sedimentation velocity and equilibrium analysis were

performed in buffer solution containing 25 mM Tris/HCl,

pH 7.5, 150 mM NaCl, 5% v/v glycerol and 1 mM dithio-

threitol. The solvent density of 1.0216 g�cm�3 and viscosity

of 0.01962 Poise at 2.3 °C, and 1.02164 g�cm�3 and

0.01857 Poise at 4 °C, were calculated using SEDNTERP soft-

ware (http://sednterp.unh.edu).

The partial specific volume (cm3 g�1) and extinction

coefficient (M�1 cm�1) for eEF1Ba(FL) were calculated

using SEDNTERP software to be 0.72585 and 30 030, respec-

tively; those for eEF1Ba(19–225) were 0.72472 and 28 545,

those for eEF1Ba(39–225) were 0.72532 and 25 570, those

for eEF1Ba(66–225) were 0.72499 and 17 085, and those

for GST–eEF1Ba(91–225) were 0.73301 and 5870.

[3H]GDP/GDP exchange

eEF1A2 and eEF1A1 were purified as described previously

[28,29]. The kinetics of guanine nucleotide exchange on

eEF1A2 were assessed as described in detail previously [6].

For eEF1A1, the same conditions were used except for the

temperature of the reaction and the concentration of

exchange factors. For the eEF1A2 guanine nucleotide

exchange assay, a reaction mixture containing a final concen-

tration of 4 nM eEF1Ba(FL), its truncated forms or the

eEF1Bac complex, 692 nM of the eEF1A2*[3H]GDP complex

and 150 lM GDP were incubated at 25 °C. For the eEF1A1

guanine nucleotide exchange assay, a reaction mixture con-

taining a final concentration of 20 nM eEF1Ba(FL), its trun-

cated forms or the eEF1Bac complex, 692 nM of eEF1A1*

[3H]GDP complex and 150 lM GDP were incubated at 0 °C.

First-order rate constants of the GDP/GDP exchange

reaction in the absence (k-1) and in the presence (kapp) of var-

ious exchange factors were obtained by fitting to a single

exponential function (y = A1 exp (�x/t1) + y0) using ORIGIN-

PRO 8 software (OriginLab, Northampton, MA, USA).

Native gel electrophoresis of protein complexes

eEF1A1 and eEF1A2 complexes with respective exchange

factors were prepared as follows: 10 lM eEF1A1 or

eEF1A2 were mixed with increasing (5–30 lM) concentra-

tions of eEF1Ba(FL) or eEF1Ba(66–225) and 150 lM GDP

in buffer containing 10 mM Tris/HCl, pH 7.5, 150 mM

NaCl, 10% glycerol and 5 mM 2-mercaptoethanol in a final

volume of 20 lL, or 10 lM eEF1A2 or eEF1Ba(66–225)

were mixed in a final volume of 20 lL with increasing

(5–20 lM) concentrations of eEF1Ba(1-92) in buffer

containing 10 mM Tris/HCl, pH 7.5, 150 mM NaCl, 10%

glycerol and 5 mM 2-mercaptoethanol.

Protein mixtures were incubated for 5 min at 37 °C and

directly loaded onto a 0.7% agarose gel containing 89 mM

Tris/boric acid, pH 8.3. The gel was run at 50 V/22–24 mA

for 2 h at room temperature. Then the gel was stained in

standard Coomassie Brilliant Blue R250 solution for 1–

2 min, and de-stained in solution containing 40% ethanol

and 3% acetic acid with gentle shaking. The gel was photo-

graphed using a MiniBIS Pro imaging system (DNR

Bio-Imaging Systems, Jerusalem, Israel).
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Translation elongation factor 1Bβ (eEF1Bβ) is a metazoan-specific protein involved into the macromolecular

eEF1B complex, containing also eEF1Bα and eEF1Bγ subunits. Both eEF1Bα and eEF1Bβ ensure the guanine nu-

cleotide exchange on eEF1A while eEF1Bγ is thought to have a structural role. The structures of the eEF1Bβ cat-

alytic C-terminal domain and neighboring central acidic region are known while the structure of the protein-

binding N-terminal domain remains unidentified which prevents clear understanding of architecture of the

eEF1B complex.

Here we show that the N-terminal domain comprising initial 77 amino acids of eEF1Bβ, eEF1Bβ(1–77), is a

monomer in solution with increased hydrodynamic volume. This domain binds eEF1Bγ in equimolar ratio. The

CD spectra reveal that the secondary structure of eEF1Bβ(1–77) consists predominantly of α-helices and a por-

tion of disordered region. Very rapid hydrogen/deuterium exchange for all eEF1Bβ(1–77) peptides favors a flex-

ible tertiary organization of eEF1Bβ(1–77). Computational modeling of eEF1Bβ(1–77) suggests several

conformation states each composed of three α-helices connected by flexible linkers.

Altogether, the data imply that the protein-binding domain of eEF1Bβ shows flexible spatial organization which

may be needed for interaction with eEF1Bγ or other protein partners.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Translation elongation factor eEF1Bβ is a metazoan-specific protein

involved into macromolecular eEF1B complex, containing evolutionary

conserved in eukaryotes translation elongation factors eEF1Bα and

eEF1Bγ [1,2]. In turn, eEF1B is a part of a bigger complex containing

translation elongation factor 1A (eEF1A) and valyl-tRNA synthetase

(VRS) [3,4]. We use the nomenclature of translation elongation factors

proposed byMerrick and Nyborg [5,6]. Similarly to eEF1Bα, eEF1Bβ cat-

alyzes the guanine nucleotide exchange on eEF1A restoring its active

GTP-bound conformation necessary for aminoacyl-tRNA binding and

delivering to the ribosome [5,7]. The function of eEF1Bγ is believed to

be a structural component of the eEF1B complex [7].

The domain structure of eEF1Bβ is shown in Fig. 1. C-terminal do-

main (CT, Fig. 1) is a catalytic domain, which is highly homologous to

the C-terminal domain of eEF1Bα [8]. Recently, the structure of the

human eEF1Bβ C-terminal fragment comprising the CT and CAR do-

mains has been solved by NMR [9]. The CAR domain was shown to

bind translationally controlled tumor protein (TCTP) [10], with un-

known functional consequences.

The N-terminal region of eEF1Bβ (1–115) does not share a signifi-

cant homology with any known protein and contains long leucine-

zipper motif (LZ, 80–115) [11,12]. By using yeast two-hybrid system,

it has been demonstrated that the large N-terminal fragment (residues

1–150) of eEF1Bβ interacts with the N-terminal domain of eEF1Bγ [13].

Recently, we have shown that LZ is responsible for the self-association

of eEF1Bβ [14]. The role and structural organization of the very N-

terminal fragment (eEF1Bβ (1–77)) preceding LZ motif, remained un-

known despite several indications that it may provide a landing site

for eEF1Bγ and/or VRS in the eEF1B complex [4,13].

Here, recombinant human eEF1Bβ(1–77) was expressed, purified to

homogeneity and characterized by analytical gel filtration and ultracen-

trifugation techniques. The ability of eEF1Bβ(1–77) to bind eEF1Bγwas

shown by size-exclusion chromatography. The characteristics of the

Abbreviations: eEF1Bα, eukaryotic translation elongation factor 1Bα; eEF1Bβ,

eukaryotic translation elongation factor 1Bβ; eEF1Bγ, eukaryotic translation elongation

factor 1Bγ; eEF1A, eukaryotic translation elongation factor 1A; GEF, guanine exchange

factor; GST, glutathione S-transferase; VRS, valyl-tRNA synthetase.
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secondary structure elements in eEF1Bβ(1–77) were obtained by the
circular dichroism (CD) spectral analysis. Hydrogen-deuterium ex-
change coupledwithmass spectrometry (HDX-MS) revealed no protec-
tion in the eEF1Bβ(1–77) peptides. The 3Dmodel of eEF1Bβ(1–77) was
built in silico. Integration of the experimental and computational data
implies that the protein binding eEF1Bβ(1–77) domain shows dynamic
tertiary structure which is predominantly composed of α-helical ele-
ments connected byflexible linkers. A functional importance of such or-
ganization is discussed.

2. Materials and methods

2.1. Plasmid construction

The cDNA encoding the N-terminal domain (residues 1–77) of
human eEF1Bβ was PCR amplified using 5′-AAAGAATTCATGGCTACAA
ACTTCCTAGC as the forward primer and 5′- TTTCTCGAGTCAGTG GTC
TCC GCT GGT GCC as the reverse primer, containing EcoRI and XhoI re-
striction sites, respectively. The reaction was carried out using
DreamTaq DNA Polymerase (Thermo Fisher Scientific, USA). pGEX6P-
1/eEF1Bβ plasmid encoding full-length human eEF1Bβ was used as a
template. The PCR product was purified and digested by XhoI and
EcoRI (Thermo Fisher Scientific, USA), and inserted into pGEX6P-1 (GE
Healthcare, UK) expression vector digested by the same enzymes. The
obtained construct was verified by sequencing. The resulting recombi-
nant plasmid encoded eEF1Bβ(1–77) in-frame with the glutathione-S
transferase (GST) sequence.

2.2. Expression and purification of recombinant eEF1Bβ(1–77)

eEF1Bβ(1–77) containing an N-terminal GST tag was expressed in
Escherichia coli BL21Gold (Stratagene, USA) grown on LB medium sup-
plemented with 100 μg/ml ampicillin at 37 °C. The expression of the
protein was induced for 3 h with 0.8 mM isopropyl-β-D-
thiogalactopyranoside when the absorbance of culture at 600 nm
reached 0.5. The extract preparation and affinity chromatography of
the GST-eEF1Bβ(1–77) fusion protein on a Glutathione sepharose™
4B (GE Healthcare) was done as previously described in details in
[14]. The GST tag was removed by incubation with PreScission protease
(GE Healthcare) according to the manufacturer's manual. Then
eEF1Bβ(1–77) was isolated from GST and other contaminating proteins
on a HiLoad 16/600 Superdex 200 per grade (diameter 16mm× length
600 mm, volume 120 ml) column (GE Healthcare), equilibrated with
the buffer containing 25mMTris-HCl, pH 7.5, 150mMNaCl, 5% glycerol
and 5 mM 2-mercaptoethanol. All purest fractions were combined and
dialyzed against the storage buffer (25 mM Tris-HCl, pH 7.5, 150 mM
NaCl, 55% glycerol and 5 mM 2-mercaptoethanol) and stored at −20
°C. eEF1Bβ(1–77) concentration was determined using calculated ab-
sorption coefficient (A280 units·mg−1·cm2) – 0.92. The purity of
eEF1Bβ(1–77) was determined by SDS-PAGE.

2.3. Analytical gel filtration of proteins

The molecular masses of purified eEF1Bβ(1–77), eEF1Bγ, and the
eEF1Bβ(1–77)-eEF1Bγ complex were determined by size-exclusion
chromatography on a Superose 6 HR 10/30 (volume 24 ml) column
(GE Healthcare). The column was equilibrated with 25 mM Tris-HCl,
pH 7.5, 150 mM NaCl, 5% glycerol and 5 mM 2-mercaptoethanol. The

sample (0.1 ml) was injected into the column and eluted at a flow
rate of 0.4 ml·min−1. The absorbance of the column eluate was moni-
tored at 280 nm. The elution volume of the protein of interest was con-
verted into a Kav value according to the formula: Kav = (Ve − V0)/(Vt

− V0), where Ve is the elution volume of a particular protein, V0 is the
void volume of the column, and Vt is the total bad volume. The column
calibration and molecular mass determination of the protein of interest
have been described in details previously [15]. The molecular mass
(mean± standard deviation) of the eEF1Bβ(1–77) protein and its com-
plex with eEF1Bγ was estimated by size-exclusion chromatography in
three replicates.

For formation of the eEF1Bβ(1–77)-eEF1Bγ complex, purified
eEF1Bβ(1–77) and eEF1Bγ [15] were mixed in the buffer containing
25 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5% glycerol and 5 mM 2-
mercaptoethanol, and incubated for 10 min at 37 °C. The final concen-
tration of both proteins was 15 μM. Then, the complex was injected
onto a Superose 6 HR 10/30 column, equilibrated by the buffer solution
indicated above. The main peak fractions were collected, concentrated
on Amicon Ultra membrane (Cutt-Off 30 kDa, Merck Millipore, Darm-
stadt, Germany), and analyzed by SDS-PAGE.

2.4. Analytical ultracentrifugation

Analytical ultracentrifugation (AUC) experiment was performed
using a ProteomeLab XL-I analytical ultracentrifuge (Beckman-Coulter,
Indianapolis, USA), equipped with An-60 Ti analytical rotor at 4 °C as
previously described [16].

Briefly, for the sedimentation equilibrium analysis two samples
(0.1 ml) at eEF1Bβ(1–77) concentration of 0.14 mg/ml and
0.09 mg/ml were loaded into the sample channels of 6-channel center-
piece, and 0.11 ml of buffer solution was loaded as a reference. The cells
were then loaded into the rotor and run at 20,000, 25,000, and
30,000 rpm. The approach to equilibrium was monitored using the
SEDFIT “Test approach to equilibrium” procedure [17] and the sedimen-
tation equilibrium absorbance data were collected every 4 h. The
eEF1Bβ(1–77) protein achieved equilibrium after 18 h at 20,000 rpm
and 14 and 12 h after subsequent speed change to 25,000 and
30,000 rpm, respectively. The scan obtained at a single rotor speed or
the scans obtained at different rotor speeds (multispeed equilibrium
data) were then fitted to a non-interacting discrete species model as-
suming a single species by using SEDPHAT [18] with Eq. (1):

AR ¼ cr0εdexp M 1−ῡ ρð Þω2=2RT
� �

r2−r0
2� �� �

ð1Þ

in which r denotes the distance from the center of rotation; r0 is the ar-
bitrary reference radius;ω is the angular velocity; T is the absolute tem-
perature of the rotor; R is the gas constant; ῡ is the partial specific
volume; ρ is the solvent density; ε is the extinction coefficient; d is the
optical path length, and cr0 is the concentration at the reference radius.
For a multispeed global data analysis at each channel, a single base-line
parameter was included as a floating parameter common to all rotor
speeds. The time invariant and radial invariant noise were also fitted
for the better fitting quality.

The buffer solution used for the sedimentation equilibrium experi-
ment contained 25 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5% glycerol (v/
v) and 1 mM dithiothreitol. Solvent density 1.02344 g/cm3 at 4 °C
were measured by Anton Paar DMA 5000 (Graz, Austria) densitometer.

Partial specific volume and extinction coefficient for eEF1Bβ(1–77)
was calculated to be 0.70931 cm3/g (4 °C) and 8480M−1 cm−1, respec-
tively, using SEDNTERP software (https://www.spinanalytical.com/auc-
software.php).

2.5. Circular dichroism (CD) measurements

The CD spectra of purified recombinant eEF1Bβ(1–77) were ob-
tained at the temperature range of 25–55 °C and at a protein

Fig. 1. Domain organization of human full-length eEF1Bβ. Abbreviations: eEF1Bβ(1–77) –
N-terminal domain, LZ – leucine-zippermotif, CAR – central acidic region, CT – C-terminal
catalytic domain.
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concentration of 0.076mg/ml (8.25 μM) in 5mMTris-HCl, pH 7.5 buffer
using 0.5 cm pathlength quartz cuvette in JASCO-810 (JASCO Corpora-
tion, Tokyo, Japan) spectropolarimeter with a Peltier thermal-
controlled cuvette holder. The spectra were recorded from 190 to
260 nm (“far” UV range) using a step size of 0.5 nm and a bandwidth
of 1 nm with a speed of 50 nm/min. After subtraction of solvent back-
ground (buffer solution alone) the average of three spectra was taken
to convert the CD signal tomean residue ellipticity [Θ] using the follow-
ing equation [19]:

Θ½ � ¼ Θλ=cnl

where Θλ is the observed ellipticity (millidegrees) at wavelength λ, c –
molar concentration of protein in solution, n – number of amino acid
residues, and l – path length in millimeters.

Evaluation of the secondary structure content of recombinant
eEF1Bβ(1–77) by means of its circular dichroism data was done using
CDNN – a neural network program freely available for non-profit orga-
nizations (http://www.gerald-böhm.de/download/cdnn) [20], and
CONTINLL program from the CDPro package [21]. A set of 33 (NNET
33) and 29 (SP29) reference proteins with known structure and
known CD spectra was used by CDNN and CONTINLL, respectively, to
calculate the fraction of each secondary structure motif (α-helix, β-
sheet, turn and unordered structure) that contributes to the
eEF1Bβ(1–77) spectrum. As the average error (%) of the secondary
structure elements prediction in eEF1Bβ(1–77) made by CDNN, we re-
port here the value of the minimum error made by this program on av-
erage and without further training. As a goodness-of-fit parameter for
the CONTINLL algorithm, we used the normalized root mean square de-
viation (σ), defined asσ=(Σλ(Θexp –Θcal)

2 /Σλ(Θexp)
2)1/2 [22]. This pa-

rameter demonstrates how well the theoretical CD spectrum matches
the experimental data over measured wavelength range. The value of
σ b 0.1 corresponds to an accurate computations and the value of σ =
0.05 or lower may be considered as a perfect fit [22].

Besides, in order to determine the tertiary structure class for
eEF1Bβ(1–77) we analyzed its CD spectra by the CLUSTER program in-
cluded into the CDPro package [22].

2.6. Hydrogen-deuterium exchange (HDX) measurements

Initially, we created a peptide list of the non-deuterated
eEF1Bβ(1–77) protein. 5 μl of the eEF1Bβ(1–77) protein stock solution
(46 μM) was combined with 45 μL of H2O reaction buffer containing
25 mM Tris-HCl, pH 7.5, 150 mM NaCl, 150 mM KSCN, and 5 mM 2-
mercaptoethanole. The sample was acidified by mixing with 10 μl of
2 M glycine, pH 2.5, and added to 2 μl of protease from Aspergillus saitoi

(Sigma-Aldrich) in 1% formic acid and offline digested with shaking for
30 s at 4 °C followed by online digestion in an immobilized pepsin resin
column (Porozyme, ABI). The obtained peptides were loaded directly
to a C18 trapping column (ACQUITY BEH C18 VanGuard pre-column)
and eluted onto a reversed phase analytical column (Acquity UPLC
BEH C18 column 2.1 × 100 mm, 1.7 μm resin, Waters, Milford, MA)
using a 10–35% gradient of acetonitrile in 0.1% formic acid at a flow
rate 90 μl/min, controlled by the nanoACQUITY Binary SolventManager.
The total run time was 12 min. The fluidics, valves, and columns were
maintained at 0.5 °C to minimize deuterium back-exchange, using the
HDX Manager (Waters), but the pepsin digestion column was kept at
20 °C inside the temperature-controlled digestion compartment of the
HDX Manager. The C18 column outlet was directly coupled to the ion
source of SYNAPT G2 HDMS mass spectrometer (Waters) working in
Ion Mobility mode. The spectrometer parameters were as follows: ESI
positive mode, capillary voltage 3 kV, sampling cone voltage 35 V,
extraction cone voltage 3 V, source temperature 80 °C, desolvation
temperature 175 °C and desolvation gas flow 800 l h−1.

HDX experiments were carried out in a similar way as described for
the non-deuterated sample, with the reaction buffer prepared using

D2O (99.8% Cambridge Isotope Laboratories, Inc.). 5 μl of the eEF1Bb
(1–77) protein stock (46 μM) was diluted 10-fold by adding 45 μl D2O
reaction buffer and incubated at 20 °C for 10 s, 1 min, 5 min, 25 min
or 2.5 h before quenching. The samples were immediately frozen in
the liquid nitrogen and stored at−80 °C until using.

Out-time point controls were performed by incubation of the pro-
tein in D2O buffer for 24 h to obtain maximum exchange for each pep-
tide and then, mixed with 10 μl of 2 M glycine, pH 2.5, and analyzed
as described above. The deuteration level was calculated and denoted
as 100% exchange.

The experiments were repeated three times, the results represent
the mean of all replicates. Peptides were identified using ProteinLynx
Global Server software (PLGS, Waters) and further filtered in the
DynamX 3.0 program (Waters) with the following acceptance criteria:
minimum intensity threshold of 3000, minimum products per amino
acids of 0.3, minimum score of 7.5 and theoretical value for parent
ions below 10 ppm. The values reflecting experimental mass of each
peptide in all possible states, replicates, time points and charge states
were exported from the DynamX 3.0 and further data analysis was car-
ried out using in house written script.

2.7. Structure modeling

The 3D structure models were generated by the I-TASSER and Mod-
eller programs. I-TASSER Suite, a stand-alone software package for pro-
tein structure and function modeling [23]. Further high-resolution
protein structure refinement for the best predicted 3D model was
done by ModRefiner [24]. The Modeller program (9.14 software)
models three-dimensional structures of proteins by satisfaction of spa-
tial restraints derived from related protein structures available in the
Protein Data Bank [25]. Additionally, all structures were verified using
the MolProbity web server (http://molprobity.biochem.duke.edu/)
[26]. Visualization and analysis of the protein was performed using
UCSF Chimera [27]. To predict unstructured regions in eEF1Bβ(1–77)
we used a MetaDisorderMD2 meta-server [28].

3. Results

3.1. Purification and characterization of recombinant eEF1Bβ(1–77)

Since eEF1Bβ (1–77) was expressed in the E. coli strain as a GST fu-
sion protein, the affinity chromatography on Glutathione sepharose™
4B was used as a first purification step. Then, after the PreScission pro-
tease treatment, eEF1Bβ(1–77) was separated from GST in a HiLoad
Superdex 200 column. About 2 mg of N90% pure eEF1Bβ(1–77) was ob-
tained from1 l of BL21Gold culture (Fig. 2A). Purified eEF1Bβ(1–77)mi-
grates in the gel slower than the 10 kDa marker (Fig. 2A) that does not
correlate well with the theoretical mass of themonomer (9.2 kDa). This
indicates that eEF1Bβ(1–77) may bound more SDS than can be ex-
pected for the globular protein of this size [29]. The size-exclusion chro-
matography on a Superpose 6 HR column was performed to estimate
the molecular mass of purified eEF1Bβ(1–77) in the native conditions.
Surprisingly, the apparent molecular mass of eEF1Bβ(1–77) was found
to be 19.7 ± 0.6 kDa (Fig. 2B) that was almost two times higher than
the theoretical mass of the monomer, suggesting that a dimerization
of the protein may occur.

To verify this assumption we performed the sedimentation equilib-
rium analysis of the recombinant eEF1Bβ(1–77) protein. First,
eEF1Bβ(1–77) at two different initial concentrations was centrifuged
at 20,000 rpm. After first equilibrium was established, the speed was
changed to 25,000 rpm to attain the second equilibrium, and finally to
30,000 rpm to attain the third one (Fig. 2C). The experimental data ob-
tained at different velocities were fitted to a single non-interacting spe-
cies model using SEDPHAT [18] as described in the Section 2.4. The
analysis of six single-speed scans showed the molecular mass of
eEF1Bβ(1–77) equal to 9125 ± 379 Da (data not shown) that is close
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to the theoretical mass of the monomer. The multi-speed analysis by
SEDPHAT [18] produced 8609 and 9485 Da values for the 0.14 mg/ml
and 0,09mg/ml concentrations of eEF1Bβ(1–77), respectively (Fig. 2C).

Therefore, we conclude that the purified recombinant
eEF1Bβ(1–77) protein is a monomer in solution and most probably
has either a moderately elongated or a globular shape with increased
hydrodynamic volume.

3.2. Purified recombinant eEF1Bβ(1–77) forms a stable complex with

eEF1Bγ

It has been demonstrated that the large N-terminal fragment (resi-
dues 1–150) of eEF1Bβ interacts with the N-terminal domain of
eEF1Bγ [13]. This fragment encompasses the N-terminal domain, the
LZ motif and the linker region (Fig. 1). Earlier we have reported that
the LZ motif is involved in oligomerization of eEF1Bβ [14] while the
function of the N-terminal domain remained unassigned. To verify
whether theN-terminal domain, eEF1Bβ(1–77),may bind eEF1Bγ by it-
self we performed analytical gel filtration analysis. Co-incubation of
eEF1Bβ(1–77) and eEF1Bγ in equimolar quantities led to the formation
of a stable complex (Fig. 3). SDS-PAGE confirmed that eEF1Bβ(1–77) is
present in the fractions of complex (Fig. 3, inset). Themolecular mass of
the eEF1Bβ(1–77)-eEF1Bγ complex was estimated to be 185 ± 5 kDa,
that is close to the sum of the eEF1Bβ(1–77) (19.7 ± 0.6 kDa) and the
eEF1Bγ (160 ± 5 kDa) molecular masses determined by the same

Fig. 2. Characterization of the recombinant eEF1Bβ(1–77) protein. A. SDS-PAGE of purified eEF1Bβ(1–77). 3 μg of eEF1Bβ(1–77) was loaded onto a 18% polyacrylamide gel. B. Analysis of
eEF1Bβ(1–77) by size-exclusion chromatography. One hundred μl of 25 μM eEF1Bβ(1–77) was injected into a Superose 6 HR column. Inset. Calibration curve of a Superose 6 HR column
was prepared using a set of standard proteins (solid squares): cytochrome C (12.4 kDa), chymotrypsinogen A (25 kDa), ovalbumin (44 kDa), bovine serum albumin (66 kDa), aldolase
(160 kDa), catalase (240 kDa), ferritin (450 kDa), thyroglobulin (670 kDa). The position of eEF1Bβ(1–77) on the calibration line is indicated by the solid circle. C. Absorbance scans of
the sedimentation equilibrium data (symbols) and best-fits for single species model in the multispeed analysis (solid lines). Red curves and symbols represent the equilibrium
experiments performed at 20,000 rpm, green and blue curves and symbols – at 25,000 and 30,000 rpm, respectively. Residuals are indicated. Initial concentrations of eEF1Bβ(1–77)
were 0.14 mg/ml (left), and 0.09 mg/ml (right). Graphs were prepared using GUSSI program (version 1.0.8d) (Chad Brautigam, UT Southwestern).

Fig. 3. Analysis of eEF1Bβ(1–77) and eEF1Bγ interaction by size-exclusion
chromatography. One hundred μl of 15 μM eEF1Bβ(1–77)-eEF1Bγ complex was injected
into a Superose 6 HR column. Inset. SDS-PAGE of the main peak fractions of the
eEF1Bβ(1–77)γ complex. 4 μg of eEF1Bβ(1–77)γ was loaded onto a 18% polyacrylamide
gel.
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method. As the LZ motif and linker region of eEF1Bβ were unable to
bind eEF1Bγ (data not shown) we can conclude that eEF1Bγ binds to
eEF1Bβ via 1–77 fragment of the latter.

3.3. Determination of the secondary structure of eEF1Bβ(1–77)

We used the CD spectroscopy in far-UV region (190–260 nm) to de-
termine the content of the eEF1Bβ(1–77) secondary structure elements.
To estimate stability of the secondary structure elements the measure-
ments were done at several increasing temperatures.

The recombinant eEF1Bβ(1–77) protein showed the CD spectra
(Fig. 4) typical for the α-helix-reach structure with the minima at 208
and 222 nm and a positive band with a strong maximum close to
195 nm. Indeed, the spectral analysis using the CDNNprogram indicates
that 78.4% of the eEF1Bβ(1–77) protein populate theα-helix conforma-
tion at 24 °C and the remaining part is an unstructured region (Table 1).

Gradual increase of the protein solution temperature does not
change the shape of the CD spectra (Fig. 4) suggesting that a consider-
able α-helical content remains in the eEF1Bβ(1–77) structure during
heating. Indeed, the analysis of six CD spectra obtained at the tempera-
ture range from 30 to 55 °C by the CDNN program demonstrated rather
small gradual decrease ofα-helical conformation (Table 1). At 55 °C the
structure of eEF1Bβ(1–77) still had considerableα-helical content close
to 70% (Table 1), so the only about 10% of the α-helix elements of
eEF1Bβ(1–77) was lost compared to its secondary structure at 24 °C
(Table 1). These data suggest that eEF1Bβ(1–77) mainly preserves the
secondary structure organization in this range of temperatures.

Similar results were obtained when the CD spectra of eEF1Bβ(1–77)
were analyzed by the CONTILL program from the CDPro package
(Table 2).

The total content ofα-helices in the eEF1Bβ(1–77) structure at 24 °C
was calculated to be 78%,while the unordered region comprises 22%. In-
creasing temperature caused about 13% decrease of α-helical content
from 78% at 24 °C to 65.5% at 55 °C. At the same time, the content of un-
ordered structures, turns and β-sheets rises from 22%, 0% and 0% (at 24
°C) to 25.6%, 3.1% and 5.9% (at 55 °C), respectively (Table 2). A normal-
ized rmsd value, ranged from 0.048 to 0.072 for different CD curves,
confirmed an accurate calculation of the secondary structure

(Table 2). Additionally, the CD spectra of eEF1Bβ(1–77) obtained at dif-
ferent temperatures were analyzed by the CLUSTER program from the
CDPro package [22]. This program allows estimating a tertiary structure
class of the eEF1Bβ(1–77). Again, the best-fit result generated by
CLUSTER after analyzing each CD spectrumwas “All alpha” (Table 2). Al-
together, the data obtained by two different algorithms permitted to
conclude that the secondary structure of eEF1Bβ(1–77) consists pre-
dominantly of α-helices (78%), with a portion of unordered region
(22%). Importantly, eEF1Bβ(1–77) retains the significant amount
(65.5–68.5%) of its α-helical content when heating up to 55 °C
(Tables1 and 2).

CD spectroscopy in the near-UV range (250–350 nm) is an approach
that reflects the environment of aromatic amino acid residues and thus
gives information about the tertiary structure of the protein [30].When
the spectra of eEF1Bβ(1–77) weremeasured in the near-UV range at 56
μM protein concentration the nearly zero signals were obtained (data
not shown). This is consistent with the absence of the stable tertiary
structure interactions in eEF1Bβ(1–77), since the proteins without
rigid tertiary structure usually display dramatically reduced near-UV
CD spectra in comparison with tightly packed molecules [31].

3.4. Hydrogen-deuterium exchange mass spectrometry shows rapid ex-

change for all eEF1Bβ(1–77) peptides

To get a deeper insight into the eEF1Bβ(1–77) tertiary structure or-
ganization we used the method of hydrogen-deuterium exchange
coupled with mass-spectrometry (HDX-MS). This technique reveals
the information about the stability of hydrogen bonds network in the
protein, indicating the flexible and rigid regions and providing the in-
sight into the structural dynamics of the protein. The optimized peptide
map of this protein was generated (Fig. 5) and composed of 21 peptides
covering 88.5% of the eEF1Bβ(1–77) sequence with the redundancy of
2.86.

The HDX-MS procedure was conducted at several time points. Ini-
tially, a short pulse of deuterium (10 s at 20 °C) was done. Normally,
10 s interval is sufficient for the H/D exchange in the unstructured re-
gions and highly dynamic secondary structure elements but not for
the peptides involved into tertiary interactions [32]. The exchange pro-
file (Fig. 6) showed that after 10 s interval themaximum level of deute-
rium incorporation (about 100%) was achieved for all peptides,
indicating the highly dynamic structure of eEF1Bβ(1–77).

Thus, no protection in eEF1Bβ(1–77) was found by HDX analysis. It
is noteworthy that this region showed no protection in the full-sized
eEF1Bβ as well (data not shown), while various level of exchange was
found by HDX in other regions of the protein (manuscript in
preparation).

3.5. eEF1Bβ(1–77) tertiary structure prediction and validation

Thus, regardless of 78% α-helical content, no protected peptides of
eEF1Bβ(1–77) were found by HDX-MS. Apparently, all α-helices are

Fig. 4. The secondary structure elements of eEF1Bβ(1–77) studied by circular dichroism
spectroscopy. Far-UV circular dichroic spectra of eEF1Bβ(1–77) obtained at different
temperatures in 5 mM Tris-HCl, pH 7.5 buffer solution and represented as mean residue
ellipticity [Θ] vs. wavelength.

Table 1

The secondary structure estimation made by the CDNN program from the CD spectra of
eEF1Bβ(1–77) recorded at different temperatures. The average error for the prediction
is 5.57%.

t, °C CDNN program

α-Helix, % β-Turn, % Random coil, %

24 78.4 9.6 23.7
30 79.2 9.1 19.8
35 77.8 8.7 20.4
40 76.3 9.4 22.9
45 73.8 9.4 24.7
50 70.5 10.0 29.0
55 68.5 10.6 33.1
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not tightly packed and all hydrophobic amino acids are accessible to sol-
vent. Altogether, the obtained results suggest that the eEF1Bβ(1–77)
secondary structure elements form a dynamic spatial structure.

The 3D structure of eEF1Bβ(1–77)was predicted using the I-TASSER
Suite software package that implements I-TASSER based algorithms for
protein structure and function predictions [23]. The 5 top models are
shown in Fig.7A. Additionally, the Modeller program was used for the
eEF1Bβ(1–77) structure modeling. In general terms, the models gener-
ated by Modeller were similar to those generated by I-TASSER:
eEF1Bβ(1–77) was composed of three α-helices connected by the flex-
ible linkers (data not shown). However, as themodels of I-TASSERfitted
better to the CD data (Tables 1 and 2), we proceeded further with the
models generated by this algorithm.

The best-ranked model according to the C-score is Model 1 (C-score
− 2.55, TM score 0.42 ± 0.14, and RMSD 8.9 ± 4.6 Å). C-score is a con-
fidence score for quality estimation of the predicted models. C-score is
typically in the range of −5 to 2.The higher value signifies a model
with a high confidence. TM-score is a scale for measuring the structural
similarity between two structures. TM-score N 0.5 indicates a model of
correct topology and b0.17 means a random similarity (https://
zhanglab.ccmb.med.umich.edu/I-TASSER/example/cscore.txt). The
other four models have lower C-scores (from −3.38 to −3.83) com-
pared to the Model 1. In general, all models differ in spatial orientation
of α-helices (Fig. 7A). A moderate confidence of the scores reflects the
absence of the highly homologous templates for eEF1Bβ(1–77) in the
Protein Data Bank archive to date. All predicted models were addition-
ally refined by ModRefiner, an algorithm for the atomic-level, high-
resolution protein structure refinement [24]. After refinement the sec-
ondary structure content in the eEF1Bβ(1–77) models was estimated
to be: 72.7% of α-helices, 0.0% of β-strands, 10.4% of β-turns, and
16.9% of unstructured regions (Model 1); 54.5% of α-helices, 0.0% of β-
strands, 26.0% of β-turns, 19.5% of unstructured regions (Model 2);
55.8% ofα-helices, 2.6% of β-strands, 13.0% of β-turns, 28.6% of unstruc-
tured regions (Model 3); 45.5% of α-helices, 0.0% of β-strands, 10.4% of
β-turns, 44.2% of unstructured regions (Model 4); 55.9% of α-helices,
0.0% of β-strands, 20.8% of β-turns, 23.4% of unstructured regions
(Model 5). Of note, α-helices, the only ordered structure elements in
eEF1Bβ(1–77) correspond to the evolutionary conserved amino acid se-
quences (Fig. 7B). Further, the conformation of all eEF1Bβ(1–77) 3D

models was validated by the MolProbity server [26]. The MolProbity
Ramachandran plot for all refined models showed 75 amino acid resi-
dues in allowed (N99.8%) regions.

Three α-helices (α1, α2 and α3) represent all ordered secondary
structure elements in the optimized eEF1Bβ(1–77) spatial models.
There are also one short linker and two longer unstructured regions in
this protein (Fig. 7A). To verify this result we used a MetaDisorderMD2
meta-server [28] as additional approach for unstructured region predic-
tion. High disorder tendency (N50%) is predicted for two regions N30-
G42 and E55-H77 (Fig. 7C). The obtained result is in a good agreement
with the prediction of two long unstructured regions made by I-
TASSER (Fig. 7A).

In total, the refined 3Dmodel structures of eEF1Bβ(1–77) are consis-
tent with the estimations of the secondary structure elements content
made by the CONTILL and CDD programs based on the CD spectra

Table 2

The secondary structure estimationmadeby the CONTILL program from theCDspectra of eEF1Bβ(1–77) recorded at different temperatures. Symbols “r” and “d” in theparentheses refer to
regular and distorted structures, respectively. σ – normalized root mean square deviation.

t, °C CONTILL program CLUSTER program prediction

α-Helices β-Sheets Turns Unordered σ

α(r), % α(d),% α(total),% β(r), % β(d), % % %

24 53.8 24.2 78.0 0.0 0.0 0.0 22.0 0.048 “All alpha”
30 52.3 24.1 76.4 0.0 0.0 6.0 22.9 0.054 “All alpha”
35 50.6 23.0 73.6 0.0 0.0 2.4 24.0 0.064 “All alpha”
40 46.4 23.3 67.7 0.0 0.0 4.2 26.2 0.061 “All alpha”
45 50.6 23.4 74.0 0.0 3.0 4.8 20.8 0.072 “All alpha”
50 46.5 22.3 68.8 0.0 1.9 4.3 24.9 0.065 “All alpha”
55 42.0 23.5 65.5 0.0 3.1 5.9 25.6 0.064 “All alpha”

Fig. 5. The optimized peptide map of eEF1Bβ(1–77). The peptides generated after proteolytic digestion and identified by mass-spectrometry are shown on the eEF1Bβ(1–77) sequence.
The rest of the linker region sequence before the starting Met residue is indicated in gray.

Fig. 6. The levels of hydrogen deuterium exchange of the eEF1Bβ(1–77) peptides after 10-
s of deuterium exposure at 20 °C. Error bars represent standard deviation of three
independent measurements.
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(Tables 1 and 2). In addition, the fluorescencemeasurements of a single
tryptophan residue present in eEF1Bβ(1–77) showed that the emission
spectra had the maximum at 349 nm (data not shown) indicating that

this residue is highly exposed to solvent [33]. This is also consistent
with the 3D models of eEF1Bβ(1–77) in which the tryptophan residue
is not hidden (Fig. 7A). Besides, we checked whether the solvent

Fig. 7. eEF1Bβ(1–77) structural organization. A. Ribbon representation of thepredicted by I-TASSER and refined byModRefinermodels of eEF1Bβ(1–77). Amino acid side chains are shown in
sticks. I-TASSER's confidence score (C-score) is indicated for each model. B. Multiple amino acid sequence alignment of eEF1Bβ(1–77) from different species. Abbreviations: Hs, Hommo

sapience; Mm, Mus musculus; Dm, Drosophila melanogaster. Secondary structure elements, α-helices and unordered regions, are mapped on the amino acid sequence alignment
accordingly to I-TASSER (Model 1). α-helices have the same colors as indicated in (A). C. Prediction of the disordered regions in eEF1Bβ(1–77) by a MetaDisorderMD2 meta-server. The
disorder tendency parameter is mapped on the eEF1Bβ(1–77) sequence (top of the figure). All residues whose disorder probability is over 0.5 (red line) are considered as disordered.
Vertical bar depicts the position of starting methionine on the plot. Residues belonging to the ordered and disordered regions are in black and in red colors, respectively. The part of the
linker region before the starting methionine is in gray.
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exposed hydrophobic residues form a hydrophobic cluster in the
eEF1Bβ(1–77) molecule. For that, we used extrinsic fluorescent dye 8-
anilino-1-naphthalene sulfonic acid (ANS) that specifically binds to
the structured hydrophobic regions of proteins. Generally, upon binding
of ANS to the hydrophobic pocket, its fluorescence quantum yield in-
creases with a simultaneous blue shift in the emissionmaximumwave-
length from 510 nm (free ANS in a polar environment) to 480 nm
depending on the polarity of the binding site [34,35]. The ANS emission
spectra obtained in the presence of the different concentration of
eEF1Bβ(1–77) demonstrated the emission maximumwavelength simi-
lar to ANS alone (data not shown). Thus, eEF1Bβ(1–77) does not seem
to possess a hydrophobic site for ANS binding. Altogether, the fluores-
cence experiments favor the notion about a dynamic organization of
the eEF1Bβ(1–77) tertiary structure.

The agreement of the results obtained by the experimental and com-
putational approaches allows us to conclude that eEF1Bβ(1–77) pos-
sesses a flexible tertiary structure made by α-helixes and disordered
regions.

4. Discussion and conclusions

As mentioned above, eEF1Bβ(1–77) does not share any significant
homology with other proteins while its secondary and tertiary struc-
tures are not known. We optimized the procedure of the expression
and purification of eEF1Bβ(1–77) and characterized the recombinant
protein. By means of gel filtration and analytical ultracentrifugation
we found that eEF1Bβ(1–77) is a monomer in solution and has either
amoderately elongated shape or a globular shapewith increased hydro-
dynamic volume (Fig. 2). The CD spectra analysis revealed that the sec-
ondary structure of eEF1Bβ(1–77) consists ofα-helices (about 78%) and
a portion of non-ordered region (about 22%) (Tables 1 and 2). Impor-
tantly, α-helical content of eEF1Bβ(1–77) was reduced slightly (about
10%) and gradually during heating up to 55 °C (Fig. 4, Tables 1 and 2),
indicating that the secondary structure organization of eEF1Bβ(1–77)
wasmostly retained under these conditions. The high speed of the deu-
terium incorporation in eEF1Bβ(1–77) suggests that this protein lacks a
rigid tertiary structure, i.e. it does not have either hydrophobic core or
network of stable hydrogen bonds (Fig. 6). Interestingly, anomalous
SDS gel mobility (Fig. 2A) of purified eEF1Bβ(1–77) indicates that it
may bind more detergent than could be expected for the globular pro-
tein of this size [29]. Such aberrant migration on SDS-PAGE is common
for membrane proteins or more precisely for transmembrane domains
of the membrane proteins that have helix-loop-helix tertiary structure
[36]. These transmembrane domains bound different detergent
amounts depending on their secondary structure content and spatial
conformation. The transmembrane domains with increased helical con-
tent and increased hydrodynamic volume bound more detergent and
migrated slower on SDS-PAGE than their expected theoretical molecu-
lar masses [36]. Such behavior correlates with that of eEF1Bβ(1–77)
which has also high content ofα-helices (Tables 1 and 2), increased hy-
drodynamic volume, and electrophoretic gel shifting (Fig. 2A).

A very broad class of proteins lacking rigid 3D structure under phys-
iological conditionswas discovered up to date [37]. These naturally flex-
ible proteins do not have a unique conformation and have to be
represented by a number of different conformations that are rapidly
interconverting to each other [31,37]. One of the predicted roles of in-
trinsic structural plasticity of a protein is to provide interaction with a
variety of partners in cell [38]. The N-terminal domain of eEF1Bβ is a
new example of such spatial organization. This protein most probably
exists in solution as dynamic conformational ensembles in which its
secondary structure elements, α-helices, may adopt different spatial
orientation, for instance, such as those represented by five predicted
models (Fig. 7A).

Previously, it has been demonstrated that the eEF1Bβ N-terminal
fragment (residues 1–150), including LZ and eEF1Bβ(1–77), interacts
with the N-terminal domain of eEF1Bγ [13]. As the LZ role was found

to provide a self-association of eEF1Bβ [14] one may suggest that the
eEF1Bβ(1–77) domain can be responsible for the interaction with
eEF1Bγ. Indeed, eEF1Bβ(1–77) forms a stable complex with eEF1Bγ
(Fig. 3). Thus, it is reasonable to suggest that in the eEF1B complex
eEF1Bγ is linked to eEF1Bβ via very N-terminal domain of the latter.
An important evidence supporting the involvement of this fragment
into the interaction with eEF1Bγ is the presence in the RCSB Protein
Data Bank the X-ray structure of the 1–30 amino acid peptide of
eEF1Bβ complexed with the N-terminal domains of eEF1Bγ (PDB ID:
5JPO). Of note, despite being present in the databank, this structure is
not published yet which limits its discussion in detail. Onemay indicate,
however, that in the 5JPO structure the 1–30 amino acid fragment of
eEF1Bβ is α-helical that is consistent with our predicted
eEF1Bβ(1–77) models (Fig. 7A).

We believe that the functional importance of a flexible conformation
of the eEF1Bβ N-terminal domain is to provide a structural plasticity,
which may permit it to interact with different protein partners, in par-
ticular, eEF1Bγ and VRS. Moreover, eEF1Bβ reveals oncogenic proper-
ties participating in Cd2+-induced oncogenesis [39]. In cancer tissues,
a part of eEF1Bβ pool may leave the eEF1B complex and function indi-
vidually [40,41]. In this case, a structural plasticity of the eEF1Bβ N-
terminal domain may be important for arranging a set of interactions
with different cancer-related partners such as ILF2, ILF3, HNRNPU,
CELF1 and USP39 [42].

Here, we provided evidence that the 1–77 domain of eEF1Bβ links
this protein to eEF1Bγ. Moreover, we described α-helical secondary
and flexible tertiary structural organization of this domain and built its
3D models in silico. Such a conformational flexibility may provide a
strong structural support for the specific interaction of eEF1Bβ with
the protein-partner(s) within the eEF1B and VRS-eEF1B complexes
and outside of them.
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ABSTRACT

Protein synthesis in eukaryotic cell is spatially and

structurally compartmentalized that ensures high ef-

ficiency of this process. One of the distinctive fea-

tures of higher eukaryotes is the existence of sta-

ble multi-protein complexes of aminoacyl-tRNA syn-

thetases and translation elongation factors. Here,

we report a quaternary organization of the hu-

man guanine-nucleotide exchange factor (GEF) com-

plex, eEF1B, comprising � , � and � subunits that

specifically associate into a heterotrimeric form

eEF1B(���)3. As both the eEF1B� and eEF1B� pro-

teins have structurally conserved GEF domains, their

total number within the complex is equal to six. Such,

so far, unique structural assembly of the guanine-

nucleotide exchange factors within a stable complex

may be considered as a ‘GEF hub’ that ensures effi-

cient maintenance of the translationally active GTP-

bound conformation of eEF1A in higher eukaryotes.

INTRODUCTION

Polypeptide synthesis on the ribosome requires aminoa-
cylated tRNAs (aa-tRNAs) and a number of protein fac-
tors (1). To provide the substrate for polypeptide synthe-
sis, translation elongation factor 1A (eEF1A) in a GTP-
dependent manner binds aa-tRNA and delivers it to the ri-
bosomal A-site. If the correct codon-anticodon interaction
occurs, the ribosome induces GTP cleavage on eEF1A and
promotes the release of GDP-bound eEF1A from the A-
site (1). In higher eukaryotes, the translation elongation fac-
tor complex, eEF1B, mediates the GDP/GTP exchange on
eEF1A, thus, restoring its active conformation. This com-
plex consists of the eEF1B�, eEF1B� and eEF1B� subunits

(2). Herein we use the nomenclature for translation elonga-
tion factors proposed by Merrick and Nyborg (3). In the
UniProtKB database, eEF1B� is described as Elongation
factor 1-beta (EF1B human, accession number P24534),
eEF1B�––as Elongation factor 1-delta (EF1D human, ac-
cession number P29692), and eEF1B�––as Elongation fac-
tor 1-gamma (EF1G human, accession number P26641).
Both eEF1B� and eEF1B� have guanine-nucleotide ex-
change (GEF) activity, whereas eEF1B� is thought to be a
structural component of the complex (2). To accomplish the
guanine-nucleotide exchange reaction, eEF1B assembles
with eEF1A into a ‘heavy’ complex known as eEF1H (4).
Besides, eEE1B forms a stable complex with valyl-tRNA
synthetase (VRS-eEF1B) (5,6). The presence of this enzyme
in the GEF complex facilitates the direct transfer (channel-
ing) of valyl-tRNA from the enzyme to eEF1A*GTP (7).

Although the subunits composing eEE1B are known,
their number and how they combine within this complex
remains unclear. Up to date, several models of eEE1B
structural organization have been proposed, however, there
are signi�cant inconsistencies among them (8). Accord-
ing to the simplest model, eEF1B� and eEF1B� bind to
the same eEF1B� subunit via their N-terminal domains
to form the eEF1B��� complex (9). Another model as-
sumes that eEF1B� creates a dimeric core, and eEF1B� and
eEF1B� bind to the separate eEF1B� subunits to form the
eEF1B��� 2 complex (10). The structural role for the cat-
alytic eEF1B� and eEF1B� subunits was also suggested.
The protomer eEF1B��� complex was proposed to dimer-
ize (6) or even trimerize (11) in a larger entity via the leucine-
zipper motif of the eEF1B� subunit. In turn, the protomer
eEF1B��� 2 complex was proposed to dimerize via the
eEF1B� subunit (10). Thus, neither the reconstitution ex-
periments nor analysis of the natively puri�ed complexes
resulted in the unambiguous determination of the eEF1B
quaternary organization (6,10–13). It seems that due to high
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aggregation propensity of this complex, its structural char-
acterization appeared to be a dif�cult task.
In this study, we decipher a quaternary architecture

of the human eEF1B complex containing �, � and �
subunits. We show that eEF1B� self-associates in a sta-
ble trimer and its leucine-zipper motif is responsible for
trimerization. eEF1B� carries distinct binding sites for the
eEF1B� and eEF1B� subunits and interacts with them
in equimolar stoichiometry. Hence, eEF1B�, eEF1B� and
eEF1B� speci�cally associate into a heterotrimeric com-
plex, eEF1B(��� )3, which encompasses six highly con-
served GEF domains. We suggest that such multi-GEF as-
sembly may ensure the ef�cient restoration of the GTP-
bound eEF1A conformation for the translating ribosomes
in higher eukaryotes.

MATERIALS AND METHODS

Protein expression and puri�cation

The recombinant plasmid expressing N-terminally His-
tagged full-length human eEF1B� was prepared as follows:
eEF1B� ORF was excised from the pGEX6P-1/eEF1B�
construct (14) and cloned into the pET28�(+) vector (No-
vagene, Madison, WI, USA). The recombinant protein was
puri�ed to homogeneity by a two-step chromatographic
procedure: af�nity chromatography on a Ni-NTA column
(Qiagen, Valencia, CA, USA) and anion-exchange chro-
matography on a HighTrapQ column (GE Healthcare,
Buchinghamshire, UK) using linear NaCl gradient from
250 to 450 mM. The expression and puri�cation procedures
for eEF1B�(19–225) (14); for full-length human eEF1B�
and its truncated form eEF1B� (229–437) (15); for full-
length eEF1B� and its truncated forms eEF1B�(43–281)
and GST-eEF1B�(78–118) (16) were previously published.

Analytical gel �ltration of proteins and protein complexes

The interaction between different proteins partners was
studied by size-exclusion chromatography on a Superose 6
HR 10/30 column (24 ml, GEHealthcare) as previously de-
scribed in (14,16). For the formation of binary eEF1B��
and eEF1B�� , and ternary eEF1B��� complexes, the re-
spective puri�ed full-length proteins were mixed in buffer
containing 25 mM Tris–HCl, pH 7.5, 150 mM NaCl, 10%
glycerol, 5 mM 2-mercaptoethanol in the �nal volume 0.12
ml and incubated for 5 min at 37◦C. Then the protein mix-
ture was centrifuged at 16 000 g for 15 min (RT) and loaded
onto a Superose 6 HR 10/30 column. The �nal concentra-
tion of subunits in the binary complexes incubation mix-
tures was 10 �M and in the ternary complex incubation
mixture was 8 �M. The interaction of full-length eEF1B�
with the N-terminally truncated forms of eEF1B� and
eEF1B�, as well as the interaction of full-length eEF1B�
and eEF1B� with the C-terminal domain of eEF1B� were
examined in the same way as described for the full-length
proteins.

Analytical ultracentrifugation

Analytical ultracentrifugation (AUC) experiment was per-
formed using a ProteomeLab XL-I analytical ultracen-
trifuge (Beckman-Coulter, Indianapolis, USA), equipped

with An-60 Ti analytical rotor, using absorbance optics at
280 nm as described previously (14). Brie�y, in the sedimen-
tation velocity experiments, protein sample (400 �l) and
buffer reference (410 �l) solutions were loaded onto 12 mm
double-sector Epon charcoal-�lled centerpieces (Beckman-
Coulter). For each experiment, the rotor speed and temper-
ature are indicated in the �gure legends. The sedimentation
velocity multiple scans at various time-points were �tted to
a continuous size distribution model using Sed�t (17). All
size distributions were solved and regularized at a con�-
dence level of 0.95 by maximum entropy, using the best-�t
mean anhydrous frictional ratio (f/f0). We calculated also
a hydrodynamic parameter Smax/S that allows evaluating
the shape of the proteins and the protein complexes. In this
ratio, Smax is the maximum possible sedimentation coef�-
cient for a protein of the given mass, corresponding to a
sphere of the minimum diameter to contain this mass with-
out water, and S is the sedimentation coef�cient S20,w for
the individual protein or protein complex estimated by size-
distribution analysis. Smax was calculated using the formula
Smax = 0.00361(Mr)

2/3, where Mr is the molecular mass of
the protein or protein complex in Daltons. Smax/S is in the
range from 1.5 to 1.9 for moderately elongated proteins and
from two to three for highly elongated proteins (18).

The sedimentation equilibrium experiments were done
as described previously (14). Brie�y, the protein samples
(0.1 ml) were loaded into the sample channels, and a buffer
solution (0.11 ml) was loaded into reference channels of
six-channel Epon charcoal-�lled centerpieces (Beckman–
Coulter). For each experiment, the rotor speed and tem-
perature are indicated in the �gure legends. The sedimenta-
tion equilibrium absorbance data were collected every four
hours. The scan obtained at a single rotor speed or the scans
obtained at different rotor speeds (multispeed equilibrium
data) were then �tted to a non-interacting discrete species
model assuming a single species by using SEDPHAT (19)
with Equation (1):

AR = cr0εd exp{[M(1 − ῡρ)ω2/2RT](r 2 − r 20 )} (1)

in which r denotes the distance from the center of rotation;
r0 is the arbitrary reference radius; ω is the angular veloc-
ity; T is the absolute temperature of the rotor; R is the gas
constant; ῡ is the partial speci�c volume; ρ is the solvent
density; ε is the extinction coef�cient; d is the optical path
length, and cr0 is the concentration at the reference radius.
For a multispeed global data analysis at each channel, a sin-
gle base-line parameter was included as a �oating param-
eter common to all rotor speeds. The time-invariant and
radial-invariant noise was also �tted for better �tting qual-
ity.
If the experimental data could not be �tted to the single

species model, the monomer–dimer equilibrium model in
SEDPHAT corresponding to Equation (2) was applied:

AR = cr0εd exp{[M(1 − ῡρ)ω2/2RT](r 2 − r 20 )}

+Kac
2
r0 εd exp{[2M(1 − ῡρ)ω2/2RT](r 2 − r 20 )} (2)

in which Ka denotes the association constant of the dimer.
The buffer solution used for the sedimentation ve-

locity and equilibrium experiments contained 25 mM
Tris–HCl, pH 7.5, 150 mM NaCl, 5% glycerol (v/v)
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and 1 mM dithiothreitol. The solvent density of 1.0216
g/cm3 and viscosity of 0.01962 Poise at 2.3◦C, and
1.02164 g/cm3 and 0.01857 Poise at 4◦C were calculated
using Sednterp software (https://www.spinanalytical.com/
auc-software.php). Before analytical ultracentrifugation,
the individual eEF1B�, eEF1B�, eEF1B� proteins and
eEF1B�� , eEF1B�� , eEF1B��� complexes were addi-
tionally puri�ed on a Superose 6 HR 10/30 column (GE
Healthcare) equilibrated in the buffer solution speci�ed
above.
Partial speci�c volume (cm3/g) and extinction coef�cient

(M–1cm–1) for full-length eEF1B� were calculated using
SEDNTERP software to be 0.72259 and 22 590, respec-
tively; those for GST-eEF1B�(7–118) were 0.73865 and 43
110; those for eEF1B�(117–281) were 0.72446 and 14 110;
those for eEF1B� were 72 288 and 87 230; those for the
eEF1B�� complex (1:1) were 0.72225 and 117 300; those
for the eEF1B�� complex (1:1) were 0.72274 and 109 820;
those for the eEF1B��� complex (1:1:1) were 0.72330 and
139 855. All sedimentation velocity and equilibrium graphs
were prepared in GUSSI program (version 1.0.8d, Chad
Brautigam, UT Southwestern).

Hydrogen–deuterium exchange coupled tomass spectrometry
(HDX-MS)

The HDX-MS experiments were carried out as previ-
ously described in (20). Brie�y, freshly prepared individual
eEF1B�, eEF1B� and eEF1B� proteins were additionally
puri�ed on a Superose 6 HR 10/30 column (GE Health-
care), dialyzed (25 mM Tris–HCl, pH 7.5, 150 mM NaCl,
55% glycerol and 5 mM 2-mercaptoethanol) and kept at –
20◦C. The respective protein complexes were prepared as
follows: 10 �M of each subunit were mixed and incubated
for 5 min at 37◦C, then concentrated on the AmiconUltra-
4 (50 kDa, Merck) membrane to the volume of 200 �l
and injected onto a Superose 6 HR 10/30 column. The
most concentrated fractions of each complex were com-
bined and dialyzed against the same buffer indicated above.
The initial concentrations of samples used for the HDX-
MS experiments: eEF1B� – 56.6 �M, eEF1B� – 36.4 �M,
eEF1B� – 46 �M, eEF1B�� – 39.2 �M, eEF1B�� – 35
�M, eEF1B��� – 53.6 �M.

A 5 �l aliquot of the individual protein or the protein
complex stock solution was combined with 45 �l of D2O
(99.8% Cambridge Isotope Laboratories) reaction buffer
containing 25 mM Tris–HCl pH 7.5, 150 mM NaCl, 150
mM KSCN, and 5 mM 2-mercaptoethanol and incubated
at 20◦C for 10 s, 1min, 5min, 25min or 2.5 h before quench-
ing by addition 10 �L of 2 M glycine pH 2.5 in D2O. The
samples were immediately frozen in the liquid nitrogen and
stored at –80◦C until use. Out-time point controls were per-
formed by incubation of the protein in D2O buffer for 24
h to obtain maximum exchange for each peptide and then,
quenched with 10 �l of 2 M glycine. The deuteration level
was calculated and denoted as 100% exchange. Mass spec-
trometry measurements and data analysis were done as de-
scribed in (21). The experiments were repeated three times,
the results represent the mean of all replicates. The peptides
were identi�ed using ProteinLynx Global Server software
(PLGS,Waters) and further �ltered in theDynamX 3.0 pro-

gram (Waters) with the following acceptance criteria: min-
imum intensity threshold of 3000, minimum products per
amino acids of 0.3, minimum score of 7.5 and theoretical
value for parent ions below 10 ppm.The values re�ecting ex-
perimental mass of each peptide in all possible states, repli-
cates, time points and charge states were exported from the
DynamX 3.0 and further data analysis was carried out us-
ing in house written script (21).
To depict the kinetic of exchange for each peptide, we

built a plot with an experimentally measured level of H/D
exchange (in %) at 10 s, 1, 5, 25 and 150 min. The obtained
curve dissects the kinetic plot into two parts. The area above
the kinetic curve was integrated overall incubation time and
divided by the whole area of the kinetic plot. The obtained
value we call ‘aggregated protection’ of the peptide, which
may be within the range from 0 (no protection) to 1 (full
protection).We distinguish three categories of peptides with
respect to their aggregated protection value:<0.05––the ab-
sence of aggregated protection; >0.05 and <0.15––weak
aggregated protection; >0.15––high aggregated protection.
The peptides with no and weak aggregated protection be-
long to dynamically structured regions while the peptides
with high aggregated protection––to rigidly structured re-
gions. ‘Differential aggregated protection’ graph shows the
difference between the values of aggregated protectionmea-
sured for the same peptide in different states, namely free
and bound to a partner. A positive value of the differential
aggregated protection indicates that the peptide becomes
more protected in the complex with a partner, while a neg-
ative value means a decrease of protection.

Native gel electrophoresis of protein complexes

The eEF1B�� complex was prepared as follows: 5 �M
eEF1B� was mixed with increasing (2–7 �M) concentra-
tions of eEF1B� and vice versa 5 �M eEF1B� was mixed
with increasing (2–7 �M) concentrations of eEF1B� in
buffer containing 25 mMTris–HCl, pH 7.5, 150 mMNaCl,
10% glycerol, 5 mM 2-mercaptoethanol in a �nal volume 20
�l. The eEF1B�� complex was prepared in the same way.
The complexes between eEF1B� and eEF1A2 were pre-

pared as follows: 10 �M eEF1A2 was mixed with increas-
ing (0.36–21 �M) concentrations of eEF1B� and 150 �M
GDP in buffer containing 25 mM Tris–HCl, pH 7.5, 150
mM NaCl, 10% glycerol, 5 mM 2-mercaptoethanol in a �-
nal volume 25 �l.

The eEF1B��� complex was prepared by mixing three
individual subunits at 6 �M concentrations in buffer con-
taining 25 mMTris–HCl, pH 7.5, 150 mMNaCl, 10% glyc-
erol, 5 mM 2-mercaptoethanol and incubated for 5 min at
37◦C. Titration of the eEF1B��� complex by eEF1A2 was
performed as follows: 3�MeEF1B��� complex wasmixed
with increasing (3–30 �M) concentrations of eEF1A2 and
150 �MGDP in buffer indicated above in a �nal volume 20
�l.

The protein mixtures were incubated for 5 min at 37◦C
and loaded onto a 1.5% agarose gel (for eEF1B and
eEF1B�� complexes) and 1% agarose gel (for the eEF1A2-
eEF1B� and eEF1A2-eEF1B��� complexes) containing
89 mMTris-borate, pH 8.3. The gel was run at 100 V/31–34
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mA for 2–3 h at room temperature, then stained and pho-
tographed as described previously (14).

Dynamic light scattering

To measure a hydrodynamic radius of eEF1B� we used the
Dynamic Light Scattering technique (DLS) and the Adap-
tive Correlation approach described in (22). DLS experi-
ments were performed using a Zetasizer Nano ZS (Malvern
Panalytical Ltd, UK) at 25◦C with a scattering angle of
173◦ in air. All samples (1 ml) were measured in a 1 cm
glass cuvette. Brie�y, three measurements for each eEF1B�
concentration were done. Each measurement included 30
sub-measurements with duration time of 1, 2 and 3 s. The
steady-state sub-measurements were analyzed using cumu-
lants analysis. The correlation functions of the steady-state
sub-measurements were averaged to report the hydrody-
namic radius (Zave) and polydispersity index (PdI) values.
Zave values were obtained for four different eEF1B� con-
centrations. RH0 – a hydrodynamic radius of eEF1B� at the
in�nite dilution was calculated from the plot of Zave versus
eEF1B� concentration by extrapolation to zero concentra-
tion.
Prior to the DLS measurements, eEF1B� was subjected

to gel �ltration on a Sephacryl S200 column (GE Health-
care) equilibrated in buffer, containing 25 mM Tris–HCl,
pH 7.5, 150 mMNaCl, 5% glycerol (v/v) and 1 mM dithio-
threitol. Fractions with the highest eEF1B� concentration
were centrifuged at 16 000 g for 2.5 hours at 10◦C. Buffer
was prepared using ultrapure deionized water, �ltered (pore
size 0.2 �m) and degassed.

Homology structure modeling and molecular docking

The unstructured regions in proteins we predicted by a
MetaDisorderMD2 meta-server (23). The 3D structure
models of eEF1B�, eEF1B� (monomer) and eEF1B� were
generated by Modeller (version 9.14) (24). The unstruc-
tured regions in the proteins were modeled using the loops
reconstruction option in this program (25). Further high-
resolution protein structure re�nement for the best pre-
dicted 3D model was done by ModRe�ner (26). Addition-
ally, all structures were veri�ed using the MolProbity web
server (http://molprobity.biochem.duke.edu) (27) and re-
�ned by YASARA Energy Minimization Server (28). Visu-
alization and analysis of the protein were done using UCSF
Chimera (29).

To model full-length eEF1B� we used the available struc-
tures of its isolated GEF domain (PDB ID: 1B64), its
N-terminal domain complexed with the GST-like domain
of eEF1B� (PDB ID: 5DQS) and highly homologous C-
terminal region of eEF1B� (PDB ID: 2N51) as templates.
From the ensemble of eEF1B� conformations created by
Modeller, we selected a model with the hydrodynamic ra-
dius that matches the experimentally measured RH0 value.

eEF1B� monomerwasmodeled using the available struc-
ture of its C-terminal region (PDB ID: 2N51) and reported
model of its N-terminal domain possessing a dynamic �-
helical organization (20). Five structural ensembles with 40
structures in each were generated byModeller. The best �ve
structures were selected from each ensemble using the Dis-

crete Optimized Protein Energy (DOPE) andModeller Ob-
jective Function (MOF) scores (30) (Supplementary, Table
S1). The model 1, which has the best DOPE score (Sup-
plementary Table S1), was chosen for further computing
of the eEF1B� trimer. Symmetric docking of the eEF1B�
monomers was done by the SymmDock webserver (31) tak-
ing into account that the LZ-motif is responsible for trimer-
ization. The best model of eEF1B� trimer was chosen ac-
cording to the geometric shape complementarity score and
then re�ned by the YASARA Energy Minimization Server
(the energy value – 500 712 kJ/mol and energy score – 0.21).
Homology modeling of eEF1B� was performed using a

structure of its C-terminal domain (PDB ID: 1PBU), struc-
tures of its GST-like N-terminal domain complexed with
the N-terminal domain of eEF1B� (PDB ID: 5DQS) and
with the short N-terminal peptide of eEF1B� (PDB ID:
5JPO) as templates. From the ensemble of eEF1B� confor-
mations created by Modeller, we selected one model with
the extended conformation taking into account a moder-
ately elongated shape of eEF1B� in solution.
In silico docking between the eEF1B� and eEF1B� pro-

teins was performed using PatchDock web server (32).
The N-terminal domain (residues 1–77) of eEF1B� was
set as ligand and the N-terminal domain (residues 1–
210) of eEF1B� was set as receptor. The coordinates for
eEF1B�(1–77) and eEF1B� (1–210) were from the respec-
tive atomistic models mentioned above. Docking results
were individually inspected and compared with HDX-MS
data for the eEF1B�� complex. The best high scoring
model was used for the re�nement and re-scoring step with
FireDock (33). Analysis and visualization of the molecular
interfaces between proteins were performed by Cocomaps
web server (34,35). The docking procedure between the full-
length eEF1B� and eEF1B� proteins was done in the same
way.

RESULTS

Structural organization of eEF1B�

eEF1B� is a monomeric non-globular protein with a mod-
erately elongated shape (14). Two conserved regions can
be delineated in its primary structure: the non-catalytic
N-terminal domain (residues 1–62) and the catalytic C-
terminal region (residues 97–225). Both parts are con-
nected by a non-conserved linker (Figure 1A). The structure
of the C-terminally located GEF domain (residues 135–
225) of human eEF1B� was solved by NMR (36). The
presence of the structurally independent �-helical central
acidic region (CAR) upstream the GEF domain in human
eEF1B� was suggested based on the structure of a long
eEF1B� C-terminal fragment, which amino acid sequence
is highly homologous to eEF1B� (37). Besides, the crystal-
lographic data on the eEF1B�N-terminal domain (residues
1–90) complexed with the GST-like domain of eEF1B�
are present in the PDB database (PDB ID: 5DQS). How-
ever, the complete three-dimensional structure of full-length
eEF1B� has never been reported.
MetaDisorderMD2 meta-server predicts high disorder

probability for fragment 64–139 that includes the linker re-
gion and the CAR domain (Figure 1A and B). To con-
�rm this prediction, we characterized the structural dynam-
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Figure 1. Structural organization of full-length eEF1B�. (A) Schematic
representation of the eEF1B� domain structure. Abbreviations: CAR –
the central acidic region, GEF – the guanine-nucleotide exchange factor
domain. (B) Prediction of the disordered regions in eEF1B�. All residues
whose disorder probability is over 0.5 (red line) are considered as disor-
dered. (C) The aggregated protection plot of the eEF1B� peptides. The
aggregated protection values for peptides (mean ± SD, n = 3 measure-
ments) are plotted versus their position in the protein sequence. (D) The 3D
model of eEF1B� colored according to the HDX-MS data. Red color in-
dicates unprotected and unstructured regions (<0.05), dark red – the CAR
domain that displays no protection, but is predicted to have �-helical or-
ganization, yellow – weakly protected dynamic segments (0.05–0.15), blue
– highly protected rigidly structured regions (>0.15).

ics of eEF1B� by the method of hydrogen-deuterium ex-
change coupled to mass spectrometry (HDX-MS) (38). The
unstructured and highly dynamic regions exchange with
D2O very rapidly (39). In the aggregated protection plot
of eEF1B�, the peptides covering the linker region and the
CAR domain show near zero protection against H/D ex-
change (Figure 1C). Themajority of peptides from theGEF
domain display high protection except fewweakly protected
segments. In turn, unprotected, weakly and highly protected
peptides are present in the N-terminal domain (Figure 1C).
Thus, the linker region and the CAR domain are highly dy-
namic that is consistent with the predicted disorder proba-
bility pro�le for this protein (Figure 1B and C).

We created a 3D model of eEF1B� (Figure 1D) that
matches the experimentallymeasured hydrodynamic radius,
RH0 = 3.35± 0.24 nm, for this protein (Supplementary Fig-
ure S1) and agrees well with the HDX-MS data. The pep-
tides comprising the core of the N-terminal three-helix bun-
dle are protected againstH/Dexchange (Figure 1D, colored
in blue), while the loop regions with the adjacent parts of
�-helices show weak or no protection suggesting their dy-
namic conformation (Figure 1D, colored in yellow and red,
respectively). The linker region is disordered that is consis-
tent with the absence of protection against H/D exchange
(Figure 1C and D, colored in red). Notably, no protection
was detected for the peptides composing the CARdomain –
an isolated �-helical element in eEF1B� (Figure 1C andD).
This �-helix is located between structurally dynamic linkers
and may undergo local �uctuations that result in H-bonds
breaking and exposure of the amide hydrogens to attack by
deuterium (40). The conventionalHDXmethod used in this
studymost probably is not sensitive enough to detect weakly
structured (weak hydrogen bonding) and/or rapidly �uctu-
ating secondary elements (41). We colored the unprotected
�-helical CAR domain in dark red in order to distinguish
it from the unstructured regions (Figure 1D). The GEF-
domain represents a compact and tightly packed two-layer
�/� sandwich in which most of peptides have substantial
protection (Figure 1D, colored in blue) excluding few loop
regions, which probably are conformationally �exible (Fig-
ure 1D, colored in yellow).
Hence, we established that eEF1B� consists of two rigidly

structured domains connected by a long dynamic linker re-
gion.

Structural organization of eEF1B�

It has been shown that eEF1B� forms oligomers in solu-
tion (12,16). To elucidate the exact number of monomers
in the oligomeric eEF1B� structure, we performed analyti-
cal ultracentrifugation experiments. eEF1B� sedimented as
one major species with a molecular mass of 92 ± 4 kDa cal-
culated for the best-�t frictional ratio f/f0 = 1.97 ± 0.07
(Supplementary Figure S2A). The hydrodynamic parame-
ter Smax/Swas estimated to be 2.02± 0.04 that is character-
istic of highly elongated proteins (18). Analysis of the sed-
imentation equilibrium data (Supplementary Figure S2B)
gave the molecular mass value of 97.6 ± 2.4 kDa that cor-
responds to the theoretical mass of the eEF1B� trimer (95.7
kDa). Therefore, we conclude that recombinant eEF1B�
self-associates in a stable trimer with a highly elongated
shape.
Four conserved regions can be delineated in the primary

structure of eEF1B� (Figure 2A): the N-terminal domain,
leucine-zipper (LZ)motif, CARdomain, andGEFdomain.
The isolated N-terminal domain is a monomer with a dy-
namic �-helical organization (20). The structure of the C-
terminal fragment (residues 153–281) including CAR and
GEF domains was solved by NMR (37). This fragment is
alsomonomeric in solution. Thus, it leaves a trimer-forming
role to the middle part of the eEF1B� molecule that com-
prises the LZmotif and the linker region (Figure 2A). Previ-
ously, we have reported that the chimeric GST-eEF1B�(78–
118) protein, which consists of the LZ-motif and GST,
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Figure 2. Structural organization of full-length eEF1B�. (A) Domain organization of eEF1B�. Abbreviations: LZ – the leucine-zipper motif, CAR – the
central acidic region, GEF – the guanine-nucleotide exchange factor domain. (B) Structural model of the LZ-motif built by CCBuilder 2.0. Three �-helices
twist around each other to form a bundle with following parameters: radius – 5.6 Å, interface angle – 19º, pitch – 61.8 Å, number of residues per turn –
3.62. The model has the lowest (–425.6 kJ/mol) BUDE score (the interaction energy between the helices). All leucine residues involved onto assembly of
the �-helical coiled-coils are shown by colored sticks. The amino acid sequence of the LZ-motif is shown on the top of the �gure. (C) Prediction of the
disordered regions in eEF1B�. All residues whose disorder probability is over 0.5 (red line) are considered as disordered. (D) The aggregated protection
plot of eEF1B� peptides. The aggregated protection values for peptides (mean ± SD, n = 3 measurements) are plotted versus they position in the protein
sequence. (E) The 3D-model of eEF1B� colored according to the HDX-MS data. Red color indicates unprotected and unstructured regions (<0.05), dark
red – the CAR domain and the N-terminal �-helixes that display no protection, but are predicted to have �-helical organization, yellow – weakly protected
dynamic segments (0.05-0.15), blue – highly protected rigidly structured regions (>0.15), black – the regions with missing peptides.

forms oligomers in vitro (16). Here, using sedimentation ve-
locity and equilibrium approaches we established that GST-
eEF1B�(78–118) forms trimers and hexamers in solution
(Supplementary Figure S3) con�rming the intrinsic trimer-
ization capacity of LZ-motif. Additionally, the possible con-
tribution of the linker region into eEF1B� self-association
was tested by using its truncated form, eEF1B�(117–281),
that comprises the linker region, CAR and GEF domains,
but not LZ-motif (Figure 2A). Sedimentation equilibrium
analysis proved that eEF1B�(117–281) is a monomeric pro-
tein (Supplementary Figure S3C). Hence, we conclude that
the linker region does not mediate eEF1B� self-association.
Altogether, the obtained results clearly indicate that the LZ-
motif is responsible for eEF1B� trimerization.
Typical LZ-motif consists of a periodic repetition of a

leucine residue at every seventh position known as a hep-

tad repeat and forms a continuous �-helix, which mediates
dimerization and in some cases oligomerization of proteins
(42,43). In the eEF1B� primary structure, a heptad repeat
contains six leucine residues that occupy every seventh po-
sition and create a hydrophobic stripe along the helix (Fig-
ure 2B, upper part). This heptad repeat self-associates in the
trimeric coiled-coil conformation (Figure 2B) according to
CCBuilder software (44).

The LZ-motif, the GEF domain and a part of the N-
terminal domain were predicted by MetaDisorderMD2
meta-server to be ordered, whereas the long linker region
between the LZ-motif and the GEF domain, and two short
regions within the N-terminal domain––disordered (Figure
2C). This prediction was further supported by the HDX-
MS analysis of eEF1B� (Figure 2D). All peptides that con-
stitute the LZ-motif display substantial protection against
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H/D exchange indicating a rigidly structured region. The
most of the GEF domain peptides are highly protected ex-
cept few weakly protected and unprotected segments (Fig-
ure 2D). The N-terminal domain, linker region and CAR
domain display near zero protection indicating highly dy-
namic structures (Figure 2D). It has been shown that the
CAR domain is an independent and structurally dynamic
element of eEF1B� (37). The absence of protection for
the N-terminal domain is also in agreement with the pre-
vious result obtained on the isolated eEF1B�(1–77) con-
�rming its rapidly �uctuating tertiary structure (20). As
mentioned above, the sensitivity of the conventional HDX
method may be not suf�cient to detect weakly structured
and/or rapidly �uctuating secondary elements. Using ho-
mology modeling, we built an atomistic model of full-sized
eEF1B� (Figure 2E) that correlate with the HDX-MS (Fig-
ure 2D) and analytical ultracentrifugation data (Supple-
mentary Figure S2A). In Figure 2E, the elements of the
CAR and N-terminal domain, which are highly dynamic
according to HDX-MS but predicted to possess �-helical
organization, are colored in dark red in order to differen-
tiate them from the factual unstructured regions (colored
in red). The tightly packed LZ-motif and GEF-domain are
colored in blue except for weakly protected and unprotected
loop regions of the latter, which most probably are confor-
mationally �exible (Figure 2E, colored in yellow and red,
respectively).
Thus, we conclude that eEF1B� is an elongated trimeric

molecule, inwhich themonomers are kept together by the�-
helical coil-coiled bundle. The C-terminal fragment of each
monomer comprising highly dynamic linker and CAR, and
rigidly structured GEF domain extends from one side of
this bundle. Three �-helical N-terminal fragments are lo-
cated at the opposite side.

Structural organization of eEF1B�

Puri�ed recombinant eEF1B� has strong self-aggregation
propensities. Its apparent molecular mass varies from 100
to 1000 kDa according to analytical size-exclusion chro-
matography (12,15,45). Here, we used the analytical ultra-
centrifugation analysis to describe the oligomeric state of
full-length eEF1B� in more detail. The sedimentation ve-
locity experiment revealed minor and major eEF1B� sedi-
mentating species of 50 and 91 kDa, calculated for the best-
�t frictional ratio f/f0 = 1.65, respectively (Supplementary
Figure S4A). These values are close to those of monomer
(52.6 kDa) and dimer (105.2 kDa). The calculated hydro-
dynamic parameter Smax/S of 1.74 for the monomer and
1.84 for the dimer indicates a moderately elongated shape
of both species (18). The sedimentation equilibrium ex-
periment showed that depending on protein concentration
eEF1B� may form a mixture of dimeric and tetrameric
forms, stable dimers, and a mixture of monomeric and
dimeric forms (Supplementary Figure S4B). Different val-
ues of the apparent dissociation constant obtained at dif-
ferent protein concentrations and different centrifugation
velocities indicate that self-association of eEF1B� is irre-
versible (Supplementary Figure S4B).
eEF1B� consists of two conserved domains connected by

a lysine-rich linker (46) (Figure 3A). Importantly,MetaDis-

Figure 3. Structural organization of full-length eEF1B� . (A) Domain or-
ganization of eEF1B� . (B) Prediction of the disordered region in eEF1B� .
All residues whose disorder probability is over 0.5 (red line) are considered
as disordered. (C) The aggregated protection plot of the eEF1B� peptides.
The aggregated protection values for peptides (mean ± SD, n = 3 mea-
surements) are plotted versus their position in the protein sequence. (D) A
3D model of eEF1B� colored according to the HDX-MS data. Red color
indicates unprotected and unstructured regions (<0.05), yellow – weakly
protected dynamic segments (0.05–0.15), blue – highly protected rigidly
structured regions (>0.15), black – the regions with missing peptides.

orderMD2meta-server predicts with the highest probability
for this inter-domain linker region (residues 215–280) to be
disordered (Figure 3B). TheHDX-MS analysis also showed
the absence of protection against H/D exchange for this re-
gion (Figure 3C) con�rming its high structural dynamics.
In contrast, most peptides from the N- and C-terminal do-
mains are substantially protected with few exceptions (Fig-
ure 3C).
Until now, the 3D structure of full-length eEF1B� has

not been reported. However, the structure of its isolated C-
terminal domain (PDB ID: 1PBU) has been published (46)
and the structures of its GST-like N-terminal domain in
the complex with both the N-terminal domain of eEF1B�
(PDB ID: 5DQS) and short N-terminal peptide of eEF1B�
(PDB ID: 5JPO) have been deposited in the PDB database.
Using homology modeling we built an atomistic model of
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full-sized eEF1B� (Figure 3D) that is consistent with the
HDX-MS data. Indeed, the majority of peptides from both
folded domains display signi�cant protection against H/D
exchange (Figure 3C and D, colored in blue). Only few
loop segments in both domains display weak or no protec-
tion probably due to their local conformational �uctuations
(Figure 3D, colored in yellow and red, respectively). The
long inter-domain linker region is disordered that also cor-
relates with the absence of protection (Figure 3D, colored in
red). Thus, we conclude that eEF1B� is a non-globular pro-
tein with a moderately elongated shape, which consists of
two rigidly structured domains connected by a long highly
dynamic linker region.

Reconstitution of the eEF1B complex

Several techniques were employed to estimate the stoi-
chiometry of the subunits in the binary eEF1B�� and
eEF1B�� , and ternary eEF1B��� complexes. First, the
native gel electrophoresis showed the formation of both the
eEF1B�� and eEF1B�� complexes at equimolar concen-
trations of subunits (Supplementary Figure S5). Then, the
molecular masses of the complexes were estimated by ana-
lytical size-exclusion chromatography, sedimentation veloc-
ity and equilibrium analysis (Figure 4, Supplementary Fig-
ures S6 and 7).
The eEF1B�� complex (1:1 subunit ratio) demonstrated

the apparent molecular mass of about 400 kDa in the gel
�ltration experiment (Figure 4A) that is �ve times higher
than its theoretical value (79.9 kDa). Sedimentation veloc-
ity analysis of the same complex showed the presence of two
protein species sedimenting with Sw = 1.973 S (S(20,w) =

3.998 S), and Sw = 2.716 S (S(20,w) = 5.503 S) that corre-
spond to the molecular masses of 80 and 130 kDa, respec-
tively, calculated with the best-�t friction ratio f/f0 = 1.68.
These values are close to those of the heteromeric eEF1B��
and heterodimeric eEF1B(�� )2 forms of this complex (Fig-
ure 4B, Supplementary Figure S6A). The sedimentation
equilibrium analysis revealed the presence of the stable
eEF1B(�� )2 complex and eEF1B�� -eEF1B(�� )2 mixture
(Supplementary Figure S6B).
The eEF1B�� complex (1:1 subunit ratio) showed the

apparent molecular mass of about 1000 kDa in analyti-
cal gel �ltration (Figure 4C) that is almost twelve times
higher than its theoretical value (84.4 kDa). Sedimentation
velocity analysis of the same complex revealed the presence
of two major protein species sedimenting at Sw = 4.30 S
(S(20,w) = 8.729 S), and Sw = 7.66 S (S(20,w) = 15.551 S)
that correspond to the molecular masses of 250 and 590
kDa, respectively (Figure 4D, Supplementary Figure S6C),
calculated with the best-�t friction ratio f/f0 = 1.64. The
molecular mass of the �rst species is close to the value of a
heterotrimer eEF1B(�� )3, whereas the second species rep-
resents supposedly a heterohexamer eEF1B(�� )6. Sedimen-
tation equilibriumanalysis of eEF1B�� con�rmed the pres-
ence of the heterotrimer-heterohexamer mixture in solu-
tion (Supplementary Figure S6D).However, the presence of
some admixtures of self-associated single subunits and/or
species with other eEF1B�� stoichiometry cannot be ex-
cluded.

The ternary eEF1B��� complex (1:1:1 subunit ratio) mi-
grated as a single peak of more than 1 MDa during ana-
lytical gel �ltration on a Superose 6HR (Figure 4E). Sed-
imentation velocity analysis of the same complex showed
the presence of three protein species sedimenting at Sw =

3.588 S (S(20,w) = 6.965 S), Sw = 5.021 S (S(20,w) = 9.746
S), and Sw = 6.297 S (S(20,w) = 12.224 S) that correspond
to the molecular masses of 200, 340 and 480 kDa, re-
spectively (Figure 4F, Supplementary Figure S7A), calcu-
lated with the best-�t friction ratio f/f0 = 1.85. Consider-
ing that the theoretical molecular mass of the heteromeric
eEF1B��� complex (1:1:1 ratio) is 111.8 kDa, the molec-
ular mass of the major species (340 kDa) corresponds to a
heterotrimer eEF1B(��� )3. The �rst and third sedimenting
species remain unde�ned. Sedimentation equilibrium anal-
ysis of eEF1B��� showed the presence of the heterotrimer-
heterohexamer mixture in solution (Supplementary Figure
S7B). Hence, the �, � and � subunits of eEF1B preferably
associate in a stable heterotrimeric complex as revealed by
analytical ultracentrifugation. This is consistent with the
observed 1:1 stoichiometric complex formation between the
� and � as well as � and � subunits (Supplementary Figure
S5). However, the higher order oligomers are also present
in the in vitro preparation of this complex. Like in the case
of eEF1B(�� )3, further oligomerization of eEF1B(��� )3
most probably is mediated by the eEF1B� subunit. We can-
not exclude that some species with other eEF1B��� sto-
ichiometry may be present among higher order oligomers
while the slowest sedimenting protein fraction may also
contain self-associated single subunits. Of note, all com-
plexes possess themoderately elongated shapes (18) (Smax/S
= 1.68 for eEF1B�� , Smax/S = 1.73 for eEF1B�� , and
Smax/S = 1.79 for eEF1B��� ) that also contributes to the
overestimation of their molecular masses by the analytical
gel �ltration technique (Figure 4A-E).

Macromolecular architecture of the eEF1B complex

In order to map the interaction sites on the subunits in-
volved in the eEF1B complex, we applied two approaches:
the site-directedmutagenesis andHDX-MS.Deletion of the
�rst 19 amino acids in eEF1B� and the �rst 43 amino acids
in eEF1B� completely abolished their interaction with full-
length eEF1B� (Supplementary Figure S8A and B). As
expected, eEF1B� (228–437), comprising the linker region
and the C-terminal domain, interacts with neither full-
length eEF1B� nor eEF1B� (Supplementary Figure S8C
and D), thus con�rming the exclusive role of the eEF1B�
N-terminal domain in eEF1B complex formation (9).
Next, the regions of the eEF1B�, eEF1B� and eEF1B�

subunits that contribute to the protein-protein binding sites
was determined by HDX-MS. Usually, the interacting pro-
teins create the binding interfaces with increased structural
rigidity and/or decreased solvent accessibility that results
in reducing of H/D exchange. To map the eEF1B� bind-
ing site on eEF1B� and eEF1B�, we compared the peptide
protection patterns of the isolated eEF1B� and eEF1B�
proteins and their complex with eEF1B� (Figure 5A and
B). The ‘differential aggregated protection’ plots display the
peptides that changed their protection. Themajority of pep-
tides composing the N-terminal domain, except the �rst
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Figure 4. Size-exclusion chromatography and sedimentation velocity analysis of the eEF1B�� , eEF1B�� and eEF1B��� complexes. (Plots A, C and E)
100 �l of 10 �M indicated binary and ternary complexes or individual subunits were injected into a Superose 6 HR column. Inset: SDS-PAGE of the binary
and ternary complexes. The central fractions of each protein complex peak were combined, concentrated and loaded (5 �g) onto 12% polyacrylamide gels.
(Plots B, D and F) Left: absorbance scans of the sedimentation velocity data (symbols show only every third data point of every third scan for clarity) and
best-�t boundary model from the c(s) analysis (solid lines). Residuals are indicated. Right: continuous size distribution analysis, c(s), plotted as a function
of sedimentation coef�cient. Inset: 2D grayscale ‘bitmap’ residual plot shows a high quality of �t. The initial concentration of the complexes was: eEF1B��

– 0.3 mg/ml (3.8 �M), eEF1B�� – 0.15 mg/ml (1.9 �M), eEF1B��� – 0.36 mg/ml (3 �M).

�ve amino acids, increase their protection against H/D ex-
change, while the other part of eEF1B� remains unaffected
(Figure 5C). This suggests that the entire N-terminal do-
main of eEF1B� undergoes a global decrease in dynam-
ics upon binding to eEF1B� (Figure 5E). In contrast, only
the peptides encompassing a narrow region, residues 11–
29, of eEF1B� increase their protection within eEF1B��
complex (Figure 5D and F). According to the biochemical
data, eEF1B� binds the eEF1B� and eEF1B� simultane-

ously (Figure 4E). Upon binding to eEF1B�, the eEF1B�
peptides covering the regions 144–161 and 170-190 became
more protected (Figure 6A and C) that indicates their in-
volvement in the formation of the eEF1B� binding inter-
face (Figure 6E). No signi�cant difference of protection
was observed for the C-terminal domain and the linker re-
gion (Figure 6C). Binding of eEF1B� to eEF1B� results in
a dramatic increase of protection for the majority of pep-
tides covering the N-terminal domain of the latter, indi-
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Figure 5. Mapping the protein-protein interactive surfaces on the eEF1B� and eEF1B� subunits by HDX-MS. The aggregated protection of peptides
derived from eEF1B� (A) and eEF1B� (B) in a free state (blue color) and involved into the eEF1B�� and eEF1B�� complexes (red color) is depicted. The
differential aggregated protection plots show the eEF1B� (C) and eEF1B� (D) peptides that change their protection (brown color) against H/D exchange
in the complex with eEF1B� (the difference is statistically signi�cant for at least three or more incubation time-points). The peptides indicated in blue in
the plots (C) and (D) do not change their protection. The regions of eEF1B� (E) and eEF1B� (F) that change their aggregated protection values upon
interaction with eEF1B� are painted in gray.

cating that upon interaction with eEF1B� the whole N-
terminal domain of eEF1B� experiences the global increase
of structural rigidity excluding the short region involved in
the interaction with eEF1B� (Figure 6B, D and F). The C-
terminal domain and the linker region of eEF1B� remain
unaffected (Figure 6D).

We also compared the HDX protection patterns of the
binary eEF1B�� and eEF1B�� , and ternary eEF1B���
complexes. The eEF1B� and eEF1B� protection patterns
in the eEF1B��� complex do not signi�cantly differ from
those observed in the eEF1B�� and eEF1B�� complexes,
respectively, as jugged by the differential aggregation pro-
tection plots of the ternary and binary complexes (Supple-
mentary Figure S9A and B). However, a region comprising
the residues 137–154 in theGEFdomain of eEF1B� display

higher protection in the ternary complex as compared to
the binary one (Supplementary Figure S9A). This fragment
corresponding to the �rst �-strand of the GEF domain is
not involved into direct interaction between eEF1B� and
eEF1B� . The observed decrease of deuterium uptake in this
case may be attributed to the local conformational change
in this region of eEF1B�. In the case of eEF1B�, two re-
gions slightly altered their protection in the ternary com-
plex as compared to the binary one (Supplementary Figure
S9B). A region comprising the residues 80–120 that cor-
responds to the LZ-motif increases its protection indicat-
ing a greater stabilization of the �-helical coil-coiled bun-
dle in the ternary complex. Unlike eEF1B�, a small region
of eEF1B� (residues 192–200) that belongs to the �rst �-
strand of the GEF domain displays lower protection in the
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Figure 6. Mapping the protein-protein interactive surfaces on the eEF1B� subunits by HDX-MS. The aggregated protection of peptides derived from
eEF1B� (blue color) and involved into the eEF1B�� (A) and eEF1B�� (B) complexes (red color) are depicted. The differential aggregated protection
plots (C) and (D) show the eEF1B� peptides that change their protection (brown color) in the complexes with eEF1B� and eEF1B�, respectively (the
difference is statistically signi�cant for at least three or more incubation time-points). The peptides indicated in blue in the plots (C) and (D) do not change
their protection. The regions of eEF1B� that change their aggregated protection values upon interaction with eEF1B� (E) and eEF1B� (F) are painted in
gray.

eEF1B��� complex compared to eEF1B�� , probably due
to local conformational �uctuations.
The N-terminal domain of eEF1B� interacts simulta-

neously with both eEF1B� and eEF1B�. The HDX pro-
tection patterns of eEF1B� in the eEF1B��� complex
strongly resemble those obtained for the eEF1B�� and
eEF1B�� complexes, respectively, (Supplementary Fig-
ure S9C-F) con�rming an independent binding mode of
eEF1B� and eEF1B� to eEF1B� (47).

Importantly, the HDX-MS data obtained for eEF1B��
are in agreement with the crystal structure of their N-
terminal domains complex (PDB ID: 5DQS). However,
there is no crystal structure for eEF1B�� with 1:1 stoi-
chiometry. Using the molecular docking algorithm (32,48)
we successfully modeled such complex, in which the
�rst two �-helices of eEF1B� insert into a cleft inside
the eEF1B� N-terminal domain (Supplementary Figure
S10A). A superposition of the crystal structure of the
eEF1B�� N-terminal domains (PDB ID: 5DQS) with the
atomistic model of the eEF1B�� N-terminal domains us-

ing the N-terminal domain of eEF1B� as a common part
resulted in the ternary complex model that agrees well
with the HDX-MS data (Supplementary Figure S10B). The
same docking procedure applied for the full-length subunits
resulted in the reconstruction of the eEF1B(��� )3 complex
(Figure 7, Supplementary video). Themodeled complex has
an extended overall shape and contains six structurally con-
served GEF domains.
We have previously reported that eEF1A forms a com-

plex in equimolar stoichiometry with eEF1B� through its
GEF domain (14). In the case of eEF1B�, one molecule
of this trimeric protein is expected to bind minimum one
and maximum three molecules of eEF1A. To verify this
assumption, we incubated eEF1A2 with increasing con-
centrations of eEF1B� and resolved the samples by native
gel electrophoresis. Indeed, three discrete eEF1B�-eEF1A2
complexes with different electrophoretic mobility were de-
tected in the gel (Figure 8A) demonstrating the ability of all
eEF1B� GEF domains to concurrently bind eEF1A. Con-
sequently, there are as many as six GEF domains within the
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Figure 7. The quaternary organization of the eEF1B(��� )3 complex.
eEF1B� is in green, eEF1B� – in red, and eEF1B� – in blue. Abbrevia-
tions: GEF – the GEF domain of eEF1B� and eEF1B�, Nt – the com-
plex of eEF1B�, eEF1B� and eEF1B� N-terminal domains, Ct – the C-
terminal domain of eEF1B� , LZ – the LZ-motif of eEF1B�.

Figure 8. Interaction of eEF1A2 with eEF1B� and the eEF1B(��� )3
complex. eEF1A2 was incubated with increasing amounts of eEF1B� (A)
and the eEF1B(��� )3 complex was incubated with increasing amounts of
eEF1A2 (B) The protein mixtures were resolved by 1% native agarose gel
electrophoresis and the proteins were visualized by Coomassie Brilliant
Blue staining.

eEF1B(��� )3 complex located at the C-terminal extremi-
ties of the � and � subunits (Figure 7). The titration exper-
iment with the whole eEF1B complex revealed that 3 �M
eEF1B(��� )3 was saturated by 18 �M eEF1A2 that cor-
responds to a ratio 1:6 (Figure 8B). Thus, one molecule of
the eEF1B complex is indeed capable of binding up to six
molecules of eEF1A2.

DISCUSSION

In this work, we presented the structural models of the
eEF1B�, eEF1B� and eEF1B� subunits and reconstruc-
tion of the whole eEF1B complex. Two proteins play a
structural role within eEF1B: eEF1B� that is a stable ho-
motrimer (Figure 2E and Supplementary Figure S2) and
eEF1B� that binds eEF1B� and eEF1B� (Figure 4E).
With the aid of site-directed mutagenesis and HDX-MS

analysis, we outlined the protein interactive surfaces on
eEF1B�, eEF1B� and eEF1B� (Figures 5 and 6 and Sup-
plementary Figure S8). As mentioned above, the HDX-
MS data obtained for the eEF1B�� complex correlate well
with the crystal structure of the eEF1B�� N-terminal do-
main complex (PDB ID: 5DQS). In this structure, eEF1B�
domain contacts eEF1B� via the loop region (D21-V29)
and third �-helix (C50-I59). Indeed, the peptides compos-
ing these two regions signi�cantly increase their protection
against H/D exchange upon binding to eEF1B� (Figure
5C). Besides, an increase of protection is also observed for
the peptides from the �rst (S8-Y18) and second (N32-S42)
�-helices and the loop region (S43-A47) that do not interact
with eEF1B� directly butmay contribute to the appropriate
conformation of the binding surface (Figure 5E). This holds
true at least for the �rst�-helix (S8-Y18) of eEF1B� since its
deletion prevents the interactionwith eEF1B� (Supplemen-
tary Figure S8A). According to the 5DQS structure, loop
K147-E155 and �-helix N186-N196 of eEF1B� directly in-
teract with eEF1B� in the complex. The HDX-MS data re-
veal the same regions of eEF1B� that become signi�cantly
more protected upon interaction with eEF1B� (Figure 6C
and E).
According to the crystal structure of the eEF1B� N-

terminal fragment (residues 1-32) complexed with the
eEF1B� N-terminal domain (PDB ID: 5JPO), two �-
helices of the eEF1B� fragment in a straight conforma-
tion form a complex with the eEF1B� N-terminal do-
main tetramer. The �rst �-helix is squeezed between two
N-terminal domains and the second one is bound to the
cleft of the third domain. Importantly, an increase of pro-
tection against H/Dexchange was observed for the same re-
gion of eEF1B� in the complex with eEF1B� (Figure 5D).
It worth noting that our data indicate the equimolar stoi-
chiometry of eEF1B� and eEF1B� in the complex (Figure
4C and Supplementary Figure S5) that contradicts to the
5JPO crystal structure. Thismay be due to a short size of the
eEF1B� fragment used for crystallization and a tendency of
the eEF1B� N-terminal domain to formoligomers at a high
protein concentration (Supplementary Figure S4B).
As both eEF1B� and eEF1B� have similar guanine nu-

cleotide exchange activity in vitro (14,16) a reason of the ex-
istence of two different nucleotide exchanging proteins in
one complex as well as their functional equivalence remain
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unknown. Binding eEF1B� enhances the catalytic activity
of eEF1B� (6,49) due to elimination of the self-inhibitory
action of the eEF1B� N-terminal domain (14) while no ef-
fect of eEF1B� on the eEF1B� activity was observed (6,16).
The functional activity of the eEF1B��� complex has been
also compared with eEF1B� and eEF1B� by polypheny-
lalanine synthesis in vitro, eEF1B��� was found to be sev-
eral times more active than eEF1B� or eEF1B� alone (12).
It suggests that association of these nucleotide exchanging
subunits within the ternary complex allows them to execute
their activity more ef�ciently as compared to the individual
proteins.
eEF1B� and eEF1B� may perform a different role within

the eEF1B complex containing valyl-tRNA synthetase. It
has been shown that the N-terminal domain of VRS in-
teracts with the eEF1B� subunit, however the enzyme in-
teraction site on eEF1B� has not been mapped (6). Tak-
ing into account that eEF1B� is a homotrimer (Figure 3),
one may expect the binding of up to three molecules of
valyl-tRNA synthetase to eEF1B�. Although, two paral-
lel reactions take place in the VRS-eEF1B complex, namely
the GDP/GTP exchange on eEF1A that catalyzes the GEF
subunit and valylation of tRNA on VRS, a ternary com-
plex valyl-tRNA*eEF1A*GTP is �nally formed as a com-
mon product of both reactions (7). This ternary complex
is a result of the ‘hand to hand’ transfer from the enzyme
to eEF1A and such transfer can be realized when eEF1A
bound to the GEF domain is located in a close vicinity
to the valyl-tRNA synthetase catalytic site. Thus, if three
molecules of VRS are attached to the eEF1B complex, they
may act in concert with three of six available GEF domains.
The remaining GEF domains most probably function in-
dependently to provide eEF1A*GTP for other aa-tRNAs.
Regarding the functional signi�cance of VRS-eEF1B com-
plex, an important question arises why the only valyl-tRNA
synthetase is exclusively associated with eEF1B? One of the
possible explanations is that valyl-tRNA has a lowest af�n-
ity to eEF1A among other aa-tRNAs. In the bacterial sys-
tem, the lowest valyl-tRNA af�nity to EF-Tu is compen-
sated by its higher amount in cell as compared to the other
aminoacylated tRNAs (50,51). In turn, in higher eukary-
otes poor af�nity of valyl-tRNA to the elongation factor 1A
may be compensated by its ‘hand-to-hand’ transfer within
the VRS-eEF1B complex. In such a way valyl-tRNA may
avoid competition with other aa-tRNAs that have stronger
af�nity for eEF1A.
Importantly, at least two cases of a disease-causing loss

of function variants in the human gene EEF1B2 that en-
codes eEF1B� have been reported to date (52,53). In both
cases, the pathogen variants in EEF1B2 led to moderate in-
tellectual disability in patients. Of note, the complete loss
of function of the eEF1B� protein could not be compen-
sated by the presence of eEF1B�. To explain the pathologic
neurological consequences in the case ofEEF1B2mutation,
it has been hypothesized that neurons are more suscepti-
ble to perturbation of the translation than other types of
cells (54). Taking into account that a neuron-speci�c iso-
form eEF1A2 is more dependent on GDP/GTP exchange
than eEF1A1 (14,55), one may suggest that proper func-
tioning of the eEF1B complex could be critical for ef�cient
translation in neurons.

It has been reported that the subunits involved into
eEF1B can interact with several protein partners in human
cancer cells (56). However, only translationally controlled
tumor protein (TCTP) was shown to bind the CAR domain
of eEF1B� (57) that resulted in inhibition of its guanine-
nucleotide exchange activity (58). Further studies are re-
quired to establish the interaction sites of other identi�ed
protein partners of eEF1B in order to understand structural
and functional consequences of these interactions.
Apparently, the multi-GEF eEF1B complex appeared

lately in evolution, as the leucine-zipper-containing
eEF1B� sequence is present in all metazoans from cnidar-
ians to mammals while it is not found in the available
sequences from fungi and plants (2). Its appearance could
become favorable because voluminous metazoan cell
requires some sort of compartmentalization or increase
in local concentration of the metabolic components in
particular places of the cytoplasm. Consequently, one
obvious explanation of the existence of the multi-GEF
complex might be the necessity to maintain high ef�ciency
of eEF1A conversion into active GTP-bound conforma-
tion in the translational compartment. Besides, a part of
the eEF1B complex associated with VRS functions as
an exclusive valyl-tRNA*eEF1A*GTP supplier to the
translating ribosome.
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Supplementary information. 

Table S1. 

Characteristics of the eEF1Bβ monomer models created by Modeller.  

Selected 
models 

Objective Function 
Value 

DOPE 
score 

Radius of 
gyration, Å 

1 -13884.143 -19321.953 88.168 
2 -13752.726 -19923.576 87.865 
3 -13827.81 -19314.553 89.162 
4 -13636.722 -19099.238 87.085 
5 -13945.419 -19253.365 95.940 

 

 

 

 

 
 

Fig. S1. Determination of the eEF1Bα hydrodynamic radius.    

A. Intensity weighted particle size distributions for a 0.35 mg/ml solution of eEF1Bα obtained 

using the Adaptive Correlation technique. Each distribution represents 30 averaged sub-

measurements of 1, 2 and 3 sec duration. Calculated Zave and PdI values are indicated. B. 

Dependence of the mean hydrodynamic radius of eEF1Bα upon its concentration. The mean Zave 

value ± SD for the different eEF1Bα concentrations was calculated from three scattered light 

intensity measurements with the sub-measurement time of 1, 2 and 3 sec. Extrapolation to zero 

concentration gives the hydrodynamic radius RH0 = 3.350.24 nm of freely diffusing eEF1Bα 

molecule in an infinitely diluted solution.    
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Fig. S2. Sedimentation velocity and equilibrium analysis of full-length recombinant eEF1Bβ. 

For both experiments, the initial protein concentration was: left – 0.7 mg/ml (21.9 µM), middle – 

0.35 mg/ml (11 µM) and right – 0.17 mg/ml (5.3 µM). 

(A) eEF1Bβ was subjected to sedimentation velocity run at 45,000 rpm at 2.3ºC. Upper panel: 

Absorbance scans of the sedimentation velocity data (symbols show only every third data point of 

every third scan for clarity) and best-fit boundary model from the c(s) analysis (solid lines) are 

depicted. Residuals are indicated. Lower panel: continuous size distribution analysis, c(s), plotted 

as a function of sedimentation coefficient. Inset: 2D grayscale “bitmap” residual plot shows a high 

quality of fit. eEF1Bβ sediments at Sw = 1.840.04 S (weight-average sedimentation coefficient 

corrected to standard conditions of water at 20ºC, S(20,w) = 3.740.07 S).  (B) eEF1Bβ was 
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subjected to sedimentation equilibrium run at 10,000 rpm (red curves and symbols) and 12,000 

rpm (black curves and symbols) at 2.3ºC, and multispeed data analysis was performed. Absorbance 

scans of the sedimentation equilibrium data (symbols show only every second data point for 

clarity) and best-fits for a single species model (solid lines) are depicted. Residuals are indicated. 

Independent data fitting to a single species model for the depicted six scans gave the molecular 

mass value of 101.23.9 kDa.  
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Fig. S3. Sedimentation velocity and equilibrium analysis of the chimeric GST-eEF1Bβ(78-

118) protein, and sedimentation equilibrium analysis of eEF1Bβ(117-281). 

(A) GST-eEF1Bβ(78-118) at the initial 0.15 mg/ml (5 µM) concentration was subjected to 

sedimentation velocity run at 38,000 rpm at 4ºC. Left plot: absorbance scans of the sedimentation 

velocity data (symbols show only every third data point of every third scan for clarity) and best-

fit boundary model from the c(s) analysis (solid lines). Residuals are indicated. Right plot: 

continuous size distribution analysis, c(s), plotted as a function of sedimentation coefficient. Inset: 

2D grayscale “bitmap” residual plot shows a high quality of fit. The sedimentation coefficients of 

the major and minor species were estimated to be 3.728 S (S(20,w) = 7.638 S) and 5.316 S (S(20,w) = 

10.893 S), respectively. Using the best-fit friction ratio (f/f0) of 1.1, their molecular masses were 

estimated to be 105 and 180 kDa that corresponds to the trimeric (95.2 kDa) and hexameric (190.4 
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kDa) forms of this protein, respectively. (B) GST-eEF1Bβ(78-118) at the initial concentration of 

0.15 mg/ml or 5 µM (left) and 0.1 mg/ml or 3.3 µM (right) was subjected to sedimentation 

equilibrium run at 7,000 rpm (red curves and symbols) and 9,000 rpm (black curves and symbols) 

at 4ºC, and multispeed data analysis was performed. Both plots represent the absorbance scans of 

the sedimentation equilibrium data (symbols show only every second data point for clarity) and 

best-fits for a single species model (solid lines). Residuals are indicated. Independent analysis of 

four single speed scans gave the molecular mass value of 194.54.8 kDa. Fitting the multispeed 

sedimentation equilibrium data to a single species model, resulted in the molecular mass value of 

205.20.1 kDa. (C) Multispeed sedimentation equilibrium analysis of eEF1Bβ(117-281) was done 

at the initial protein concentration of 0.35 mg/ml or 18.2 µM (left) and 0.23 mg/ml or 12 µM 

(right). Absorbance scans of the sedimentation equilibrium data (symbols show only every second 

data point for clarity) and best-fits for a single species model (solid lines) are depicted. Red curves 

and symbols denote the equilibrium experiments performed at 17,000 rpm, black curves and 

symbols – at 21,000 rpm. Residuals are indicated. The calculated molecular mass values are shown 

in the plots. Independent analysis of four single speed scans gave the molecular mass value of 

21.61.1 kDa.  
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Fig. S4. Sedimentation velocity and equilibrium analysis of full-length eEF1Bγ. 

(A) eEF1Bγ was subjected to sedimentation velocity run at 45,000 rpm at 2.3ºC. Upper panel: 

Absorbance scans of the sedimentation velocity data (symbols show only every third data point of 

every third scan for clarity) and best-fit boundary model from the c(s) analysis (solid lines). 

Residuals are indicated. Lower panel: continuous size distribution analysis, c(s), plotted as a 

114 



function of sedimentation coefficient. Inset: 2D grayscale “bitmap” residual plot shows a high 

quality of fit. For the eEF1Bγ initial concentration of 0.57 mg/ml (10.8 µM), the sedimentation 

coefficient of the minor species was estimated to be 1.435 S (S(20,w) = 2.915 S) and the major – 

2.151 S (S(20,w) = 4.369 S) (left plot). For the initial concentration of 0.34 mg/ml (6.46 µM), the 

sedimentation coefficients of the minor and major species were estimated to be 1.52 S, (S(20,w) = 

3.087 S) and 2.123 S, S (S(20,w) = 4.313 S), respectively (right plot). (B) eEF1Bγ was subjected to 

sedimentation equilibrium run at 10,000 rpm (red curves and symbols) and 12,000 rpm (black 

curves and symbols) at 2.3ºC. The initial protein concentration was: 0.27 mg/ml or 5.1 µM (left 

plots), 0.18 mg/ml or 3.4 µM (middle plot) and 0.09 mg/ml or 1.7 µM (right plots). Absorbance 

scans of the sedimentation equilibrium data (symbols show only every second data point for 

clarity) and best-fits (solid lines) for a monomer-dimer equilibrium model (left and right plots) and 

a single species model (middle plot, a multispeed analysis) are depicted. Residuals are indicated. 

To describe the dimer-tetramer equilibrium state of we used a monomer-dimer model and assumed 

the monomer value to be 105.2 kDa. As a self-association state of eEF1Bγ is concentration 

dependent, the estimated dissociation constant represents an apparent value. This value varies also 

at different centrifugation velocities additionally pointing out the irreversible self-association 

process.  
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Fig. S5. Formation of the stoichiometric complexes between the eEF1Bα and eEF1Bγ, and 

the eEF1Bβ and eEF1B proteins monitored by 1% native agarose gel electrophoresis. 

Proteins were detected by Coomassie Brilliant Blue staining.    
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Fig. S6. Sedimentation velocity and equilibrium analysis of the eEF1Bαγ and eEF1Bβγ 

complexes.   

A. The eEF1Bγ complex at the initial concentration of 0.15 mg/ml (1.9 µM) was subjected to 

sedimentation velocity run at 42,000 rpm at 2.3ºC. Left: absorbance scans of the sedimentation 

velocity data (symbols show only every third data point of every third scan for clarity) and best-
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fit boundary model from the c(s) analysis (solid lines). Residuals are indicated. Right: continuous 

size distribution analysis, c(s), plotted as a function of sedimentation coefficient. Inset: 2D 

grayscale “bitmap” residual plot shows a high quality of fit. With the best-fit friction ratio (f/f0) of 

1.66, the molecular masses of the minor and major species were estimated to be about 80 and 120 

kDa, respectively. B. The eEF1Bγ complex was subjected to sedimentation equilibrium run at 

14,000 rpm, at 2.3ºC. The initial concentration of the complex was: left - 0.24 mg/ml (3 µM), 

middle - 0.12 mg/ml (1.5 µM) and right - 0.06 mg/ml (0.75 µM). Absorbance scans of the 

sedimentation equilibrium data (symbols show only every second data point for clarity) and best-

fits (solid lines) for a single species model (left and middle plots) and a monomer-dimer model 

(right plot) are depicted. Residuals are indicated. For the highest and middle concentrations of the 

eEF1Bγ complex, the molecular mass was calculated to be 158.6 and 160.7 kDa, respectively, 

that indicates the presence of stable heterodimers in solution. For the lowest concentration, the 

data were fitted to a monomer-dimer equilibrium model with the monomer molecular mass of 80 

kDa and apparent dimer dissociation constant of 0.3 µM. C. The eEF1Bβγ complex at the initial 

concentration of 0.06 mg/ml (0.7 µM) was subjected to sedimentation velocity run at 42,000 rpm 

at 2.3ºC. Left: absorbance scans of the sedimentation velocity data (symbols show only every third 

data point of every third scan for clarity) and best-fit boundary model from the c(s) analysis (solid 

lines). Residuals are indicated. Right: continuous size distribution analysis, c(s), plotted as a 

function of sedimentation coefficient. Inset: 2D grayscale “bitmap” residual plot shows a high 

quality of fit. With the best-fit friction ratio (f/f0) of 1.59, the molecular masses of the minor and 

major species were estimated to be about 250 and 550 kDa, respectively. D. The eEF1Bβγ complex 

was subjected to sedimentation equilibrium run at 14,000 rpm at 2.3ºC. The initial concentration 

of the complex was: left - 0.24 mg/ml (2.8 µM), middle - 0.12 mg/ml (1.4 µM) and right - 0.06 

mg/ml (0.7 µM). Absorbance scans of the sedimentation equilibrium data (symbols show only 

every second data point for clarity) and best-fits (solid lines) are depicted. Residuals are indicated. 

The data were fitted to a monomer-dimer equilibrium model with the monomer molecular mass of 
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253.2 kDa and the apparent dissociation constant of 2 µM (left), 0.9 µM (middle) and 0.26 µM 

(right). Since the estimated trimer-hexamer dissociation constant depends on the protein 

concentration, it is labeled as “apparent”. A decrease of the apparent dissociation constant with 

decreasing protein concentration indicates the irreversible oligomerization process.   
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Fig. S7. Sedimentation velocity and equilibrium analysis of the eEF1Bαβγ complex. 

A. The eEF1Bβγ complex at the initial concentration of 0.28 mg/ml (2.5 µM) was subjected to 

sedimentation velocity run at 42,000 rpm at 2.3ºC. Left: absorbance scans of the sedimentation 

velocity data (symbols show only every third data point of every third scan for clarity) and best-

fit boundary model from the c(s) analysis (solid lines). Residuals are indicated. Right: continuous 

size distribution analysis, c(s), plotted as a function of sedimentation coefficient. Inset: 2D 

grayscale “bitmap” residual plot shows a high quality of fit. With the best-fit friction ratio (f/f0) of 

1.61, the molecular masses of the sedimenting species were estimated to be about 180, 330 and 

450 kDa. B. The eEF1Bβγ complex was subjected to sedimentation equilibrium run at 9,000 rpm 

at 2.3ºC. The initial concentration of the complex was: left - 0.24 mg/ml (2.8 µM), middle - 0.12 

mg/ml (1.4 µM) and right - 0.06 mg/ml (0.7 µM). Absorbance scans of the sedimentation 

equilibrium data (symbols show only every second data point for clarity) and best-fits (solid lines) 

are depicted. Residuals are indicated. The data were fitted to a monomer-dimer equilibrium model 

with the monomer molecular mass of 335.6 kDa and the apparent equilibrium dissociation constant 

of 5 µM (left), 1.6 µM (middle) and 0.6 µM (right). Since the estimated trimer-hexamer 

dissociation constant depends on the protein concentration, it is labeled as “apparent”. A decrease 
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of the apparent dissociation constant with decreasing protein concentration indicates the 

irreversible oligomerization process.   

 

 

 

 

 
Fig. S8. The N-terminally truncated forms of eEF1B and eEF1Bβ do not interact with full-

length eEF1B as well as the C-terminal fragment of eEF1B does not bind full-length 

eEF1B and eEF1Bβ.   

One hundred µl of the mixture containing 10 µM of each protein was injected into a Superose 6 

HR column. (A) eEF1B(19-225) and (B) eEF1Bβ(43-281) were mixed with eEF1B. 

eEF1B(228-437) was mixed with eEF1B (C) and eEF1Bβ (D). The individual full-length 

proteins and the respective N-terminally truncated forms were run separately.   

 

121 



 

Fig. S9. Comparison of the eEF1Bα, eEF1Bβ and eEF1B aggregated protection between 

binary eEF1Bγ, eEF1Bβγ and ternary eEF1Bβγ complexes.  

The differential aggregated protection plots show the eEF1Bα (A) and eEF1Bβ (B) peptides that 

change their protection (brown color) against H/D exchange in the eEF1Bαβγ complex compared 

to the eEF1Bγ (A) and eEF1Bβγ (B) complexes (the difference is statistically significant for at 

least three or more incubation time-points).  

The differential aggregated protection plots (C) and (D) show the eEF1Bγ peptides that change 

their protection (brown color) in the eEF1Bαβγ and eEF1Bγ complexes, respectively. The 

differential aggregated protection plots (E) and (F) show the eEF1Bγ peptides that change their 

protection (brown color) in the eEF1Bαβγ and eEF1Bβγ complexes, respectively. The difference 
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is statistically significant for at least three or more incubation time-points. The peptides indicated 

in blue in all plots do not change their protection. 

 

 

 
Fig. S10. The atomistic models of the eEF1Bβγ and eEF1Bαβγ N-terminal domain complexes.  

A. The complex between the eEF1Bβ and eEF1Bγ N-terminal domains obtained by the docking 

procedure. The amino acid side chains of eEF1Bβ (red color) and eEF1Bγ (blue color) involved 

in the interaction between proteins are indicated. Distance cut-off is 5Å.  

B. An atomistic model of the eEF1Bα, eEF1Bβ and eEF1Bγ N-terminal domains ternary complex 

colored according to the HDX-MS data. The regions of the eEF1Bα N-terminal domain and the 

eEF1Bβ N-terminal domain protected against H/D exchange within this complex are indicated in 

green and in red, respectively. The regions of the same domains that do not change their protection 

in the complex are indicated in light green and light red, respectively. The regions of the eEF1Bγ 

N-terminal domain that become more protected upon interaction with eEF1Bα and eEF1Bβ are 

indicated in light blue and in dark blue, respectively. A short fragment of the eEF1Bγ N-terminal 

domain that does not change its protection in the ternary complex is in light violet.  
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РОЗДІЛ 3  

 ДУАЛІЗМ р43: тРНК-ЗВ’ЯЗУВАЛЬНИЙ БІЛОК АМІНОАЦИЛ-
тРНК СИНТЕТАЗНОГО КОМПЛЕКСУ І ПРЕКУРСОР ЦИТОКІН-

ПОДІБНИХ БІЛКІВ. МІТОХОНДРІАЛЬНА ЛОКАЛІЗАЦІЯ 
ДОВГОЇ ІЗОФОРМИ БІЛКА p43  

3.1. p43 – тРНК-зв’язувальний білок аміноацил-тРНК синтетазного 
комплексу, який взаємодіє з аргініл-тРНК синтетазою, однак не 

впливає на її каталітичну активність 
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The tRNA-Interacting Factor p43 Associates with Mammalian Arginyl-tRNA
Synthetase but Does Not Modify Its tRNA Aminoacylation Properties†

Ludovic Guigou, Vyacheslav Shalak, and Marc Mirande*

Laboratoire d’Enzymologie et Biochimie Structurales, C.N.R.S., 1 AVenue de la Terrasse, 91190 Gif-sur-YVette, France

ReceiVed December 1, 2003; ReVised Manuscript ReceiVed February 9, 2004

ABSTRACT: Arginyl-tRNA synthetase (ArgRS) is one of the nine synthetase components of a multienzyme
complex containing three auxiliary proteins as well. We previously established that the N-terminal moiety
of the auxiliary protein p43 associates with the N-terminal, eukaryotic-specific polypeptide extension of
ArgRS. Because p43 is homologous to Arc1p, a yeast general RNA-binding protein that associates with
MetRS and GluRS and plays the role of tRNA-binding cofactor in the aminoacylation reaction, we analyzed
the functional significance of p43-ArgRS association. We had previously showed that full-length ArgRS,
corresponding to the ArgRS species associated within the multisynthetase complex, and ArgRS with a
deletion of 73 N-terminal amino acid residues, corresponding to a free species of ArgRS, both produced
in yeast, have similar catalytic parameters (Lazard, M., Kerjan, P., Agou, F., and Mirande, M. (2000)J.
Mol. Biol. 302, 991-1004). However, a recent study had suggested that association of p43 to ArgRS
reduces the apparentKM of ArgRS to tRNA (Park, S. G., Jung, K. H., Lee, J. S., Jo, Y. J., Motegi, H.,
Kim, S., and Shiba, K. (1999)J. Biol. Chem. 274, 16673-16676). In this study, we analyzed in detail,
by gel retardation assays and enzyme kinetics, the putative role of p43 as a tRNA-binding cofactor of
ArgRS. The association of p43 with ArgRS neither strengthened tRNA-binding nor changed kinetic
parameters in the amino acid activation or in the tRNA aminoacylation reaction. Furthermore, selective
removal of the C-terminal RNA-binding domain of p43 from the multisynthetase complex did not affect
kinetic parameters for ArgRS. Therefore, p43 has a dual function. It promotes association of ArgRS to
the complex via its N-terminal domain, but its C-terminal RNA-binding domain may act as a tRNA-
interacting factor for an as yet unidentified component of the complex.

Aminoacyl-tRNA synthetases specifically bind their cog-
nate tRNA isoacceptors and transfer the corresponding
activated amino acid to the 3′-end of the tRNA molecule
(1). A set of specific interactions between amino acid side
chains of the synthetase and tRNA bases and of nonspecific
interactions with the phosphate-sugar backbone of tRNA
contribute to the accurate positioning of the 3′-end of tRNA
into the active site crevice of the enzyme. Most synthetases
exclusively interact with the inner, concave side of the
L-shaped tRNA molecule (2-7). Although the mode of
tRNA binding seems to be well conserved from prokaryotes
to eukaryotes, one of the major differences that characterizes
aminoacyl-tRNA synthetases from higher eukaryotes (from
Drosophila to human), is the presence of polypeptide chain
extensions that may serve as auxiliary tRNA-interacting
factors (tIFs).1

Several types of tIFs have been described so far. They
either are added to the polypeptide chain of the synthetases
as N- or C-terminal extensions (association in cis) or may
be appended in trans via protein-protein interaction. In
mammals, MetRS, GlyRS, HisRS, TrpRS, and bifunctional

GluProRS (8) (where XxxRS indicates the aminoacyl-tRNA
synthetase and Xxx is the amino acid abbreviation) share a
coiled-coil motif of ∼50 amino acid residues (9, 10). It
constitutes an N-terminal extension in GlyRS, HisRS, TrpRS,
and ProRS and a C-terminal extension in GluRS and MetRS.
In the case of human MetRS (11) and HisRS (12) or of
Bombyx mori GlyRS (13), its involvement as a cis-acting
tIF for aminoacylation has been established. The C-terminally
appended tIF of MetRS confers on the native enzyme the
ability to bind tRNA with a much higher apparent affinity
(Kd ≈ 0.1 µM) as compared with a MetRS mutant lacking
this domain (Kd ≈ 4 µM). Another type of cis-acting tIF
has been identified in mammalian LysRS (14) and AspRS
(15-17). This lysine-rich N-terminal polypeptide extension
of LysRS, made of∼70 amino acid residues, may form an
R-helix-based tRNA binding motif (18). The cis-acting tIFs
appended to eukaryotic aminoacyl-tRNA synthetases de-
crease dissociation constants for their cognate tRNAs.
Because the concentration of non-acylated tRNA in the
cytoplasm of higher eukaryotic cells is believed to be 1 order
of magnitude lower than theKm value for the cognate
synthetase (discussed in ref14), tIFs are thought to be
required for tRNA cycling during translation (19).

A second family of tIF concerns trans-acting general tRNA
binding modules that were first described in yeast (20-22).
In the yeastSaccharomyces cereVisiae, the protein Arc1p is
associated in trans with MetRS and GluRS and increases
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their aminoacylation efficiency. A human homologue of
Arc1p has been described. The p43 protein, one of the nine
polypeptide components of the mammalian multisynthetase
complex, has the potential to bind tRNA nonspecifically (23)
and may play the role of a trans-acting tIF for one of the
synthetase components of the complex. A homologous
domain is appended in cis to the C-terminus of human
TyrRS, but its involvement in tRNA binding has not yet been
established (24, 25). The crystal structure of the C-terminal
moiety of p43 identified a putative OB-fold-based tRNA-
binding site (26). This trans-acting tIF is also the precursor
of the EMAPII cytokine generated during apoptosis (27-
29). The cytokine activity has been assigned to the fragment
encompassing residues 92-256 of p43 (30). The involvement
of p43 in angiogenesis has also been proposed (31).
Immunoelectron microscopy suggested that p43 occupies a
central position within the complex and thus may serve as a
donor of tRNA for several aminoacyl-tRNA synthetases (32).
Because p43 and ArgRS are interacting proteins (33, 34),
the involvement of p43 in modulating the activity of ArgRS
has been proposed (35).

In this work, we investigated the role of p43 as a factor
involved in the assembly of ArgRS within the multi-
synthetase complex and as a tIF promoting the aminoacy-
lation activity of ArgRS. Our results stress the dual role of
p43. Its N-terminal domain is responsible for association of
ArgRS within the complex and its C-terminal moiety binds
tRNA but does not serve as a tIF for ArgRS.

EXPERIMENTAL PROCEDURES

Protein OVerexpression and Purification. Hamster arginyl-
tRNA synthetase and an N-terminally truncated derivative
with a deletion of the 73 terminal amino acid residues were
expressed in yeast and purified as described (36). The
auxiliary p43 subunit of the multisynthetase complex, as well
as its N-terminal (p43-N) or C-terminal (p43-C) moieties,
was expressed inEscherichia coli with a C-terminal His-
tag (23). Plasmid for expression ofAquifex aeolicus Trbp111
was a gift from Paul Schimmel (The Skaggs Institute for
Chemical Biology, La Jolla, CA). Trbp111 was expressed
and purified as described (37).

Protein concentrations were determined by using calculated
absorption coefficients of 0.728, 0.803, 0.257, 0.068, and
0.408A280 units‚mg-1‚cm2, respectively, for ArgRS, ArgRS-
∆N, p43, p43-N, and p43-C.

Immunoprecipitation. His-tagged p43, p43-N, or p43-C
(2 µM each) were incubated 30 min at 4°C with ArgRS or
ArgRS-∆N (5 µM) in buffer A50 [buffer A (8 mM Na2-
HPO4, 1.5 mM KH2PO4, 2.7 mM KCl, pH 7.5) including
50 mM NaCl] containing 0.1% Triton X-100 and 0.2% BSA.
A preadsorption step was conducted. After a 15-min incuba-
tion with a polyclonal goat anti-rabbit-IgG antibody (1µg),
20 µl of a 1:1 slurry of Protein-A Sepharose in buffer A50
containing 0.1% Triton X-100 was added. Incubation was
continued at 4°C for 30 min. After centrifugation, the
supernatant was recovered and incubated at 4°C for 1 h
with 1 µg of Penta-His antibody (QIAGEN). After addition
of 25 µl of a 1:1 slurry of Protein-A Sepharose and
incubation at 4°C for 30 min, the immunoprecipitate was
washed five times with 1 mL of buffer A100 (buffer A
including 100 mM NaCl) containing 0.1% Triton X-100 and

once with 100 mM Tris-HCl, pH 7.5, and the pellet was
recovered in 25µl of SDS-PAGE loading buffer, boiled
for 2 min, and loaded on a 12% SDS-polyacrylamide gel.
Immunoprecipitates were analyzed by Western blotting with
antibodies raised in rabbit against ArgRS-∆N.

Gel Retardation Assay. Protein-tRNA interactions were
assayed using a band shift assay as previously described (28).
Plasmid carrying the beef tRNA2Arg gene under control of
the T7 polymerase promoter was constructed by simultaneous
ligation of 10 oligonucleotides into pUC18 (5′-agcttaatac-
gactcact, 5′-ctatagtgagtcgtatta, 5′-atagccccagtggcctaatg, 5′-
ttatccattaggccactgggg, 5′-gataaggcattggcctccta, 5′-tggcttag-
gaggccaatgcc, 5′-agccagggattgtgggttcg, 5′-ggactcgaaccca-
caatccc, 5′-agtcccatctggggtcccaggatccaaacatcc, 5′-gatcggat-
gtttggatcctgggaccccagatg). Plasmid ptRNA2

Arg was linearized
with FokI and subjected to in vitro transcription. The amino
acid acceptor minihelix (Acc2Arg) and anticodon microhelix
(Ant2Arg) of beef tRNA2

Arg were produced fromFokI-digested
pUC18 derivatives. T7 RNA polymerase was purified from
the strain BL21/pAR1219 generously provided by Prof. W.
Studier (Brookhaven National Laboratory).32P-labeled tR-
NAs were synthesized in a reaction mixture (50µl) contain-
ing 1 µg of template DNA, 40 mM Tris-HCl (pH 8.0), 6
mM MgCl2, 1 mM spermidine, 5 mM dithiothreitol, 0.01%
Triton X-100, 1 mM each CTP, UTP, and GTP, 10µM
[R-32P]ATP (200 Ci/mmol), and 1000 U/ml T7 RNA
polymerase. After incubation at 37°C for 1 h, the transcripts
were purified by electrophoresis on a denaturing 12%
polyacrylamide gel (mono/bis, 19:1), recovered from the gel
by soaking in H2O, precipitated with ethanol, and resus-
pended in 5 mM MgCl2. Transcripts were renatured by
heating at 90°C and slow cooling (90-30 °C in 2 h).

Homogeneous proteins were incubated at increasing
concentrations with radiolabeled-tRNA (50 000 cpm per
point) in an 11µl volume containing 20 mM Tris-HCl (pH
7.5), 150 mM NaCl, 10 mM MgCl2, 10 mM 2-mercapto-
ethanol (2-ME), 10% glycerol, and BSA at 0.1 mg/mL. After
incubation at 25°C for 30 min, the mixture was placed on
ice and loaded on a 6% polyacrylamide gel (mono/bis, 29:
1) containing 5% glycerol in 0.5× TBE (45 mM Tris, 45
mM boric acid, 1.25 mM EDTA, pH 8.3) at 4°C. After
electrophoresis, the gel was fixed, dried, and subjected to
autoradiography. Free and bound tRNA was quantified by
densitometry analysis. Because the amount of labeled
transcripts added in the assays is negligible as compared with
the amount of protein added, concentration of protein at
which half of the tRNA forms a complex corresponds to the
apparentKd value of the complex.

Aminoacylation Assay. Initial rates of tRNA aminoacyla-
tion were measured at 25°C in 0.1 mL of 20 mM imidazole-
HCl buffer (pH 7.5), 150 mM KCl, 0.5 mM DTT, 5 mM
MgCl2, 3 mM ATP, 20 µM 14C-labeled arginine (Perki-
nElmer Life Sciences; 50 Ci/mol), and saturating amounts
of tRNA, as previously described (38). Partially purified beef
tRNA (arginine acceptance of 43 pmol/A260) or homogeneous
beef tRNA2

Arg obtained by in vitro transcription (arginine
acceptance of 500 pmol/A260) were used as tRNA substrate.
The incubation mixture contained catalytic amounts (1-10
nM) of enzymes appropriately diluted in 10 mM Tris-HCl
(pH 7.5) and 10 mM 2-mercaptoethanol containing bovine
serum albumin at 4 mg/mL. One unit of activity is the
amount of enzyme producing 1 nmol/min of arginine-
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tRNAArg at 25 °C. For the determination ofKM values for
tRNA, tRNAArg concentrations of 0.02-5 µM were used.
Michaelian parameters were obtained by nonlinear regression
of the theoretical Michaelis-Menten equation to the experi-
mental curve using the KaleidaGraph 3.6 software (Abelbeck
Software).

For large scale synthesis of RNA substrates, in vitro
transcription was conducted on 0.5 mg of linearized template
DNA in a final volume of 5 mL containing 40 mM Tris-
HCl (pH 8.0), 22 mM MgCl2, 1 mM spermidine, 5 mM
dithiothreitol, 0.01% Triton X-100, 4 mM each CTP, UTP,
GTP, and ATP, 16 mM GMP, and 500 U/ml T7 RNA
polymerase. After a 1 h incubation at 37°C, 100 units of
inorganic pyrophosphatase (BioLabs) were added, and
synthesis was resumed for a 4 h period. After phenol-
chloroform extraction, transcripts were purified on a 1.6 mm
thick 12% polyacrylamide urea-gel, electroeluted with a Bio-
Trap apparatus (Schleicher & Schuell), ethanol-precipitated,
and resuspended in 5 mM MgCl2. Transcripts were renatured
by heating at 90°C and slow cooling (90-30 °C in 2 h).

Arginine ActiVation Assay. The isotopic [32P]PPi-ATP
exchange reaction was conducted as described previously
(36). The assay mixture contained, in a final volume of 0.1
mL, 20 mM imidazole-HCl (pH 7.5), 10 mM MgCl2, 0.1
mM EDTA, and 2 mM each of ATP, [32P]pyrophosphate
(2.5 Ci/mol), and arginine. The reaction was started by the
addition of limiting amounts of enzymes (10-20 nM)
appropriately diluted in 10 mM Tris-HCl, pH 7.5, containing
10 mM 2-ME and BSA at 4 mg/mL. After 10 min at 25°C,
the reaction was stopped by the addition of 2.5 mL of a
solution containing 100 mM pyrophosphate, 50 mM sodium
acetate (pH 4.5), 0.35% perchloric acid, and 0.4% Norit to
absorb ATP. Samples were filtered through Whatmann no.
1 filters and washed extensively with a solution of 100 mM
PPi. [32P]-labeled ATP absorbed on Norit was quantified by

liquid scintillation counting. A unit of enzyme activity is
defined as the amount of enzyme required to form 1 nmol/
min of [32P]ATP.

For the determination of kinetic parameters in the PPi-

ATP exchange reaction, the concentration of tRNA in the
assay was varied from 1 nM to 1µM. Michaelian parameters
were deduced as described above.

RESULTS

tRNA-Binding Capacity of Mammalian ArgRS. The native
form of mammalian arginyl-tRNA synthetase (ArgRS) is a
monomer of 75.6 kDa that makes protein-protein inter-
actions with the p43 RNA-binding protein and associates
with the multisynthetase complex (the ArgRS component of
the complex is referred to as ArgRS-Cx) (33, 39). A free
form of that enzyme (ArgRS-∆N), starting at the Met74
residue (Figure 1) is also encountered in the cytoplasm of
mammalian cells (40, 41). We previously reported that the
two enzyme species ArgRS and ArgRS-∆N, expressed in
yeast and purified to homogeneity, display very similar
kinetic parameters for arginine activation and tRNA argi-
nylation (36). This result left open the possibility that
association of ArgRS with p43 within the multisynthetase
complex might influence the activity of ArgRS. However,
comparison of their specific activities (36) and other initial
investigations suggested that ArgRS and ArgRS-Cx have
similar kinetic parameters. Because there is some disagree-
ment on this point (35), we reanalyzed in detail the putative
role of the RNA-binding protein p43 on the ability of ArgRS
to bind and aminoacylate its tRNA.

We first asked whether the 73 additional residues found
in ArgRS as compared with ArgRS-∆N provide the full-
length enzyme with tRNA-binding properties. Indeed, we
recently reported that the eukaryotic-specific C-terminal or
N-terminal polypeptide extensions of MetRS and LysRS,

FIGURE 1: Binding of ArgRS to tRNAArg. The sequence and cloverleaf structure of tRNA2
Arg and sequence and hairpin structures of acceptor

minihelix (Acc2
Arg) and anticodon microhelix (Ant2

Arg) used in this study are shown on the left. Full-length ArgRS (1-661) and the
N-terminally truncated naturally occurring ArgRS derivative (ArgRS-∆N; 74-661) were used. In vitro transcribed,32P-labeled tRNA2Arg

was incubated with hamster ArgRS or ArgRS-∆N at different concentrations (0.08-5 µM). After electrophoresis at 4°C on a 6% native
polyacrylamide gel, the mobility shift of tRNA was visualized by autoradiography. In each assay, the bottom band corresponds to the free
tRNA species. ApparentKd values are indicated at right.

4594 Biochemistry, Vol. 43, No. 15, 2004 Guigou et al.

127 



repectively, two other components of this multienzyme
complex, are tRNA-interacting factors (11, 14). To assess
the role of the N-terminal extension of ArgRS on tRNA
binding, the two enzyme species ArgRS and ArgRS-∆N were
subjected to a band shift assay. Radiolabeled in vitro
transcribed tRNA2Arg was incubated with increasing amounts
of ArgRS and ArgRS-∆N (80 nM to 5µM), and free and
bound tRNA species were separated by electrophoresis on a
native gel (Figure 1). The apparentKd value of ArgRS-∆N
for tRNA2

Arg was higher than 10µM, and ArgRS interacted
with tRNA2

Arg with an apparent dissociation constant of 4
( 1 µM. This Kd value determined for the full-length form
of ArgRS is about 2 orders of magnitude higher than that
obtained with MetRS (100 nM, ref11) and LysRS (60 nM,
ref 14) toward their cognate tRNAs but is in the range of
theKd’s determined for these two enzymes after removal of
their tRNA-interacting factors (4 and 6µM, respectively,
for MetRS-∆C and LysRS-∆N). Therefore, its eukaryotic-
specific N-terminal polypeptide extension does not provide
ArgRS with potent RNA binding properties.

ArgRS and ArgRS-∆N Display Similar Catalytic Con-
stants. We have shown previously that the two monomeric
forms of ArgRS produced in yeast, ArgRS and ArgRS-∆N,
display the same kinetic parameters for tRNA in the tRNAArg

aminoacylation reaction when a partially purified beef liver
tRNA is used as a substrate (ref36 and Table 1). Because
we observed that the presence of a large excess of noncognate
tRNAs in the aminoacylation reaction may conceal kinetic
effects contributed by the eukaryotic-specific, general tRNA-
binding domains of two other eukaryotic aminoacyl-tRNA
synthetases, namely, MetRS and LysRS (11, 14, 42), possibly
via neutralization of the nonspecific RNA binding sites, we
reinvestigated kinetic parameters of the various ArgRS
species using a homogeneous tRNAArg substrate. In vitro
transcribed tRNA2Arg proved to be an efficient substrate of
ArgRS in the aminoacylation reaction, with akcat/Km only 2
to 3-fold lower as compared with partially purified native
beef tRNAArg, resulting essentially from a lowerkcat (Table
1).

The kinetic constants for tRNA2Arg were determined in the
tRNA aminoacylation reaction (Table 1). TheKm of the two
recombinant free forms, ArgRS and ArgRS-∆N, for tRNA2

Arg

and the correspondingkcat values were similar. In addition,
because arginine activation by mammalian ArgRS is strictly

tRNA-dependent (36), Km and kcat values for tRNA2
Arg in

the ATP-PPi exchange reaction were also determined. The
N-terminal domain did not improve the catalytic efficiency
(kcat/Km) of ArgRS (Table 1). The turnover number of ArgRS
and ArgRS-∆N was about 10-fold higher in the ATP-PPi

exchange step as compared with the tRNA aminoacylation
step. Thus, tRNA esterification or the release of aminoacy-
lated tRNA may be the limiting step of the global reaction
catalyzed by ArgRS or ArgRS-∆N. These results, together
with the tRNA binding assays described above, confirm that
the eukaryotic-specific N-terminal extension of ArgRS is not
a functional tRNA-interacting factor.

p43 and ArgRS Associate through Their N-Termini. The
p43 component of the mammalian multisynthetase complex
is a dimer of two 35.4 kDa subunits (28). Its C-terminal
domain, from residues 147-312, is released from the
complex after cleavage with caspase 7, a protease specifically
activated during apoptosis, whereas its N-terminal domain
remains associated with the synthetase components (23). A
protein interaction map of the complex determined by a two-
hybrid analysis revealed that p43 and ArgRS are interacting
proteins (33). Surface plasmon resonance analysis established
that ArgRS binds p43 with a dissociation constant of 93 nM
whereas ArgRS-∆N does not (34). The interaction of ArgRS
and p43 was further addressed by in vitro pull-down
experiments.

His-tagged p43 was incubated with ArgRS or ArgRS-∆N
and immunoprecipitated with anti-His antibodies. The pres-
ence of ArgRS in the immunoprecipitate was detected by
Western blotting with antibodies directed to the ArgRS-∆N
moiety (Figure 2A). ArgRS but not ArgRS-∆N was recov-
ered in the immunoprecipitate obtained in the presence of
p43. p43-N and p43-C represent the N-terminal (amino acid
residues 1-146) or C-terminal (147-312) domain of p43,
respectively. p43-N also co-immunoprecipitated ArgRS
(Figure 2B), whereas p43-C did not (Figure 2C). These
results clearly established that the N-terminal domains of
p43 and ArgRS are involved in protein-protein interaction.

Association with ArgRS Does Not Impair the tRNA-
Binding Capacity of p43. The 312-amino acid p43 protein
has a potent general tRNA binding capacity (Kd ) 0.2 µM)
(23). In vitro transcribed tRNA2Arg is also a good ligand for
p43 with aKd of 0.5µM (Figure 3A). p43 was preincubated
with ArgRS or ArgRS-∆N at a 1:1 ratio to allow formation
of a complex between ArgRS and p43; afterward, tRNA2

Arg

was added to determine the tRNA binding capacity of the
mixture by gel shift analysis. As shown in Figure 3A,
addition of ArgRS, which associates with p43, or ArgRS-
∆N, which does not bind to p43, neither impaired nor
significantly improved the tRNA binding capacity observed
with p43 alone. This result suggested that the tRNA binding
site of p43 is not sterically hindered after interaction of p43
with ArgRS. The supershift of tRNA induced by additional
association of ArgRS to the tRNA-p43 complex is barely
discernible (possibly because the two complexes have similar
net charges) and could be best observed after longer
electrophoresis in a less cross-linked gel (see below).

To ascertain that the gel shift of tRNA observed in the
presence of ArgRS and p43 (Figure 3A) did correspond to
a ternary complex, we performed a control experiment in
which unlabeled tRNA2Arg was mixed with ArgRS, p43, or
both, and the gel shift of ArgRS and p43 was followed by

Table 1: Kinetic Constants of ArgRS and ArgRS-∆N in ATP-PPi

Exchange and tRNA Aminoacylationa

ATP-PPi
exchanged

tRNA
arginylation

tRNA2
Arg b tRNA2

Arg b global tRNAc

ArgRS
Km (µM) 0.023( 0.007 0.16( 0.03 0.32e ( 0.04
kcat (s-1) 3.9( 0.4 0.40( 0.08 1.8e ( 0.2
kcat/Km (s-1 µM-1) 170 2.5 5.6

ArgRS-∆N
Km (µM) 0.024( 0.006 0.085( 0.005 0.39e ( 0.04
kcat (s-1) 4.0( 0.5 0.17( 0.03 2.6e ( 0.3
kcat/Km (s-1 µM-1) 167 2.0 6.7

a Standard errors were determined from at least two independent data
sets.b In vitro transcribed beef tRNA2Arg; acceptance of 500 pmol/A260.
c Partially purified native tRNAArg from beef liver; acceptance of 43
pmol/A260. d Km values correspond to apparentKact (activation constant)
values for tRNAs.e Values from ref36.
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Western blotting with specific antibodies (Figure 3B). When
p43 or ArgRS were added separately to tRNA2

Arg, the
electrophoretic mobility of p43, but not of ArgRS, was
altered and corresponded to the single shift of tRNA. By
contrast, when the two proteins were added together, ArgRS
and p43 were both shifted and comigrated within the same
complex, corresponding to a supershift of tRNA (Figure 3B).

We also verified that ArgRS and p43 remained associated
in solution in the presence of tRNA. When His-tagged p43
was incubated with ArgRS in the presence of tRNA2

Arg at
molar ratios of p43/tRNA of 1:1, 1:5, or 1:20, the immu-
noprecipitates obtained with anti-His antibodies also con-
tained an invariable amount of ArgRS (Figure 1S, Supporting
Information). Addition of tRNA did not antagonize p43-
ArgRS interaction. Thus, the tRNA- and ArgRS-binding sites
of p43 are not overlapping. Therefore, association of p43, a
potent tRNA-interacting factor, might provide ArgRS with
enhanced catalytic properties provided that p43-bound tR-
NAArg is suitably presented to the catalytic center of ArgRS.

p43 Preferentially Binds the Acceptor-Stem, T-Stem-Loop
Structure of tRNA. To further address the RNA binding
properties of p43, the mode of binding of tRNA to p43 was
investigated. To probe the interaction of tRNA with p43,
the acceptor-TΨC stem-loop (Acc2

Arg) and anticodon stem-
loop (Ant2Arg) structures of tRNA2Arg were synthesized in

vitro (Figure 1) and used in a gel mobility shift assay to
analyze their association with ArgRS, p43, and ArgRS-p43
complexes (Figure 4). Neither Acc2

Arg nor Ant2Arg showed
significant binding to ArgRS. The acceptor minihelix formed
a stable complex with p43 with an apparentKd value of about
0.5µM, similar to the binding capacity of p43 for full-length

FIGURE 2: ArgRS associates with p43. His-tagged p43 (A), p43-N
(B), or p43-C (C) was incubated with ArgRS (or ArgRS-∆N) and
subjected to immunoprecipitation (IP) using anti-His antibodies and
Protein-A Sepharose. Immunoprecipitates were analyzed by West-
ern blotting using antibodies directed to the conserved catalytic
domain of ArgRS (ArgRS-∆N). ArgRS (left lane) and ArgRS-∆N
(right lane) were analyzed in parallel (25 ng of homogeneous
protein).

FIGURE 3: Binding of tRNAArg by the ArgRS-p43 complex. In
panel A,32P-labeled tRNA2Arg was incubated with ArgRS (0.08-5
µM), p43 (0.04-2.5 µM; monomer concentration), or a mixture
of ArgRS and p43 or ArgRS-∆N and p43 (0.04-2.5 µM of each
protein). After electrophoresis (30 min, 100 V) at 4°C on a 6%
native polyacrylamide gel, the mobility shift of tRNA was visualized
by autoradiography. ApparentKd values are indicated at right. In
panel B, ArgRS, p43, or a mixture of both (0.5µM each, monomer
concentration) was incubated with or without in vitro transcribed
tRNA2

Arg (0.3 µM). The mixture was subjected to electrophoresis
(2 h; 100 V) at 4°C on a 4% native polyacrylamide gel. The
mobilities of ArgRS and p43 were identified by Western blotting
(WB) with specific antibodies. The white and black arrows indicate
the single mobility shift of tRNA in the presence of p43 or the
supershift of tRNA in the presence of ArgRS and p43, respectively.
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tRNA. By contrast, p43 displayed a much weaker affinity
for the anticodon domain of tRNA2Arg (Kd ≈ 5 µM). We
concluded that p43 preferentially binds the acceptor-TΨC
stem-loop of tRNA2

Arg. As observed above for the binding
of full-length tRNA2

Arg, the tRNA binding capacity of p43
for Acc2

Arg or Ant2Arg was not significantly improved in the
presence of ArgRS (Kd’s of about 0.3 and 5.0µM, respec-
tively). The slight increase in binding of Acc2

Arg (but not of
Ant2Arg) observed after incubation of p43 with ArgRS is also
detectable after incubation of p43 with ArgRS-∆N, a
derivative of ArgRS that does not associate with p43. These
results suggest that association of p43 with ArgRS neither
alters the tRNA-binding capacity of p43 nor modifies the
mode of tRNA-p43 interaction.

p43 in solution is a nonspecific tRNA-interacting factor
(23). We sought to check whether its association with ArgRS
rendered p43 specific for tRNAArg. When full-length yeast
tRNAi

Met (not shown) or AcciMet (Figure 4) and AntiMet (not
shown) minihelices were used in the band shift assay in place
of tRNA2

Arg, the tRNA binding potential of p43 was not
impaired after incubation with ArgRS or ArgRS-∆N.

p43 Is Not a Trans-Acting tRNA-Interacting Factor for
ArgRS. The possibility that p43 might act as a tRNA-
presenting protein for ArgRS was investigated. ArgRS and
p43 were mixed together at molar ratios ranging from 1:0.25
to 1:20 000 to allow protein-protein interaction, and the
mixture was directly used in the tRNA aminoacylation assay.
Because we sought to determine the putative effect of p43-

ArgRS association on the efficiency of the aminoacylation
reaction independent of any potential effect that might be
attributed to the binding of p43 to tRNA, we used the
bacterial tRNA-binding protein Trbp111 as a control. Trbp111
is a dimeric protein that binds tRNA without specificity of

sequence (37) and can form a ternary complex with tRNA
and tRNA synthetase without impairing the aminoacylation
activity of the synthetase (43). When increasing concentra-
tions of p43 or Trbp111 were added to ArgRS, the tRNAArg

aminoacylation capacity of the enzyme was not significantly
affected (Figure 2S, Supporting Information). In particular,
the aminoacylation activity of ArgRS was not enhanced in
the presence of a 2-fold molar excess of p43, as previously
reported by others (35).

ActiVity of ArgRS from the Multienzyme Complex Is p43-
Independent. ArgRS and p43 are two components of the
mammalian multisynthetase complex. The results obtained
with free recombinant species of ArgRS and of p43, two
ectopic proteins, strongly suggested that p43 is not a trans-
acting tIF of ArgRS in the tRNAArg aminoacylation reaction.
To investigate whether p43 may be a tIF of ArgRS under
native conditions, when the two proteins are associated within
the multisynthetase complex, kinetic parameters for tRNA
in the tRNAArg aminoacylation reaction were determined for
ArgRS-Cx, the ArgRS component of the complex. To assess
the role of p43 on ArgRS activity, we used the multi-
synthetase complex treated with caspase 7. The p43 com-
ponent of the mammalian multisynthetase complex is a
substrate for caspase 7, a protease activated upon onset of
apoptosis on mammalian cells (23). After treatment with
caspase 7, the complex retains native ArgRS but is com-
pletely deprived of the EMAPII C-terminal domain of p43
(23). Thus, the potential tIF activity of p43 is lost. The kinetic
parameters for tRNA2Arg determined for ArgRS-Cx in the
ATP-PPi exchange and in the tRNA aminoacylation reac-
tions were not affected by proteolytic subtraction of the
tRNA-binding domain of p43 (Table 2).

FIGURE 4: The mode of tRNA binding by p43 is not altered following its association with ArgRS. Binding of the acceptor-TΨC stem-
loop (Acc2

Arg) and anticodon stem-loop (Ant2Arg) minihelices of beef tRNA2Arg by ArgRS, p43, and p43 in the presence of equimolar
amounts of ArgRS or ArgRS-∆N is shown. The mobility shift of the32P-labeled RNA minihelices was analyzed as described in the legend
of Figure 1. A similar analysis was conducted in parallel using a32P-labeled minihelix corresponding to the acceptor-TΨC domain of yeast
initiator tRNAMet.
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DISCUSSION

The work reported here showed that p43 forms a binary
complex with ArgRS (Figure 2) and that this association
neither modulates the tRNA binding capacity of p43 (Figures
3 and 4) nor modifies the amino acid activation and tRNA
aminoacylation activities of ArgRS (Tables 1 and 2; Figure
2S, Supporting Information). These results contrast with an
earlier report showing that addition of p43 to ArgRS led to
a 2.5-fold increase in ArgRS activity (35). They described
that a 2-fold molar excess of p43 to ArgRS reduces the
apparentKm of ArgRS for tRNA, whereas thekcat value is
not affected. Surprisingly, when p43 was added in excess
the enhancement of ArgRS activity was no longer observed.
Whether these apparent discrepancies arise from differences
in experimental procedure could not be assessed because
detailed experimental procedures were not given in this study
(35). Surprisingly, no quantitative data on enzyme activity
(specific activity of the purified enzyme,kcat, and Km

parameters) are furnished, and all the results are indicated
as relative values. Nevertheless, the reported experiments
provide some indications of possible sources of the discrep-
ancies. Perhaps critically, the enzyme preparation used by
Park et al. (35) was obtained after expression inE. coli.
Indeed, we previously reported that expression of ArgRS in
E. coli cells produces inclusion bodies and that the fraction
of soluble enzyme has a reduced (100-fold) specific activity
as compared with the enzyme used here, produced in yeast
(36). Therefore, the enhancement of ArgRS activity observed
by Park et al. (35) in the presence of stoichiometric amounts
of p43 could be due to a chaperone effect of the binding of
p43 on an ArgRS species that would not be properly folded.

ArgRS and p43 are the first example in which the
association of an eukaryotic aminoacyl-tRNA synthetase with
a tRNA-interacting factor does not provide kinetic advantages
to the synthetase. The yeast homologue of p43, Arc1p, forms
a ternary complex with MetRS and GluRS and stimulates
the activity of MetRS mainly by reducing theKm for tRNAMet

by about 100-fold (21, 22). When Arc1p in solution forms
a complex with several yeast tRNAs, only elongator and
initiator tRNAMet associated with the Arc1p-MetRS complex
(22). Thus, in the yeast system, MetRS determines the
specificity of the interaction and Arc1p strengthens associa-
tion. By contrast, we observed that tRNAArg but also tRNAMet

are able to associate with p43 or with the p43-ArgRS
complex with similar affinities. These data also support the

conclusion that p43 is not a functional tIF for ArgRS and
therefore does not provide catalytic advantages for the
synthetase. Because the N-terminal domain of p43 is essential
for association of ArgRS with the complex, our results
support the proposal that this auxiliary component of the
complex has a dual function: its N-terminal domain is a
structural determinant for the assembly of this macromo-
lecular structure and its C-terminal moiety is a tIF for another
component of the complex.

Our results also provide some clues for understanding the
mode of binding of tRNA by p43 and Trbp111. The crystal
structure of the complex betweenS. cereVisiae ArgRS and
tRNAArg was reported at high resolution (44). The contact
areas between the synthetase and its tRNA include the end
of the acceptor stem of the tRNA with the catalytic center
of the protein, the anticodon loop with the C-terminal
R-helical domain, and the D-loop with the N-terminalR/â
globular domain. The latter contact that involves the outer
corner of the L-shaped tRNA molecule is rather unusual
among aminoacyl-tRNA synthetases but should be conserved
in hamster ArgRS, which displays a primary sequence and
hence a structural organization similar to yeast ArgRS. In
the present study, we showed that tRNA2

Arg or a minihelix
corresponding to the acceptor-TΨC stem-loop bind to p43
with similar affinities. We also reported earlier that the
C-terminal appended domain of plant MetRS, homologuous
to the C-terminal tRNA-binding domain of p43, preferentially
binds the acceptor stem of tRNA (42). This is in contrast to
Trbp111, which is believed to bind to the convex side of
the tRNA structure (45). Convincing evidence for the
simultaneous binding of Trbp111 and IleRS to a single tRNA
molecule was presented (43). However, the docking model
proposed for the Trbp111-tRNA complex is not compatible
with the simultaneous binding of Trbp111 and ArgRS to the
same tRNA molecule. Indeed, according to this model, the
N-terminalR/â globular domain of ArgRS should compete
with Trbp111 for binding to the D-loop region of tRNA.
The finding that saturating amounts of Trbp111 or of p43
do not inhibit aminoacylation of tRNAArg by ArgRS suggests
that the two proteins bind tRNA without steric hindrance.

In view of the finding in this paper that p43 is not a
functional tIF of the ArgRS component of the mammalian
complex, the functional partner of p43 within the multi-
synthetase complex must now be searched out. The intricate
structural organization of this particle could reveal that two
nonphysically interacting proteins may be close in the 3D-
structure and so may be functionally connected.

SUPPORTING INFORMATION AVAILABLE

Results of His-tag immunoprecipitations of ArgRS and
His-tagged p43 in the presence of tRNA and of amino-
acylation assays of p43-ArgRS and Trbp111-ArgRS
mixtures. This material is available free of charge via the
Internet at http://pubs.acs.org.

REFERENCES
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Giegé, R., and Schimmel, P. (2001) Simultaneous binding of two
proteins to opposite sides of a single transfer RNA,Nat. Struct.
Biol. 8, 344-348.

44. Delagoutte, B., Moras, D., and Cavarelli, J. (2000) tRNA amino-
acylation by arginyl-tRNA synthetase: induced conformations
during substrates binding,EMBO J. 19, 5599-5610.

45. Swairjo, M. A., Morales, A. J., Wang, C. C., Ortiz, A. R., and
Schimmel, P. (2000) Crystal structure of Trbp111: a structure-
specific tRNA-binding protein,EMBO J. 19, 6287-6298.

BI036150E

4600 Biochemistry, Vol. 43, No. 15, 2004 Guigou et al.

133 



The EMAPII Cytokine Is Released from the Mammalian
Multisynthetase Complex after Cleavage of Its p43/proEMAPII
Component*

Received for publication, January 18, 2001, and in revised form, March 28, 2001
Published, JBC Papers in Press, April 16, 2001, DOI 10.1074/jbc.M100489200

Vyacheslav Shalak‡, Monika Kaminska‡§, Rita Mitnacht-Kraus¶, Peter Vandenabeelei,

Matthias Clauss¶, and Marc Mirande‡**

From the ‡Laboratoire d’Enzymologie et Biochimie Structurales, CNRS, 1 Avenue de la Terrasse, 91190 Gif-sur-Yvette,
France, ¶Department of Molecular Cell Biology, Max-Planck-Institut für Physiologische und Klinische Forschung, 61231
Bad Nauheim, Germany, and iMolecular Signalling and Cell Death Unit, Department of Molecular Biology, Flanders
Interuniversity Institute for Biotechnology (VIB), University of Gent, B-9000 Gent, Belgium

Endothelial-monocyte-activating polypeptide II
(EMAPII) is an inflammatory cytokine released under
apoptotic conditions. Its proEMAPII precursor proved
to be identical to the auxiliary p43 component of the
aminoacyl-tRNA synthetase complex. We show here that
the EMAPII domain of p43 is released readily from the
complex after in vitro digestion with caspase 7 and is
able to induce migration of human mononuclear phago-
cytes. The N terminus of in vitro-processed EMAPII co-
incides exactly with that of the mature cytokine isolated
from conditioned medium of fibrosarcoma cells. We also
show that p43/proEMAPII has a strong tRNA binding
capacity (KD 5 0.2 mM) as compared with its isolated N or
C domains (7.5 mM and 40 mM, respectively). The potent
general RNA binding capacity ascribed to p43/proEMA-
PII is lost upon the release of the EMAPII domain. This
suggests that after onset of apoptosis, the first conse-
quence of the cleavage of p43 is to limit the availability
of tRNA for aminoacyl-tRNA synthetases associated
within the complex. Translation arrest is accompanied
by the release of the EMAPII cytokine that plays a role
in the engulfment of apoptotic cells by attracting phago-
cytes. As a consequence, p43 compares well with a mo-
lecular fuse that triggers the irreversible cell growth/
cell death transition induced under apoptotic
conditions.

In higher eukaryotic organisms, from Drosophila to mam-

mals, the nine aminoacyl-tRNA synthetases specific for amino

acids Glu, Pro, Ile, Leu, Met, Gln, Lys, Arg, and Asp are

associated within a multienzyme complex containing three

auxiliary proteins, as well (1). The p38 auxiliary component

contributes a scaffold protein for the assembly of the complex

(2, 3). The p18 subunit of the complex might be an anchor for

transient association of elongation factor EF-1H (4). The p43

subunit is an RNA-binding protein (5) based on a classical

oligonucleotide-oligosaccharide binding fold (6, 7) that might

play a role of a cofactor for aminoacylation (8). Whereas the p18

and p38 proteins are always recovered as components of the

multisynthetase complex, p43 or p43-like domains are wide-

spread in evolution and distributed in the three kingdoms of

the tree of life. They have been described as polypeptide ap-

pendices of MetRS1 (8), PheRS, or TyrRS (9) or as discrete

proteins interacting with aminoacyl-tRNA synthetases and/or

tRNAs, Trbp in bacteria (10, 11), Arc1p in yeast (12), or p43 in

ciliated protozoan (13) or in metazoan species (5, 7).

Unexpectedly, a human protein homologous to the C-termi-

nal moiety of hamster p43 was reported to have cytokine ac-

tivities (14, 15). The endothelial-monocyte-activating polypep-

tide II (EMAPII) has been isolated from methylcholanthrene

A-induced fibrosarcoma cells. EMAPII is a proinflammatory

cytokine that stimulates chemotactic migration of polymorpho-

nuclear granulocytes and mononuclear phagocytes and induces

tissue factor activity on endothelial cells. The C-terminal do-

main of human or bovine TyrRS, which is related to EMAPII,

displays identical cytokine activities (16, 17). EMAPII is ex-

pressed constitutively in all cell types as a ;35-kDa precursor

and is further processed to an ;18-kDa mature form upon

onset of apoptosis (18, 19). Consistent with its maturation

under apoptotic conditions, the precursor polypeptide obtained

by in vitro transcription was shown to be a substrate for apo-

ptotic proteases of the caspase family (20).

Because the p43 component of the multisynthetase complex

is identical to proEMAPII, we wondered whether EMAPII

could be processed from its complex-associated precursor. To

address the consequences of p43 cleavage, we equally consid-

ered its involvement as a general RNA binding domain or as a

cytokine. The results provide strong evidence for a dual role of

p43 that can be identified with a molecular fuse. The function

of p43 as a cofactor of aminoacyl-tRNA synthetases is lost upon

cleavage and release of EMAPII, its C-domain with cytokine

activity. Because proEMAPII is p43, a protein involved in

translation and therefore ubiquitous to all cell types and tis-

sues, previous reports dealing with the relative abundance of

EMAPII mRNA or protein should be considered cautiously.

They address, as well, the level of p43 in those tissues where

active protein synthesis is required for tissue remodeling.
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MATERIALS AND METHODS

Purification of the Multisynthetase Complex from Mouse Liver—Liv-

ers (160 g) from 120 mice were homogenized in a Waring Blendor (2 3

15 s) after addition (1 ml per g) of extraction buffer (50 mM Tris-HCl, pH

7.5, 5 mM MgCl2, 0.1 mM EDTA, 1 mM DTT, and 10% glycerol) contain-

ing protease inhibitors (1 mM diisopropyl fluorophosphate, 2 mM phen-

ylmethylsulfonyl fluoride). Extract was cleared by centrifugation at

30,000 3 g for 30 min and subjected further to high speed centrifugation

at 260,000 3 g for 2 h. The supernatant was applied on a 1,700-ml (5 3

85 cm) Sephacryl S-400 HR column (Amersham Pharmacia Biotech)

equilibrated in Buffer A (75 mM potassium phosphate buffer, pH 7.5, 10

mM 2-mercaptoethanol, and 10% glycerol) and developed at a flow rate

of 4 ml/min. Fractions with LysRS activity were combined and applied

on a 30-ml (1.6 3 15 cm) tRNA-Sepharose column (21) developed at a

flow rate of 1 ml/min. The complex was eluted with a linear gradient of

potassium phosphate buffer (75 to 350 mM). After a 4-fold dilution with

a solution containing 2 mM DTT and 10% glycerol, fractions were

applied on a 1-ml Resource Q column (Amersham Pharmacia Biotech)

equilibrated in Buffer B (25 mM Tris-HCl, pH 7.5, 50 mM KCl, 1 mM

DTT, 10% glycerol) and developed at 1 ml/min with a linear gradient of KCl

from 50 to 500 mM. Fractions were dialyzed against 25 mM potassium

phosphate, pH 7.5, 2 mM DTT, and 55% glycerol and stored at 220 °C.

Expression and Purification of p43 and of Derivatives Thereof—

Human p43 (h-p43), as well as its N-terminal (h-p43N) or C-terminal

domains (h-p43C; EMAPII), were expressed in Escherichia coli with the

pET-28b expression system (Novagen). The h-p43 cDNA was produced

by polymerase chain reaction between the two oligonucleotides p43–3

(59-cccccatggcaaataatgatgctgttctgaagagac) and p43–2 (59-cccctcgagttt-

gattccactgttgctca), which introduced an NcoI site with the ATG initia-

tion codon and an XhoI site in frame with the vector sequences encoding

the His tail, respectively. The cDNA encoding the equivalent region of

murine p43 (m-p43) was also introduced into the pET28b vector after

amplification between oligonucleotides p43-m1 (59-cccccatggcaacgaat-

gatgctgt) and p43-m2 (59-cccctcgagtttaattccactattggccat). The h-p43N

cDNA was amplified between oligonucleotides p43–3 and p43–160 (59-

cccctcgaggtcggcacttccagctattga). The h-p43C construct has been de-

scribed previously (5). A derivative without a His tail at the C terminus

was constructed after amplification between p43–1 (59-cccccatggccaagc-

caatagatgtttccc) and p43–20 (59-cccctcgagttatttgattccactgttgctca),

which introduced a stop codon. The nucleotide sequence of the con-

structs was checked by DNA sequencing.

Expression and purification of p43 variants bearing a His tag was

conducted essentially as described previously (5), following two chro-

matographic steps on a nickel-nitrilotriacetic acid Superflow matrix

(Qiagen) and on a SOURCE 15S column (Amersham Pharmacia Bio-

tech.). Purified proteins were stored at 220 °C after dialysis against 20

mM Tris-HCl, pH 7.0, 50 mM NaCl, 2 mM DTT, 55% glycerol.

For purification of h-p43C without His tag, cell extract obtained as

described above in 20 ml of 30 mM Tris-HCl, pH 7.0, 30 mM KCl, 0.1 mM

EDTA, 2 mM DTT, 10% glycerol was applied to a 1.6 3 13-cm column of

S-Sepharose Fast Flow (Amersham Pharmacia Biotech) equilibrated in

20 mM Tris-HCl, pH 7.0, 30 mM NaCl, 1 mM DTT. The protein was

eluted (at 300 mM) by a linear gradient of NaCl (30 to 500 mM) in the

same buffer. To remove contaminating nucleic acids, fractions were

dialyzed against 20 mM Tris-HCl, pH 7.0, 15 mM NaCl, 1 mM DTT and

applied to a 2.0 3 9.5-cm SOURCE 15Q column equilibrated in the

same buffer. The material recovered in the flow-through fraction was

concentrated on a 1-ml Resource 15S column, eluted stepwise with 500

mM NaCl, and stored at 220 °C in 25 mM potassium phosphate buffer,

pH 7.5, 2 mM DTT, and 55% glycerol. Protein concentrations were

determined by using calculated absorption coefficients of 0.257, 0.260,

0.068, and 0.432 A280 units/mg21/cm2, respectively, for h-p43, m-p43,

h-p43N, and h-p43C.

Controlled Proteolysis with Caspase—The purified murine multien-

zyme complex or homogeneous murine or human p43 were incubated in

the presence of various homogeneous murine caspases (caspase 3, 7, or

8; see Ref. 22) or with human caspase 7 (PharMingen) at 37 °C in CFS

buffer (10 mM HEPES-NaOH, pH 7.4, 2.5 mM KH2PO4, 2 mM NaCl, 2

mM MgCl2, 0.5 mM EGTA, 5 mM pyruvate, 68 mM sucrose, 220 mM

mannitol, and 10 mM DTT). At the time intervals indicated, aliquots

were treated with SDS for analysis by SDS-PAGE and Western blot-

ting. Where indicated, 0.1 mM of the caspase inhibitor benzyloxycar-

bonyl-Asp-Glu-Val-Asp-chloromethyl ketone (Z-DEVD-CMK) was

added.

Purification of Mouse EMAPII after Caspase 7 Digestion of the Com-

plex—Mouse complex (500 mg) was digested with caspase 7 (10,250

units; 247,600 units/mg (22)) in 6 ml of CFS buffer containing 0.01%

Tween 20. After 90 min of incubation at 37 °C, the mixture was placed

on ice, diluted with 6 ml of 2-fold concentrated Buffer A (Buffer A is 20

mM Tris-HCl, pH 7.5, 15 mM NaCl, 1 mM DTT, 0.01% Tween 20, 10%

glycerol), and applied on a 1-ml Resource Q column equilibrated in

Buffer A. The flow-through fraction was applied to a 0.8-ml Mini-S

column equilibrated in Buffer B (20 mM Tris-HCl, pH 7.5, 2 mM DTT,

0.01% Tween 20) and developed with a linear gradient of NaCl from 0

to 350 mM. EMAPII, eluted at an NaCl concentration of 120 mM, was

concentrated by ultrafiltration on MICROSEP (Pall Filtron; 3-kDa mo-

lecular mass cutoff). The N-terminal sequence of EMAPII was deter-

mined by automated Edman degradation using an Applied Biosystems

473 sequencer.

Preparation of Antibodies and Western Blotting—Polyclonal antibod-

ies were raised in rabbit against purified h-p43N and h-p43C following

repeated injections at 2-week intervals of 0.5 mg of homogeneous pro-

tein emulsified with complete (first injection) or incomplete Freund’s

adjuvant. Other antibodies directed to murine EMAPII (18) or to com-

ponents of the multisynthetase complex (23) were as described. After

SDS-PAGE (24), Western blotting was conducted essentially as de-

scribed (25), using polyvinylidene difluoride transfer membranes (Hy-

bond-P; Amersham Pharmacia Biotech), goat anti-rabbit IgG conju-

gated with peroxidase, and the ECL detection reagents.

Monocyte Chemotactic Assay—Monocytes were isolated from buffy

coats of healthy donors in a two-step procedure by density-gradient

centrifugation and elutriation. Peripheral blood mononuclear cells were

obtained from citrated venous blood (buffy coats) from healthy donors

according to the method of Boyum (26). Blood was diluted 1:3 in Hanks’

buffered saline, and 25 ml of this cell suspension was layered over 15 ml

of Ficoll-Paque (Amersham Pharmacia Biotech). After centrifugation at

600 3 g for 20 min cells at the interphase containing peripheral blood

mononuclear cells were collected, and cell suspension was washed twice

with Hanks’ buffered saline to remove platelets. For further monocyte

isolation cells were resuspended in 15 ml of Hanks’ buffered saline and

placed into the sample tube of a JE-6B elutriator rotor (Beckman). At a

constant rotor speed of 2300 rpm flow rate was increased successively

from 7 ml/min to 18 ml/min. Monocytes were reproducibly eluted in

fractions 5 to 9, containing more than 90% monocytes (CD141 cells) as

determined by fluorescence-activated cell sorter analysis with an anti-

CD14 monoclonal antibody. After isolation cells were centrifuged (1000

rpm; 5 min), and monocytes were cultivated not longer than 24 h in

serum-free macrophage medium, 2 mM L-glutamine, 100 units/ml pen-

icillin, and 100 mg/ml streptomycin, at a concentration of 2 3 106

cells/ml. To avoid cell adhesion to the plastic surface hydrophobic cul-

ture plates (In Vitro Systems) were used.

Chemotaxis of monocytes was investigated using the method of
Quinn et al. (27) as modified recently (14). Briefly, isolated monocytes

were placed in the upper chamber, and the test substances were placed
in the lower chamber. Chemotactic assays were performed for 1 h of
incubation, unmigrated cells on the filter surface were removed, and
migrated cells were stained with Giemsa stain. Cells in at least six

power fields were counted for each condition assessed.
Sedimentation Equilibrium—Ultracentrifugation experiments were

conducted and analyzed as described previously (8, 28). Sedimentation

equilibrium data were fitted to theoretical models taking into account
molecular weights of 35,418, 17,218, and 19,398, respectively, for the
monomers of p43, p43N, and p43C and v# values of 0.735, 0.734, and
0.733 at 4 °C.

Gel Retardation Assay—Protein-tRNA interactions were assayed us-
ing a band shift assay as described previously (5, 8). 32P-Labeled tRNAs
were synthesized in a reaction mixture (50 ml) containing 1 mg of

template DNA, 40 mM Tris-HCl, pH 8.0, 6 mM MgCl2, 1 mM spermidine,
5 mM DTT, 0.01% Triton X-100, 1 mM each of CTP, UTP, and GTP, 10
mM [a-32P]ATP (200 Ci/mmol), 1000 units/ml T7 RNA polymerase. After
incubation at 37 °C for 1 h, the transcripts were purified by electro-
phoresis on a denaturing 12% polyacrylamide gel (mono:bis, 19:1),
recovered from the gel by electroelution, precipitated with ethanol,

resuspended in 20 mM Tris-HCl, pH 7.5, 10 mM MgCl2, heated at 65 °C
for 5 min, and renaturated by slow cooling at 25 °C.

Homogeneous p43 and p43 derivatives were incubated at increasing
concentrations with radiolabeled tRNA (100,000 cpm (Cerenkov) per
point) in an 11-ml volume containing 20 mM Tris-HCl, pH 7.5, 150 mM

NaCl, 10 mM MgCl2, 10 mM 2-mercaptoethanol, 10% glycerol, and
bovine serum albumin at 0.1 mg/ml. After incubation at 25 °C for 20
min, the mixture was placed on ice and loaded on a 6% polyacrylamide
gel (mono:bis, 29:1) containing 5% glycerol in 0.5 3 Tris borate-EDTA,

pH 9.5, at 4 °C. After electrophoresis, the gel was fixed, dried, and
subjected to autoradiography. Free and bound tRNA were quantified
using a PhosphorImager (Molecular Dynamics).

Dual Function of p43/EMAPII23770
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Aminoacylation Assay—Initial rates of tRNA aminoacylation were
measured at 25 °C in 0.1 ml of 20 mM imidazole-HCl buffer, pH 7.5, 150
mM KCl, 0.5 mM DTT, 5 mM MgCl2, 3 mM ATP, 60 mM

14C-labeled amino
acid (50 Ci/mol; PerkinElmer Life Sciences), and saturating amounts of

tRNA, as previously described (29). Total brewers’ yeast tRNA (Roche
Molecular Biochemicals) or partially purified beef tRNA were used as
tRNA substrates. The incubation mixture contained catalytic amounts
(1 to 10 nM) of enzymes appropriately diluted in 10 mM Tris-HCl, pH
7.5, 10 mM 2-mercaptoethanol containing bovine serum albumin at 4
mg/ml. One unit of activity is the amount of enzyme producing 1 nmol
of aminoacyl-tRNA/min at 25 °C.

RESULTS

The p43 Component of the Multisynthetase Complex Is a

Substrate of Caspase 7—The p43 component of the multisyn-

thetase complex is the homolog of proEMAPII, the precursor of

the EMAPII cytokine (5). Previous studies showed that [35S]-

labeled mouse proEMAPII produced in an in vitro transcrip-

tion/translation system is a substrate of caspase 7 and, to a

lesser extent, of caspase 3 (20). Because the only known cellular

species of p43 is that associated within the multisynthetase

complex (5), we surmised that if p43 is proEMAPII, the pre-

cursor of the cytokine, the caspase-7 cleavage site on p43

should be readily accessible in the complex. On the contrary, if

the p43 component of the complex would be protected against

caspase digestion, it could not be the direct precursor of

EMAPII.

Homogeneous mouse multisynthetase complex was incu-

bated in the presence of mouse caspase 7, and time course of

p43 digestion was monitored by Western blotting with anti-

EMAPII antibodies directed to the C-terminal moiety of p43

(Fig. 1). After 90 min of incubation, the p43 polypeptide (80 ng

of protein taking into account that 2 molecules of p43 (2 3 40

kDa) are associated per molecule of complex (1.5 MDa)) was

almost entirely converted into EMAPII, an 18-kDa polypeptide.

In contrast, after a 90-min digestion with caspase 7 of recom-

binant mouse p43 (60 ng of the dimeric protein) expressed in E.

coli (see below), only ;50% of the p43 polypeptide was con-

verted into EMAPII. We concluded that the p43 component of

the complex is a substrate of caspase 7 and that its association

within the complex facilitates its cleavage. Caspase 3 or

caspase 8 did not efficiently cleave the complex-associated form

of p43 or the isolated subunit (not shown).

To test the behavior of the other components of the complex

toward caspase 7 treatment, the multisynthetase complex sub-

jected to controlled proteolysis was analyzed by SDS-PAGE

followed by Coomassie staining (Fig. 2) and Western blotting

(see Fig. 2 and below) using antibodies directed to individual

components. Complete analysis revealed that IleRS, LeuRS,

MetRS, ArgRS, p38, and probably GlnRS were not affected by

the addition of caspase 7. In contrast, GluProRS (163 kDa),

LysRS (68 kDa), and AspRS (57 kDa), in addition to p43, were

cleaved by caspase 7 and converted to polypeptides of 105 1 60

kDa for GluProRS, 66 and 61 kDa for LysRS, and 55 kDa for

AspRS. As shown in Fig. 2, when Z-DEVD-CMK, a potent and

specific inhibitor of caspase 7, was added in the incubation

mixture, cleavage of p43, GluProRS, LysRS, and AspRS was

completely abolished.

Caspase 7 Treatment Releases EMAPII from the Complex—If

EMAPII is a cleavage product of the complex-associated form of

p43, then it should be readily released from the complex after

caspase 7 treatment. The mouse complex was incubated with

caspase 7 as described above and subjected to size fractionation

on a Superose 12 column (Fig. 3). A major peak was eluted with

an apparent mass corresponding to the native complex (frac-

tion B). Two additional minor peaks were observed correspond-

ing to the elution volumes of proteins of ;100 kDa (fraction C)

and of small proteins eluting near the inclusion volume of the

column (fraction E). Fraction F corresponded to the elution of

components of the incubation buffer in the total bed volume of

FIG. 1. Time course of p43 digestion with caspase 7. The purified
murine multienzyme complex (m-Cx; 1.5 mg) or the recombinant murine
p43 expressed in E. coli with a His tag (m-p43; 0.06 mg) was incubated
at 37 °C in the absence or in the presence of murine caspase 7 (25 units).
At different time intervals (0, 15, 30, 60, and 90 min), the incubation
mixture was analyzed by SDS-PAGE and Western blotting using anti-
bodies directed to the C-terminal domain of p43 (EMAPII).

FIG. 2. Search for components of
the complex cleaved by caspase 7.
Murine multisynthetase complex (1.5 mg)
was incubated with caspase 7 (50 units)
and Z-DEVD-CMK (0.1 mM), as indicated.
After 90 min of incubation at 37 °C, sam-
ples were analyzed by SDS-PAGE and
Coomassie staining (A) or by Western
blotting using antibodies directed to the
C-terminal EMAPII domain of p43 (B).
The polypeptide marked with an asterisk
corresponded to the p20 polypeptide of
caspase 7.
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the column. Column fractions were analyzed by Western blot-

ting to investigate the association state of the native and trun-

cated components of the complex after caspase treatment. By

using antibodies directed to the N-terminal or C-terminal do-

main of p43, we identified a ;16- or 18-kDa polypeptide, re-

spectively, in fractions B or E. Therefore, caspase 7 digestion of

p43 led to two discrete polypeptides. The N-terminal polypep-

tide behaves as a complex-associated entity, and EMAPII is

released as a soluble monomeric protein.

Concerning the other components of the complex, only ProRS

is released from the complex after caspase treatment. It is

recovered in fraction C (Fig. 3B) as a dimeric protein with an

apparent mass of ;100 kDa (Fig. 3A). The N-terminal moiety of

bifunctional GluProRS, including GluRS and the linker region

made of three repeated units (as assessed by Western blotting

with antibodies directed to the GluRS domain or to the re-

peated units), remained associated with the complex. Simi-

larly, the removal of a small polypeptide from LysRS and

AspRS did not impair their association with the other compo-

nents of the complex.

The consequences of caspase 7 treatment of the complex on

the activity of its enzymatic components were appraised by

measuring their tRNA aminoacylation capacity in the presence

of saturating amounts of crude yeast or beef tRNA. Using these

assay conditions, only ProRS activity was shown to be affected,

with a 40% reduced initial velocity. This partial loss of activity

could be related to the instability of the dimeric enzyme, which

proved to readily dissociate into inactive monomers when re-

leased from the bifunctional GluProRS (30).

The EMAPII Domain Released by Caspase 7 Has Cytokine

Activities—To establish that the EMAPII polypeptide initially

isolated by Stern and co-workers (14) from conditioned medium

of murine methylcholanthrene A fibrosarcoma cells does indeed

correspond to the C-terminal domain of p43, substantial

amounts of this polypeptide were isolated to perform its struc-

tural and functional characterization. Preparative digestion of

the murine multisynthetase complex (500 mg of complex) was

conducted with 10,000 units of caspase 7. Because two mono-

mers of EMAPII (mass of the monomer 5 18 kDa) could be

isolated by molecules of complex (1500 kDa), a maximum of 12

mg of EMAPII were expected. To prevent absorption of this

polypeptide on glassware, 0.01% Tween 20 was included in all

buffers. EMAPII was isolated to homogeneity following two

chromatographic steps on Resource Q and Mini-S columns and

concentrated by ultrafiltration. Analysis by SDS-PAGE re-

vealed a single polypeptide of 18 kDa (Fig. 4B), and a single

N-terminal amino acid sequence was obtained by Edman deg-

radation, XKPIDA . . . (the identity of the first amino acid

residue was not determined). It precisely matches the sequence

of the mouse p43 protein starting from residue 145, following

the Asp144 residue from the ASTD sequence, corresponding to

the caspase 7 cleavage site. It also coincides with the N-termi-

nal sequence of the EMAPII cytokine initially isolated from

medium of fibrosarcoma cells (14).

EMAPII has been shown to induce the migration of mono-

nuclear phagocytes (MPs) and polymorphonuclear leukocytes

FIG. 3. Probing the behavior of individual components of the
complex after cleavage by caspase 7. A, purified multienzyme com-
plex from mouse (75 mg) was subjected to caspase 7 treatment (2200
units) followed by size fractionation on a Superose 12 HR 10/30 column
equilibrated in 25 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10% glycerol, 1
mM DTT. Elution was monitored at 220 nm. According to the elution
profile, fractions were combined to give samples A and B, corresponding
to complex-associated proteins, and C–F, corresponding to free species.
B, samples A–F were concentrated by ultrafiltration on Centrisart-C4
(10,000 molecular weight cutoff; Sartorius) and analyzed by Western
blotting using antibodies directed to the p43C or p43N region of p43, to
the repeated units (GluRS) or ProRS domain (ProRS) of GluProRS, and to
LysRS, AspRS, MetRS, ArgRS, or p38. Lanes T and T1 corresponded
to control samples of the multisynthetase complex before (T) or after (T1)
caspase treatment, recovered before size exclusion chromatography.

FIG. 4. Expression of p43 and p43-related polypeptides. A, the
murine multisynthetase complex (m-Cx), corresponding to the natural
form of p43/proEMAPII, the recombinant murine (m-p43) or human
(h-p43) p43 polypeptides produced in E. coli with a C-terminal His tag,
the (B) p43N and p43C and p43C-H segments of human p43 produced
in E. coli with (p43N and p43C) or without (p43C-H) a C-terminal His
tag, and the EMAPII polypeptide isolated after in vitro caspase treat-
ment of the mouse multisynthetase complex (EMAPII) were analyzed
by SDS-PAGE on a 12 (A) or 15% (B) polyacrylamide gel and visualized
by Coomassie staining.
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and to stimulate the production of tissue factor by MPs and the

release of myeloperoxidase from polymorphonuclear leuko-

cytes. The cytokine activity of the EMAPII product derived

from the multisynthetase complex by in vitro processing was

assessed by its capacity to induce migration of human MPs

(Fig. 5). EMAPII derived from the multisynthetase complex

induced migration of MPs in a biphasic dose-response manner

typical for chemokines. The chemotactic response was already

significant at a concentration as low as 10 pg/ml, reached a

maximum at about 1 ng/ml, and decreased to less significant

values at an EMAPII concentration of 100 ng/ml. This dose

response is very similar to that originally observed with

EMAPII purified from tumor cell supernatants (14). When used

at a protein concentration of 1 ng/ml, the recombinant cytokine

(p43Ct) displayed a similar chemotactic activity (Fig. 5). The

recombinant native human proEMAPII produced in E. coli

(h-p43) also induced migration of MPs (results not shown).

The N and C Domains of p43 Contribute a Bipartite tRNA

Binding Site—We previously reported that the C-terminal do-

main of p43 is a monomer and displays a weak nonspecific

tRNA binding capacity (KD 5 ;40 mM; see Ref. 5). To determine

whether cleavage of p43 into EMAPII could modify the tRNA

binding property of p43, we expressed and purified to homoge-

neity different forms of p43 from different origins. Murine and

human p43 (m-p43 and h-p43) (Fig. 4A), as well as the human

p43N and p43C moieties corresponding to the two polypeptides

FIG. 6. Quaternary structure of p43 and of its isolated N- and C-terminal domains. The purified full-length human p43 (p43) and its
isolated p43N or p43C moieties were analyzed by equilibrium sedimentation at 17,000 (p43 and p43N) or 20,000 rpm (p43C), at 4 °C, in 20 mM

Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM DTT, 10% glycerol, and 0.01% Tween 20 (p43 and p43N) or in 25 mM potassium phosphate, pH 7.5, 1 mM

DTT (p43C). Initial protein concentrations were 38 mM for p43, 150 mM for p43N, and 60 mM for p43C. Experimental values (open circles) were fitted
(curves) to monodisperse solutes of 70,912 Da for p43 and 18,843 Da for p43C or to a dimer-tetramer equilibrium with the mass of the monomer
equal to 17,218 Da, and KD 5 20 6 10 mM for p43N. The residuals are indicated.

FIG. 5. EMAPII derived from the
multisynthetase complex induces
chemotactic migration of monocytes.
Peripheral blood monocytes were added to
the upper compartment of a modified
Boyden chamber. Samples of EMAPII
derived from the complex after cleavage
with caspase 7 (EMAPII), of recombinant
EMAPII (p43C), and of medium alone
were added to the lower compartments at
the indicated concentrations in ng/ml.
The chambers were incubated for 1 h at
37 °C and then migrated cells were sta-
ined and counted. Results show mean 6

S.E. of migrated cells from at least three
independent experiments. In each
experiment cells were counted in at least
six representative high power fields. The
statistical significance of the observed
values was evaluated on the basis of the
number of cells in the individual
experiments as calculated from an unpa-
ired t test using the InStat 2.01 program.
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generated by caspase 7 treatment (Fig. 4B), were expressed in

E. coli with a C-terminal His tag. A C-terminal fragment de-

prived of a His tag was also isolated (p43C-H).

A double-hybrid screen of interactions between components

of the complex showed that p43 associated with itself (2). In

addition, multisynthetase complexes purified to homogeneity

contain two copies of the p43 polypeptide per molecule of com-

plex. These results suggested that p43 could be a dimer, even

though p43C is a monomer when analyzed by gel filtration (5).

The oligomeric structure of p43 was determined by sedimenta-

tion equilibrium (Fig. 6). When p43 was subjected to centrifu-

gation equilibrium at an initial protein concentration of 38 mM,

experimental data could be fitted to a single species with a

molecular mass of 70,912 Da. Taking into account a calculated

molecular mass of 35,418 Da for the monomer, we concluded

that p43 is a dimer in solution. The C-terminal moiety of p43,

p43C, behaved exclusively as a monomer of 18,843 Da (theo-

retical mass of a monomer, 19, 398 Da). In contrast, the N-

terminal moiety of p43, p43N, gave a more complex sedimen-

tation pattern. When analyzed at an initial protein

concentration of 150 mM, experimental data were fitted to a

dimer-tetramer equilibrium, with KD 5 20 6 10 mM, taking into

account the theoretical mass of 17,218 Da of the monomer.

Therefore, the native species of p43 is likely to form a dimer

through its N-terminal segment.

We analyzed the ability of p43 to form stable complexes with

various tRNAs. Radiolabeled in vitro-transcribed tRNAs (yeast

tRNAAsp or tRNAi
Met; human tRNALys or tRNAArg) were incu-

bated with increasing amounts of p43 (0.06–4 mM; monomer

concentration), and free and bound tRNA species were ana-

lyzed by a gel retardation assay (Fig. 7). p43 formed a stable

complex with tRNA with an apparent KD of ;0.2 mM (expressed

as monomer concentration). The finding that two band shifts

were observed suggests that p43 can bind one or two tRNAs per

dimer. The interaction with p43 does not require the L-shaped

structure of tRNA. Indeed, we observed that a minihelix mim-

icking the acceptor-TCC stem-loop region of tRNA produced a

similar interaction pattern (result not shown). In contrast with

the robust interaction displayed by full-length p43, its isolated

p43N or p43C domains formed weak complexes with tRNAs,

with apparent KD of 7.5 and 40 mM, respectively. As a control,

we observed that p43C and p43C-H (a derivative without His

tag) have indistinguishable tRNA binding capacities. There-

fore, the two domains of p43 are likely to synergistically con-

tribute a potent tRNA binding site on p43.

DISCUSSION

Here we showed that the p43 component of the mammalian

multisynthetase complex is a substrate for caspase 7, an apo-

ptotic protease. The free recombinant, as well as the natural

complex-associated p43 species, are substrates of caspase 7.

However, we found that the p43 entity associated within the

complex was more efficiently processed into EMAPII than its

soluble form. This result suggests that the site of cleavage is

made more accessible to the caspase when p43 is forced into a

conformation suited for its association with the other compo-

nents of the complex. Although the EEVD sequence at position

175 to 178 of murine p43 would be an ideal site for caspase 7

according to its known preferred peptide substrates (31) the
141ASTD2S145 sequence is used in vitro by caspase 7 (this

study), and the N terminus of the in vivo-generated EMAPII

product also starts at residue Ser145 (14). We recently reported

the crystal structure of human EMAPII (7). Its two-domain

architecture builds a pseudodimer. The 100-amino acid residue

N-terminal domain forms an open b-barrel related to the 60-

amino acid residue C-terminal domain by a degenerated 2-fold

symmetry. The EEVD peptide belongs to strand b1 that forms

the first strand of the oligonucleotide-oligosaccharide binding

fold b-barrel domain. This tetrapeptide appears to be buried in

the protein core and is therefore not accessible for recognition

by caspase. In contrast, the released Ser145 at the N terminus

is protruding from the compact structure.

Following cleavage at the 141ASTD2S145 site, the EMAPII

cytokine lost its propensity to associate with the complex and is

released as a monomer. The N terminus of p43 remains bound

to the complex. These results are in full agreement with our

FIG. 8. Deduced cleavage sites for caspase 7 on GluProRS,
LysRS, AspRS, and p43 polypeptides. Putative cleavage sites lo-
cated within the third repeat of human GluProRS or between the
polypeptide extension and the catalytic domain of human LysRS or
human AspRS or within mouse proEMAPII are indicated.

FIG. 7. Synergistic binding of tRNA
by the N and C regions of p43. 32P-
Labeled in vitro-transcribed tRNAAsp was
incubated with human p43 or with its
isolated p43N or p43C polypeptides at the
concentrations indicated. After electro-
phoresis at 4 °C on a 6% native polyacryl-
amide gel, the mobility shift of tRNA was
visualized by autoradiography.
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previous analysis of protein-protein interactions involved in

the assembly of the complex. We showed by a two-hybrid anal-

ysis that p43 is able to interact with p38, the scaffold compo-

nent of the complex, but also with GlnRS and ArgRS (2).

Furthermore, in vitro studies revealed that the isolated N-

terminal moiety of p43 associates with ArgRS, but its C-termi-

nal region corresponding to EMAPII does not (3). Similarly,

p43 binds to p38 via its N-terminal domain.2 Thus, we antici-

pated that the release of EMAPII would not destabilize the

quaternary structure of the complex.

Examination of each of the components of the complex after

caspase treatment revealed that, with the exception of ProRS,

aminoacyl-tRNA synthetases remain associated. ProRS is car-

ried by a multifunctional polypeptide (32) containing an N-

terminal domain corresponding to GluRS, a linker region made

of repeated units with nonspecific RNA binding properties (33),

and a C-terminal ProRS domain. Cleavage of the GluProRS

polypeptide by uncontrolled proteolysis led to the release of

ProRS from the complex (30). Because of the size of the GluRS

(105 kDa) and ProRS (60 kDa) polypeptides observed after

cleavage by caspase, the finding that antibodies raised against

the repeated units selectively recognized the N-terminal GluRS

polypeptide of 105 kDa, and the known consensus sequence for

caspase 7, the aspartate residue at position 857 from the se-

quence 854DQVD857 of human GluProRS is likely to correspond

to the cleavage site (Fig. 8). AspRS and LysRS are also sub-

jected to proteolysis, but their activities are not affected. The

short polypeptides removed after cleavage by caspase 7 are

therefore likely to be located at the N terminus of the two

proteins, position corresponding to the eukaryotic-specific se-

quences that characterize the mammalian enzymes. According

to the crystal structure of yeast AspRS (34) and of E. coli LysRS

(35), the removal of a short polypeptide at the C-terminal

extremity of the two proteins should result in their inactiva-

tion. Indeed, the conserved motif 3 of class IIb aminoacyl-tRNA

synthetases is located at the very C terminus of these proteins.

The potential cleavage sites for caspase 7 are indicated in Fig. 8.

Of particular interest is the finding that the immediate con-

sequence of the cleavage of p43 into two equal moieties is the

loss of its tRNA binding ability. The isolated domains have a

weak RNA binding capacity (KD 5 ;7.5–40 mM), even though

the N-terminal domain is very rich in basic residues and dis-

plays a calculated pI . 9. EMAPII-like polypeptides are recur-

rent domains associated with various proteins. In yeast, the

Arc1p protein associates with MetRS and GluRS and acts as a

cofactor for tRNA delivery to the synthetase (12). A polybasic

sequence from the N-terminal region appended to the EMAPII-

like domain of Arc1p is also required for efficient RNA binding.

In plants, an EMAPII-like domain is appended at the C termi-

nus of MetRS and synergizes with the MetRS domain for bind-

ing tRNA (8). Thus, EMAPII domains always require addi-

tional sequences to potentiate their interaction with tRNA

molecules.

It is worth noting that besides p43, the other targets of

caspase 7 in the complex also concern peptide appendices that

are eukaryote-specific and/or that are known to contribute

RNA binding domains. The DQVD sequence that might be the

caspase 7 recognition site in GluProRS is located in the third of

the repeated units that form the linker polypeptide between

the GluRS and ProRS domains. We recently determined that in

human MetRS, an enzyme that possesses a single of these

repeats, this polypeptide extension provides the MetRS core

domain with a higher catalytic efficiency for tRNA aminoacy-

lation.3 Similarly, the N-terminal polypeptide extension of hu-

man LysRS contributes an RNA binding domain that facili-

tates tRNA aminoacylation.4 Consequently, in vivo processing

of components of the multisynthetase complex by caspase 7

would have as an immediate consequence to restrict the avail-

ability of aminoacylated tRNAs and should result in the inhi-

bition of protein synthesis. Following onset of apoptosis, cleav-

age of p43 and of other components of the complex would be a

means to arrest translation in cells engaged in programmed

cell death. Although other factors of the translation machinery,

including eIF2a (36) and eIF4G (37), are cleaved by caspase 3

during inhibition of translation in apoptotic cells, their proteo-

lytic products do not possess cytokine activity. Secretion of

EMAPII, the C-terminal domain of p43, results in the recruit-

ment of macrophages (14, 18, 38) that engulf apoptotic cells,

thus preventing inflammation caused by the release of their

cellular content because of secondary necrosis of apoptotic cells.

In this regard, p43 may compare with a molecular fuse. In its

native pro-EMAPII form, it is an important cofactor for amino-

acylation. After the fuse has blown, translation is irreversibly

switched off, and EMAPII enters the cell death signaling path-

way. In vitro assays showed that full-length recombinant p43 is

also a potent cytokine (17, 19).5 This suggests that association

of p43 within the multisynthetase complex inhibits its cytokine

activity and/or sequesters proEMAPII in a cellular compart-

ment and prevents its entry into apoptotic pathways until it is

cleaved off the complex. Only a processed form of p43 is recov-

ered in the supernatant of apoptotic cells.6 The pathway of

EMAPII secretion remains to be deciphered.
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In human, nine aminoacyl tRNA synthetases are associated

with the three auxiliary proteins, p18, p38, and p43, to form a

stable multiprotein complex. The p43 component, which has a

potent tRNA binding capacity, is associated to the complex via

its N-terminal moiety. This protein is also the precursor of the

endothelial monocyte-activating polypeptide II (p43(EMAPII),

corresponding to the C-terminalmoiety of p43), a cytokine gen-

erated during apoptosis.Herewe examined the cellular pathway

that, starting from the p43 subunit of the complex, leads to this

extracellular cytokine. We identified a new intermediate in

this pathway, named p43(ARF) for Apoptosis-released Factor.

This intermediate is produced in cellulo by proteolytic cleavage

of endogenous p43 and is rapidly recovered in the culture

medium. This p43 derivative was purified from the medium of

human U937 cells subjected to serum starvation. It contains 40

additionalN-terminal aminoacid residues as comparedwith the

cytokine p43(EMAPII) and may be generated by a member of

the matrix metalloproteinase family. Recombinant p43(ARF) is

a monomer in solution and binds tRNA with a Kd of �6 nM,

30-fold lower than that of p43. Highly purified p43(ARF) or

p43(EMAPII) do not stimulate the expression of E-selectin by

human umbilical vein endothelial cells. Our results suggest that

the cleavage of p43 and its cellular delocalization, and thus the

release of this tRNAbinding subunit from the complex, is one of

the molecular mechanisms leading to the shut down of protein

synthesis in apoptosis.

Protein synthesis is essential for cell growth. In cells under-
going apoptosis, the translation process is rapidly inhibited and

correlates with caspase-dependent cleavage of the eukaryotic
translation initiation factors eIF3, eIF4B, and eIF4G (1) and
with phosphorylation of eIF2� (2). Inhibition of protein synthe-
sis by addition of cycloheximide to culture cells also promotes
apoptosis. Translation is not completely inhibited at early
stages of apoptosis. For instance, the mRNA encoding antiapo-
ptotic proteins XIAP or c-Myc may be produced, allowing cell
recovery during the process of programmed cell death. By con-
trast, translation is not inhibited during the process of necrotic
cell death (3). Although modification of translation initiation
factors seems to be one of the primary steps of regulation of
translation in apoptotic cells, other components of the protein
synthesis machinery, including aminoacyl-tRNA synthetases,
are also the target of apoptotic proteases (4, 5).

In higher eukaryotic organisms, from Drosophila to mam-
mals, the nine aminoacyl-tRNA synthetases specific for amino
acids Glu, Pro, Ile, Leu, Met, Gln, Lys, Arg, and Asp form a
Multiaminoacyl-tRNA Synthetase complex (MARS)5 with the
three auxiliary proteins p18, p38, and p43 (6). The p43 subunit
is an RNA-binding protein (5) organized around a pseudo-di-
meric OB-fold-based domain (7). It occupies a central position
within the multisynthetase complex (8). It has been proposed
that p43 might play a role of a cofactor for aminoacylation (9),
but this function remains a subject of controversy (10). The
presence of p43, or of p43-related proteins, in the cytoplasmbut
also in the nucleus of rabbit kidney cells has been observed by
immunoelectron microscopy (11).

The p43 component of MARS is also the precursor of the
Endothelial-monocyte-activating polypeptide II (p43(EMAPII))
isolated from methylcholanthrene A-induced fibrosarcoma cells,
a cytokine generated during apoptosis (12–14). The mature
p43(EMAPII) has been ascribed to a proinflammatory cytokine
that stimulates chemotactic migration of polymorphonuclear
granulocytes and mononuclear phagocytes and induces tissue
factor activity on endothelial cells. Whether p43(EMAPII) or its
precursor, the p43 component of MARS, is the real cytokine
remains controversial (13, 15). p43 as well as p43(EMAPII) have
also been reported to have antiangiogenic properties that
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would limit establishment of neovasculature and thus would
suppress tumor growth (16, 17).

We previously reported that the p43 component of MARS is
a substrate for caspase 7 (5), but other data also indicated that
p43 may not be primarily cleaved by this apoptotic protease
(18), suggesting that the maturation of p43 into p43(EMAPII)
may involve intermediate maturation stages. In this report, we
investigated the pathway of p43 cleavage during apoptosis, we
identified and characterized a new intermediate referred to as
p43(ARF) for Apoptosis-released Factor, and analyzed the
subcellular localization and the putative functions of p43,
p43(ARF), and p43(EMAPII) during development of apoptosis.

EXPERIMENTAL PROCEDURES

Cell Culture and Induction of Apoptosis—The 32D murine
myeloid precursor cell line (gift from Matthias Clauss, Max-
Planck-Institut, Bad Nauheim, Germany) is dependent on an
exogenous supply of IL-3 for growth (19). 32D cells were grown
in RPMImedium (Invitrogen) supplementedwith 10% fetal calf
serum (FCS), 2 mM glutamine, 100 �g/ml of penicillin and
streptomycin, and 10% conditioned medium derived from the
IL-3-producing cell lineWEHI. To induce apoptosis, cells were
washed three times in the same medium lacking conditioned
medium and incubated in the samemedium for the times indi-
cated. The human promonocytic cell line U937 (American
Type Culture Collection) was grown in RPMI medium supple-
mented with 10% FCS and 2 mM glutamine, 100 �g/ml of pen-
icillin and streptomycin, and induced to undergo apoptosis by
serum withdrawal. Development of apoptosis was assessed by
DNA fragmentation analysis (20), and poly(ADP-ribose) poly-
merase cleavage. Cell survival was determined by the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide MTT
assay (Sigma) and cell death by the trypan blue (0.05%) exclu-
sion assay. Cell extracts and culture media were analyzed by
Western blotting. Human umbilical vein endothelial cells
(HUVEC)were grown as previously described (21). After diges-
tion by collagenase, HUVECwere cultured inM199 containing
human AB serum (15% v/v) until confluence.
Antibodies and Western Blot Analysis—Monoclonal anti-

bodies directed to poly(ADP-ribose) polymerase and to GFP
were from BD Biosciences. Polyclonal anti-p43(EMAPII) anti-
bodies have been described previously (5). Western blot analy-
ses were conducted with goat anti-rabbit or goat anti-mouse
secondary antibodies conjugated with peroxidase (Chemicon)
and the ECL detection reagents (Amersham Biosciences).
Determination of E-selectin Expression—Endothelial cell

E-selectin expression was measured as described previously
(22). Briefly, confluent HUVEC grown in 96-well microtiter
plates until confluence were incubated for 4 h at 37 °C inM199
medium containing 20% FCS and tumor necrosis factor � (5
ng/ml; 0.3 nM) or p43, p43(ARF), and p43(EMAPII) appropri-
ately diluted in 20 mM Tris-HCl, pH 7.0, 50 mM NaCl, 1 mM

DTT, and 0.01% Tween 20. Cells were washed once withM199
medium supplemented with 10% FCS, incubated with mono-
clonal antibodies directed to E-selectin (R&DSystems) inRPMI
medium supplemented with 10% FCS for 1 h on ice, washed
four times in the same medium, incubated for 1 h on ice in the
same medium containing 125I-labeled anti-mouse IgG (Amer-

sham Biosciences), and washed four times before measuring
the radioactivity.
Inducible Expression of p43 in U937 Cells—The cDNAs

encoding p43, p43(ARF), or p43(EMAPII) were introduced
between the BamHI and XbaI sites of the pTRE2hyg vector
under the control of the tetracycline-response element (BD
Biosciences). U937 Tet-Off (U937TO) cells grown in RPMI
medium supplemented with 10% FCS and G418 at 0.3 mg/ml
were transfected with Effectene (Qiagen). Stable transformants
were isolated by selection with hygromycin, in the presence of
tetracycline (transcription from the Tet-responsive element is
turned off). Expression of the recombinant proteins was turned
on by removal of tetracycline from the culture medium. Stably
transfected cells were cultured in the absence of FCS to induce
apoptosis and stained with the vital dye 7-amino-actinomycin
D (7-AAD) and with Annexin V-PE (BD Biosciences) and sub-
jected to FACS analysis (PAS-III; Partec) to identify early apo-
ptotic cells (Annexin V-PE-positive and 7-AAD-negative).
Purification of p43(ARF) from the Supernatant ofU937Apop-

totic Cells—U937 cells (109 cells) growing in RPMI medium
containing 10% FCS were washed three times in RPMI without
FCS and incubated in serum-free RPMI medium for 5 days at
37 °C. Cell culturemediumwas centrifuged at 40,000� g for 20
min at 4 °C, diluted 1.5-fold by addition of 60 mMTris-HCl, pH
7.0, and 0.03% Tween 20, and directly applied to a Mono S HR
5/5 column. Elution was achieved by a linear gradient (60-col-
umn volume) of NaCl from 0 to 300mM in 20mMTris-HCl, pH
7.0, 2 mM DTT, and 0.01% Tween 20. Fractions containing
p43(ARF), detected byWestern blotting, were dialyzed (20 mM

Tris-HCl, pH 8.5, 2 mM DTT, and 0.01% Tween 20), applied to
a Mono Q HR 5/5 column equilibrated in the same buffer, and
eluted by a linear gradient (40-column volume) of NaCl from 0
to 250 mM. Fractions containing p43(ARF) were dialyzed (20
mMTris-HCl, pH7.0, 2mMDTT, and 0.01%Tween 20), applied
to a Mini S PE 4.6/50 column equilibrated in the same buffer,
and eluted by a linear gradient (50-column volume) of NaCl
from0 to 300mM. Fractions containing p43(ARF)were concen-
trated by ultrafiltration (Vivaspin 500, 5000 MWCO) and sub-
jected to N-terminal amino acid sequence analysis by auto-
mated Edman degradation.
Protein Overexpression and Purification—The cDNA frag-

ment encoding p43(ARF) was produced by PCR with oligonu-
cleotides 5�-cccccatggctggtaccaaagaacagataa and 5�-cccctc-
gagttatttgattccactgttgctca and inserted into the NcoI-XhoI
sites of the bacterial expression vector pET-28b (Novagen)
to give pET/p43(ARF). The construct was verified by DNA
sequencing.
The protein encoded by pET/p43(ARF) was expressed in

Escherichia coli BL21(DE3) grown in Luria Bertani medium
supplemented with kanamycin (50 �g/ml). Culture (1.5 liters)
was grown at 37 °C to an A600 � 0.5, transferred at 28 °C, and
expression was induced by addition of 1 mM isopropyl 1-thio-
�-D-galactopyranoside for 4 h. Cells were washed twice with
ice-cold extraction buffer (30mMTris-HCl, pH 7.0, 30mMKCl,
0.1 mM EDTA, 10% glycerol, 2 mMDTT), resuspended in 23ml
of the same buffer containing 1 mM diisopropyl-fluorophos-
phate, and sonicated. All subsequent steps were conducted at
4 °C. After centrifugation at 18,000 � g for 30 min, the clear
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supernatant was applied to a 33-ml S-Sepharose FF column
(Amersham Biosciences). p43(ARF) was eluted by a linear gra-
dient (25-column volume) of NaCl from 50 to 350mM in 20mM

Tris-HCl, pH 7.0, containing 1 mMDTT. After extensive dialy-
sis against 20 mM Tris-HCl, pH 7.0, and 1 mM DTT, fractions
were applied to a 25-ml Q-Sepharose FF column (Amersham
Biosciences) equilibrated in the same buffer. The flowthrough
fraction was recovered and immediately applied to a 30-ml
Source 15S column equilibrated in 20 mM Tris-HCl, pH 7.0, 50
mM NaCl, 1 mM DTT and eluted by a linear gradient (23-col-
umn volume) of NaCl from 50 to 300 mM. Fractions containing
p43(ARF) were concentrated by ultrafiltration, dialyzed against
25 mM potassium phosphate, pH 7.5, 2 mM DTT, 55% glycerol,
and stored at �20 °C at a protein concentration of �30 mg/ml.
Protein concentration was determined by using a calculated
absorption coefficient of 0.35 A280 units�mg�1

�cm2.
Sedimentation Equilibrium—Ultra-centrifugation experi-

ments were conducted as described previously (23) in a Beck-
man Optima XL-A analytical ultracentrifuge, using a 60 Ti
rotor and a double sector cell of 12-mm path length. Equilib-
rium was verified from the superimposition of duplicate scans
recorded at 4-h intervals. The experimental sedimentation
equilibrium data were fitted to a model for a single homogene-
ous species following Equation 1

c�r� � c�rref�exp�	Mr�1 � v����2/2 RT
�r2 � rref
2 �� (Eq. 1)

where c(r) is the protein concentration at radial position r,
c(rref) is the concentration of the protein at an arbitrary refer-
ence radial distance rref, Mr is the molecular mass, and v� the
partial specific volume (0.733 at 4 °C for p43(ARF)) of the sol-
ute, � is the density of the solvent,� is the angular velocity of the
rotor, and R and T are the molar gas constant and the absolute
temperature, respectively.
Gel Retardation Assay—Protein-tRNA interactions were

assayed using a band shift assay as previously described (5). The
genes for human tRNA2

Arg, for rabbit elongator tRNAMet, or
for minihelices corresponding to the acceptor-T�C stem-loop
domain of these two tRNAs, placed under the control of the T7
polymerase promoter, were subjected to in vitro transcription
as described (10, 24). Briefly, 32P-labeled tRNAs were synthe-
sized in a reactionmixture (50 �l) containing 1 �g of linearized
template DNA, 40 mM Tris-HCl, pH 8.0, 6 mM MgCl2, 1 mM

spermidine, 5 mM dithiothreitol, 0.01% Triton X-100, 1 mM

each CTP, UTP, and GTP, 10 �M [�-32P]ATP (200 Ci/mmol),
1000 units/ml T7 RNA polymerase. After incubation at 37 °C
for 1 h, the transcripts were purified by electrophoresis on a
denaturing 12% polyacrylamide gel (mono:bis, 19:1), recovered
from the gel by soaking in H2O, precipitated with ethanol, and
resuspended in 5 mM MgCl2. Transcripts were renatured by
heating at 90 °C and slow cooling (90 to 30 °C in 2 h).
Homogeneous protein was incubated at increasing concen-

trations with radiolabeled tRNA in an 11-�l volume containing
20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10 mM MgCl2, 10 mM

2-mercaptoethanol, 10% glycerol, and bovine serum albumin at
0.1 mg/ml. After incubation at 25 °C for 30 min, the mixture
was placed on ice and loaded on a 6%polyacrylamide gel (mono:
bis, 29:1) containing 5% glycerol in 0.5� Tris borate-EDTA at

4 °C. After electrophoresis, the gel was fixed, dried, and sub-
jected to autoradiography. Free and bound tRNA were quanti-
fied by densitometry analysis. Because the amount of labeled
transcripts added in the assays was negligible compared with
the amount of protein added, concentration of protein at which
half of the tRNA formed a complex corresponded to the appar-
ent Kd value of the complex.
Confocal Imaging—The cDNAs encoding human p43 and its

derivatives were introduced between the EcoRI and BamHI
sites of pEGFP-N1 (BDBiosciences). HeLa-ST cells were grown
in F12 medium supplemented with 10% FCS. Cells were trans-
fected with Effectene (Qiagen). Cells were grown in 8-well Lab-
Tek II chambers (Nalge Nunc International) and observed by
confocal laser scanningmicroscopy using a Leica TCS SP2 con-
focal microscope.

RESULTS

Release of p43(ARF) during Apoptosis—When murine 32D
cells were subjected to apoptosis by IL-3 deprivation,
p43(EMAPII) was recovered in the culture medium (Fig. 1) as
reported previously (4). The release of mature p43(EMAPII) is
observed after 16–20 h of IL-3 withdrawal. However, several
other p43-related polypeptides, the native p43 polypeptide and
a proteolytic intermediate of �26–28 kDa, were also observed
in the culturemedium (Fig. 1).We also detected the presence of
other proteins in the culture medium, including the 76-kDa
species of ArgRS, an integral component of MARS, 12 h after
onset of apoptosis (results not shown). The finding that the
matured formof p43, p43(EMAPII), but also the p43 andArgRS
proteins that are integral components of the MARS complex,
were found in the culture medium but were not subjected to
proteolysis suggested that cytolysis also occurred in the popu-
lation of apoptotic 32D cells. Accordingly, �30–40% of the
cells were permeable to trypan blue after 12 h of IL-3 starvation,
as observed previously (19). Thus, the presence of p43(EMAPII)
in the culture medium could be attributed either to secretion
from apoptotic cells or to leakage from permeable necrotic
cells. Therefore, we looked for a cell type where cytolysis would
not rapidly occur after onset of apoptosis.

FIGURE 1. IL-3 deprivation of murine 32D cells. Western blot analysis of the
total cell extract and of the culture medium reveals the cleavage of the p43
component of MARS and its release from the cell during apoptosis of 32D
cells. The presence of p43-related polypeptides was detected with anti-
p43(EMAPII) antibodies after 1, 12, 16, 20, and 25 h of IL-3 deprivation. Recom-
binant p43 and p43(EMAPII) were used as markers. Note the presence of
unprocessed p43 in the culture medium.
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The human promonocytic U937 cell line undergoes apopto-
sis before cytolysis occurs (25).WhenU937 cellswere subjected
to serum starvation, DNA fragmentation and cleavage of
poly(ADP-ribose) polymerase, two landmarks of apoptosis,
occurred after 52–68 h of serum withdrawal (Fig. 2). The via-
bility of the cells,measured by the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide assay, decreased after 52 h of
starvation but the extent of dead cells that did not exclude
trypan blue remained constant after more than 100 h of incu-
bation (Fig. 2). In the meantime, antibodies directed to
p43(EMAPII) were used to monitor the level of p43 in cell
extracts prepared at different times of starvation. The p43 con-
tent of U937 cells drastically decreased after 92 h of serum dep-
rivation, and a single polypeptide of�26 kDa could be detected
in the culture medium after 52–68 h of onset of apoptosis (Fig.
2). This polypeptide was distinct from p43(EMAPII) used as a
marker. Only trace amounts of this polypeptide could be
observed in the cellular fraction. By contrast with 32D cells, no
polypeptide related to ArgRS, a marker of MARS, was detected
in the culture medium fraction (results not shown). These
results clearly showed that the p43 component ofMARS is sub-
jected to proteolysis during progression of apoptosis and that a
degradation product is released in the culture supernatant. This
degradation product of p43 was named p43(ARF), for Apopto-
sis-released Factor. No p43(EMAPII) degradation product
could be detected in the culturemediumofU937 cells subjected
to apoptosis.
Purification and Structural Characterization of p43(ARF)—

To characterize the p43 derivative generated during apoptosis,
a 800-ml culture containing 109 U937 cells was subjected to

serum withdrawal for 5 days and
p43(ARF) was purified from the cell
culture supernatant following three
chromatographic steps on MonoS,
MonoQ, and MiniS PE columns.
The elution of p43(ARF) was moni-
tored byWestern blottingwith anti-
bodies directed to p43(EMAPII).
About 0.2 �g of p43(ARF) was iso-
lated and its N-terminal sequence
was determined by automatic
Edman degradation. The sequence
SGTKEQIKGG was obtained and
exactly matched the sequence of
human p43 from residues 107 to
116. The calculated molecular mass
of p43(ARF) is 22.5 kDa, in reason-
ably good agreement with the
apparent mass of 26 kDa estimated
by SDS-PAGE. The recombinant
p43(ARF) protein produced in
E. coli displayed an electrophoretic
mobility similar to p43(ARF) iso-
lated from the supernatant of U937
cells. The discrepancy between the
observed and calculated masses is
certainly related to the aberrant
migration of p43, which also dis-

plays an apparent molecular mass of 43 kDa for a calculated
mass of 34 kDa.
We showed previously that caspase 7, an apoptotic protease, is

able to convert in vitrop43 intop43(EMAPII) (5). The sequenceof
cleavage of p43 into p43(ARF) (103TTVS2SGTK110) does not
correspond to any consensus cleavage site for a protease of the
caspase family. Matrix metalloproteinases, including macro-
phage elastase, correspond to a family of proteases that possess
a broad capacity to cleave components of the extracellular
matrix but also non-matrix proteins that regulate in cellulo a
variety of biological processes (26). Recombinant p43 and the
MARS complex were subjected to controlled proteolytic diges-
tion by elastase (Fig. 3). In both cases, the free and MARS-
associated forms of p43 were cleaved by elastase to give a
polypeptide of �26 kDa, comigrating with recombinant
p43(ARF), which was resistant to further proteolysis. The
N-terminal amino acid sequence, SXGTKE, of the polypeptide
recovered after elastase digestion of recombinant p43 was
determined by Edman degradation. It is located 1 amino acid
residue upstream of the N-terminal sequence of p43(ARF) iso-
lated from apoptotic U937 cells. This suggests that, in vivo,
elastase could be involved in processing p43 into p43(ARF),
with the additional release of the N-terminal Ser residue by an
aminopeptidase. Alternatively, another member of the large
matrix metalloproteinase family with a slightly different speci-
ficity might be involved in the processing of p43 into p43(ARF).
Whatever the protease involved in the cleavage, our data show
that this segment of p43 is freely accessible.
Recombinant p43(ARF) was expressed in E. coli from the

pET28b plasmid but without a His tag. Indeed, because the

FIGURE 2. Serum starvation of human U937 cells. a, after serum withdrawal and at the times indicated, cells
were counted (‚) and stained with the vital dye trypan blue (f), and cell survival was estimated by the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay (F). b, DNA fragmentation was analyzed
by electrophoresis on a 1.5% agarose gel. c– e, Western blot analyses with anti-poly(ADP-ribose) polymerase (c)
and anti-p43(EMAPII) (d, e) antibodies of the cell extract (c, d) or the culture medium (e) obtained after different
times of serum deprivation. Recombinant p43 and p43(EMAPII) were used as markers.
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calculated isoelectric point of p43(ARF) is very basic (pI of
8.72), the protein eluted from the sulfopropyl cation exchanger
at a NaCl concentration of 260 mM was already more than 80%
homogeneous. The purified recombinant p43(ARF) is readily
soluble at a protein concentration up to 30 mg/ml. It displayed
an apparent molecular mass of 26 kDa by SDS-PAGE (Fig. 3).

The oligomeric structure of p43(ARF) was determined by
sedimentation equilibrium (Fig. 4). We previously determined
that p43 is a dimer in solution, whereas p43(EMAPII) is a mon-
omer (5). The p43 derivative p43(EMAPII) is a compact domain
based on an OB-fold structure (7). When p43(ARF) was sub-
jected to centrifugation equilibrium at an initial protein con-
centration of 33 �M, experimental data could be fitted to a sin-
gle species with a molecular mass of 22,641 
 812 Da. The
monodispersity of p43(ARF) in solution, bearing a 40-amino
acid residue extension as compared with p43(EMAPII), con-
taining 12 Lys residues, suggests that p43(ARF) is a discrete
entity with a well defined structural organization. Taking into
account a calculated molecular mass of 22,504 Da for the mon-
omer, we concluded that p43(ARF) is a monomer in solution.
Thus, the site of dimerization of p43 is comprised within the
first 106 amino acid residues of the protein.
The tRNABinding Potential of p43(ARF)—Recombinant p43,

the precursor of p43(ARF), has the capacity to bind tRNA with
a dissociation constant Kd of �0.2 �M, as determined by a gel
retardation assay (5). By contrast, p43(EMAPII) displayed a
very weak tRNA binding capacity, with a Kd of �40 �M. To
evaluate the RNAbinding ability of p43(ARF), the recombinant
monomeric protein was incubated with in vitro transcribed
tRNAs, and free and bound tRNAs were analyzed after separa-

tion on a native gel (Fig. 5). The apparent Kd determined for
rabbit elongator tRNAMet or for human tRNAArg was �6 nM.
Using the same tRNA substrates,Kds of�40 and�0.2�Mwere
observed for p43(EMAPII) and p43, respectively (not shown).
Stable complexes were also observed with p43(ARF) in the
presence of minihelices representing the acceptor-T�C stem-
loop domains of these two tRNAs, with Kd of �11 nM (Fig. 5).
Thus, the strong interaction observed between p43(ARF) and
these RNA substrates did not require the L-shaped structure
of the tRNA molecules.
Test of the Cytokine Properties of p43(ARF)—The matured

form of p43, p43(EMAPII), is thought to be an active cytokine
that activates endothelial cells (13), causing a rise in Ca2� con-
centration, the release of von Willebrand factor antigen, cell
surface expression of P-selectin, the induction of tissue factor
activity, and an enhanced expression of E-selectin. However,
other reports have suggested that p43 itself, the precursor of
p43(EMAPII), could be a real cytokine (15). To analyze the
cytokine function of p43, p43(ARF), and p43(EMAPII), we
examined the expression of E-selectin, one of the major land-
marks of vascular inflammation induced by various cytokines
such as IL-1� and tumor necrosis factor � (27) by HUVEC cells
subjected to various stimuli. Addition of p43 at high concentra-
tion produced an increase in E-selectin expression (Fig. 6).
When p43 was heat-treated (100 °C, 10 min) prior to incuba-

FIGURE 3. Cleavage of p43 by elastase. The rabbit MARS complex (a) or
recombinant human p43 (b) were subjected to controlled elastase digestion
at a protein:elastase ratio of 1:1000 or 1:10, respectively. At the times indi-
cated, proteolysis was stopped by heating with SDS. The samples were ana-
lyzed by SDS-PAGE, and p43-related polypeptides were visualized by West-
ern blotting with anti-p43(EMAPII) antibodies (a) or by Coomassie blue
staining (b). Recombinant p43(ARF) and p43(EMAPII) were used as markers.

FIGURE 4. Human p43(ARF) is a monomer in solution. Recombinant
p43(ARF) (initial concentration of 33 �M) was analyzed by equilibrium sedi-
mentation at 15,000 rpm in 20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 10% glycerol,
and 1 mM DTT at 4 °C. Experimental values (open circles) were fitted (curves) to
a monodisperse solute of 22,641 
 812 Da. The residuals are indicated.
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tion, the stimulation was decreased. Preincubation of p43 with
anti-p43 antibodies had only a limited effect. By contrast, incu-
bation of HUVEC with p43(ARF) or p43(EMAPII) at high con-
centration did not stimulate E-selectin expression.

To further understand the possible role of p43, p43(ARF),
and p43(EMAPII) during the development of programmed cell
death, these three proteins were expressed in human cells
under the control of an inducible promoter. In a tetracycline-

free medium, the three recombi-
nant proteins were expressed to a
level close to that of endogenous
p43, as assessed by Western blot
analysis with anti-p43(EMAPII)
antibodies (results not shown). The
aim of this experiment was to deter-
mine whether expression of p43 or
of the matured products p43(ARF)
or p43(EMAPII) may trigger apop-
tosis or may modify its time course
of appearance and development.
Alternatively, because all p43 is pro-
cessed into p43(ARF) under apop-
totic growth conditions (Fig. 2d),
inactivation of this RNA binding
cofactor associated with the nine
aminoacyl-tRNA synthetases of

MARS could be themain defect generated by the cleavage of the
p43 component of MARS. The time course of apoptosis devel-
opment was assessed by FACS after staining cells with 7-AAD,
a nucleic acid dye excluded from viable cells, and with Annexin
V-PE, which binds to phosphatidylserine that is translocated to
the outer side of the plasma membrane at the early stages of
apoptosis (Fig. 7). Expression of plasmid-borne p43, p43(ARF),
or p43(EMAPII) in addition to endogenous p43 was not lethal
for the cells and did not cause any noticeable phenotype. In
particular, expression of p43 in excess neither accelerated nor
impaired the cellular program of apoptosis (Fig. 7). Expression
of p43(ARF) or of p43(EMAPII), the two p43 derivatives pro-
duced during apoptosis, did not induce the cells to enter apo-
ptosis in the absence of other stimuli. When apoptosis was
induced by serum starvation, expression of p43(ARF) had only
a moderate effect on the time course of apoptosis development
(Fig. 7). The percentage of apoptotic cells (annexin V-positive
and 7-AAD-negative) was slightly increased in the presence of
p43(ARF): 9.8, 14.7, 31.3, and 49.4% of apoptotic cells after 72,
80, 96, and 104 h of serum starvation, as comparedwith 7.2, 7.3,
16.7, and 28.8% in the absence of plasmid-borne p43(ARF).
These results do not support the idea that the release of
p43(ARF) or of p43(EMAPII) from MARS would be sufficient
to induce apoptosis but leave open the possibility that the main
cellular consequence of the cleavage of p43 might be related to
the general breakdown of protein synthesis in apoptotic cells.
Subcellular Localization of p43 and of p43 Derivatives—To

investigate the consequence of p43 cleavage on its subcellular
localization, p43, p43(ARF), and p43(EMAPII) were fused with
the green fluorescent protein (GFP) appended to their C-termi-
nal ends. The fusion proteins were expressed in human cells for
transient expression studies, and their stability and in vivo

localization were analyzed 24 h after transfection. The various
p43-GFP fusion proteins were not degraded in vivo as assessed
by Western blot analysis with anti-GFP antibodies (results not
shown). Their subcellular localizationwas analyzed by confocal
microscopy on living cells. The recombinant p43 component of
MARSwas only found in the cytoplasmic compartment (Fig. 8).
It should be noticed that the p43 protein, even when overex-
pressed after transient transfection in human cells, was com-

FIGURE 5. Binding of tRNA by p43(ARF). After incubation of p43(ARF) (4.5–300 nM) with 32P-labeled tRNA2
Arg

or a minihelix mimicking the acceptor-T�C stem-loop domain of this tRNA (AccArg), the mixture was analyzed
on a native polyacrylamide gel and the mobility shift of RNA was visualized by autoradiography. The apparent
Kd values are deduced from the plot of bound tRNA versus p43(ARF) concentration.

FIGURE 6. Induction of E-selectin expression by p43 and its derivatives.
Expression of E-selectin by HUVEC was monitored in a two-step radioimmu-
noassay. After incubation with various amounts of p43, p43(ARF), or
p43(EMAPII), or with p43 denatured by heating at 100 °C for 10 min, or with
p43 preincubated for 1 h at 25 °C with anti-p43 antibodies, the extent of
E-selectin expression was determined. As negative controls, HUVEC were also
incubated in the medium without additives (M199) or in the medium contain-
ing the buffer used for dilution of p43 and its derivatives (buffer). As a positive
control, cells were also incubated in the presence of tumor necrosis factor �.
Each experiment was performed in quintuplicate; results are indicated as
means 
 S.E.
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pletely excluded from the nuclear compartment. As a control,
GFP alone showed a diffuse pattern throughout the cell, with
the exception of the nucleoli that displayed a limited GFP fluo-
rescence. By contrast with p43-GFP, the p43(ARF)-GFP and
p43(EMAPII)-GFP fusion proteins were found to be present in
the cell cytoplasm but also in the nucleus (with the exception of
the nucleoli). Thus, the release of the C-terminal domain of p43
upon apoptosis is accompanied by a delocalization of p43(ARF)
or p43(EMAPII) into the whole cell and the OB-folded RNA-
binding domain of p43(ARF) is no more excluded from the
nuclear compartment. A GFP fusion protein containing the

N-terminal domain of p43 up-
stream from the cleavage site of
p43(ARF), from residues 1 to 106,
was exclusively found in the cyto-
plasm (results not shown).

DISCUSSION

The p43 subunit of MARS, a 312-
amino acid polypeptide, is involved
in apoptosis. It was initially isolated
as p43(EMAPII), a cytokine gener-
ated in apoptosis (13). This deriva-
tive of p43 corresponds to its C-ter-
minal domain starting from residue
Ser147. It can be generated by cleav-
age with caspase 7, an apoptotic
protease, both in cellulo (4) and in
vitro (5). Recombinant p43 is also
the substrate of other proteases, but
they generate proteolytic products
distinct from p43(EMAPII) (18).
Whether the precursor (p43) or its
maturation product (p43(EMAPII))
is secreted from apoptotic cells is
not well established (4, 15). Here we
characterized a new maturation
product of p43 in human U937 cells
induced in apoptosis.

As comparedwith other cell types
used in previous studies, this promonocytic cell line can be
induced in apoptosis independently of cytolysis. Induction of
apoptosis inmurine 32D cells or in human adenocarcinoma cell
lines resulted in the recovery of p43, p43(EMAPII), and of
uncharacterized intermediates in the culture medium (4, 15,
28). The appearance of amaturation product of p43 in the cyto-
plasm of U937 cells induced to undergo apoptosis is concomi-
tant with DNA fragmentation, but it does not accumulate
within the cell. Indeed, it is rapidly and specifically released
from apoptotic cells and was therefore referred to as an Apop-
tosis-released Factor, p43(ARF). Neither its precursor (p43
fromMARS) nor any other component of MARS was detected
in the culture medium of apoptotic cells.

Concerning the putative function of p43 as a cytokine, the
following observations are puzzling. Native recombinant p43,
the precursor of p43(ARF), and p43(EMAPII) have been
reported to have the capacity of inducing migration of the
endothelial cells (17). The full-length recombinant p43 showed
the highest activity (17), but the p43 subunit of MARS was
exclusively found associated within the complex in extracts of
exponentially growing human cells (14). This suggests that
association of p43 within the MARS complex is a means to
regulate the balance between the two functions of p43 and to
sequester this protein in the cytoplasm of growing cells, as
shown by the subcellular localization of a p43-GFP fusion pro-
tein. Although p43 could be per se a bona fide cytokine, its
association with the synthetases would withdraw it from this
cellular process. Thus, complex formation would be ameans to
regulate the spatio-temporal activity of p43. It has also been

FIGURE 7. Test of proapoptotic effect of p43 and p43(ARF). Human U937TO cells and derivatives that
expressed p43(ARF) or p43 were subjected to serum starvation. At the times indicated, cells were stained with
the vital dye 7-AAD and with Annexin V-PE, a marker of early apoptosis, and analyzed by FACS. On the left, two
examples of the FACS analysis are shown for U937TO cells that expressed p43(ARF) after 24 or 104 h of FCS
deprivation. On the right, the frequency of early apoptotic cells (Annexin V-PE-positive; Q4 quadrant) and of cells
in late stage of apoptosis (Annexin V-PE- and 7-AAD-positive, Q2 quadrant) are shown. Data are the mean values
from three independent experiments.

FIGURE 8. Subcellular localization of p43 and of p43 derivatives. HeLa
cells were transiently transfected with pEGFP-N1 plasmids that expressed
fusion proteins with p43, p43(ARF), or p43(EMAPII). The cellular localization of
GFP alone or of the fusion proteins was analyzed by confocal laser scanning
microscopy. GFP fluorescence (top) and differential interference contrast
(bottom) imaging are shown.
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reported that the cytokine activity of p43(EMAPII) could be
mimicked by a synthetic peptide, RIGRIVT164 (29), but the
crystal structure of p43(EMAPII) showed that only the side
chains of Val163 and Thr164 are accessible to protein interac-
tions (7), suggesting that the effects of the peptide are serendip-
itous. We also show in this work that highly purified prepara-
tions of p43, p43(ARF), or p43(EMAPII) do not induce the
expression of E-selectin, a marker of the induction of endothe-
lial cells, when used at concentrations similar to well known
cytokines. This suggests that at least some of the effects previ-
ously ascribed to p43 or to some of its derivatives should be
carefully reexamined. The finding that p43(ARF) is produced
intracellularly in U937 but does not accumulate within the cell
suggests that it is secreted and fulfills another function, as
p43(ARF) or as a polypeptide subjected to an additional matu-
ration step, p43(EMAPII).

Even if the amount of p43(ARF) recovered within the cell is
low, a small but significant amount may localize to the nucleus,
as exemplified by the finding that a p43(ARF)-GFP fusion pro-
tein could be translocated to the nucleus. This observationmay
explain some of the findings previously reported. For instance,
p43-related polypeptides were identified within the nucleus by
immunogold labeling on ultrathin sections of kidney cells, sug-
gesting that p43 may also play a role in this cellular compart-
ment (11). However, we show here that the p43-GFP fusion is
efficiently excluded from the nucleus, whereas the p43(ARF)-
GFP and p43(EMAPII)-GFP fusion proteins are no more
excluded from the nuclear compartment. Thus, p43(ARF) may
have in the nucleus a non-canonical function in addition to the
role of its precursor in cytoplasmic protein synthesis. This func-
tion may be related to its high propensity to associate with
nucleic acids.

Interestingly, monomeric p43(ARF) binds nucleic acids with
a more than three orders of magnitude increase in affinity as
compared with p43(EMAPII). The N-terminal polypeptide
sequence of p43(ARF), made of 40 additional amino acid resi-
dues as compared with p43(EMAPII), is very rich in charged
residues (2 Asp, 6 Glu, and 12 Lys) and displays a calculated
isoelectric point of 9.79. This highly charged polypeptide may
be responsible for the aberrant mobility of p43(ARF) observed
by SDS-PAGE. The consensus sequence EKKXKEKXEKK-
GEKKEKK, containing four EKK motifs, is extensively con-
served from Xenopus to human (supplemental Fig. S1). The
precursor p43 also contains this signature sequence but binds
nucleic acids with a 30-fold lower affinity. Thus, the conversion
of p43 into p43(ARF) is accompanied by the exposure of this
RNA binding site or by a conformational change of this domain
that builds a high affinity binding site for nucleic acids. The
possibility that the domain carrying this consensus sequence is
not freely accessible in the native p43 protein is also supported
by the observation that complete elastase digestion of the p43
component of MARS requires 100-fold higher protease con-
centrations than that required for the cleavage of recombinant
p43. The accessibility of the highly charged segment of p43,
also carrying the cleavage sites leading to p43(ARF) and
p43(EMAPII), depends on the structural state of the protein.

The involvement of the components of MARS in pathways
other than tRNA aminoacylation is not unusual. For instance,

the bifunctional GluProRS of MARS is able to translocate to
another complex that causes translational silencing of specific
mRNAs (30), and LysRS may form an alternative complex with
MITF andHint and play a role in the activation of themicroph-
thalmia transcription factor (31). In both cases, these are full-
length components of MARS that are recruited in alternative
complexes, which should cause profound structural rearrange-
ment ofMARS andmay impair its activity in global translation.
Concerning p43, after proteolytic cleavage, p43(ARF) loses its
ability to associate with other components of MARS and is
released in the intracellular space, but the N terminus polypep-
tide of p43, from residues 1 to 106, retains the capacity to asso-
ciate withinMARS and the structural integrity of the particle is
not affected.6 In contrast to necrotic cells that retain the capac-
ity to synthesize proteins (3), translation inhibition occurs in
apoptosis (1). Modification of initiation factors by phosphoryl-
ation or caspase-dependent cleavage is one of themajor control
points of translation regulation in apoptosis. The cleavage of
p43 that supports translation when associated within MARS
could be an additional control to regulate translation at the
elongation step. An efficient shut down of protein synthesis at
early stages of apoptosis may contribute to avoidance of pro-
duction of abnormal or inflammatory proteins that would trig-
ger an inflammatory response that is generally not observed in
apoptosis.

The two cleavage sites on p43, after Ser106 and after Asp146,
are well conserved among species. The two consensus
sequences TTøS1062, where ø is an hydrophobic amino acid
residue, and SAD1462SK, for a putativematrixmetalloprotein-
ase and for caspase 7, respectively, are conserved from hen to
human (supplemental Fig. S1). This suggests that the same
series of events leads to the release of the p43 component of
MARS in these cell types. However, MARS is ubiquitous to all
metazoan species, from Drosophila to human, studied so far
(32). Thus, because the two consensus cleavage sites are not
recovered from the p43 component of MARS from fish or
Xenope (supplemental Fig. S1), the possibility that p43 may
have a role as a switch in translation and as a putative cytokine
seems to be a recent advance in evolution.
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ABSTRACT: In humans, nine aminoacyl-tRNA synthetases form a stable multiprotein complex with the three
auxiliary proteins p18, p38, and p43. TheN-terminal moiety of p43 is involved in its anchoring to the complex,
and its C-terminal moiety has a potent tRNA binding capacity. The p43 component of the complex is also the
precursor of p43(ARF), an apoptosis-released factor, and of p43(EMAPII), the endothelial-monocyte
activating polypeptide II. Here we identified a new translation product of the gene of p43, which contains
nine additional N-terminal amino acid residues. This gene product is targeted to the mitochondria and
accounts for 2% of p43 expressed in human cells. The cytoplasmic and mitochondrial species of p43 are
produced from the samemRNA by amechanism of leaky scanning of the AUG codon at position-27, which
is in an unfavorable sequence context for translation initiation. The finding that a mitochondrial species of
p43 exists in human cells further exemplifies the multifaceted implications of p43 and opens new perspectives
for the understanding of the role of p43 in the apoptotic cell.

In higher eukaryotic organisms belonging to the metazoan

species of coelomates, from Drosophila to mammals, the nine

aminoacyl-tRNA synthetases specific for amino acids Glu, Pro,

Ile, Leu, Met, Gln, Lys, Arg, and Asp form a multi-aminoacyl-

tRNA synthetase complex (MARS)1 with the three auxiliary

proteins p18, p38, and p43 (1). The p43 subunit of MARS is a

structurally important building block of the complex. This
dimeric protein of 312 amino acid residues interacts with GlnRS

and ArgRS to form a subcomplex of MARS, and this subcom-

plex is anchored toMARS via p43-p38 interaction (2, 3). TheN-

terminal moiety of p43 can replace full-length p43 for this

function. It associates with the leucine zipper motif of p38 (4).

The p43 subunit is also a RNA-binding protein (5, 6) organized
around a pseudodimeric OB fold-based domain (7). It occupies a

central position within the multisynthetase complex (8). It has

been proposed that p43 might play a role of a cofactor for

aminoacylation (9), but this function remains a subject of

controversy (10). The presence of p43, or of p43-related proteins,

in the cytoplasm but also in the nucleus of rabbit kidney cells has

been observed by immunoelectron microscopy (11). It has been
shown that an N-terminally truncated form of p43, but not the

full-length species, can localize to the nucleus (5).

The p43 protein is certainly among the most ancient proteins

of the translation apparatus. Homologues of p43 have been

described in all living kingdoms, suggesting that it fulfills an

essential function in translation, in relation to its tRNA binding

capacity, a property common to all p43-related proteins. The

C-terminal moiety of p43 is recovered in a bacterial tRNA

binding protein, Trbp111, that may form a ternary complex with
a tRNA and an aminoacyl-tRNA synthetase (12). A similar

domain is also associated in cis with other aminoacyl-tRNA

synthetases: with bacterial and plant MetRS where it acts as a

cofactor for aminoacylation (13), with human TyrRS where it

may direct tRNA to the active site of the enzyme (14), or with

bacterial PheRSwhere it contributes to the editing of noncognate
aminoacyl-tRNA (15). In the yeast Saccharomyces cerevisiae,

Arc1p, ap43-like protein, associateswithMetRSandGluRS(16),

acts as a cofactor of these enzymes for aminoacylation (17, 18),

and sequesters tRNA and aminoacyl-tRNA synthetases in the

cytoplasm (19, 20). However, more recent data showed that in

mammals this protein is also involved in cellular mechanisms

beyond translation, suggesting that p43 may have evolved
additional functions.

The p43 component of MARS is also the precursor of the

endothelial-monocyte activating polypeptide II isolated from

methylcholanthrene A-induced fibrosarcoma cells, a cytokine

generated during apoptosis (21-23). The mature p43(EMAPII)

has been ascribed to a proinflammatory cytokine, which stimu-

lates chemotactic migration of polymorphonuclear granulocytes

and mononuclear phagocytes and induces tissue factor activity

on endothelial cells. The C-terminal, p43-like domain of human

TyrRS was also shown to have cytokine activities similar to that

of p43(EMAPII) (24). Whether p43(EMAPII) or its precursor,

the p43 component of MARS, is the real cytokine remains

controversial (21, 23, 25). Stable overexpression of p43, of
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p43(EMAPII), or of p43(ARF) in human HeLa of U937 cells

was not lethal for the cells, which did not enter apoptosis in the
absence of other stimuli (2, 5).When p43(ARF) or p43(EMAPII)

was overexpressed in U937 cells induced in apoptosis by serum

starvation, the time course of apoptosis development was not

significantly modified (5). p43 as well as p43(EMAPII) has also

been reported to have anti-angiogenic properties that would limit

establishment of neovasculature and thus would suppress tumor
growth (26, 27). This cytokine is believed to be involved in many

other physiological processes and pathological disorders (see

ref 28 for a review). However, in most of these studies, the real

cytokine associated with these pathologies is not well-identified.

Indeed, using immunohistology, antibodies directed to p43-

(EMAPII) cannot discriminate between the full-length precursor

protein, the p43 component ofMARSubiquitous to all cell types,
and the mature p43(EMAPII) or p43(ARF) molecules (6, 29).

We now show that the diversity of p43 proteins is even more

puzzling than previously thought.

EXPERIMENTAL PROCEDURES

Construction of Plasmids Expressing GFP Fusion Pro-

teins. The complete cDNAs encoding human p43 starting from

Met1 or Met-9 to Lys312 were amplified by PCR and introduced

between the EcoRI and BamHI sites of pEGFP-N1 (BD

Biosciences) to express p43(M1)-GFP or p43(M-9)-GFP fu-

sion protein, respectively. The cDNAs encoding p43 fromMet-9

to Ser147, from Met-9 to Phe80, from Met-9 to Lys312 with a

mutation of Met1 to Ile (AUG to AUU mutation), or from

Met-9 to Lys312 with a mutation of Ile-8 to Ala (AUU to GCG

mutation) were produced by PCR and introduced between the
EcoRI and BamHI sites of pEGFP-N1, to express p43(M-9:

S147)-GFP, p43(M-9:F80)-GFP, p43(M-9.M1I)-GFP and

p43(M-9.I-8A)-GFP proteins. To express p43(M-9:K-1)-GFP

(encoding p43 from Met-9 to Lys-1), p43(M-9:M1I:D5)-GFP

[encoding p43 fromMet-9 to Asp5, with a mutation ofMet1 to Ile

(AUG to AUU mutation)], p43(M-9:M1I:R10)-GFP (encoding
p43 from Met-9 to Arg10, with a mutation of Met1 to Ile), or

p43(M-9:I-8A:K-1)-GFP [encoding p43 from Met-9 to Lys-1,

with amutation of Ile-8 toAla (AUU toGCGmutation)] protein,

oligonucleotide duplexes were introduced between the EcoRI and

BamHI sites of pEGFP-N1. All constructs were verified by DNA

sequencing.

Confocal Imaging. HeLa cells were grown in F12 medium
(Invitrogen) supplemented with 10% fetal calf serum, 2 mM

glutamine, and 100 μg/mL penicillin and streptomycin. Cells

were transfected with Effectene (Qiagen). For localization ex-

periments, cells were cotransfected with a pEGFP-N1 derivative

and with pDsRed2-Mito (BD Biosciences). Cells were grown in

eight-well Lab-Tek II chambers (Nalge Nunc International) and
observed by confocal laser scanning microscopy using a Leica

TCS SP2 confocal microscope equipped with a DD488/543

mirror. GFP was excited using a 488 nm laser line of an Ar laser

and detected at 500-535 nm.DsRedwas excited at 543 nmwith a

He-Ne laser and detected at 584-659 nm. Imaging of GFP

and DsRed fluorescence was performed in a sequential manner.

The expression and stability of the fusion proteins in HeLa cells

FIGURE 1: Differential subcellular localization of the two forms of p43 in human cells. The putative N-terminal amino acid sequences of the p43
proteins from various species were deduced from themost 50-upstream sequences of the known cDNA. The sequences of p43 fromhuman (Homo
sapiens, NP_001135888), hamster (Cricetulus griseus, AAB95207),mouse (Musmusculus, NP_031952), rat (Rattus norvegicus,NP_446209), cattle
(Bos taurus, NP_001030190), dog (Canis lupus, XP_545016), macaque (M. fascicularis, BAE90551), pig (Sus scrofa, NP_001107755), zebrafish
(Danio rerio, NP_001039316), and frog (X. laevis, NP_001080110) are aligned. HeLa cells were transiently transfected with pEGFP-N1 plasmids
that expressed fusionproteinswith p43 starting atMet1or atMet-9. The cellular localization of theGFP fusionproteinswas analyzedby confocal
laser scanning microscopy.
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were checked by Western blot analysis with anti-GFP and anti-

DsRed antibodies.

Mapping the 50-Ends of p43Transcripts.Determination of

the 50-ends of the transcripts encoding p43 was conducted by
rapid amplification of cDNA ends (50-RACE, Roche). Poly(Aþ)

mRNA isolated from the U937 human cell line with Oligotex

(Qiagen) was reverse transcribed into single-stranded cDNA

using oligonucleotide 50-GCTTAGAGTCGGCACTTCC-30,

complementary to nucleotides 445 to 427 of p43 mRNA (þ1

corresponds to A of the AUG codon specifying the cytoplasmic

protein). The first strand cDNA was dA-tailed and amplified by
PCR between oligo d(T)-anchor primer (Roche) containing a

ClaI site at the 50-end and oligonucleotide 50-GGGGGATCC-

GGTATTTGCTTCACTCCATT-30, complementary to nucleo-

tides 236 to 217 of p43mRNAand containing aBamHI site at the

50-end. PCR products were cloned and sequenced.

Antibodies and Western Blot Analysis. Monoclonal anti-
body directed toGFP or polyclonal antibody toDsRedwas from

BDBiosciences, andmonoclonal antibody to human cytochrome

c was from PharMingen. Polyclonal anti-p43, anti-LysRS, and

anti-AspRS antibodies have been described previously (30).

Western blot analyses were conducted with goat anti-rabbit or

goat anti-mouse secondary antibodies conjugated with perox-

idase (Chemicon) and the ECL detection reagents (Amersham
Biosciences).

Isolation of Mitochondria. U937 cells were grown in

suspension in RPMI medium (Invitrogen) supplemented with

10% FCS. Subcellular fractionation of U937 cell extracts was

conducted essentially as described previously (31). U937 cells

(100 � 106 cells) were harvested by centrifugation at 600g for

10 min at 4 �C, washed once with 10 mL of ice-cold PBS, and

resuspended in 2mLof bufferMitoA [20mMHEPES-KOH(pH

7.5), 10 mM KCl, 1.5 mMMgCl2, 1 mM EDTA, 1 mM EGTA,
250 mM sucrose, and 1 mM DTT]. All subsequent steps were

conducted at 4 �C. After incubation on ice for 10 min, cells were

pelleted at 600g, resuspended in 550 μL of buffer MitoA, and

incubated for 10 min. Cells were lysed with 30-50 strokes of a

Teflon homogenizer (Kontes) and dilutedwith 1 volumeof buffer

MitoA. The lysate was centrifuged at 750g for 10 min and then at

900g for 10 min to remove cell debris and nuclei. After another
centrifugation at 5500g for 10min, the supernatant was recovered

and centrifuged at 8000g for 10 min to remove residual mito-

chondria, and the resulting supernatant was termed the cyto-

plasmic fraction. The pellet from the centrifugation at 5500g,

containing mitochondria, was resuspended with 0.5 mL of buffer

MitoA, centrifuged at 5500g for 10min, resuspendedwith 0.5mL
of buffer MitoA, and centrifuged at 8000g for 10 min. The

resulting pellet was termed the mitochondrial fraction.

RESULTS

A Mitochondrial Species of p43 Is Encoded from an

Upstream AUG Codon. The p43 protein is a ubiquitous

component of all multi-aminoacyl-tRNA synthetase complexes

isolated so far. Its N-terminal domain mediates its association

with the arginyl- and glutaminyl-tRNA synthetase components of

the complex, andwith p38, the scaffold protein ofMARS (2). Two

human p43 species are registered on the NCBI Web site. Entry
NP_004748.2, annotated “small inducible cytokine subfamily E,

FIGURE 2: Colocalization of p43(M-9) with mitochondria. HeLa cells were cotransfected with plasmids expressing the p43(M-9)-GFP or
p43(M-9.M1I)-GFP fusion protein and with pDsRed2-Mito, a plasmid that expresses a mitochondrial protein marker. Cellular localization of
the fusion proteinswas analyzed by confocalmicroscopy. The overlay shows a perfect colocalization of the p43 proteins and of themitochondrial
marker, and a decreased green cytoplasmic background when Met1 is mutated to Ile.
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member 1 isoform a precursor”, corresponds to the 312-amino

acid protein that has been initially described as the precursor of

the EMAPII-cytokine (21). It corresponds to the p43(M1) species

described below. When additional genomic sequences became

available, a putative 336-amino acid p43 species was indexed as
“small inducible cytokine subfamily E, member 1 isoform b

precursor”, described in entry NP_001135888.1. This p43 species

would be encoded by a longer mRNA species containing two

putative upstream AUG codons, but no experimental data have

been provided to date to ascertain that these two upstream AUG

codons are indeed functional.

Comparison of the amino acid sequences potentially encoded
by the 50-ends of p43 cDNA from different species revealed that a

putative nine-amino acid polypeptide sequence is encoded up-

stream from the AUG codon specifying the cytoplasmic form of

p43, p43(M1). This peptide is highly conserved in p43(M-9)

forms from humans to fish (Figure 1). By contrast, the sequence

data available for the p43 cDNA fromXenopus laevis suggest that
it does not encode an additional N-terminal, nine-amino acid

sequence. With regard to the most upstream AUG codon found

on the longer mRNA, the finding that it is not recovered in p43

from other species of primates such as Pan troglodytes

(chimpanzee), Maccaca fascicularis or Maccaca mulatta, and

Pongo abelii (orangutan) indexed in the data libraries, proteins
that are 96% identical with human p43, suggests that it might not

be functional. Further analyses are required to validate this most

upstream AUG codon as a functional one.

To gain some insight into the physiological significance of the

p43(M-9) species, the cellular localization of the two human p43

species, p43(M1) and p43(M-9), was determined by confocal

microscopy of human cells transformed with GFP fusion pro-

teins (Figure 1). The p43(M1)-GFP fusion protein exhibited a
diffuse fluorescence pattern extending throughout the cytoplasm,

with a distinct exclusion of the nucleus (Figure 1), as reported

previously (5). By contrast, the p43(M-9)-GFP fusion protein

revealed a punctuate pattern within the cytoplasm, superimposed

to a faint diffuse labeling of the whole cytoplasm.

The punctuate pattern displayed by the p43(M-9)-GFP

fusion protein suggested that this protein could be localized into
the mitochondria. To test this hypothesis, the p43(M-9)-GFP

fusion protein was coexpressed in HeLa cells with a mitochon-

drial marker Mito-DsRed2, a DsRed fluorescent protein ex-

pressed with the mitochondrial targeting sequence of human

cytochrome c oxidase. As shown in Figure 2, the green fluores-

cence labeling observed with the p43(M-9)-GFP fusion protein
superimposed with the red fluorescence labeling observed with

Mito-DsRed2. Thus, the nine additional amino-terminal residues

found in p43(M-9) are involved in mitochondrial targeting of

p43. To ascertain that the AUG codon encoding methionine at

position -9 was used as the initiation codon for the p43-

(M-9)-GFP fusion protein, the second AUG codon encoding
methionine at position 1 was mutated into an AUU codon (Ile).

The p43(M-9.M1I)-GFP fusion protein was also directed to the

mitochondria (Figure 2). It should be noticed that in the presence

FIGURE 3: Identification of the minimal peptide required for mitochondrial targeting of p43(M-9). (A) The mitochondrial p43 protein is
composed of two conserved domains (fromMet1 to Phe80 and from Ser147 to Lys312), a highly charged and more variable linker domain (from
Phe80 to Ser147), and a N-terminal sequence of nine amino acid residues specific for the mitochondrial protein. HeLa cells were transiently
transfected with pDsRed2-Mito and with pEGFP-N1 plasmids that expressed GFP fusion proteins containing p43 sequences from Met-9 to
Ser147 [p43(M-9:S147)-GFP] or to Phe80 [p43(M-9:F80)-GFP]. The colocalization of the GFP fusion proteins and of the mitochondrial marker
was analyzed by confocal laser scanning microscopy. (B) The N-terminal nine-amino acid sequence specific to mitochondrial p43 was fused to
GFP without [p43(M-9:K-1)] or with 5 [p43(M-9:M1I:D5)] or 10 [p43(M-9:M1I:R10)] additional amino acid residues of p43. The two last
constructs also display aMet1 to Ilemutation, to prevent translation initiation at the level of theMet codon specifying the cytoplasmic protein. As
a control, localization of GFP alone is shown in the top panels. Localization of fluorescent proteins was analyzed by confocal laser scanning
microscopy.
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of the M1I mutation, the green fluorescence cytoplasmic back-

ground observed with the p43(M-9)-GFP fusion protein is now

virtually absent. Thus, the translation product starting at Met at

position -9 is exclusively targeted to the mitochondria, and the

AUG codon at position 1 is solely used for translation of the
cytoplasmic form of p43.

The 19 N-Terminal Amino Acid Residues of p43 Specify

the Mitochondrial Targeting Sequence. The mitochondrial

targeting signals are generally located at the N-terminus of the

imported proteins, but in some instances, mitochondrial precur-

sors display internal or C-terminal targeting signals (32). When
the C-terminal region of p43 was removed, from residue 148 to

312 or from residue 81 to 312, the polypeptides initiating at

Met-9 were still directed to the mitochondria (Figure 3A),

suggesting that the sequence elements responsible for mitochon-

drial targeting are localized only in the N-terminal region of

p43(M-9). To identify the minimal polypeptide that constitutes

themitochondrial targeting sequence of p43,N-terminal peptides
of p43(M-9) of different lengths were fused to GFP. When the

cDNA sequences encoding the amino acid residues located

upstream of Met1, from Met-9 to Lys-1, were fused to GFP to
give the p43(M-9:K-1)-GFP fusion protein, no labeling of

mitochondria could be observed (Figure 3B). The labeling was

very similar to that obtained with GFP alone (top of Figure 3B).

Thus, the additional sequences found in p43(M-9) as com-

pared to p43(M1) are not sufficient to trigger mitochondrial

localization of GFP.When five additional amino acid residues of

p43 were fused to GFP, the p43(M-9:M1I:D5)-GFP fusion
protein, containing p43 sequences fromMet-9 to Asp5, including

the M1I mutation, revealed a clear mitochondrial labeling

(Figure 3B). However, the cytoplasmic background was high,

suggesting that these sequences contain most but not all the

sequence information necessary for targeting. A nearly complete

mitochondrial targeting of GFPwas observed with the p43(M-9:
M1I:R10)-GFP fusion protein (Figure 3B), suggesting that the

19 amino-terminal residues of p43(M-9) are necessary and

sufficient to trigger mitochondrial localization and account for

its mitochondrial targeting signal.

p43(M-9) Is Translocated into the Mitochondria. To

ascertain that the p43(M-9) polypeptide is not merely loosely

interacting at the surface of the outer mitochondrial membrane
but is translocated into the matrix of the mitochondria, we first

isolated mitochondria from human cells in culture and checked

for the presence of the p43-related polypeptide in an extract of

purified mitochondria. The relative amount of the cytoplasmic

and mitochondrial species of p43 was determined by Western

blotting with an anti-p43 antibody directed to the common
region of p43(M1) and p43(M-9). After subcellular fractionation

of a U937 cell extract, antibodies to cytochrome c and to the

cytoplasmic species of aspartyl-tRNA synthetase, representative

of a mitochondrial and of a cytoplasmic protein, respectively,

were used as markers of the subcellular fractions (Figure 4A). A

trace amount of AspRS was observed in the mitochondrial

fraction, showing a slight cytoplasmic contamination. By con-
trast, a clear signal was observed in the mitochondrial fraction

when anti-p43 antibody was used (Figure 4A). Similarly, anti-

body directed toLysRS also showed the presence of LysRS in the

mitochondrial fraction, as observed previously (31). The inten-

sities of the signals obtained byWestern blotting were quantified;

the fractions of the mitochondrial species of p43 and LysRSwere
found to represent∼1-2%of the total. Interestingly, the amount

of mitochondrial p43 is similar to that determined for mitochon-

drial LysRS, the only LysRS species that sustains mitochondrial

translation. This observation is consistent with a functional role

of mitochondrial p43.

If p43(M-9) is translocated into the mitochondrial matrix,
then it should not be accessible to proteases added to purified

mitochondria. When isolated mitochondria were incubated at

25 �C, in the presence or absence of trypsin, the polypeptide

corresponding to p43 was not degraded (Figure 4B). When an

equal amount of purified, cytoplasmic p43 was added to purified

mitochondria, the exogenously added p43 was completely de-

graded after incubation in the presence of trypsin (Figure 4B).
These results are consistent with the import of p43(M-9) into the

mitochondrial matrix.

Mapping the 50-Ends of p43 cDNA. The gene encoding the

human, cytoplasmic, and mitochondrial species of p43 is located

on chromosome 4, at position 4q24. It ismade of seven exons that

encompass 31898 nucleotides (Figure 5A). The first two exons
are separated by a long intron of 8390 nucleotides. The AUG

initiation codon for p43(M1) is locatedwithin exon 2 (Figure 5A).

The AUG initiation codon for p43(M-9) is split by this large

FIGURE 4: Detection of a p43-related polypeptide in isolated mito-
chondria. (A) The cytoplasmic (Cyto) or mitochondrial (Mito)
fractions obtained after subcellular fractionation of a U937 cell
extract were analyzed by Western blotting using antibodies directed
to the LysRS, p43, or AspRS component of the multi-aminoacyl-
tRNA synthetase complex (Cx) or to cytochrome c (CytC). Lanes
Cyto andMito contained equivalent amounts of the initial extract of
U937 cells. Lane Mito 5� contained a 5-fold excess of the Mito
fraction. (B)Mitochondria (M) purified fromhumanU937 cells were
incubated at 25 �C for 45 min in the absence or presence (MþT) of
trypsin at a concentration of 0.1 mg/mL, and in the absence or
presence (Mþp43) of purified human cytoplasmic p43 added at a
concentration of 1 μg/mL. Samples were heated for 5min at 100 �C in
62.5 mMTris-HCl (pH 7.5), 2% SDS, 5 M urea, 100 mMDTT, and
0.002% bromophenol blue and analyzed by Western blotting with
anti-p43 antibody. The purified multi-aminoacyl-tRNA synthetase
complex (Cx) and p43 protein (p43) were used as controls.
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intron; the two first nucleotides are located at the 30-end of exon

1, while the G of the AUG codon is provided by exon 2 after
splicing of the intron. The formation of the AUG codon for

p43(M-9) requires that splicing occur at this position. Thus, we

considered the possibility that two different mRNAs could be

produced by this gene by a mechanism of alternative splicing.

To test this possibility, we performed a 50-RACE experiment

using a specific primer localized in exon 2 (Figure 5B). Two

products of ∼300-350 nucleotides, corresponding to two puta-
tive mRNAs, were obtained. The smaller PCR product was the

most abundant. Quantitative PCR experiments revealed that the

longest mRNA is 4-fold less abundant than the short one (result

not shown). To identify the 50-ends of the PCR products, they

were cloned and their nucleotide sequences determined. The

50-ends of the smaller product fell in the region of nucleotides
-66 to-72, as compared to the AUG codon for p43(M1). Thus,

the AUG codon at position -27, encoding p43(M-9), is also

carried by the shortest mRNA. The longer mRNA extended up
to nucleotide -102 in exon 1 (Figure 5B). Thus, the two AUG

codons at positions -27 and þ1 are both present on the two

mRNA species, and no evidence for a mechanism of alternative

splicing of the first intron was observed.

Analysis of the Sequence Context of the AUGs. Accord-

ing to the proposed mechanism of ribosome scanning for

translation initiation in mammals (33, 34), the sequence context
surrounding the AUG codons determines whether the putative

initiation site is strong or weak. The optimal context corresponds

to the sequence gcc(A/G)ccAUGG, where a purine at position

-3 and a G at position þ4 are the most important determinants

for a strong context in mammals. The sequence context around

the AUG at position -27, for initiation of translation of p43-
(M-9), with a U at position -3 and an A at position þ4,

FIGURE 5: Mapping of the 50-ends of p43 transcripts. (A) The top panel shows a schematic view of the gene encoding human p43, made of seven
exons (boxes) linked by six introns (lines). The bottompanel shows the 50-endDNA sequence of the gene. Sequences located at the 30-end of exon
1 and at the 50-end of exon 2 are indicated. Met residues at positionsþ1 and-9 correspond to the initiating methionine for the cytoplasmic and
mitochondrial species of p43, respectively. The nucleotide at position 1 corresponds to the A residue of the ATG encoding cytoplasmic p43. The
sequence of the ATG codon for Met-9 is interrupted by a long intron. The 50-ends of the transcripts determined by 50-RACE are denoted
(asterisks). (B) The 50-end of the splicedmRNAcontaining exons 1 and 2 is schematized. The two cDNAproducts obtained by 50-RACEwith the
primer at position 236 (gray arrow) are indicated by arrowheads (left lane), and their sizes are compared with a DNA marker (right lane). The
major cDNA extends up to nucleotides around position -70 (thick black arrow) and the minor one to position -102 (thin black arrow).
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significantly deviates from the consensus for a favorable context

(Figure 6). By contrast, the AUG codon for p43(M1) displays a

consensus context for a strong initiation site (A at position -3

and G at position þ4). Thus, a mechanism of leaky scanning
would allow the initiation complex to frequently bypass theAUG

at position -27, to favor translation initiation at the level of the

second AUG.

All the constructs used in this study were expressed from a

plasmid carrying an ATA sequence upstream of the AUG

initiation codon, thus with an A at position -3. To test the
importance of the context of the AUG codon on the level of

expression of the constructs, a derivative of the p43(M-9)-GFP

fusion protein was expressed in HeLa cells after replacement of

the AUU codon encoding Ile-8 by a GCG codon encoding

Ala-8. Thus, the AUG initiation codon of the p43(M-9.

I-8A)-GFP fusion protein is placed into a favorable context,

with a G at position þ4 and an A at position -3. The level of
expression of the p43(M-9.I-8A)-GFP fusion protein was

found to be ∼5-fold higher as compared to that of the p43-

(M-9)-GFP fusion protein (Figure 7). The two fusion proteins

were targeted to the mitochondria (not shown).

To further assess the role of the nucleotide at position þ4 on

the expression level of the protein, the level of expression of the
cytoplasmic p43(M-9:K-1)-GFP fusion protein (Figure 3B),

containing p43 sequences fromMet-9 to Lys-1, was compared to

that of the p43(M-9.I-8A:K-1)-GFP fusion protein, containing

the AUU to GCG mutation at the second codon. The GFP

fusion protein with the AUG codon in a favorable context,
p43(M-9.I-8A:K-1)-GFP, was expressedmuchmore efficiently

than the p43(M-9:K-1)-GFP fusion protein (Figure 7). Thus, a

mitochondrial [p43(M-9)-GFP] or cytoplasmic [p43(M-9:

K-1)-GFP] fusion protein with an AUG initiation codon in a

nonfavorable context, mimicking that of the endogenous p43-

(M-9) protein, is poorly expressed.

DISCUSSION

The low steady-state level of mitochondrial proteins involved

in translation and in particular of the mitochondrial species of
p43 precluded its identification when a crude extract of human

cells was analyzed by molecular sieve chromatography (23),

leading to the assumption that a single p43 species is present in

the cell, as a component of the MARS complex. This protein has

the capacity to bind tRNA via its C-terminal moiety (5) and to

participate in the assembly of the MARS complex via its N-

terminal moiety (2). The mitochondrial species of p43 identified
in this study is identical to the p43 component of MARS but is

expressed as a precursor possessing a short, nine-amino acid

additional sequence at its N-terminus. Thus, the mitochondrial

species of p43, mp43, should be able to bind tRNA as efficiently

as its cytoplasmic counterpart, cp43. In addition, because mp43

and cp43 share the same N-terminal protein-protein interaction
domain involved in the association of cp43 with GlnRS, ArgRS,

and p38 (2), mp43 should also have the intrinsic capacity to bind

to these components of MARS. However, all the components of

MARS are confined to the cytoplasm (35). The only known

exception is LysRS for which a cytoplasmic species and a

mitochondrial species are encoded by the same gene by means
of alternative splicing (31, 36). Thus, mp43 certainly fulfills in the

mitochondria a role distinct from its function in the cytoplasm.

Because the AUG codon specifying mp43 is interrupted by an

intron, a possible mechanism to account for expression of mp43

and cp43 from the same gene was to consider that two distinct

mRNA species were produced by a mechanism of alternative

splicing of the single gene identified in the human genome.
However, our data clearly show that mp43 and cp43 are two

translation products of the same mRNA. Several examples of a

single gene producing two translation products have been

described for aminoacyl-tRNA synthetases, in yeast, plants, or

humans, but different mechanisms could be involved. In the yeast

S. cerevisiae, the cytoplasmic and mitochondrial HisRS and
ValRS are encoded by two distinct mRNAs of different lengths

transcribed from a single gene (37, 38). The longer messages,

translated from an upstream AUG codon, encode the mitochon-

drial enzymes. In yeast, a single gene also encodes the cytoplasmic

and mitochondrial forms of AlaRS and GlyRS, which are

produced from a single mRNA (39, 40). The longer mitochon-

drial isoforms are translated from upstream non-AUG initiation
codons. In the plant Arabidopsis thaliana, five aminoacyl-tRNA

synthetases are shared between cytosol and mitochondria and

15 are shared between the two organelles, mitochondria and

chloroplasts (41). In humans, the cytoplasmic and mitochondrial

GlyRS and LysRS are encoded by a single gene. Whereas the

two LysRS species are produced from two mRNAs arising by
alternative splicing of the unique KARS gene (31, 36), the two

GlyRSs are believed to be translated from a single mRNA from

two in-frame initiation codons (42). Similarly, two formsof human

ArgRS are also translated from two in-frame initiation codons

(43, 44). The longest species corresponds to the cytoplasmic

enzyme associated within MARS, but the function of the shortest

FIGURE 6: AUGcontexts ofp43(M1) andp43(M-9). Thenucleotides
surrounding the AUG codons specifying the cytoplasmic [p43(M1)]
or mitochondrial [p43(M-9)] species of p43 are aligned with the
sequence of a canonical AUG codon in a favorable sequence context
for translation initiation. TheA of theAUG codons is numberedþ1.
Nucleotides at positions -3 and þ4 are boxed.

FIGURE 7: AUG codon specifying mitochondrial p43 in an unfavor-
able sequence context. The levels of expression of p43-GFP fusion
proteins with an A [p43(M-9) and p43(M-9:K-1)] or a G [p43(M-9.
I-8A) and p43(M-9.I-8A:K-1] at position þ4 were determined by
Western blotting with anti-GFP antibody after cotransformation of
HeLa cells with pEGFP-N1 plasmids expressing the p43-GFP fusion
proteins and with pDsRed2-Mito. Expression of DsRed-Mito was
monitored by Western blotting with an anti-DsRed antibody.
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form remains hypothetical. Themitochondrial species of ArgRS is

encoded by a separate gene (45).

The finding that the precursor of mp43 is produced from the

upstreamAUGcodon found in an unfavorable sequence context,

by a mechanism of leaky scanning of the mRNA, is in agreement

with the lower expression level of the mitochondrial species of

p43, which represents only 1-2% as compared to the cytoplas-
mic species. When comparing the sequence contexts of the AUG

encoding the mitochondrial and cytoplasmic species of p43 from

the different species listed in Figure 1, which display a mRNA

with two putative translation initiation codons, similar to that of

human p43 analyzed in this study, we find it appears that the first

AUGcodon is always located in an unfavorable sequence context
(T at position -3 and, in most cases, A at position þ4) as

compared to the second AUG codon (A at position -3 and, in

most cases, G at positionþ4) (Figure 8). The first AUG codon is

always preceded by three pyrimidine nucleotides and the second

by three purine nucleotides, positions that are the most relevant

to determining the efficiency of an AUG codon. Thus, the

expression pattern of p43 is certainly similar in many metazoan
species. The putative role of the two mRNA species of different

lengths on the expression of the two p43 translation products

remains to be established.

The existence of a p43 protein within the mitochondria raises

the question of its functional role in this organelle. Previous

experiments have shown that the knock-down of p43 with a
siRNA targeted to the sequences common to the cytoplasmic and

mitochondrial p43 species is not lethal for human cells in

culture (2). Thus, neither cp43 normp43 is essential in the context

of cultured cells.

Several putative roles may be envisioned. In this regard, it

should be recalled that truncated derivatives of p43, p43(ARF)

and p43(EMAPII), have been identified in apoptotic cells. It was
shown that overexpression or p43(ARF) or p43(EMAPII) in the

cytoplasm of human cells did not stimulate apoptosis (5). It has

been proposed that cleavage of the p43 component of MARS

may have some negative effect on the efficiency of the translation

process and, thus,may be one of themechanisms leading to arrest

of translation after the onset of apoptosis. However, because
mitochondria are essential to many aspects of the apoptotic

process, we examined the possibility that mp43 or one of its

truncated derivatives identified in apoptotic cells may have a

direct effect on apoptosis when targeted to the mitochondria.

Overexpression of mp43 did not induce apoptosis on HeLa or

U937 cells (unpublished results). Similarly, when p43(ARF) or
p43(EMAPII) was overexpressed and targeted to the mitochon-

dria after fusion to N-terminal sequence M-9:M1I:D5 or M-9:

M1I:R10 of mp43, the two proteins were localized to the

mitochondria but did not induce apoptosis (unpublished results).

Thus, a putative link between mp43 and apoptosis remains to be

established.

Whether mp43 itself is important for the biology of mitochon-

dria or whether it mediates the mitochondrial import of other

components essential for this organelle remains to be deciphered.
The C-terminal domain of p43 is a classical OB fold (7), similar to

that determined for the bacterial Trbp111 protein. This ancient

tRNA-binding protein has been described as a tRNA-specific

chaperone which may stabilize the L-shaped fold of the tRNA

molecule (46). One possibility is that mp43 acts in the folding of

some mitochondrial tRNAs which lack canonical elements
important in assisting in the proper folding of the tRNA

molecules (47). Alternatively, the tRNA binding capacity of

mp43 could be used to target tRNA molecules to the mitochon-

dria. Import of tRNA into mitochondria is a complex process

that differs from one species to another (48). No unifying

mechanism has emerged from the many studies performed in

different organisms, but it is clear that cytosolic factors could be
involved in this process. For instance, in yeast, both cytoplasmic

and mitochondrial LysRS are involved in import of a cytoplas-

mic tRNALys in mitochondria (49).

Finally, mp43 might be used to trigger mitochondrial localiza-

tion of cytoplasmic proteins. The N-terminal domain of mp43,

fromMet1 to Ser106, is identical to theN-terminal domain of cp43
that is involved in the assembly ofMARS via its interaction with

GlnRS, ArgRS, and p38 (2). Recent studies showed the presence

of nucleus-encoded tRNAGln and of cytoplasmic GlnRS in the

mitochondria of S. cerevisiae (50). Because no mitochondrial

GlnRS could be identified in the yeast genome, it was suggested

that Gln-tRNAGln synthesis in mitochondria uses the compo-

nents imported from the cytoplasm. If such a mechanism also
prevails in humans, association of human, cytoplasmic GlnRS

with mp43 may be a means of importing the glutaminylation

pathway into human mitochondria. Alternatively, recent results

also demonstrated that the transamidation pathway may be the

pathway by which S. cerevisiae mitochondria synthesize its Gln-

tRNAGln, using mitochondrial tRNAGln first aminoacylated
withGlu by aGluRS imported from the cytoplasm (19).Whether

mp43 could be involved in the pathway of Gln-tRNAGln forma-

tion in human mitochondria is an intriguing possibility.

The finding that a p43 species is targeted to human mitochon-

dria opens new perspectives for the understanding of several

physiological processes. It is also an interesting example of a
protein that is targeted to a multienzyme complex in the

cytoplasm and could fulfill additional functions when targeted

FIGURE 8: Sequence context of the AUG codon specifying the mitochondrial and cytoplasmic p43 from different species. The nucleotide
sequences surrounding theAUG initiation codons for p43 starting atMet-9 or atMet1 are indicated for human (Hs), hamster (Cg),mouse (Mm),
rat (Rn), cattle (Bt), dog (Cl), macaque (Mf), pig (Ss), zebrafish (Dr), and frog (Xl). Nucleotides at positions -3 and þ4 of the two AUG are
indicated in bold.
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to the mitochondria. Future experiments should address this
important issue.
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ВИСНОВКИ 
У дисертаційній роботі встановлено просторову організацію факторів 

елонгації трансляції, які утворюють мультибілковий комплекс eEF1Н, зокрема    

eEF1A2 (кристалічна структура), eEF1Bα, eEF1B і eEF1Bγ та їх три-

гетеротримерний комплекс eEF1B(αβγ)3 (у розчині). Також визначені важливі 

функціональні особливості цих факторів і білка p43 комплексу аміноацил-тРНК 

синтетаз, як пов’язані, так і не пов’язані із білковим синтезом. Отримані дані є 

значним фундаментальним внеском у розуміння структурної організації і 

функціонування дорибосомного етапу елонгації трансляції у ссавців.  

1. За допомогою метода малокутового розсіювання нейтронів встановлено, що 

фактор елонгації eEF1A1 в ГДФ-зв’язаній формі має видовжену 

конформацію в розчині. Його радіус гірації становить 5.2±0.2 нм, що в два 

рази більше, ніж радіус гірації бактеріального і дріжджового аналогів.  

2. Отримано кристалографічну структуру фактора елонгації трансляції 

eEF1A2 в комплексі з ГДФ. Показано, що цей білок має тридоменну будову 

і, на відміну від eEF1A1, близьку до сферичної просторову конформацію з 

розрахованим радіусом гірації 2.44 нм. Встановлено, що іони Mg2+ не 

впливають на реакцію обміну гуанінового нуклеотиду на молекулі eEF1A2, 

що контрастує з бактеріальним фактором елонгації трансляції.   

3. Показано, що eEF1A1 у ГДФ-зв’язаній формі може утворювати 

неканонічний потрійний комплекс з деацильованою тРНК і четвертинний 

комплекс з тРНК і фенілаланіл-тРНК синтетазою, а також збільшує 

початкову швидкість реакції, яку каталізує метіоніл-тРНК синтетаза.  

4. Встановлено, що трансляційно-контрольований білок пухлин (ТСТР) 

взаємодіє з факторами eEF1A1 і eEF1B. Зв’язування TCTP з цими білками 

призводить до зниження швидкості реакції як спонтанного, так і eEF1B-

опосередкованого обміну гуанінового нуклеотиду на молекулі eEF1A1.  

5. Встановлено структурну організацію трансляційних факторів eEF1Bα, 

eEF1B і eEF1Bγ. Показано, що всі білки мають в своєму складі як 
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компактно згорнуті структурні домени, так і довгі неструктуровані ділянки. 

eEF1Bα є мономерним білком, eEF1B утворює гомотример сильно 

видовженої форми, тоді як eEF1Bγ, в залежності від концентрації, може 

утворювати димери і мультмери більш високого порядку. Розкрито механізм 

стимуляції активності eEF1Bα субодиницею eEF1Bγ: взаємодія N-кінцевих 

доменів eEF1Bα і eEF1Bγ усуває аутоінгібіторний ефект N-кінцевого домену 

eEF1Bα, який частково перешкоджає взаємодії eEF1A з GEF-доменом. 

6. Визначено сайти взаємодії між субодиницями eEF1Bα і eEF1Bγ, eEF1Bβ і 

eEF1Bγ, які знаходяться на N-кінцевих ділянках цих білків. Встановлено, що 

структурний мотив «лейцинова застібка» відповідає за тримеризацію 

eEF1Bβ, а також всього комплексу eEF1B, який, відповідно, має структурну 

організацію типу (αβγ)3. Показано, що eEF1B(αβγ)3 здатен зв’язувати до 

шести молекул eEF1A2, відповідно до кількості GEF-доменів в ньому.   

7. Встановлено, що N-кінцевий домен білка р43 макромолекулярного 

комплексу аміноацил-тРНК синтетаз взаємодіє з аргініл-тРНК синтетазою. 

Показано, що р43 не впливає на каталітичні параметри аргініл-тРНК 

синтетази і не збільшує її спорідненість до відповідної тРНК. Отже, білок 

р43 не є кофактором для цього ферменту. 

8. Доведено, що інкубація макромолекулярного комплексу аміноацил-тРНК 

синтетаз з каспазою 7 in vitro призводить до розщеплення його р43 

компоненту на два фрагменти. Його С-кінцевий фрагмент, який  

вивільняється з комплексу, є ідентичним EMAPII і здатен викликати 

хемотаксис моноцитів. Розщеплення p43 призводить до втрати його тРНК-

зв’язувальної властивості.  

9. Вперше виявлено, що індукція апоптозу в клітинах U937 призводить до 

появи і вивільнення з клітин іншого ніж EMAPII протеолітичного фрагменту 

білка р43. Цей фрагмент, названий р43(ARF), має найвищу афінність до 

тРНК в порівнянні з повнорозмірним р43 і EMAPII. Встановлено, що 

повнорозмірний р43 викликає активацію ендотеліальних клітин, тоді як 
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р43(ARF) і EMAPII не мають такого ефекту. Це свідчить на користь ролі 

білка р43 в якості прозапального цитокіну.   

10. Вперше ідентифіковано новий трансляційний продукт гена, який кодує  

білок р43. Цей продукт має мітохондріальну локалізацію завдяки 9 

додатковим N-кінцевим амінокислотним залишкам, і його вміст становить  

приблизно 2% від загальної кількості р43 в клітині. 

 

163 



ДОДАТОК 1. 

 СПИСОК ПУБЛІКАЦІЙ ЗА ТЕМОЮ ДИСЕРТАЦІЇ 

1. Budkevich TV, Timchenko AA, Tiktopulo EI, Negrutskii BS, Shalak VF, 

Petrushenko ZM, Aksenov VL, Willumeit R, Kohlbrecher J, Serdyuk IN, El'skaya 

AV. (2002). Extended conformation of mammalian translation elongation factor 1A 

in solution. Biochemistry. 41(51):15342-9. doi:10.1021/bi026495h. (Дисертантом 

особисто проведено очищення препаративних кількостей фактора елонгації 

трансляції eEF1A1 і визначено його функціональну активність in vitro різними 

тестами).  

2. Crepin T, Shalak VF, Yaremchuk AD, Vlasenko DO, McCarthy A, Negrutskii BS, 

Tukalo MA, El'skaya AV. (2014). Mammalian translation elongation factor eEF1A2: 

X-ray structure and new features of GDP/GTP exchange mechanism in higher 

eukaryotes. Nucleic Acids Res. 42(20):12939-48. doi:10.1093/nar/gku974. 

(Дисертантом особисто проведено частину експериментальних досліджень, 

зокрема підготовку білка для кристалізації, експерименти по обміну 

гуанінового нуклеотиду, аналіз та інтерпретування отриманих результатів 

та їх підготовку до публікації). 

3. Petrushenko ZM, Budkevich TV, Shalak VF, Negrutskii BS, El'skaya AV. (2002). 

Novel complexes of mammalian translation elongation factor eEF1A*GDP with 

uncharged tRNA and aminoacyl-tRNA synthetase. Implications for tRNA 

channeling. Eur J Biochem. 269(19):4811-8. doi:10.1046/j.1432-

1033.2002.03178.x. (Дисертантом особисто проведено очищення 

препаративних кількостей фактора елонгації трансляції eEF1A1 і 

фенілаланіл-тРНК синтетази і визначено їх функціональну активність in 

vitro). 

4. Kaminska M, Shalak V, Mirande M. (2001). The appended C-domain of human 

methionyl-tRNA synthetase has a tRNA-sequestering function. Biochemistry. 

40(47):14309-16. doi:10.1021/bi015670b. (Дисертантом особисто отримано 

високо очищений препарат фактора елонгації трансляції eEF1A1 проведено 

серію експериментів по взаємодії цього білка з метіоніл-тРНК синтетазою). 

164 



5. Cans C, Passer BJ, Shalak V, Nancy-Portebois V, Crible V, Amzallag N, Allanic D, 

Tufino R, Argentini M, Moras D, Fiucci G, Goud B, Mirande M, Amson R, Telerman 

A. (2003). Translationally controlled tumor protein acts as a guanine nucleotide 

dissociation inhibitor on the translation elongation factor eEF1A. Proc Natl Acad 

Sci U S A. 100(24):13892-7. doi:10.1073/pnas.2335950100. (Дисертантом 

особисто проведено частину експериментальних досліджень, зокрема 

експерименти  по обміну гуанінового нуклеотиду, білок-білкові взаємодії (pull-

down) аналіз та імуноблотинг, інтерпретування отриманих результатів та їх 

підготовку до публікації).  

6. Trosiuk TV, Shalak VF, Szczepanowski RH, Negrutskii BS, El'skaya AV. (2016). A 

non-catalytic N-terminal domain negatively influences the nucleotide exchange 

activity of translation elongation factor 1Bα. FEBS J. 283(3):484-97. 

doi:10.1111/febs.13599. (Дисертант керував виконанням загального обсягу 

експериментальних досліджень, а також особисто виконав частину 

експериментальної роботи, аналіз та інтерпретування отриманих 

результатів, оформлення статті). 

7. Bondarchuk TV, Lozhko DM, Shalak VF, Fatalska A, Szczepanowski RH, Dadlez 

M, Negrutskii BS, El'skaya AV. (2019). The protein-binding N-terminal domain of 

human translation elongation factor 1Bβ possesses a dynamic α-helical structural 

organization. Int J Biol Macromol. 126:899-907. 

doi:10.1016/j.ijbiomac.2018.12.220 (Дисертант керував виконанням загального 

обсягу експериментальних досліджень, а також особисто виконав частину 

експериментальної роботи, аналіз та інтерпретування отриманих 

результатів, оформлення статті).  

8. Bondarchuk TV, Shalak VF, Lozhko DM, Fatalska A, Szczepanowski RH, 

Liudkovska V, Tsuvariev OY, Dadlez M, El'skaya AV, Negrutskii BS. (2022). 

Quaternary organization of the human eEF1B complex reveals unique multi-GEF 

domain assembly. Nucleic Acids Res. 50(16):9490-9504. doi: 10.1093/nar/gkac685. 

(Дисертант керував виконанням загального обсягу експериментальних 

досліджень, а також особисто виконав частину експериментальної роботи, 

аналіз та інтерпретування отриманих результатів, оформлення статті). 

165 



9. Guigou L, Shalak V, Mirande M. (2004). The tRNA-interacting factor p43 

associates with mammalian arginyl-tRNA synthetase but does not modify its tRNA 

aminoacylation properties. Biochemistry. 43(15):4592-600. doi10.1021/bi036150e. 

(Дисертантом особисто проведено частину експериментальних досліджень, 

зокрема, очищення ферментів і вимірювання їх каталітичних характеристик, 

аналіз та інтерпретування отриманих результатів). 

10.  Shalak V, Kaminska M, Mitnacht-Kraus R, Vandenabeele P, Clauss M, Mirande 

M. (2001). The EMAPII cytokine is released from the mammalian multisynthetase 

complex after cleavage of its p43/proEMAPII component. J Biol Chem. 

276(26):23769-76. doi:10.1074/jbc. (Дисертантом особисто проведено основні 

експериментальні дослідження з мультисинтетазним комплексом мишей, 

рекомбінантним білком p43 мишей і людини, аналіз результатів та їх 

підготовку до публікації). 

11.  Shalak V, Guigou L, Kaminska M, Wautier MP, Wautier JL, Mirande M. (2007).  

Characterization of p43(ARF), a derivative of the p43 component of 

multiaminoacyl-tRNA synthetase complex released during apoptosis. J Biol Chem. 

282(15):10935-43. doi:10.1074/jbc.M611737200 (Дисертантом особисто 

проведено основну частину експериментальних досліджень, зокрема всю 

роботу з культурами клітин, імуноблотинг, взаємодію білків з тРНК, 

активацію ендотеліальних клітин, аналіз та інтерпретування отриманих 

результатів та їх підготовку до публікації).  

12. Shalak V, Kaminska M, Mirande M. (2009). Translation initiation from two in-

frame AUGs generates mitochondrial and cytoplasmic forms of the p43 component 

of the multisynthetase complex. Biochemistry. 48(42):9959-68. 

doi:10.1021/bi901236g (Дисертантом особисто проведено більшу частину 

експериментальних досліджень, зокрема створення ДНК конструкцій, 

трансфекцію клітин і конфокальну мікроскопію, субклітинне фракціонування, 

аналіз та інтерпретування отриманих результатів та їх підготовку до 

публікації). 

 

 

166 



Апробація матеріалів дисертації: 
1. V. Shalak, J.C. Robinson, P. Vandenabeele and M. Mirande. The p43 component of 

the multisynthetase complex is a precursor of the EMAP II cytokine. 18th International 

tRNA Workshop - "tRNA 2000". 2000. April 8-12. Queen's College, Cambrige, UK. 

Публікація тез, постерна доповідь.  

2. M. Kaminska, V. Shalak, J.C. Robinson, P. Kerjan and M. Mirande. From protein 

synthesis to apoptosis. The p43 component of the multisynthetase complex: a 

molecular switch. 18th International tRNA Workshop - "tRNA 2000". 2000. April 8-

12, Queen's College, Cambrige, UK. Публікація тез, усна доповідь. 

3. M. Kaminska, V. Shalak and M. Mirande. Human methiony-tRNA synthetase is a 

processive enzyme. Asilomar Conference on Aminoacyl-tRNA synthetases in 

Biology, Medicine & Evolution. 2002. January 13-18. Pacific grove, CA, USA.  

Публікація тез, постерна доповідь. 

4. M. Kaminska, M. Francin, V. Shalak and M. Mirande. Role of the general RNA-

binding domains appended to mammalian aminoacyl-tRNA synthetases. 19th 

International tRNA Workshop. 2002. April 6-1. Shanghai, China. Публікація тез, 

усна доповідь. 

5. Vyacheslav Shalak, Ludovic Guigou and Marc Mirande. The p43 subunit of the 

multi-aminoacyl-tRNA synthetase complex: structure and function. 20th International 

tRNA Workshop. 2003. October 2-7. Banz, Germany. Публікація тез, постерна 

доповідь.  

6. V. Shalak, M.-P. Golinelli-Cohen, Ludovic Guigou and Marc Mirande. La machinerie 

traductionnele et l’apoptose: function duale d’un cofacteur des aminoacyl-tRNA 

synthetases. 5éme Rencontre sifrARN “ARN, le nouveau monde”. 2004. Octobre 10 -

13. Arcachon, France. Публікація тез, усна доповідь. 

7. V. F. Shalak, A.V. El’skaya, M. Mirande. The multi-aminoacyl-tRNA synthetase 

complex: link between protein synthesis and apoptosis. 5th Parnas Conference 

“Molecular mechanisms of Cellular Signaling”. 2005. April 26-29. Kyiv. Ukraine. 

Публікація тез, усна доповідь. 

8. M. Kaminska, V. Shalak, S. Havrylenko, L. Guigou, R. Freguja and M. Mirande. 

Human aminoacyl-tRNA synthetases: role of the eukaryotic-specific, protein-

167 



protein and protein-RNA interaction domains. aaRS2008. International conference 

on aminoacyl-tRNA synthetase: from basic mechanisms to systems biology. 

September 7-11. 2008. Veyrier du Lac, France. Публікація тез, постерна 

доповідь. 

9. V. V. Liudkovska, V.F. Shalak. Complex of translation elongation factors (eEF-

1H): in vitro reconstitution from recombinant proteins. International life sciences’ 

students’ conference. August 19-23. 2009. Kyiv, Ukraine. Публікація тез, усна 

доповідь. 

10. V. Shalak, V. Liudkovska, A. Timchenko, B. Negrutskii. Interaction between subunits 

of translation elongation factor 1B: two approaches to study their complexes in vitro. 

X Український біохімічний з’їзд. 13-17 вересня. 2010. м. Одеса, Україна. 

Публікація тез, усна доповідь. 

11. Trosiuk T.V., Shalak V. F. Construction and expression of deletion mutants of 

translation elongation factors eEF1Bα, eEF1Bβ, eEF1Bγ. VII conference of Young 

Scientists of the Institute of Molecilar Biology and Genetics NAS of Ukraine. 28-29 

May 2013. Kyiv, Ukraine. Публікація тез, усна доповідь. 

12. Trosiuk T.V., Shalak V. F. The interaction of truncated forms of translation 

elongation factor eEF1Bγ with eEF1Bα and eEF1Bβ. VIII Conference of Young 

Scientists of Molecular Biology and Genetics NAS of Ukraine Dedicated to 90th 

anniversary of P.G. Kostyuk. 20-21 May 2014. Kyiv, Ukraine. Публікація тез, усна 

доповідь. 

13. Trosiuk T.V., Shalak V. F. Dissection of translation elongation factor eEF1Bγ: creation 

of deletion mutants to study its interaction with protein partners in vitro. XI 

Український біохімічний конгрес. 6-10 жовтня 2014 р. м. Київ. Публікація тез, 

усна доповідь. 

14. V. Shalak, R. Szczepanowski, L. Kapustian, J. Debski, L. Porubleva, T. Trosiuk, A. 

Nehelia, I. Shrubkovskij, M. Dadlez, M. Bochtler, B. Negrutskii. COMBIOM in 

research of translation elongation factors. Combiom Final Scientific Meeting. 16-17 

April 2015. Kyiv, Ukraine. Публікація тез, усна доповідь. 

15. Bondarchuk T.V., Shalak V.F. Leucine-zipper motif is responsible for the 

multimerization of translation elongation factor 1Bβ. International Conference for the 

168 



Young Scientists (CYS-2015), 21-25 September 2015, Kyiv, Ukraine. Публікація 

тез, усна доповідь. 

16. Bondarchuk T. V., Shalak V.F. Structural and functional features of translation 

elongation factor 1B alpha. 41st FEBS congress “Molecular and systems biology for a 

better life”, September 03-08, 2016, Ephesus/Kusadasi, Turkey. Публікація тез, 

постерна доповідь. 

17. В’ячеслав Шалак, Тетяна Бондарчук. Неглобулярні білки з неструктурованими 

ділянками: точне визначення молекулярної маси, агрегатного стану і локалізації 

неструктурованих ділянок. XІІ Відкрита конференція молодих вчених ІМБГ 

НАН України. 15-16 травня 2018 року. м. Київ. Публікація тез, ключова 

доповідь. 

18. T.V. Bondarchuk, V.F. Shalak, A. Fatalska, D.M. Lozhko, R.H. Shchepanovskyi, M. 

Dadlez, B.S. Negrutskii, A.V. El’skaya. The new model of structural organization of 

the human translation elongation complex eEF1B. XII Український біохімічний 

конгрес. 30 вересня-4 жовтня 2019 р. м. Тернопіль. Україна. Публікація тез, усна 

доповідь. 

 

 

169 


