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ABSTRACT 

 

Lavrynenko K. D. The interaction between Caprin1 and G3BP1 

promotes G3BP1-mediated mRNA recruitment to stress granules – 

Qualifying scientific work as a manuscript. 

 

Dissertation for the degree of Doctor of Philosophy in the specialty 091 

Biology and Biochemistry. – Institute of Molecular Biology and Genetics of the 

National Academy of Sciences of Ukraine, Kyiv, 2026. 

 

RNA-binding proteins play a key role in the regulation of all stages of the 

RNA life cycle, including RNA maturation, transport, localization, translation, 

stabilization, and degradation. These processes become particularly important 

under cellular stress conditions, when cells need to rapidly reorganize their 

translational program, suppress the synthesis of most housekeeping proteins, and 

preserve mRNAs required for recovery after stress termination. One of the key 

mechanisms of such adaptation is the formation of stress granules, which are 

cytoplasmic non-membrane ribonucleoprotein condensates composed of mRNAs 

stalled at the stage of translation initiation, RNA-binding proteins, translation 

initiation factors, and other regulatory components. 

Stress granule formation is closely associated with liquid-liquid phase 

separation, which is mediated by weak multivalent interactions between proteins 

and RNA molecules. Such interactions are enabled by the modular organization 

of many RNA-binding proteins, which contain structured domains, RNA-binding 

motifs, and intrinsically disordered regions. The combination of RNA-binding 

activity, protein-protein interaction capacity, and participation in phase separation 

determines the role of individual proteins in stress granule nucleation, growth, 

maturation, and disassembly. 
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One of the central proteins of stress granules is G3BP1. It is considered a 

key node within the interaction network that supports stress granule formation. 

G3BP1 contains an NTF2-L domain, intrinsically disordered regions, an RRM 

domain, and an RGG-rich region, which together determine its ability to dimerize, 

interact with protein partners, bind RNA, and participate in liquid-liquid phase 

separation. G3BP1 is able to induce stress granule formation, whereas cells 

lacking both G3BP1 and G3BP2 show severe defects in stress granule assembly 

under oxidative stress conditions. However, the precise mechanisms by which 

G3BP1 mediates mRNA recruitment to stress granules remain incompletely 

understood. 

The function of G3BP1 in stress granules is closely connected with 

Caprin1. Caprin1 is an RNA-binding protein involved in translational regulation, 

neuronal RNA granule function, cellular stress responses and stress granule 

assembly. Caprin1 interacts with G3BP1 through the NTF2-L domain of G3BP1 

and competes with USP10 for binding to G3BP1. The G3BP1–Caprin1 interaction 

is known to promote stress granule assembly, whereas the interaction between 

G3BP1 and USP10 is associated with suppression or disassembly of these 

structures. Nevertheless, although the protein-protein aspect of G3BP1–Caprin1 

interaction has been relatively well characterized, the role of this complex in 

mRNA binding and mRNA recruitment to stress granules has remained 

insufficiently investigated. 

The aim of this dissertation was to investigate the interaction between 

G3BP1 and Caprin1 in vivo and in vitro, to characterize the mRNA-binding 

capacity of both proteins and the G3BP1-Caprin1 complex, and to clarify the role 

of the G3BP1–Caprin1 complex in mRNA recruitment to stress granules. 

To achieve this aim, the interaction between G3BP1 and Caprin1 was 

analyzed in a cellular system and compared with the interactions of G3BP1 with 

other stress granule-associated RNA-binding proteins. The dependence of 

Caprin1, G3BP2, YBX1, and mRNA recruitment to stress granules on G3BP1 
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levels was investigated. Special attention was given to the characterization of the 

RNA-binding properties of the G3BP1-Caprin1 complex both in cells and in vitro. 

The role of individual functional domains of G3BP1 in Caprin1 interaction, 

mRNA binding and stress granule formation was determined, and the influence 

of Caprin1 on the efficiency of mRNA recruitment by G3BP1 was evaluated. 

The study used a combination of molecular and cellular biology methods, 

including HeLa cell culture, transfection, siRNA-mediated knockdown of 

G3BP1, immunofluorescence staining, fluorescent in situ hybridization of 

mRNA, high-content microscopy, microtubule bench assays for protein and 

mRNA recruitment analysis, add-back experiments, plasmid cloning, expression 

and purification of recombinant proteins, co-immunoprecipitation, western blot 

analysis, electrophoretic mobility shift assay, atomic force microscopy and 

statistical analysis of experimental data. 

The obtained results demonstrated that G3BP1 forms a pronounced 

interaction with Caprin1 in the cellular environment. Comparison of the 

interaction between G3BP1 and several cytoplasmic RNA-binding proteins 

associated with stress granules showed that Caprin1 is one of the most prominent 

functional partners of G3BP1. It was established that recruitment of Caprin1 to 

stress granules strongly depends on the presence of functional G3BP1, confirming 

the key role of G3BP1 in organizing the protein composition of stress granules. 

The RNA-binding properties of the G3BP1-Caprin1 complex were characterized. 

In cells, Caprin1 overexpression increased mRNA recruitment to G3BP1-

containing condensates. This indicates that Caprin1 not only interacts with G3BP1 

as a protein partner but also functionally affects the ability of G3BP1 to recruit 

mRNA. In vitro experiments using electrophoretic mobility shift assay showed 

that the combination of G3BP1 and Caprin1 forms larger protein-RNA complexes 

compared with either protein alone. Atomic force microscopy data also confirmed 

the formation of larger RNA-enriched complexes in the presence of both proteins. 
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Thus, the obtained results indicate a cooperative mode of G3BP1 and Caprin1 

interaction during RNA binding. 

Functional analysis of G3BP1 domains demonstrated that both the N-

terminal and C-terminal regions of the protein are necessary for the full realization 

of its functions in stress granules. Deletion of the N-terminal region disrupted 

interaction with Caprin1, whereas deletion of the C-terminal region, which 

contains the major RNA-binding elements, caused a strong decrease in mRNA 

recruitment. It was shown that Caprin1 enhances mRNA recruitment only in the 

presence of full-length G3BP1, which retains the ability to interact simultaneously 

with both Caprin1 and mRNA. These findings indicate that Caprin1 cannot fully 

compensate for the loss of G3BP1 RNA-binding activity and instead acts as a 

regulatory cofactor that enhances the intrinsic mRNA recruitment capacity of 

G3BP1. 

Particular attention was given to the G3BP1-ΔIDR2 construct. Despite 

retaining the RRM domain and RGG-rich region, this construct showed a strongly 

reduced ability to recruit mRNA both in cells and in vitro. At the same time, 

G3BP1-ΔIDR2 partially retained the ability to interact with Caprin1 and localize 

to stress granules. The obtained data indicate that IDR2 is important not only as a 

linear protein region but also as an element required for maintaining the proper 

spatial and conformational organization of G3BP1. Deletion of IDR2 likely 

disrupts conformational transitions of G3BP1 that are necessary for efficient 

exposure or function of RNA-binding regions, resulting in impaired mRNA 

binding. 

The scientific novelty of the work consists in demonstrating that Caprin1 

enhances mRNA recruitment by G3BP1, but this effect requires intact RNA-

binding capacity and domain organization of G3BP1. For the first time, it was 

shown that Caprin1 enhances the ability of G3BP1 to recruit mRNA and promotes 

the formation of larger RNA-enriched protein complexes. It was established that 

efficient enhancement of mRNA recruitment depends on the integrity of G3BP1 
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functional domains and preservation of its own RNA-binding activity. Caprin1 

was shown to function primarily as a regulatory partner of G3BP1 that enhances 

G3BP1-mediated mRNA binding but does not replace the requirement for direct 

interaction between G3BP1 and mRNA. In addition, the important role of IDR2 

in maintaining the RNA-binding functionality of G3BP1 was demonstrated, 

expanding current understanding of the mechanisms of G3BP1 conformational 

regulation during stress granule formation. 

The practical significance of the obtained results lies in expanding current 

understanding of the molecular mechanisms of stress granule formation and 

regulation of RNA-protein condensates. The characterized functional interaction 

between G3BP1 and Caprin1 may serve as a basis for further studies of 

mechanisms controlling recruitment of specific mRNAs to stress granules, as well 

as for investigations of pathological conditions associated with disrupted stress 

granule dynamics and aggregation of RNA-binding proteins. These results are 

relevant for further studies of pathological RNP granule remodeling, particularly 

in neurodegenerative diseases and viral infection, where altered stress granule 

dynamics and RNA-binding protein aggregation are frequently observed. In 

addition, the optimized approaches for quantitative analysis of mRNA and protein 

recruitment to cellular condensates may be applied to the study of other RNA-

binding proteins and biomolecular condensates. 

Thus, the dissertation established that the G3BP1-Caprin1 complex is a 

functionally important element in the regulation of mRNA recruitment to stress 

granules. Caprin1 enhances the RNA-binding activity of G3BP1 and promotes the 

formation of larger RNA-enriched nucleoprotein complexes; however, this effect 

depends on the preservation of G3BP1 structural integrity and its ability to 

directly bind mRNA. The obtained results complement the current model of stress 

granule formation, according to which RNA concentration, the conformational 

state of G3BP1, and multivalent protein-protein interactions jointly determine the 
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efficiency of liquid-liquid phase separation and formation of functionally active 

ribonucleoprotein condensates. 

Keywords: RNA-binding proteins, G3BP1, Caprin1, mRNA, stress granules, 

ribonucleoprotein condensates, liquid-liquid phase separation, protein-protein 

interactions, protein-RNA interactions, mRNA recruitment. 
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РНК-зв’язувальні білки відіграють ключову роль у регуляції всіх 

етапів життєвого циклу РНК, зокрема її дозрівання, транспорту, локалізації, 

трансляції, стабілізації та деградації. Особливе значення ці процеси мають 

за умов клітинного стресу, коли клітина повинна швидко перебудувати 

трансляційний профіль, призупинити синтез більшості білків і водночас 

забезпечити збереження мРНК, необхідних для відновлення нормального 

функціонування після припинення дії стресового чинника. Одним із 

ключових механізмів такої адаптації є утворення стресових гранул – 

цитоплазматичних немембранних рибонуклеопротеїнових конденсатів, що 

складаються з мРНК, зупинених на етапі ініціації трансляції, РНК-

зв’язувальних білків, факторів ініціації трансляції та інших регуляторних 

компонентів. 

Формування стресових гранул тісно пов’язане з явищем рідинно-

рідинного фазового розділення, яке забезпечується слабкими 

мультивалентними взаємодіями між білками та РНК. Такі взаємодії можливі 

завдяки модульній будові багатьох РНК-зв’язувальних білків, які містять 
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структуровані домени, РНК-зв’язувальні мотиви та внутрішньо 

невпорядковані ділянки. Саме поєднання РНК-зв’язувальної активності, 

здатності до білок-білкових взаємодій та участі у фазовому розділенні 

визначає роль окремих білків у нуклеації, рості, дозріванні та розбиранні 

стресових гранул. 

Одним із центральних білків стресових гранул є G3BP1. Він 

розглядається як ключовий вузол у мережі взаємодій, що забезпечують 

формування цих конденсатів. G3BP1 містить NTF2-L домен, внутрішньо 

невпорядковані ділянки, RRM-домен та RGG-збагачену ділянку, що разом 

визначають його здатність до димеризації, взаємодії з білковими 

партнерами, зв’язування РНК та участі у рідинно-рідинному фазовому 

розділенні. G3BP1 здатний індукувати формування стресових гранул, а 

клітини з одночасною втратою G3BP1 та G3BP2 мають суттєві порушення 

здатності до утворення стресових гранул за умов окисного стресу. Водночас 

точні механізми, за допомогою яких G3BP1 забезпечує рекрутинг мРНК до 

стресових гранул, залишаються недостатньо з’ясованими. 

Функція G3BP1 у стресових гранулах тісно пов’язана з білком 

Caprin1. Caprin1 є РНК-зв’язувальним білком, який бере участь у регуляції 

трансляції, функціонуванні нейрональних РНК-гранул, клітинній відповіді 

на стрес та формуванні стресових гранул. Caprin1 взаємодіє з G3BP1 через 

NTF2-L домен останнього та конкурує з USP10 за зв’язування з G3BP1. 

Відомо, що взаємодія G3BP1 з Caprin1 сприяє формуванню стресових 

гранул, тоді як взаємодія G3BP1 з USP10, навпаки, пов’язана з пригніченням 

або розбиранням цих структур. Проте, незважаючи на відносно добре 

охарактеризований білок-білковий аспект взаємодії G3BP1–Caprin1, роль 

цього комплексу у зв’язуванні мРНК та її рекрутингу до стресових гранул 

залишалася недостатньо вивченою. 

Метою дисертаційної роботи було дослідити взаємодію G3BP1 з 

Caprin1 in vivo та in vitro, охарактеризувати здатність цих білків і комплексу 
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G3BP1-Caprin1 до зв’язування мРНК, а також з’ясувати роль комплексу 

G3BP1-Caprin1 у рекрутингу мРНК до стресових гранул. 

Для досягнення поставленої мети було проаналізовано взаємодію між 

G3BP1 та Caprin1 у клітинній системі та порівняно її з взаємодіями G3BP1 

з іншими РНК-зв’язувальними білками стресових гранул. Було досліджено 

залежність рекрутингу Caprin1, G3BP2, YBX1 та мРНК до стресових гранул 

від рівня G3BP1. Окрему увагу приділено характеристиці РНК-

зв’язувальних властивостей комплексу G3BP1-Caprin1 у клітинних умовах 

та in vitro. Було визначено роль окремих функціональних доменів G3BP1 у 

взаємодії з Caprin1, зв’язуванні мРНК та формуванні стресових гранул, а 

також оцінено вплив Caprin1 на ефективність рекрутингу мРНК білком 

G3BP1. 

У роботі використано комплекс методів молекулярної та клітинної 

біології, зокрема культивування клітин HeLa, трансфекцію, siRNA-

опосередковане зниження експресії G3BP1, імунофлуоресцентне 

фарбування, флуоресцентну in situ гібридизацію мРНК, високопродуктивну 

мікроскопію, microtubule bench assay для аналізу рекрутингу білків і мРНК, 

add-back експерименти, клонування плазмідних конструкцій, експресію та 

очищення рекомбінантних білків, ко-імунопреципітацію, вестерн-блот 

аналіз, електрофоретичний аналіз рухливості нуклеопротеїнових 

комплексів, атомно-силову мікроскопію та статистичну обробку 

експериментальних даних. 

У результаті проведених досліджень було показано, що G3BP1 

утворює виражену взаємодію з Caprin1 у клітинній системі. Порівняння 

взаємодії G3BP1 з низкою цитоплазматичних РНК-зв’язувальних білків, 

асоційованих зі стресовими гранулами, продемонструвало, що Caprin1 є 

одним із найбільш помітних функціональних партнерів G3BP1. Було 

встановлено, що рекрутинг Caprin1 до стресових гранул суттєво залежить 
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від наявності функціонального G3BP1, що підтверджує ключову роль 

G3BP1 у формуванні білкового складу стресових гранул. 

Було охарактеризовано РНК-зв’язувальні властивості комплексу 

G3BP1-Caprin1. У клітинних умовах надекспресія Caprin1 підвищувала 

рекрутинг мРНК до G3BP1-вмісних конденсатів. Це свідчить про те, що 

Caprin1 не лише взаємодіє з G3BP1 як білковий партнер, але й 

функціонально впливає на здатність G3BP1 залучати мРНК. In vitro 

експерименти із застосуванням електрофоретичного аналізу рухливості 

нуклеопротеїнових комплексів показали, що суміш G3BP1 та Caprin1 

утворює більші білок-РНК комплекси порівняно з кожним білком окремо. 

Дані атомно-силової мікроскопії також підтвердили формування більших 

РНК-збагачених комплексів у присутності обох білків. Таким чином, 

отримані результати вказують на кооперативний характер взаємодії G3BP1 

та Caprin1 під час зв’язування РНК. 

Функціональний аналіз доменів G3BP1 показав, що як N-кінцева, так 

і C-кінцева частини білка є необхідними для повноцінної реалізації його 

функцій у стресових гранулах. Делеція N-кінцевої частини порушувала 

взаємодію з Caprin1, тоді як делеція C-кінцевої частини, що містить основні 

РНК-зв’язувальні елементи, призводила до різкого зниження рекрутингу 

мРНК. Було показано, що Caprin1 здатний підвищувати рекрутинг мРНК 

лише у присутності повнорозмірного G3BP1, який зберігає здатність 

одночасно взаємодіяти з Caprin1 та мРНК. Це свідчить про те, що Caprin1 не 

може повністю компенсувати втрату РНК-зв’язувальної активності G3BP1, 

а виконує роль регуляторного кофактора, який підсилює власну здатність 

G3BP1 до рекрутингу мРНК. 

Особливий інтерес становили результати, отримані для конструкта 

G3BP1-ΔIDR2. Попри збереження RRM-домену та RGG-збагаченої ділянки, 

цей конструкт демонстрував різко знижену здатність до рекрутингу мРНК 

як у клітинних умовах, так і in vitro. Водночас G3BP1-ΔIDR2 частково 
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зберігав здатність взаємодіяти з Caprin1 і локалізуватися у стресових 

гранулах. Отримані дані свідчать, що IDR2 є важливою не лише як лінійна 

ділянка білка, але і як елемент, необхідний для підтримання правильної 

просторової та конформаційної організації G3BP1. Імовірно, видалення 

IDR2 порушує конформаційні переходи G3BP1, необхідні для ефективного 

відкриття або функціонування РНК-зв’язувальних ділянок, що призводить 

до втрати здатності до ефективного зв’язування мРНК. 

Наукова новизна отриманих результатів полягає у комплексній 

характеристиці функціональної взаємодії G3BP1 та Caprin1 у контексті 

рекрутингу мРНК та формування стресових гранул. Уперше показано, що 

Caprin1 підвищує здатність G3BP1 до рекрутингу мРНК і сприяє 

формуванню більших РНК-збагачених білкових комплексів. Встановлено, 

що ефективне посилення мРНК-рекрутингу залежить від цілісності 

функціональних доменів G3BP1 та збереження його власної РНК-

зв’язувальної активності. Показано, що Caprin1 функціонує переважно як 

регуляторний партнер G3BP1, який підсилює G3BP1-опосередковане 

зв’язування мРНК, але не замінює необхідність прямої взаємодії G3BP1 з 

мРНК. Окремо встановлено важливу роль IDR2 у підтриманні РНК-

зв’язувальної функціональності G3BP1, що розширює уявлення про 

механізми конформаційної регуляції G3BP1 під час формування стресових 

гранул. 

Практичне значення отриманих результатів полягає у розширенні 

сучасних уявлень про молекулярні механізми утворення стресових гранул 

та регуляції РНК-білкових конденсатів. Охарактеризована функціональна 

взаємодія G3BP1-Caprin1 може бути використана як основа для подальших 

досліджень механізмів рекрутингу специфічних мРНК до стресових гранул, 

а також для вивчення патологічних станів, пов’язаних із порушенням 

динаміки стресових гранул і агрегацією РНК-зв’язувальних білків. 

Отримані результати можуть бути корисними для майбутніх досліджень 
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нейродегенеративних захворювань, вірусних інфекцій та онкологічних 

процесів, у яких стресові гранули та РНК-зв’язувальні білки відіграють 

важливу роль. Крім того, оптимізовані підходи до кількісного аналізу 

рекрутингу мРНК і білків у клітинних конденсатах можуть бути застосовані 

для вивчення інших РНК-зв’язувальних білків та біомолекулярних 

конденсатів. 

Таким чином, у дисертаційній роботі встановлено, що комплекс 

G3BP1-Caprin1 є функціонально важливим елементом регуляції рекрутингу 

мРНК до стресових гранул. Caprin1 підсилює РНК-зв’язувальну активність 

G3BP1 і сприяє формуванню більших РНК-збагачених нуклеопротеїнових 

комплексів, однак цей ефект залежить від збереження структурної 

цілісності G3BP1 та його здатності безпосередньо зв’язувати мРНК. 

Отримані результати доповнюють сучасну модель формування стресових 

гранул, згідно з якою концентрація РНК, конформаційний стан G3BP1 та 

мультивалентні білок-білкові взаємодії разом визначають ефективність 

рідинно-рідинного фазового розділення та формування функціонально 

активних рибонуклеопротеїнових конденсатів. 

Ключові слова: РНК-зв’язувальні білки, G3BP1, Caprin1, мРНК, 

стресові гранули, рибонуклеопротеїнові конденсати, рідинно-рідинне 

фазове розділення, білок-білкові взаємодії, білок-РНК взаємодії, рекрутинг 

мРНК. 
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INTRODUCTION 

 

Relevance of the topic. RNA is a nucleic acid whose existence underlines 

the entirety of cells' functionality. Both protein-coding and non-coding RNAs are 

essential for every aspect of cellular life, from growth and protein production to 

regulating cellular metabolism in response to current needs. RNA-binding 

proteins (RBP) are responsible for RNA maintenance at all stages of its lifecycle. 

RBPs perform various roles, from transcription to degradation, decay, and 

everything in between. When facing adverse conditions, cells need to protect 

fragile RNA from damage and reroute their translation processes to the production 

of the proteins that partake in the defense of the cells from stressors. To 

accomplish that, a special type of transient non-membrane organelles - Stress 

Granules (SGs)- are assembled in the cytoplasm from mRNA stalled in translation 

and a special subclass of RBPs. The formation of stress granules is possible due 

to the phenomenon of liquid-liquid phase separation (LLPS). In cells, LLPS is a 

concentration-dependent process of proteins and nucleic acids demixing into 

separate phases. Since biopolymers are complex and can interact with multiple 

partners in different ways, both intra- and intermolecular interactions contribute 

to RNA-protein complexes formed due to phase separation.  Such a mechanism 

allows sequestering of mRNAs, whose products are not involved in adverse 

conditions response, to SGs, to preserve them from potential damage and 

ultimately facilitate their return to the translation pool whenever the cell returns 

to a non-stressed state. The process of stress granule assembly, function, and 

disassembly is orchestrated by a particular class of RBPs, which are called stress 

granule RBPs. These proteins broadly conform to similar domain organization, 

with self-oligomerization domains, RNA-binding domains, and intrinsically 

disordered regions (1). Stress granule RBPs and RNAs maintain a complex 

network of connections, which allows rapid assembly and disassembly of SGs in 

a controlled and regulated fashion. SGs are activated in response to not only 



22 
 

transient stresses but also in case of chronic changes in the cell microenvironment, 

such as inflammation, viral infections, or cancer. This makes SG proteins potent 

targets for research as diagnostic markers or treatment targets. Some proteins are 

more important for SG functionality than others, and no single protein plays a 

more important role in SGs than G3BP1 – stress granule assembly factor 1. The 

centrality of G3BP1 in SG function is well researched, as it is one of the first 

proteins that is recruited by the stalled pre-initiation complex in the eIF2α-P-

dependent SG assembly route (2) and continues to be a central node in the SG 

network (3). Apart from its role in SGs, G3BP1 participates in the regulation of 

mRNA stability (4), and structure-mediated RNA decay (5).  

G3BP1's role in SGs is closely interlinked with another SG protein – 

Caprin1. Caprin1 competes with USP10 for binding with G3BP1 in a pH-

dependent manner, in which G3BP1-Caprin1 interaction drives SG assembly, 

while USP10 outcompetes Caprin1 in binding to G3BP1, facilitating SG 

disassembly (6). While the protein-protein aspect of G3BP1-Caprin1 binding is 

relatively understood (7), there are still important questions about the dynamics 

of RNA-binding of this complex and the roles of individual proteins in bringing 

particular mRNAs to stress granules. 

Apart from their role in SGs both G3BP1 and Caprin1 are components of 

neuronal transport granules, which are ribonucleoprotein (RNP) granules that act 

as a way for mRNAs to reach distant areas of axons and dendrites to partake in 

the local translation process. Here G3BP1 is a component of axonal transport 

RNPs (8), while both Caprin1 (9) and G3BP1 (10) have prominent roles as 

dendrite local translation regulators. While G3BP1-Caprin1 complex functions in 

stress granules are well-described, the relationship between these proteins in 

neuronal transport granules is relatively unknown. 

RNA-binding proteins are heavily involved in neuronal diseases that 

manifest in abnormal aggregations of proteins in cytoplasm. For instance, 

pathological mutations in several SG proteins, namely FUS, TDP-43 (11), TIA-
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1/TIAR (12–13) are known hallmarks of protein aggregation in such diseases as 

amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD), while 

relatively recently, Caprin1 missense mutation was linked to early-onset ataxia 

(14). RBPs with pathologic mutations are recruited to SGs, which leads to major 

dysfunction in SG composition and consequently alters the fate of mRNAs that 

are partitioned to SGs. There is an undeniable link between pathological 

aggregation of RBPs and their RNA-binding ability. Normally, cytoplasmic 

RNAs promote LLPS and the formation of granules to a certain threshold, but past 

that point high local concentration of RNAs prevents excessive aggregation of 

RBPs (15). RBPs that cannot bind RNA due to pathological mutations or 

truncations are still recruited to SGs but are unable to dissociate from them, 

causing hyperaggregation, which turns normally soluble RBPs into solid-like 

inclusions that cannot disassemble and release trapped mRNAs, which decreases 

the pool of mRNAs ready for translation (16). Since the G3BP1-Caprin1 complex 

is a central node in SGs, the role of this protein in such diseases is an intriguing 

avenue of research. 

Connection of the work with scientific programs, plans, and research 

topics. The dissertation corresponds to the main research plan of the Department 

of Functional Genomics of the Institute of Molecular Biology and Genetics of the 

National Academy of Sciences of Ukraine and was carried out within the 

framework of the state-funded research topic No. 2.2.4.2 “The role of scaffold 

protein complexes of the TKS and ITSN families in the regulation of normal and 

pathological cellular processes.” 

Aim and Objectives of the study 

The aim of this work is to investigate the interplay of G3BP1 with Caprin1 

in vivo and in vitro, assess the mRNA binding capabilities of both proteins and 

the G3BP1-Caprin1 complex, and shed light on the role of the G3BP1-Caprin1 

complex in the recruitment of mRNA to stress granules. 
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To achieve this aim, we defined the following objectives: 

1.  Evaluate the interaction between G3BP1 and Caprin1 in the cellular 

system and compare it to G3BP1 interactions with stress granule RBPs 

hosting diverse RNA-binding domains 

2. . Analyze the dependency between the level of G3BP1 in stress granules 

and the recruitment of partner proteins such as Caprin1, YBX1 and G3BP2, 

as well as mRNA, to SGs.  

3.  Characterize the RNA-binding properties of the G3BP1-Caprin1 complex 

in the cellular environment as well as in vitro.  

4. Determine the roles of G3BP1 functional domains and their interplay with 

Caprin1 in G3BP1-mediated mRNA binding and analyze the influence of 

Caprin1 on the efficiency of mRNA binding by G3BP1.  

5. Evaluate the role of the G3BP1-Caprin1 complex in the mRNA recruitment 

to stress granules.  

Object of the study 

Stress granule assembly and RNA-binding protein interactions with mRNA 

in cells under stress conditions. 

Subject of the study 

The molecular mechanisms of G3BP1 and Caprin1 interaction, the role of 

G3BP1 domains in mRNA binding, and the involvement of the G3BP1–Caprin1 

complex in stress granule assembly.  

Research methods. Molecular and cellular biology methods, plasmid 

construct cloning, HeLa cell culture, cell transfection and siRNA-mediated 

knockdown, immunofluorescence staining and RNA in situ hybridization, high-

content imaging analysis, addback experiments, microtubule bench recruitment 

and mixing assays, recombinant protein expression and purification, 

immunoprecipitation assay and western blot analysis, electrophoretic mobility 

shift assay (EMSA), atomic force microscopy (AFM), analysis of mRNA 
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recruitment to stress granules, confocal and fluorescence microscopy, statistical 

data analysis methods, and others.  

Scientific novelty of the obtained results lies in the comprehensive 

characterization of the functional interplay between the stress granule proteins 

G3BP1 and Caprin1 in the context of messenger RNA recruitment and stress 

granule assembly. 

For the first time, it was demonstrated that Caprin1 enhances the mRNA-

binding capacity of G3BP1 and promotes the recruitment of mRNA into stress 

granules through cooperation with G3BP1. The study established that the RNA-

binding domain and intrinsically disordered regions of G3BP1 are required for 

efficient mRNA recruitment and stress granule assembly. 

The functional contribution of individual G3BP1 domains to Caprin1 

interaction, RNA binding, and condensate formation was dissected using a 

combination of cellular and structural biology approaches. It was shown that 

deletion of either the N-terminal or C-terminal regions of G3BP1 impairs stress 

granule formation and reduces Caprin1 recruitment to stress granules. In contrast, 

the enhancement of mRNA recruitment by Caprin1 was observed only in the 

presence of full-length G3BP1, demonstrating the importance of intact G3BP1 

domain organization for the cooperative function of the complex. 

In addition, the work demonstrated that the G3BP1–Caprin1 complex forms 

larger RNA-enriched assemblies than either protein alone, supporting the concept 

that Caprin1 acts as a functional cofactor of G3BP1 during RNA-dependent phase 

separation. The obtained results complement the current model of stress granule 

assembly by showing that Caprin1-mediated enhancement of mRNA recruitment 

contributes to the central role of G3BP1 in stress granule nucleation and 

dynamics. 

The study further expands the understanding of molecular mechanisms 

governing RNA–protein condensate formation under cellular stress conditions 

and provides new insights into the regulation of stress granule assembly, which 
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may be relevant for stress-associated pathologies, including neurodegenerative 

diseases and cancer. 

The practical significance of the obtained results lies in the expansion of 

the current understanding of the molecular mechanisms governing stress granule 

assembly and RNA recruitment under cellular stress conditions. The obtained 

results clarify the functional role of the G3BP1-Caprin1 interaction in the 

regulation of messenger RNA dynamics and RNA-protein condensate formation. 

The study identifies specific domains of G3BP1 required for efficient mRNA 

recruitment, which may serve as potential molecular targets for modulation of 

stress granule dynamics. The presented findings contribute to the broader 

understanding of RNA-binding protein cooperation during liquid-liquid phase 

separation and may be useful for further studies focused on stress-associated 

cellular responses. 

The results may be applied in future biomedical research related to 

pathological stress granule formation observed in neurodegenerative disorders, 

viral infections, and cancer. In particular, the characterization of the G3BP1-

Caprin1 complex provides a basis for the development of therapeutic approaches 

aimed at regulating aberrant RNA-protein aggregation and stress granule 

persistence in disease conditions. 

In addition, the methodological approaches developed and optimized in this 

work, including microtubule bench assays and quantitative analysis of mRNA 

recruitment to stress granules, may be used in future investigations of RNA-

binding proteins and biomolecular condensates. 

Personal contribution. All presented experiments were performed 

personally by the doctoral candidate or with his direct participation. The majority 

of the experiments, as well as the processing and analysis of the obtained results, 

were carried out personally by the doctoral candidate. The Atomic Force 

Microscopy was performed in collaboration with Prof. Loic Hamon from the 

«Structure and Activity of Normal and Pathological Biomolecules»(SABNP) 
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laboratory, Paris-Saclay University, Inserm, University of Évry (France). 
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with Dr. Juan Carlos Rengifo-Gonzalez from the SABNP laboratory, Paris-Saclay 

University, Inserm, University of Évry (France). 

The author expresses sincere gratitude to the Head of the Department, Prof. 

A. V. Rynditch, the scientific supervisors, PhD S. V. Kropyvko and Prof. Loic 
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CHAPTER 1  

 

LITERATURE REVIEW 

 

1.1. RNA-binding proteins and Ribonucleoproteins 

 

In order to present a comprehensive overview of G3BP1 and Caprin1 

interaction in view of their RNA-binding function, the literature review will be 

divided into three chapters. In the first part, we will address the general principles 

of RNA-binding protein organization and function, as well as RNP granules and 

the details of RBP function within them, specifically stress granules. The second 

part will focus on an in-depth assessment of the G3BP1 structure, the diverse 

functions inside and outside of stress granules, the various factors of G3BP1 

regulation, and its involvement in disease. The third chapter will highlight 

Caprin1 structure, functions, and involvement in disease, as well as a closer look 

at the specifics of G3BP1 and Caprin1 interaction.  

 

1.1.1. Organization of RBPs. The life cycle of RNA is closely connected 

with RNA-binding proteins (RBPs), which regulate RNA maturation, transport, 

localization, translation, stability, and degradation. More than 2000 RBPs have 

been identified, and their functional diversity is largely determined by modular 

organization. Most RBPs contain one or several RNA-binding domains (RBDs), 

which usually recognize short RNA motifs with moderate affinity. The 

combination of several RBDs within one protein increases RNA-binding 

specificity and allows RBPs to recognize longer or structurally complex RNA 

targets (17-19). 

In addition to structured RBDs, many RBPs contain intrinsically disordered 

regions (IDRs). These regions are characterized by flexible structure, low 

hydrophobicity, and biased amino acid composition, allowing them to participate 
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in weak and dynamic protein-protein and protein-RNA interactions. In RBPs, 

IDRs may contribute directly to RNA binding, mediate interactions with partner 

proteins, or regulate the accessibility of structured RNA-binding domains (20, 

21). IDRs are especially abundant in proteins involved in stress granule formation, 

where they promote multivalent interactions required for liquid-liquid phase 

separation (LLPS). Stress granule proteins are often enriched in low-complexity 

regions, RGG motifs and other disordered sequences that support interactions 

with RNA and other RBPs (1, 24, 25). 

The modular organization of RBPs also allows them to form homo- and 

heteromeric complexes with altered RNA-binding properties. Such interactions 

may enhance or inhibit RNA binding, promote assembly of higher-order 

ribonucleoprotein complexes, or change the localization and function of 

associated RNAs (27-29). Therefore, the ability of RBPs to bind RNA, interact 

with protein partners, and form multivalent assemblies is central to the formation 

of RNA-protein condensates.  

 

1.1.2. Principles of RNA-protein granules. In the cytoplasm, many RBPs 

function as components of dynamic membraneless ribonucleoprotein (RNP) 

granules. These structures consist of RNAs and RNA-binding proteins and are 

formed without a surrounding lipid membrane. Their composition and function 

depend on the cellular context and stress conditions. Stress granules (SGs) are one 

of the most studied types of cytoplasmic RNP granules. They form under adverse 

conditions and contain mRNAs stalled at translation initiation together with 

translation initiation factors, RBPs, and other regulatory proteins. 

The formation of RNP granules is supported by liquid-liquid phase 

separation (Figure 1.1.). In a biological context, LLPS is a concentration-

dependent process in which proteins and/or nucleic acids demix into a dense phase 

and a surrounding dilute phase (30). This process is driven by weak multivalent 

interactions, including interactions between structured protein domains, 
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disordered regions, RNA-binding motifs and RNA molecules. In stress granules, 

both RNA-protein and protein-protein interactions contribute to condensate 

assembly, while ATP-dependent remodeling helps maintain their dynamic 

organization (31). 

IDRs are particularly important for LLPS because they provide flexible 

interaction platforms that can engage in electrostatic, cation-π, hydrophobic, and 

other weak interactions. These regions may also bind RNA directly and serve as 

targets for post-translational modifications, such as phosphorylation, methylation 

and PARylation, thereby regulating condensate assembly and disassembly (32-

34). Thus, RNP granules arise from the combined effects of RNA binding, 

multivalent protein interactions, and dynamic regulation of disordered protein 

regions. 

 

 

Figure 1.1. Liquid-liquid phase mechanism. LLPS is concentration-

dependent and can be tuned by physicochemical alterations to the system, such as 

changes in temperature or ionic strength, and post-translational modifications in 

the case of proteins (adapted from Mitrea and Kriwacki, 2016 (1)) 

 

1.1.3. Stress granules overview. Stress granules are cytosolic 

ribonucleoprotein condensates that form rapidly in response to cellular stress and 

disassemble after stress termination. They contain translationally stalled mRNAs, 

RNA-binding proteins, translation initiation factors, and additional regulatory 
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proteins. Due to their dynamic nature, complex composition, and dependence on 

weak multivalent interactions, SGs are widely used as a model system for 

studying RNA-protein condensates, liquid-liquid phase separation, and RNA-

dependent regulation of cellular stress responses (35, 36). 

Stress granules are transient structures that may reach microscopically 

visible sizes, although smaller submicroscopic assemblies and pre-existing 

interaction networks between SG components have also been reported (37). Their 

assembly and disassembly are ATP-dependent processes (38). Functionally, SGs 

participate in the protection and storage of untranslated mRNAs, redistribution of 

translation toward stress-response transcripts, regulation of signaling pathways, 

antiviral responses and suppression of cell death-associated signaling (39). 

Because SGs are connected with viral infection, cancer, inflammation and 

neurodegenerative disease, they represent an important model for understanding 

stress-dependent RNA-protein regulation. 

 

1.1.4. Stress granule dynamics. Stress-induced translation arrest can occur 

through eIF2α phosphorylation-dependent or eIF2α-independent mechanisms 

(Figure 1.2). Oxidative stress, amino acid deprivation, and viral infection 

commonly activate the eIF2α-dependent pathway, whereas stresses such as H2O2 

treatment, hippuristanol exposure, or starvation may induce SGs through eIF2α-

independent mechanisms (41). Despite mechanistic differences, both pathways 

inhibit translation initiation while allowing elongation to continue, resulting in 

ribosome runoff and accumulation of untranslated mRNAs that can nucleate SG 

formation. 

In the eIF2α-dependent pathway, stress activates the integrated stress 

response through one of four eIF2α kinases: PKR, PERK, GCN2, or EIF2AK1. 

Phosphorylated eIF2α inhibits eIF2B-dependent nucleotide exchange, blocks 

formation of the ternary initiation complex, and suppresses global translation 
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initiation. The resulting pool of untranslated mRNAs recruits SG nucleators, 

including G3BP1/2 and TIA-1/TIAR, which increase local mRNA and protein 

concentration and promote LLPS-driven SG assembly (2). 

 

 

 

 

Although global translation is reduced during stress, translation of selected 

stress-response mRNAs can continue or even increase (42-44). This selective 

translation allows cells to maintain the synthesis of proteins required for 

adaptation and recovery. Meanwhile, untranslated mRNAs and associated RBPs 

form SGs organized into denser cores and more dynamic shells (38). SG 

nucleators such as G3BP1/2, TIA-1/TIAR, FMRP, and Caprin1 recruit additional 

RBPs, translation factors, helicases, kinases, and other regulatory proteins, 

thereby supporting SG maturation and remodeling (40). 

Two general models have been proposed to describe SG assembly. In the 

“cores first” model, small RNP cores form initially and later fuse into larger 

microscopically visible granules. In the “LLPS first” model, weak interactions 

between RNAs and proteins first generate phase-separated droplets, followed by 

Figure 1.2. The phosphorylation of elF2 alters the fate of the pre-

initiation complex and leads to the formation of stress granules (adapted from 

Kang et al., 2021(2)) 
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recruitment and organization of denser core structures (38). SG disassembly is 

less well understood, but it is associated with translation recovery, removal of 

mRNAs from SGs, and destabilization of protein-protein interaction networks 

within the granule (47, 48). 

 

 

Figure 1.3. Two models of SG assembly (adapted from Protter and Parker, 

2016 (49)) 

 

1.1.5. SG composition. Stress granules contain stalled 48S pre-initiation 

complexes, small ribosomal subunits, translation initiation factors, and numerous 

RNA-binding proteins. Classical SG markers and nucleators include TIA-

1/TIAR, G3BP1/2, TTP, FMRP, and Caprin1 (23, 49, 50). Proteomic studies have 

identified more than 200 confirmed SG proteins and many additional candidate 

SG-associated proteins, including proteins involved in translation control, mRNA 

stability, splicing, RNA metabolism, and cellular signaling (40, 51).  

 

1.1.6. Roles of stress granules in health and disease. The major function 

of SGs is to regulate translation during stress by sequestering mRNAs encoding 
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housekeeping proteins while allowing translation of selected stress-response 

transcripts, such as HSP70 mRNA (52, 53). SGs can also serve as signaling hubs, 

for example, in mTOR, MAPK, and TNF-associated pathways (54, 55). 

Stress granules are closely linked to pathological processes. During viral 

infection, they contribute to innate immune defense and can be induced through 

PKR-dependent eIF2α phosphorylation. At the same time, many viruses have 

evolved mechanisms to suppress SG formation, sequester SG proteins, or exploit 

SG components for viral replication (56-60). In cancer, SGs may support tumor 

cell survival under hypoxia, endoplasmic reticulum stress, osmotic stress, and 

chemotherapy, although some forms of SG induction may also promote apoptosis 

and translational inhibition in cancer cells (39, 61). In neurodegenerative diseases, 

altered SG dynamics and aggregation-prone RNA-binding proteins, including 

TDP-43, FUS, TIA-1/TIAR and FMRP, have been linked to ALS, FTD, fragile X 

syndrome, and related disorders (11-16, 62-67). Disease-associated mutations 

may increase cytoplasmic accumulation or aggregation of SG-associated RBPs, 

impair SG clearance, and disrupt the mRNA pool maintained by SG machinery. 

Thus, SGs are important not only for adaptive stress responses but also for 

understanding pathological RNA-protein aggregation. 

 

1.2. The ins and outs of G3BP1 

 

1.2.1 Multifunctional stress granule assembly factor G3BP1. G3BP1 

was first described as a 68 kDa cytosolic RNA-binding protein associated with 

Ras-GTPase-activating protein (GAP), although this initial functional assignment 

was later reconsidered (68, 69). Subsequent studies identified G3BP1 as a 

multifunctional RNA-binding protein involved in stress granule assembly, mRNA 

stability and decay, antiviral responses, neuronal RNA regulation and several 

pathological processes. Among these functions, its role as a central stress granule 

assembly factor is the most relevant for this dissertation. 
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G3BP1 belongs to the G3BP protein family, which includes G3BP1 and 

two G3BP2 isoforms, G3BP2a and G3BP2b. G3BP1 is encoded by the G3BP1 

gene and produces a 466-amino-acid protein. G3BP1 and G3BP2 are broadly 

expressed, although their expression levels vary between tissues (5, 70). 

 

1.2.2. G3BP1 structure and domains. G3BP1 has a modular domain 

organization typical of RNA-binding proteins involved in stress granule biology. 

It contains an N-terminal NTF2-like domain, acidic intrinsically disordered region 

IDR1, proline-rich IDR2, RNA recognition motif (RRM), and C-terminal RGG-

rich IDR3 (Figure 1.4). Together, these regions support G3BP1 dimerization, 

interaction with protein partners, RNA binding and participation in liquid-liquid 

phase separation. 

The NTF2-like domain is required for G3BP1 dimerization and mediates 

interactions with several partner proteins, including Caprin1 and USP10 (74, 78). 

These interactions are important for the regulation of stress granule assembly and 

disassembly. The same domain also contributes to viral protein interactions 

through recognition of FxDF-like motifs (73). IDR1 is an acidic region that 

functions as an autoinhibitory element during RNA-dependent phase separation, 

while IDR2 is a positively charged proline-rich region that counteracts this 

inhibition and contributes to stress granule assembly (3). IDR2 also participates 

in PKR recruitment to stress granules, linking G3BP1 to innate immune signaling 

during viral infection (56). 

The C-terminal part of G3BP1 contains the main RNA-binding elements: 

the RRM and RGG-rich IDR3. The RRM provides canonical RNA recognition, 

whereas IDR3 contributes additional RNA-binding capacity through positively 

charged RGG motifs (3, 80). The interplay between IDR1, IDR2 and IDR3 

regulates the accessibility of RNA-binding regions and determines the ability of 

G3BP1 to undergo RNA-dependent phase separation. Thus, G3BP1 combines 
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protein-interaction, RNA-binding and regulatory disordered regions within one 

modular scaffold. 

  

 

Figure 1.4. Structural features of G3BP protein family (adapted from Kang 

et al., 2021(2))  

 

Overall, G3BP1 RBP, with RRM and IDR3 responsible for RNA binding, 

and NTF2-L, IDR1, and 2, play crucial roles in dimerization, interactions with 

other proteins, subcellular localization, and the enzymatic activity of G3BP. 

 

1.2.3. Regulation and post-translational modification of G3BP1. 

G3BP1 function in stress granules is regulated through mechanisms that affect its 

expression, localization, conformational state, RNA-binding activity and 

interaction with partner proteins. At the level of expression, YBX1 promotes 

G3BP1 translation under oxidative stress by binding the 5′UTR of G3BP1 mRNA, 

whereas TDP-43 can stabilize G3BP1 mRNA through interaction with its 3′UTR 

(5, 61, 81). 
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Post-translational modifications are central regulators of G3BP1 activity. 

Phosphorylation affects G3BP1 conformation, dimerization and RNA-binding 

capacity. In particular, phosphorylation of S149 and S232 modulates the 

open/closed conformational switch of G3BP1, in which the balance between 

intramolecular IDR interactions and RNA binding controls phase separation (3, 

82). Phosphorylation of Y40 in the NTF2-like domain is also important for 

dimerization and antiviral stress granule formation (77). 

Other modifications further tune G3BP1 function. Arginine methylation 

within the RGG-rich region affects stress granule formation and may influence 

RNA binding, whereas JMJD6-dependent demethylation promotes G3BP1 

dimerization and SG assembly (83). Acetylation of K376 disrupts interaction with 

Poly(A)-binding protein and mRNA, thereby promoting SG disassembly, while 

deacetylation supports SG formation (84). PARylation promotes SG assembly, 

whereas ubiquitination is mainly associated with SG clearance and disassembly 

(85–87). Together, these modifications regulate G3BP1-dependent stress granule 

assembly, maturation, and disassembly by controlling RNA binding, protein 

interactions, and phase separation. 

 

1.2.4. G3BP1 enzymatic activity. G3BP1 was initially reported to possess 

phosphorylation-dependent endoribonuclease activity directed toward the 3′UTR 

of specific mRNA targets, including c-myc mRNA (75, 88). Subsequent work 

suggested that G3BP1 recognizes defined RNA sequence elements and may 

contribute to the regulation of mRNA stability. Although this enzymatic activity 

is less central to the present dissertation than the role of G3BP1 in stress granule 

assembly and mRNA recruitment, it supports the broader view of G3BP1 as an 

RNA-binding protein involved in post-transcriptional regulation. 

 

1.2.5. G3BP1 in stress granules. G3BP1 is widely regarded as a central 

protein in stress granule assembly and function. The first mention of G3BP1 being 
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a part of cytoplasmic protein-RNA condensates dates back to 2003, where it was 

shown that G3BP1 co-localizes with HuR and TIA-1 in cytoplasmic foci also 

containing polyadenylated mRNA (89). While not interacting with eIF2 directly, 

as opposed to TIA-1, over the years of research, G3BP1 was shown to be the key 

protein in stress response and subsequent formation of SGs. 

The structure of G3BP1 and its ability to bind both RNA and proteins at the 

same time defines its role in stress granule function. G3BP1 is recruited to SGs 

from cytoplasm in times of cellular stress but also can generate SGs on its own 

(89). Moreover, double knockdown of G3BP1 and G3BP2 reduces the formation 

of SGs (90), while the knockout of both proteins abolishes SG assembly under 

sodium arsenite-induced stress (3), thus demonstrating the key role of G3BP 

proteins in SG formation. 

There are two main intrinsic properties of G3BP1 that contribute to SG 

assembly: dimerization via NTF2-L domain and RNA binding. LLPS of G3BP1 

is triggered by RNA, mRNA in particular. Furthermore, G3BP1 was shown to 

prefer long, single-stranded RNA and the availability of RNA-RNA interactions. 

Both RRM and IDR3 contribute to RNA binding of G3BP1, with deletion mutants 

RRM and IDR3 having either severely reduced or completely absent ability to 

bind RNA. Consequently, both IDR3 and RRM variants of G3BP1 were shown 

to have reduced ability to participate in SG assembly. The interplay between three 

IDRs of G3BP1 modulated by phosphorylation of S149 and S232 of IDR1 lies in 

the core of LLPS of this protein. Dephosphorylation of G3BP1 in those sites 

causes a conformational change, exposing RRM and IDR3 to RNA and thus 

driving LLPS and subsequent SG formation. Mechanistically, in cases of low 

RNA availability the intramolecular interaction between IDR1 and IDR3 is 

favored, thus protein adopts a closed conformation. As the concentration of RNA 

rises, the intermolecular interaction in the form of RNA replaces IDR1 in 

interaction with IDR3, and G3BP1 dimer adopts open conformation. The 
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phosphorylation strengthens IDR1-IDR3 interaction, and IDR2 contributes to this 

tuning by spacing acidic IDR1 and basic IDR3 (Figure 1.5). 

 

  

In a model developed on patchy colloids theory, in order to phase separate 

into a dynamic network, each particle (protein, RNA, or complex) of a system 

(condensate in this case) has to have a sufficient “valency” – a number of sites to 

engage other components of the system.  The valency of G3BP1, as well as other 

stress granule proteins, is crucial to their ability to enhance or inhibit stress 

granule formation. The centrality of G3BP1 in the SG network is a product of its 

high valency, meaning that G3BP1 has the capacity to mediate multiple 

interactions; the same is the case with, for instance, UBAP2L, which also has a 

large valency, and its complex with G3BP1 is essential for SG condensation. Such 

high-valency proteins are called nodes. The proteins with lower valencies act as 

bridges from node to node, for example, both TIA-1 and Caprin1 decrease the 

Figure 1.5. Competition between intramolecular IDR1-IDR3 and 

intermolecular IDR3-RNA interactions facilitate molecular switch in G3BP1 

(adapted from Yang et al., 2020(3)) 
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concentration of RNA needed to trigger LLPS of G3BP1. In opposition, USP10 

has low valency and competes with Caprin1 to limit RNA binding of G3BP1 and 

thus reduce the SG formation (35). 

It is unclear if G3BP1 affects the precise protein composition of SGs, but it 

was shown that knockdown of G3BP1 results in smaller SGs, which still contain 

SG markers such as HuR, eIF3G, and eIF4A (91). In light of valency theory, it 

may be the case that the reduced overall valency of SG is a result of a central node 

- G3BP1 being limited by knockdown.  

 

1.2.6. G3BP1 functions outside of stress granules. Although G3BP1 is 

best known as a central stress granule assembly factor, it also participates in RNA-

related processes outside canonical SGs. G3BP1 can associate with specific 

groups of mRNAs and influence transcript partitioning during stress. G3BP1-

bound transcripts include mRNAs involved in mitochondrial transport, 

cytoprotection, and stress-response pathways, indicating that G3BP1 contributes 

to the regulation of mRNA fate beyond SG nucleation (4). G3BP1 has also been 

implicated in ribosome-associated quality control, where it cooperates with 

USP10 in recycling of the 40S ribosomal subunit after aberrant translation events 

(92). 

In addition, G3BP1 participates in structure-mediated RNA decay through 

RNA-dependent interaction with the RNA helicase UPF1 and may contribute to 

regulation of mRNAs containing structured 3′UTRs (93). G3BP1 also performs 

neuron-specific functions, including participation in axonal SG-like granules 

involved in local mRNA transport and translation during axon growth and 

regeneration. In dendrites, G3BP1 contributes to local translation and dendritic 

maturation (8, 10, 94). Thus, G3BP1 functions outside canonical stress granules 

are mainly connected with RNA transport, transcript regulation and localized 

translation.  

 



41 
 

1.2.7 G3BP1 in pathology. G3BP1 has been implicated in multiple 

pathological processes, including cancer progression, antiviral defense, 

cardiovascular disorders and neurodegeneration (95). In cancer, altered G3BP1 

expression has been associated with proliferation, invasion, metastasis and poor 

prognosis in several tumor types. For example, elevated G3BP1 levels were linked 

to reduced survival in oral squamous cell carcinoma, while in gastric, breast, 

prostate and lung cancers G3BP1 has been connected with signaling pathways 

involved in tumor growth, stress adaptation and mRNA regulation (96–103). 

These findings indicate that G3BP1 may act as both a marker of tumor progression 

and a potential molecular target in cancer-associated stress response pathways. 

G3BP1 is also an important component of antiviral defense. During viral 

infection, it contributes to antiviral stress granule formation and participates in 

innate immune signaling pathways. In particular, G3BP1, Caprin1, and PKR can 

form a complex that promotes PKR activation, eIF2α phosphorylation, and SG 

assembly (56). G3BP1 has also been linked to cGAS/STING and RIG-I/MAVS 

signaling, which mediate type I interferon responses to viral nucleic acids (95). 

Several viruses counteract this antiviral function by cleaving G3BP1, sequestering 

it or exploiting it for viral replication, as shown for enteroviruses, foot-and-mouth 

disease virus and Chikungunya virus (104–108). Thus, the pathological relevance 

of G3BP1 is closely connected to its roles in RNA metabolism, stress granule 

assembly, and cellular stress responses. 

 

1.3. Caprin1 and G3BP1 interaction in and out of stress granules 

 

1.3.1. Overview of Caprin1 structural features. The story of Caprin1 

research starts with it being characterized under the name of p137, a 136kDa GPI-

anchored membrane protein (109). This proved to be incorrect, as in 2004, Grill 

et al. reintroduced the same cDNA product under a new name in research 
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dedicated to finding novel proteins involved in the proliferation of immune system 

cells. The search resulted in the identification of a pair of highly conserved 

intracellular proteins, which subsequently were assigned names Cell cycle-

associated protein 1 (Caprin1) and Cell cycle-associated protein 2 (Caprin2), 

respectively, and designated into a separate Caprin family of proteins.  

Newly named Caprin1 was shown to have higher levels of expression in 

dividing cells, specifically T or B lymphocytes, and decreased levels in the 

absence of proliferation. This is reflected in the analysis of Caprin1 expression in 

tissue, with the highest expression observed in the thymus, and lowest in tissues 

with a low percentage of dividing cells, such as muscle and kidney. Additionally, 

Caprin1 was highly expressed in brain tissue, drawing a resemblance to proteins 

of MAP and Ras signaling pathways, which have brain-specific functions 

separated from their role in non-brain cells. Under the name of RNA granule 

protein 105 (RNG105) was shown to be a component of neuronal RNA granules 

(110) with RNA-binding ability. 

 

 

Caprin1 is a 78 kDa RNA-binding phosphoprotein (116 kDa on PAAG)) 

encoded by gene membrane component, chromosome 11, surface marker 

(M11S1) at 11p13 on chromosome 11. 

Caprin1 contains two highly conserved Homology Region (HR) domains, 

HR1 and HR2, with an E-rich region in between and RGG-boxes and RG-rich 

sequences at the C-terminus. HR1 domain of Caprin1 contains residues 

Figure 1.6. Structural features of Caprin family proteins (adapted 

from Wu et al., 2016 (83)) 
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responsible for dimerization (111), and HR2 hosts G3BP1 interaction sequence 

369-378 AA called G3BP1 interaction motif (GIM) (Figure 1.6) (7). 

 

Caprin1 is involved in several processes in cells, namely stress granule 

assembly, cell cycle progression in health and cancer, RNA mediation in 

neurodegenerative disease, and viral infection resistance, making it a potent 

research and therapeutic target.  

 

1.3.2. Caprin1 interaction with G3BP1 and role in stress granule 

assembly. Caprin1 presence in stress granules is closely interwoven with its best-

studied partner – G3BP1. Solomon et al. (23) first showed Caprin1 localization 

into cytoplasmic granules. This study highlighted several important features of 

Caprin1 regarding its novel, at the time, role in cytoplasmic stress-induced RNPs.  

Firstly, it was shown that Caprin1 could enter pre-existing SGs in arsenite-

induced stress, as well as induce SGs in non-stressed cells. Secondly, the C-

terminal region of Caprin1 is required and sufficient for SG entry, since it contains 

an RGG-box that facilitates RNA binding. Thirdly, the NTF2-L domain of G3BP1 

interacts with the C-terminal region of Caprin1. Moreover, RNA-binding domains 

of G3BP1 and Caprin1 were both shown to bind several mRNAs associated with 

cell cycle progression, the mRNA of c-Myc and cyclin D2 in particular (23). 

Lastly, Caprin1 appears to be non-essential for SG formation, as overexpressed 

G3BP1 induced SG assembly in cells with Caprin1 absent.  

The same study described the increase of eIF2 phosphorylation levels 

when Caprin1 is overexpressed, and the mechanism in play is dependent on 

Caprin1 ability to bind RNA, as overexpression of Caprin1 with C-terminal region 

and RGG removed abolished the phosphorylation of eIF2 (23). Authors 

speculated on the potential role of PKR in this process, as well as the importance 

of RNA presence generated by Caprin1 when it is overexpressed, stating that 
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Caprin1 possibly induces conformational changes in RNA in a manner that drives 

activation of PKR.  

Later studies confirmed this hypothesis, as G3BP1 and Caprin1 co-

precipitate with inactive PKR. In the model presented by Reineke et al., (2015), 

G3BP1 and Caprin1 recruit PKR to SGs in a dynamic fashion, so that PKR may 

be activated and act on eIF2, which in turn promotes SG assembly as a part of 

the innate immune response to viruses. 

Kedersha et al. (78) expanded upon the role of Caprin1 as a non-essential 

mediator of SG function. Here, G3BP-null cells (cells with both G3BP1 and 

G3BP2 knocked out via CRISPR/Cas9) were unable to generate SGs in both the 

presence and absence of arsenite while Caprin1 was overexpressed. The same 

article established a competition model between Caprin1 and USP10 in binding 

with G3BP1 (Figure 1.7). In this model, Ubiquitin specific peptidase (USP10), a 

deubiquitinase with FDGF sequence that specifically binds G3BP1 is mutually 

exclusive in its binding to G3BP1 with Caprin1. G3BP1 rapidly shuttles between 

two states, soluble and insoluble. The binding of G3BP1 by Caprin1 drives SG 

assembly by lowering the LLPS threshold, while USP10 forces the soluble state 

of G3BP1 and facilitates SG disassembly.  

Several modern studies (6) highlighted the precise picture of this 

competition. The YNFI(Q) segment of Caprin1 within 356-386 aa of G3BP1 

interaction motif (GIM) binds exactly the same hydrophobic groove of G3BP1 

NTF2-L domain as the FGDF motif of USP10, with central phenylalanine being 

the main aromatic anchor residue, adopting the exact conformation for both 

ligands. G3BP1 possesses 2 pH-sensitive histidine residues on its NTF2-L. The 

affinity for Caprin1 binding is slightly lower than that of the FGDF motif of 

USP10 at acidic pH.  
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Under normal conditions, the G3BP1-Caprin1 complex competes with 

other NTF2-L binding proteins like USP10 or UBAP2L, but upon stress, 

Caprin1/G3BP1 condenses into SGs that are mediated by multivalent interactions 

between IDRs and RNA. This results in pH being lower in SG compared to the 

surrounding cytoplasm due to a local increase of RNA concentration, upon which 

Caprin1-G3BP1 complex is destabilized, and USP10 outcompetes Caprin1, 

shuttling G3BP1 out of SGs, thus facilitating disassembly (6). 

 

1.3.3. Caprin1 in neuron function and neurodegenerative disease. 

Caprin1 plays an important role in neuronal RNA granules, where it participates 

in dendritic mRNA transport and local translation regulation. Caprin1 was shown 

to localize to neuronal dendrites as a component of mRNA-containing neuronal 

Figure 1.7. G3BP1-USP10-Caprin1 competition acts on SG assembly 

in an antagonistic manner. Cellular stress leads to an influx of mRNA free from 

polysomes to cytoplasm. G3BP1 shuttles between two states, in where G3BP1 –

Caprin1 interaction leads to the formation of SGs and G3BP1-USP10 interaction 

leads to the disassembly of SGs (adapted from Kedersha et al., 2016 (58)) 
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granules and to bind specific mRNA targets whose products are involved in 

synaptic plasticity (110). In this context, Caprin1 appears to function primarily as 

a translational repressor: Caprin1-enriched neuronal RNA granules remain 

translationally stalled until stimulation, for example by brain-derived 

neurotrophic factor, promotes Caprin1 release and subsequent translation of 

associated mRNAs. Caprin1-deficient neurons display reduced dendritic 

localization of mRNAs encoding Na+/K+ ATPase subunits and regulators of 

AMPAR retention, Ras, Rho, PI3K, and Rac pathways, resulting in impaired 

synapse formation, dendritic spine plasticity, and synaptic responses (9, 112). 

The role of Caprin1 in neuronal RNA granules also links it to 

neurodegenerative disease mechanisms. In ALS and FTD, pathological 

accumulation of FUS and TDP-43 in neuronal RNA granules disrupts local 

translation by interfering with RNA scaffold proteins such as Caprin1 (113–114). 

Although Caprin1 contains a prion-like domain, it does not appear to drive these 

pathological aggregates directly. Instead, FUS- and TDP-43-dependent disruption 

of neuronal RNA granules promotes Caprin1 dissociation, leading to reduced 

translation of Caprin1-associated mRNAs required for synapse formation. 

Caprin1 also interacts with FMRP independently of RNA and co-localizes with it 

in neuronal cell bodies and RNA granules, supporting a role for Caprin1 in multi-

protein ribonucleoprotein complexes involved in translational repression and 

neuronal mRNA transport (115). 

Structurally, Caprin1 can act as a scaffold for interactions with several 

RNA-binding proteins. The HR1 domain of Caprin1 contains a dimerization 

region, while distinct interaction sites allow binding of FMRP and G3BP1 without 

directly overlapping the RNA-binding regions of these proteins (7, 111, 115).  

This organization suggests that Caprin1 may simultaneously participate in 

protein-protein interactions and RNA binding within neuronal or stress-related 

ribonucleoprotein assemblies. In addition, Caprin1-containing granules have been 

implicated in antiviral responses in the nervous system, including Japanese 
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encephalitis virus infection, where viral proteins can interact with Caprin1 and 

other stress granule-associated factors to interfere with granule formation (111, 

116). Thus, Caprin1 represents a multifunctional RNA-binding protein involved 

in neuronal mRNA transport, local translation, stress granule biology, and 

disease-associated disruption of ribonucleoprotein granules.  

 

1.3.4. Caprin1 in cancer. Due to its ability to bind mRNAs encoding cell 

cycle regulators, such as c-Myc and cyclin D2, and its involvement in stress 

granule biology, Caprin1 has attracted attention in cancer research. Abnormal 

Caprin1 expression and regulation by non-coding RNAs have been reported in 

tumor tissues, and Caprin1 has been implicated in pathways controlling 

proliferation, ubiquitination, glycolysis, and therapy resistance (117). In 

particular, disruption of Caprin1 degradation through mutations in the SPOP–

CUL3 ubiquitin ligase pathway may promote prostate cancer cell proliferation, 

while Caprin1-dependent regulation of SUMO1 ubiquitination and glycolysis-

associated gene expression has been linked to the progression of several cancers. 

These findings indicate that Caprin1 may contribute to tumor development and 

stress adaptation, although in the context of this dissertation, its role as a G3BP1-

interacting RNA-binding protein involved in stress granule assembly is of primary 

relevance. 
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CHAPTER 2 

 

 Materials and Methods 

 

2.1 In vivo methods 

 

2.1.1 Plasmid preparation. Plasmids encoding Caprin1, G3BP2, FXR1, 

FXR2, KIF5C, PABPC1L, and EIF4B fused to GFP-tag on C-terminus were 

constructed by PCR amplification of cDNAs of genes of interest with primers 

containing appropriate restriction sites and insertion into pEGFP-N1 vector 

(Clontech).  

Plasmids containing cDNA of the G3BP1-DC (aa 1-230), G3BP1-DN (aa 

230-466) were obtained from SABNP Lab and full length G3BP1 and YBX1 

fused with RFP/GFP-MBD (microtubule binding domain of Tau) were obtained 

previously (118). The constructs harboring cDNA for, G3BP1-IDR2 fused with 

C-terminal RFP-MBD, Caprin1 and PABPC1L fused with C-terminal GFP-MBD 

were obtained using gateway strategy as described in (119). Briefly, cDNA was 

amplified with primers containing PacI ad AscI sites, cleaved with corresponding 

restriction enzymes and inserted into backbone entry plasmid RFP/GFP-

pCR8/GW/TOPO cut with PacI and AscI enzymes. Next, LR recombination 

reactions (Invitrogen™) were performed to clone cDNA of genes of interest fused 

with RFP/GFP-MBD into Gateway® pEF-DEST51 plasmid (Invitrogen™) in 

accordance with the manufacturer's protocol. In case of G3BP1-IDR2-RFP-

MBD, two fragments of cDNA encoding G3BP1 amino acids 1-221 and 340-466 

respectively were amplified using pairs of primers with PacI-BamHI and BamHI-

AscI restriction sites following digestion using corresponding digestion enzymes. 

Following ligation of the two fragments using T4 DNA ligase (ThermoFisher), 

the product was gel-purified and used as a template for a follow up PCR with 

primers containing PacI and AscI restriction sites. Gateway cloning strategy 
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described above was used to obtain - G3BP1-IDR2-RFP-MBD in pEF-DEST51 

vector. 

Plasmids encoding G3BP1, G3BP1-C, G3BP1-N, G3BP1-IDR2 fused 

with RFP-tag on N-terminus were constructed by amplification of corresponding 

cDNAs with primers containing appropriate digestion sites and inserted into 

mRFP-C1 vector (Addgene). 

Site-directed mutagenesis of the residues F15W, F33W, and Y40A of 

human G3BP1 and residue L378P of human Caprin1 was carried out directly on 

the G3BP1-RFP-MBD-pEF-DEST51 and Caprin1-GFP-MBD-pEF-DEST51 

expression plasmids, respectively, by using the ”Quikchange II XL site-directed 

mutagenesis kit” (Stratagene) and appropriate oligonucleotides (Eurofins 

Genomics).  

Sequences of all obtained plasmids and introduced point mutations were 

verified with DNA sequencing (Eurofins Genomics) 

Table 1.1. 

List of the primers used for PCR amplification of cDNAs 

PCR primers Sequence 5`- 3` 

Caprin1-Xho1-For CGCCTCGAGATGAAGCAGATTCTCGGGGTGATC 

Caprin1-BamHI-R

ev 

CGCGGATCCAGATTCACTTGCTGAGTGTTCATTT

G 

G3BP2-XhoI-For GCGCTCGAGATGGTTATGGAGAAGCCCAGTCCG 

G3BP2-KpnI-rev CGCGGTACCACGCGACGCTGTCCTGTGAAGCGG

CC 

FXR1-XhoI-for GCGCTCGAGATGGCGGAGCTGACGGTGGAGGTT

C 

FXR1-KpnI-rev CGCGGTACCTCTGAAACACCATTCAGGACTGCT

GC 

FXR2-SalI-for CGCGTCGACATGGGCGGCCTGGCCTCTGGGGGG

G 

FXR2-KpnI-rev GCGGGTACCGCTGAAACCCCATTCACCATACTA

CCC 

KIF5C-SacI-for CGCGAGCTCATGGCGGATCCAGCCGAATGCAGC 

KIF5C-KpnI-rev CGCGGTACCGCCAATTTCTGGTAGTGAGTGGAA

TTG 
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Cont. Table 2.1. 

PABPC1L-XhoI-

for 

CGCCTCGAGATGAACGCCAGCGGTTCTGGCTATC 

PABPC1L-XhoI-

for 

CGCCTCGAGATGAACGCCAGCGGTTCTGGCTATC 

PABPC1L-KpnI-

rev 

CGCGGTACCAGGTGCATGTAAGCCTTCGGCTGTTC

C 

EIF4B-HindIII-f

or 

GCGAAGCTTATGGCGGCCTCAGCAAAAAAGAAG 

EIF4B PstI Rev GCGCTGCAGTTCGGCATAATCTTCTCCCTCATTTT

C 

G3BP1 PacI For CGCTTAATTAAATGGTGATGGAGAAGCCTAGTCC

CCTG 

G3BP1IDR2 

BamHI Rev 

GCGGGATCCTTCTTCTAATACTGGCTCAGGCTTTT

C 

G3BP1IDR2 

BamHI For 

GCGGGATCCCAACTCTTCATTGGCAACCTGCCTCA

TG 

G3BP1 AscI Rev CGCGGCGCGCCAGGTACTGCCGTGGCGCAAGCCC

CCTTCCC 

G3BP1 F15W 

For 

GCTGGTCGGGCGGGAATGGGTGAGACAGTATTAC 

G3BP1 F15W 

Rev 

GTAATACTGTCTCACCCATTCCCGCCCGACCAGC 

G3BP1 F33W 

For 

GACATGCTGCATAGATGGTATGGAAAGAACTCT 

G3BP1 F33W 

Rev 

AGAGTTCTTTCCATACCATCTATGCAGCATGTC 

G3BP1 Y40A 

For 

GGAAAGAACTCTTCTGCTGTCCATGGGGGATTG 

G3BP1 Y40A 

Rev 

CAATCCCCCATGGACAGCAGAAGAGTTCTTTCC 

Caprin1 PacI For GCGTTAATTAAATGAAGCAGATTCTCGGGGTGAT

CG 

Caprin1 AscI 

Rev 

GCGGGCGCGCCCGATTCACTTGCTGAGTGTTCATT

TGCG 

Caprin1 L378P 

For 

CATACAGGATTCAAAATCCGGCATTGAAAATCAG 

Caprin1 L378P 

Rev 

CTGATTTTCAAAATCCGGCATTGAATCCTGTATG 

PABPC1L PacI 

For 

GCGTTAATTAAATGAACGCCAGCGGTTCTGGCTAT

CCG 
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Cont. Table 3.1. 

PABPC1L 

AscI Rev 

GCGGGCGCGCCGCGTGCATGTAAGCCTTCG 

GCTGTTCC 

G3BP1 1-230 

HindIII For 

CGCAAGCTTGCATGGTGATGGAGAAGCCTAGT 

CCCC 

G3BP1 1-230 

RFP EcorI 

Rev 

GCGGAATTCCTAACTCTTCTGAGCATCCTCAG 

GGGCA 

G3BP1 230-

466 RFP 

HindIII For 

CGCAAGCTTGCAGTTCTTCTCCAGCACCTGCA 

GACA 

G3BP1 230-

466 RFP 

Ecor1 Rev 

GCGGAATTCCTTACTGCCGTGGCGCAAGCC 

CCCTT 

G3BP1-

IDR2 RFP 

HindIII For 

CGCAAGCTTGCATGGTGATGGAGAAGCCTA 

GTCCCC 

G3BP1-

IDR2 RFP 

EcoRI Rev 

GCGGAATTCCTAGTACTGCCGTGGCGCAAG 

CCCCCTTC 

Caprin1-NdeI 

For 

GCGCATATGAAGCAGATTCTCGGGGTGATCG 

Caprin1-XhoI 

Rev 

GCGCTCGAGATTCACTTGCTGAGTGTTCATTTGCG 

G3BP1 Nde1 

For 

CGCCATATGGTGATGGAGAAGCCTAG 

G3BP1 

HindIII Rev  

GCGAAGCTTGTACTGCCGTGGCGCAAGCC 

 

Table 4.2. 

Recombinant DNAs 

Name of the plasmid  Source Identifier 

pDONR221-Caprin1 DNASU HsCD00076190 

pLX304-G3BP2 DNASU HsCD00445433 

pLX304-FXR2 DNASU HsCD00435983 

pLenti6.3/V5-DEST-KIF5C DNASU HsCD00860737 

pDONR221-FXR1  DNASU HsCD00744973 
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pLenti6.3/V5-DEST-

PABPC1L 

DNASU HsCD00870816 

pLX304-EIF4B DNASU HsCD00446265 

 

Table 6.3. 

Mammalian expression vectors 

Name of the plasmid Expression vector Accession numbers 

Caprin1-GFP pEGFP-N1 NP_005889.3 

G3BP2-GFP pEGFP-N1 NP_001386948.1 

FXR1-GFP pEGFP-N1 NP_005078.2 

FXR2-GFP pEGFP-N1 NP_004851.2 

KIF5C-GFP pEGFP-N1 NP_004513.1  

PABPC1L-GFP pEGFP-N1 NP_001359108.1  

EIF4B-GFP pEGFP-N1 NP_001408.2 

G3BP1-RFP-MBD PEF-DEST51 NP_005745.1 

G3BP1-GFP- MBD PEF-DEST51 NP_005745.1 

Caprin1-GFP- MBD PEF-DEST51 NP_005889.3 

Caprin1(L378P)-GFP- 

MBD 

PEF-DEST51  

PABPC1L-GFP- MBD PEF-DEST51 NP_001359108.1  

YBX1-GFP-MBD PEF-DEST51  

G3BP1(F15W)-RFP-

MBD 

PEF-DEST51  

G3BP1(F33W)-RFP-

MBD 

PEF-DEST51  

G3BP1(Y40A)-RFP-

MBD 

PEF-DEST51  
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Caprin1-His pET-22b NP_005889.3 

G3BP1-His pET-22b NP_005745.1 

G3BP1-IDR2-His pET-22b  

RFP-G3BP1 mRFP1-C1  

RFP-G3BP1-C mRFP1-C1 NP_005745.1 

RFP-G3BP1-N mRFP1-C1  

RFP-G3BP1-IDR2 mRFP1-C1  

G3BP1-C-RFP-MBD PEF-DEST51  

G3BP1-N-RFP-MBD PEF-DEST51  

G3BP1-IDR2-RFP-

MBD 

PEF-DEST51  

 

2.1.2. Cell Culture. HEK293 (Human Embryonic Kidney 293) cell line 

was used for cell extract preparation in immunoprecipitation experiments, and 

HeLa cells (American Type Collection, USA) were used in immunofluorescence 

experiments due to their size, shape and well-defined microtubule network. Cells 

were maintained at 37OC 5% CO2 in high glucose DMEM (Dulbecco`s Modified 

Eagle Medium, Life Technologies) with the addition of 10% FBS (Fetal Bovine 

Serum, Thermofisher) and a combination of antibiotics, penicillin at 100 U/ml 

and streptomycin at 100 µg/ml.  

 

2.1.3 Microtubule Bench assay: Recruitment and mixing experiments. 

HeLa cells were seeded in 96-well plates with 15000 cells/well density 

(PhenoPlatetm -96, Perkin Elmer) and co-transfected the following day with 

indicated plasmids using Lipofectamine 2000 according to manufacturer’s 

instructions for 22-24 hours. For recruitment experiments, GFP/RFP-MBD 

plasmids were used at starting quantities of 0.7 µg/well and GFP/RFP plasmids 



54 
 

were used at starting quantities of 0.2 µg/well and then adjusted to normalize 

expression levels to be similar for different plasmids. For mixing experiments 

GFP/RFP-MBD plasmids were used at starting quantities 0.6 µg/well and the also 

normalized. After 22-24 hours of transfection, before fixing procedure, cells were 

rinsed once with PBS. Fixing procedure was conducted in 2 steps; firstly, cells 

were incubated in ice-cold methanol for 10 minutes at -20°C, washed with PBS 

and after that, 4% PFA (paraformaldehyde) in PBS was used to fix the cells during 

25 min at 37°C. After rinsing with PBS 3 times, cells were stained with 250 mM 

4',6-diamidino-2-phenylindole (DAPI) to visualize the nuclei. Cell images were 

obtained with the Opera Phoenix Plus High-Content Screening System 

(PerkinElmer) at 40x magnification using a water-immersion objective (Figures 

2.1, b, 2.2, b). 
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Figure 2.1. Microtubule bench recruitment assay experimental 

procedure: a - HeLa cells cultivation, transfection, and fixing procedures. b - 

Image acquisition c - Image analysis within the parameters of the automated 

pipeline d -  Quantification of obtained data per cell and per well using Matlab 

2021b software 

a 

c 

b 

d 



56 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. Microtubule bench mixing assay experimental procedure  a -  

HeLa cells cultivation, transfection, and fixing procedures. b - Image acquisition c - 

Image analysis within the parameters of the automated pipeline d -  Quantification of 

obtained data per cell and per well using Matlab 2021b software 

a 

c 

b 

d 
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2.1.4. Immunofluorescence staining for endogenous proteins 

visualization. Fixed cells were incubated in blocking buffer (NaCl 1M, Tris-HCl 

1M pH 7.4, Triton x100 1%, BSA 2%, sodium azide 0.1%, filtered with 22 µm 

filter) for 30 minutes at 37°C. Next, primary antibodies (rabbit Anti-G3BP1 

polyclonal antibody, Sigma, rabbit anti-Caprin1 polyclonal antibody, Proteintech) 

diluted 1:2000 in blocking buffer were added overnight on shaker at 4°C. Next 

day, cells were washed twice with PBS and corresponding fluorophore-tagged 

secondary antibodies (goat anti-rabbit, Alexa 488, Alexa 594, Invitrogen) diluted 

1:2000 in blocking buffer, were added to it, left on shaker for 1 hour at RT. Cells 

were washed 3 times with PBS afterwards. 

Table 8.4. 

List of antibodies 

Antibody Source Identifier 

rabbit Anti-G3BP1 

polyclonal antibody 

Sigma  HPA004052 

Caprin1 rabbit polyclonal 

antibody 

Proteintech Cat. 15112-1-AP 

rabbit TagRFP Polyclonal 

Antibody 

ThermoFisher Cat. R10367 

Mouse Anti-GFP 

monoclonal antibody 

Sigma Cat. 11814460001 

goat anti-rabbit, Alexa 488 Invitrogen Cat. A11008 

goat anti-rabbit, Alexa 594 Invitrogen Cat. A11012 

IRDye® 680RD Goat anti-

Mouse IgG Secondary 

Antibody 

LI-COR P/N: 926-68070 
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Cont. Table 9.4. 

IRDye® 800CW Goat anti-

Rabbit IgG Secondary 

Antibody 

LI-COR P/N: 926-32211 

 

2.1.5. RNA in situ hybridization. mRNA hybridization in situ was 

performed to visualize poly(A) mRNA. Firstly, fixed cells were incubated with 

70% ethanol for 10 minutes at RT and then in Tris-HCl 1M pH 8 for 5 minutes at 

RT. Then the cells were incubated with oligo-dT-(Cy5) fluorescent probe 

(Molecular Probes Life Tech.) for 2 hours at 37°C in Hybridization buffer (yeast 

tRNA 0.1%, 0.001% BSA, 10% dextran sulfate, 25% formamide and 10% of 

20xSSC buffer) Washings were carried out using 4×SSC buffer twice and then 

twice with 2×SSC buffer.  

 

2.1.6. Overexpression and siRNA treatment for High-content imaging 

assays. For overexpression and silencing experiments, HeLa cells were seeded on 

96-well plate with 1.3x104 cells/well density and transfected with plasmids 

expressing the protein of interest at a final concentration up to 0.3 µg/well using 

Lipofectamine 2000 transfection reagent (Thermofisher) for about 22-24 hours 

according to manufacturer’s instruction. For silencing of G3BP1 experiments, 

cells were transfected with corresponding small interfering RNA (siRNA) 

(GeneSolution G3BP1 siRNA, Qiagen) at final concentration of 0.25 µg/well 

using Lipofectamine 2000 for 24 hours. To detect non-specific effects, a negative 

control siRNA (AllStars Negative Control siRNA) was used. The efficiency of 

silencing was measured on a single cell level by comparing cytoplasm 

fluorescence intensity of endogenous G3BP1 for cells that were treated with 

siRNA targeting endogenous G3BP1 versus cells that were treated with negative 

control siRNA. 
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Table 10.5. 

siRNA oligonucleotides 

Reagent Source Identifier Sequence 

AllStar 

Negative 

Control 

siRNA 

QIAGE

N 

Cat#102728

1 

 

GeneSolutio

n G3BP1 

siRNA 

QIAGE

N 

Cat#102741

6 

 

siRNA-

G3BP1 

3`UTR 

  Sense (5'->3') 

(AACUUAAGCAGUUUAUAAC)(dA

dG) 

Antisense (5'->3') 

(GUUAUAAACUGCUUAAGUU)(dU

dA) 

 

2.1.7. Addback experiments. For add-back experiments. HeLa cells 

were seeded on 96-well plate with 1.1x104 cells per well and transfected with 

siRNA targeting 3`UTR region of G3BP1 mRNA at final concentration of 0.25 

µg/well using Lipofectamine 2000 for 24 hours. Then cells were co-transfected 

with the plasmids encoding full-length G3BP1 or G3BP1 mutants fused to RFP 

tag and Caprin1-GFP or plasmid encoding GFP tag. The efficiency of silencing 

was measured on a single cell level by comparing cytoplasm fluorescence 

intensity of endogenous G3BP1 for cells that were treated with siRNA targeting 

3`UTR of G3BP1 mRNA versus cells that were treated with negative control 

siRNA (Figure 2.3). 
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For overexpression, silencing and add-back experiments, HeLa cells were 

treated with 300 µM sodium arsenite for 1 hour at 37°C with 5% CO2 to induce 

oxidative stress and generate stress granules. 

 

 

 

 

 

 

 

 

2.1.8. Data acquisition for MT bench assays, overexpression, silencing and 

add-back experiments. For both MT bench recruitment and mixing experiments, 

cell images were obtained using Opera Phoenix Plus High-Content Screening 

System (Perkin Elmer) on 40x magnification in confocal mode with water 

immersion (Figures 2.1, b, 2.2, b). For overexpression, silencing, and add-back 

experiments, cell images were obtained at 20x magnification in confocal mode, 

yielding data from 20000 cells per well, with all overexpression experiments 

performed in 4 repeats. 

 Up to four channels were used to capture the images with the following values 

for excitation and emission: 

a) DAPI (excitation 405 nm; emission 435-480 nm)  

Figure 2.3. Quantification of endogenous G3BP1 silencing in HeLa 

cells A. Representative images of HeLa cells treated with control siRNA (siNEG) 

and siRNA targeting 3`UTR of G3BP1. Anti-G3BP1 antibodies were used to 

quantify the expression of endogenous G3BP1. Scale bar: 20 µm B. Decrease in 

G3BP1 expression was calculated for four independent samples and amounted to 

46% 
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b) Cy2 (excitation 488 nm; emission 500-550 nm)  

c) Cy3 (excitation 561 nm; emission 570-630 nm) 

d) Cy5 (excitation 640 nm; emission 650-760 nm)  

Images were analyzed using Harmony 5.2 software. DAPI signal was used for 

nuclei detection, Cy2 (for GFP-tagged proteins) and Cy3 (for RFP-tagged 

proteins) channels were used to detect proteins (fluorescent-tag fused recombinant 

proteins or indirectly, using secondary fluorochrome-tagged antibodies in case of 

endogenous proteins) and Cy5 channel was used to detect mRNA through oligo-

dT-(Cy5) fluorescent probe (for MT-bench recruitment experiments). HCS 

system automatically detects fluorescence intensity of nuclei, cytoplasm and 

objects of interest – spots (microtubules with RFP/GFP-MBD protein attached). 

Fluorescence analysis included processing the signal by selecting only co-

transfected cells, filtering out cells with low co-transfection level (RFP/GFP 

fluorescence intensity in the cytoplasm >300) and spots with a low width-to-

length ratio (<0.2). The channel corresponding to the fluorescence signal of the 

RFP/GFP-MBD protein was selected to detect microtubules, and a list of readings 

was acquired. These readings include, number of cells analyzed, the cytoplasm 

fluorescence of GFP, RFP and mRNA (for MT bench recruitment experiments, 

Figure 2.1, c) in corresponding channels for each cell, morphology of each cell 

(roundness, cytoplasm area), number of spots detected and, on the spot level, spots 

fluorescence of GFP, RFP and mRNA (for MT bench recruitment experiments, 

Figure 2.1, c) in corresponding channels in each spot and width and length 

parameters for each spot (Figures 2.1, c, 2.2, c).  

For overexpression, silencing, and add-back experiments, similarly, the 

HCS system automatically detects fluorescence intensity of nuclei, cytoplasm, 

and objects of interest – spots (stress granules). In silencing and addback 

experiments, the threshold values of fluorescence intensity in the cytoplasm for 

the silenced protein were set to cut off the background signal and obtain the data 

from all the cells in the well. The channel corresponding to the fluorescence signal 



62 
 

of oligo-dT-(Cy5) fluorescent probe was selected to detect stress granules, and a 

list of readings was acquired. These readings include: number of cells analyzed, 

the cytoplasm fluorescence of GFP, RFP, and mRNA in corresponding channels 

for each cell, morphology of each cell (roundness, cytoplasm area), number of 

spots detected, area of spots detected, and on the spot level, spot fluorescence of 

GFP, RFP, and mRNA in corresponding channels in each spot.  

 

2.1.9. HCS experiments data processing. The datasets acquired from 

Harmony 5.2 software analysis were presented in the form of scatterplots and 

violin plots using MATLAB R2021b software. For microtubule bench 

recruitment and mixing experiments, The RFP/GFP/Cy5 fluorescence intensity 

values of each spot were normalized to the values of RFP/GFP/Cy5 intensity in 

the cytoplasm (Figures 2.1, d, 2.2, d). The mixing scores were calculated as the 

squared value of the correlation coefficient (corr function in MATLAB R2021b 

software) between mean values of fluorescence intensity in spots to mean values 

of fluorescence intensity in the cytoplasm of RFP-MBD-fused protein to the same 

parameter of GFP-MBD-fused protein, showing how well the observed data fit 

the regression model. For MT-bench recruitment experiments, the recruitment 

scores were calculated as the correlation coefficient (corr function in MATLAB 

R2021b) between mean values of fluorescence intensity in spots and mean values 

of fluorescence intensity in cytoplasm on bait protein, to the same parameter of 

prey, be that mRNA or protein (Figure 2.1, d).  

In silencing and addback experiments, all data are presented in the form of 

a violin plot (violin function in MATLAB R2021b) for mean per cell 

quantification, and mean values per cell-per well were presented in the form of a 

univariate scatterplot (UnivarScatter function in MATLAB R2021b software). 

The enrichment values for proteins and mRNA are quantified as the mean per-cell 

(well) ratio between the fluorescence level in spots (SGs) and the mean per-cell 
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(well) fluorescence level in the cytoplasm. For the total SG area per cell, the mean 

value of all spots (SGs) per cell was selected. For the total mRNA enrichment 

parameter, the mean values of the single spot area of SGs per cell were multiplied 

by the mean value of the number of spots per cell and the mean value of the mRNA 

enrichment per cell.  

 

2.1.10. Statistical analysis. All statistical tests were performed using 

MATLAB. The two-sample t test test was performed using the ttest2 function. 

Significance levels were indicated as *p < 0.05, **p < 0.01, ***p < 0.001, and 

not significant (n.s.). 

 

2.2 In vitro methods 

 

2.2.1. Protein production and purification. Three protein fragments 

(human Caprin-1 (1 aa - 709 aa), human G3BP1 (1 aa - 466 aa), and G3BP1-

IDR2 (described in plasmid production section)) were used for in vitro 

experiments, including electrophoretic mobility gel shift assay (EMSA) and 

Atomic Force Microscopy (AFM).  

These protein fragments were overexpressed with a His6 Tag for 

purification. G3BP1-IDR2-His6 was generated using the previously obtained 

RFP-G3BP1-IDR2 plasmid. The protein fragments were overexpressed in E. 

coli BL21 (DE3) at 37 °C in 1 L of 2YT-ampicillin medium. After the optical 

density of the cultures reached 0.7, 1 mM IPTG was added, and the cultures were 

maintained under agitation for 3h at 37 °C. The cells were harvested and washed 

with 20 ml of cold 10 mM Tris-HCl buffer, pH 7.6, containing 100 mM KCl. The 

cell pellet was resuspended in 20 ml of Buffer solution A (Tris-HCl 25 mM, KCl 

2M, DTT 1 mM, Complete EDTA-free Protease Inhibitors, PMSF 1 mM, Urea 8 

M, pH 7.6) following the manufacturer’s recommendations. Cells were disrupted 
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by sonication on ice (Bioblock Vibracell sonicator, model 72412). The resulting 

suspension was centrifuged at 4 °C for 30 min at 74,000xg in a TL100 Beckman 

centrifuge. 

Full-length G3BP1 and Caprin1 proteins, as well as the G3BP1-IDR2 

construct, were purified using Ni2+ - NTA-agarose (Qiagen) following the 

manufacturer’s recommendations. The supernatant was incubated for 2 h at 4°C 

with Ni2+ - NTA-agarose (Qiagen) (20 mg of proteins/ml of resin) pre-equilibrated 

in buffer A containing 10mM imidazole. The resin was then washed extensively 

with buffer A containing 10 mM imidazole, then with buffer solution A containing 

15 mM imidazole. The next 3 washes were performed in Buffer solution B (Tris-

HCl 25 mM, KCl 200 mM, DTT 1 mM, Complete EDTA-free Protease Inhibitors, 

PMSF 1 mM, Urea 8 M, pH 7.6) with a gradual increase of imidazole 

concentration from 20 mM to 50 mM. The elution of the proteins was performed 

in Buffer solution B by progressively increasing the imidazole concentrations 

(from 75 mM to 300 mM). After visualizing the purification steps by SDS-PAGE 

(Laemmli, 1970) using a 12% poly-acrylamide gel, pure protein fractions were 

pooled and buffer-exchanged against desalting buffer (HEPES 50 mM, KCl 25 

mM, TCEP 1 mM Urea 8 M pH 7.6) by using a Superdex PD-10 column (GE 

Healthcare). The final preparations were snap-frozen and stored at -80°C. 

 

2.2.2. Immunoprecipitation assay and western blot. HEK293 cells were 

grown on 6-well plates to 90% confluence and co-transfected with indicated 

plasmids using Lipofectamine 2000 according to manufacturer’s instructions for 

22-24 hours. RFP-G3BP1 FL, -G3BP1-C, -G3BP1-N and -G3BP1-IDR2 

plasmids were used at 3 µg/well, Caprin1-GFP plasmid was used at 2 µg/well and 

YBX-1-GFP plasmid was used at 1 µg/well. The cells were placed on ice and 

rinsed twice with PBS, then lysis buffer (50 mM Tris, 150 mM NaCl, 1% NP40, 

100 mM of PMSF with RNAse A and protease inhibitors added) was added and 
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the samples were incubated on ice for 10 minutes. Afterwards, lysed cells were 

transferred to 1,5 ml tubes and centrifuged for 10 minutes at 10000g at 4°C. The 

supernatant was collected into fresh tubes and inputs prepared (10 µl of lysate and 

5 µl of Laemmli buffer 5x).  

For immunoprecipitation, 1 µl per sample of binding antibodies (Mouse 

Anti-GFP monoclonal antibody, Sigma) was added to 450 µl of supernatant, and 

incubated for 1 hour at 4°C on multivortex. Afterwards, 30 µl per sample of pre-

washed (3 times wash with lysis buffer) protein G sepharose fastflow beads were 

added to IP samples and incubated for 1 hour at 4°C on multivortex. Next, 

supernatant was removed and the sample was washed 4 times with IP wash buffer 

(50 mM Tris, 150 mM NaCl, 0,1% NP40) and samples were prepared for SDS-

PAGE by adding 30 µl of 5x Laemmli buffer per sample and heated up for 5 

minutes. 

For Western blot analysis, first, proteins were separated on 10 % SDS-

PAGE and transferred onto Amersham Protran 0.45 NC nitrocellulose Western 

blotting membrane (Cytiva). Afterwards, the membrane was blocked with non-fat 

dry milk 5% for 1 hour at room temperature then washed with TBS-Tween buffer 

(20 mM Trizma Base, 143 mM NaCl, pH 7.6, 1% Tween 20) incubated overnight 

at 4°C with primary antibodies (rabbit TagRFP Polyclonal Antibody, 

Thermofisher, 1:5000, Mouse Anti-GFP monoclonal antibody, Sigma, 1:5000 ). 

After a wash step, the secondary antibodies (LI-COR IRDye, IRDye 800CW goat-

anti-rabbit 1:5000, IRDye 680RD goat-anti-mouse 1:5000) were added to the 

membrane in TBS-Tween buffer for 1 hour at RT. The membrane was washed 

with TBS-Tween buffer, bound antibodies were detected with Amersham 

Typhoon Bioimager. 

 

2.2.3. Electrophoretic mobility shift assay. Purified G3BP1, G3BP1-

IDR2 and Caprin1 proteins were serially diluted in HEPES 50 mM, KCl 25 mM, 
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TCEP 1 mM pH 7.6 buffer solution until final concentration of 300 mM/well of 

Urea was achieved.  M13mp18 single-stranded DNA (New England Biolabs) was 

incubated on 95°C for 5 minutes, cooled down on ice and diluted in HEPES 50 

mM, KCl 25 mM, TCEP 1 mM pH 7.6 buffer solution to contain 100 ng/well. In 

case of mixtures of G3BP1 and Caprin1, proteins were pre-mixed and incubated 

with ssDNA for 10 minutes before loading. Samples were analyzed on 0.5% 

agarose gel (with BET 5% in TAE 0.5x) for 1.5 hours at 25V 

 

2.2.4. Atomic Force Microscopy (AFM) imaging. Full-length G3BP1 and 

Caprin1 proteins were incubated at room temperature alone or mixed at the 

indicated concentration with 2luc mRNA (2 ng/mL) in a Tris buffer (10 mM Tris, 

15 mM KCl, 2 mM MgCl2, 1 mM DTT, 10 mM Putrescine, pH 6.8). A 10 µL 

droplet was deposited on a freshly cleaved mica surface, which was quickly 

immersed in a diluted uranyl acetate solution (0.02 % in water) to fix the sample. 

The samples were dried with filter paper before imaging. AFM scans were 

obtained using PeakForce tapping mode in air with Nanoscope V Multimode 8 

software (Bruker, Santa Barbara, CA). This model enables continuous force-

distance curves recording using Scanasyst-Air probes (Bruker). Images were 

captured at 1512x1512 pixels at a line rate of 1.5Hz. The “particle analysis” tool 

on the Nanoscope Analysis software (version 1.70) was used to determine the 

molecular dimensions of particles (protein aggregates and mRNA: protein 

complexes) from at least two independent samples. Basically, a threshold of 2 nm 

was applied to discard small particles or patterns (uranyl acetate background) and 

free mRNA from the analysis, and at least 6 scanned areas (total area = 100 µm²) 

were analyzed.  
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CHAPTER 3 

 

RESULTS AND DISCUSSION 

 

3.1. G3BP1 binds Caprin1 in vivo, and the recruitment of Caprin1 to stress 

granules is affected by G3BP1 

In order to form complex RNA-protein assemblies, RBPs form multi-node 

networks, in which key proteins with high valencies represent nodes and lower 

valency proteins represent bridges (Chapter 1.2.). G3BP1 is a central protein in 

such a network in the case of stress granules. Despite that, each protein is still 

selective in its binding to other proteins and RNA, which creates complex but 

organized systems. To begin our investigation, we asked whether G3BP1 can 

interact with a broad selection of RBPs directly or through RNA or whether its 

interactome is highly specific.  To approach this, first, we tested the interaction of 

G3BP1 with cytoplasmic RBPs from different families hosting various RNA-

binding domains. Among them, FXR1 is an mRNA-binding protein that hosts 

three KH domains, an RGG-box, and is involved in miRNA processing, 

localization, stability, and regulation of RNAs (120). YBX1 is a DNA/RNA-

binding protein with one CSD domain (121). eIF4B is a translation initiation 

factor with a single RRM and large IDRs. eIF4B is a component of cap-dependent 

translation and enhances the activity of RNA helicase eIF4A (122), and 

PABPC1L is an important paralog of the PABPC1 protein, hosts 4 RRMs, and is 

involved in colorectal cancer (123). Like G3BP1, G3BP2 possesses a single RRM 

and RGG-box on the C-terminus (Chapter 1.2.2) and Caprin1, where RNA-

binding capability comes only from the RGG-box low-complexity sequence 

(Chapter 1.3.1). KIF5C is a molecular kinesin, a protein that facilitates trafficking 

along microtubules (124), and is not an RBP that was used as a control. 

In order to access the protein and RNA binding capabilities of G3BP1 and 

the subsequent role of G3BP1 in the recruitment of RNA to stress granules, we 
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used a microtubule-bench recruitment assay, which was developed in the SABNP 

laboratory (118). In short, in order to observe and quantify the interaction between 

two proteins in vivo, the bait protein, labeled with RFP-tag, is brought to 

microtubules via fusion to a microtubule-binding domain (MBD), and the prey 

protein is labeled with GFP-tag (see Figure 3.1, a for the experimental principle). 

Both plasmids are co-transfected simultaneously, so we can observe the 

appearance of microtubules in the GFP channel, indicating the presence of 

interaction. The recruitment score is measured by automatic detection of the 

microtubules (spots) in the fluorescence channel of the bait protein and then 

measuring the fluorescence increase in spots for the prey protein channel 

(Materials and methods and figure 2.1 for details). In the case of RNA-binding 

proteins, mRNA present in the cytoplasm can affect the interaction, as RBPs are 

known to form higher orders of assembly by forming complexes with mRNA. The 

MT bench assay allows us to anchor protein-RNA-protein complexes and 

compare recruitment scores across robust datasets. Here, we tested the recruitment 

of the selection of RBPs to G3BP1. The obtained results show that Caprin1, 

closely followed by YBX1, has the strongest recruitment scores, while the rest of 

the tested proteins show low levels of interaction compared with control samples, 

which were co-transfected with G3BP1-RFP-MBD and GFP-tag. Surprisingly, 

G3BP2, a known heterodimerization partner of G3BP1 (90), showed levels of 

interaction lower than expected, suggesting some conditionality in the interaction 

of G3BP1 and 2 (Figure 3.1, b). We speculate that relatively low recruitment of 

G3BP2 to G3BP1 may be linked to the experiment being conducted in non-

stressed cells. Homo- or heterodimerization of G3BP is a key prerequisite for SG 

assembly, and in the absence of stress, the affinity between G3BP1 and 2 may be 

decreased to prevent spontaneous condensate formation. Additional experiments, 

such as the MT bench recruitment assay in arsenite stress conditions, for example, 

may be needed to investigate this observation. 
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a 

Figure 3.1. G3BP1 selectively recruits Caprin1 to microtubules. a - 

Principle of the microtubule bench recruitment assay used to measure the 

recruitment of prey protein brought to microtubule-fused prey protein in HeLa 

cells. MBD – microtubule binding domain. b - G3BP1 recruits Caprin1 to 

microtubules the strongest out of the selection of RBPs **p < 0.01, ***p < 0.001, 

paired t-test. Each dot represents the mean value of single cell analysis in a single 

well (see Materials and methods for details). c - Representative images of MT 

bench recruitment of EIF4B, Caprin1, G3BP2 and YBX1 to G3BP1-RFP-MBD. 

Scale bar: 10 µm 

b 

c 
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Thus, we confirm that G3BP1 selectively binds cytoplasmic RBPs in vivo 

even in the presence of mRNA, and interacts with Caprin1 the strongest out of the 

selection. 

  The combination of structured and low complexity domains of RNA-

binding proteins in conjunction with RNA is the driving force behind liquid-liquid 

phase separation. While the ability of proteins to undergo LLPS requires direct 

protein-protein interaction, additional factors, such as self-adhesion of LC 

sequences and RNAs acting as scaffolds, contribute to the promotion of LLPS. 

We inquired about G3BP1's ability to form compartments in which it is mixed 

with other RBPs. For this, we conducted a mixing MT bench assay (119), in which 

we confined RFP- or GFP-tagged proteins to microtubules via fusion to MBD and 

observed the formation of separate phases formed by two proteins or a mostly 

homogenous distribution of proteins along microtubules (see Materials and 

Methods and Figure 2.2). Our results obtained when G3BP1 and several RBPs are 

brought on microtubules show that G3BP1 mixing with itself is highest, closely 

followed by mixing with Caprin1 (Figure 3.2 b). Despite the results of the MT 

bench recruitment assay, in which YBX1 is recruited strongly to G3BP1 bound 

on microtubules (Figure 3.2, b), in the mixing assay, YBX1 demixes with G3BP1, 

indicating that despite RNA-mediated interaction between those 2 proteins, they 

tend to form separate compartments in vivo. In the case of PABPC1L, G3BP1 

strongly demixes with it and no significant recruitment is detected in the MT 

bench recruitment assay (Figure 3.2 b). The mixing score evaluation reveals that 

the multimerization of G3BP1 with itself drives the formation of homogeneous 

compartments in which other RBPs are not easily accepted, regardless of their 

RNA affinity. The integration of RBPs like Caprin1 in the G3BP1-rich phase 

requires specific interaction in addition to their potential RNA binding 
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Figure 3.1. G3BP1 mixes well with itself and Caprin1. a - Principle of 

the microtubule bench mixing assay used to measure the mixing score of two 

GFP- or RFP labeled proteins in HeLa cells. MBD – microtubule binding domain. 

Pairs of tested RBPs fused with MBD were co-expressed to automatically measure 

their mixing along microtubules. The mixing score was measured for different 

pairs of proteins with HCS imager and automated pipeline. b - G3BP1 mixes well 

with Caprin1 and itself, but not PABPC1L or YBX-1. ***p < 0.001, paired t-test. 

Each dot represents the mean value of single cell analysis in a single well (see 

Materials and Methods). c - Representative images of mixing between G3BP1, 

Caprin1, PABPC1L and G3BP1. Arrows indicate examples of mixing and 

demixing. Scale bar: 10 µm  

a b 

c 
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As mentioned earlier, G3BP1 possesses a notable ability to undergo LLPS 

due to the self-adhesion of its unstructured intrinsically disordered regions and 

RNA-binding ability. A combination of these features allows G3BP1 to form 

cytoplasmic condensates – stress granules in cooperation with multiple other 

cytoplasmic RBPs. Consequently, there is a strong link between the protein and 

RNA binding abilities of G3BP1 and its ability to form condensates and perform 

one of its key roles – stress granule assembly. Stress granules present a perfect 

model environment for looking at G3BP1 condensation abilities in vivo since 

cellular stress can be controllably triggered using such stress factors as sodium 

arsenite, which results in the formation of said SGs. Moreover, all stress-induced 

condensates that appear in response to oxidative stress contain wild-type G3BP1, 

as without G3BP1 or its paralog protein G3BP2 stress granules assembly in 

response to oxidative stress cannot be triggered (3). Given G3BP1 centrality in 

the SG network, it is interesting to observe the relationship between the 

enrichment of G3BP1 in SGs and the recruitment of other stress granule RBPs to 

this cytoplasmic condensate.  

As such, we conducted an overexpression experiment in which, G3BP1 was 

silenced using si-RNA targeting endogenous G3BP1, and several proteins out of 

the selection namely YBX1, Caprin1, G3BP2, and KIF5C were overexpressed 

(Figures 21, 22, 23). KIF5C is not associated with SG assembly and function, thus 

serving as a control (Figure 23A). Cells were subjected to 300 µM sodium arsenite 

to induce oxidative stress, giving us model conditions for observation of mRNA 

and protein recruitment behavior to SGs. We performed mRNA in situ 

hybridization (Materials and Methods for details) to detect mRNA in the 

cytoplasm and stress granules and measure respective levels of mRNA 

enrichment in G3BP1-silenced and non-silenced cells.  We measured the 

enrichment level of G3BP1 and the selection of proteins in stress granules, as well 

as mRNA enrichment, and compared the data for normal conditions and si-G3BP1 

conditions. In cells treated with non-targeting siRNA (si-NEG), all three tested 
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proteins are enriched in SGs, while KIF5C is not accumulated in SGs (Figure 3.3). 

The enrichment of YBX1 is 14.8% higher than that of Caprin1, and the 

enrichment of G3BP1 is 19.7%. Both of these proteins are important nodes in SGs 

and are heavily recruited to them (Figure 3.3). 

In cells treated by siRNA targeting endogenous G3BP1, for all 3 tested 

proteins, the recruitment into SGs was affected by G3BP1 silencing, while the 

control protein was not affected. In the conditions of a 29% decrease in G3BP1 

expression level in the cytoplasm following silencing with si-G3BP1 (Figure 3.5, 

b), the relative enrichment level of YBX1 in SGs was decreased by 6%, the level 

Figure 3.3. The level of G3BP1 enrichment in SGs influences stress 

granule RBPs recruitment to SGs. Violin plots represent the mean per cell 

relative enrichment level of different GFP-labeled RBPs in stress granules in 

HeLa cells subjected to oxidative stress conditions. Each violin represents data 

for all cells in the well, and each condition is shown in triplicate (see Materials 

and methods for details). n: number of cells analyzed. **p < 0.01, ***p < 0.001, 

paired t-test, n.s., non-significant 
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of Caprin1 decreased by 10%, and the level of G3BP2 increased by 5,7% (Figure 

3.3), thus making Caprin1 the most negatively affected protein out of selection. 

For G3BP2, an increase in the enrichment level of this protein in SGs after G3BP1 

silencing shows substitution that was demonstrated previously (78).  

 

 

Figure 3.4. The level of G3BP1 enrichment in SGs influences and 

mRNA recruitment to SGs. Violin plots represent mean per cell relative 

enrichment level of different GFP-labeled RBPs in stress granules in Hela cells 

subjected to oxidative stress conditions. Each violin represents data for all cells in 

the well and each condition is shown in triplicate (see Materials and methods for 

details) *p < 0.05, **p < 0.01, ***p < 0.001, paired t-test, n.s., non-significant 
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a 

b 

Figure 3.5. Overexpression of stress granule RBPs in HeLa cells with 

endogenous G3BP1 depleted. a - Representative images of HeLa cells subjected 

to oxidative stress via 300mM sodium arsenite expressing GFP-labeled RBPs, 

with endogenous G3BP1 tracked via specific antibodies, and mRNA tracked via 

oligo-dT-(Cy5) fluorescent probe. Scale bar: 20 µm. b - Right side: representative 

images of HeLa cells treated with negative control siRNA and siRNA targeting 

G3BP1; endogenous G3BP1 expression level was tracked using anti-G3BP1 

antibodies. Scale bar: 20 µm. Left side: The decrease in G3BP1 expression was 

calculated for four independent samples and amounted to 29% 
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Concomitant to the measurement of the RBP enrichment in stress granules, 

it is possible to follow the mRNA recruitment in these condensates (Figure 3.4). 

Firstly, the decrease in G3BP1 expression does not clearly affect mRNA 

enrichment in SGs, regardless of whether the RBP is overexpressed. Conversely, 

Caprin1 and G3BP2 overexpression lead to an equal increase in mRNA levels in 

SGs compared to YBX1. In addition, while G3BP2 enrichment in SGs is 

significantly higher compared to Caprin1 (+ 19.7%, see figure 3.2), the levels of 

mRNA enrichment are equal, which suggests a particular role of Caprin1 in 

mRNA recruitment in SGs. 

 

3.2. G3BP1-Caprin1 complex RNA-binding properties 

 

Caprin1 is one of the best-studied interactors of G3BP1, and results from 

Chapter 1 suggest that there is a link between Caprin1 binding with G3BP1 and 

mRNA recruitment to stress granules under arsenite stress conditions. RNA 

binding of G3BP1 is facilitated by the RRM domain and RGG-boxes at the C-

terminus (Chapter 1.2.1), and Caprin1 binds RNA only with RGG-boxes at the C-

terminus (Chapter 1.3.1). We decided to delve into the RNA binding of both 

proteins further and search for a link between G3BP1's own RNA binding 

capabilities and the potential to bind RNA of the G3BP1-Caprin1 complex. 

Simultaneously with tracking the prey protein that binds to the bait fused to MBD, 

in the MT bench recruitment experiment, we can observe the level of mRNA 

recruitment to the bait protein. Performing in situ hybridization with an oligo-dT-

(Cy5) fluorescent probe allows us to measure the increase of Cy5 fluorescence on 

microtubules occupied by bait protein (see Materials and Methods and Figure 3.6, 

b for experiment principle). We performed such MT bench recruitment to 

compare the RNA binding of G3BP1 with both endogenous and overexpressed 
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Caprin1-GFP and observe if overexpression of Caprin1 will influence the RNA 

binding of G3BP1 bound to microtubules.  

 

 

 

 

 

 

 

 

a b 

c d 

Figure 3.6. Caprin1 overexpression enhances mRNA recruitment to 

G3BP1 bound to microtubules. a - mRNA enrichment on G3BP1-decorated 

microtubules in the presence or absence of Caprin1-GFP overexpression. ***p < 

0.001, paired t-test. b - Principle of the MT-bench recruitment assay. c - 

Representative images of G3BP1-RFP-MBD, Caprin1-GFP or endogenous 

Caprin1, and mRNA recruitment in HeLa cells. Scale bar: 10 µm. d - Relative 

enrichment of G3BP1 on microtubules with or without Caprin1-GFP co-

expression. n indicates the number of analyzed spots. ***p < 0.001, paired t-test 
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For endogenous Caprin1 detection, we immunostained cells with a-Caprin1 

antibodies and selected secondary antibodies with a fluorochrome that emits in 

the (500-550 nm) spectrum. With close to equal enrichment of G3BP1 on 

microtubules (Figure 3.6, d), we observed 54% increase in recruitment score for 

Caprin1 on microtubules in samples with overexpressed Caprin1 as compared to 

samples with only endogenous Caprin1. Consequently, the level of RNA 

recruitment to G3BP1-enriched microtubules was 37% higher in samples with 

overexpressed Caprin1 as opposed to endogenous. We concluded that the 

abundance of Caprin1 recruited to G3BP1 in the case of overexpression leads to 

the recruitment of additional mRNA to the complex of G3BP1-Caprin1 (Figure 

3.6, a).  

In order to access the nucleic acid binding of G3BP1 or Caprin1 without 

interference from other proteins, we obtained a nucleic acid binding profile for 

both proteins in vitro via a series of electrophoretic mobility shift assay (EMSA) 

experiments with long single-stranded DNA m13mp18 as a model for nucleic acid 

binding of these 2 proteins. Both proteins are able to decrease the electrophoretic 

mobility of m13mp18 ssDNA individually, with Caprin1 doing so at a lower 

nucleotide-to-protein ratio than G3BP1. We observed a minimal amount of 

G3BP1 that shifted 100 ng of ssDNA to 16 pmol, and for Caprin1, the shift started 

at 6 pmol. Large complexes that are unable to enter the gel formed at 64 pmol for 

G3BP1 and 12 pmol for Caprin1. This indicates that Caprin1 in vitro can bind 

large single-stranded nucleic acids at approximately 3 times the rate of 

G3BP1(Figure 3.7). 

 

 

 

 



79 
 

 

 

 

 

Next, we tried to dissect the nucleic acid-binding ability of the G3BP1-

Caprin1 complex further by performing EMSA. We started with the least amount 

of both proteins that are able to shift 100 ng ssDNA and incrementally increased 

Caprin1 quantity in the sample, and compared it to the nucleic acid binding profile 

of equimolar quantities of both Caprin1 and G3BP1 individually (Figure 3.8). We 

noticed that the mix of G3BP1 and Caprin1 was able to decrease the mobility of 

ssDNA at a lower protein-to-nucleotide ratio than G3BP1 alone. Moreover, an 

incremental increase of Caprin1 load led to the formation of large complexes that 

are unable to penetrate the gel earlier than in the case of pure G3BP1. In contrast, 

28 pmol of G3BP1 alone was able to partially shift the sample, as we observed 

the formation of 2 bands, and while G3BP1-Caprin1-nucleic acid complex was 

completely in the well at 38 pmol combined, 38 pmol of G3BP1 only partially 

shifted 100 ng on m13mp18 ssDNA. Consequently, it appears that Caprin1 and 

G3BP1 act synergistically in nucleic acid binding and Caprin1 has a prominent 

role in the formation of large G3BP1-Caprin1-nucleic acid complexes (Figure 

3.9).  

 

Figure 3.7. G3BP1 and Caprin1 bind nucleic acids in vitro. 

Electrophoretic mobility shift assay demonstrating the direct interaction between 

G3BP1 with ssDNA(wells 2-6) and Caprin1 with ssDNA (wells 7-12). One 

hundred nanograms of m13mp18 ssDNA were incubated with increasing 

concentrations of G3BP1 or Caprin1 
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To reinforce the idea of Caprin1's prominence in RNA binding by the 

G3BP1-Caprin1 complex, we performed EMSA in which we used the constant 

value of one component while gradually increasing the amount of the other one. 

We observed that a 3 pmol increase in Caprin1 quantity resulted in a visible shift 

and formation of large complexes in wells, while a 4 pmol incremental increase 

in G3BP1 was much less efficient in shifting model nucleic acid (Figure 3.9). 

 

 

 

 

 

 

Atomic Force Microscopy (AFM) enables the observation and analysis of 

multimolecular assemblies on a nanometric scale.  Both G3BP1 and Caprin1 are 

able to form isolated complexes with mRNA within a few minutes of incubation 

Figure 3.8. Caprin1 enhances G3BP1 binding to nucleic acids. Proteins 

were mixed with a constant amount of G3BP1 and an increasing amount of 

Caprin1 (wells 2-6) and compared to equimolar amounts of Caprin1 (wells 7-11) 

and G3BP1(wells 12-16) 

Figure 3.9. G3BP1-Caprin1 complex forms large aggregates with 

nucleic acids. Proteins were mixed with a constant amount of G3BP1 and an 

increasing amount of Caprin1 (wells 2-7) and a constant amount of Caprin1 and 

an increasing amount of G3BP1 (wells 8-13) to observe the formation of large 

complexes unable to enter the gel in case of an increase in Caprin1 concentration 
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time at the indicated concentrations (Figure 3.10, a). G3BP1 alone forms larger 

complexes with mRNA than Caprin1 alone. When 2 proteins were incubated 

together with mRNA at a comparable nucleic acid/protein ratio, we observed the 

appearance of larger condensates alongside isolated complexes. The presence of 

protein in these condensates is revealed by the higher height of the condensate 

(white color) than the isolated mRNA (left image, brown color). The presence of 

multiple mRNA/protein complexes in these condensates is confirmed by the 

measurement of the average area of the complexes and their comparison when 

isolated proteins are incubated with mRNA or the G3BP1-Caprin1 mixture 

(Figure 3.10, b). The formation of these large mRNA/protein complexes could 

explain the presence of bands remaining in the well in previous EMSA 

experiments (Figures 3.7, 3.8, and 3.9). Thus, G3BP1 alone at a moderate 

protein/nucleotide ratio is only able to form isolated complexes in which the 

mRNA appeared stretched. The formation of condensates due to G3BP1 

multimerization requires a high protein/nucleotide ratio. The presence of Caprin1 

triggers the formation of condensates at a very low protein/nucleotide ratio: 

Caprin1 is not only a bridge between G3BP1/mRNA complexes but actively 

participates in the recruitment of mRNA. 
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a 

b 

Figure 3.10. G3BP1-Caprin1 mix forms larger assemblies with 2Luc 

mRNA than RBP/RNA assemblies of individual proteins. a - atomic force 

microscopy images and zooms in on specific assemblies of G3BP1/mRNA, 

Caprin1/mRNA, and a 1:2 mixture of the two RBPs with 2Luc mRNA. Proteins 

(20 nM for G3BP1, 10 nM for Caprin1) were incubated with 2Luc mRNA 

(protein/nucleotide ratio of 1/100) for 15 min before sample deposition and 

fixation. Z scale 8 nm. The scale bar represents 400 nm. b -, scatter plot 

representing the area of RBP/mRNA assemblies observed on AFM images in (a) 

and comparison with free mRNA. Except for the mRNA alone condition, only 

areas of RBP/mRNA complexes with a height higher than 2 nm are plotted, and 

free mRNA molecules were discarded from this analysis. The plot gathers the data 

from two independent experiments. Lines show mean values. Significances 

between areas of RBP/mRNA assemblies were obtained using t-test; *p < 0.05, 

**p < 0.01, ***p < 0.005 
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3.3. Caprin1 improves RNA binding of G3BP1 in vivo if G3BP1 

possesses RNA-binding domains and the ability to bind Caprin1 

Having confirmed that the G3BP1-Caprin1 complex has increased mRNA 

binding capabilities compared to individual proteins and establishing that 

overexpressed Caprin1 enhances mRNA binding of G3BP1, we set out to further 

investigate which components of G3BP1 are at play in the complex’s RNA 

binding. Moreover, while it is known that Caprin1 can bind mRNA in vitro, which 

we confirmed by EMSA and AFM experiments, Caprin1's contribution to the 

recruitment of mRNA to condensates in vivo remains unclear.   

 

 

 

 

 

 

 

 

To separate G3BP1 into functional parts, we prepared several deletion 

constructs, with the G3BP1-C (1-230 aa) construct lacking RRM and RGG-box 

(IDR3) on the C-terminus, the G3BP1-N (230-466 aa) construct with the N-

terminal NTF2-L domain responsible for interaction with Caprin1 and acidic-rich 

Figure 3.11. Deletion constructs and point mutations of G3BP1. NTF2-

L: nuclear transfer factor 2-like domain, IDR1: intrinsically disordered region 

1(acidic-rich region), IDR2: intrinsically disordered region 2 (proline-rich 

region), IDR3: intrinsically disordered region 3(RGG-rich region), F15W and 

F33W – point mutations described in Sheehan et al. (125) which decrease the 

affinity of G3BP1 with Caprin1 
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IDR1 absent. We also prepared a G3BP1-IDR2 construct.  According to (3), 

IDR2 is enriched in proline amino acid residues and performs the role of the 

regulatory sequence of G3BP1 conformation, which, in turn, controls RNA 

binding of G3BP1. We also prepared several point mutation constructs for 

G3BP1, namely -F15W and -F33W, which are detrimental to G3BP1-Caprin1 

binding (125) (Figure 3.11). 

To begin, we confirmed our constructs with immunoprecipitation (IP) in 

RNA-free conditions. Previous research shows that G3BP1 binds Caprin1 in the 

NTF2-L domain on the N-terminus, and it is the only required domain of G3BP1 

for this protein-protein interaction (3.2 Literature review). The results of IP 

confirmed that constructs with the NTF2-L domain present, such as G3BP1 FL, 

G3BP1-C, and G3BP1-IDR2, are able to bind Caprin1, while G3BP1-N loses 

the interaction with Caprin1. Additionally, we showed that YBX1 binding to 

G3BP1 is RNA-dependent since the absence of RNA abolished this interaction in 

IP (Figure 3.12). 
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With the general picture of G3BP1 binding to Caprin1 confirmed and 

consistent with previous research (Chapter 1.3.2), we set out to explore which 

G3BP1 domains are crucial for enhancing mRNA recruitment by G3BP1 in the 

presence of Caprin1 (Figure 3.13). We performed an MT-bench recruitment assay 

with G3BP1 deletion constructs and point mutation constructs fused to RFP-MBD 

serving as bait, and endogenous Caprin1 serving as prey, and measured mRNA 

labeled with cyanine5 oligo-(dT)-probe, endogenous Caprin1, and G3BP1mut-

RFP-MBD fluorescence levels on microtubules (Figure 3.13, a). The results show 

Figure 3.12. Caprin1 interacts with G3BP1 FL, -C and -IDR2 

deletion constructs but not -N in RNA-free conditions in vitro shown via 

Western blot analysis of immunoprecipitation assay. Right panel: HEK293 

cells were co-transfected with Caprin1-GFP or YBX1-GFP and RFP-G3BP1 FL, 

RFP-G3BP1-C, RFP-G3BP1-N or RFP-G3BP1-IDR2. G3BP1 FL - YBX1 

co-transfection was used as a control. Cells were lysated with buffer containing 

RNAse A and immunoprecipitation was performed using a-GFP antibodies. 

Western blot analysis shows that Caprin1 is able to bind G3BP1 FL, -C and -

IDR2 but not G3BP1-N in RNA-free conditions. Left panel: Cell lysates  
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that the correlation between fluorescence intensity of bait protein (G3BP1 

constructs) and prey (endogenous Caprin1) sharply decreased for G3BP1-N, -

IDR2, F15W, and F33W constructs, while no significant decrease was observed 

for -C construct (Figure 3.13, b).  

  

 

 

 

 

 

 

 

As for mRNA recruitment (Figure 3.14, a), while G3BP1-N construct and 

G3BP1-F15W and -F33W mutated constructs the recruitment score was 

comparable to full-length G3BP1, for G3BP1-C construct it was abolished, due 

to the lack of RRM and RGG-box of G3BP1 in this construct. Interestingly, the 

mRNA recruitment for the IDR2 construct was completely absent, even though 

a b 

Figure 3.13. Recruitment of Caprin1 to G3BP1 depends on its N-

terminal domain. a -Principle of the microtubule bench recruitment assay. b - 

G3BP1 FL and G3BP1-C recruits Caprin1 to microtubules, while the 

recruitment is impaired for G3BP1-N and -IDR2 constructs as well as both 

F15W and F33W mutants. ***p < 0.001, paired t-test). Each dot represents the 

mean value of single cell analysis in a single well (see Materials and Methods for 

details) 
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G3BP1-IDR2 still has both RRM and RGG-box and can bind Caprin1 as per 

immunoprecipitation results (Figure 3.12).  

 

 

 

 

 

 

b 

a 

Figure 3.14. Recruitment of mRNA to G3BP1 depends on its C-

terminal domains. a - mRNA recruitment to G3BP1-N, -F15W and -F33W 

mutants is comparable to G3BP1 FL, while it is severely decreased for G3BP1-

C and G3BP1-IDR2 constructs. *p < 0.05, ***p < 0.001, paired t-test. n.s., 

non-significant.  Each dot represents the mean value of single-cell analysis in a 

single well (see Materials and methods for details). a - Representative images of 

immunostained endogenous Caprin1, as well as oligo-dT-(Cy5)-labeled mRNA 

recruitment to RFP-labeled G3BP1 deletion and point mutation constructs fused 

to MBD. MBD: microtubule-binding domain. Scale bar: 10 µm 
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While Caprin1 is a major partner of G3BP1, it is by no means the only one; 

hence, we examined the mRNA recruitment behavior of G3BP1-IDR2 in the 

presence of several other protein partners of G3BP1 that are overexpressed in the 

cell. To that end, we performed an MT bench recruitment experiment where we 

overexpressed several GFP-labeled proteins, such as G3BP2 and YBX1 – both 

known partners of G3BP1 and observed the mRNA recruitment to G3BP1-IDR2 

on microtubules compared to the same interaction of full-length G3BP1, while 

using Caprin1 as a positive control (Figure 3.15). Similarly to G3BP1-IDR2-

Caprin1 behavior, it appears that regardless of which G3BP1 partner protein we 

overexpress, the G3BP1-IDR2 construct still exhibits almost complete absence 

of mRNA recruitment, thus demonstrating that the RNA-binding deficiency of 

this construct does not depend on partner proteins and is not compensated by their 

overexpression. 
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Next, we conducted an EMSA experiment to verify differences in RNA 

binding between G3BP1 FL and G3BP1-IDR2 in vitro. G3BP1-IDR2 

construct was unable to decrease the electrophoretic mobility of nucleic acid at 

the same protein-to-nucleotide ratio as full-length G3BP1, and the earliest point 

of the mobility decrease happened at 400 pmol concentration of G3BP1-IDR2, 

thus confirming that this construct has decreased nucleic binding ability (Figure 

3.16). 

 

Figure 3.15. MT-bench assay mRNA recruitment to G3BP1 or G3BP1-

IDR2 in the presence of G3BP1 partner proteins. MT-bench assay in HeLa 

cells co-expressing MBD-fused G3BP1 or G3BP1-ΔIDR2 together with GFP-

tagged Caprin1, G3BP2 or YBX1. The scatter plot shows colocalization between 

G3BP1/G3BP1-ΔIDR2 and mRNA based on RFP and Cy5 fluorescence 

intensities. Data are from four independent experiments; red lines indicate mean 

values. Statistical significance was determined by t-test; ***p < 0.005 
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We then analyzed the interplay between G3BP1-ΔIDR2 and Caprin1 for 

nucleic acid binding. Whenever the interaction between nucleic acid, G3BP1-

ΔIDR2, and Caprin1 is forced in an EMSA experiment, we observe that the EM 

shift profile of the resulting complex is similar to that of Caprin1 alone, suggesting 

that G3BP1-ΔIDR2 does not form well-defined nucleoprotein complexes in 

EMSA. At higher concentrations of G3BP1-ΔIDR2 (Fig. 3.17, wells 13 and 14), 

the DNA signal becomes diffuse, consistent with the formation of heterogeneous 

protein-DNA complexes or aggregates with variable electrophoretic mobility. 

This diffuse character of the bands suggests the formation of heterogeneous 

nucleoprotein assemblies rather than discrete, stable complexes.  

Figure 3.16. G3BP1-IDR2 has decreased nucleic acid binding ability 

compared to full-length G3BP1. Electrophoretic mobility shift assay 

demonstrating the difference in ssDNA binding between G3BP1 (well 9) and 

G3BP1-IDR2 (wells 2-7). One hundred nanograms of m13mp1 m13mp18 

ssDNA were incubated with gradually increased concentrations of G3BP1-IDR2 

and compared to ssDNA gel-mobility reduction ability of 120 pmol of G3BP1 
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Consequently, we conducted an MT bench recruitment experiment in 

which G3BP1 constructs are brought on microtubules, and Caprin1 is 

overexpressed, to see if the trend of the G3BP1 RNA-binding pattern observed in 

Figure 3.14, A, will continue for different constructs of G3BP1. Here, the highest 

Caprin1 recruitment coefficient was observed for the interaction with G3BP1 FL, 

followed by the -C construct. Both G3BP1 point mutation constructs show a 

50% decrease in Caprin1 recruitment, with the lowest score observed for the 

construct lacking the NTF2-L domain. G3BP1-IDR2 and -C constructs 

maintain a relatively high and similar Caprin1 recruitment level compared to 

G3BP1 FL. (Figure 3.18, a). The trend for mRNA recruitment remained similar, 

with G3BP1 FL-Caprin1 interaction bringing more mRNA to microtubules than 

all of the deletion constructs, while point mutation constructs retained around 50% 

of the mRNA binding of full-length G3BP1 (Figure 3.18, b). Once again, we 

detected nearly complete abolishment of mRNA binding for the -IDR2 construct 

even with Caprin1 overexpressed, possibly indicating that G3BP1-IDR2 adopts 

such a conformation that closes the mRNA binding surfaces of both proteins 

involved. Consequently, while -C and -IDR2 constructs can recruit additional 

Figure 3.17. Caprin1 does not enhance G3BP1-ΔIDR2 binding to nucleic 

acids. Proteins were mixed with a constant amount of m13mp18 ssDNA and an 

increasing amount of Caprin1 and G3BP1-ΔIDR2 (wells 2—6) and compared to 

equimolar amounts of Caprin1 (wells 7—10) and G3BP1-ΔIDR2 (wells 11—14) 
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Caprin1 to microtubules, this additional Caprin1 cannot bring more mRNA to the 

G3BP1-Caprin1 complex if G3BP1 itself lacks either the RNA-interacting 

domains or Caprin1 binding motif in NTF2-L domain.  

 

 

If Caprin1 is brought on microtubules via co-transfection of Caprin1-GFP-

MBD and RFP-labeled mutant constructs of G3BP1, which are overexpressed at 

the same time (Figure 3.19, a), G3BP1 FL and G3BP1-IDR2 are recruited to 

a b 

Figure 3.18. Overexpressed Caprin1 improves mRNA binding of only 

full-length G3BP1. a - G3BP1 FL, G3BP1-C, and -IDR2 recruit 

overexpressed Caprin1 to microtubules in much greater capacity than G3BP1-N, 

-F15W and -F33W mutants. *p < 0.05, ***p < 0.001, paired t-test. b - 

Overexpressed Caprin1 improves mRNA binding of G3BP1 FL but not the rest 

of the deletion and point mutation constructs. **p < 0.01, ***p < 0.001, paired t-

test. n.s., non-significant.  (a, b) Each dot represents the mean value of single-cell 

analysis in a single well (see Materials and Methods for details) 
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microtubules, while -C and -N constructs recruitment is comparable to the 

negative control (Figure 3.19, b). 

 

 

 

 

 

 

 

 

Figure 3.19. G3BP1 FL and G3BP1-IDR2 are brought to 

microtubules enriched with Caprin1. a - Principle of the microtubule bench 

recruitment assay used to measure the recruitment of prey protein brought to 

microtubule-fused prey protein in HeLa cells as well as measure the enrichment 

of mRNA on microtubules via oligo-dT-(Cy5) fluorescent probe. The recruitment 

score for pairs of proteins and mRNA was measured with an HCS imager and 

automated pipeline. b - Caprin1 recruits G3BP1 FL and G3BP1-IDR2 to 

microtubules, while the recruitment is impaired for G3BP1-C and -N 

constructs. *p < 0.05, ***p < 0.001, paired t-test). Each dot represents the mean 

value of single cell analysis in a single well (see Materials and Methods for details) 

a b 
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Curiously, Caprin1 mRNA binding appears to be minimal when co-

expressed with the RFP tag. G3BP1-C, -N, and -IDR2 constructs fail to bring 

additional mRNA to Caprin1. When Caprin1 is co-expressed with full-length 

G3BP1, on the other hand, the recruitment score improves dramatically. Thus, in 

this experiment, Caprin1 can recruit G3BP1 only when both the NTF2-L domain 

and RNA-binding domains of G3BP1 are present. The mRNA binding capabilities 

a 
b 

Figure 3.20. Caprin1 mRNA binding is improved only by full-length 

G3BP1. a - mRNA recruitment to Caprin1 greatly improves in cells transfected 

with full-length G3BP1. ***p < 0.001, paired t-test.  Each dot represents the mean 

value of single cell analysis in a single well (see Materials and Methods for 

details). b -. Representative images of RFP-labeled G3BP1 deletion constructs as 

well as oligo-dT-(Cy5)-labeled mRNA recruitment to GFP-labeled Caprin1 fused 

to MBD. MBD: microtubule-binding domain. Scale bar: 10 µm 
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of Caprin1 in vivo seem to be reliant on full-length G3BP1, as all other constructs 

failed to improve the mRNA binding score (Figure 3.20, a). 

In view of observed changes in protein-protein binding between G3BP1 

and Caprin1, as well as associated mRNA recruitment changes, we inquired how 

the introduction of deletions and disrupting point mutations would affect the 

ability of G3BP1 and Caprin1 to form compartments on microtubules. As such, 

we tested the ability of G3BP1 deletion mutants to mix with G3BP1 FL and 

Caprin1. We performed an MT bench mixing experiment, in which G3BP1 

mutants fused to RFP-MBD were co-expressed with G3BP1 FL fused to GFP-

MBD or Caprin1-GFP-MBD, respectively (see Figure 3.21, a for the experiment 

principle).  

When G3BP1 deletion mutants are co-expressed with G3BP1 full length on 

microtubules, the highest mixing score is obtained for G3BP1 FL – G3BP1 FL 

interaction, while -C, -N, and -IDR2 mixing scores are reduced (Figure 3.21, 

b). G3BP1-C construct cannot bind RNA, and as such may prefer homotypic 

interactions through the NTF2-L domain and not enter the RNA-rich phase of 

full-length G3BP1. On the opposite, the G3BP1-N construct lacks dimerization 

sequence in the NTF2-L domain, and as such prefers to form separate 

compartments with RNA and not full-length G3BP1. The G3BP1-IDR2 

construct mixing pattern is interesting since we know that while both the NTF2-

L domain and RNA binding domains are present in this construct, it lacks RNA 

binding ability but still has a dimerization sequence in NTF2-L. We propose that 

G3BP1-IDR2 is unable to undergo conformational change, since the absence of 

the spacer IDR2 may impede the formation of the closed conformation. This leads 

to G3BP1 lacking IDR2 being unable to interact with mRNA to any significant 

degree and partially disrupts dimerization. Consequently, we can observe G3BP1-

IDR2 demixing with the RNA-rich G3BP1 compartment.  
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a b 

Figure 3.21. Homotypic mixing of G3BP1 on microtubules is decreased 

when paired with G3BP1-C, G3BP1-N, and G3BP1-IDR2 deletion 

constructs. a - Principle of the microtubule bench mixing assay used to measure 

the mixing score of two GFP- or RFP labeled proteins in HeLa cells. Pairs of 

tested RBPs fused with MBD were co-expressed to automatically measure their 

mixing along microtubules. The mixing score was measured for different pairs of 

proteins with an HCS imager and automated pipeline. MBD: microtubule-binding 

domain. b - The homotypic mixing of G3BP1 is disrupted whenever paired with 

G3BP1-C, G3BP1-N, and G3BP1-IDR2 deletion constructs, the bar indicates 

mean values. ***p < 0.001, paired t-test. Each dot represents the mean value of 

single cell analysis in a single well (see Materials and Methods and Figure 2.2 for 

details) 

 



97 
 

 

 

 

 

 

 

 

 

 

a 

c 

b 

Figure 3.22. Heterotypic mixing of G3BP1 with Caprin1 on 

microtubules is decreased with G3BP1-C, G3BP1-N deletion constructs 

but not affected for mixing with G3BP1-IDR2. a -Principle of the MT-bench 

mixing assay used to quantify the co-localization of GFP- and RFP-tagged 

proteins along microtubules in HeLa cells. MBD, microtubule-binding domain. b 

- Mixing of Caprin1 with G3BP1 was reduced for G3BP1-ΔC and G3BP1-ΔN, 

but not for G3BP1-ΔIDR2. Bars indicate mean values; each dot represents the 

mean single-cell value from one well. ***p < 0.001, paired t-test; n.s., non-

significant. c - Representative images of Caprin1 mixing with full-length G3BP1 

and G3BP1 deletion constructs. Scale bar: 10 µm 
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When G3BP1 deletion mutants are co-expressed on microtubules with 

Caprin1, the highest mixing scores are observed for G3BP1 FL and G3BP1-

IDR2. The loss of G3BP1 N-terminus seems to be more detrimental to G3BP1 

and Caprin1 forming a compartment than the loss of C-terminus, since the mixing 

score for G3BP1-C-Caprin1 is higher than that of -N (Figure 3.22, b). G3BP1-

IDR2, on the other hand, retains a mixing score equal to full-length G3BP1 

mixing with Caprin1. Comparing results from Figures 3.21, b and 3.22, b, we can 

conclude, that the low mixing between G3BP1 FL and -IDR2 occurs due to an 

impaired mRNA binding by -IDR2 detected during the MT bench experiment 

(Figure 3.18, b). Alternatively, the recruitment of Caprin1 by the G3BP1-IDR2 

construct on MT observed in Figure 3.18, a, could be the consequence of a good 

mixing between these 2 constructs independently of the mRNA recruitment. 

G3BP1 lacking IDR2 has a strong affinity for homotypic interactions with 

Caprin1 and a lower affinity for homotypic interactions with G3BP1. Since 

G3BP1-G3BP1 dimerization (79) and Caprin1-G3BP1 interaction both occur in 

SGs, we can assume that these two interactions are not antagonistic or exclusive, 

which reinforces the idea that G3BP1 lacking IDR2 preferably forms heterotypic 

interactions with Caprin1 over homotypic interactions with G3BP1 FL. 

Additionally, we tested the mixing between different point mutation 

constructs of G3BP1 and Caprin1 (Figure 3.23). For that, in addition to G3BP1-

F15W and -F33W mutants of G3BP1, we generated -Y40A mutant for G3BP1 

and -L378P mutant for Caprin1. L378P mutation targets one of the amino acid 

residues in the Caprin1 G3BP1 interacting motif (GIM) and disrupts G3BP1-

Caprin1 binding (6). Y40A mutation of G3BP1 disrupts the dimerization of 

G3BP1 (77). We observed no significant changes in mixing between point-

mutation constructs, indicating that the compartmentalization of the G3BP1-

Caprin1 complex relies more on the structural features of both proteins than on 
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the ability of both proteins to interact with each other or their individual ability to 

bind to mRNA. 

 

 

 

 

 

 

 

a 
b 

Figure 3.23. Heterotypic mixing of G3BP1 with Caprin1 on 

microtubules is not affected by the introduction of point mutations in 

interacting regions of both proteins. a - Principle of the microtubule bench 

mixing assay used to measure the mixing score of two GFP- or RFP labeled 

proteins in HeLa cells. Pairs of tested RBPs fused with MBD were co-expressed 

to automatically measure their mixing along microtubules. The mixing score was 

measured for different pairs of proteins with an HCS imager and automated 

pipeline. MBD: microtubule-binding domain. b - The heterotypic mixing of 

G3BP1 with Caprin1 is not disrupted whenever point mutations F15W, F33W, 

or Y40A in the G3BP1 NTF2-L domain or point mutation L378P in Caprin1 GIM 

are introduced. *p < 0.05, paired t-test. n.s., non-significant.  Each dot represents 

the mean value of single cell analysis in a single well (see Materials and Methods 

and Figure 2.2 for details) 



100 
 

3.3 Roles of G3BP1 domains in SG assembly and mRNA recruitment to SG 

 

G3BP1 mRNA binding in vivo is improved by Caprin1, but only when 

G3BP1 itself can bind mRNA. In search of a link between the G3BP1-Caprin1 

complex's ability to bind mRNA and generate condensates, we conducted several 

stress granule assays to dissect this process. G3BP1 is an SG-nucleator protein, 

and as such, it is able to induce SG assembly when overexpressed even if cells are 

not subjected to stress factors (89). We tested the ability of different functional 

domains of G3BP1 to undergo LLPS and form condensates in both unstressed 

conditions and in cells subjected to sodium arsenite. Firstly, we overexpressed 

different constructs of G3BP1 without inducing oxidative stress in cells to observe 

the condensation ability of G3BP1 constructs. It is important to mention how we 

designate stress granules. Since this RNP is comprised of mRNA stalled in 

translation, visualizing mRNA using an oligo-dT-(Cy5) fluorescent probe allows 

us to distinguish these mRNA-rich condensates. We measured several parameters, 

including the total area of stress granules generated and G3BP1 constructs 

enrichment in these condensates. Full-length G3BP1 was able to induce the 

assembly of additional SGs and accumulate in them, with total SG area per cell 

reaching 20,5 µm2 and the average fluorescence level of overexpressed G3BP1 

FL in SGs reaching 2,5 times more than the fluorescence level in cytoplasm. 

Liposome-based DNA carriers such as Lipofectamine 2000, which are commonly 

used for transient transfection, are known to induce cellular stress (126). Given 

that, even in cells not subjected to sodium arsenite or any other stressor, we can 

observe a small number of stress granules (Figure 3.24, c). G3BP1-C and -N 

constructs were unable to accumulate in stress granules, and the total area of SGs 

for these constructs reached 11.2 µm2 and 12.2 µm2 on average, respectively 

(Figure 3.24, a, b). In the case of G3BP1-C, this construct lacks RNA-binding 

domains and thus is unable to participate in SG assembly, while in the case of the 

G3BP1-N construct, it appears that G3BP1 RNA-binding domains alone cannot 
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trigger SG formation, and the NTF2-L domain is required to do so. As for G3BP1-

IDR2, while this construct was able to partially accumulate in SGs with an 

enrichment coefficient reaching 1.9, no significant increase in total area of SGs 

(12.8 µm2) was observed. As discussed before, IDR2 is an important regulatory 

sequence that allows G3BP1 to undergo conformational change. G3BP1-IDR2 

construct can enter stress granules due to its ability to form heterotypic 

interactions with Caprin1 and homotypic interaction with G3BP1 FL, but has 

reduced ability to generate new SGs due to its low mRNA-binding capacity. 
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Relative G3BP1 

enrichment in SGs per 

well 

a 

b 

c 

Figure 3.24. Deletion of either the N-terminus or C-terminus impairs 

G3BP1 accumulation in stress granules. a,b - B. Relative enrichment of full-

length G3BP1 and G3BP1 deletion constructs in SGs, quantified per cell (a) and 

per well (b) in HeLa cells. Full-length G3BP1 and, to a lesser extent, G3BP1-

ΔIDR2 accumulated in SGs, whereas G3BP1-ΔC and G3BP1-ΔN did not. n 

indicates the number of analyzed cells. **p < 0.01, ***p < 0.001, paired t-test; 

n.s., non-significant. c - Representative images of HeLa cells expressing RFP-

tagged G3BP1 deletion constructs, with mRNA detected using an oligo-dT-(Cy5) 

probe. Scale bar: 20 µm 
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We evaluated the impact of Caprin1 in the recruitment of different G3BP1 

constructs to SGs. For that, we set up an add-back experiment, in which, firstly, 

we designed a small interfering RNA that corresponds to the 3`UTR sequence of 

G3BP1 mRNA and silenced endogenous G3BP1. Next, we overexpressed G3BP1 

constructs and either Caprin1-GFP or GFP-tag in G3BP1-silenced cells, induced 

oxidative stress using sodium arsenite (Figure 3.25). We compared such 

parameters as enrichment of G3BP1 constructs, enrichment of Caprin1, and 

average mRNA accumulation in all SGs per cell for G3BP1-silenced cells versus 

cells treated with negative control si-RNA. 

 a b 

Figure 3.25. Addback of G3BP1 deletion constructs to HeLa cells with 

endogenous G3BP1 depleted and Caprin1 overexpressed. a - Representative 

images of Hela cells with endogenous G3BP1 silenced with siRNA and co-

expressing GFP-tag or GFP-labeled Caprin1 (b) and RFP-labeled G3BP1 deletion 

constructs, subjected to oxidative stress via 300mM sodium arsenite, with mRNA 

tracked via oligo-dT-(Cy5) fluorescent probe. White arrows indicate depositions 

of G3BP1- in the nucleus. Scale bar: 20 µm 



104 
 

 

 

If we look at G3BP1 constructs` pattern of enrichment in SGs (Figure 3.25, 

a), we observe that in arsenite-stressed cells, G3BP1 constructs accumulate in SGs 

in a fashion mostly similar to non-stressed conditions observed in Figure 3.24. 

a b 

Figure 3.26. Depletion of endogenous G3BP1 negatively influences 

Caprin1 recruitment to SGs in stress conditions. G3BP1 FL and G3BP1-

IDR2 rescue Caprin1 recruitment to SGs, while G3BP1-C and -N are 

unable to do so. a - Overexpressed Caprin1 is accumulated the most in cells co-

transfected with G3BP1 FL. Silencing of G3BP1 leads to a decrease in Caprin1 

enrichment in SGs, but is rescued by G3BP1 FL and partially by G3BP1-IDR2. 

Each dot represents data for the mean enrichment value for all cells in the well 

(see Materials and Methods for details) *p < 0.05, ***p < 0.001, paired t-test, n.s., 

non-significant. b - Overexpressed Caprin1 improves G3BP1 FL and -IDR2 

recruitment to SGs but does not affect -C or - recruitment to SGs. Each dot 

represents data for mean enrichment value for all cells in the well (see Materials 

and methods for details), ***p < 0.001, paired t-test, n.s., non-significant 
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G3BP1 FL was the highest recruited protein, with no significant difference in 

recruitment between si-NEG and si-G3BP1 conditions. G3BP1-C was unable to 

accumulate in SGs due to its inability to bind RNA and G3BP1-N recruitment 

in SGs is also strongly affected, with a slight decrease for cells treated with si-

G3BP1. G3BP1-IDR2 accumulation in SGs is similar to full-length G3BP1, 

especially in the siG3BP1 context. Interestingly, regardless of Caprin1 or GFP-

tag co-expression, in si-G3BP1 conditions, G3BP1-IDR2 enrichment in SGs 

was higher in si-G3BP1 conditions than in si-NEG conditions. This indicates that 

if endogenous G3BP1 is depleted (Figure 2.2), G3BP1-IDR2 is abundant in SGs, 

but if endogenous G3BP1 expression level is not modified, it takes priority on SG 

entry over G3BP1-IDR2, likely due to the latter having low mixing ability with 

G3BP1 FL (Figure 3.23, b). Looking at the pattern of Caprin1 recruitment to SGs 

(Figure 3.26, b), the highest enrichment was achieved in cells that co-expressed 

Caprin1 and G3BP1 FL, with no difference between si-NEG and si-G3BP1 

conditions. Since G3BP1-C was unable to enter SGs, this construct had no 

influence on Caprin1 enrichment in SGs. Consequently, we observe a decrease in 

Caprin1 enrichment in si-G3BP1 conditions. In the case of Caprin1 co-expression 

with G3BP1-N, we observe a sharp drop in Caprin1 enrichment in si-G3BP1 

conditions. While G3BP1-N can enter SGs, it fails to rescue Caprin1 recruitment 

to SGs due to a lack of the NTF2-L domain. As for co-expression with G3BP1-

IDR2, Caprin1 recruitment is comparable to that of co-expression with full-

length G3BP1, and the similar mixing ability between Caprin1 and G3BP1 FL or 

-IDR2 may explain that. Additionally, if Caprin1 is co-expressed with either 

G3BP1 FL or G3BP1-IDR2, the enrichment of all three proteins in SGs is 

overall improved, which coincides with our previous observations (Figure 3.9, 

Figure 3.10, a) that G3BP1 and Caprin1 form large condensates whenever they 

can interact with each other and mRNA. 
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Cells treated with si-NEG a 

Cells treated with si-G3BP1 

Figure 3.27. Overexpression of Caprin1 improves total mRNA 

enrichment in SGs under conditions of oxidative stress for full-length 

G3BP1. a,b - Violin plots showing mean per-cell total mRNA enrichment in SGs 

in HeLa cells co-expressing GFP or Caprin1-GFP with RFP-tagged G3BP1 

deletion constructs under control siRNA (a) or G3BP1 3′UTR siRNA (b) 

conditions. Caprin1 increased mRNA enrichment in SGs formed by full-length 

G3BP1, whereas G3BP1-ΔIDR2 showed only partial rescue, and G3BP1-ΔC/ΔN 

failed to restore mRNA enrichment. Each violin represents cells from one well; 

each condition was analyzed in triplicate. n indicates the number of analyzed 

cells. *p < 0.05, ***p < 0.001, paired t-test; n.s., non-significant 

b 
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Concurrently with the measurement of protein enrichment in SGs, we 

analyzed total mRNA enrichment in SGs (Figure 3.27). This parameter is obtained 

by multiplying the mean value of the total area of all SGs per cell by the 

enrichment (the fluorescence in SGs divided by the fluorescence in cytoplasm) of 

the oligo-dT-(Cy5) fluorescent probe we used to detect mRNA. Such an approach 

allows us to measure the overall amount of mRNA in SGs in stress conditions and 

determine the impact of Caprin1 overexpression on mRNA recruitment to stress 

granules. Compared to cells treated with si-NEG (Figure 3.27, a), stress granules 

in cells treated with si-G3BP1 (Figure 3.27, b) accumulate less mRNA overall, 

which displays G3BP1's importance for mRNA recruitment to SGs. Addback of 

G3BP1 FL facilitated the highest recruitment of mRNA to SGs. This aligns with 

results obtained in Figures 3.4 and 3.6, a, where Caprin1 improves mRNA 

recruitment of full-length G3BP1 both on microtubules and in SGs. G3BP1-C 

and -N constructs failed both to improve mRNA recruitment to SGs in cells 

treated with si-NEG and rescue mRNA recruitment to SGs in cells treated with 

si-G3BP1. Co-expression of Caprin1 with these 2 constructs did not affect 

recruitment to SGs for both G3BP1-C and -N as well as mRNA.  

Cells with overexpressed G3BP1-IDR2 construct accumulated the second 

largest amount of mRNA, with silencing of G3BP1 having minimal effect on SG 

assembly. While G3BP1-IDR2 can’t bind mRNA (Figures 3.14, 3.20, b), its 

recruitment to SGs is rescued by Caprin1 overexpression, since the recruitment of 

G3BP1-IDR2 improved in cells with co-expressed Caprin1 compared to cells 

with co-expressed GFP tag (Figure 3.26, b). 
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CHAPTER 4 

 

ANALYSIS AND SUMMARY OF THE OBTAINED RESULTS 

 

 G3BP1 is a central protein in the formation of stress granules – cytoplasmic 

RNP granules that emerge as a response to cellular stress. While not the only 

protein activating SG assembly, the G3BP family of proteins is considered 

irreplaceable for this process, as double G3BP1/G3BP2 knockout cells failed to 

assemble SGs under stress conditions (3). LLPS is the main driving force behind 

the SG assembly process, in which weak transient interactions between RBPs and 

RNAs facilitate condensation in a concentration-dependent manner. As a result, 

SGs are a complicated network with hundreds of RNA and protein components 

orchestrating the fate of mRNA in adverse conditions. G3BP1 possesses several 

characteristics, which makes it a versatile player in the maintenance of RNA in 

the cytoplasm, be that in stress conditions or outside them (Chapter 1.2.3). 

Namely, apart from structured domains like NTF2-L and RRM, G3BP1 possesses 

intrinsically disordered regions, which have a propensity for self-adhesion or 

weak interactions with RNA or proteins due to positively or negatively charged 

AA stretches, respectively (Chapter 1.2.2). The flexibility conferred by IDRs lies 

at the core of the G3BP1 SG-assembling role. In non-stressed conditions, 

negatively charged IDR1 and positively charged IDR3 interact with each other, 

granting G3BP1 a closed conformation, with IDR2 acting as a spacer. Due to the 

release of mRNA from polysomes during stress, the influx of negatively charged 

mRNA outcompetes IDR1, and, in combination with post-translational 

modifications in IDR2, G3BP1 adopts an open conformation, in which the C-

terminus of G3BP1 binds mRNA, and the formation of SGs occurs (3). Detailed 

analysis of the RNA binding of G3BP1 shows that it is conducted mostly through 

RRM, and a wide variety of RNAs are targeted without the strict consensus 

sequences required for binding. The particular affinity for long single-stranded 
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RNAs is essential for G3BP1, as in conditions of cellular stress, the cytoplasm is 

overflown with mRNAs stalled in translation, and the G3BP1 SG assembly role 

requires RNA binding in order to facilitate conformational change, as highlighted 

in (Chapter 2.3.2). In the conditions of global translational arrest and release of 

mRNAs from polysomes, enhanced mRNA binding capacity is needed to 

outcompete numerous cytoplasmic RBPs. Such additional mRNA binding 

capability can come from protein-protein interactions that create suitable RNA 

binding interfaces to handle the influx of mRNA following their release from 

polysomes. The importance of RNA binding for G3BP1-mediated stress granule 

assembly is further supported by overexpression experiments, in which full-length 

G3BP1 was able to induce SG assembly in the absence of a stressor, while 

G3BP1-C or -N constructs failed to do so (Figure 3.25). At the same time, in 

cells subjected to sodium arsenite stress, the G3BP1-N construct was able to 

enter pre-existing SGs. Since this construct retains RNA-binding capability, it 

may be recruited to pre-existing stress granules together with endogenous G3BP1-

associated mRNA targets (Figure 3.25).  

 Caprin1 represents a major interaction partner of G3BP1 in SGs, in 

particular through the G3BP1-Caprin1-USP10 mechanism described in (Chapter 

3.2). Caprin1 is an RBP itself, although hosting only an RGG box at the C-

terminus but not structured RNA-binding domains, but also an intrinsically 

disordered protein with a large portion of amino acids on the C-terminus being 

aromatic amino acids – prominent drivers of LLPS (127). While G3BP1-Caprin1 

interaction in SGs has been known for a long time (78), using high-throughput 

screening, we show that G3BP1 has a particular affinity for Caprin1 as opposed 

to other cytoplasmic RBPs, and the impact of G3BP1 loss in SGs is reflected on 

Caprin1 the most (Figure 3.3). As for RNA binding, Caprin1 and G3BP1 show 

cooperativity in binding c-myc mRNA (23). Here, we show that overexpression 

of Caprin1 increases mRNA uptake in G3BP1-rich condensates (Figures 3.3, 

3.27). On the interaction level, we confirmed that both proteins are able to bind 
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nucleic acids without. Furthermore, we observed the cooperative effect of the 

G3BP1-Caprin1 mix in nucleic acid binding compared to both proteins alone as 

well as large aggregates that are unable to enter the gel in EMSA experiments 

(Figures 3.7, 3.8, and 3.9). We showed the formation of G3BP1 and Caprin1 

assemblies with mRNA targets on the nanomolecular scale and observed the 

formation of much bigger aggregates if the proteins are mixed together (Figure 

3.10). Overexpression of Caprin1 leads to an increased amount of mRNA 

recruited to G3BP1 bound to microtubules in MT bench experiments (Figure 3.6). 

The RNA-binding ability of G3BP1 is extremely important to enable this effect, 

as the G3BP1 construct with the C-terminus removed was able to bind Caprin1 

but failed to achieve any significant level of mRNA binding even when Caprin1 

was overexpressed (Figures 3.14, 3.18, B). With the N-terminus absent, the 

interaction of G3BP1 with Caprin1 was abolished, but the RNA-binding ability 

of the C-terminus of G3BP1 persisted. Caprin1 appears to have limited mRNA-

binding ability in vivo: when used as a bait to attract mRNA, the level of 

interaction is weak and improves only when full-length G3BP1 is overexpressed 

(Figure 3.18). 

Analysis of G3BP1 domain organization demonstrated that, if G3BP1 is 

divided into functional parts, that being dimerization and protein interaction 

NTF2-L domain, central IDRs, and RNA-binding tandem of RRM and RGG-box, 

it appears that none of them are essential for SG formation. Remarkably, if any or 

all of these parts are substituted for domains with similar properties, SG assembly 

still occurs in G3BP1/2 KO cells, albeit with a likely very different composition 

of the condensates (3). These observations suggest that what matters for G3BP1-

driven condensate formation is not only the properties of individual domains but 

also the organization and N-terminus to C-terminus position of each individual 

domain.  

Analysis of protein compartmentalization using the MT bench approach 

can demonstrate the ability of proteins to form separate compartments. This is 
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achieved by binding proteins under scrutiny to microtubules via MBD and 

observing the potential for homotypic or heterotypic interactions (Figure 2.2). 

Since both G3BP1 and Caprin1 have the ability to undergo LLPS with specific 

biologically important intent, it is important to understand if there are any caveats 

in the compartmentalization of G3BP1 and Caprin1. We show that loss of the C-

terminus or N-terminus of G3BP1 is detrimental to both homotypic interaction of 

G3BP1 (Figure 3.21) and heterotypic interactions with Caprin1 (Figure 3.22). 

Moreover, the structural integrity of G3BP1 appears to be more important than 

the integrity of binding sites, as the introduction of point mutations in the NTF2-

L domain of G3BP1 and GIM of Caprin1, respectively, failed to disrupt the 

compartmentalization in the same way as the introduced deletions were able to do 

(Figure 3.23).  

  The G3BP1-IDR2 construct case is a prime example of structural integrity 

being a key factor for G3BP1 functionality in SGs. As mentioned before, the 

regulation of G3BP1 conformation relies on the interplay between 3 IDRs. 

G3BP1-IDR2 maintains the capability to recruit Caprin1 as well as the ability to 

form heterotypic interactions when confined to microtubules, comparable to full-

length G3BP1. However, despite both RRM and RGG-box RNA-binding 

domains being present, this construct fails to recruit mRNA in vivo (Figure 3.14A, 

3.18) as well as in vitro, where the ability of G3BP1-IDR2 to decrease the 

electrophoretic mobility of nucleic acids was strongly reduced (Figure 3.16). This 

defect appears to compromise the role of G3BP1 in stress granule assembly, as 

G3BP1-IDR2, like -C and -N constructs of G3BP1, failed to induce SG 

assembly in the absence of stressor, but can still enter pre-existing SGs (Figure 

3.24), which coincides with G3BP1-IDR2's inability to assemble SGs in 

G3BP1/2 KO cells (3). Nevertheless, in the case of sodium arsenite-induced 

stress, G3BP1-IDR2 was able to enter SGs, and Caprin1 overexpression only 

increased its recruitment to condensates, which, however, was not enough to 
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achieve the level of mRNA enrichment in SGs observed with both full-length 

G3BP1 and Caprin1 co-overexpressed (Figures 3.26, 3.27). The obtained results 

may indicate that deletion of IDR2 alters the conformational organization of 

G3BP1 and disrupts its ability to undergo conformational transitions required for 

efficient RNA binding. It may be assumed that the removal of flexible IDR2, 

forces negatively charged IDR1 and RRM into closer proximity, and as a result, 

RRM is no longer able to bind RNA targets, while G3BP1 retains some affinity 

for RNA binding through positively charged IDR3. 

In summary, the obtained results expand current understanding of the 

functional relationship between G3BP1 and Caprin1 during stress granule 

assembly. The data demonstrate that efficient mRNA recruitment to stress 

granules depends on cooperative interactions between G3BP1 and Caprin1, while 

direct RNA binding by G3BP1 remains indispensable for this process. 

Furthermore, the results indicate that preservation of G3BP1 structural integrity 

is essential for proper RNA recruitment and stress granule formation (Figure 4.1). 

G3BP1-IDR2 retains the ability to bind Caprin1 and enter stress granules, 

which results in Caprin1 recruitment to SGs being rescued by overexpression of 

G3BP1-IDR2. At the same time, this construct loses nearly all RNA-binding 

potential both in vivo and in vitro, regardless of Caprin1 overexpression. Based 

on the obtained results, a model may be proposed in which G3BP1 lacking IDR2 

is misfolded, cannot undergo conformational change, and adopts a closed 

conformation. Consequently, despite both RRM and IDR3 hosting RGG-box still 

present, only IDR3 RNA binding is available for interaction, and as such, the 

ability to bind Caprin1 is largely unaffected. 
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Figure 4.1. Caprin1 enhances the mRNA recruitment of G3BP1 and 

promotes the formation of larger G3BP1-mRNA-enriched aggregates. Red 

arrows indicate the decrease in the LLPS threshold of G3BP1 in the case of 

Caprin1 presence in the system 
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CONCLUSIONS  

 

In the present work, we investigated the interplay between G3BP1 and 

Caprin1 proteins both in vivo and in vitro, and characterized their roles in mRNA 

binding and recruitment to stress granules. It was established that Caprin1 

functions as a regulatory interaction partner of G3BP1 and enhances the ability of 

G3BP1 to recruit mRNA in both cellular and in vitro conditions. It was 

demonstrated that efficient mRNA binding and accumulation within stress 

granules depend on the integrity of G3BP1 functional domains and on the ability 

of G3BP1 to simultaneously interact with both Caprin1 and mRNA. Furthermore, 

the G3BP1-Caprin1 complex was shown to promote the formation of functionally 

active ribonucleoprotein condensates and to influence the composition and RNA 

enrichment of stress granules, thereby expanding current understanding of the 

molecular mechanisms regulating stress granule assembly and the cooperative 

interactions of RNA-binding proteins during liquid–liquid phase separation. 

 

  1. The interaction between G3BP1 and Caprin1 in the cellular environment 

was characterized and compared with interactions between G3BP1 and stress 

granule-associated RNA-binding proteins containing diverse RNA-binding 

domains. It was demonstrated that G3BP1 forms a particularly strong and 

functionally prominent interaction with Caprin1 compared to other tested 

cytoplasmic RNA-binding proteins, confirming the specific role of the G3BP1–

Caprin1 complex in stress granule-associated processes.  

2. The dependency between the level of G3BP1 in stress granules and the 

recruitment of partner proteins and mRNA was analyzed. It was established that 

depletion of G3BP1 significantly impairs recruitment of Caprin1 to stress 

granules and reduces mRNA accumulation within stress granules. At the same 

time, recruitment of additional stress granule-associated proteins, including 
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YBX1 and G3BP2, was dependent on the presence of functional G3BP1, 

demonstrating the central role of G3BP1 in organizing stress granule composition.  

3. The RNA-binding properties of the G3BP1-Caprin1 complex were 

characterized both in vivo and in vitro. It was shown that co-expression of Caprin1 

enhances mRNA recruitment to G3BP1-containing condensates in cells. In vitro 

experiments using electrophoretic mobility shift assay and atomic force 

microscopy demonstrated the formation of larger protein–RNA assemblies in the 

presence of both G3BP1 and Caprin1 compared to individual proteins, indicating 

cooperative RNA-binding activity of the complex.  

4. The roles of individual G3BP1 functional domains in mRNA binding 

and interaction with Caprin1 were determined. It was established that both N-

terminal and C-terminal regions of G3BP1 are required for efficient interaction 

with Caprin1 and for mRNA recruitment. Deletion of these regions impaired both 

stress granule assembly and RNA recruitment. In addition, the IDR2 region was 

shown to be important for maintaining the RNA-binding functionality of G3BP1, 

since the G3BP1-ΔIDR2 construct displayed strongly impaired mRNA-binding 

capacity despite retaining partial interaction with Caprin1 and localization to 

stress granules.  

5. The role of the G3BP1-Caprin1 complex in mRNA recruitment to stress 

granules was evaluated. It was demonstrated that Caprin1 alone is insufficient to 

mediate efficient mRNA recruitment in the absence of functional G3BP1. 

Enhanced recruitment of mRNA to stress granules occurred only in the presence 

of full-length G3BP1 capable of both RNA binding and interaction with Caprin1. 

These findings indicate that Caprin1 functions as a regulatory co-factor that 

enhances G3BP1-mediated mRNA recruitment and contributes to the formation 

of functionally active stress granule ribonucleoprotein condensates.  

6. The obtained results expand current understanding of molecular 

mechanisms regulating stress granule assembly and RNA recruitment. The study 

demonstrated that cooperative interaction between G3BP1 and Caprin1 



116 
 

contributes to the formation of RNA-enriched condensates and supports the model 

in which RNA binding and multivalent protein interactions collectively regulate 

stress granule assembly through liquid-liquid phase separation.  

7. The results obtained in this work may serve as a basis for further studies 

of stress granule dysfunction in neurodegenerative diseases and other pathological 

conditions associated with aberrant aggregation of RNA-binding proteins, since 

both G3BP1 and Caprin1 participate in neuronal ribonucleoprotein granules and 

stress granule-associated pathological processes. 
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