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Abstract

Protein therapeutics are rapidly transforming the pharmaceutical industry. Unlike for small 

molecule therapeutics, current technologies are challenged to provide the rapid, high resolution 

analyses of protein higher order structures needed to ensure drug efficacy and safety. 

Consequently, significant attention has turned to developing new methods that can quickly, 

accurately, and reproducibly characterize the three-dimensional structure of protein therapeutics. 

In this work, we describe a method that uses diethylpyrocarbonate (DEPC) labeling and mass 

spectrometry to detect three-dimensional structural changes in therapeutic proteins that have been 

exposed to degrading conditions. Using β2-microglobulin, immunoglobulin G1, and human 

growth hormone as model systems, we demonstrate that DEPC labeling can identify both specific 

protein regions that mediate aggregation and those regions that undergo more subtle structural 

changes upon mishandling of these proteins. Importantly, DEPC labeling is able to provide 

information for up to 30% of the surface residues in a given protein, thereby providing excellent 

structural resolution. Given the simplicity of the DEPC labeling chemistry and the relatively 

straightforward mass spectral analysis of DEPC-labeled proteins, we expect this method should be 

amenable to a wide range of protein therapeutics and their different formulations.

Graphical Abstract

Corresponding Authors. Richard Vachet; rwvachet@chem.umass.edu and Robert Vaughn; robvaugh@indiana.edu. 

ASSOCIATED CONTENT
Additional methods, biophysical techniques, example MS/MS spectra, TICs, and raw labeling data can be found in the supplemental 
information. These items can be found online free of charge at http://pubs.acs.org/.

Author Contributions
The manuscript was written through contributions of all authors. All authors have given approval to the final version of the manuscript.

HHS Public Access
Author manuscript
Anal Chem. Author manuscript; available in PMC 2016 October 20.

Published in final edited form as:
Anal Chem. 2015 October 20; 87(20): 10627–10634. doi:10.1021/acs.analchem.5b03180.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://pubs.acs.org/


Protein therapeutics are the fastest growing segment of the pharmaceutical market, 

accounting for one-third of the overall late-stage drug development pipeline. They are 

anticipated to represent 20% of the total pharmaceuticals market value by 2017.1 One key 

element in ensuring the safety and efficacy of these biologic drugs is the ability to measure 

and control the three dimensional (3D) structure of the protein active ingredients. In contrast 

to more traditional small molecule therapeutics, however, obtaining accurate, high resolution 

measurements of protein structures has proven to be extremely challenging.

Current structural techniques fall into two major categories: (1) rapid, low resolution 

techniques and (2) time and sample intensive, high resolution techniques.2 Intrinsic 

fluorescence, circular dichroism (CD), dynamic light scattering (DLS), differential scanning 

calorimetry (DSC), and activity assays are examples of the first type. These methods provide 

an ensemble average of structures or are sometimes insensitive to certain structural changes. 

NMR and X-ray crystallography are important examples of powerful high resolution 

techniques, but these methods are time-consuming, require a large amount of protein, and 

are not amenable to all proteins. Thus, there is a growing need for other techniques that can 

provide better resolution than the first category of techniques but do so in way that is easier 

and faster than the second category of techniques. This need is especially pressing as the 

field of protein therapeutics expands, and as the ability to ensure that the 3D structures of 

proposed biosimilars are the same as the original branded drug becomes a major issue.3–5

Mass spectrometry (MS)-based techniques offer an alternative because they can be rapid, 

provide moderate resolution, and can be sample efficient. Accordingly, these techniques 

have begun to fill an important niche in protein therapeutic analyses. The primary techniques 

used for monitoring protein solution structure by MS are hydrogen/deuterium exchange 

(HDX), chemical cross-linking, and covalent labeling. In HDX the mass spectrometer is 

used to measure the exchange of amide hydrogens for deuterium (or vice versa), and the 

extent of exchange at individual sites provides an indication of solvent accessibility and 

protein dynamics near that site. HDX/MS has been widely used to analyze protein 

structure6–10 and recently has been applied to characterize the structure of protein 

therapeutics.11–14 One challenge associated with HDX/MS is the transient nature of the 

label. As a result, special care and often expensive instrumentation are required to minimize 

back exchange and to accurately locate deuterated sites.

Methods that use covalent bond formation to characterize protein structure are not subject to 

back exchange. They also provide complementary information by reporting on protein side 
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chains. Chemical cross-linking typically uses bifunctional reagents to link residues that are 

spatially adjacent despite being distant in linear sequence. The cross-linked peptides are then 

sequenced and identified by MS, thereby revealing nearby residues. This method has been 

used to probe the structures of individual proteins15 and protein complexes.16–19 While this 

technique is not commonly used to study protein therapeutics, it has been used for antibody 

epitope mapping.20 Other covalent labeling techniques use monofunctional reagents to 

monitor residue solvent accessibility as a means of probing structure. Hydroxyl radical 

footprinting (HRF) is the most common of these techniques.21–24 In this method, hydroxyl 

radicals are produced through radiolysis or photolysis of water or hydrogen peroxide, and 

the resulting radicals then oxidize solvent accessible sites on the protein. Because of its 

broad reactivity and success with other protein systems, HRF has recently been applied to 

monitor structural changes in therapeutic proteins.25,26 The technique was shown to be quite 

sensitive to subtle structural changes as it was able to distinguish expired protein 

therapeutics from fresh ones.25 HRF also demonstrated the ability to identify the regions of 

aggregation in therapeutic monoclonal antibodies (mAbs).26 While HRF shows great 

promise for studying therapeutic proteins, there are some challenges associated with 

implementation. Most notably, oxidation by hydroxyl radicals can produce over 50 different 

types of modifications, which can complicate MS analysis.23 Moreover, in its most 

commonly used forms, a laser or synchrotron source is necessary to generate the radicals, 

which adds complexity and limits its wide applicability.

Another approach to covalent labeling uses amino acid-specific reagent molecules to modify 

solvent exposed residues. A wide range of reagents are available, ranging from those that 

have narrow specificity (e.g. succinimides) to those that have broad reactivity (e.g. DEPC).27 

This approach to labeling is simple as it requires no specialized equipment and typically 

produces only a single type of product, facilitating mass spectral analysis. While amino acid-

specific reagents have been widely used to probe monomeric and oligomeric proteins,27 

their application to therapeutic proteins has been very limited. To our knowledge, only the 

carboxylate-specific reagent pair of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride (EDC) and glycine ethyl ester (GEE) has been used to probe the structure of a 

mAb.28 This particular labeling chemistry is relatively simple to implement; however, 

because it is limited to only Asp and Glu residues, it results in relatively poor coverage of 

the protein’s surface area and thus low effective structural resolution. Another reagent with 

broader reactivity such as DEPC should maintain the simplicity of this type of covalent 

labeling, while at the same time increasing resolution. Because DEPC is capable of labeling 

all nucleophilic residues, our group has shown that this reagent is capable of monitoring 

approximately 30% of surface residues of the average protein.29,30 Such broad reactivity has 

enabled this reagent to provide insight into protein structure as well as protein-metal and 

protein-protein interactions.27,30–34

In this work, we demonstrate the ability of DEPC labeling to assess structural perturbations 

in protein therapeutics by investigating three proteins before and after stressed conditions. 

We find that covalent labeling is capable of identifying stress-induced structural 

perturbations in protein therapeutics, including the interface through which the protein 

therapeutics aggregate.
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 EXPERIMENTAL METHODS

 Materials

Diethylpyrocarbonate (DEPC), imidazole, iodoacetamide, L-cysteine, papain from papaya 

latex, tris(2-carboxyethyl)phosphine (TCEP), and DL-dithiothreitol (DTT) were obtained 

from Sigma Aldrich (St. Louis, MO). The mAb immunoglobulin G1 (IgG1) was purchased 

from Waters Corporation (Milford, MA). Human β-2-microglobulin (β2m) was obtained 

from Fitzgerald Industries International (Concord, MA). Recombinant Human Growth 

Hormone (HGH) was purchased from Biovision (San Francisco, CA). Urea was purchased 

from Acros Organics (Geel, Belgium). Both immobilized trypsin and chymotrypsin were 

obtained from Princeton Separations (Adelphia, NJ). Sodium phosphate monobasic 

monohydrate was purchased from EM Science (Darmstadt, Germany). Sodium phosphate 

dibasic anhydrous, hydrogen peroxide, methanol, formic acid, acetonitrile, and water were 

purchased from Fisher Scientific (Fair Lawn, NJ). Centricon molecular weight cutoff 

(MWCO) filters were obtained from Millipore (Burlington, MA).

 Sample Preparation

β2m and IgG1 were prepared in 50 mM ammonium acetate (pH 7.4) and 50 mM sodium 

phosphate buffer (pH 7.4), respectively. Both proteins were then incubated at 75 °C for 15 

min (IgG) or 1 day (β2m) for thermal degradation conditions. Oxidative conditions were 

carried out by incubating the protein in the presence of 3% H2O2 (w/w) at room temperature 

for 1 day. HGH was prepared in 10 mM sodium phosphate buffer (pH 8.0), and incubated at 

65 °C for 2, 12, and 24 hours. After the forced degradation conditions, the proteins were 

reacted with DEPC and then analyzed by MS.

 DEPC Labeling Reactions

Stock solutions of DEPC were prepared in acetonitrile. The DEPC reactions of β2m were 

performed for 1 min at 37 °C and were initiated by adding DEPC in a molar excess of 2.5. 

The total reaction volume for the experiments was 100 µL, and the total amount of 

acetonitrile added was 1%. Based on our previous work, this low percentage of acetonitrile 

has no noticeable influence on protein structure.30–33 Experiments with β2m were performed 

in triplicate. The reactions were quenched after 1 min by adding 10 mM imidazole. Labeling 

of IgG1 (5 µM) was performed at a protein to DEPC molar ratio of 1:4 in a 50 mM 

phosphate buffer at pH 7.4. The solution was reacted for 5 min at room temperature before 

quenching by the addition of imidazole at a 1:50 (DEPC:imidazole) ratio. Five replicate 

reactions and analyses were conducted on the IgG1 samples. DEPC labeling of HGH was 

performed at a 1:5 (protein:DEPC) ratio for 1 min at room temperature. The amount of 

acetonitrile added was 1%. The reaction was quenched by the addition of imidazole at an 80 

molar excess to DEPC. Three replicate reactions and analyses were conducted on the HGH 

samples.

 Proteolytic Digestion

Digestion was performed with immobilized chymotrypsin for B2m and immobilized trypsin 

for HGH. To achieve complete digestion of IgG1, an initial digestion with activated papain 
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was necessary. This was then followed by digestion with immobilized trypsin. For more 

details about the digestion conditions, please refer to the supplemental information.

 Mass Spectrometry

On-line high performance liquid chromatography (HPLC) MS analyses were performed on 

all protein digests. The HPLC details can be found in the SI. Mass analysis of β2m 

proteolytic fragments was carried out on a Bruker AmaZon (Billerica, MA, USA) 

quadrupole ion trap mass spectrometer equipped with an electrospray ionization source. 

Typically, the electrospray needle voltage was kept at ~4 kV, and the capillary temperature 

was set to 250 °C. Either collision-induced dissociation (CID) or electron transfer 

dissociation (ETD) was used to obtain tandem mass spectra.

For IgG, MS analyses were performed using a Thermo Scientific Orbitrap Fusion 

(Tewksbury, MA) mass spectrometer. The electrospray ionization source was typically 

operated at a needle voltage of 2200 volts, and the ion transfer tube temp was set to 300 °C. 

Tandem mass spectra were collected using CID with a normalized collision energy of 35%. 

Due to the large number of measured peaks, an exclusion limit of 60 sec was activated after 

five spectra were collected for any given peak. The resolution of the Orbitrap was set to 

60000.

MS analysis for HGH was performed using a Thermo Scientific LTQ-XL Orbitrap 

(Tewksbury, MA) mass spectrometer equipped with an electrospray ionization source. The 

ESI needle voltage was kept at 5 kV. Tandem mass spectra were generated using an HCD 

collision energy of 35.

 Peptide identification

Raw mass spectral data files were converted to .mgf format using msconvert software.35 

The .mgf files were analyzed with SearchGUI.36 The search engines X!tandem,37,38 MS 

Amanda,39 MS-GF+,40 OMSSA,41 and Comet42 were all used. Spectra were searched 

against a database constructed from the cRAP database (http://www.thegpm.org/crap/

index.html) with the sequence of the proteins of interest added. Spectra were searched 

against the custom database and against the reverse, decoy database. Variable modification 

by DEPC of the residues H, Y, K, T, S and the protein N-terminus was added as a user 

modification (mass addition of 72.0211). Variable oxidation of M was also used in searches. 

Carboxyamidomethylation of cysteine was used as a fixed modification. Unspecific enzyme 

cleavage was selected, and a precursor mass tolerance of 10 ppm was used.

Search data were visualized using Peptideshaker43 with protein, peptide and PSM FDRs set 

at 1%. PTMs were scored using the PhosphoRS algorithm. Identification features were 

exported in .csv format, and these features were used to construct a custom database for 

peak identification in MZmine.

 Peptide peak quantification

Raw data files were imported into MZmine,44 and mass detection was done in centroid 

mode at the MS1 level. Chromatograms were constructed, deconvoluted and peak 
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identification was performed with a custom database constructed from the Peptideshaker 

export. When multiple files were analyzed, deconvoluted spectra were aligned using the 

RANSAC algorithm. The quantified, identified and aligned data were exported to a .csv file 

using the export function. A representative workflow can be found in Figure S1 in the SI.

 Biophysical Characterization of Proteins

Circular dichroism spectroscopy, fluorescence spectroscopy, dynamic light scattering, and 

size-exclusion chromatography were also used to characterize the proteins after heat or 

oxidative stress. The details of these methods can be found in the SI.

 RESULTS AND DISCUSSION

 β-2 microglobulin (β2m)

β2m shares the same β-sandwich fold as each of the domains in IgG and thus was chosen as 

an initial model system. The protein under native and both heat- and oxidatively-degraded 

conditions was probed using DEPC. Labeling was done at a 2.5:1 molar ratio 

(DEPC:protein) as previous work from our group had demonstrated that a labeling ratio of 

4:1 or less provided good labeling yield without significantly perturbing a protein’s 

structure.30

The modification results for the β2m residues under all three conditions reveal that β2m 

undergoes noticeable structural changes upon exposure to elevated temperature and H2O2 

(Table 1). The residues that are labeled under native conditions are displayed as spheres in 

Figure 1A and B. All 16 of these residues are found on the exterior of the protein and are 

exposed to solvent, which is consistent with previous DEPC labeling results for this protein 

under native conditions. After being exposed to thermal stress for 24 hours, the extent and 

pattern of labeling significantly changes. The residues highlighted in blue in Figure 1A 

undergo statistically significant decreases (p-value < 0.05) in labeling extent, while the 

residues in red undergo an increase in labeling extent. Because many residues undergo a 

decrease in labeling extent and these residues are clustered on one face of the protein, these 

results suggest that the protein aggregates upon overnight heating. Support for this 

conclusion is found from SEC measurements (Figure S2 in the Supporting Information (SI)), 

which reveal protein aggregates are formed. The residues that decrease in labeling extent 

(i.e. Ile1, Ser28, His31, Ser33, Ser55, and Ser57) are likely at the interface(s) of these 

oligomers. Moreover, the same region of the protein is buried in the MHC complex that β2m 

forms physiologically.46 This region’s exposure is likely thermodynamically unfavorable in 

the monomeric protein, potentially explaining its propensity for aggregation at this site. 

Interestingly, two residues (i.e. Lys41 and Lys48) on the loop that connects two of the 

aggregating β strands show an increase in labeling after heating, suggesting that this region 

of the protein unfolds upon heating to facilitate aggregation.

Covalent labeling of the oxidized protein also indicates that the protein aggregates after 

exposure to H2O2. Nearly all residues undergo a decrease in labeling extent (Figure 1B), 

signifying extensive aggregation. Analysis via SEC corroborates this conclusion (Figure S2 

in the SI). While many of the same residues decrease in labeling as in the heated sample, the 
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additional residues indicate the aggregates are also mediated by other interfaces. Overall, the 

covalent labeling experiments with β2m successfully demonstrate the ability of this 

technique to identify structural changes, especially interfacial sites that are formed upon 

heat- and oxidatively-induced aggregation.

 Immunoglobulin G (IgG)

The promising results with β2m prompted us to apply the method to IgG under native and 

thermally degraded conditions. To minimize structural perturbations to IgG during the 

labeling reaction, we limited the DEPC:protein ratio to 4:1. We also monitored the protein’s 

structure using CD and fluorescence spectroscopy. Both techniques demonstrate that the 

protein undergoes no significant structural perturbations after reacting with DEPC at these 

concentrations (Figures S3 and S4 in the SI), confirming the structural integrity of the 

protein. We were pleased to find that DEPC labeling of IgG under these conditions results in 

the labeling of almost 30% of the amino acids in the protein (Table S1 and S2 in the SI).

Upon comparing the labeling results of the thermally degraded sample with those generated 

under native conditions, we find that numerous sites undergo changes in labeling. Figure 2 

summarizes these results by showing the percent change in DEPC labeling that each residue 

undergoes upon heat treatment relative to the unheated sample. Figure 2A illustrates the 

labeling for IgG’s light chain, while Figure 2B shows the results for the heavy chain. 

Because about 200 residues are labeled in the protein, these results were further simplified 

by considering only the statistically significant changes in each domain. The significant 

relative changes were broken into bins based on the magnitude of the change (Table 2). Each 

domain has a relatively equal number of residues undergoing increases or decreases in 

labeling; however, almost all of the residues in the light chain’s variable domain (VL) 

undergo significant decreases in labeling. This clustering of residues suggests that the 

protein might be aggregating upon heating, and this domain mediates this aggregation. 

Indeed, DLS demonstrates that IgG undergoes significant aggregation after 15 min of 

heating at 75 °C (Figure S5 in the SI).

Greater structural insight is obtained by mapping the data in Table 2 onto an IgG homology 

model. A homology model was generated by the Swiss-Model workspace47,48 using an IgG 

crystal structure (PDB: 1IGY) as a template. As expected, the VL domain presents a large 

cluster of residues that undergo a decrease in labeling (Figure 3). Somewhat surprisingly, 

mapping the labeling data also reveals another potential interface on the VH domain, which 

also shows a clustering of residues undergoing a decrease in labeling. A color coded 

depiction of the different IgG domains in a space-filling model can be found in Figure S6 of 

the SI.

The possible role that the VL and VH domains play in mediating IgG1 aggregates is further 

supported by the aggregation predictor tool Zyggregator (Tables S3 and S4 in the SI).49–52 

When Zyggregator prediction data are overlaid onto IgG1’s structure (Figure S7 in the SI), 

there are four surface accessible regions in the protein that have a cluster of residues with a 

strong propensity to aggregate. Two of the four predicted sites are the VL and VH domains, 

which are implicated to be involved in aggregation by covalent labeling (Figure S7 in the 

SI). The other two predicted regions clearly have smaller surface areas, decreasing their 
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likelihood of being true interfaces in the aggregates. It is interesting to note that previous 

studies are divided on which domains mediate aggregation processes in IgG’s. Some work 

suggests that typically the CH
2 domain is the primary site of aggregation,2,53–55 while others 

suggest the variable regions in the Fab domain as the sites of aggregation.26,56–58 It is quite 

possible that the aggregation site varies from antibody to antibody.58 We feel our labeling 

results provide strong evidence for the role of the variable regions in the light and heavy 

chains in mediating aggregation in IgG1.

 HGH

The results from IgG and β2m demonstrate that covalent labeling can identify proteins 

which have undergone severe structural perturbations. In order to test the technique’s ability 

to identify minor structural changes, we studied HGH. Labeling of this protein was 

performed before and after heating at 65 °C, a temperature that is 12 °C below its melting 

temperature.59 CD and intrinsic fluorescence spectra (Figures S8 and S9 in the SI) both 

show only minor structural perturbations after heating to this temperature. Upon DEPC 

labeling, 41 modification sites are identified (Table S5 in the SI) corresponding to over 20% 

of the protein. This amount of labeling ensures sufficient coverage of the protein’s structure. 

The labeling percentages of all the labeled sites for both native and heat-denatured HGH are 

summarized in Figure 4. When comparing the heat-denatured protein to the natively-

structured protein, only six residues are found to undergo a significant change (p-value < 

0.05) in labeling extent. They are His19, Thr28, Thr61, Thr136, Lys159, and Tyr165. Of 

these six, two residues undergo increased labeling upon heating (Thr136 and Lys159).

To understand the structural implications of these changes, we mapped the six residues on to 

a crystal structure of HGH (Figure 5, PDB: 1HGU). The two residues (Thr136 and Lys159) 

that undergo increased labeling after heating are on opposite ends of a long disordered 

region, signifying further melting of this region. The four residues (His19, Thr28, Thr61, 

and Tyr165) that undergo decreased labeling are clustered on the opposite face of the 

protein. While such clustering might suggest aggregation, DLS measurements (Figure S10 

in the SI) indicate that the protein does not aggregate under these conditions. Instead, the 

DLS measurements reveal that the protein undergoes a slight compaction upon heating. 

Therefore, it is possible that the four residues undergo a decrease in labeling extent because 

they become less solvent exposed during this compaction process. Under denaturing 

conditions it has been demonstrated that HGH maintains a majority of its helical structure. 

Its loops, however, are known to become significantly more dynamic than the rest of the 

protein’s structure.60 Repositioning of these loops might cause Thr136 and Lys159 to 

become more solvent exposed, while at the same time causing His19, Thr28, Thr61, and 

Tyr165 to become less solvent exposed. Overall, these data for HGH suggest that DEPC 

labeling with MS detection is sensitive enough to detect minor structural perturbations.

 CONCLUSIONS

We have used DEPC-based covalent labeling as a means to monitor the structure of 

therapeutic proteins. Through the study of three proteins, β2m, IgG, and HGH, we have 

shown that DEPC labeling is capable of identifying specific structural perturbations that 
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occur upon exposing these proteins to common forced-degradation conditions. Because the 

label can probe up to 30% of the residues in a protein, this method provides a high degree of 

structural resolution relative to other covalent labeling reagents. DEPC labeling is 

particularly valuable for identifying interfacial residues in protein aggregates. For example, 

this technique was able to identify the variable domains of the light and heavy chain as the 

regions that mediate aggregation of IgG1 upon heating. DEPC labeling is also able to 

distinguish relatively minor perturbations in protein structure as illustrated by the 

experiments with HGH. Given the high effective resolution provided by DEPC labeling and 

the ease with which it can be performed relative to other MS-based techniques, we predict 

that this approach will be a powerful tool for studying therapeutic proteins.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Covalent labeling results for β2m. Spheres represent residues that were labeled with DEPC. 

The color indicates whether the residue has undergone any significant change in labeling 

after being exposed to a perturbing condition (blue: decrease, red: increase, gray: no 

change). A) Heating at 75°C for 24 hours. B) Oxidation with 3% H2O2 for 24 hours. 

Changes in covalent labeling are mapped onto the NMR structure of β2m (PDB accession 

code: 2XKS).
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Figure 2. 
Bars represent changes in modification of IgG1 after heating from experiments involving 

five replicates. Negative values represent residues that are more protected after heating. A) 

Light chain. B) Top: VH and CH
1 domain of heavy chain. Bottom: CH

2 and CH
3 domain of 

heavy chain

Borotto et al. Page 13

Anal Chem. Author manuscript; available in PMC 2016 October 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Cartoon representations of IgG1 homology model. Side view (top) and top view (bottom). 

Spheres represent residues that are likely at the aggregate interface. Colors represent the 

magnitude of the reduction (Purple: >80%, Blue: 40–80%, and Teal: 10–40% reduction in 

labeling). The likely interfaces on the VL and VH domains are circled (VL: blue and VH: 

red).
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Figure 4. 
Covlent labeling results for HGH before and after heating at 65°C for 24 hours. Asterisks (*) 

indicate residues that have undergone a statistically significant change. A difference was 

considered significant if the p-value, calculated by performing an unpaired T-test, was less 

than 0.05 (corresponding to a 95% confidence level at n=3).
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Figure 5. 
Summary of the covalent labeling results for HGH. Spheres represent residues that 

underwent significant changes in DEPC labeling after heating at 65 °C for 24 h (blue: 

decreased, red: increased). Changes in covalent labeling are mapped onto a crystal structure 

of HGH (PDB accession code: 1HGU).
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