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Abstract 

 As an RNA-binding protein, G3BP1 forms ribonuclear protein complexes with free 

mRNAs and proteins that leads to their separation from solution into biomolecular condensates. 

As a condensate, these species are removed from the processes of the cell thereby regulating 

transcription and metabolism which makes G3BP1 a compelling protein to study. In this paper, 

the foundation for producing isolated, in vitro G3BP1 is investigated for future spectroscopic and 

biochemical studies. Specifically, the human protein’s sequence was inserted into an E. coli 

plasmid designed for heterologous expression and immobilized metal affinity purification. 

Afterward, the affinity tag was cleaved, and the protein was isolated from other contaminants as 

verified by SDS-PAGE. Since the solution pH and concentrations of G3BP1 and sodium chloride 

conflicted with those of spectroscopic studies, additional tests were conducted to uncover the 

favorable conditions. Optimization of the expression, purification, and cleavage of the affinity 

tag of G3BP1 was successful in isolating and producing large enough quantities of the full-length 

and intact protein for further experiments but maintaining the viable protein in buffers amenable 

to solution state NMR proved challenging.  
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1. Introduction 

 RNA binding proteins (RBPs) in membrane-less organelles have garnered increasing 

curiosity and research efforts according to their importance in processes affecting DNA damage 

repair, stress granule (SG) formation and link to pathology in ALS.1 This project aims to provide 

structural information about the RBP protein G3BP1 and its interactions by establishing a 

standard method that allows for future experiments involving its role in biomolecular 

condensates. Specifically, the project will identify optimal conditions for expression of the 

human protein heterologously in E. coli, establish multiple purification and analytical techniques 

for the protein, and test protein stability in several in vitro conditions. In doing so, the protein 

will be ready for structural characterization by NMR to elucidate how its conformational 

flexibility relates to its function in the context of various cellular systems. 

1.1   Intrinsically Disordered Proteins 

 Proteins containing intrinsically disordered regions (IDR) make up over one half of 

known species of RNA chaperones, and one third of protein chaperones, while 44% of human 

protein-coding genes contain segments of greater than 30 amino acids in length predicted to be 

disordered.2–5 It was initially thought that intrinsically disordered proteins (IDP) served only as 

linkers between structured proteins, but recent research is finding that these species impart 

cellular activities using multiple conformations or without well-defined conformations that 

challenge traditional structure/function ideology (Figure 1). Moreover, changes to their primary 

sequence via residue mutations that impact the region’s fluidity are implicit in disease. A more 

detailed understanding of the possible conformations they sample and the role of these 

conformations in biological processes can lead to observable biomarkers that can be utilized to 

inform further treatments in targeted therapeutics. The current understanding of the 
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characterization of these IDRs is lacking, which provides opportunity to address this gap in 

knowledge. 

Proteins containing IDRs have been difficult to visualize with typical biochemical 

techniques such as X-ray crystallography or cryogenic electron microscopy (cryo-EM) that 

require samples with well-defined shapes to produce measurements with high resolution. In 

particular, the variable conformational states of IDRs that exhibit dynamic interactions with 

ordered protein domains of globular proteins make structural characterizations difficult to obtain. 

Many proteins with IDRs have had their ordered domains structurally characterized, but analysis 

of the disordered regions resorts to tools such as AlphaFold that predict the three-dimensional 

structure that a protein will adopt based solely on its amino acid sequence. These tools decrease 

in the confidence of assigning residue coordinates within the folded protein as the regions 

become less structurally defined where confidence in the residue locations is completely lost for 

disordered regions. With the use of solution state NMR experiments, these IDRs can have the 

amino acid residue locations of their backbones assigned with respect to other residues within the 

disordered conformations. Using this information, binding studies such as inter and intra-protein 

interactions and post-translational modifications such as phosphorylation can be described more 

accurately.  
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Figure 1. Classifications of IDRs according to their interactions. A) describes the ability of IDRs to bind to multiple partners 
during post-translational modification to facilitate distinct interactions between enzymes. B) shows the motifs within the IDRs 
that allow recruitment of different binding partners to increase their proximity. C) illustrates the conformational plasticity IDRs 
permitting their infidelity among globular protein binding sites. Figure reproduced from van der Lee et al. 2014  

1.1.1 RNA-Binding Proteins 

 RNA-binding proteins (RBPs) are sometimes identified by well-structured RNA binding 

domains; however, IDRs have shown an affinity to bind to RNA without these conventional 

motifs. RBPs bind to RNA to form ribonuclear protein complexes (RNPs) that are primarily 

involved in gene expression. The dynamic composition of the RNP is directed  by cellular needs 

dictated by the metabolic state of the cell such as controlling RNA decay and translation.6 RBPs 

regulate many parts of RNA activity, including transcription, splicing, modification, intracellular 

movements, translation, and decay.7 For example, the binding of RBPs to mRNA modulates 

available surface area which functions to regulate transcription.8 

1.1.2 Biomolecular Condensates – Characterization and Attributes 

 Membrane-less organelles, or biomolecular condensates, are chemical enclosures in 

eukaryotic cells, like traditional organelles such as the endoplasmic reticulum, but lack external 

membranes. These organelles concentrate proteins and nucleic acids to drive diverse processes 
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such as RNA metabolism, DNA damage response and signal transduction. Complex biological 

reactions are accelerated or minimized in eukaryotic cells due to compartmentalization that can 

raise or spatially separate the local concentrations of metabolites and drive the direction of 

equilibrium. Organelles accomplish this feat with lipid bilayer membranes that sequester the 

components, and their presence is regulated through specialized membrane transport systems. 

Membrane-less RNP granules are biomolecular condensates that manifest when the RNPs are 

tasked with affecting the rate and direction of RNA metabolism within the cell. These granules 

exhibit a liquid-liquid phase separation (LLPS) which is brought about by localized condensation 

of proteins and nucleic acids. Granule formation is thought to be initiated by IDRs and has been 

observed in Cajal bodies, P bodies and stress granules (SGs).9 

The research on P granules exposed the physical processes that underlie the formation of 

membrane-less enclosures of biomolecules. P granules were shown to be liquid-like droplets 

exhibiting LLPS properties that localize and condense proteins and nucleic acids into a dense 

phase through favorable entropic interactions.10 Factors such as the concentration of 

biomolecular species and their identities along with environmental variables such as salt type 

(kosmotropic vs. chaotropic) and concentration, pH, and temperature can affect the condensation 

or dissolution of the liquid-like droplets.11 The P bodies can fuse with one another, or dissolve 

into their original components, and allow proteins to mobilize within them or exchange with 

external species. Interactions between free metabolic partners such as RNAs and RBPs modulate 

the induction of LLPS due to increases or decreases in relative concentrations, multivalency, 

binding affinity, or solubility (Figure 2). At a critical concentration, the solubility limit of the 

metabolic partners is reached, and phase separation occurs. LLPS happens when multivalent 

components are brought together, and their translational entropy is reduced. However, the 
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conformational diversity of the macromolecule increases and is what drives assembly that, in 

turn, increases local concentrations beyond the solubility limit forcing the species to condense.12 

 

Figure 2: Phase diagram illustrating the modes of condensate formation between modules A and B arising from three functions: 
A) Increasing the concentration of A causes phase separation. B) Increasing the affinity or multivalency of A or B causes a phase 
separation (arrow) without changing the concentration. C) Decreasing the solubility of A enables condensation to occur with a 
fixed concentration. This figure was reproduced from Banani 2017 

 IDRs and low complexity domains promote phase separation due to their inherent 

multivalency and weak binding interactions. For example, repeating glutamine residues form 

collapsed structures in aqueous media due to the proximity of the polar moieties. These short-

lived interactions are consistent with the dynamic behavior of LLPS and are involved in the 

formation of biomolecular condensates.  

1.1.3 Stress Granules and Disease  

Eukaryotic cells are exposed to a bevy of environmental stressors such as oxidative 

conditions, heat, hyperosmolarity, or UV irradiation and have a variety of methods to maintain 

homeostasis. Specific levels of metabolic precursors can lead to correct function within the 

cellular processes whereas an improper balance can overload the system meant to take care of 

the stress – leading to adverse effects. In response to stressors, the factors responsible for 

maintaining homeostasis can lead to recognizable and controllable effects such as post-

translation or epigenetic modifications or the death of the cell, or apoptosis. Factors such as the 

upregulation of genes that move the equilibrium of metabolism forward can mitigate the effects 

of environmental stress, but only within the capabilities of the cell’s regulatory capabilities. At 
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the point where the stress responses cannot keep up, damage manifests in a multitude of ways. 

When the stress or damage crosses the threshold of the capabilities of cell regulation, they lead to 

dysfunctional cell activity and apoptosis or senescence. Before the irreversible stages of 

apoptosis and senescence, there exist other forms of reversible regulation that can save the cell 

during periods of prolonged stress and inadequate shifts in equilibrium. These include systemic 

alterations such as changes to transcriptional activity through the physical formation of SGs.  

SGs are membraneless organelles containing cellular metabolites that function to 

sequester important players in the cell cycle like proteins and free mRNA for the effect of 

slowing down the normal metabolic processes (like transcription) which can exacerbate the 

effect of cell stress if left unchecked. The main components of SGs are translation initiation 

factors, small ribosomal subunits, and a multitude of RNPs. When working appropriately, these 

SGs have been shown to form in cells introduced to heat shock by raising the temperature, and 

oxidative stress by adding sodium arsenite to cell culture media. The SGs are formed through 

reversible phase separation driven by RBPs that help sequester the ribosomal RNA, mRNA, and 

regulatory proteins to slow down protein synthesis in response to environmental stressors. For 

example, viral translation can be resisted by isolating the free mRNA into SGs during an 

infection, and post-translational modifications can be increased by the proximity of the requisite 

enzymes to their substrates.  

1.1.4 Human Ras GTPase-Activating Protein-Binding Protein 

Human Ras GTPase-activating protein-binding protein (G3BP) binds to the SH3 domain 

of the Ras-GTPase activating protein.13 The G3BP family contains three homologous proteins 

G3BP1 and G3BP2(a/b), which are encoded by distinct genes.14 Although the molecular 

conformation of G3BP proteins have not been modeled entirely, the amino acid sequence of 
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G3BP1 has produced insight on its characteristics as an RBP within the context of its multiple 

binding partners. The structure of the protein has unique qualities that are essential to the 

formation of RNP complexes such as an RNA recognition motif (RRM) for RNA binding and an 

arginine rich region that has shown to perform as stickers in enable physical crosslinking.15 Past 

studies have linked G3BP1 to the formation and activity of SGs, where the phosphorylation of 

key residues within its central domain determines the fate of SG formation.16,17  

 

Figure 3: Highlighted G3BP1 full length amino acid sequence: nuclear transport factor 2 – like domain in green, intrinsically 
disordered region 1 in gold, intrinsically disordered region 2 in blue, RNA-recognition motif in purple and intrinsically 
disordered region 3 in red 

 

G3BP1 is a 52 kDa protein containing five domains that consist of a nuclear transport 

factor 2-like (NTF2L) domain at the N-terminus followed by two IDRs (one acidic residue-rich 

and the other basic residue-rich), an RRM, and an RG-rich IDR at the C tail (Figure 3). The 

NTF2L domain is associated with nuclear transport and cellular localization and contains a 
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region that encourages dimerization. A rise in free RNA concentration and the interplay between 

the three IDRs influences the LLPS propensity of SG proteins, which is even more fine-tuned by 

phosphorylation within the core structure of G3BP1.16 In addition to its IDRs, there exists 

regions of low complexity such as the RG-rich domain of IDR3 where the presence of multiply 

charged residues close together stimulate phase separation. Like in other RBPs, the RRM gives 

G3BP1 the ability to bind to mRNA to create RNP complexes that regulate processes in the 

cytoplasm using its multi-functional IDRs.  

 The NTF2L domain (residues 1-139) of G3BP1 has been crystalized and its structure 

modeled to an atomic resolution of 1.70 angstroms.18 The remaining regions of the protein have 

only been predicted using Alphafold which is an AI system that predicts a protein’s 3D structure 

from its amino acid sequence that regularly achieves accuracy competitive with experiment for 

proteins with well-defined structures.19,20 Protein regions that have order, such as the NTF2L 

domain, achieve confidence scores above 90% whereas disordered regions correspond to per-

residue confidence scores of less than 70% (Figure 4). These low-confidence regions predict 

primarily random coil structures that are mostly unfolded regions, solvent exposed, and contain 

no identifiable structure which opens the door to experimental structural studies such as solution 

state NMR to identify the proximities of the residues (i.e., local structural order) within the IDRs. 

When the molecular conformations sampled by G3BP1 in specific environmental contexts are 

known, binding studies can be implemented by tracking the changes to the structure after the 

introduction of relevant biomolecules. These changes can be interpreted to highlight the relevant 

amino acid residues with a variety of physiologically relevant binding partners to understand 

disease processes. 
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Figure 4: Predicted structure of Human G3BP1 (Q13283) from Alphafold with model confidence indicated by color: Dark blue = 
>90 %, Light blue = 70 – 90%, Yellow = 50 – 70 %, Orange = <50%  

 

1.2 In Vitro Conditions of G3BP1 System 

 The following sections describe the methods used to obtain pure G3BP1 from the 

recombinant E. coli expression system. The human G3BP1 protein was recombinantly expressed 

in E. coli cells and purified in vitro based on the protocol established by Yang et al.21 Outside of 

the cell, the protein is inherently less stable, and it is necessary to test conditions that will satisfy 

the solubility of the protein in solution during the techniques that are required to isolate it for 

structural studies. Specifically, the growth, expression, multiple purifications, and his-tag 

cleavage reaction with TEV need optimization for future work to establish a standard protocol. 

Additionally, obtaining high resolution solution state NMR data requires conditions that conflict 

with those of biological species including the buffer systems that will need to be tested for 

compatibility which is discussed in section 1.2.6. 

1.2.1 pET11a-NHis-G3BP1 Plasmid and Expression System 
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The pET11a-G3BP1 plasmid was designed in-house using Genscript’s GenSmart plasmid 

design tool with a pET11a vector backbone that was codon-optimized for an E. coli expression 

system (Figure 5). This plasmid was chosen as it conveys ampicillin resistance and has a T7 

promoter system allowing for preferential antibiotic selection and temporal expression control by 

induction with IPTG. The NdeI cloning site was selected for its proximity to the ribosomal 

binding site. In addition to the G3BP1 full length protein, an N-terminal 6x histidine affinity tag 

was implemented for Ni2+ IMAC purification, and a cleavage site corresponding to the TEV 

protease was placed before the fusion protein.  

 

Figure 5: Circular map of pET11a-G3BP1 vector designed from GenSscript’s GenSmart design tool including the ampicillin 
resistance promotor (AmpR), lac-operon repressor that is removed via IPTG induction (lacl), restriction enzyme at the N-terminal 
of the gene (NdeI) and the gene of interest (NHis-G3BP1).  

G3BP1 Plasmid 
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1.2.2 Ni2+-NTA Affinity Chromatography 

Ni2+-NTA affinity chromatography exploits the binding affinity of the imidazole side 

chain of histidine to the open site of the coordination sphere of Ni2+ bound to a nitrilotriacetic 

acid (NTA) chelating agent. Ni2+-NTA resin columns are incubated with cell lysates and their 

components that contain recombinant proteins designed with his-tags to allow the chosen protein 

to bind selectively. After the undesirable species are introduced to the column, increasing 

concentrations of imidazole in the wash and elution buffers introduce competing interactions 

with the resin that displace the imidazole of the his-tag for protein collection. Since the pKa of 

histidine is close to 6, this technique is suitable for systems that are near physiological pH. 

1.2.3 Anion Exchange Chromatography  

Anion exchange chromatography (AEX) is possible when the pH of the protein buffer 

solution differs from the isoelectric point of the protein to be isolated. When the pH is above the 

isoelectric point, the protein has a net negative charge and has an affinity to positive species. 

When bound to a column of positively charged resin, the protein is immobilized while lesser-

charged species interact with less affinity and can be removed during the wash step of 

purification. Removing the protein can be controlled by increasing the concentration of 

negatively charged species such as Cl- ions that have a favorable interaction for the column and 

as the concentration of the Cl- ions increases, the protein of interest is dislodged.  

1.2.4 TEV Protease Affinity Tag Cleavage 

Tobacco Etch Virus protease (TEV) is a 27 kDa 3C-type cysteine protease that can be 

used to remove affinity tags from recombinant proteins.22 As a cysteine protease, TEV works by 

a catalytic triad composed of His46, Asp81, and Cys151 residues. Its substrate binding domain 

recognizes the amino acid sequence ENLYFQG and cleaves the peptide between glutamine and 
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glycine residues. The G3BP1 discussed in this paper was designed with a polyhistidine affinity 

tag to enable its isolation from the cell lysate after it is expressed in E. coli cells. Additionally, 

the pET11a-NHis-G3BP1 vector was designed with the ENLYFQG cleavage sequence preceding 

the full length G3BP1 protein sequence for the ability to study the native protein after TEV 

incubation and removal of the his-tag. TEV is combined with the isolated NHis-G3BP1 to cleave 

the affinity tag so that the studies of the full length, native G3BP1 do not include amino acid 

residues that will alter the protein’s structure and characteristics in solution.  

Enhancement of the native TEV protease has been obtained through specific point 

mutations that prevent self-proteolysis and increase the catalytic activity of the enzyme.23 

Optimal conditions of the TEV mechanism match physiological buffers such as pH and enable 

one TEV enzyme to cleave hundreds of substrates on the timescale of hours. Reverse 

Immobilized Metal Affinity Chromatography (Reverse IMAC) purification succeeding the 

cleavage process enables the G3BP1 protein to flow through the Ni2+-NTA column rather than 

binding if the removal of the his-tag was successful. The TEV supply used in the lab contains an 

affinity his-tag of its own so that reverse IMAC purification of the protein accomplishes the 

result of isolating G3BP1 from its his-tag, uncleaved NHis-G3BP1 species, and the TEV 

protease. Using UV-vis to detect protein absorbance at 280 nm, the presence of protein in the 

flow through indicates successful cleavage of the affinity tag as the protein is unable to bind to 

the nickel column. SDS-PAGE gels also depict the cleavage success with an observable shift in 

location of the protein of interest by the mass difference of the his-tag (~3 kDa).  

1.2.5 Size Exclusion Chromatography 

Rather than chemical interactions, Size Exclusion Chromatography (SEC) relies on the 

physical properties of its resin to separate protein species according to their relative sizes in 
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solution, known as the hydrodynamic radius or Stokes radius. The protein solution is applied to a 

bed of resin with pores of varying size. Larger molecules enter fewer pores due to their larger 

hydrodynamic radius and therefore flow through the column faster. As a result, the larger 

components elute before the smaller ones and biomolecules are effectively separated based on 

their mass differences. 

 Each column has a unique elution volume or retention time for a given protein mass 

leaving the column. Protein standards with known masses are used to match protein size to 

elution times. Using an exponential curve fit to the standards’ masses as a function of their 

elution times, it is possible to determine the size of the unknown sample eluates by comparison. 

However, these values can be distorted by protein structures that differ from globular proteins 

such as ones with intrinsically disordered regions as this increases their Stokes radius and alters 

their retention time within the resin matrix causing an increase in apparent molecular weight. 

When used correctly, and the molecular mass of the species is known, the elution time can 

provide evidence of monomeric or oligomeric structure or of other binding partners in solution 

due to the difference in mass between the protein of interest and its apparent weight. For 

example, if the weight is different by a multiple of the protein’s weight, oligomeric structures 

can be deduced. This feature of SEC provides additional information in addition to increasing 

protein purity. 

1.2.6 NMR Conditions for G3BP1 Samples 

In addition to the signal-to-noise of NMR being proportional to the concentration of a 

particular species in solution, there exist conditions unique to biological samples that can impede 

the execution of accurate experiments such as sample concentration, salt concentration, and pH. 
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For this reason, tests were conducted on the purified G3BP1 protein for the optimal conditions to 

run NMR experiments.  

After isolating G3BP1 from the cell lysate, it was necessary to test the purified G3BP1 in 

low salt conditions more amenable to NMR experiments. NMR relies on radiofrequency (RF) 

pulses to affect nuclear spins that precess at their larmor frequency and induce a measurable 

voltage that describes the chemical environment of the nuclei present in solution. The utility of 

NMR is enhanced by cryogenic probes that increase the sensitivity of these measurements by 

reducing the noise contribution of the receiver coils that detect the responses. Sample 

conductivity decreases this sensitivity enhancement and diminishes the signal-to-noise that is 

gained from near 0 K temperatures of the cryoprobe electronics.24 In biological samples, this 

conductivity is present due to the buffers and salts that are necessary to stabilize the protein from 

aggregation and pH changes. 

Just as importantly, the pH of a biological sample can affect the peak shape and, 

therefore, the sensitivity of the resultant spectrum. This is caused by chemical exchange between 

the protein of interest and its environment. Above its isoelectric point, the protein interacts with 

the chemical environment by rapidly exchanging protons that are undetectable by the NMR 

probe except as an average of the chemical shifts representing the bound and unbound proton 

states, leading to broad lineshapes and reduced peak intensities. At lower pHs this phenomenon 

is lessened which, in turn, results in sharper spectral peak shapes and larger peak intensities that 

are more useful in measuring the chemical shifts of the nuclei in the protein under study.25 To 

increase the chance of obtaining high quality NMR spectra, sample concentration, salt 

concentration, and pH tests were conducted on the purified G3BP1 protein in solution for the 

optimal conditions to run NMR experiments. 
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1.2.7 15N NMR and Isotopic Labeling 

Solution state NMR is a tool that is well-suited for the characterization of the molecular 

conformations sampled by IDRs with atomic resolution owing to their slower relaxation rates 

compared to larger, slower moving, globular biomolecules. Previous groups have produced a 

crystal of NTF2L and modeled the domain structure to an atomic resolution of 1.70 angstroms. 

However, as indicated by the Alphafold predicted structure in Figure 4, the remaining regions of 

the G3BP1 exhibit conformational plasticity, and their intrinsic disorder makes them less 

appropriate for techniques that require static shape. Solution state NMR is therefore an ideal 

technique to characterize the molecular motions and conformations sampled by the IDRs of 

G3BP1.  

Traditional 1H-detected NMR assignment strategies are complicated by IDRs with many 

domains containing tandem repeats of short oligopeptides with near-identical chemical shift 

patterns. Multidimensional experiments such as the 2D 1H-15N Heteronuclear Single Quantum 

Coherence (HSQC), take advantage of the greater chemical shift dispersion for 15N nuclei 

compared with those of 1H resonances and the 2D experiments provide increased resolution by 

spreading the signals out along another chemical shift dimension. Additionally, the HSQC 

experiment exploits the slower transverse relaxation property of 15N nuclei that provide a 

narrower linewidth with a corresponding increase in signal height and sensitivity compared to 

that of 1H and 13C nuclei.26 Except for proline, every amino acid residue within a protein contains 

a backbone primary amine and attached amide proton. In HSQC each amide yields a peak in the 

spectra by producing a correlation between the primary nitrogen and amide proton (Figure 6).27 

This makes it possible to assign backbone resonance peaks to the unstructured regions of the 

protein.  
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Figure 6: Schematic representation of 1H–15N HSQC polarization transfer between amide proton and nitrogen of a generic 
amino acid where the polarization begins at the proton of the amide (HN) and transfers to the nitrogen (N) before it is transferred 
back to the amide proton to record the signal. 

 

 The natural abundance of the isotope 15N is 0.368%.28 The sensitivity of the 1H-15N-

HSQC technique is therefore reduced for the naturally occurring isotope distributions in proteins 

and requires an additional step of expressing the gene of interest in an isotopically enriched 

minimal media. This is accomplished by growing the E. coli cell cultures to high cell densities in 

rich (natural abundance) media, harvesting the cells, washing away the rich media, and 

introducing the cells into a minimal media containing 15NH3 as the sole nitrogen source before 

induction and expression of the protein. Because the labeled ammonia is the only source of 

nitrogen within the media and induction is delayed until after its introduction, the synthesis of the 

protein in the cells uses amino acids enriched with 15N nuclei. Replacing the nitrogen atoms 

within the protein of interest with 15N atoms has the effect of increasing the sensitivity of 15N-

NMR experiments such as 1H-15N-HSQC. 

1.3 Research Goals 
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 The G3BP1 protein is found in SGs that can convert into harmful condensates when the 

metabolic precursors within the cell reach stressful levels and the SG rigidifies, lead to 

pathological fibril formation.1 So far, the structure of the full-length protein has eluded 

spectroscopic techniques aimed at defining the proximities of the intrinsic residues that lead to a 

better understanding of the protein’s secondary and tertiary interactions underlying SG 

formation. When the locations of the interacting residues are known within the structure, binding 

studies can be performed with cellular metabolites such as nucleic acids and proteins and the 

changes to the structure can define biomarkers of harmful interactions that can be diagnosed in 

clinical settings. It is the goal of this research project to establish a protocol to produce and 

isolate the G3BP1 protein in amounts large enough for these biochemical and spectroscopic 

studies. Beginning with the plasmid vector design, an entire step-by-step method needs 

developing whereby the plasmid is grown and expressed in E. coli cells, extracted, and isolated 

from the cell lysate and maintained in vitro with conditions suitable for extended storage and 

subsequent experimental analysis. In addition to isotopic labeling and growth of 15N-enriched 

G3BP1, NMR-relevant condition tests are necessary to conduct since the known buffer 

compositions that keep G3BP1 soluble contrast with those required for NMR experiments. As an 

added benefit of purification protocols using SEC, the quaternary structural state of the G3BP1 

protein in solution will be obtained. Taken together, the work provided in this paper is intended 

to build the foundation for future structural studies that will elucidate a better understanding of 

the protein system that address its context in diseases such as ALS. 

2 Materials 

Solutions were prepared with nanopure water and sterile filtered through 0.22 μm bottle 

top filter units or autoclaved at 121 ℃ for 30 minutes before use.  
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List of Reagents 

Item (Alphabetical) Brand Item # 

Glycerol Fisher BP229-1 

Glycine Fisher BP381-1 

Sodium Chloride Fisher BP358-1 
Pierce™ Protease Inhibitor Mini Tablets, 
EDTA-free Thermo A32955 

Potassium phosphate monobasic Fisher BP362-1 

SDS Pellets Fisher BP8200-500 

Sodium phosphate dibasic heptahydrate Fisher S373-500 

Sodium phosphate monobasic anhydrous Fisher BP329-1 

TEMED Fisher BP150-20 

Tricine Sigma Aldrich T0377-1KG 

Tryptone Fisher BP1421-500 

Yeast Extract Acros 451120010 

Glucose Thermo A168280E 

GeneJET Plasmid Miniprep Kit Thermo K0502 

Acrylamide: Bis-Acrylamide 37.5:1 Fisher BP14101 

Ethanol 
Fisher 
bioreagents BP8202-4 

Imidazole Fisher BP305-50 

Tricine Fisher BP315-100 

Hydrochloric Acid Concentrate Fisher AC423795001 
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Ribonuclease A, bovine pancreas, purified Alfa Aesar J61996-MB 

Deoxyribonuclease I, bovine pancreas Alfa Aesar J62229-MB 
 

Consumables 

Item Brand Item # 

Dialysis tubing (3.5 kDa 
mwco/6.4mL/cm) Fisher 132724 

SEC column protein 
standards Bio Rad 

1511901 

SDS-PAGE Protein Ladder Pageruler unstained protein 
ladder 

26619 

0.22 μm Filter ELGA LC145 

 

Solutions for Protein Work 

Solution Protocol/Contents 

NHis-G3BP1 IMAC 
equilibration buffer 

50 mM HEPES, 250 mM sodium chloride,1 mM DTT, pH 7.5  

Lysis buffer 

0.25 μg/mL R-Lysozyme, 0.1 μg/mL RNase, 0.01 μg/mL 
DNase, and 1% (v/v) Triton X-100 final concentrations and 1 
protease inhibitor tablet/10 mL were added to equilibration 
buffer 

NHis-G3BP1 IMAC wash 
buffer 

25 mM Imidazole final concentration was added to NHis-
G3BP1 IMAC equilibration buffer 

NHis-G3BP1 IMAC elution 500 mM Imidazole final concentration was added to NHis-
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buffer G3BP1 IMAC equilibration buffer 

TEV lysis buffer 
20 mM Tris-HCl, 500 mM sodium chloride, .25 mg/mL R-
Lysozyme at pH 8.0 final concentrations 

TEV equilibration buffer 
20 mM Tris-HCl, 500 mM sodium chloride, and 20 mM 
Imidazole at pH 8.0 final concentrations 

TEV wash buffer TEV Equilibration Buffer with 80 mM Imidazole 

TEV elution buffer TEV Equilibration Buffer with 500 mM Imidazole 

SEC running buffer 50 mM HEPES, 250 mM sodium chloride,1 mM DTT, pH 7.5 

LB media 
10 g tryptone, 5 g yeast extract and 10 g sodium chloride were 
added to 1 L water and autoclaved 

TB media 
20 g tryptone, 24 g yeast extract, 4 mL glycerol, 9.8 g 
Na2HPO4 and 3 g KH2PO4 were added to 1 L water and 
autoclaved 

LB agar plates 50 mL LB Media was supplemented with 1 g Agar 

M9 media 

12.27 g Na2HPO4 · 7H2O, 2.7 g KH2PO4 and 0.5 g sodium 
chloride were added to a final volume of 1 L water at pH 7.2 
and autoclaved. 1.0 g 15NH4Cl, 2 mL 1M MgCl2, 100 μg/mL 
ampicillin, and 100 μL 1M CaCl2 were then mixed with 50 mL 
20% (w/v) glucose and added before use 

4x SDS 
10 mL 0.5 M Tris pH 6.8, 8 mL glycerol, 1.6 g SDS pellets and 
0.04 g Bromophenol Blue were mixed with 1 mL water 

4 % polyacrylamide gel 
600 μL 40% Bis-acrylamide (v/v), 1.5 mL 0.5 M Tris-HCl pH 
6.8, 60 μL 10% SDS (v/v), 30 μL 10% (v/v) APS and 12 μL 
TEMED were added to 3.8 mL water 

10 % polyacrylamide gel 
2.5 mL 40% Bis-acrylamide (v/v), 2.5 mL 1.5 M Tris-HCl pH 
8.8, 100 μL 10% SDS (v/v), 50 μL 10% (v/v) APS and 10 μL 
TEMED were mixed with 4.8 mL water 
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4-10 % gradient 
polyacrylamide gel 

2.5 mL 4% polyacrylamide gel solution was drawn into a 
serological pipette followed by 4 mL of 10% polyacrylamide 
gel solution and mixed by aspirating air with pipette controller  

Fixing solution 100 mL glacial acetic acid and 500 mL methanol mixed with 
400 mL water 

Coomassie stain 
Dissolve 2.5 g of Coomassie Brilliant Blue G-250 in 500 mL 
of methanol and stir for 3 hr. Add 400 mL of water and 100 
mL of glacial acetic acid. Stir for 15 minutes 

Destain solution 70 mL glacial acetic acid and 120 mL methanol mixed with 
810 mL water 

Staining solution 50% Coomassie in Fixing solution (v/v) 

10x Tricine running buffer 1 M Tris-HCl, 1 M tricine and 1% (w/v) SDS in water 

0.2 M Tris-HCl tank buffer 0.2 M Tris-HCl pH 8.8 in water 

 

Purification and Analysis Equipment 

Instrument/Attachment Supplier Product Number 

FPLC – NGC Medium Pressure Liquid 
Chromatography System 

Bio Rad 7880009 

Anion column – UNO Q6 Column Bio Rad 7200003 

Nickel IMAC column – EconoFit 
Profinity IMAC Columns, 5 mL Ni-
charged 

Bio Rad 12009300 

Ni2+-NTA resin – Nuvia IMAC resin Bio Rad 7800802 

SEC column – ENrich SEC 650 10 x 
300 Column 

Bio Rad 7801650 
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PAGE cell – Mini-PROTEAN Tetra 
Vertical 

Bio Rad 1658004 

GeneJET Plasmid Miniprep Kit Thermo Scientific K0502 

 

Cell Lines and Vectors 

Name Host Description Supplier 

BL21(DE3) cells E. coli Ca2+ competent expression 
system 

Prepared in-house 

DH5alpha cells E. coli Ca2+ competent plasmid 
amplification system 

Prepared in-house 

pET11a-G3BP1 E. coli G3BP1 expression vector GenScript 

MBP-HIS-TEV plasmid E. coli Protease system for affinity 
tag removal 

Courtesy of Prof. 
T. A. Cross, 
Florida State 
University 

 

3 Methods 

3.1.1 pET11a-NHis-G3BP1 Plasmid Synthesis 

G3BP1 – expressing constructs (Human Ras GTPase-activating protein-binding protein – 

primary accession Q13283) contained a TEV cleavage site between the N-terminal, 6xHis-tag, 

and fusion protein (MSYYHHHHHHDYDIPTTENLYFQGAMDP). The plasmid was 

constructed from a pET11a vector containing a T7 promoter system and ampicillin resistance 

marker and the gene with N-terminal 6xHis-tag was inserted at the NdeI cloning site. The nucleic 
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acid sequence was codon optimized for an E. coli expression system and ordered from 

Genscript.  

3.1.2 Amplification and Transformation of pET-DH5ɑ-NHis-G3BP1 

The DNA plasmid was delivered as a 4 μg lyophilized powder and resuspended 

according to the manufacturer’s directions. The pET11a-NHis-g3bp1 plasmid was transformed 

into Ca2+-competent DH5ɑ E. coli cells by adding 2 μL of the resuspension and incubating the 

cells for 15 minutes on ice. The mixture was subsequently incubated at 42 °C for 90 seconds and 

then incubated for another 2 minutes on ice. 500 μL of LB media was then added to the mixture 

and placed in a shaker incubator for 30 minutes at 37 °C and 220 rpm for plasmid amplification. 

25 μL and 125 μL aliquots were streaked over two agar plates containing 100 μg/mL ampicillin 

and allowed to incubate at 37 °C overnight. After growth, two colonies (#1 and #2) from either 

plate were selected used to inoculate two separate 12 mL preparations of LB media with 100 

μg/mL ampicillin and grown overnight in a shaker incubator at 37 °C and 220 rpm. Equal parts 

culture and 50 % sterile filtered glycerol were mixed to prepare glycerol stocks of each culture 

the following day, flash-frozen in liquid nitrogen, and storing at −80 °C. 

Purified DNA was extracted from the DH5ɑ E. coli cells using the Thermo Scientific 

GeneJET Plasmid Miniprep Kit and following the manufacturer’s directions. The resultant 

bacterial culture was centrifuged for 10 minutes at 6000 xg and the pellet was resuspended in 

Resuspension Solution. The resuspension was lysed and neutralized before adding to the Thermo 

Scientific GeneJET Spin Column. The column was washed twice before being placed into a new 

microcentrifuge tube where the elution solution was added and the flow through was collected. 

The concentration of the elute was calculated by measuring the A260 and using an average ε260 of 
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50 ng/μl per 1.0 absorbance units. The samples were then diluted to 80 ng/μl and stored at −20 

°C. 

3.1.3 Growth of pET-BL21(DE3)-NHis-G3BP1 

Expression of the NHis-G3BP1 protein used the amplified pET-NHis-G3BP1 plasmid 

and BL21(DE3) Ca2+-competent E. coli cells. Transformation and additional plasmid 

amplification were performed identically to that of the Ca2+-competent DH5ɑ E. coli cells and 

25% glycerol stocks (final concentration) were prepared and frozen at −80 °C. The glycerol 

stock was used for successive growths as described previously. Growth was initiated by using a 

pipette tip to streak a small amount of the BL21(DE3) glycerol stock over LB agar plates 

containing 100 μg/mL ampicillin and incubating overnight at 37 °C. Single colonies were used to 

inoculate 500 mL LB culture containing 100 μg/mL ampicillin and incubated overnight at 37 °C 

without shaking. A volume of the small cultures was then added to 1 L LB cultures containing 

100 μg/mL ampicillin to achieve a A600 of 0.1. The culture was then grown in a shaker incubator 

at 37 °C and 220 rpm.  

3.1.4 Expression of pET-BL21(DE3)-NHis-G3BP1 

Expression of the protein was induced in the large cultures at an A600 of 0.6–0.8 by 

adding IPTG to 0.5 mM. The cultures were grown for an additional 4 hours at 37 °C and 220 

rpm. Every hour samples were removed from the 1 L large cultures to prepare SDS-PAGE 

samples for monitoring the protein expression and the aliquot volumes were calculated by 500 

μL/A600. The culture was pelleted at 14000 xg for 10 minutes, the supernatant discarded, and the 

pellet resuspended in a 100 µL of 1 x SDS sample buffer. The large-scale cultures were 

harvested after 4 hr growth at 37 °C by centrifuging at 6000 xg for 10 minutes at 25 °C. The 

pellets were weighed (~ 2 – 4 g each), flash-frozen in liquid nitrogen, and stored at −80 °C.  
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3.1.5 Growth and Expression of 15N-labeled pET-BL21(DE3)-NHis-G3BP1 

Growth of 15N-labeled pET-BL21(DE3)-NHis-G3BP1 was performed the same as non-

labeled culture, but the LB media was supplemented with 1 % (w/v) glucose in the small and 

large cultures to prevent expression of the protein prior to induction with IPTG. After reaching 

an A600 of 0.8, two 1L cultures were pelleted at 6000 xg for 10 minutes at 25 °C. The pellets 

were resuspended in 1 L M9 media before being placed in a shaker incubator and grown at 37 °C 

and 220 rpm for 30 minutes. Afterwards, 0.5 mM IPTG was used to induce expression of the 

protein. The expression was monitored with SDS-PAGE samples normalized to their respective 

A600 as described in section 3.1.4. After 3 hours of expression, the cultures were pelleted at 6000 

xg for 10 minutes at 25 °C. The pellets were weighed, frozen in liquid nitrogen, and stored at -80 

°C. 

3.1.6 Lysis and IMAC Purification of NHis-G3BP1 from pET-BL21(DE3)-NHis-G3BP1 

Frozen cell pellets were resuspended in 10 mL lysis buffer per gram of pellet and 

sonicated in 50 mL plastic tubes on ice. Sonication was performed twice with settings: Pulse 

Mode, 0.30 seconds on, 3.0 seconds off, 1.0 min Total On, at 30 % power. The sonicated cell 

lysates were pelleted at 30000 xg at 4 °C for 30 minutes. The supernatants were syringe-filtered 

through a 0.22 μm filter unit and loaded onto a 5 mL Ni2+NTA IMAC column equilibrated with 

equilibration buffer and run on a bio rad NGC FPLC. The column was then washed and eluted in 

equilibration buffer with an imidazole gradient starting at 20 mM and ending at 500 mM. Lysate, 

supernatant, flow through, wash, and elution samples were analyzed by SDS-PAGE before 

pooling the elution fractions containing pure NHis-G3BP1 protein. These fractions were dialyzed 

at 4 °C against equilibration buffer to remove the imidazole. After each purification, the IMAC 

column was stripped and recharged according to the manufacturer’s protocol. 
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3.1.7 His-Tag Cleavage by TEV Protease 

A280 measurements were taken of the dialyzed samples and used to assess the 

concentrations according to the extinction coefficient of NHis-G3BP1 at 280 nm (24870 M-1cm-

1). NHis-TEV was added to the dialysis tubing at a 1:50 (TEV:G3BP1) molar ratio and placed in 

fresh dialysis at 4 °C for 48 hours. Samples were taken throughout the cleavage process and 

analyzed with SDS-PAGE (section 3.3) for his-tag-cleavage efficiency.  

3.1.8 Reverse IMAC Purification of G3BP1 

Nickel IMAC resin was added to a gravity column and equilibrated with dialysis 

(equilibration) buffer. The mixture of G3BP1 and TEV were added to the column and stored at 4 

°C for 1 hour before collecting the flow through. The column was washed with wash buffer 

(section 2) equal to the volume of the flow through and collected. The column was then washed 

with elution buffer (section 2) until the A280 reached baseline. The flow through, wash and 

elution elute fractions were analyzed with SDS-PAGE (section 3.3) for identification of the 

purified product, and the his-tag-cleaved G3BP1 fractions were pooled, dialyzed against 

equilibration buffer FOR HOW LONG, and stored at 4 °C for short term use. Quantification of 

the cleaved G3BP1 yield was determined with an A280 extinction coefficient of 18910 M-1cm-1 

that was calculated using the PROTPARAM tool on the ExPASy server.29 

3.1.9 Size Exclusion Analysis of G3BP1 

SEC analyses were performed on the FPLC equipped with SEC 70 and 650 columns 

equilibrated with SEC running buffer and ran at 1.0 mL/min. Purified proteins were concentrated 

using microcentrifuge spin filters to 60 µM in running buffer before 0.22 µm syringe filtering to 

remove any insoluble particulate and loaded onto a 250 μL injection loop on the FPLC. The 

sample was injected on the column by running 1 mL of running buffer through the injection loop 
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to ensure all protein made its way onto the column. For size analysis, elution times of the protein 

were compared to SEC column protein standards that were previously run according to the 

exponential curve fit using Excel (Mass = 501486.3*e(-.65x) +-2.1) where ‘x’ is the retention time. 

3.2.1 Growth and Expression of TEV-T Protease 

Frozen glycerol stock of TEV-T BL21(DE3) cells was streaked over LB agar plates 

containing100 μg/mL ampicillin using a pipette tip and incubated overnight at 37 °C. Single 

colonies were used to inoculate a 500 mL TB media culture containing 100 μg/mL ampicillin 

and incubated quiescently overnight at 37 °C. 100 mL of the overnight cultures were then added 

to 900 mL of the TB media containing 100 μg/mL ampicillin before growing in a shaker 

incubator at 37 °C and 220 rpm to an A600 of 0.6–0.8. The temperature was then reduced to 20 

°C and expression of the TEV induced with 0.5 mM IPTG for 18–20 hours. The final A600 was 

9.0. The cells were spun at 6000 xg for 10 minutes and the pellets were weighed, flash-frozen in 

liquid nitrogen, and stored at −80 °C. Samples were taken during the growth at just before 

harvesting the cells, normalized according to the respective A600, and analyzed with SDS-PAGE. 

3.2.2 Lysis and Purification of TEV-T BL21(DE3) Protease 

Frozen cell pellets were resuspended and sonicated in TEV lysis buffer on ice in a plastic 

50 mL conical tube. Sonication was performed twice with settings: Pulse Mode, 0.30 seconds on, 

3.0 seconds off, 1.0 min Total On, at 30 % power. The sonicated cell pellets were centrifuged at 

75600 xg at 4 °C for 30 minutes. The supernatants were syringe-filtered through a 0.22 μm filter 

unit and loaded onto a Nickel IMAC FPLC column equilibrated with TEV equilibration buffer. 

The column was then washed and eluted with respective TEV buffers (section 2). After 

purification, the IMAC column was stripped and recharged according to the manufacturer’s 

protocol. Lysate, supernatant, flow through, wash and elution samples were analyzed by making 
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SDS-PAGE samples and imaging (section 3.3) before pooling the elution fractions containing 

the pure TEV protein. The purified TEV protein solutions were stored at −80 °C in 250 mM 

sodium chloride, 10 mM Tris-HCl, 250 mM Imidazole, 1 mM EDTA, 5 mM DTT and 50 % 

glycerol (v/v) final concentrations by diluting the sample two-fold with 100 % glycerol. A280 

measurements were taken of the dialyzed samples and used to assess the concentrations 

according to the extinction coefficient of TEV at 280 nm (33710 M-1cm-1). 

3.3 SDS-PAGE  

SDS-PAGE was used to separate proteins according to molecular weight for component 

identification. The electrophoresis apparatus was assembled according to the manufacturer’s 

instructions with the upper reservoir containing 1x tricine running buffer and the lower reservoir 

holding 0.2 M Tris-HCl tank buffer. SDS-PAGE gels were made from 4–10 % polyacrylamide 

gel solution poured between two glass plates and allowed to dry with 15-lane ladder inserts 

before storing at 4 °C. Protein samples were added to 3-fold-diluted 4x SDS (e.g., 10 μL protein 

solution with 20 μL water and 10 μL 4x SDS). Growth and expression samples were normalized 

to A600 = 500 A.U.* (μL of culture), pelleted at 6000 xg for 10 minutes and reconstituted in 1X 

SDS solution. The samples were heated at 90 °C for 10 minutes before centrifuging at 14000 xg 

for 2 minutes to separate any insoluble material. The ladder was added as 5 μL into the lanes 

along with the Sample lanes were loaded with volumes between 5–10 μL and 5 µL of the protein 

ladder added to an additional lane for calibration of the gel. The gel was run at 45 mA until the 

bromophenol blue front reached the bottom of the gel. Afterward, the gels were rinsed with 

water, stained in staining solution for 15 minutes, and destained in destaining solution for up to 

an hour before imaging. 

4 Results and Discussion 
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4.1 pET11a-NHis-G3BP1 Plasmid 

The pET11a-NHis-G3BP1 vector was obtained from GenScript as a lyophilized powder 

that required transformation into two strains of E. coli cells (DH5α and BL21(DE3)) capable of 

plasmid amplification and gene expression, respectively, with the intent of producing enough 

protein for biochemical and spectroscopic studies.  

4.1.1 pET11a-NHis-G3BP1 Plasmid Transformation 

First, the vector was resuspended in water and transformed into Ca2+-competent DH5α E. 

coli cells which can be heat-shocked for plasmid intake and are specialized for high efficiency 

plasmid transformation and amplification. After the cells were grown, the amplified plasmid was 

extracted using the GeneJET Plasmid Miniprep Kit and the amount of DNA was calculated using 

the absorbance at 260 nm where 1.0 A.U. = 50 ng/mL (plasmid from culture #1 = 83 ng/μL and 

plasmid from culture #2 = 89.8 ng/mL). These two samples were Sanger sequenced, and the 

results indicated a match with the desired G3BP1 protein sequence. 

The extracted plasmids were then transformed into Ca2+-competent BL21(DE3) E. coli 

cells which are suitable for high-level T7 expression of recombinant proteins. After 

transformation, the cells were grown to increase the cell density, and glycerol stocks were made 

of the two cultures and stored in 25% glycerol (v/v) as a cryoprotectant at −80℃ for subsequent 

growths and expressions. The BL21(DE3) strain carries the gene for T7 RNA polymerase under 

control of a lacUV5 promoter. This polymerase controls the regulation of gene expression within 

the cell and is turned on with IPTG which is responsible for the expression of the NHis-G3BP1 

protein. Additionally, the strain is engineered without the regulatory, ATP-dependent lon 

protease and outer membrane protease OmpT. These two proteases are responsible for 
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degradation of heterologous proteins expressed in the cells and their removal protects full-length 

NHis-G3BP1 after it is produced.27,28 

4.1.2 Optimization of pET11a-BL21(DE3)-NHis-G3BP1 Expression 

Growth and expression of the pET11a-G3BP1 vector was optimized via small scale 

expression tests that were conducted to determine the most effective length of expression and 

culture temperature for obtaining the highest yield of the protein. Temperature and time 

combinations of 37 ℃ for 2, 4 and 6 hours, and 20 ℃ for 20 hours were assessed and their 

respective SDS-PAGE samples were compared against cultures lacking IPTG (Figure 7). There 

was no observable difference between the two highest yielding temperature and time 

combinations regarding the darkness of their bands. The cultures grown at 37 ℃ for 4 and 6 

hours were the most effective at growing protein so the shorter of the two times was selected for 

future expressions.  
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Figure 7: Expression of NHis-G3BP1 – A is the SDS-PAGE gel of the small-scale expression tests of NHis-G3BP1 where IPTG 
was added to the cultures at 37 ℃ for 2, 4, and 6 hours and 20 ℃ for 20 hours and compared to cultures without IPTG as 
controls. The red arrows are pointing at the band of NHis-G3BP1 near 70 kDa. B is the SDS-PAGE gel of the large-scale 
expression of NHis-G3BP1 at 37 ℃ for 3 hours with samples taken from cultures A and B. 

 
4.1.3 Optimization of pET11a-BL21(DE3)-NHis-G3BP1 IMAC Purification 

The purification of NHis-G3BP1 was developed after the protocol established by Yang et 

al. for in vitro purification of full length G3BP1.18 It was necessary to isolate the protein from the 

E. coli cells where the protein was expressed in order to perform experiments on the structure of 

full length G3BP1. The first purification technique is immobilized metal affinity chromatography 

(IMAC), which is a process that separates proteins designed with a his-tag such as NHis-G3BP1 

from other components of the cell lysate.  

The G3BP1 protein was purified from the cell pellets of the 4- and 6-hour small scale 

expression by loading the supernatant of the lysed cell pellets with Ni2+ NTA resin in 

microcentrifuge tubes and incubating on ice for 15 minutes. After centrifuging for 2 minutes at 

14000 xg, the supernatant was collected. This was followed by adding five separate column 

volumes of wash buffer, centrifuging for 2 minutes at 14000 xg after each addition and collecting 
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the supernatants from the column. An additional five separate column volumes of elution buffer 

were added and centrifuged for 2 minutes each at 14000 xg and collected. The wash and elution 

collections from the column were then analyzed with SDS-PAGE to determine the relative 

presence and purity of G3BP1. Figures 8A and 8B show the band corresponding to NHis-G3BP1 

is most prevalent in the elution fractions near 70 kDa.  

 

Figure 8: SDS-PAGE gels of two IMAC purifications from cell lysates – A shows the results from the purification of the  6 – 
hour small scale expression sample where the red arrow indicates the location of bands corresponding to NHis-G3BP1 
throughout the wash and elution steps. B shows the results from the purification of the 4 – hour small scale expression sample 
where the red arrown indicates the incision location from the gel that was extracted for sequence identification. 

Equipping the protein with a his-tag enabled it to bind to the IMAC resin column and be 

removed with high imidazole concentrations in the elution steps. The ability of the tag to bind to 

the column was evident in the amount of protein found in the elution fractions compared to the 

wash in Figure 8. There was a significant size disparity between the predicted molecular weight 

of NHis-G3BP1 (55 kDa) and the most prevalent band on the gels (70 kDa). Consequently, the 

70 kDa band from the elution 2 sample was extracted from the gel in Figure 8B and analyzed by 

the UC Davis Proteomics Core Facility. Protein identification was obtained by using a digestion 

method for in-gel proteins and analyzed with high resolution mass spectrometry (LC-MS/MS) 
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where it was determined that the identity of the 70 kDa band was G3BP1 (the his-tag was not 

verified since the protein database search does not include affinity tags).29 Furthermore, this 

result was backed by previous studies that observed the G3BP1 protein near 70 kDa in SDS-

PAGE analyses, and the band at 55 kDa was thought to be G3BP1 or another contaminant.18 

4.2 Pellet #1 from Large Scale Expression #1 

pET11a-BL21(DE3)-NHis-G3BP1 was expressed in 1 L of culture according to the 

method from sections 3.1.3 – 3.1.4, and Figure 7B shows the protein was present in the cells 

during expression. The pellet from this expression was used for optimizing the large-scale 

purification protocols that consisted of IMAC and ion exchange purifications to isolate NHis-

G3BP1 from the other species in the lysate followed by his-tag cleavage by the TEV protease. 

  

Figure 9: Chromatogram and SDS-PAGE gel from the IMAC purification of NHis-G3BP1. A is the chromatogram of the IMAC 
purification where the black line is the fraction of imidzole, the red line is the A280 measurement, and the green line is the A260 
measurement as the solution is leaving the Ni2+NTA column. B is the gel of the elution fractions 1 – 5 which were collected in 2 
mL aliquots. In addition to NHis-G3BP1 at 70 kDa (red arrow), multiple bands were present in the eluates at weights above and 
below that correspond to species that are not NHis-G3BP1. 
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4.2.1 Optimization of IMAC Purification of 1 L pET11a-BL21(DE3)-NHis-G3BP1  

The A280 measurement and sequence-predicted molar extinction coefficient were used to 

monitor the protein yield throughout all steps of isolating G3BP1. Using the FPLC, NHis-G3BP1 

was purified from the supernatant of a 4.2 g lysed pellet according to the procedures described in 

section 3.1.6. The supernatant, flow through, wash, and elution fractions were monitored for the 

presence of nucleic acids and protein by measuring the A260 and A280, respectively by UV-vis 

spectrophotometry attached to the FPLC. The protein concentration can be calculated from the 

extinction coefficient at 280 nm and the ratio of A260/A280 indicates the presence of DNA or 

RNA. A ratio greater than 0.6 indicates the presence of at least some DNA or RNA in the 

samples. Since G3BP1 has a nucleic acid binding domain it is important to determine if RNA or 

DNA is bound to the protein so structural or binding studies of G3BP1 study the protein by itself. 

SDS-PAGE denatures the protein and removes RNA from the protein which makes it incapable 

of depicting whether RNA is bound to the protein in solution. However, some nucleic acid 

binding is expected due to the RNA recognition motif within the G3BP1 structure that binds 

RNA.  

Imidazole is used to outcompete the his-tag of the NHis-G3BP1 protein during the 

elution step of IMAC. The elution step of the IMAC purification was achieved by running 500 

mM imidazole through the FPLC in equilibration buffer, and NHis-G3BP1 was recovered from 

the column in 10 mL of total sample. To prevent aggregation of the protein from possible 

concentration-dependent solubility limits, the eluate was diluted twofold in elution buffer before 

further measurements were taken. The 20 mL sample protein concentration was 36.2 μM. 

Additionally, all the fractions from the FPLC were analyzed for the efficiency of the purification 

by SDS-PAGE (Figure 9). There were several bands present in the elution fractions in addition to 
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the ~70 kDa NHis-G3BP1 band after the IMAC purification, therefore it was necessary for 

subsequent purification techniques to isolate the pure protein. 

4.2.2 Optimization of AEX Purification of NHis-G3BP1 

UV-vis can evaluate the presence of nucleic acids (260 nm), protein (280 nm) and light-

scattering particles (350 and 600 nm) throughout the entire purification process at specific 

wavelengths, and SDS-PAGE shows the weights of all species in solution and their relative 

abundance. To evaluate the conditions that allow NHis-G3BP1 to bind to the AEX column 

without disrupting its solubility and structure, tests were run with different sodium chloride 

concentrations in the protein buffer. UV-vis and SDS-PAGE were used to monitor the state of 

the protein solution before and after dialyzing in suitable buffers for AEX and after collecting the 

protein from the affinity ion exchange column.  

The pH remains the same during the purification, but the sodium chloride concentration 

needs to be lowered to allow the protein to bind to the column since Cl- exhibits competitive 

binding. The decrease in salt can lead to aggregation of the large protein molecule since the 

kosmotropic nature of sodium chloride minimizes hydrophobic interactions.30  NHis-G3BP1 has 

a predicted isoelectric point of 5.71 and is stored in equilibration buffer at pH 7.5 which makes it 

a suitable candidate for AEX due to the net negative charged on the protein that can bind to the 

positively charged AEX column. To lower the concentration of sodium chloride, dialysis of the 

protein from the IMAC purification was performed in 20 mM HEPES (pH 7.5) and followed 

with UV-vis measurements to assess the effect on solubility. Table 1 shows the absorbance 

measurements where the values correspond to the presence of RNA (260 nm), protein (280 nm), 

and aggregation (350 and 600 nm) in the solution. In the absence of sodium chloride, the protein 

aggregated as indicated by the increase in A350 and A600 absorbance values, which are attributed 
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to the scattering of light by aggregated or large particles.31 Furthermore, the first sample in 20 

mM HEPES pH 7.5 was found as a large precipitate a day later in the dialysis tubing and 

discarded. A second sample from the IMAC purification was then diluted to reduce the protein-

protein interactions and dialyzed into 20 mM HEPES and 15 mM sodium chloride (pH 7.5) but 

was still found to aggregate in the dialysis tubing. After pelleting the aggregates at 20000 xg for 

20 minutes and removing the supernatant, it was discovered that only 77% of the protein was 

still soluble and most of the aggregate had been removed from the sample (Table 1). 

 

Table 1: The effect of different buffer systems on the absorbance values of NHis-G3BP1 protein in the combined elution 
fractions after IMAC purification – First, the protein solution was dialyzed in the indicated buffer system and the absorbance 
values were measured with UV-vis. The protein solution was then spun at 20000 xg for 20 minutes to pellet any light-scattering 
particles before remeasuring. The wavelengths are selected to evaluate the presence of nucleic acids (260 nm), protein (280 nm) 
and light-scattering particles (350 and 600 nm). 

The dialyzed solution was loaded onto the AEX column that was equilibrated with 20 

mM HEPES and 15 mM sodium chloride at pH 7.5. Samples of 2 mL volumes were collected 

from the column after applying a gradient of sodium chloride from 15 mM – 1 M. Using the UV-

vis detector attached to the FPLC, a 280 nm peak was detected in two 2 mL elution fractions, 

B13 and B14 (Figure 10A). SDS-PAGE results showed bands corresponding to NHis-G3BP1 at 

70 and 55 kDa suggesting the purification was successful in recapturing NHis-G3BP1 and 

reducing some of the contaminants (Figure 10B). However, the purification was not complete as 

there were additional bands at lower molecular weights. 
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Figure 10: Chromatogram and SDS-PAGE gel of AEX purification of NHis-G3BP1 – A is the chromatogram where the black 
line is the sodium chloride gradient, the orange line is the conductivity, and the red line is the A280 measurement showing the 
protein concentration in the solution and the blue line is the A260 trace of nucleic acids leaving the AEX column. B is the SDS-
PAGE gel of samples taken from the 2 mL elution fractions B13 and B14 after AEX purification in duplicate. The red arrow is 
pointing to the band corresponding to NHis-G3BP1 at 70 kDa. More than one band is present which indicates the purification did 
not isolate a singular species. 

 
4.2.3 Optimization of TEV Cleavage of NHis-G3BP1 

The NHis-G3BP1 that was purified from the AEX column was still his-tagged and TEV 

was added to the protein solution to cleave the tag to produce G3BP1 without an affinity tag. To 

calculate the amount of TEV necessary for the cleavage reaction, it was necessary to measure the 
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amount of NHis-G3BP1 present in the sample using the A280 measurement. Additionally, SDS-

PAGE can show a decrease in the protein’s molecular weight which is observed as a downward 

shift in the bands corresponding to the protein after the introduction of TEV. A change in weight 

of 3 kDa is verification that the his-tag has been removed. 

The concentration of NHis-G3BP1 was obtained from the A280 value after the AEX step 

(Table 1). The AEX elution fractions were then dialyzed in 20 mM HEPES + 15 mM sodium 

chloride + 0.5 mM EDTA + 2 mM DTT, and 1 % TEV (mole/mole) was added and allowed to 

react at 4 ℃. Figure 11 shows the samples that were taken at time points of 1, 3, 24 and 48 hours 

and analyzed by SDS-PAGE to observe the shift in mass due to the his-tag cleavage. The shift is 

noticeable beginning at the 3-hour mark where there appears to be a mixture of cleaved and 

uncleaved protein in the form of a smear of bands that correspond to multiple species in the gel 

sample. By the 48 hour mark the cleavage appears to be complete due to a singular band 

appearing on the gel with a mass-loss close to the size of the his-tag (3 kDa).  
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Figure 11: SDS-PAGE gel of the NHis-G3BP1 protein solution before and after TEV is introduced to the solution with samples 
taken at different time points. The darkest bands are near 70 kDa and correspond to the protein. The observed mass decreases by 
3 kDa over reaction time with the protease. The blue arrow shows the beginning of the change in mass as more than one species 
begins to appear as a smear near 70 kDa, and the red arrow highlights the final contents after 48 hours of incubation where the 
band is a solid line at 70 kDa which indicates a singular species. The green arrow is pointing at a remaining species at 55 kDa 
which is thought to be a contaminant. 

4.2.4 AEX of G3BP1 

The additional AEX was needed to remove the last contaminants that were present after 

the first AEX where Figure 11 shows an additional band at 55 kDa. The cleaved protein was 

loaded as a 4 mL solution onto the AEX column of the FPLC with a buffer of 20 mM HEPES 

and 15 mM sodium chloride (pH 7.5) used to equilibrate the column. A 15 mM – 1 M gradient of 

sodium chloride was used to elute the protein and separate it from other species in solution. A 

280 nm peak was observed in the chromatogram and 2 mL fractions (B10 – B12) were collected 

(Figure 12A). The eluates’ absorbances at 260, 280, 350 and 600 nm were measured (Figure 

12C) and compared to the values before the TEV cleavage in Table 1 to assess the nucleic acid, 
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protein, and insoluble particle content, respectively. The flow through, wash and elution fractions 

were then evaluated with SDS-PAGE for the purity of the solution (Figure 12B). The absorbance 

values decreased to less than 15 % of the values before ion exchange and faint bands were 

present in the elution and flow through fractions meaning that most of the protein was lost 

throughout the purification step as an aggregate or it never bound to the column and was diluted 

to the point of being unobservable in the gel (Figure 12B). To figure out how to run AEX 

without losing most of the protein in the process, a new batch of protein and condition tests were 

necessary. 

 

Figure 12: Chromatogram of AEX purification of G3BP1 with accompanying SDS-PAGE gel and absorbance measurements 
corresponding to the species that came off the FPLC column – A is the chromatogram of the AEX purification where the black 
line is the sodium chloride gradient, the orange line is the conductivity of the solution, the red line is the A280 measurement to 
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monitor the protein content and the blue line is the A260 measurement to monitor the nucleic acid content of the solution coming 
off the FPLC column. B is the SDS-PAGE gel of the elution, flow through and wash fractions that were collected from the FPLC 
where the red arrow is pointing to the G3BP1 species molecular weight (70 kDa). There is protein in the elution, but the band is 
faintly there in the flow through and completely gone in the wash fraction. C is the table of absorbance measurements of the 
G3BP1 sample that was taken before adding to the AEX column and the elution fractions that were collected after running on the 
FPLC. 

4.3 Pellet #1 from Expression #2 

Figure 7B shows the expression of 2 L of pET11a-BL21(DE3)-NHis-G3BP1 where 1 L 

aliquots were pelleted according to the method outlined in sections 3.1.3 – 3.1.4, and the cells 

were frozen for future purifications of G3BP1.  

4.3.1 IMAC Purification of pET11a-BL21(DE3)-NHis-G3BP1  

A 3.3 g pellet was lysed and the NHis-G3BP1 protein was purified as described in section 

3.1.6 with two changes: 500 mM sodium chloride was used in the lysis, equilibration, and elution 

buffers to account for the susceptibility of the protein to aggregate under conditions of low salt, 

and a gradient of 0-500 mM imidazole was used in the elution step to separate contaminants 

from the protein as well as dilute the final concentration. Figure 13A shows the resulting 

chromatogram of the IMAC purification where a large peak was detected during the elution 

gradient step. The elution fractions were combined and dialyzed in equilibration buffer (with 500 

mM sodium chloride) at 4 ℃ overnight to remove the imidazole from the protein solution. 

Figure 13B shows the SDS-PAGE gel where the combined elution fractions show a large band at 

70 kDa corresponding to NHis-G3BP1, but there are many other bands present as well, likely 

arising from impurities or proteolytic cleavage of the G3BP1 protein. 
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Figure 13: IMAC chromatogram and SDS-PAGE gel of G3BP1 collections throughout the IMAC, TEV cleavage, and reverse 
IMAC steps – A is the chromatogram of the IMAC purification where the black line shows the gradient of imidazole and the red 
line and blue line are the A280 and A260 measurements, respectively, that are tracked for the protein and nucleic acid content of the 
solution coming off the column. B is the gel containing samples of the elution fractions combined from the IMAC purification; 
timepoints of the combined eluate with the TEV protease at 24 and 48 hours of reaction time; and the flow through, wash and 
elution fractions collected off the Ni2+-NTA column during reverse IMAC. The red arrow is at 70 kDa where the band 
corresponding to NHis-G3BP1 species. This species is present in all steps even after the addition of TEV which indicates the 
TEV cleavage did not occur. Additionally, the elution fractions of the reverse IMAC (green bracket) contain most of the protein 
which were collected after the application of imidazole to remove the his-tagged protein which supports the conclusion that the 
TEV cleavage reaction did not work. 

4.3.2 TEV Cleavage of Elution Fractions and Reverse IMAC Purification 

The next step was adding TEV to the elution fractions to cleave the his-tag before 

purifying with AEX. This can be verified with SDS-PAGE where the decrease in protein mass 

after adding TEV shows the cleavage. Prior attempts at cleaving the tag occurred between two 

AEX purifications, but protein was lost under the low salt conditions with 15 mM sodium 

chloride that was required by ion exchange. Therefore, AEX purification was delayed until after 
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TEV cleavage as it presented unfavorable buffer conditions for the solubility of the protein and 

would only be performed once. 

IMAC elution fractions adding up to 17 mL NHis-G3BP1 were obtained after dialysis 

and 77 µM was the approximate concentration based on the A280 value, however there was 

significant light scattering in the longer wavelengths (350 and 600 nm). One reason for the 

presence of light scattering is that the concentration of the protein in the buffer exceeded the 

solubility limit and produced insoluble particulate that was observed by scattered light intensity 

at longer wavelengths.32 To reduce the concentration of protein in solution and remove any 

insoluble particulates, the sample was diluted twofold with dialysis buffer and pelleted at 20000 

xg for 20 minutes and the supernatant was removed. The final concentration was near 31.5 μM 

which is a decrease more than that of the dilution factor meaning some of the protein from the 

elution was lost during dialysis or the light scattering from aggregate protein increased the 

baseline of the initial A280 measurement. After spinning down the particulate matter, the light 

scattering was reduced, and the insoluble species was successfully removed from solution. 

Afterward, 1% TEV (mole/mole) was added to the supernatant, and it was placed within dialysis 

tubing and dialyzed with fresh dialysis buffer at 4 ℃ to remove more imidazole from the buffer 

that was present in the elution step of the IMAC purification. Another 1 % (mole/mole) TEV was 

added to the dialysis tubing 24 hours later and was allowed to react for an additional 24 hours at 

4 ℃ to enhance the likelihood of affinity tag cleavage. 

4.3.3 Reverse IMAC of TEV and NHis-G3BP1 

An additional IMAC purification termed reverse IMAC would now be performed on a 

gravity column after the initial IMAC purification and TEV cleavage. In traditional IMAC, the 

protein binds to the column with its his-tag, but in reverse IMAC purification the protein should 
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not bind to the column since the affinity tag is not present and therefore has minimal binding 

capacity for the Ni2+-NTA column. Therefore, it is expected that the protein should be collected 

in the flow through and wash fractions while the uncleaved protein and remaining his-tags 

should be found in the elution fractions. This has the effect of isolating the two protein species 

(G3BP1 and uncleaved NHis-G3BP1) and removing the his-tag from the cleaved protein 

solution. 

Reverse IMAC was performed on the newly cleaved sample from dialysis on a Ni2+-NTA 

gravity column. The dialysis buffer from the TEV cleavage reaction was used to equilibrate the 

column followed by 20 mM imidazole wash and 500 mM Imidazole elution buffers. The flow 

through, wash, and elution fractions were collected and analyzed with SDS-PAGE (Figure 13B). 

The results indicated that the cleavage was not complete due to the large band at 70 kDa in the 

elution fractions that was significantly more prevalent than the bands of the flow through and 

wash where the G3BP1 species was expected if the TEV cleavage was successful. Additionally, 

there was no shift in mass from the fractions collected before and after the addition of TEV. To 

improve the results of his-tag cleavage from the NHis-G3BP1, the elution fractions were pooled 

together and followed by another addition of 2% TEV (mole/mole) before the sample was placed 

back in the dialysis buffer for 14 days at 4 ℃. 

4.3.4 AEX of G3BP1 

Figure 14B shows contaminants in the protein solution collected from the reverse IMAC 

purification according to SDS-PAGE, and AEX was used to separate these additional species 

from G3BP1. The dialyzed sample was removed and placed in a new dialysis buffer that was 

appropriate for AEX, 20 mM HEPES pH 7.0, and stored overnight at 4 ℃. This was loaded onto 

the AEX column of the FPLC equilibrated with the dialysis buffer containing 20 mM HEPES 
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and 20 mM sodium chloride, pH 7.0. The sample was eluted with a gradient of 20 mM – 1.0 M 

sodium chloride, and the corresponding chromatogram in Figure 14A shows no peak in any of 

the fractions. The SDS-PAGE gel shows no observable protein in the collected wash or elution 

fractions, but it was present before loading onto the column which indicates that the protein was 

lost at some point during the purification step. 

Ultimately, the protein was successfully captured from the cell lysate using IMAC 

purification in buffers containing high salt (500 mM sodium chloride). However, some 

contaminating species remained that required additional purification steps, and some aggregation 

occurred that led to some protein loss. The initial cleavage of the his-tag was mostly 

unsuccessful in the high salt buffer after two 1 % additions of TEV and 48 hours of reaction 

time. This was verified by the SDS-PAGE gel where the protein remained on the Ni2+ affinity 

column until the elution step which indicated the his-tag was still attached to G3BP1 and able to 

bind to the column (Figure 13B). The loss of TEV activity was likely caused by the increase in 

sodium chloride during the reaction as TEV has been shown to lose activity at sodium chloride 

concentrations above 200 mM.19 After dialyzing the protein into low salt AEX buffer conditions 

and running the ion exchange purification, the protein was not observed in the accompanying 

FPLC chromatogram or the SDS-PAGE gel of the elution fractions (Figure 14). The low salt 

buffer conditions potentially led to protein insolubilization and the complete loss of the sample. 

A new pellet of cells containing NHis-G3BP1 would need to be lysed and purified to ameliorate 

these difficulties and determine the correct conditions to isolate and cleave the G3BP1 protein. 
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Figure 14: AEX purification and TEV cleavage of the NHis-G3BP1 protein solution before and after TEV cleavage reaction – A 
is the chromatogram of the AEX purification step where the black line is the sodium chloride gradient, the orange line is the 
conductivity of the solution, and the red line is the A280 trace monitoring the presence of protein that is leaving the FPLC from the 
AEX column. B is the SDS-PAGE gel of the NHis-G3BP1 protein solution before and after TEV is introduced and reacted for 
multiple time points along with the wash and elution fractions from the AEX purification. There is nothing observable in the 
AEX purification collections meaning G3BP1 was not collected.The red arrow is pointing at the G3BP1 protein before and after 
cleavage. 
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4.4 Pellet #2 of Expression #2  

 It was necessary to purify a new pellet from the previous growth to test more purification 

conditions. Less sodium chloride was used in the buffers to increase TEV activity in the cleavage 

reaction.19 Also, 10 mM sodium chloride was added in the AEX buffers since the absence of salt 

led to a loss of protein throughout the ion exchange technique.  

4.4.1 IMAC Purification of pET11a-BL21(DE3)-NHis-G3BP1  

A 3.8 g pellet was lysed in lysis buffer and purified on the FPLC IMAC column in NHis-

G3BP1 IMAC equilibration buffer as described in section 3.6 and the chromatogram in Figure 

15A revealed a large peak in the elution step. The elution fractions were examined with SDS-

PAGE to observe the efficiency of the purification regarding the number of bands that 

correspond to multiple species in solution with NHis-G3BP1 (Figure 15B). Like previous IMAC 

purifications, the resulting gel showed multiple species along with NHis-G3BP1. The elution 

fractions were combined and dialyzed into the equilibration buffer at 4 ℃ overnight to remove 

imidazole for TEV cleavage.  
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Figure 15: Chromatogram and SDS-PAGE gel of the IMAC purification of NHis-G3BP1 – A is the chromatogram of the IMAC 
purification of NHis-G3BP1 where the black line is the imidzole concentration gradient, the blue line is the A280 measurement 
and the red line is the A260 measurement where the two lines are used to monitor the protein and nucleic acid content of the 
solution, respectively, as it comes off the FPLC column. B is the SDS-PAGE gel of the eleven 2 mL elution fractions that were 
collected from the FPLC column. 

4.4.2 TEV Cleavage of Elution Fractions 

After dialysis, the concentration of 20 mL of protein eluate was measured to determine 

the amount of TEV to add. Initially the A280 value equated to 142 μM protein, but there was a 

visible white precipitate that formed in the dialysis tubing and the light scattering at wavelengths 

of 350 and 600 nm was substantial. Since G3BP1 is an RNA-binding protein that forms 

complexes with other biomolecules, it is possible that RNase can be used to remove the RNA 

species that were part of the complex that led to precipitation. To test this, 10 μg/mL RNase was 

added to the dialysis tubing which was placed into 1 L fresh equilibration buffer at 4 ℃ for 1 

hour. The sample was removed from the tubing, and the precipitate was gone. This freshly 

dialyzed sample was pelleted at 15000 xg for 10 minutes to remove any remaining aggregates 
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from solution. Before taking new UV-vis measurements, the sample was diluted fivefold with 

equilibration buffer to reduce protein-protein interactions that can lead to aggregation from the 

concentration being above the solubility threshold of G3BP1 in the buffer.32 The A280 

measurements showed that 100 mL of sample contained 30 μM protein. A 3.6% TEV aliquot 

(mole/mole) was added to the sample and dialyzed in equilibration buffer overnight at 4 ℃. The 

TEV cleavage reaction exhibits increased activity at room temperature, so the dialyzed sample 

was allowed to react at room temperature for an additional two hours after removing from the 4 

℃ environment to produce more his-tag cleavage from G3BP1.19 

4.4.3 Reverse IMAC of TEV and NHis-G3BP1 

If the TEV cleavage reaction was successful, then the his-tag was cleaved from G3BP1, 

and the protein should not bind to the Ni2+-NTA resin during reverse IMAC purification. 

Previous attempts to cleave the tag were unsuccessful, so small-scale reverse IMAC tests were 

performed to evaluate the binding affinity of the protein before purifying the rest of the protein 

solution. These small-scale tests were done with 250 μL Ni2+NTA resin and 500 μL protein 

solution in a microcentrifuge tube where the column was incubated with the sample and spun at 

2000 xg for two minutes while collecting the supernatant after each spin. The flow through, wash 

and elution supernatants were monitored by their A280 values to assess the presence of protein. 

Most of the protein was found in the flow through and wash steps suggesting that TEV was 

effective in cleaving the affinity tag as it was unable to bind to the column in the absence of 

imidazole. Therefore, the remaining 100 mL of protein solution was added to a Ni2+NTA gravity 

column for reverse IMAC purification, and the flow through, wash and elution fractions were 

collected separately. 

4.4.4 AEX of G3BP1 
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AEX was performed on the flow through fractions from the reverse IMAC purification to 

remove more contaminants from the protein solution that were visible in the previous SDS-

PAGE gel (Figure 15B). The combined flow through fractions were spin-concentrated to 60 mL 

to make fitting into the dialysis tubing easier. The 60 mL of protein solution were then dialyzed 

in 20 mM HEPES, 10 mM sodium chloride, 1 mM DTT, pH 7.6 at 4 ℃ for 2 days to prepare it 

for AEX. The concentration of the 60 mL protein solution before addition to the AEX column 

was 26 μM as determined by the A280. The column was equilibrated with 20 mM HEPES (pH 

7.5), and the protein was eluted with a gradient of 0 – 1 M sodium chloride in eleven 2 mL 

fractions (Figure 16A). Figure 16B of the SDS-PAGE gel shows the typical G3BP1 band near 70 

kDa and the presence of multiple bands that were not apparent after the initial IMAC purification 

(Figure 15B) at weights below 55 kDa. The most prevalent band is around 45 kDa which is 

thought to be a product of proteolysis due to the mass being smaller than the full length G3BP1. 

The protein was not able to be recovered for further studies, and a new batch of cell pellets 

would need to be lysed for more attempts at producing purified G3BP1. 

 

Figure 16: Chromatogram and SDS-PAGE gel of G3BP1 elution -  A is the chromatogram of the elution portion of the AEX 
purification of G3BP1 where the black trace is the sodium chloride gradient, the orange trace is the conductivity of the solution, 
the red trace is the A280 measurement and the green trace is the A260 measurement tracking the protein and nucleic acid content of 
the solution comingoff the FPLC column, respectively. B is the SDS-PAGE gel of the 2 mL elution fractions B5 – B14 where the 
red arrow is pointing to the new species at 45 kDa that is the most prevalent band in each fraction. This is 12 kDa smaller than 
the typical observed mass of G3BP1 near 67 kDa and is a potential result of proteolysis.  
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4.5 Pellet #1 of Expression #3 

Cultures of 4 L pET11a-BL21(DE3)-NHis-G3BP1 were grown and expressed, and 1 L 

aliquots were pelleted and stored according to the method outlined in 3.1.3 – 3.1.4. These pellets 

were used in future attempts to isolate G3BP1 from the lysate for experimental studies.  

4.5.1 IMAC Purification of pET11a-BL21(DE3)-NHis-G3BP1  

A 3 g pellet was lysed, and the supernatant was applied to the IMAC purification column 

of the FPLC as described in section 3.1.6. Proteolysis was a potential cause of the many species 

in the SDS-PAGE gel in Figure 16B that was obtained after the most recent AEX purification. 

Therefore, the NHis-G3BP1 IMAC equilibration buffer was supplemented with 0.1 mM PMSF 

for its ability to inhibit serine proteases. There was an obvious A280 peak in the chromatogram 

during the elution step and the SDS-PAGE gel showed a band corresponding to NHis-G3BP1 

(Figure 17). The elutions were pooled and dialyzed at 4 ℃ overnight into fresh equilibration 

buffer with 20 mM BME, 1 mM EDTA and lowered salt (150 mM sodium chloride) where the 

salt change was implemented to increase the activity of TEV cleavage according to previous 

publications on ideal TEV activity.19  
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Figure 27:Chromatogram and gel of IMAC purification of the NHis-G3BP1 protein – A is the chromatogram of the IMAC 
purification where the black line corresponds to the imidazole gradient and the red and green lines correspond to the A280 and 
A260 measurements throughout the run. B is a SDS-PAGE gel of the 2 mL elution fractions B6 – B16. The darkest bands 
indicated by the red arrow are at the observed molecular weight of NHis-G3BP1. 

4.5.2 TEV Cleavage of Elution Fractions 

A280 measurements were taken of the eluate to assess the amount of NHis-G3BP1 which 

is necessary to know how much TEV to add for the cleavage reaction. From dialysis, the protein 

solution had a volume of 32 mL with a concentration of 25.7 μM. To cleave the his-tag from the 

NHis-G3BP1 protein, 2% (mole/mole) TEV was added to the sample and the dialysis tubing was 

placed into 1 L fresh dialysis buffer at 4 ℃ for 48 hours to remove more sodium chloride and 

imidazole from the sample.  

4.5.3 Reverse IMAC of TEV and NHis-G3BP1 

The sample containing NHis-G3BP1 and TEV was removed from dialysis and loaded on 

an equilibrated Ni2+NTA gravity column where the dialysis buffer was used as equilibration 
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buffer and the wash buffer. The elution step used dialysis buffer supplemented with 500 mM 

imidazole to remove the remaining species bound to the Ni2+-NTA resin. Flow through, wash 

and elution fractions were monitored by UV-vis for the presence of protein in addition to SDS-

PAGE. From the gel image, it was apparent that most of the protein was found in the flow 

through and wash fractions. This was expected after successful TEV cleavage since the his-tag is 

removed from the G3BP1 protein resulting in a much lower affinity for the Ni2+NTA column. 

Also, there was an observable downward shift in their mass from 70 kDa to 67 kDa when 

compared to the lysate and supernatant fractions before the IMAC purification indicating the loss 

of the 3 kDa his-tag (Figure 18A). The flow through and wash fractions were then pooled and 

placed into a dialysis buffer of 20 mM HEPES, 1 mM DTT (pH 7.5) at 4 ℃ for 2 days to prepare 

for AEX.  

 

Figure 38: Gel of IMAC and Reverse IMAC purification fractions and chromatogram from AEX – A is the SDS-PAGE gel of the 
lysate, supernatant, flow through and wash fractions from the IMAC purification where the darkest bands correspond to the 
NHis-G3BP1 protein throughout the procedure near 70 kDa. The reverse IMAC fractions show a decrease in the apparent 
molecular mass of G3BP1 after TEV cleavage compared to the IMAC fractions. This shift is close to the weight of the his-tag (3 
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kDa) indicated by the slanted red arrow. Most of the protein is found in the flow through and wash fractions near 67 kDa. B is the 
partial chromatogram of the AEX purification focused on the elution fractions where the only discernible peak is circled. The 
black line corresponds to the sodium chloride gradient and the red and green lines correspond to the A260 and A280 values, 
respectively. 

 
 

4.5.4 AEX of G3BP1 

After TEV cleavage of the his-tag, ion exchange chromatography was performed to 

remove any remaining contaminants from the protein solution. The newly cleaved sample was 

taken out of dialysis and the AEX column was equilibrated with fresh dialysis buffer to reduce 

the salt concentration for the enhancement of protein binding to the column. The protein was 

loaded onto the column and eluted with a gradient of 0 – 2 M sodium chloride. Unfortunately, 

the chromatogram in Figure 18B revealed only a small peak that is a sign the purification again 

did not work and the elutions were discarded.  

If proteolysis had taken place, like previously thought, protein should show up in the 

chromatogram and SDS-PAGE gel at some point during the purification process in smaller 

lengths than the full G3BP1 protein. However, no protein was observed, and the most likely case 

would be that no species entered the column due to an issue such as aggregation. It is more than 

likely that the salt concentration in the AEX buffer or column is the cause of this issue since the 

protein seems to behave until the ion exchange step. Either way, new protein would need to be 

purified for more inquiries into the proper conditions for complete G3BP1 isolation from all 

contaminants. 

4.6 Pellet #2 of Expression #3 

 A new cell pellet containing NHis-G3BP1 was prepared for isolation of G3BP1 while 

implementing the findings of previous attempts. IMAC purification was followed by TEV 

cleavage where sodium chloride concentrations above 200 mM seemed to minimize TEV 



55 
 

cleavage activity. Buffers during this reaction would consist of sodium chloride concentrations 

less than 200 mM. To isolate NHis-G3BP1 from G3BP1 after the cleavage reaction, reverse 

IMAC would be implemented, and this would be followed by AEX to remove the remaining 

species from the protein solution. 

4.6.1 IMAC Purification of pET11a-BL21(DE3)-NHis-G3BP1  

A 3 g pellet was purified on the FPLC using lysis and NHis-G3BP1 IMAC equilibration 

buffer as described in section 3.1.6. There was an obvious A280 peak in the chromatogram during 

the elution step and the SDS-PAGE gel showed a band corresponding to NHis-G3BP1 (Figure 

19). The elution fractions were combined and dialyzed in equilibration buffer with a lower salt 

concentration (100 mM sodium chloride) to increase the activity of the TEV cleavage. The 

dialysis was placed at 4 ℃ overnight.  
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Figure 19: IMAC and reverse IMAC purification of NHis-G3BP1 and  G3BP1 – A is the IMAC chromatogram of the NHis-
G3BP1 after the lysis step where the black line is the imidazole gradient and the red and blue lines are the A280 and A260 UV-vis 
traces monitoring the presence of protein and nucleic acids, respectively, as the solution is collected from the Ni2+-NTA column. 
B is the SDS-PAGE gel of the IMAC puriication and reverse IMAC purification where the band at 70 kDa (red arrow) 
corresponds to NHis-G3BP1 before TEV cleavage and the band near 40 kDa is an unintended result after TEV cleavage where 
the G3BP1 is no longer observed at its expected molecular weight location at 67 kDa.  

4.6.2 TEV Cleavage of Elution Fractions 

The following day, the A280 was measured of the sample for concentration estimates 

which amounted to 20 mL of 41.7 μM protein. 2% (mole/mole) TEV was added to the dialysis 

tubing and the mixture was placed in fresh dialysis buffer at 4 ℃ for 2 days to allow for the 

cleavage reaction to take place.  

4.6.3 Reverse IMAC of TEV and NHis-G3BP1 
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The sample was removed from dialysis and loaded over a Ni2+-NTA gravity column to 

separate the cleaved G3BP1 protein from any species that bound to the Ni2+-NTA resin. The 

column was equilibrated with dialysis buffer and washed with this buffer as well. Elution 

occurred with an additional 500 mM imidazole in freshly prepared solution to remove any 

remaining species bound to the column. Flow through, wash and elution fractions were 

monitored by UV-vis to account for the presence of protein, and the elution fraction appeared to 

have the most protein by its a280 measurement. Unfortunately, the SDS-PAGE gel showed that 

the species that was captured before and after the reverse IMAC purification was not any 

expected form of G3BP1 and was most prevalent near 45 kDa (Figure 19B). This is indicative of 

aggregation or proteolysis based on the observations during the AEX purification in section 

4.4.4. Proteolysis and the lack of salt in the dialysis and reverse IMAC buffers were suspected as 

being the cause for the appearance of this species at 45 kDa. As a result, a new pellet was 

required to initiate a new iteration of purification. It should be noted in future inquiries that the 

G3BP1 sequence does not have an endogenous TEV recognition site meaning that the protein is 

not susceptible to further proteolysis after the addition of TEV during affinity tag removal. 

Additionally, any degradation must have an external origin as the BL21(DE3) strain is 

engineered to exclude common proteases. 

4.7 Pellet #3 of Expression #3 

  A new pellet was prepared to isolate G3BP1 according to sections 3.1.6 – 3.1.8. The 

TEV cleavage step was performed with 100 mM sodium chloride for increased activity and AEX 

was performed to remove as many contaminants as possible from the protein solution.19   

4.7.1 IMAC Purification of pET11a-BL21(De3)-NHis-G3BP1 
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A new 3 g pellet was lysed and purified on the IMAC column of the FPLC according to 

section 3.1.6. There was an obvious A280 peak in the chromatogram during the elution step and 

the SDS-PAGE gel showed a band corresponding to NHis-G3BP1 (Figure 20). Again, the NHis-

G3BP1 IMAC equilibration buffer was supplemented with 0.1 mM PMSF to rule out proteolysis 

as a potential cause of the apparent degradation of the protein during the TEV cleavage and 

reverse IMAC steps. The elution fractions were pooled and dialyzed into equilibration buffer 

with a lower salt concentration (100 mM sodium chloride) per the guidelines of TEV activity and 

placed at 4 ℃ overnight.19  

 
Figure 20: IMAC purification of NHis-G3BP1 and  reverse IMAC purification of G3BP1 – A is the chromatogram of the IMAC 
purification of NHis-G3BP1 where the black line is the imidazole gradient, the red line is the A280 trace and the blue line is the 
A260 trace monitoring the protein and nucleic acid presence in the solution leaving the FPLC from the Ni2+-NTA column. B is the 
SDS-PAGE gel monitoring the molecular weight of NHis-G3BP1 during the lysis and IMAC purification steps and the reverse 
IMAC collections of G3BP1 after TEV cleavage. The red arrow is pointing at the band corresponding  to NHis-G3BP1 (70 kDa). 
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and the blue line is pointing at the band corresponding to G3BP1 after the his tag is removed (67 kDa) indicating a shift that is 
brought about by the TEV reaction.4 

4.7.2 TEV Cleavage of Elution Fractions 

After the 15 mL IMAC elution sample was taken from dialysis the protein solution 

measured 34.2 μM. TEV was added to the dialysis tubing (2% (mole/mole)), and fresh dialysis 

buffer was made, supplemented with 0.5 mM EDTA to enhance the TEV activity and kept at 4 

℃ for 48 hours. 

4.7.3 Reverse IMAC of TEV and NHis-G3BP1 

The dialysis sample was removed and absorbance measurements at 260, 280, 350 and 

600 nm were checked. The protein increased at all wavelengths which indicates the presence of 

aggregate particles in the solution. Reverse IMAC purification was performed to separate the 

protein from TEV and its affinity tag. A buffer of 20 mM HEPES with 1 mM DTT (pH 7.5) was 

equilibrated over the column and in the wash step and supplemented with 500 mM imidazole in 

the elution step. After measuring the A280 of the fractions with UV-vis, the protein was found 

primarily in the elution collection. Wash buffer was made with no imidazole so that there would 

be less competitive displacement from the IMAC resin by the presence of imidazole. However, it 

is possible that the protein was charged enough to stick to the column and needs a small amount 

of imidazole (~20 mM) to be captured in the wash fractions without releasing the his-tag of the 

protein or TEV. All fractions were examined with SDS-PAGE, and each appeared with a shift in 

molecular weight equal to the loss of the his-tag, so they were combined as one sample (Figure 

20B). The reverse IMAC equilibration buffer was made without salt in preparation for the 

ensuing AEX the next day and the sample was placed into a fresh solution of 20 mM HEPES, 1 

mM DTT (pH 7.5) at 4 ℃ overnight. 

4.7.4 AEX of G3BP1 
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AEX was performed on the cleaved sample to remove contaminants from the protein 

solution. After the sample was taken from the dialysis tubing, it was prepared for AEX by 

filtering through a 0.22 μm syringe filter to prevent any aggregates from clogging the column. 

Next, the absorbance was measured at 260, 280, 350 and 600 nm to evaluate the nucleic acid, 

protein, and insoluble particle content of the sample solution before running AEX, and the 

absorbance measurements indicated none of these species were present. Filtering the protein 

removes the insoluble species from the sample filtrate meaning the protein solution must have 

precipitated entirely during the dialysis step prior to AEX. After multiple failed attempts to 

prepare the protein in conditions of low salt, it was determined that the protein is not suitable for 

AEX due to its propensity to aggregate under conditions of low salt. As a result, future 

purifications would be stopped after the reverse IMAC step, and buffer conditions would be 

limited to higher sodium chloride concentrations. As with previous attempts, a completely new 

purification of a G3BP1-expressed cell pellet was required. 

4.8 Pellet #4 of Expression #3 

  After it was determined that low salt was the variable responsible for protein instability 

in vitro, a new pellet was lysed, and its protein purified according to sections 3.1.6–3.1.8. All 

purifications and cleavage steps were then performed with a minimum of 250 mM sodium 

chloride since previous steps performed at this concentration were able to maintain protein 

solubility in solution. Since SDS-PAGE gels revealed a small number of contaminants, if any, 

following TEV cleavage and reverse IMAC purification, this would mark the final affinity 

chromatography technique for future purifications of G3BP1. Since AEX requires concentrations 

of sodium chloride in minimal amounts, this purification step would be skipped in future 

purifications.  
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4.8.1 IMAC Purification of pET11a-BL21(DE3)-NHis-G3BP1 

A new, 3 g pellet was lysed and purified on the FPLC with 0.1 mM PMSF and NHis-

G3BP1 IMAC equilibration buffer according to section 3.1.6. There was an obvious A280 peak in 

the chromatogram during the elution step and the SDS-PAGE gel showed a band corresponding 

to NHis-G3BP1 (Figure 21). The elution fractions were pooled, placed in dialysis tubing in fresh 

equilibration buffer and left at 4 ℃ overnight to remove the imidazole from the protein solution.  

 

Figure 21:5 : IMAC purification of NHis-G3BP1 and  reverse IMAC purification of G3BP1 – A is the chromatogram of the 
IMAC purification of NHis-G3BP1 where the black line is the imidazole gradient, the red line is the A280 trace and the blue line 
is the A260 trace monitoring the protein and nucleic acid presence in the solution leaving the FPLC from the Ni2+-NTA column. B 
is the SDS-PAGE gel monitoring the molecular weight of NHis-G3BP1 during the lysis and IMAC purification steps and the 
reverse IMAC collections of G3BP1 after TEV cleavage. The red arrow is pointing at the band corresponding  to NHis-G3BP1 
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(70 kDa) and the blue line is pointing at the band corresponding to G3BP1 after the his tag is removed (67 kDa) indicating a shift 
that is brought about by the TEV reaction.6 

4.8.2 TEV Cleavage of Elution Fractions 

20 mL of protein solution was retrieved from the dialysis tubing, and using the A280 

measurement, the concentration was determined to be 66.3 μM. Next, 2% TEV (mole/mole) was 

added to the dialysis tubing to cleave the his-tag. This was placed into fresh equilibration buffer 

at 4 ℃ for 48 hours of dialysis to remove even more imidazole from solution and allow the TEV 

reaction to occur.  

4.8.3 Reverse IMAC of TEV and NHis-G3BP1 

The dialyzed sample was removed, and the absorbance measurements were taken to 

compare against the flow through, wash and elution fractions that were collected from the 

reverse IMAC purification. Minimal light scattering was observed which was interpreted as 

successful buffer conditions for protein stability during the 3 days since purification. The Ni2+-

NTA resin was equilibrated with dialysis buffer and the sample was allowed to flow through the 

column. The wash step was performed with IMAC equilibration buffer supplemented with 20 

mM imidazole to displace protein that was bound through interactions less prevalent than the his-

tag. The elution of the remaining species bound to the column was achieved with 500 mM 

imidazole supplemented in the equilibration buffer. Aliquots of each collected step were taken to 

examine the efficiency of the TEV cleavage using SDS-PAGE (Figure 21B). The gels and 

absorbance measurements indicated that most of the protein was found in the flow through and 

wash fractions. Additionally, there seemed to be minimal contaminants visualized by the gels 

which made the additional step of AEX unnecessary. The results were considered a success 

regarding the appropriate methods that should be replicated for future purifications and TEV 
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cleavages and are detailed in sections 3.1.6–3.1.8. These purified samples were then used in 

condition tests and SEC analysis described in the next sections. 

5 Sample Tests for NMR-Compliant Conditions 

Salt concentration, pH, and sample concentration were tested on the purified G3BP1 

protein in solution for the optimal conditions to run NMR experiments described in section 1.2.6. 

Using the cleaved protein collected from the reverse IMAC purification in the previous section, 

samples were monitored in lower salt concentrations and pH values near the isoelectric point of 

G3BP1 (both above and below), and concentrations near 20 μM and over 100 μM. The viability 

of the protein solutions was assessed with UV-vis measurements to evaluate the amount of 

nucleic acid, protein, and light-scattering particles in each sample at each condition. 

Additionally, SDS-PAGE gels were used to monitor the relative amount and identity of the 

species in the protein solution as they changed in the buffer conditions.  

5.1 G3BP1 Sample Tests in Buffers Above the Isoelectric Point 

Tests were conducted at pH 6.0, 6.5, and 7.5 in which the samples were spin-

concentrated to 120 μM and dialyzed over three days in dialysis tubing and these were compared 

to the sample that was collected in section 4.8.3. Three conditions were tested, 50 mM MES with 

200 mM sodium chloride buffer at pH 6.0 and 6.5, along with 50 mM HEPES containing 200 

mM sodium chloride buffer at pH 7.5. Afterward, the samples were analyzed by their 

absorbances at 260, 280, 350 and 600 nm and SDS-PAGE to monitor stability (Figures 22A and 

22B). Regarding light-scattering, the sample performed as well at pH 6.0 as it did at pH 6.5 in 

MES buffer, and although HEPES was the buffer during all prior purification steps, it produced 

the most aggregation at the higher sample/lower salt concentrations. To maintain uniformity 

between treatment of the testing species, all samples were spun at 20,000 xg for 20 minutes to 
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pellet any aggregates, however, the light scattering at 350 and 600 nm increased dramatically in 

all three samples as a result and the degradation of the protein was noticeable in the SDS-PAGE 

gels (Figures 22A and 22B). The effect of the spinning was not able to be tested for its effect on 

aggregation via UV-vis-measured light scattering since the control was also spun and not 

compared to the control before spinning. However, the scattering effect was not observed in the 

control sample that was maintained in equilibration buffer from the reverse IMAC purification. 

The control sample differed from the conditions tested by a greater concentration of sodium 

chloride by 50 mM. Again, salt was implicated as a factor in protein stability, although the SDS-

PAGE gels indicated that protein degradation was occurring in the control sample as well even 

though it was not measurable with UV-vis. 

    

 

Figure 22: Stability tests of G3BP1 in different buffer conditions – A is the SDS-PAGE gel of G3BP1 before and after dialyzing 
in different buffer conditions to test for the change in the relative abundance of species in the protein solution. There appears to 
be no difference between each of the buffer conditions with respect to the presence of the bands. B shows the UV-vis 
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measurements at the wavelengths of 260, 280, 350 and 600 nm to account for the amounts of nucleic acids, protein, and light-
scattering particles, respectively. The first number in each cell corresponds to the value before spinning and the second value 
(separated by the hyphen) correspond to the values after spinning at 20000 xg for 20 minutes. C shows the UV-vis measurements 
of the protein solution before and after dialyzing in the respective buffers where the pH, buffer system and sodium chloride 
conditions varied. 

5.2 G3BP1 Sample Tests in Buffers Below the Isoelectric Point 

Since the protein was lost to aggregation or degradation at pH values above the 

isoelectric point of the protein (pH 5.71), similar tests were run below this value in pH 4.5, 30 

mM PIPPS buffer, where 30 mM PIPPS is the concentration limit of solubility. In addition to the 

pH and buffer system changes, salt tests were conducted at 100 and 200 mM sodium chloride. 

Additionally, 50 mM MES (pH 6.5) buffer was tested at 100 and 200 mM sodium chloride 

alongside PIPPS and the original reverse IMAC sample elution from 4.8.3. These samples were 

buffer exchanged through desalting columns before spin-concentrating afterward. The 

absorbance readings in Figure 22C suggest most protein was lost to aggregation in both samples 

of PIPPS as the A280 measurements were near zero, and light scattering was present in the sample 

buffered with MES and 200 mM sodium chloride. Due to the low concentrations of remaining 

protein, the samples were spin-concentrated to prepare gels that would relay information about 

the state of the samples. Unfortunately, the spinning led to a complete loss of protein within the 

PIPPS, and MES samples according to the UV-vis measurements and the gels were revealed no 

bands. More condition tests are underway to discover a buffer system that is amenable to both 

NMR experiments and stable G3BP1 as described in section 1.2.6.  

6 SEC Analysis 

Size exclusion was run on the ENrich SEC 650 10 x 300 column with G3BP1 taken from 

the reverse IMAC wash collection in section 4.8.3. It was performed to separate species at 55 

and 70 kDa that are observed in the gels after each purification step and to measure the 
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quaternary structure of the protein in solution that is not possible in SDS-PAGE denaturing 

conditions. 

6.1 SEC Purification of G3BP1 in Solution 

The G3BP1 sample from section 4.8.3 was spin-concentrated to 350 μL of 66.4 μM 

protein. The SEC column was equilibrated with IMAC equilibration buffer before loading the 

sample through the 350 μL loop connected to the SEC 650 column of the FPLC. The elution was 

monitored by the change in absorbance at 280 nm with respect to the run volume using the 

attached UV-vis. The sample was collected in intervals of 0.5 mL to capture a singular species in 

each fraction and SDS-PAGE was used to identify their presence (Figure 23). However, the 

resolution of the column did not allow enough volume between species and the accompanying 

spectrum had peaks with no separation leading to SDS-PAGE gel bands at 55 and 68 kDa in all 

collections. To address this limitation, future SEC experiments will be run on columns with 

larger resin volumes that facilitate better resolution for separating species with more volume 

between those of comparable size.  
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Figure 23:7 SEC purification and analysis of G3BP1 – A is the chromatogram of G3BP1 from the SEC run focusing on the 
elution peak where the red and green line are the A260 and A280 traces, respectively, to monitor the nucleic acid and protein 
elution volumes. The elution volume is 11.4 mL and was fit to the equation Mass (kDa) = 501486.3*e(-.65x) + -2.1 from the 
protein standards’ calibration curve. This equation produces the mass of G3BP1 in solution which is 5.95 times larger than the 
known mass of G3BP1 which indicates quaternary structure of a hexamer. B is the accompanying SDS-PAGE gel of the 
collected elution fractions in 0.5 mL increments in an attempt to separate the 70 kDa species (red arrow) from the 55 kDa species 
(blue arrow) which was unsuccessful.  

6.2 SEC Analysis of G3BP1 Quaternary Composition in Solution 

Because SDS-PAGE gels are run in a denatured environment, it is not possible to 

determine quaternary structure among proteins in vitro. Therefore, SEC was used to determine 

the mass of the protein in a more natural buffer system. Calculating the G3BP1 molecular mass 

from the SEC data is possible given the protein standards that were run on the column previously 

to identify the relationship between molecular weight and retention volume. The standards 

produced a calibration curve with a logarithmic relationship, and the data were fit to the equation 

Mass (kDa) = 501486.3∙e(−0.65x) −2.1. During the SEC experiment there was a spike of 

absorbance at 280 nm in the spectrum at 11.4 mL that was collected and verified by SDS-PAGE 
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as G3BP1 (Figure 23). According to the calibration curve equation, 11.4 mL corresponds to a 

molecular weight of 310.2 kDa which is 5.95 times the weight of the monomer. Although a 

hexamer is a possible quaternary structure of G3BP1, there exist issues with the validity of the 

SEC. For instance, globular proteins were used as standards to produce the calibration curve 

which have a compact size and smaller effective radii compared to non-globular proteins. This 

makes it difficult to use in comparison to G3BP1 which contains multiple intrinsically disordered 

regions that increase the observed size and, by effect, molecular mass. Native-PAGE gels will be 

attempted in upcoming tests for their ability to observe the weight of the oligomers that might 

exist in vitro and validate the binding partners of the protein under non-denaturing conditions 

that were suggested by the SEC results. 

7 TEV Production for His-Cleavage Reactions 

TEV was produced for cleavage reactions to remove the his-tag from NHis-G3BP1 to 

enable biochemical studies of the G3BP1 protein without non-native amino acids that would 

alter results of studies intended to describe the structure and interactions of Human G3BP1 

protein. To make enough TEV for multiple cleavage reactions, BL21(DE3) E. coli cells were 

grown and IPTG was used to induce expression of the enzyme as described in section 3.2.1. 

SDS-PAGE was used to monitor the growth of TEV throughout the process. Afterward, the 

protein was lysed from the cells and purified by IMAC purification where the FPLC 

chromatogram and SDS-PAGE were used to analyze the presence and purity of TEV which was 

described in section 3.2.2. Finally, UV-vis measurements were taken to quantify the amount of 

TEV produced for future cleavage reactions of the his-tags of genetically engineered proteins. 

7.1 TEV Growth and Expression 
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The growth and expression of TEV was performed according to the protocol established 

by the Murray lab. Specifically, timepoints of the process were sampled, normalized to their 

respective A600 for comparison of TEV presence in the expression system, and examined through 

SDS-PAGE (Figure 24B). The TEV was grown in two 1 L cultures that were harvested 

separately and weighed 8.3 and 8.8 g, respectively, before freezing in liquid nitrogen and storing 

at -80℃ for future use. During the growth and expression, the thickest bands were observed near 

48 kDa, although the predicted mass is 27 kDa. This indicates the presence of species other than 

TEV, although the TEV cleavage reactions that were administered with NHis-G3BP1 were not 

affected by their presence and they were removed during the purification process shown in 

Figure 24C. 

 

Figure 24: TEV growth, expression, and purification – A is the chromatogram of the IMAC purification of TEV where the black 
line is the gradient of imidazole, and the red line is the A280 trace monitoring the volume at which the protein eluted from the 
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FPLC column. B is the growth and expression of TEV where the red arrow is pointing at the bands corresponding to TEV’s 
weight. The band becomes somewhat darker after IPTG is added to the cultures. C is the SDS-PAGE gel of the purification 
fractions from the IMAC where the red arrow is pointing at the location where TEV is found. In the elution fraction, there 
appears to be only one species at the molecular weight of TEV suggesting successful isolation of the enzyme.Error! Bookmark 
not defined. 

7.2 TEV IMAC Purification  

An 8.3 g pellet of TEV was lysed and purified over a Ni2+-NTA IMAC column on the 

FPLC according to section 3.2.2 to produce pure TEV protease for future cleavage reactions with 

NHis-G3BP1 to remove the affinity tag attached to the protein. The chromatogram in Figure 24A 

shows a peak during the elution step that was expected to be the TEV protein since it has an 

affinity his-tag and should be isolated from the lysate by binding to the Ni2+-NTA IMAC 

column. The flow through, wash and elution fractions were collected separately and analyzed 

with SDS-PAGE which indicated the elution fractions contained the TEV enzyme according to 

its predicted molecular weight (27 kDa) and were free from contaminants (Figure 24C). The total 

yield was 10 mL of 37.6 μM TEV which was diluted twofold into its final storage conditions 

described in section 3.2.2 and stored at −80℃ for use in future his-tag cleavage reactions of 

G3BP1. 

8 15N – Labelled pET11a-BL21(DE3)-NHis-G3BP1 

 NMR related studies are possible when the protein that is being studied is composed of 

magnetic nuclei such as 15N. Expressing the protein in cells that are exposed to media that has 

every nitrogen source converted to 15N gives the cell no other chance of producing the protein 

with any non-labelled nitrogen during expression. This makes 2D-NMR studies more effective 

when the species are enriched with magnetic nuclei. By analyzing the production of NHis-

G3BP1 with SDS-PAGE before and after induction, it was possible to verify the presence of the 

protein when the media was switched to nitrogen sources containing only 15N. 

8.1 15N – Labelled Growth and Expression of pET11a-BL21(DE3)-NHis-G3BP1 
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 Enriched, 15N-pET11a-NHis-G3BP1 was expressed in BL21(DE3) cells as reported in 

section 3.1.5. After 3 hours of expression, the cells were pelleted and weighed 1.8 g before 

freezing at −80 °C. SDS-PAGE samples were taken of the small culture, two large cultures, 

suspended pellets of the two large cultures in M9 media without IPTG, and then hourly after 

IPTG (Figure 25). The results show minimal NHis-G3BP1 present before induction and a steady 

accumulation of the corresponding band throughout the expression timeline. It is not possible to 

calculate the effectiveness of the amino acid labeling without further studies. These will be 

implemented in future work by analyzing MALDI – TOF data of the purified sample for the 

relative abundances of the molecular weights corresponding to labeled and unlabeled protein. 

After determining the fraction of labelled protein, isolating it from the cell lysate, and cleaving 

the his-tags, 2-D NMR experiments such as HSQC are possible for structural studies of G3BP1.  
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Figure 25: 15N-labelled growth and unlabeled growth of pET11a-NHis-G3BP1 with samples taken of timepoints during the 
growth and expression. The red arrow is pointing at the bands corresponding to NHis-G3BP1 at its observed molecular weight 
(70 kDa) during these processes. Flasks 1 – 4 originate from the small culture before it was split into 4 separate large culture 
growths of 1 L each. Flasks 3 and 4 were expressed in unlabeled media and Flasks 1 and 2 were combined (1+2) and pelleted 
before resuspension and induction in labelled media. Before IPTG there should be no NHis-G3BP1 present, and its 
corresponding band should get progressively darker during the expression time. There appears to be some NHis-G3BP1 in each 
flask before IPTG is added, but it is noticeably less than at the end of the expression time. 

9 Conclusion 

 The NHis-G3BP1 protein was successfully designed and extracted from the E. coli 

expression system where the affinity tag was removed by the TEV protease that was produced 

in-house. IMAC, AEX and SEC purification techniques were applied on the extracted protein 
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solution. The affinity his-tag allowed G3BP1 to be collected from a single cell lysate in amounts 

up to 165 mg; however, the low-salt conditions necessary for AEX proved to be not suitable for 

maintaining soluble G3BP1 and ultimately, the technique was discontinued after this was 

determined. SEC was not successful in separating the remaining species observed in the SDS-

PAGE gel at 68 and 55 kDa after IMAC and reverse IMAC steps, but the peak elution time 

observed in the SEC chromatogram revealed that the protein exists as a hexamer in solution. The 

validity of this result is questionable as the intrinsically disordered regions of the G3BP1 protein 

structure can deviate from the mass expectancy derived by the globular protein standards’ 

calibration curve.  

 The protein solution was tested at NMR-relevant conditions such as high protein 

concentrations, lower pHs and lower sodium chloride concentrations which resulted in 

aggregation and loss of protein that was verified by SDS-PAGE and UV-vis analysis. Ultimately, 

these shortcomings need to be addressed for future solution state NMR experiments to gain 

information about the structure of the G3BP1 species. After rectifying this dilemma, the NMR 

experiments can be used to observe changes in the structure after biologically relevant species 

are introduced to the solution to uncover the specific interactions between G3BP1 and other 

proteins and potential post-translational modifications.  
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