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Mechanism of compensation for disease variants in human glutamine synthetase 

Erin Mary Thompson 

Abstract 

 Determining how the sequence of a protein affects its function and physical properties 

builds the base of a foundation needed to investigate how a protein interacts with substrates and 

other proteins, to predict the functional effects of variants, understand disease phenotypes, and to 

improve rational drug and protein design. In my thesis, I describe contributions to understanding 

how we can understand the molecular basis for nonsynonymous disease mutations in the human 

metabolic enzyme glutamine synthetase and how we can leverage both experimental and 

computational approaches to find secondary mutations that can rescue the functional defects of a 

disease variant, termed compensatory mutations.   

In chapter one, I developed a computational pipeline to identify potential protein targets 

in which a human disease mutation is present as the wild type residue in other genetic contexts, 

called compensated pathogenic deviations (CPD), as well as identify potential compensatory 

sites in those protein targets. I then chose one target, the human metabolic enzyme glutamine 

synthetase (GS), and experimentally tested every possible single secondary mutation in the 

background of the clinically validated R341C disease variant to map the compensatory 

landscape. We found several sites of compensation that were able to rescue the defects induced 

by R341C. Interestingly, most of them were far from both the active site and the residue 341, 

pointing to a potentially more complex method of compensation involving long-range 

interactions or alteration of the conformational landscape of GS.     
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In chapter two, we aimed investigated if human glutamine synthetase (hGS) activity was 

regulated by formation of higher order oligomeric assemblies, as is common with some 

metabolic enzymes, and if this balance could be biased through addition of metal cofactors or 

through mutation. There has been previous evidence that GS in both E.coli and S. cerevisiae 

form filamentous assemblies, with the ring structure stacking back-to-back in times of cellular 

stress as a way to store catalytic potential. We utilized to complementary structural methods to 

visualize and quantify the oligomeric form of hGS: negative stain electron microscopy and size 

exclusion chromatography coupled small angle x-ray scattering (SEC-SAXS). We perturbed 

hGS by increasing the concentration of Mg2+ or Mn2+, varying pH, and creating single amino 

acid mutations (including the hGS disease variants) and saw no evidence of higher order 

oligomers. We did however observe an equilibrium between the pentamer and decamer that 

existed across all conditions, with the equilibrium shifted more towards the pentamer state than 

previously expected. While we have concluded that hGS does not regulate catalytic activity 

through formation of filaments, as do glutamine synthetases in other species, the delicate balance 

we probed between pentamer and decamer is useful in characterizing the biology of the native 

hGS and informs future purification and kinetic studies.   
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Abstract 

 Understanding how sequence encodes function is a basic question at the root of many 

disciplines, including evolutionary biology and protein biophysics. This is because proteins are 

complex macromolecules that move dynamically in order to perform their function, and even the 

slightest perturbation to their regulation or sequence has consequences. A prime example of this 

is the essential metabolic enzyme human glutamine synthetase, which is responsible for ammonia 

detoxification and glutamine production. Disease mutations in this enzyme lead to a rare recessive 

disease, glutamine deficiency. Specifically, the R341C disease mutation is hypothesized to be due 

to local unfolding of a helix necessary for a conformational transition during catalysis. We have 

assessed the GS disease mutants’ effect on stability and kinetics using differential scanning 

fluorimetry (DSF) and biochemical assays and found distinct mechanisms for individual mutants. 

Interestingly, point mutations that cause disease in humans can be found as the wild type residue 

in other species. We have identified species where this is true and wanted to test whether the 

R341C mutation can be compensated for in a way not sampled by evolution through a deep 

mutational scan. We found that despite the severity of this mutation, there were secondary 

mutations able to rescue for the functional defects of R341C. Unlike previous studies1, we found 

that highest-scoring compensatory mutations were found far from the active site and the disease 

mutation, suggesting these mutations had indirect effects on enzyme function, perhaps through 

epistatic interactions or improvement of global stability.  

Introduction 

All species undergo mutation and are subject to selective pressures that shape their 

evolution. Mutations can have a spectrum of effects on the fitness of an organism: mutations that 

are deleterious and cause harm, mutations that are beneficial and allow for adaptation, and 
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mutations that are neutral or have little to no effect on fitness. The relationship between these 

mutations and their functional effect links genotype and fitness. The genotype-phenotype 

relationship is often portrayed as a fitness landscape, where fit genotypes are depicted as peaks 

or ridges and unfit genotypes as valleys. Evolution of a functional protein is described on the 

fitness landscape as a stepwise mutational network across ridges and peaks while avoiding non-

functional intermediates. But, data describing fitness landscapes are often limited because only a 

small portion of all possible genotypes are available and it is difficult to infer intermediate or 

nonexistent genotypes.  

A single nonsynonymous mutation has the potential to be disease-causing in human-

coding protein regions. However, a single mutation that causes disease in humans is often 

tolerated as the wild type residue in other species. This phenomenon has been termed a 

compensated pathogenic deviation (CPD)2–4. It is estimated that the prevalence of pathogenic 

missense mutations found in orthologues, or CPDs, is between 3-18%3,5–7. In evolutionary 

landscapes, a secondary mutation can allow deleterious mutations to cross valleys in the fitness 

landscape that correspond to low-fitness genotypes to reach the next peak, or high-fitness 

genotype8. Curiously, these compensatory mutations are often only beneficial in the context of 

the pathogenic mutation, and on their own may have neutral or even deleterious effects9. This 

observation makes sense in light of the fact that the fitness of 90% of all amino acid substitutions 

are dependent on the genetic context of a species10,11.  

While there are many mechanisms by which a system can compensate for the effects of a 

deleterious mutation, the majority of mutational compensation is due to intragenic mutations4. 

Protein function depends on dynamically transitioning between folded conformational substates. 

Disease mutations in protein-coding genes can cause defects in obvious ways, such as directly 
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altering substrate binding or changing important catalytic residues, or in more subtle ways by 

preventing correct global folding or altering the conformational ensemble of the native state. 

Compensatory mutations can correct for some of these defects in many ways, including by 

modifying packing, stability, or shifting the conformational landscape7,12. In the most simplified 

case, shifting the conformational landscape of a protein can described by looking at a folded 

protein with two conformations: one active and inactive (Fig. 1.1). In the presence of a single 

disease mutation, the proportion of these two conformations can be shifted to favor the inactive 

conformation, leading to negative phenotypic effects (Fig. 1.1 B). With the addition of another 

mutation, these phenotypes can be corrected by shifting the conformational landscape, so the 

active state of the protein is again favored even in the presence of the disease mutation (Fig. 1.1 

C). To specifically test how human disease mutations can be compensated by another intragenic 

mutation, we chose the ubiquitous metabolic enzyme human glutamine synthetase (hGS) as a 

model. GS catalyzes the ATP-dependent ligation of ammonia and glutamate to produce 

glutamine. In the human body, GS has various roles depending on tissue localization. GS plays a 

vital role in neurotransmitter (glutamate) recycling in the brain and is central to nitrogen 

metabolism through the clearance of nitrogenous byproducts in other human tissues, especially 

in the liver. Catalysis by GS is the only source of glutamine in humans since healthy adults do 

not absorb glutamine from the small intestine and is an essential element of protein, as well as 

essential for the biosynthesis of nitrogen-rich molecules such as CTP, glucosamine-6-phosphate, 

tryptophan, histidine, and AMP13. GS has also been utilized in biotechnology as a selectable 

marker for the production of therapeutic proteins in mammalian culture, specifically in the 

production of monoclonal antibodies14.  
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GS enzymes are present in all organisms and can be grouped into 3 classes: GS I, II, and 

III. GSI have been found in bacteria and archaea; GSII in eukaryotes and bacteria; and GSIII in a 

handful of bacterial species15. While the active site of GS is widely conserved, the rest of the 

sequence has low sequence identity among the three classes and each class has a distinct 

quaternary structure. GSI enzymes are dodecamers of ~ 55 kDa subunits, GSII present as 

decamers of ~ 40 kDa subunits, and GSIII usually found as dodecamers composed of larger 80 

Figure 1.1 | Compensatory Pathogenic Deviations 
(a) It is sometimes observed that some sequence variants can be pathogenic in humans, but 
neutral in other species. These are termed compensated pathogenic deviations. (b) A single 

amino acid mutation in a human protein can cause disease. One way this occurs is by shifting the 
folded conformational equilibrium towards an inactive state. (c) In this case, a human disease 

mutation can sometimes be rescued by the addition of another mutation that biases the folded 
conformational equilibrium back towards the active state.  
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kDa subunits. The active site is found at the interface of two adjacent subunits and is shaped like 

a bifunnel with an opening at both the top and the bottom16.  

From early crystal structures of homologous bacterial glutamine synthetases, with 

intermediate steps inferred from the binding of the inhibitor methionine sulfoximine, a two-step 

mechanism has been proposed for the human GS17 (Fig. 1.4 A). In addition, specific catalytic 

steps have been characterized using molecular dynamics18–20. In the first step ATP enters the 

active site through the top of the bifunnel and binds, inducing a conformational change to allow 

binding of glutamate. After glutamate enters the active site through the bottom of the bifunnel 

and binds, the terminal phosphate of ATP is transferred to the glutamate to form a g-glutamyl 

phosphate (GCP) intermediate (Figure X). The second step involves an ammonium ion binding 

to a polar, solvent exposed pocket and transferring a proton to D63 to form ammonia. Ammonia 

then attacks GCP to create a tetrahedral intermediate at the transition state that is stabilized by a 

salt bridge. The salt bridge is destabilized by protonation of E305 (part of the Glu flap), leading 

to glutamine release from the bottom while ADP is released from the top21.   

In humans, GS activity or expression has been linked to many diseases including 

cancer22, epilepsy23, Alzheimer’s24,25, and multiple sclerosis26. GS in the brain plays a crucial 

role because the urea cycle isn’t present in the brain, increasing the risk for ammonia toxicity and 

increasing tissue reliance on GS expressed in astrocytes to remove excess ammonia27,28. The 

other crucial role of GS in the brain is to convert the neurotransmitter L-glutamate to L-

glutamine, which is also mainly done by GS expressed in astrocytes. Because of its critical role 

in regulating these functions in the brain, the activity and cellular distribution of GS in the brain, 

especially in astrocytes, has been linked to many neurodegenerative disorders including 

Alzheimer’s29. In cancer, GS expression can vary depending on different mechanisms, even 
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within different cells of the same tumor30,31. However, these studies only demonstrate reduced 

activity of GS, changes in the cellular distribution of GS expression, or increasing concentrations 

of oxidatively-modified GS as causes for these disease states. There are no specific variants of 

GS or other members of the complex metabolic system GS is a part of that would explain the 

molecular mechanism behind these neurological diseases. Less is known about the mechanism of 

GS human disease mutations that contribute to glutamine deficiency, which has severe 

phenotypes. This rare, recessive disease has three specific homozygous point mutations have 

been characterized in patients. R324C and R341C lead to severe brain malformations and 

neonatal death, while R324S results in neurological impairment due to problems with ammonia 

detoxification32–34.  Interestingly, patient’s heterozygous parents have been characterized as 

compensating for a reduction in GS activity by increasing expression levels across many 

tissues34.  

Here, we present both a computational and an experimental deep mutational scanning 

approach to find secondary compensatory mutations that can rescue the functional defects of a 

nonsynonymous disease mutation. Computationally, an experimentally tractable target protein 

was chosen, human glutamine synthetase, and clinically validated disease mutations were 

identified. This information was used to find CPDs and compare across alignments to identify 

potential compensatory mutations for the GS disease variants. The CPD alignment for our 

chosen disease variant, R341C, was too small to accurately identify compensatory sites and we 

moved to experimental methods to find compensatory mutations. A saturation mutagenesis 

library was created, and a deep mutational scan performed on the hGS R341C variant in a 

mammalian GS-selectable system. We identified several compensatory variants that were able to 

rescue the R341C disease variant, most of which were located far from residue 341 and the 
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active site. Together, these results create a starting point to map how individual mutations can 

alter functional outcomes in disease states.  

 

Results 

Identifying compensated pathogenic deviations  

A single human genome contains thousands of missense mutations. Predicting the effect 

of these missense mutations is a major challenge, with variant prediction algorithms Polyphen 

and SIFT having a false negative detection rate of 6-65% (high - poorly conserved regions) and 

31%35,36. These predictors are dominated by conservation, leading to many false negative 

predictions (mutations that are known to be deleterious, but predicted to be benign) when disease 

mutations occur in positions that are not well-conserved. About 10% of disease-associated 

mutations are likely compensated pathogenic variants, defined as when a human deleterious 

mutation is found as wild type in another species due to the presence of “rescue” suppressor 

mutations1,2. These variants are therefore poorly conserved and poorly predicted by current 

approaches. In previous studies, compensatory mutations were identified solely by proximity to a 

disease mutation. However, long-range compensation without direct physical interaction 

between the compensatory and deleterious mutation has not been previously addressed in these 

studies. These compensatory studies have overlooked allostery between mutations, despite many 

evolutionary and deep sequencing studies proving the importance of allosteric mechanisms in 

activity-enhancing mutations37–39.  

To study CPDs more systematically, I curated my own dataset of compensatory 

mutations from 200 human genes that complement essential yeast genes40, I filtered by proteins 

that had structures that could be found in the PDB (76 genes) and eliminated proteins that are 
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part of a larger hetero-complex (ribosome, proteasome, etc.) and non-enzymatic proteins, 

resulting in 37 candidate genes. For these candidate genes, I created alignments of orthologs 

(Fig. 1.2). We defined these orthologs as functionally equivalent proteins and used Pfam to 

search for the presence of the domains necessary for function. A protein-coding gene was only 

counted as an ortholog/functionally equivalent protein if it had the same number of functional 

domains as the search protein-coding gene in the same structure (or order). With these strict 

criteria, ortholog alignments were relatively small (103- 104). Of the 37 genes alignments were 

made for, 13 had missense mutations that were annotated as disease-causing in OMIM/ClinVar, 

a strict standard for identifying the evidence that they were disease-causing (Table 1.1). A sub-

alignment of potential orthologs where the human disease mutation was present as the wild type 

residue, termed a compensated pathogenic deviation, was created using Clustal Omega. Ten 

Figure 1.2 | Computational pipeline to identify CPDs 
Inputs into the pipeline are shown in the top left, with the expected compensatory mutations as 
output on the right. The pipeline identified disease mutations using OMIM to ensure that 

mutations were clinically validated as disease-causing. Potential compensatory mutations were 

found through orthologs identified by Pfam domains and alignment done using Clustal Omega. 
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proteins had compensated pathogenic deviations, and potential compensatory mutations were 

identified by comparing the frequency of a position in the CPD alignment as compared to the 

overall homolog alignment. However, the CPD alignments were too small to make definitive 

conclusions about the functional impact of these enriched positions.  

Table 1.1 | Potential CPD Targets 
 

 

Glutamine synthetase contains a disease mutation that is not located in the active site yet 

has very severe phenotypic effects. This rare homozygous mutation, R341C, is clinically 

validated in less than 10 patients yet may lead to important functional insights. In patient 

samples, this mutations leads to a 50% drop in specific GS activity34. It is located about 10 

angstroms from the active site and is hypothesized to act as a “bridge” between the active site 

and a dynamic helix whose movement over the active site in the second step of the catalytic 

cycle is necessary for function41. The glutamine synthetase alignment is relatively small, with  

4,632 orthologs identified, of which 296 have a cysteine present as the wild type residue at 

position 341. Interestingly, in this alignment there is only one eukaryotic species, Chinese  

 Protein name 
# Missense 
mutations 

# Functionally 

equivalent 
proteins 

# Species with 

compensated 
pathogenic 

deviations* 

ACAT1 Acetyl-coA acetyltransferase 1 6 25 3 

ADSL Adenylosuccinate lyase 17 42 20 

ERCC2 Excision repair cross-
complementation group2 

4 7 1 

FECH Ferrochelatase 6 419 277 

HMBS Hydroxymethylbilane synthase 9 437 366 

HSPD1 Hsp60 3 882 236 

GCH1 GTP cyclohydrolase 1 4 362 79 

GLUL Glutamine synthetase 3 111 11 

MVK Mevalonate kinase 7 18 3 

TPI1 Triosephosphate isomerase 1 6 600 503 

*Total across all missense mutations in a protein 



 11 

Hamster, with the rest of the alignment consisting of highly diverged prokaryotic glutamine 

synthetases. Because of the functional impacts of this disease mutation, as well as the tractability 

as an experimental target, this protein was chosen as a target to experimentally determine 

compensatory mutations that rescue the functional defects of a disease mutation.  

 

Biochemical characterization of glutamine synthetase 

The dependence of fitness on different biophysical characteristics (binding, catalysis, 

stability, product release) has been dissected in many proteins including DHFR42, rat 

neurotensin43, the WW domain44, E3 ligase E4BU38, and HSP9045. These studies have shown 

that a fitness landscape is multi-dimensional with complex dependencies on different biophysical 

parameters. To better understand the dependence of the fitness landscape on biophysical 

characteristics, kinetic assays and differential scanning fluorimetry (DSF) were utilized to 

characterize differences in the kinetics and thermal unfolding of the wild type hGS compared to 

the disease mutants. Previous work had kinetically characterized the wild type hGS41,46,47, but no 

work outside of molecular dynamics (MD) simulations had attempted to characterize the 

biophysical mechanism of disease mutations. These MD simulations suggest that all GS disease 

mutations affect the first step of the catalytic cycle. The R324C/S mutations interrupt direct 

interactions with the β -phosphate of ATP. Mutation R341C is predicted to weaken ATP binding 

by destabilizing the neighboring R340, which points into the active site, and to destabilize helix 

H8, which weakens glutamate binding through the interruption of stability information from the 

catalytic site to H8 that R341 usually relays. The authors followed up on these predictions in 

HEK293 cells with dot-blot assays and found stability of H8 was impaired by mutation of  
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residues on H8 that interact with R341C41. Overall, disease mutations in hGS have complex 

molecular effects that impair GS activity in ways we do not fully understand.  

 
Figure 1.3 | CPD alignment for glutamine synthetase is highly diverged 
The alignment of all glutamine synthetase orthologs that contain the human disease mutation 

(cysteine) instead of the native arginine at position 341. Only one ortholog identified is closely 
related, Chinese hamster. The rest are highly diverged, consisting of mostly bacterial species. 

The human sequence is highlighted in blue.   
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Table 1.2 | Kinetic analysis of hGS disease variants 
Calculated Vmax, Kcat, Km, and Kcat/Km for human GS disease variants as measured in a the β-

NADH coupled assay.  

 

 

 

  WT R324C R324S R341C 

NH4Cl Vmax 6.63 ± 0.09 5.23 ± 0.38 7.80 ± 0.30 1.50 ± 0.07 

 Kcat(min-1) 26.52 20.92 31.2 6.0 

 Km (uM) 0.047 ± 0.01 16.70 ± 2.26 4.66 ± 0.45 0.02 ± 0.18 

 Kcat/Km (uM-1min-1) 564.26 1.25 6.70 300 

ATP Vmax 13.67 ± 0.60 2.11 ± 0.06 11.47 ± 0.68 2.37 ± 0.09 

 Kcat(min-1) 54.68 8.44 45.88 9.52 

 Km (uM) 10.93 ± 1.05 4.10 ± 0.38 7.55 ± 1.16 5.56 ± 0.66 

 Kcat/Km (uM-1min-1) 5.00 2.06 6.08 1.71 

Glutamate Vmax 7.84 ± 0.12 4.97 ± 0.14 8.57 ± 0.12 2.37± 0.23 

 Kcat(min-1) 31.36 19.88 34.28 9.48 

 Km (uM) 7.01 ± 0.35 10.03 ± 0.78 10.12 ± 0.40 40.65 ± 6.92 

 Kcat/Km (uM-1min-1) 4.48 1.97 3.39 0.23 

Figure 1.4 | Kinetic measurements of human GS disease variants 
(a) The reaction cycle of GS is shown, including the two intermediate steps. (b) Substrate 

titration curves for ammonia, ATP, and L-glutamate for each of the hGS disease variants.  
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We used two kinetic assays to measure the rate of ATP consumption during the hGS 

catalytic cycle. The first is an endpoint assay that utilizes radiolabeled ATP to measure 

hydrolysis of ATP to ADP in the reaction. This assay was performed with and without 

ammonium chloride present to measure if hydrolysis of ATP was dependent on the ammonium 

ion. With all substrates present, the reaction proceeds quickly, with all ATP hydrolyzed by the 30 

seconds timepoint. Interestingly, when ammonium is excluded from the reaction, phosphate is 

still released. This suggests that there may be unproductive ATP hydrolysis occurring during the 

catalytic cycle of glutamine synthetase.   

The second assay is a β-NADH coupled assay, which measures the hydrolysis of ATP to 

ADP in the catalytic cycle (through release of phosphate). While this assay only addresses the 

first step of the catalytic cycle, it is an improvement on the current standard in the GS field: a 

colorimetric endpoint assay that uses hydroxylamine, a non-native substrate, in replacement of 

ammonia. The variation in reported Vmax values in the literature for hGS is assumed to be 

because of this substitution in the colorimetric assay46. This coupled assay allows for continuous, 

direct measurement of substrate over the entire progress curve with the native ammonia 

substrate.  

When comparing the kinetic effects of the three disease mutations, we can see that the 

R324S mutations had the least severe effect. There was no change in the Vmax and Km of both 

ATP and glutamate when compared to the wild type enzyme. We do see a roughly 100-fold 

increase in Km for ammonium with mutation to R324S. This effect on Km without any change on 

Vmax suggests a decrease in binding efficiency of the ammonium ion. The other disease mutation 

at this site, R324C, has a slightly larger increase of Km (~400 fold), which we can attribute to a 

decrease in binding affinity due to the effects  on Kcat/Km. Crystallographic evidence has suggested 
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this residue bind the B-phosphate of ATP and positions it correctly in the active site. MD 

simulations of this mutation suggest that a water molecule compensates for the reduction in bulk 

with mutation from a arginine to a serine and allows for positioning of ATP correctly in the 

active site 41. We see this reflected when we look at the ATP substrate, where there seems to be 

not change in the Vmax or Km with mutation to serine. This compensation does not happen when 

the mutation is cysteine. We also see this reflected in the data, with ATP Km reduced by a 

modest ~2 fold but with an accompanying decrease in Vmax of ~7-fold. There is less evidence for 

where ammonium ions bind within the active site. This data suggests that the arginine at position 

324 is important for the binding of ammonium, perhaps even more so than for ATP.  

The R341C mutation was the most severe mutation in terms of kinetic effects. We only 

see modest Km effects when looking at ATP and ammonium, but ~6-fold increase in Km when 

looking at glutamate. A previous MD study predicted that the destabilization of helix 8 caused by 

R341C affects glutamate binding, since a prerequisite for glutamate binding is a shift of H8 in 

the first step of the catalytic cycle that closes the active site after ATP binding41,47. We observe 

reduction in the Vmax and therefore a ~20-fold reduction in Kcat/Km of glutamate and can 

therefore assume this mutation does not affect the binding of glutamate, and instead affects the 

rate of glutamate turnover through another mechanism.  

 

Disease mutations affect thermostability of GS 

Thermal shift assays have been used to characterize the midpoint of the unfolding transition  

(Tm ) in the absence of ligands (56oC), in the presence of glutamate and glutamine (56oC), MgCl2 

(58oC), 1 mM MnCl2 (60.1oC), 1 mM ATP (67.5oC), and MnCl2 +ATP (71.5oC)47. To determine 

if mutation changes the global stability of the GS disease mutations, we used a thermal shift 
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assay to assess global stability and quantify the midpoint of the unfolding transition (Tm) as has 

been previously described for human GS34. All mutants exhibited a single transition and wild 

type GS had a melting temperature of 55.57 oC (Fig 1.5 A,B). The least severe was R324C with 

a ΔTm of -2.22oC, followed by R341C with a ΔTm of -5.9oC, and largest difference in thermal 

unfolding was R324S with a ΔTm of -7.67 oC (Fig 1.5 C). While all mutations caused a decrease 

in melting temperature, the ΔTm between WT and the GS variants was not severe enough to 

indicate any of the mutants were globally thermally destabilizing at body temperature.    

We also probed the effects of different substrates necessary for catalysis on hGS stability 

by determining the melting temperature with DSF. We quantified the difference between 

measurements with the apo wild type enzyme and combinations of all ligands, and this 

difference quantified. Binding of glutamine or glutamate seemed to have a negligible effect on 

hGS stability, as did binding of ammonium or ATP alone (Fig. 1.5 D). Comparisons of bacterial 

GS orthologs suggest that there are two major conformational states that exist: a “relaxed” 

conformation that is inactive and has no metal bound, and a metal-bound “taut” active state48. In 

our experiment, the presence of metal in the form of magnesium or manganese had a 

significantly stabilizing effect with manganese contributing to stability more so than magnesium. 

The largest ΔTm measured was with the addition of an ATP + metal complex (either manganese  

or magnesium). This data agrees with previous DSF experiments on the stabilizing effects of 

substrate binding, specifically of an ATP-metal conjugate, to hGS46. 
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Figure 1.5 | Thermal shift assay of human GS variants & substrates 
(a) A representative melting curve, illustrating that GS unfolding occurs as a single transition (b) 
The first derivative of the melting curve for four representative replicates show a clear single 

melting temperature (c) Disease mutants (R324C/S, R341C) and predicted glutamine-loop 
destabilizing mutants (E305Q, A195N) all exhibit lower melting temperatures than wild type, 

indicating a lower thermal stability (d) The delta melting temperature for different WT hGS 
substrates is shown. Increasing metal concentrations and ATP-metal conjugate are highly 

thermally stabilizing.  
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Glutamine synthetase mutants exhibit differential growth rates 

Previous studies have shown that different types of human cells are sensitive to glutamine  

starvation, and the degree of sensitivity is based on glutamine synthetase expression levels31,49. 

To test if growth could be used as a proxy for variant fitness in this system, we obtained 

glutamine synthetase knockout HEK293E cells from Yu et al., which do not express glutamine 

synthetase and are sensitive to deprivation of exogenous glutamine49 (Fig 1.6 A). We then 

created a genomically-integrated Bxb1 landing pad50 in this GS-knockout cell line. To do this we 

used a CRISPR-based approach to insert a landing pad containing a self-contained Tet-inducible 

system with a Bxb1 attP recombination site and a BFP reporter into the AAVS1 locus (Fig 1.6 

B,C). The BFP reporter is positioned such that when the transgene is expressed correctly, cells 

lose BFP expression. We then can utilize the site-specific Bxb1 recombinase to integrate a 

transgenic cassette of our choice into the landing pad for expression (Fig 1.6 C). Our expression 

plasmids also contain a fluorescent mCherry marker so we can monitor both the loss of BFP 

expression and gain of mCherry expression when introducing the transgenic cassette (Fig 1.6 

D,E). After optimizing transfection conditions, we achieved a range of recombination efficiency 

of 10-30% depending on the expression vector or library being introduced. Our expression 

plasmid also contained a puromycin selection marker so we could efficiently select for cells that 

Figure 1.6 | Growth is a proxy for glutamine synthetase fitness 
(a) GS knockout HEK293 cells were originally created using CRISPR-Cas9 targeting the 4th 

exon. (b) A landing pad was inserted using CRISPR-Cas9 into the AAVS1 site (c) To utilize the 
landing pad, transgenic cassettes are co-transfected with the site-specific Bxb1 recombinase. (d) 

Cells expressing the landing pad template without a transgenic cassette present express BFP. (e) 
Successful recombination of a transgene into the landing pad is marked by a complete loss of 

BFP expression and a gain in mCherry expression. (f) Cells expressing different glutamine 
synthetase variants were grown in the presence (left) or absence (right) of glutamine. During 

glutamine withdrawal, disease variants exhibited differential growth compared to wild type and 
empty vector, suggesting there is a sufficient enough dynamic range to use growth as a readout 

for enzyme function.  
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had integrated the transgene. We found that 4-7 days of puromycin selection was sufficient in all 

cases to get a cell population that was at least 99% homogenous.  

We expressed hGS disease variants using this landing pad and compared the growth of 

these disease variants to wild type and empty vector in the presence and absence of exogenous 

glutamine. In the presence of glutamine, all hGS variants had identical growth. When glutamine 

was removed from the media, WT and the disease mutant R324S had the highest growth rate, 

with the R324C mutation showing a decrease in growth and R341C having the greatest growth 

defect. This is in line with the kinetic data discussed above, with R341C having the most severe 

effect on both cell growth and catalytic rate. As expected, both the empty vector and the cell line 

alone did not die completely in the absence of glutamine, and a baseline cell number was 

maintained even after 7 days (Fig. 1.6 E). Altogether, this data suggested to us that this system 

could be used for a growth-based selection in a deep mutational scan.  

In order for a deep mutational scan to be successful, each cell must be reliant on 

glutamine production from the expressed variant in that specific cell. In order to test if glutamine 

is excreted from cells, we used a luciferase assay to test the glutamine and glutamate 

concentration in the cell media at days 1, 5, 6, and 8 during a growth test using wild type hGS 

and R324S as well as the empty vector (media was changed on day 5). We see that for both the 

wild type and R324S cell lines, glutamate is consumed and drops in concentration, while 

glutamine concentration stays relatively constant across the time course of the experiment (Fig. 

1.7). This suggests that even while glutamate is being consumed by hGS in the cell to produce  

glutamine, the glutamine is not being excreted back into the cell media. We can therefore 

conclude that weaker variants in a deep mutational scan would not be able to escape selection 

through excretion of glutamine from healthier variants.  
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Figure 1.7 | Cells in GS selection system do not efflux glutamine  
Cells expressing vector, WT, or R324S were grown over 8 days, during which 

glutamine and glutamate levels were measured from cell media. As expected, 
glutamate is consumed over time from the cell media, but glutamine levels in the 

media do not proportionately rise at the same rate, suggesting that glutamine is not 
effluxed into the cell media.  
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Figure 1.8 | Saturation mutagenesis library statistics 
Representative library statistics are shown for the 341C replicate 2 library (a) Library design for 

the WT-R341 and 341C library (b) Most positions had <18 amino acids mutations present in the 
library (c) The hamming distance of the reads is shown. We expect a hamming distance of 1-3 

for our defined library (d) The libraries had good coverage across the entire open reading frame 
of GS.  
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Optimization of library mutagenesis and library creation 

Many methods exist for the creation of a saturation mutagenesis library, each of which 

must be coupled with a sequencing strategy for a meaningful readout. For our experiment, 

plasmid one-pot nicking mutagenesis was chosen to create the saturation mutagenesis library51. 

A one-pot method was chosen for several reasons: ease and speed of library creation (~1 day), 

cost, mutational efficiency, and ability to directly define mutagenic codons and control the 

number of mutations. A user-defined library of 50 bp oligos was ordered from Agilent and used 

in the workflow. This library encoded ~7500 unique amino acid mutations across the whole 373 

amino acid open reading frame of hGS. Initial attempts to create a mutagenized library yielded 

lower mutational efficiencies than expected (~10-20%). Mutational efficiency was increased 

with addition of DMSO (35%) and changing the polymerase from the high fidelity Phusion to 

the slightly lower efficiency PfuTurbo polymerase (45%). Changing the PCR cycle to anneal 

first also increased efficiency significantly (70-80%), but decreased yield too much for it to be a 

viable option. All subsequent libraries were created using the DMSO and PfuTurbo addition and 

performed in triplicate. The highest efficiency library from each triplicate was carried forward 

and the other library replicates discarded. Mutational efficiency was estimated by Sanger 

sequencing 10 clones per library preparation. A minimum mutational efficiency of 50% was 

considered acceptable.   

Libraries were sequenced on a Miseq using PE 250 reads to analyze the substitution 

efficiency and coverage of the libraries. We utilized a direct sequencing strategy, splitting the 

open reading frame into three amplicons of about 375 bases that overlapped slightly at both ends. 

Read 1 and Read 2 overlapped in the middle of each amplicon across 175 bases. Reads one and 

two were merged, and variants called by finding direct matches to the expected ~375 bp 
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mutagenic amplicon sequences. About 27-29% of the reads across all library sequencing datasets 

directly matched an expected mutation. All biological replicates of both the WT and 341C 

libraries had sufficient coverage across the whole open reading frame, with successful 

substitution to all 20 (or 21 if a synonymous mutation was included) amino acids at majority of 

positions (Fig 1.8).  

While our sequencing design does not allow us to measure the amount of mutations 

across the entire open reading frame, all mutations represented in these analyses were single 

mutations within an amplicon, or a third of the open reading frame. We can assume the rest of 

the variation in the libraries was due to the presence of multiple mutations in the library or 

sequencing errors. To try to estimate this, we measured the number of variants called by directly 

matching to the input 50-bp oligo sequence used to make the libraries. Using the 50-bp matching 

scheme, 35-41% of the reads were called as expected variants. When we looked for exact 

matches to the whole ~375 base amplicon, 27-29% of the reads were called as variants. If we 

take the ratio of the average percentage of reads matched in 50 bases to the average percentage 

of reads matched across the whole ~375 base amplicon, we get a ratio of 0.74 If we multiply that 

rate across all the three amplicons, we can extrapolate how many total mutations we expect to 

have been present across the whole open reading frame on average (2.21). This suggests that 

there were multiple mutations present that are unaccounted for due to our sequencing strategy.  

 

Removal of exogenous glutamine alone is not sufficient for selection  

To test if any secondary mutations could rescue the function of the R341C disease 

mutation, a deep mutational scan was performed using a saturation mutagenesis library in the 

cell selection system described above. A second comparison library (WT library, R341) was also 
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tested. The WT-R341 library was identical to the saturation mutagenesis library above with the 

exception of the presence of the native arginine at position 341. In both libraries position 341 

was not mutagenized. Four time points were collected for each experiment in two pairings, based 

on two doublings of the respective libraries. The 341C library grew approximately two times 

slower than the WT-R341 library. For the WT-R341 library, samples were collected on day 0, 2, 

6, and 8. Samples of the 341C library were collected on day 0, 4, 12, and 16. Two replicate 

experiments were performed, and samples were deep sequenced on the NovaSeq. The open 

reading frame was directly sequenced in three amplicons, using paired end 250 bp reads to cover 

a 375 bp region with a 125 bp overlap between read 1 and read 2.   

A common issue with amplicon sequencing is the low base diversity present in the 

sample that makes cluster generation more difficult on Illumina platforms. For this reason, 15% 

PhiX was empirically determined to be the optimal amount of PhiX to add to the sample during 

sequencing to ensure sufficient clustering and output. Samples from all timepoints across the two 

Figure 1.9 | Sequencing statistics for DMS timepoints 
Replicates were sequenced on a Novaseq using a PE250 run. All reads had good quality scores 
across the length of the read, and sufficient sequencing depth for use in analysis.   
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replicates for both the WT and 341C experiment were pooled at 1:1 molar ratio based on 

quantification using the Qubit and then sequencing on the iSeq. After demultiplexing, the ratio of 

each library in the iSeq run was used to rebalance the library pool before sequencing on the 

NovaSeq.  This is important because if libraries are slightly misquantified and combined in 

unequal concentrations, it can result in biased representation of certain libraries over others. 

Sequencing was successful, with ~778 million clusters passing filter, 75.75% of bases >Q30, and 

a mean quality score of 32.3 (Fig. 1.9). 

In both libraries, stop codons and synonymous wild type mutations were incorporated to 

check for selection. The synonymous wild type mutations consisted of codon-level mutations at 

all arginine and leucine codons in the GS sequence. In a successful selection, stop codons should 

cause a decrease in function or cell death, especially if they are located early in the sequence, 

while wild type mutations act as the benchmark for identifying gain-of-function vs. loss-of-

function mutations. However, in both of our experiments, we observed that stop codons did not 

drop out of the population (Fig. 1.10). In the case of the WT-R341 library, the distribution of the 

stop codon mutations and synonymous wild type variants had the same score, indicating that no 

selection occurred.  

In the 341C library, we observe a distinct, but partial distribution of fitness scores for the 

stop codons and synonymous wild type variants (Fig. 1.10). While 341C is a severe mutation, 

there were some secondary mutants that were able to rescue this deleterious mutation. The 

average score of the synonymous mutations in the 341C DMS was 0.064 ± 0.611. Of the 6663 

total variants tested in this experiment, 1133 variants had scores higher than the synonymous 

wild type average. We selected the top 20 compensatory mutations (Table 1.3) and mapped them 

on the surface of glutamine synthetase (Fig. 1.11). None of the compensatory mutants mapped 
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had obvious rationale for the phenotypic rescue (such as correcting charge, packing defects, or 

stability of helix 8). We had predicted that 341C causes local unfolding of helix 8, and one 

beneficial variant is located on helix 8 in a surface-exposed residue (Glu275Phe). This is 

interesting because most hydrophobic mutations at the surface are only favored in the presence 

of other surface exposed hydrophobic residues (i.e. a hydrophobic patch). Residue 275 is not part 

of a hydrophobic patch, but it is possible local unfolding of helix 8 in the presence of 341C 

changes the conformation of helix 8  

in a way that favors this phenylalanine mutation. We also observed that five of the top 20 

beneficial mutations occurred between residues 10-16 and all beneficial mutations at these 

positions were to hydrophobic residues (K11P, I13V, K14V, K14L, V16G). These residues form 

the inner core of the pentameric ring made up of several helices and it is unsurprising that in the 

core mutation to hydrophobic residues are favored. There were two active site residues that 

compensated for 341C: A191L and D255S. D255 stabilizes ATP in the active site, and it is 

reasonable to think that serine serves a similar role that does not alter the conformation of ATP 

necessary for catalysis.  
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Figure 1.10 | Measuring selection in WT and 341C library experiments 
(a) Deep mutational scanning approach. We generated saturation mutagenesis libraries in the 
background of WT hGS and 341C hGS. Libraries were transfected into cells utilizing a genomic 

landing pad and Bxb1 recombinase. Cells were selected for by withdrawal of glutamine and sequenced 
before selection and at three timepoints after selection. (b) Two complete biological replicates were 

performed. (c,d) Two replicates from each library (WT and 341C) were scored using a weighted linear 
regression over 4 timepoints. The score distribution of all synonymous wild type mutations (all 

arginine/leucine codons in the open reading frame) are plotted in blue; the score distribution of the stop 
codons are plotted in purple; the distribution of all variants in the library are plotted in red. No filtering 

of the data was done. No selection seems to have occurred in the WT-R341 DMS experiments. 
Selection was successfully in the 341C DMS experiments, with the majority of scores distributed 

between the stop codons (low) and synonymous wild type variant scores (high). (e) Heat map of the 
weighted linear regression scores in the 341C DMS experiment.  
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Figure 1.11 | Structural investigation of 341C compensatory mutations 
(a) A side view of the homodecamer hGS assembly is shown. One active site is outlined and 
zoomed in the panel below. (b) A top-down view of the pentameric ring. The panel below is 

zoomed in to the inter-helix portion of the pentamer (c) Active site residues with compensatory 
mutations are shown in red. ATP, manganese, and the irreversible inhibitor MSO are pictured in 

the active site. MSO binds in the glutamate binding pocket. Residue D255 is shown in stabilizing 
ATP (d) Positions with compensatory mutations in the helices shown are colored in red (wild 

type residue shown). All of the compensatory mutations identified at these positions are to 
hydrophobic residues. 
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Table 1.3 | Top beneficial and deleterious secondary mutations in R341C DMS 
Helix 8 residues are highlighted in pink, active site residues highlighted in blue, and inner-helix 

residues highlighted in grey.  
Variant Score SE 

c.571_573delinsTAC (p.Ala191Tyr) 1.902170181 0.309662033 

c.823_825delinsTTC (p.Glu275Phe) 1.828788565 0.976410115 

c.208_209delinsGG (p.Ser70Gly) 1.764365559 0.481679195 

c.31_33delinsCCC (p.Lys11Pro) 1.732176416 0.220105698 

c.336C>G (p.Asn112Lys) 1.722219364 0.65916035 

c.175_177delinsCCC (p.Glu59Pro) 1.687922811 1.944453226 

c.223_224delinsGG (p.Ser75Gly) 1.685415292 0.770815489 

c.40_42delinsGTG (p.Lys14Val) 1.675288096 1.289371212 

c.571_572delinsCT (p.Ala191Leu) 1.664864504 0.395935271 

c.64_66delinsAAC (p.Gln22Asn) 1.610679558 1.397231769 

c.40_42delinsCTG (p.Lys14Leu) 1.540231514 0.726728577 

c.418_420delinsTAC (p.Met140Tyr) 1.504862322 0.435733996 

c.47T>G (p.Val16Gly) 1.491418478 0.177322901 

c.37_39delinsGTG (p.Ile13Val) 1.466314511 0.307515299 

c.760_762delinsCCC (p.Thr254Pro) 1.460568322 0.883042743 

c.764_765delinsGC (p.Asn255Ser) 1.382726887 0.655693049 

c.184_185delinsAA (p.Phe62Asn) 1.381052041 0.762125455 

c.610_611delinsAC (p.Phe204Thr) 1.347769616 0.61816677 

c.508_509delinsAT (p.Ala170Met) 1.321843932 0.895932005 

c.289_290delinsTA (p.Val97Tyr) -3.104396797 0.507142912 

c.634_636delinsGGC (p.Ile212Gly) -2.7906303 0.48761043 

c.601_603delinsGCC (p.Gln201Ala) -2.745860037 0.821139246 

c.544_546delinsCAC (p.Ala182His) -2.487584407 0.689756438 

c.760_762delinsCAC (p.Thr254His) -2.471570034 0.83430885 
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Variant Score SE 

c.1033_1035delinsGTG (p.Asn345Val) -2.46806733 0.34053909 

c.1054_1055delinsTA (p.Thr352Tyr) -2.467756978 0.549882701 

c.592_594delinsCCC (p.Met198Pro) -2.45813383 0.338696149 

c.532_533delinsCT (p.Ala178Leu) -2.424496156 0.709016255 

c.1063_1065delinsTGA (p.Leu355Ter) -2.419996616 0.244357346 

c.502_504delinsCAG (p.Asp168Gln) -2.385553675 0.995977521 

c.451_453delinsGAG (p.Ser151Glu) -2.352882349 0.800210096 

c.461_462delinsGG (p.Phe154Trp) -2.322923859 0.887659079 

c.787_789delinsTTC (p.Glu263Phe) -2.302241729 0.394144615 

c.1102_1104delinsTAC (p.Pro368Tyr) -2.29744472 0.345276983 

c.1042_1044delinsTTC (p.Pro348Phe) -2.282889475 0.766861309 

c.430_432delinsTAC (p.Gly144Tyr) -2.27922577 0.191116593 

c.403_405delinsGAC (p.Gln135Asp) -2.260856818 0.726073662 

c.427_428delinsTG (p.Asp143Cys) -2.258885253 0.619953074 

 

Discussion 

The goals of these deep mutational scans were twofold. In the 341C deep mutational 

scan, we hoped to experimentally discover single mutations that could functionally rescue the 

defects induced by the 341C disease mutation. For the WT-R341 saturation mutagenesis 

experiment, we sought to create a dataset that described the fitness landscape of single mutations 

in glutamine synthetase. Combined, these experiments would give us quantitative information on 

glutamine synthetase function, variant effect, and compensation for deleterious mutations. 

Looking more broadly at the evolutionary conclusions, comparing these two experiments could 

give us insight into the relative importance of the genetic context of a mutation (i.e. is the variant 

effect of a mutation the same in both experiments? Is a mutation that compensates for the 341C 
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disease mutation neutral, beneficial, or deleterious in the context of the wild type R341 

sequence?). While the selection was only successful in the 341C experiment, compensatory 

mutations were identified that could rescue the deleterious effect of 341C. None of these 

compensatory mutations had obvious effects, but we anticipate that increasing the coverage of 

the library in repeat experiments in conjunction with structural efforts will illuminate a picture of 

the conformational landscape that may not be apparent by studying the wild type structure (since 

no structure exists of any of the disease mutants). Follow up efforts will also characterize these 

secondary mutations in vitro as well and test secondary mutations in isolation in vivo.  

Our experiment was limited by several factors, the most important being the lack of 

selection (in the WT-R341 library) or weak selection (in the 341C library). The choice of library 

construction method was another limitation. While one-pot assembly methods seem attractive, 

we have come to conclude that the presence of unintended multiple mutations, as is seen in the 

hamming distance distribution of our libraries, and low mutagenic efficiency renders this method 

too limited for greater use. We overcame the limitation of mutagenic efficiency by sequencing 

more deeply to get the same read coverage for variants and overcame multiple mutations by 

stringent filtering based on exact matches to the expected mutagenic amplicon, but this reduced 

our variant coverage. Because of our choice of sequencing method, we also could not control for 

multiple mutations present across multiple amplicons and instead estimated the mutation 

frequency we saw based on exact matches within a single amplicon.  

Another limitation of the experiment was direct sequencing strategy. Other groups have 

used similar “tiling” or “direct amplicon” sequencing strategies52–54. Direct amplicon sequencing 

has the advantage of eliminating base-calling error to more accurately measure lower frequency 

variants in mutant libraries due to the ability to sequence both strands two reads. Barcoding and 
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subassembly are also not necessary when directly sequencing the coding region of directly. In 

recent years, the read length has increased on Illumina platforms to 250 bp, allowing for long 

enough reads that only a small number of amplicons have to be used for many proteins. 

However, we were not able to directly measure the number of mutations present across the whole 

coding region in our mutagenized library since the open reading frame of GS is too long to be 

covered by one amplicon. This is an inherent limitation of our experiment. Read lengths of 

250bp also take longer to sequence and are much more expensive per variant than the shorter 

reads possible when sequencing a barcoded library. In future experiments, this sequencing 

strategy should be altered to overcome these limitations. An alternative approach is to do 

multiple set of deep mutational scans on smaller libraries that only cover a subset of the open 

reading frame54. Barcoding is the most prevalent strategy in most deep mutational scans now, 

and it is easy to see why. This method has more up-front work to associate the barcode library 

with the mutant library, but allows for greater statistical power since multiple unique barcodes 

can be linked to a single variant55,56. The sequencing library and number of total mutations can 

be defined with a long-read sequencing run. All in all, the choice of mutagenic library creation 

method and paired sequencing strategy are paramount to the success of a deep mutational scan.  

 

Increasing selective pressure in future iterations of the DMS 

Each human cell line responds differently to glutamine deprivation, and requires different 

degrees of glutamine withdrawal  to affect cell viability30,31,57. One way that cells could escape 

selection in this system is with the presence of even trace amounts of glutamine in our 

engineered HEK293E cells. All experiments here were done with standard FBS, which is an 

undefined medium necessary for cell growth, but a potential source of glutamine that cells could 
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utilize instead of relying on the expression of a desired variant. Other growth tests of GS in 

human cell systems utilize FBS that has been dialyzed in glutamine-depleted media to remove all 

glutamine from the FBS before use31,58. If that is not sufficient to remove extraneous sources of 

glutamine, a glutamine scavenger such as L-asparaginase can also be used, which can 

decompose both asparagine and glutamine. The irreversible GS inhibitor L-methionine 

sulfoximine (MSO) could be used alone or in conjunction with L-asparaginase to further tune 

selection30.  

Despite glutamine and glutamate levels in cell media being tested previously, another 

mechanism for escaping selection would be for weaker variants to somehow obtain a growth 

advantage from stronger variants when grown in bulk. To test if this is the case, cell lines 

expressing wild type glutamine synthetase and the 341C variant can be mixed together at 

different ratios, and growth measured in the absence of glutamine over the course of several 

days. If WT and 341C are tagged with a fluorescent reporter, growth could be measured in the 

using a flow cytometer to count the number of cells present with each reporter. If 341C is 

obtaining a growth advantage from the wild type mutant, we would expect the ratio they were 

mixed at not to change throughout the course of the growth experiment. If the weaker variant is 

not securing a growth advantage from wild type, we would expect the growth rate of the wild 

type cells to be much higher than that of the 341C population.  

In summary, we biophysically characterized the R324C, R324S, and R341C disease 

mutations and identified initial compensatory mutations that rescue the functional defects caused 

by the R341C disease mutation. We found that while all disease variants are thermally 

destabilizing, they maintain the global stability of the hGS protein. Kinetic analyses point to a 

complex mechanism for each mutant, with R341C primarily affecting the turnover of glutamate. 
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Our deep mutational scan identified single compensatory mutations that were widely distributed 

throughout GS, most far from the active site. This speaks to an indirect compensation that is 

more complex, such as global GS stabilization, long range allosteric effects, correction of subunit 

assembly (i.e. pentamer to decamer equilibrium), or conformational correction. We certainly 

observe through our identification of CPDs for the 341C mutation that the fitness of an amino 

acid substitution depends on the genetic context, and in GS evolution only distantly related 

bacterial orthologs and Chinese hamster gain a fitness advantage with a cysteine at position 341. 

While evolution has found how to genetically compensate for R341C by large-scale changes in 

the underlying genetic context, we have found that these are not the only ways to suppress the 

functional defects of 341C: a single mutation has the power to do the same.   

 

Methods 

All CPD alignment and identification scripts can be found here. Scripts related to the DMS can 

be found at the following github repository.  

General reagents, DNA oligonucleotides and plasmids 

Unless otherwise noted, all chemicals were obtained from Sigma and all enzymes were 

obtained from New England Biolabs. E. coli were cultured at 37 °C in Luria broth. All cell 

culture reagents were purchased from ThermoFisher Scientific unless otherwise noted. 

HEK293E glutamine synthetase knockout cells49 and related cell lines were cultured in 

Dulbecco’s modified Eagle’s medium (Gibco 11995-065) with glutamine supplemented with 

10% fetal bovine serum, 1x GSEM supplement (Sigma-Aldrich). Cells were passaged by 

detachment with trypsin–EDTA 0.25%. All synthetic oligonucleotides were obtained from Elim 

Biopharmaceuticals.  
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Expression and purification of human glutamine synthetase 

An expression vector for a 6xHIS-conjugated human glutamine synthetase was ordered 

from ATUM. The vector was transformed into BL21(DE3) e. coli cells and grown overnight at 

37 °C in Luria broth with 100 µg ml−1 carbenicillin. 5 mL of this starter culture was added to 1 L 

of the same medium and allowed to grow at 37 °C until an A600 of 0.6-0.8 was reached. At this 

point, expression of GS was induced with 0.5 mM IPTG and the temperature was reduced to 

18 °C for 16 - 18 hours. The cells were harvested by centrifugation at 4500 rpm for 15 minutes at 

4 °C. The cell pellets were transferred to a 50-mL conical, flash frozen in liquid nitrogen, and 

stored at -80 °C.  

To purify protein from the expression pellets, cells were thawed and resuspended in a 

buffer containing 50 mM Tris-HCl pH 7.5, 300 mM NaCl, 10 mM Imidazole pH 7.5, 0.5 mM 

TCEP with 1 uL Pierce universal nuclease (ThermoFisher) and one EDTA-free protease inhibitor 

tablet dissolved in (Roche). Cells were lysed using sonication on ice at 60% amplitude for three 

cycles of 5 seconds on/5 seconds off for a total of 4 minutes and centrifuged at 18,000 rpm for 

30-40 minutes at 4 °C. The soluble fraction was filtered using a 0.22 µM filter and loaded onto a 

5 mL HisTrap FF column (GE) that had been equilibrated in 50 mM Tris-HCl pH 7.5, 300 mM 

NaCl, 10 mM Imidazole pH 7.5, 0.5 mM TCEP. Bound protein was eluted over a ramp of 0-

100% Buffer B (50 mM Tris-HCl pH 7.5, 300 mM NaCl, 400 mM Imidazole pH 7.5, 0.5 mM 

TCEP). Fractions with a high A280 trace were analyzed using SDS-PAGE and clean fractions 

were pooled and concentrated using an Amicon Ultra-15 10K centrifugal concentrator 

(Millipore). The concentrated pool was dialyzed overnight in a buffer containing 20 mM HEPES 

pH 7.5, 150 mM KCl, 20 mM NaCl, 5 mM MgCl2, and 0.5 mM TCEP at 4 °C. If the sample 

volume was above 2 mLs after dialysis, the sample was concentrated further and loaded onto a 
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120 mL Superose 6 sizing column (GE) that had been pre-equilibrated in the same buffer as used 

for dialysis. Eluted fractions were analyzed by SDS-PAGE electrophoresis and fractions 

containing glutamine synthetase were pooled and concentrated. Resulting protein was quantified 

using a Pierce BCA assay (ThermoFisher).   

Glutamine synthetase activity assay 

GS activity was measured using a β-NADH coupled assay. Reactions were set up in a 96-

well plate with each 200 uL reaction containing: 34.20 mM imidazole pH 7.1, 45 mM NH4Cl, 

8.50 mM ATP pH 7.5, 60 mM MgCl2, 18.9 mM KCl, 0.30 mg/mL BSA (Sigma), 102 mM 

sodium glutamate, 0.5 mM TCEP, 1.10 mM phosphoenolpyruvate, 0.64 mM β-NADH, and 

pyruvate kinase/lactic dehydrogenase enzyme mix (final concentration 28 units pyruvate kinase, 

40 units L-lactic dehydrogenase; Millipore). Depending on the substrate being tested, the amount 

of ATP, NH4Cl, and glutamate was varied. The reactions were pre-activated for 10 minutes at 37 

°C and started by addition of 0.1 ug of glutamine synthetase. The absorbance at 340 nm was 

analyzed at 37 °C on a TECAN Spark. The absorbance was plotted over time and the linear 

portion of the curve was used to find the initial reaction velocity. Velocities were plotted as a 

function of substrate concentration (ATP, glutamate, NH4Cl) and fit to the Michaelis-Menten 

equation using Prism GraphPad software. Final product amounts were found by comparison to 

an NADH standard curve.  

Differential scanning fluorimetry with Sypro Orange 

Thermal shift assays were done using purified protein on a ViiA 7 Real-Time PCR 

System (ThermoFisher). Briefly, 20 uL reactions were mixed in a 96 well plate containing a final 

concentration of 5X Sypro Orange (Sigma) and 6 ug of glutamine synthetase protein in 20 mM 

HEPES pH 7.5, 150 mM KCl, 20 mM NaCl, and 0.5 mM TCEP. Samples were done in triplicate 
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and a no protein control was included. The excitation/emission wavelengths were set to 486 nm 

and 570 nm respectively. The reaction cycle consisted of a 0.5 °C step with 30 second hold from 

25 °C to 95 °C. Data was analyzed using “thermofluor.py”. 

Construction of the glutamine synthetase nicking mutagenesis and landing pad vector 

The glutamine synthetase open reading frame was obtained from ATUM and inserted 

into the nicking mutagenesis vector using Gibson assembly to create NMV-GLUL-WT and 

NMV-GLUL-341C. In the same reaction, AgeI and AscI sites were added to the 5’ and 3’ ends 

of the open reading frame. The landing pad expression vector G274A_AttB_sGFP_PTEN-IRES- 

mCherry-P2A-PuroR was a gift from the Fowler lab. AgeI and AscI restriction sites were added 

to the 5’ and 3’ ends of PTEN using around-the-horn mutagenesis and subsequently restriction 

digested and ligated to create AttB_sGFP_GLUL-IRES- mCherry-P2A-PuroR and 

AttB_sGFP_GLUL-341C-IRES-mCherry-P2A-PuroR.  

Construction of mutant plasmid libraries for glutamine synthetase 

We created site-saturation mutagenesis libraries of human glutamine synthetase WT 

(WT-R341 library) and human glutamine synthetase 341C (341C library) using nicking 

mutagenesis51. We first designed mutagenic oligos using the python script 

“generateNMVprimers.py”. A list of the primer sequences for both libraries can be found in the 

supplemental material. The oligos were ordered in a custom pool from Agilent. Two rounds of 

nicking mutagenesis were performed in triplicate with the following modifications: the initial 

strand was reversed from the original method and the reverse primer was reverse complemented. 

Accordingly, Nb.BbvCI was used to nick in the first round ssDNA Template Strand Preparation 

and Nt.BbvCI was used in the second round. Oligos supplied from Agilent were at a lower 

concentration, so a 1:50 ratio was used to create the mutagenic strand. In the first and second 
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extension reaction, PFUTurbo (Agilent) was used in place of Phusion and 5% DMSO was added. 

Reactions were electroporated into 50 uL of XL1-Blue electrocompetent cells (Agilent). 

Transformation efficiency was estimated by dilution plating. 10-20 colonies were Sanger 

sequenced to estimate the mutational frequency. Replicates with mutational frequencies over 

40% were kept.  

Deep sequencing of the glutamine synthetase plasmid library composition 

The composition of the WT-R341 and 341C hGS plasmid library preparation used to 

generate recombinant cells was assessed by Illumina sequencing. The open reading frame was 

split into three 175 amino acid amplicons and tiled along the whole sequence. Each primer used 

for amplification also contained half of the Illumina-specific adapter sequence. The primer 

sequences are provided in the supplemental material. Round 1 PCRs were set up using 25 uL of 

Kapa Hifi 2x mastermix (Roche), 10 ng plasmid library DNA, 5 uL of forward primer diluted to 

10 uM, and 10 uL of reverse primer diluted to 10 uM. The thermocycling program used for 

round 1 PCRs was as follows: step 1, 95 °C for 3 min; step 2, 98 °C for 20 s;step 3, 55 °C for 15 

s; step 4, 72 °C for 15 s, go to step 2 (9 times); step 5, 72 °Cfor 1 min; and step 6, 4 °C hold. The 

resulting ~550 bp subamplicons were purified using a left-sided selection with AMPure XP 

beads (Beckman-Coulter, 0.8x bead-to-sample volume) and a right-sided selection (0.5x bead-to-

sample volume). Sample purity was verified by Bioanalyzer dsDNA High Sensitivity analysis. 

Amplicons were quantified using Qubit and pooled in equimolar amounts.   

The resulting amplicon pool was used as the template for a second round of PCR. The 

primers for PCR2 add sample-specific indices and the remainder of the Illumina cluster-

generating sequences. Round 2 PCRs reactions contained 25 uL of Kapa Hifi 2x mastermix 

(Roche), 5-10 ng pooled amplicon DNA, 10 uL of 10 uM forward primer mixed with 10 uM 
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reverse primer. The thermocycling program used for round 1 PCRs was as follows: step 1, 95 °C 

for 3 min; step 2, 98 °C for 20 s; step 3, 55 °C for 15 s; step 4, 72 °C for 15 s, go to step 2 (12 

times); step 5, 72 °C for 1 min; and step 6, 4 °C hold. The PCR reactions were purified by gel 

extraction (Zymo) followed by AMPure XP size selection using a 0.8x bead-to-sample volume 

ratio left-sided initial selection and 0.5x bead-to-sample volume ratio right-side size selection. 

Sample purity was verified by Bioanalyzer dsDNA High Sensitivity analysis. Amplicon pools 

were quantified using Qubit and pooled in equimolar amounts. Amplicons were sequenced with 

an Illumina Miseq using a 250 bp paired end V2 500 cycle run with a 5% PhiX spike-in. Data 

was analyzed using the script “library_validation.py”. 

Glutamine synthetase knockout HEK293e cell culture and landing pad clone generation 

HEK293E glutamine synthetase knockout cells were graciously provided by the lab of 

Gyun Min Lee49. Cells and any derivatives were cultured in Dulbecco’s modified Eagle’s 

medium (high glucose, pyruvate, with glutamine; Gibco) supplemented with 10% fetal bovine 

serum and 1x GSEM supplement (Sigma-Aldrich). Cells were grown on plates at 37 °C with 5% 

CO2. For routine passaging, cells were detached using trypsin–EDTA 0.25% (Gibco), 

resuspended in medium, centrifuged for 5 minutes at 200xg, resuspended and plated. 

Landing pad clones were generated as before using dAAVS1-TetBxb1BFP50. Successful 

clones were verified by genomic PCR and co-transfection of attB-EGFP and attB-mCherry. 

clone 15 passed all validation tests and was used for all following experiments (referred to as 

GS-KO-TetBxb1BFP).  Long-term passaging of GS-KO-TetBxb1BFP was done with the 

addition of 2 μg ml−1 doxycycline (Sigma-Aldrich).  
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Recombination of single-variant clones or libraries into the GS-knockout-landing pad cell 

line 

Variant libraries or single-variant clones were recombined into the Tet-on landing pad in 

GS-KO-TetBxb1BFP cell. The recombination transfection was optimized for our cell system 

using attB-GS wild type vector. Cells were switched to doxycycline-free media at least a day 

before recombination. Optimization experiment were done in a 6-well plate with 0.5 x 106 cells 

per well transfected with 1.5 µg attB-plasmid DNA and 1.5 µg pCAG-HA-NLS-coBxb1 using 

3.75 µL Lipofectamine 3000 (Thermo) and 5 µL P3000 reagent. In library recombination 

experiments, reactions were performed by transfecting 2.0 x 106 cells per well transfected with 

8.5 µg attB-plasmid DNA and 8.5 µg pCAG-HA-NLS-coBxb1 using 21.7 µL Lipofectamine 

3000 (Thermo) and 29 µL P3000 reagent in a 10-cm dish. In both cases, all reagents were diluted 

in OptiMEM (Gibco) and delivered directly to cells in media. Two days post-transfection, media 

was refreshed with the addition of 2 μg ml−1 doxycycline. Four days post-transfection, cells were 

passaged and plated with media containing 2 μg ml−1 doxycycline (Sigma-Aldrich) and 1 μg ml−1 

puromycin. A subset of cells were also collected and 10,000 cells were flowed on a cytometer 

(Attune). Gates were set for live singlets that were BFP- and mCherry+ to assess the percentage 

of cells that had been successfully recombined. Four days after addition of puromycin, cells were 

analyzed on a flow cytometer again, and if <99% of live singlets were BFP- and mCherry+ cells 

were frozen in 10% DMSO (Sigma) in FBS (Gibco) for future deep mutational scan 

experiments.   

Growth test of wild type GS and disease mutants in GS-KO-TetBxb1BFP  

 To determine the growth rate of different glutamine synthetase variants in the presence 
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and absence of glutamine, GS-KO-TetBxb1BFP cells were plated at low confluence the day 

before the recombination transfection. Variants (WT, 324C, 324S, R341C, attB-empty vector) 

were transfected in 6-well plates as described above. After cells were selected for successful 

recombination events, 0.05 x 106 cells per well were plated in a 24-well plate. Enough cells were 

plated to collect replicate wells per glutamine condition per variant. Cells were collected and 

counted every day by aspirating off media and trypsinizing cells using 200 uL trypsin-EDTA 

0.25% (Gibco). Cells were diluted in media, centrifuged for 5 minutes at 200xg, and resuspended 

in 1 mL of media. Resuspended cells were mixed in a 1:1 with Trypan blue and loaded into a 

Countess slide. Each replicate was counted twice on a Countess (ThermoFisher) and averaged.  

Library genomic DNA preparation, amplification and sequencing 

Genomic DNA was isolated from 10 x 106 cells per sample using the Nucleospin Blood L 

kit (Takara Bio). The whole glutamine synthetase open reading frame (~1400 bp) was amplified 

in a first step PCR using 3 µg of genomic DNA, 50 uL of 2x NEBNext Q5 Ultra II 2x Mastermix 

(NEB), 10 µL and of 10 µM forward primer per 100 µL reaction. Reactions were set up in a 96-

well plate, using all the genomic DNA from each sample.  The thermocycling program used for 

round 1 PCRs was as follows: step 1, 98 °C for 30 s; step 2, 98 °C for 10 s;step 3, 70 °C for 30 s; 

step 4, 72 °C for 30 s, go to step 2 (22 times); step 5, 72 °C for 2 min; and step 6, 4 °C hold. 

After thermocycling, all of the reactions for each sample were pooled and 200 µL from each pool 

were left hand size selected with AMPure beads (0.8x ratio) followed by a right-hand size 

selection with AMPure beads (0.4x ratio). This was used as the template for amplification of 

amplicons in a second round of PCR, followed by a third round of PCR to add sample-specific 

indices as described above. In all above rounds of PCR and DNA purification, sample purity was 

verified by Bioanalyzer dsDNA High Sensitivity analysis and pure sample quantified using 
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Qubit. Samples were pooled and sequenced on a Novaseq using an SP 250 paired end run with a 

15% PhiX spike in. 

Variant calling and counting 

Reads were demultiplexed using bcl2fastq. The sequence-specific portion of the read and 

the adapter  were trimmed using Cutadapt59 and paired end reads were merged using Flash260. 

Our direct sequencing strategy results in 2 reads being “wild-type” and one read containing a 

variant. For this reason, a new fastq file was made where none of the reads directly aligned with 

the wild type sequence. This contains both variant reads and other reads with errors. These first 

three processing steps are contained in the shell codes “fastq_processing-WT.sh” and 

“fastq_processing-341C.sh”. Variants were counted by finding reads that directly aligned with 

any of the user-defined oligos used to make the library using “variant_count.py”. Variants 

containing insertions, deletions or multiple amino-acid alterations were not considered in the 

analysis. 

Calculating variant scores and classifications 

Enrichment scores for variants were calculated as described in Rubin et al.61 in the script 

“dms_regrssion.py”. Briefly, a variant’s change in frequency was calculated by taking the ratio 

of the frequency of the variant at a timepoint by the frequency at timepoint zero. This was 

weighted by the synonymous wild type variant’s frequency. The log ratio of this ratio of ratios 

was taken and 0.5 added to each count to aid very small counts. We regressed on this across all 

timepoints. The score is the slope of this regression line. 
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Abstract 

Glutamine synthetase is an essential metabolic enzyme that catalyzes the conversion of 

glutamate to glutamine and clears hazardous nitrogenous byproducts from tissues. Many 

metabolic enzymes have been observed to form higher-order assemblies for a variety of reasons 

including storage of catalytic potential, improving regulation of metabolic pathways, disposal of 

misfolded proteins, and enhancement of enzymatic activity62. In E. coli, glutamine synthetase 

form filaments in response to increases in magnesium or manganese concentration and in S. 

cerevisiae glutamine synthetase reversibly forms filaments in response to changes in pH. Here, 

we examine the potential of human glutamine synthetase to form filaments using SEC-SAXS 
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and negative stain electron microscopy. We perturbed hGS by varying metal concentration, pH, 

and mutational state. We did not find that any of these conditions caused a change in the 

oligomeric state of human glutamine synthetase.  

 

Introduction 

The organization of the cell into spatially distinct compartments is vital for the function 

of many processes. Most bacteria do not have membrane-bound compartments and instead 

organize intracellular compartments through proteinaceous assemblies. Eukaryotic cells 

compartmentalize parts of the cell using both phase-separation and membrane-bound organelles. 

In both eukaryotes and prokaryotes, metabolic enzymes organize into intracellular fibers or foci. 

The self-assembly of metabolic enzymes has several biological functions: to enhance enzymatic 

activity (acetyl-co-a carboxylase63), to form structural elements (i.e. microtubules), as 

pathological aggregates (sickle cell hemoglobin, tau), or as a way to store catalytic potential 

(CTP synthase64).  

Several different types of glutamine synthetases have been shown to form filamentous 

structures including type 1 GS in E. coli and type 2 GS in S. cerevisiae. In E. coli, GS has been 

shown to form filaments in response to increases in Mn2+ concentration, where dodecamers first 

stack end-to-end and then these filaments assemble horizontally to form a wheat-sheath bundle65. 

Addition of Zn2+ has a similar effect, with the larger assemblies interweaving to form more of a 

braid-like strand66.  In S. cerevisiae, macromolecular crowding and starvation-induced 

acidification of the cytosol produces filaments. These Gln1 filaments seem to be transient, as 

they dissolve rapidly when yeast cells re-enter the cell cycle, with the disassembled enzyme 

complexes being fully functional67–69.  A crystal structure of the S. cerevisiae GS confirms this 
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back to back stacking to form a filament, with the asymmetric unit containing 20 subunits of 2 

decamers69.  

In addition to potential regulation of catalytic potential through higher-order assemblies, 

glutamine synthetase is differentially regulated across species by several other factors: post-

translational modifications70,71, feedback inhibition from products of catalysis72,73, inactivation 

through oxidative-modification and subsequent degradation by the proteasome74, and divalent 

cation concentration75. In bacteria, GS is regulated by adenylation in response levels of glucose, 

ammonia, and glutamic acid76,77. Adenylation is inversely related to the level of GS activity78.  

Eukaryotic GS is not adenylated, and its regulation is less thoroughly understood. One paper has 

suggested that an increase in glutamine leads to acetylation of hGS at lysines 11 and 14, leading 

to increased degradation of hGS by the proteasome through targeting of the acetylated-GS to the 

cereblon/cullin-RING ubiquitin ligase 4 complex79.  It has also been suggested that the astrocyte-

expressed GS in the human brain is phosphorylated at T301 by PKA, resulting in decreased 

glutamine synthesis80, and that glutamine synthetase plays a role in angiogenesis through self-

palmitoylation and palmitoylation of RHOJ81. Altogether, glutamine synthetase plays diverse 

roles dependent upon specie and cell type, with complex regulation that has not been fully 

characterized.   

Here, we explored whether human glutamine synthetase could form reversible higher-

order assemblies that potentially regulate function. We performed negative stain electron 

microscopy and size exclusion chromatography small angle X-ray scattering (SEC-SAXS) under 

various perturbations. We did not observe any increase in size beyond the expected homo-

decameric native form of hGS by mutational perturbations, differences in pH, or increase in 
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divalent cation concentration.  We conclude that the catalytic potential of hGS is not regulated by 

filament formation as it is in other species.  

 

Results 

Visualizing human glutamine synthetase assemblies using EM 

To see if we could observe an induction of hGS filaments, protein was purified and 

dialyzed overnight in buffers of different conditions, then imaged using negative stain electron 

microscopy. We did not see an induction of filament formation despite testing a variety of 

conditions: pH ranging from 5.0 – 7.5, addition of divalent cations (10 mM EDTA, 5 mM 

MnCl2, 5 mM MgCl2, or 1 mM MnCl2), or perturbation of mutational state (R341C, R324C, 

R324S, A195N, E305Q). The disease mutations of GS were tested (R341C, R324C/S) as well as 

mutants designed to disrupt an important salt bridge in the 305Glu flap, which is an important 

feature in the catalytic cycle to close the active site. Initially, we were using a purified protein 

that had a N-terminal 6x histidine tag present and were concerned that the presence of this tag on 

each subunit (10 total in one decameric hGS molecule) may be affecting the ability of hGS to 

form larger oligomers. We created a version of the gene that did not contain the tag and purified 

hGS in this tagless construct. Despite repeating the experiment, we still did not see any higher-

order oligomeric structures form in any of the buffer conditions tested.  

We did notice that in our protein purification preparations of hGS, the protein formed 

was fairly heterogenous and at least a portion of every sample did not form a fully-folded and 

assembled decamer (Fig 2.1). For comparison, we purified E. coli GS using the same purification 

and negative stain methods. We observed a much more homogenous preparation, where all the 

protein appeared to be fully folded and assembled into the dodecameric oligomer. The E. coli GS 
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seemed to prefer a top-down orientation on the negative stain grid, allowing us a view directly 

down the center of the hexameric ring that was very clear in 2D class averages (Fig 2.1C).  

By contrast, the hGS negative stain samples seemed to prefer a side-orientation where 

both rings were visible. While the sample was heterogeneous and some of the particles classified 

in 2D analysis were obviously misfolded protein (Fig 2.1A WT hGS: particles 2, 5, 6, 8, 10; Fig. 

2.1 B R341C hGS: particle 10), many of the particles showed a conformation where the two 

rings of the decamer were bent open on one side or the other (Fig. 2.1A WT hGS: particles 4, 7; 

Fig 2.1B R341C hGS: particles 2, 4, 5, 9). When comparing WT hGS and 341C hGS, it seemed 

that mutation to R341C shifted the conformational population to increase the proportion of this 

“butterfly” conformation. We also noted in the top 10 2D classes of both the WT and R341C 

hGS the presence of a “triforce” conformation where it appeared that three rings had assembled 

Figure 2.1 | Negative stain electron microscopy of GS 
a) Wild type human GS; top 10 classes (b) R341C human GS; top 10 classes. Both WT and 
341C prefer a side orientation and do not have well-defined classes due to the heterogeneity of 

the sample (c) e. coli GS forms well behaved particles with a preferred top-down orientation 
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together to create a pentadecamer assembly. It is unclear to us if this assembly is biologically 

relevant or simply a mis-assembled protein aggregate.  

 

Glutamine synthetase does not assemble into higher-order oligomers 

Wild type hGS was characterized using traditional SAXS and the enzyme was found to 

be well folded and relatively spherical. The radius of gyration estimated by Guinier analysis was 

57.34 Å and the mass estimated by Porod analysis was 498.5 kD (actual molecular weight, 440 

kD). However, heterogeneous samples can complicate traditional SAXS measurements and the 

structural interpretations attempted. To characterize the overall shape, size, and higher order 

multimer structure (i.e. fibers) of hGS, we performed SEC-SAXS in buffers of varying 

concentrations of the divalent cations Mg2+ or Mn2+. We first optimized the injection volume 

and concentration for WT hGS and found that a 10 uL injection of 20 mg/mL hGS onto an in- 

line 2.4 mL Superose 6 Increase PC 3.2/300 (GE) at a flow rate of 0.4 ml/min was optimal for 

high quality data. Seven datasets of 600 frames each were collected, and the buffer blank was 

calculated by averaging the first 100 frames of the elution and used to measure the background-

subtracted intensity. The scattering profile of the baseline before and after the elution peak were 

superimposable, confirming that the buffer blank and that no buildup of aggregated protein had 

occurred over the course of the elution.  

 The raw elution profile contained two peaks across all datasets: a smaller peak that eluted 

first and seemed to be a front shoulder to a larger peak that eluted second. The early eluting 

species (frames 350-425) was analyzed by Guinier analysis and had a corresponding Rg of about 

100-150 Å, while the main peak (frames 425-550) had a Rg of ~50 Å (Fig 2.2). We had 

hypothesized that perhaps this first peak consisted of larger assemblies of GS that perhaps  
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formed filamentous structures, and the second main peak was the decameric form of GS. In order 

to separate the scattering from these overlapping peaks, we utilized a model-free variant of 

singular value decomposition (SVD) called evolving factor analysis (EFA). EFA allows for 

identification in the elution profile when separate species elute by identifying inflection points 

when the number of singular values changes suddenly as scattering profiles are added or 

removed from the SVD matrix. Both forward and reverse EFA were performed (Fig 2.3 A), and 

Figure 2.2 | Guinier analysis of elution-resolved scattering data 
Guinier analysis can be used to estimate changes in physical parameters of the average protein 

particle in the GS ensemble from the elution-resolved scattering data. A representative sample 
is shown here (dataset: WT hGS, 10 mM Mg). The radius of gyration is consistent across the 

main peak of the elution profile (frame 425-550), but is larger in the first portion of the elution 
profile. However, this increase is likely due to aggregation of misfolded protein as opposed to a 

glutamine synthetase filament. 
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the number of singular values were determined graphically by the number of inflection points. 

The first three singular values described 99% of the variance (Fig. 2.3 B). The first singular 

value corresponded to the opening/closing of the shutter and was disregarded in downstream 

analysis.  

Elution peaks were acquired by rotating the right singular values, and the rotation of the 

left singular values corresponded to the scattering profiles (Fig 2.3 C). SVD with EFA shows the 

peak we see in the elution profile is made up of three overlapping peaks that were identical in all 

seven datasets. The first component of the elution profile is a minor high molecular weight 

species. The second peak component described the main elution peak we had previously seen, 

with the larger shoulder still present. The third component of the elution profile corresponded to 

the buffer. In the datasets for all conditions, the Rg value of the first component is ~100 Å and 

the Rg value for the second component is ~50 Å. Predicted scattering curves were created from 

the crystal of human glutamine synthetase in different oligomeric forms (PDB 2OJW) using the 

FoXS server 82 (Fig. 2.4). The measured Rg of the second component is very close to the 

predicted Rg for the decamer of 46.21 Å, while the measured Rg of ~100 Å is much larger than 

the predicted Rg of 64.59 Å for two decamers stacked end-to-end. A larger filament of this 

structure would have been easily seen using negative stain, and since we were unable to observe 

an ordered filament using negative stain, we concluded the first peak is aggregated protein.  

  We also wanted to characterize differences in scattering of several GS mutants. We tested 

both the disease mutants R341C, R324C, and R324S as well as two mutants we made on 

residues that were predicted to interact to lock the glutamate 305 flap in place (A195N, E305Q), 

and therefore influence the progression of the catalytic cycle from the first to the second step18. 

The same SEC-SAXS parameters were used as the first experiment, with 10 uL of 20 mg/mL 
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protein injected onto the Superose 6 increase column for all six datasets. Similar to what we 

found when looking at the effect of divalent cations, we found that mutational perturbation did 

not induce formation of larger species and that the SVD analysis for each mutant looked very 

similar to the datasets from the first collection. Each mutant had a similar elution profile with a 

smaller peak eluting first as a shoulder, and a larger peak following that. When analyzed using 

EFA, 3 singular values accounted for 99% of the variance for each of the six datasets. When 

constructing elution profiles and scattering profiles using EFA, we again saw the elution profile 

was comprised of three components. The first component was a minor high molecular weight 

species with a Rg of ~100 Å and the second component was the main peak with a Rg of 50 Å. 

The third component was the buffer. The scattering profiles were compared between the different 

mutants and compared against the predicted scattering profiles of the various GS oligomers (Fig. 

2.4). The observed scattering curves seem to fall between the predicted scattering curves of the 

pentamer and decamer, with a poor fit to either one individually.  
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Figure 2.4 | Predicted and experimental scattering curves of GS assemblies 
(a) The FoXS server was used to make predicted scattering curves of different GS oligomeric 

assemblies using modified forms of PDB 2OJW (b) Predicted Kratky plots of different GS 
assemblies (c) Scattering profiles of human GS single mutants (d) Kratky plots calculated as a 

function of mutational state of human GS  
 

 
 

Figure 2.3 | Analysis of X-ray scattering by SVD 
We used SAXS curves representing the scattering at each frame of the elution profile to 

construct a matrix, which was analyzed by SVD (a). The top left panel shows the top three left 
singular vectors, and the top right panel shows their corresponding singular values (b). The 

lower panels are constructed from the right singular vectors and show the scattering-dependent 
contribution of each left singular vector to the total signal (c). We note that the signal from the 

first singular vector is due to the buffer background. 
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Discussion 

The regulation of homo-oligomeric metabolic enzymes by the reversible formation of 

filaments and other higher-order assemblies is a common event. Glutamine synthetase in other 

species seems to be regulated in this way, as a method to store catalytic potential. In other 

glutamine synthetases, this regulation seems to be a function of metal and substrate binding (E. 

coli) or as a way to respond to changes in pH that signal a change in the cell cycle (S. cerevisiae). 

In this study, we used two techniques to structurally investigate if hGS forms higher-order 

assemblies as a method to store catalytic potential, and if we could use mutational perturbation to 

investigate the catalytic cycle and disease mechanisms of specific single amino acid mutations. 

Using SEC-SAXS and negative stain electron microscopy, we found that hGS does not form 

filaments in any of the conditions we tested: increased concentrations of magnesium and 

manganese, pH, or mutational perturbation.  

An important experimental detail in these experiments is the underlying construct and 

protein purification used to make these samples. Human glutamine synthetase has 11 cysteines 

per subunit, and while a significant portion of the E. coli expression is soluble, we have observed 

that certain mutants (i.e. R341C) shift the expression so that more of the product is in the 

insoluble fraction. It is obvious that this protein is aggregation prone, and when stored at 4 oC for 

a couple days a visible pellet of aggregate forms. While all of these experiments were done on 

freshly prepared protein preparations (where only fractions from the main peak of the elution 

from a size exclusion column were collected), it is possible that the purification or expression 

could be optimized so that the well-folded fraction can be better isolated. In other species, the 

equilibrium between pentamer and decamer can easily be shifted so that the decamer more 

readily falls apart into pentamer. This delicate balance between pentamer and decamer could 
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speak to the sensitivity of the oligomeric assembly of glutamine synthetase in higher order 

assemblies as well, and it may be that we were not able to capture a higher order oligomer due to 

our choice of construct and protein purification method. Since these experiments were 

completed, we have observed that excluding a size exclusion step in the purification process 

leads to a higher fraction of decamer (unpublished data). It is possible that in our SEC-SAXS 

experiments, which depend on size exclusion chromatography, this pushed the equilibrium 

towards the pentamer and may be why we see a scattering profile that seems to be intermediate 

between the predicted scattering curves using the crystal structure of the pentamer and decamer. 

The balance between pentamer and decamer in human glutamine synthetase is worth further 

investigation by other methods, such as mass photometry.  

 

Methods 

All scripts can be found at the following Github repository. 

SEC-SAXS and Negative Stain Sample Preparation 

GS samples were prepared as described above. Briefly, the recombinant protein was 

expressed in E. coli BL21(DE3) cells and purified by liquid chromatography. Cells were lysed 

by sonication at pH 7.5, the lysate was clarified by high-speed centrifugation, and GS was 

captured from the supernatant using a HiTrap-His column (GE Healthcare). The protein was 

eluted using an imidazole gradient, and fractions containing GS were pooled. Pooled fractions 

were dialyzed overnight into a buffer containing 50 mM sodium phosphate, pH 7.5; 10 mM 

MgCl2; 150 mM KCl; 20 mM NaCl; 1 mM DTT at 4 °C and concentrated before a polishing step 

was performed on a Superdex-200 gel filtration column (GE Healthcare). The protein was 

dialyzed overnight at 4 °C into 5 mM DTT and concentrated to 20mg/mL. Human GS mutants 
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(R324C, R324S, R341C, E305Q, A195N) were prepared following the same protocol used for 

the wild type protein. For all buffer-only X-ray measurements the buffer was taken from the 

concentrator filtrate.  

Negative Stain Sample Preparation, Data Collection, and Processing 

For negative stain analysis of different divalent metal conditions, samples were dialyzed 

overnight at 4 °C into 10 mM Imidazole pH 7.5 + varying metal concentrations: 10 mM EDTA, 

5 mM MnCl2, 5 mM MgCl2, or 1 mM MnCl2. Copper grids were glow discharged and then 2.5 

uL of 0.2 mg/mL GS were applied to the grid for 30 seconds and blotted on Whatman #1 paper. 

The excess was washed off with three DI water washes where water was applied for 30 seconds 

each and blotted immediately after. This was followed by application of freshly prepared Uranly 

Formate stain for 30 seconds that was blotted immediately. A secondary stain application was 

applied for 60 seconds, blotted, and grids were allowed to dry completely.  

For negative stain analysis of varying pH conditions, 100 uL of protein was dialyzed into 

50 mL of buffer overnight at 4 °C. The buffers consisted of 5 mM MgCl2, 150 mM KCl, 20 mM 

NaCl, 0.5 mM TCEP, and 50 mM of buffer. The buffer varied based on the pH: for pH 5, 5.5, 6, 

and 6.5 a citrate-phosphate buffer was used and for pH 7 and 7.5 a sodium phosphate buffer was 

used.  Copper grids were prepared as described for the divalent cation conditions described 

above.  

All grids were imaged on a FEI Tecnai T12 (LaB6 crystal at 120 kV, Gatan UltraScan 

895 4K CCD, Cs 2.00 mm, 2.21 Å effective pixel size) at the UCSF Electron Microscopy Core 

Facility. Images were CTF corrected using the cisTEM implementation of CTFFIND4 

(Grigorieff). Particles were picked (103-105 particles each over 10-30 micrographs), extracted, 
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and subjected to 2D classification using cisTEM v1.0.0 beta. The top ten 2D classifications were 

visualized and included.  

SEC-SAXS Data Collection and Processing 

SEC-SAXS measurements of GS were performed on the Stanford Synchrotron Radiation 

Lightsource (SSRL) BL4-2 beamline at the Stanford Linear Accelerator Center using 12.4 kEV 

X-ray beams and Pilatus 300K detector at 2.5 m covering the q-range of X to X Å−1. Samples 

were prepared at 20 mg/mL and 10 uL were injected and passed continuously over an in-line 2.4 

mL Superose 6 Increase PC 3.2/300 (GE) at a flow rate of 0.4 ml/min. For the first data 

collection, the column was pre-equilibrated with a buffer containing 50 mM Sodium Phosphate 

pH 7.5, 150 mM KCl, 20 mM NaCl, 5 mM DTT, +/- MgCl2 or MnCl2 to match the metal 

concentration of the subsequent sample set. For the second data collection, the column was pre-

equilibrated with a buffer containing 50 mM Sodium Phosphate pH 7.5, 10 mM MgCl2, 150 mM 

KCl, 20 mM NaCl, 5 mM DTT. Frames were collected every 10 seconds for the duration of the 

elution (600 frames total), and the average signal from the first 100 frames were used for the 

buffer subtraction. To account for drift in the background scattering seen in other SEC-SAXS 

studies, we compared the first and last profiles within each dataset to confirm that the buffer 

blank is a good match for the scattering during elution. The first 100 frames of each run within 

the same collection were also compared to each other to ensure there was not accumulation of 

material on the X-ray window during the duration of the collection.  

Frames from the collection were analyzed using SECPipe, an automated SEC-SAXS data 

real-time processing and analysis pipeline that utilizes SASTOOL and ATSAS AUTORG. 

SASTOOL was used to normalize for the beam intensity and convert the 2D grid data to a 1D 

distance from the beam center. Data was then scaled and averaged the background of the 
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scattering curves. This background was averaged and then used to subtract the buffer intensity 

from the sample intensity at each frame. The scattering curve was then input into AUTORG for 

Guinier analysis. Data quality was initially assessed using BioXTAS RAW83. Briefly, ATSAS 

was used to analyze the data quality initially by plotting log(I) vs q and data was trimmed from 

the end where the log(I) was increasing (q > 0.15).  After data was trimmed, frames 475-490 for 

every data set were averaged. Guinier analysis was performed and linearity at low q was verified 

for all samples. Guinier residuals were verified to be randomly distributed about zero and the fit 

extended to the lowest q. The Rg and I(0) from the Guinier fit was compared to the P(r) function 

was verified to agree well, with. P(r) function that proceeded smoothly to zero at Dmax and 

contained no negative values. Kratky analysis was performed and !2"(!) vs. q plotted.  

We utilized a variant SVD called evolving factor analysis (EFA) to identify ranges within 

each elution peak where separate species elute in a model-free manner84. Analysis was done 

using the script “EFA.py”. Briefly, before EFA analysis, intensity values were weighted by the 

average error in that frame. Both forward and reverse EFA were performed, and the number of 

singular values was determined graphically by the number of inflection points. The first singular 

value corresponding to the opening and closing of the shutter was disregarded. In this SVD, the 

right singular vectors were rotated and converted into elution peaks, and the same rotation was 

applied to the left singular vectors to give the corresponding scattering profiles. 
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