
Assessing the Structures and Interactions of γD-Crystallin 
Deamidation Variants

Alex J. Guseman1, Matthew J. Whitley1,2, Jeremy J. González1, Nityam Rathi1, Mikayla 
Ambarian1, Angela M. Gronenborn1,3

1Department of Structural Biology, University of Pittsburgh School of Medicine, Pittsburgh, PA, 
15261, USA

2current address: Department of Pharmacology and Chemical Biology, University of Pittsburgh 
School of Medicine, Pittsburgh, PA, 15261, USA

3Lead Contact

SUMMARY:

Cataracts involve the deposition of the crystallin proteins in the vertebrate eye lens, causing 

opacification and blindness. They are associated with either genetic mutation or protein damage 

that accumulates over the lifetime of the organism. Deamidation of Asn residues in several 

different crystallins has been observed and is frequently invoked as a cause of cataract. Here, we 

investigated the properties of Asp variants, deamidation products of γD-crystallin, by solution 

NMR, X-ray crystallography and other biophysical techniques. No substantive structural or 

stability changes were noted for all seven Asn to Asp γD-crystallins. Importantly, no changes in 

diffusion interaction behavior could be detected. Our combined experimental results demonstrate 

that introduction of single Asp residues on the surface of γD-crystallin by deamidation is unlikely 

to be the driver of cataract formation in the eye lens.
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INTRODUCTION

Over 20 million people are affected by cataracts, the leading cause of blindness world-wide 

(Lam et al., 2015). Cataract denotes an opacification of the eye lens, brought about by 

insoluble aggregates of crystallin proteins. The eye lens is a highly unique and specialized 

organ in the human body, evolved to focus light onto the retina, and at the same time, 

minimize any scattering of the incoming light (Bloemendal et al., 2004, Zhao et al., 2011a, 

Zhao et al., 2011b). This is achieved by a uniform distribution of the crystallin proteins at 

concentrations exceeding 400 g/L, as well as an absence of organelles and large protein 

machineries in mature lens cells. In essence, a developed lens cell can be viewed as a 

transparent, densely packed sack of crystallin proteins (Bloemendal et al., 2004, Lam et al., 

2015, Sharma and Santhoshkumar, 2009). Since mature lens cells are devoid of protein 

machines and processes that are necessary for protein synthesis and degradation, essentially 

no protein turnover takes place. As a result, crystallins are required to be stable and 

functional over an organism’s entire lifespan. They are prototypical members of so-called 

long-lived proteins (Toyama and Hetzer, 2012, Lynnerup et al., 2008). If damage or other 

insults compromise their integrity and solubility, aggregation and cataract formation may 

ensue.
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Crystallins are divided into three subfamilies: α, β, and γ crystallins. α-crystallins are large, 

polydisperse oligomers that resemble heat shock proteins (Jehle et al., 2010) and are thought 

to serve as chaperones that help to keep β/γ crystallins functional (Ghosh and Chauhan, 

2019, Haslbeck et al., 2016). β/γ crystallins are small, extremely stable and soluble proteins, 

functioning predominantly to safeguard the optical properties of the eye lens. All β/γ 
crystallins have evolved from a common ancestor, exhibiting homologous amino acid 

sequences that adopt similar secondary and tertiary structures (Bloemendal et al., 2004, 

Jaenicke and Slingsby, 2001). They are made up of two domains, each containing two 

unique antiparallel β-sheet arrangements, known as Greek keys (Basak et al., 2003, 

Bloemendal et al., 2004). While γ-crystallins are monomeric, β-crystallins can be dimeric or 

oligomeric (Jaenicke and Slingsby, 2001).

Despite their high stability and the presence of α-crystallin chaperones, the integrity of the 

crystallins in the eye lens can become compromised with age. In fact, different types of 

stress such as exposure to ultraviolet radiation, oxidative stress and other insults can result in 

chemical modifications of the lens proteins, including deamidation, glycation, altered 

disulfide bond formation and peptide bond cleavage (Sharma and Santhoshkumar, 2009, 

Hanson et al., 2000, Wilmarth et al., 2006, Serebryany et al., 2018). A leading hypothesis for 

age-related cataract invokes the accumulation of damaged crystallin proteins, which, in turn, 

irreversibly aggregate to form insoluble precipitates (Warmack et al., 2019). Proteomic 

analysis has shown the presence of modified crystallins in aged lenses, and γ-crystallin 

deamidation has been implicated as a potential driver of cataract formation (Sharma and 

Santhoshkumar, 2009, Hains and Truscott, 2010, Lampi et al., 2014).

Deamidation is a stochastic chemical process that converts glutamine (Gln) and asparagine 

(Asn) residues to glutamate or iso-glutamate and aspartate (Asp) or iso-Asp, respectively 

(Clarke, 1987, Geiger and Clarke, 1987). At neutral pH, Asn deamidation is more common 

than Gln deamidation and proceeds primarily via a succinimide intermediate, a short-lived 

ring structure that is formed between the carboxyl side chain and the amide group of the 

following amino acid in the sequence (Figure 1a). The succinimide ring undergoes 

hydrolysis, resolving into either aspartate or iso-aspartate. Rates of deamidation of 

individual amide residues depend upon primary sequence, three-dimensional structure, and 

solution properties such as pH, temperature, ionic strength, and buffer ions (Robinson, 2002, 

Warmack et al., 2019). Both deamidation products of Asn reduce the protein’s net charge by 

1 unit, and, in the case of iso-aspartate, an additional methylene group becomes inserted into 

the protein backbone following the Cα, thereby causing a distortion in the native connection 

between peptide planes. In the majority of somatic cells, deamidation is of minimal overall 

significance since it is a relatively slow kinetic process and normal protein turnover ensures 

that deamidated proteins are removed and replaced by newly synthesized ones. However, 

because there is no protein turnover in differentiated lens cells, even a stochastic and 

kinetically slow process like deamidation can, over time, result in the accumulation of 

modified crystallins with potentially grave consequences. (Toyama and Hetzer, 2012).

Here, we report an investigation of whether and how the deamidation of Asn to Asp 

influences crystallin behavior and structure. We chose to evaluate human γD-crystallin since 

it is the third most abundant γ-crystallin in the lens. Specifically, γD-crystallin represents 
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~7% of the crystallin protein mass (Lampi et al., 1998, Robinson et al., 2006) and is a major 

component of the lens nucleus, the oldest part of the lens (Ji et al., 2013a, Bloemendal et al., 

2004). Our group has studied human, γD-crystallin extensively (Boatz et al., 2017, Ji et al., 

2012, Ji et al., 2013a, Ji et al., 2013b, Whitley et al., 2017), and, in the present study, we 

changed each of its seven Asn residues to Asp and characterized these deamidation variants 

by nuclear magnetic resonance (NMR), differential scanning calorimetry (DSC), dynamic 

light scattering (DLS), and X-ray crystallography. Surprisingly, no substantive stability or 

structural changes were noted in any of the variants, and no changes in diffusion interaction 

behavior could be detected.

RESULTS:

Each of the seven Asn residues in human γD-crystallin (Figure 1b) were mutated to Asp and 

the proteins were structurally characterized. To this end, 1H-15N HSQC spectra were 

recorded and used as a “fingerprint” of the proteins’ three-dimensional structures (Forman-

Kay et al., 1992). As evidenced from the differences in amide chemical shifts for all the 

mutants, compared to wild-type γD-crystallin (Figure 2), no large differences (>0.5 ppm) 

are noted for any variant, apart from N33D. Small deviations from the wild-type resonance 

frequencies are noted for amino acids close to the mutation site, and, in general, these 

changes are restricted to the domains that harbor the mutation site. Thus, for N24D, N33D 

and N49D, essentially no chemical shift changes are observed for any residues in the C-

terminal domain (CTD). Likewise, for the N118D, N124D, N137D and N160D variants that 

possess mutations in the CTD, no substantive chemical shift changes are seen for amide 

resonances of amino acids in the N-terminal domain (NTD). Interestingly, for N33D, we 

observed non-negligible chemical shift changes throughout the NTD, with 11 amide 

resonances exhibiting differences of 0.2 ppm to 1.15 ppm, compared to their wild-type 

counterparts. The largest shift differences are associated with residues R32 and S34, which 

experience amide proton shift differences of −0.022 and 0.23 ppm, respectively, and 15N 

shift differences of −1.30 and 2.78 ppm, respectively (Figure S1). N33 is the first amino acid 

in β-strand 3 of the N-terminal domain and participates in a hydrogen bonding network 

involving Y6 in β-strand 1 across the β-sheet structure of the Greek key motif. Two further 

H-bonds are present between the side chain amino group of N33 and the backbone carboxyl 

of E7 and the D73 side chain in the loop following the short α-helix. Therefore, the effect of 

the N33D mutation could easily propagate to the neighboring structural elements via this 

hydrogen bonding network. Indeed, the importance of the conserved sequence signature of 

Y6, E7, F11, G13, and S34 of motif 1 in the arrangement of the first Greek key in the 

crystallin domain fold has been emphasized previously (Jaenicke and Slingsby, 2001).

In addition to using NMR for characterizing the structural changes induced by the Asn to 

Asp mutation, we also employed crystallography. Although crystallization trials were carried 

out for all the deamidation variants, diffraction quality crystals were obtained for only two, 

N124D and N160D, up to now. Their crystal structures were solved to 1.15 Å and 1.2 Å, 

respectively (Table 1). The crystal structures confirmed the NMR findings that only very 

small conformational changes are present in these two variants: Superposition of the NTD 

(residues 1–81) and CTD (residues 89–17) of the N124D mutant (cyan, Figure 3 left) onto 

those of wild-type γD-crystallin (grey, Fig. 4 left) yielded average pairwise backbone 
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r.m.s.d. values of 0.279 Å and 0.182 Å, respectively. For the N160D mutant (green, Figure 3 

right), average pairwise backbone r.m.s.d. values of 0.300 Å and 0.219 Å, are seen for the 

NTD and CTD coordinates, respectively. As an aside, the two molecules of N160D in the 

asymmetric unit exhibit an average pairwise backbone r.m.s.d. value of 0.269 Å, validating 

that the structures are essentially identical.

We further investigated whether any of the Asn to Asp mutants exhibited significantly 

reduced thermodynamic stability compared to wild-type γD-crystallin. To this end, DSC 

was used. Unfortunately, all the mutant crystallins, as well as the wild-type protein, 

displayed visible precipitation upon thermal unfolding, which precluded the extraction of 

accurate thermodynamic parameters. However, the thermograms (Figure S2) still yielded 

reliable values for the melting temperature. For all the investigated crystallins, the apparent 

Tm values range from 80 to 85 °C, with a Tm of 81.2 °C for wild-type (Table 2). Only one 

mutant, N137D, exhibited a lower melting temperature than wild-type γD-crystallin; all 

others were higher, with N160D the highest. All Tm values are within 3.1 °C of the average 

value of 82.4 °C, just twice the standard deviation (±1.61 °C).

In addition to thermal stability, reversible association in solution, also called colloidal 

stability, was evaluated by measuring the diffusivity, or diffusion interaction parameter (DIP) 

of the different Asn to Asp mutants by DLS. This parameter is dominated by weak, 

attractive forces related to surface charges. Since each individual Asn to Asp change alters 

the charge in seven different locations on the γD-crystallin surface, the DIP represents an 

ideal measure for effects imparted by charge-mediated association. Wild-type γD-crystallin 

and all Asn to Asp mutants yielded DIP values of similar magnitude, between −3 mL/g and 

−6 mL/g (Figure 4, Table 3). All values lie within the error range of the value for wild-type 

γD-crystallin, namely −4 ± 1 mL/g. Thus, no significant changes in weak associative 

interactions for the different variants in solution were detected over a ten-fold change in 

protein concentration, ranging from 2.5–30 mg/ml.

Since the interaction between proteins is governed by the respective protein surfaces, we 

calculated the solvent accessible surface area (SASA) for all heavy atoms of the seven Asn 

residues in the solution NMR structure PDB ID 2KLJ (Wang et al., 2009) using the protSA 

server (Estrada et al., 2009) for assessing the potential impact of Asp mutations. All Asn 

residues are located on the surface of the protein (Figure 2 top left) and are largely solvent 

exposed, with the exceptions of N33 and N124 where only the amino or carbonyl side chain 

groups are accessible to solvent (Figure S3). Uniquely, N33 was the least solvent exposed 

with just the side chain carboxyl oxygen (OD1) of N33 possessing 5 Å2 of SASA.

DISCUSSION:

Deamidation of Asn residues is a common modification found in long-lived proteins and is 

often invoked as a cause for age-related cataracts (Hains and Truscott, 2010, Hanson et al., 

2000, Lampi et al., 2012, Lampi et al., 2016, Lampi et al., 2001, Lampi et al., 2014, Michiel 

et al., 2010, Srivastava and Srivastava, 2003, Warmack et al., 2019). Since structure and 

stability are key attributes for safeguarding function, we performed a comprehensive study 

of the seven possible end products of γD-crystallin deamidation. Both NMR and 
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crystallographic characterizations of the seven Asn to Asp mutants revealed minimal 

structural perturbations. Only N33D exhibited local chemical shift changes (Figure S4). 

Although initially surprising, our findings may be explained by an analysis of the γ-

crystallin protein family sequences and the specific locations of the implicated residues in 

the protein structure. Alignment of the protein sequences of the five γ-crystallin paralogs 

shows that only three of the seven Asn residues (N33, N49, and N137) are strictly conserved 

(Figure 1b). N24 and N160 of γD-crystallin are D24 (in γS-crystallin) and D160 (in γA-

crystallin and γC-crystallin). This suggests that at positions 24 and 160, Asp residues are 

tolerable, even if the neighboring amino acids are not completely identical to those in γD-

crystallin. As a consequence, no gross structural changes would be expected. This notion is 

consistent with our finding that only N33D, one of the conserved Asn residues, exhibited 

significant chemical shift changes in the 1H-15N HSQC spectrum.

Why only the N33D mutant exhibited notable 1H,15N amide chemical shift changes can be 

explained by our SASA data and the H-bond networks inferred from the X-ray structures. 

Our SASA analysis revealed that N33 is buried (Figure S3). Therefore, for this particular 

amino acid, a change from Asn to Asp could cause a local conformational pertubation, 

which may manifest itself in chemical shift differences, especially if the side chain amino 

group was involved in structurally relevant interactions. We also inspected the seven Asn 

residues and their local environments in the X-ray structure of wild-type γD-crystallin (PDB 

1HK0 (Basak et al., 2003)). N33 is unique because it is involved in a H-bonding network 

across the first Greek key in the N-terminal domain (Figure S5). The NH2 group of the N33 

side chain donates a H-bond to the backbone carbonyl of E7, as well as to the side chain 

carboxyl of D73. These interactions will no longer be possible in the Asn to Asp mutant and, 

as a result, chemical shift changes for E7 and D73 would be expected in the mutant 

spectrum. This is indeed the case. Further contacts are present between the backbone amide 

of N33 and the Y6 backbone carbonyl, H-bonding across a β-sheet, as well as the N33 

backbone carbonyl and the adjacent S34 side chain. It appears that without the amino group, 

which links two structural elements on either side, the backbone conformation of the N33-

S34 unit is affected. This is consistent with the S34 amide group exhibiting the largest 

chemical shift difference upon Asn to Asp mutation.

For the N124D mutant, we inspected the conformational details in our current X-ray 

structure of this variant and compared them to those in the X-ray structure of wild-type γD-

crystallin (PDB ID 1HK0, (Basak et al., 2003)). The two β-sheet backbone H-bonds 

between N/D124 and R90 are preserved in both structures (Figure S6), suggesting that no 

significant chemical shift changes of amide resonances will be caused. In contrast, in the 

D124 mutant structure, the H-bond between the amino group of the N124 side chain and the 

backbone carbonyl of G148 that is seen in wild-type γD-crystallin (Figure S6) is no longer 

present.

We also compared the X-ray structures of the N160D variant and the wild-type γD-

crystallin (PDBID 1HK0) in relation to the NMR results. The N160D mutant exhibited 

minimal amide chemical shift changes in the 1H,15N HSQC spectrum (Figure 2), with the 

exceptions of V163 and G164, whose amide resonances displayed composite chemical shift 

differences of 0.522 and 0.23 ppm, respectively. These residues are located in a loop close to 
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the mutation site and adjacent to R162 in the X-ray structure, which can form a salt bridge 

with E134 in the N160D mutant (Figure S7). Again, the crystallographic details match the 

NMR data (Figure 3). The potential additional interaction seen in one of the two molecules 

in the N160D crystal structure may explain the 4.3°C increase in apparent Tm.

Interestingly, our results with respect to structure are similar to observations on congenital 

cataract variants of γD-crystallin, including three P23 variants, R76S, V75D, W42R as well 

as other mutants (McManus et al., 2007, Whitley et al., 2017, Ji et al., 2012, Ji et al., 2013a, 

Ji et al., 2013b). At position 23, P23S and P23V exhibit minimal structural changes 

(McManus et al., 2007) as does P23T variant (Ji et al., 2013b). Finally, R76S, W42R, and 

V75D were also characterized by our group and none exhibited gross structural changes (Ji 

et al., 2012, Ji et al., 2013a, Whitley et al., 2017). Combining all these findings on the 

atomic structures of these variants and the current deamidated γD-crystallin variants, 

reinforces the notion that γD-crystallin is robust in its ability to maintain its overall 

structure.

Given that only minimal structural differences were noted for the Asn to Asp mutants of γD-

crystallin, the thermodynamic stability or reversible aggregation properties could have been 

significantly affected in the mutants. Such changes, however, were not observed, and only 

small thermal stability differences, all within ±5 °C, were noted. These differences in an 

otherwise exceedingly stable protein are too small to be considered as a rationale for 

cataractogenesis. Additionally, these results are contrary to data on Gln deamidation at 

positions 54 or 143, where Gln residues make key interdomain contacts and where the 

introduction of Glu results in destabilization of the protein (Flaugh et al., 2006). While our 

observed changes in structure and thermodynamic stability of γD crystallin are minimal, 

deamidation in other crystallins can influence the protein’s aggregation propensity, as shown 

for γS-crystallin, even if only minimal effects on structure and stability are seen (Brubaker 

et al., 2011). We, therefore, carefully investigated whether we could observe any such 

changes by analyzing DIP values that report on colloidal stability (Saluja et al., 2010, 

Lehermayr et al., 2011). No significant changes in DIP, a proxy for the second virial 

coefficient, was found. Therefore, the introduction of a negative charge by deamidation of 

any of the seven Asn residues in γD-crystallin variants does not significantly influence the 

self-interaction behavior of these molecules in solution.

Intriguingly, our results differ from those observed for γS-crystallin and β-crystallins, 

suggesting that not all crystallins are equally affected by deamidation. For example, 

deamidation does not change the structure of γS-crystallin but does alter its stability, 

aggregation propensity and dynamics (Ray et al., 2016, Pande et al., 2015, Takemoto and 

Boyle, 2000, Forsythe et al., 2019, Vetter et al., 2020). For β-crystallins, deamidation can 

cause compaction, disrupt heterodimer formation, and promote formation of higher order 

oligomers (Takata et al., 2008, Takata et al., 2010, Lampi et al., 2012, Lampi et al., 2016, 

Lampi et al., 2001, Michiel et al., 2010, Lampi et al., 2002, Lampi et al., 2006). Here, for 

γD-crystallin, no significant difference in stability or aggregation propensity was observed.

Overall, our data demonstrate that the aspartate product of Asn deamidation has minimal 

impact on the structure and biophysical properties of γD-crystallin. These results suggest 
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that γD-crystallin can tolerate a single deamidation while maintaining its structure and 

function. However, we cannot exclude synergistic effects of additional deamidations or 

modifications, such as oxidation, on the structural or biophysical properties of the protein. 

To further elucidate the influences of deamidation or any modification, the lens environment 

has to be taken into account since the behavior of proteins in a crowded environment can be 

different from that in dilute solution, especially with respect to folding or protein-protein 

interactions (Guseman et al., 2018, Monteith et al., 2015).

CONCLUSIONS:

Systematic biophysical analysis of γD-crystallin surface deamidation variants indicates that 

single Asn to Asp amino acid changes in γD-crystallin are unlikely to drive cataract 

formation. Both NMR and crystallographic data demonstrate that, at most, very minor 

conformational changes are induced, but these do not result in decreased protein stability or 

altered self-association behavior. Even if such changes are frequently observed in proteomic 

analyses of aged lenses, irrespective of whether they exhibit cataract (Hains and Truscott, 

2010), our results serve as a cautionary tale for generally implicating deamidation from Asn 

to Asp in cataractogenesis. Whether any of the other intermediates or deamidation products 

in a particular α, β or γ-crystallin contribute to, or cause, cataracts will require further 

detailed studies.

STAR METHODS

Resource Availability

Lead Contact—Further information and reagent requests should be addressed to lead 

contact Angela Gronenborn (amg100@pitt.edu).

Material availability: This study did not generate new unique reagents.

Data availability: Atomic coordinates for the N124D and N160D γD-crystallin variants 

are deposited in the RCSB PDB with accession codes 6W5B and 6WCY, respectively.

Experimental Model and Subject Details

Bacterial Cell Culture—BL21(DE3) cells obtained from New England BioLabs (cat 

#C2527H) were used for expression of human γD-crystallin and Asp variants. Cells 

harboring the transformed γD-crystallin plasmid were cultured in LB broth or modified M9 

minimal medium with 100 μg/ml of carbenicillin at 37°C.

Method Details—Expression and purification: Human γD-crystallin and the Asp variants 

were expressed and purified as previously described (Ji et al., 2012). In short, BL21(DE3) E. 
coli cells were transformed with a pET14b vector containing either the WT CRYGD gene or 

a deamidation variant. Cells harboring the transformed γD-crystallin plasmid were cultured 

in LB broth or modified M9 minimal medium containing 1 g/L 15NH4Cl and grown to an 

absorbance (A600) between 0.6–0.8, at which time 1 mM IPTG was added, and protein 

expression was continued for 4 hours. Cells were harvested by centrifugation and 

resuspended in Qa buffer (20 mM Tris pH 8.0, 1mM EDTA, 1 mM DTT). Cells were lysed 
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by microfluidization, lysates were cleared by centrifugation at 39,000g for 40 minutes, and 

the supernatant was collected and filtered through a 0.22 μm filter. The cleared supernatant 

was passed over a HiTrap Q HP anion exchange column pre-equilibrated at 4°C, and the 

flow through was collected and dialyzed overnight into 4 L of Sa buffer (20 mM MES pH 

6.0, 1mM EDTA, 1 mM DTT). Post dialysis, aggregates were removed by centrifugation at 

39,000g for 20 minutes, and the supernatant was passed through a 0.22 μm filter and loaded 

on a HiTrap HP SP cation exchange column in Sa buffer. Protein was eluted using a linear 

gradient of 0–50% Sb (20 mM MES pH 6.0, 1mM EDTA, 1 mM DTT, 1 M NaCl) over 10 

column volumes. 5 mL fractions were collected, and fractions that contained γD-crystallin 

were pooled and concentrated to <5 mL using an Amicon spin concentrator. The final 

purification involved gel filtration over an S75 16/600 column in Sa buffer. Fractions were 

analyzed by SDS PAGE, and those containing pure γD-crystallin were collected, pooled, 

and concentrated to less than 2 mL total volume. Protein concentration was determined 

using a Nanodrop ND-1000 and a molar extinction coefficient of 40680 M−1 cm−1.

NMR Spectroscopy: All NMR experiments were carried out at 25°C using a Bruker 

AVANCE 800 MHz spectrometer equipped with a z-axis gradient, triple resonance 

cryoprobe. 2D 1H-15N HSQC spectra were recorded on samples containing 150 μM protein 

in 20 mM MES buffer, 1 mM EDTA, 1 mM TCEP, pH 6.0 and 10% D2O. Resonance 

assignments were carried out in NMRFAM-SPARKY (Lee et al., 2014) and crosschecked 

against previously published assignments for the wild-type protein (Ji et al., 2012). 

Chemical shift differences for the mutant variants were calculated according to

Δδ: δHv − δHwt
2 +

δNv − δNwt
6

2

(Williamson, 2013).

Crystallization of γD-Crystallin Asp Variants: The N124D and N160D deamidation 

mutants were concentrated to 10 mg/mL in size exclusion buffer. Crystallization trials were 

performed using sitting drop vapor diffusion. An initial crystallization hit with N124D was 

obtained in 0.2 M magnesium chloride hexahydrate, 0.1 M Tris (pH 7.0), and 10% w/v PEG 

8000; these crystals were crushed and diluted in the same solution to serve as a seed stock 

for random matrix microseeding (rMMS) trials (D’Arcy et al., 2007). Diffraction quality 

crystals were obtained in a crystallization solution consisting of 0.2 M lithium sulfate, 0.1 M 

phosphate-citrate (pH 4.2), and 20% w/v PEG 1000. Crystals were harvested, vitrified in 

liquid nitrogen without additional cryoprotection and used for data collection. For N160D, 

initial poor-quality plate-type crystals were obtained in 25% w/v PEG 3350, 0.1 M Bis-Tris 

(pH 5.5), and 0.2 M ammonium sulfate. Crushed crystals were used for rMMS, which 

yielded numerous crystals of high quality. Final crystals, grown in 0.1 M succinic acid (pH 

7.0) and 15% w/v PEG 3350, were harvested, vitrified in liquid nitrogen without additional 

cryoprotectant, and used for data collection.

X-ray Diffraction and Structure Determination: Diffraction data for N124D were 

recorded at the GM/CA beamline 23-ID-D of the Advanced Photon Source at Argonne 
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National Laboratory (Lemont, IL, USA). The X-ray wavelength was 0.8856 Å, and 1800 

images were recorded at an oscillation width of 0.2° per image. Diffraction data for N160D 

were recorded at SER-CAT beamline 22-ID of the Advanced Photon Source at Argonne 

National Laboratory. Using X-rays of wavelength 1.0 Å, 720 diffraction images were 

recorded at an oscillation width of 0.5° per image. Data reduction and scaling were 

performed with XDS (Kabsch, 2010). N124D crystallized in the primitive orthorhombic 

space group P212121 with a single molecule in the asymmetric unit. N160D also crystallized 

in space group P212121, but with two molecules in the asymmetric unit. For each mutant, 

phases were determined by molecular replacement in Phaser (McCoy et al., 2007), using the 

WT structure (PDB 1HK0) as the search model. Before molecular replacement, the four 

tryptophan side chains in the search model were truncated to alanine, and the presence of 

side chain density for these tryptophans in the molecular replacement solutions was used to 

validate their correctness. The molecular replacement solutions were rebuilt using Phenix 

AutoBuild (Terwilliger et al., 2008) and subjected to multiple iterations of manual model 

correction in Coot (Emsley and Cowtan, 2004) and automated refinement in Phenix 

(Liebschner et al., 2019, Adams et al., 2010). Riding hydrogens were added to both mutant 

models for refinement. Anisotropic atomic displacement parameters (ADP) were refined for 

N124D. For N160D, refinement of anisotropic ADP led to a large decrease in Rwork but a 

much smaller decrease in Rfree. To avoid overfitting, refinement of anisotropic ADP was 

abandoned for this mutant in favor of a simpler TLS model, which led to a similar decrease 

in both Rwork and Rfree. Non-crystallographic symmetry restraints were also used during 

N160D refinement. Final refinement for the N124D and N160D models was to a resolution 

of 1.15 and 1.20 Å, respectively. Full data collection and refinement statistics are provided in 

Table 1. The diffraction data and refined models for N124D and N160D γD-crystallin were 

deposited in the Protein Data Bank under accession codes 6W5B and 6WCY, respectively.

Dynamic Light Scattering: Purified human γD-crystallin was concentrated to >50 mg/mL 

in 20 mM MES buffer, 1mM EDTA, 1 mM DTT, pH 6.0. Buffer and protein solutions were 

filtered through a 0.01 μm filter, and concentrations were determined spectroscopically, 

using an extinction coefficient of 40680 M−1 cm−1. DLS was performed using a DynaPro 

Plate Reader III (Wyatt Technology, Santa Barbara, CA) in a 384 well plate format at 298 K. 

Samples (60 μL) at protein concentrations between 2.5 and 30 mg/mL were prepared, and 

triplicates of 20 μL each were measured. Ten acquisitions were collected for each sample, 

and data for the ten acquisitions were averaged. Data were analyzed in Dynamics 7.1.7, 

plotted in MatLab and fit to D = (D0 + D0kDc), with D the diffusion coefficient, D0 the 

diffusion coefficient at infinite dilution, kD the diffusion interaction parameter, and c the 

protein concentration, uncertainties reflect the 95% confidence interval of the fit and are 

reported in Table 3.

Differential Scanning Calorimetry: Thermal unfolding was performed on a Microcal VP-

DSC microcalorimeter. Crystallin variants were dialyzed twice against five liters of water. 

The dialysis water was filtered and saved for recording the reference baseline. The 

temperature was ramped from 25–110°C per scan at 90 °C/hour. The data were analyzed 

using the Origin DSC software package.
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Quantification and statistical analysis

Details of statistical analysis can be found in the methods description for each technique 

used. In Short, DLS data was analyzed in Dynamics 7.1.7 and plotted in MatLab which was 

also used to fit the data as described in the methods section, the uncertainties reflect the 95% 

confidence interval of the fit and is reported in Table 3. DSC thermograms were analyzed in 

Origin DSC software package to determine Tm and are reported in Table 2. Finally, a 

detailed description of the statistics for the X-ray structure determination are stated in the 

methods section and reported in Table 1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• NMR data reveals minimal effects of N deamidation on γD-crystallin 

structure

• Crystal structures of N124D and N160D are consistent with NMR results

• Deamidation does not alter the colloidal or thermodynamic stability of γD-

crystallin
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Figure 1A: 
Deamidation pathway of asparagine residues. 1B: Amino acid sequence alignment of γ-

crystallins. Three of the seven Asn residues are strictly conserved
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Figure 2: 
Overall structure of wild-type γD-crystallin in ribbon representation with all asparagine side 

chains depicted in red space filling representation (top left) and amide chemical shift 

changes of deamidation variants, relative to wild-type γD-crystallin. Only small changes are 

observed, except for N33D, which exhibits larger changes close to the mutation site.
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Figure 3: 
Structures of N124D (cyan) and N160D (green) γD-crystallin variants in ribbon 

representation, superimposed on the wild-type structure (PDB 1HK0, gray).
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Figure 4: 
Concentration dependence of the diffusion coefficient determined by DLS for wild-type and 

deamidation variants of γD-crystallin. The diffusion interaction parameter for each variant 

can be calculated from the slope of the best-fit line.
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Table 1.

X-ray Data Collection and Refinement Statistics

N124D γD-Crystallin N160D γD-Crystallin

PDB Code 6W5B 6WCY

Data Collection

 Wavelength (Å) 0.8856 1.0

 Space Group P212121 P212121

 Unit Cell Lengths (Å) 33.65, 51.49, 93.79 50.81, 51.87, 113.99

 Unit Cell Angles (˚) 90, 90, 90 90, 90, 90

 Unique Reflections 58,473 85,435

 Multiplicity 11.6 12.9

 Completeness (%) 99.3 (93.9) 90.9 (52.5)

 Mean I/σ(I) 17.4 (2.2) 22.50 (1.0)

 Wilson B-factor 12.4 17.3

 Rmerge 0.068 (0.519) 0.053 (1.185)

 Rmeas 0.071 (0.575) 0.055 (1.324)

 Rpim 0.020 (0.241) 0.015 (0.568)

 CC1/2 0.999 (0.963) 0.999 (0.450)

Refinement

 Resolution Range (Å) 28.17 – 1.15 34.59 – 1.20

 Molecules per ASU 1 2

 Rwork, Rfree 0.151, 0.173 0.169, 0.195

 CCwork, CCfree 0.963, 0.959 0.971, 0.967

 Number of Non-H Atoms

  Macromolecules 1,482 2,911

  Water 193 351

 RMS (bonds) 0.011 0.009

 RMS (angles) 1.48 1.21

 Ramachandran favored (%) 98.21 99.41

 Ramachandran allowed (%) 1.79 0.29

 Ramachandran outliers (%) 0.0 0.29

 Average B-factor

  Macromolecules 16.6 21.7

  Water 28.4 31.4

Values in parentheses refer to the highest-resolution shell. The set of free reflections for Rfree and CCfree were calculated with 5% of the total 

reflections, and these reflections were not included in the model building and refinement process.

Structure. Author manuscript; available in PMC 2022 March 04.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Guseman et al. Page 21

Table 2:

Melting temperatures (Tm) determined by differential scanning calorimetry.

Variant Tm (°C)

Wild-type 81.2

N24D 83.4

N33D 82.1

N49D 81.8

N118D 83.2

N124D 81.3

N137D 80.4

N160D 85.5
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Table 3:

Diffusion interaction parameters determined by dynamic light scattering.

Variant DIP (mL/g)

Wild-type −4 ± 1

N24D −5 ± 1

N33D −4.2 ± 0.5

N49D −5 ± 1

N118D −3 ± 1

N124D −5 ± 2

N137D −6 ± 1

N160D −5 ± 2
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Key Resources Table

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and Virus Strains

Escherichia coli BL21(DE3) NEB Cat# C2527H

Chemicals, Peptides, and Recombinant Proteins

Tris Fisher Cat# 61202–5000

MES Sigma Cat#5287

EDTA Fisher Cat#AAJ15694AE

TCEP Sigma Cat#C4706

DTT RPI Cat#D11000

NaCl Sigma Cat#S7653

15N NH4Cl Cambridge isotope labs Cat#NLM-467

D2O Cambridge isotope labs Cat#DLM-4

IPTG RPI Cat#I56000

Deposited Data

Crystal structure of γD-crystallin Basek et al 2003 PDB: 1HK0

NMR Structure of γD-crystallin Wang et al 2009 PDB: 2KLJ

Crystal structure of N124D γD-crystallin This paper PDB: 6W5B

Crystral structure of N160D γD- crystallin This paper PDB: 6WCY

Recombinant DNA

pET14b CRYGD Ji et al 2012 N/A

Modified pET14b vectors This paper N/A

Software and Algorithms

NMRFAM-SPARKY Lee et al 2014 https://nmrfam.wisc.edu/nmrfam-sparky-distribution/

Phaser McCoy et al 2007 https://www.ccp4.ac.uk

COOT Emsley et al 2004 https://www2.mrc-lmb.cam.ac.uk/personal/pemsley/coot/

Phenix AutoBuild Terwilliger et al 2008 https://www.phenix-online.org/documentation/reference/
autobuild.html

Origin Malvern N/A

Phenix Adams et al 2010 https://www.phenix-online.org

PyMol Schrödinger https://pymol.org/2/

protSA Estrada et al 2009 http://webapps.bifi.es/ProtSA/

Matlab Mathworks N/A

Dynamics 7.1.7 Wyatt Technologies N/A

Other

384-well DLS plate Corning Cat#3540

HiTrap Q HP GE Healthcare Cat#17115401

HiTrap HP SP GE Healthcare Cat# 17115201

Amicon Spin Concentator 10000 MWCO Amicon Cat# UFC901024

HiLoad 16/600 Superdex 75 pg GE Healthcare Cat#28989333
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