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Deamidation is an important degradation pathway for proteins. Estimating deamidation propensities is
essential for predicting their long-term stability. However, predicting deamidation rates in folded pro-
teins is challenging because higher-order structure has a significant and unpredictable effect on dea-
midation. Here, we investigated the correlation between amide hydrogen exchange (HX) and
deamidation to assess the potential of using hydrogen exchange—mass spectrometry (HX-MS) to rapidly
predict deamidation propensity. Maltose-binding protein and a structurally less stable mutant, W169G,
were stored in the dark at pH 7.0 at 23 + 2°C for 1 year. Deamidation at each asparagine site was
measured using liquid chromatography—mass spectrometry after trypsin digestion. Deamidation rates at
each deamidation site were determined based on first-order kinetics. HX rates at the deamidation sites
were determined before storage using the shortest peptic peptide containing each site using conven-
tional bottom-up HX-MS at pD 7.0 at 25°C. We observed a power law correlation between deamidation
half-life and HX half-life for the NG sites with measurable kinetics. For NA sites, slow deamidation was
only observed at 2 sites located in rapidly exchanging regions. Our findings demonstrate that HX-MS can

be used to reliably and rapidly rank deamidation propensity in folded proteins.
© 2019 American Pharmacists Association®. Published by Elsevier Inc. All rights reserved.

Introduction

Proteins are increasingly used as therapeutics to treat various
diseases because of their safety and efficacy.!”” However, proteins
are susceptible to a variety of modifications during expression,
purification, formulation, and long-term storage, potentially lead-
ing to loss of efficacy or a decrease in safety.®® Among various
protein modifications, deamidation is one of the most common
degradation reactions, occurring during production and long-term
storage. Deamidation (see Scheme 1) is a spontaneous, post-
translational modification in which asparagine converts to

Abbreviations used: HX, hydrogen exchange; HX-MS, hydrogen exchange—mass
spectrometry; LC-MS, liquid chromatography—mass spectrometry; MBP, maltose-
binding protein; EIC, extracted ion chromatograms; TPI, triose phosphate isom-
erase; ETD, electron transfer dissociation.

This article contains supplementary material available from the authors by request
or via the internet at https://doi.org/10.1016/j.xphs.2019.01.019.
* Correspondence to: David D. Weis (Telephone: +1-785-864-1377).
E-mail address: dweis@ku.edu (D.D. Weis).
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aspartate or isoaspartate and glutamine coverts to glutamate.'9-13

This conversion introduces a negatively charged side chain and
increases the mass of the protein by 0.984 Da. Furthermore, for-
mation of isoaspartate alters the protein backbone by inserting a
methylene group.' These modifications cause charge, size, and
structural heterogeneity in proteins that can alter protein confor-
mation thereby potentially affecting function, stability, efficacy,
purity, and immunogenicity.'>>3

Deamidation is a nonenzymatic, spontaneous chemical reaction
that occurs via acid- and base- catalyzed pathways. In the base-
catalyzed pathway, the backbone amide nitrogen on the C-termi-
nal side of asparagine is deprotonated by OH in the solvent, as
shown in Scheme 1. The nucleophilic attack of the resulting amidate
anion on the carbonyl carbon of the asparagine side chain forms the
succinimide cyclic intermediate.”*>” The formation of the succini-
mide intermediate is the rate-determining step of the deamidation
reaction.”*?® The hydrolysis of the succinimide intermediate forms a
mixture of isoaspartate and aspartate products in a ratio of
approximately 3:1, respectively.’*?® In addition, the resulting iso-
aspartate and aspartate products can be present in both L and D

0022-3549/© 2019 American Pharmacists Association®. Published by Elsevier Inc. All rights reserved.
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Scheme 1. Base-catalyzed deamidation and HX mechanisms at an NG motif.

isoforms.!>?%30 Both asparagine and glutamine reactions follow the
same mechanism, but the rate of glutamine deamidation is much
slower than the asparagine deamidation because of the instability of
the 6-membered intermediate formed in glutamine deamidation.?!
The deamidation rate is dependent on solution pH, temperature,
solvent ionic strength, protein sequence, and protein higher-order
structure.>”° Protein sequence has a stronger effect on deamida-
tion rate than the other rate-determining factors, mostly the amino
acid residue C-terminal to the asparagine residue. It has been
thought that side chains with little steric hindrance enable confor-
mational flexibility required for the intermediate formation and
residues with low dipole moment stabilize the intermediate for-
mation, thereby accelerating deamidation.'*?> However, it is now
recognized that the acidity of the amide hydrogen can be strongly
influenced by backbone conformation.>® Overall, deamidation is
fastest at asparagine-glycine sites followed by asparagine-histidine
and asparagine-serine sites."**> In unstructured peptides at
neutral pH, deamidation half-life can vary from 1 day to 1 year
depending on the C-terminal side neighboring residue. Deamidation
half-lives of asparagine followed by glycine, histidine, serine,
alanine, and isoleucine in model pentapeptides have been reported
as 1 day, 10 days, 16 days, 25 days, and 318 days, respectively, at pH
7.4, 37.0°C in 0.15 M tris-HCl. For glutamine, half-lives of unstruc-
tured peptides can extend to more than 10 years.'*>”

It is essential to identify deamidation-prone sites early in the
drug development process to eliminate candidates with deamida-
tion liabilities, to develop stable formulations, and to re-engineer
candidates with high deamidation propensity.>® However, accu-
rate prediction of deamidation rates in folded proteins is chal-
lenging. Compared with unstructured peptides, deamidation rates
in folded proteins are much slower, ranging from days to years,
because higher-order structure of proteins plays a significant role in
determining deamidation rates. Higher-order structure stabilizes
asparagine residues due to conformational rigidity and decreased
nucleophilic reactivity of the H-bonded backbone amides.>?44

To determine the extent of deamidation under protein storage
conditions, deamidation needs to be measured beyond the pro-
jected shelf-life, often as much as 2 years. Because such long-term
stability studies are time-consuming, a common approach to
identify potential deamidation sites in protein therapeutics is an
accelerated stability study under stress conditions using elevated
pH and temperature.*>*® The stress conditions can increase the
frequency of local and global transient unfolding, which in turn can
accelerate deamidation. However, the deamidation propensities
under stress conditions are different from the deamidation pro-
pensities under actual protein storage conditions.*®**® It usually
takes 3-4 weeks to complete accelerated stability-based pre-
dictions, but it is very important to limit the time required for these
studies to minimize drug development time.*® Therefore, there is a
substantial need for analytical tools that can rapidly and reliably
predict deamidation rates in folded proteins under long-term
storage and realistic formulation conditions. Robinson et al.
developed a computational method for the estimation of
deamidation rates in proteins based on the sequence-controlled
asparagine deamidation rates in pentapeptide models and the
three-dimensional structure of proteins with well-characterized
deamidations.*>*? Sydow et al>° developed a computational
method to predict degradation propensity of asparagine residues in
the variable region of monoclonal antibodies. However, these
methods require either that the three-dimensional structure of
protein is known or that the structure can be accurately modeled.

Accurate prediction of deamidation rates in folded proteins re-
quires knowledge about the protein conformation and the dy-
namics of amide H-bonding because the rate-determining step in
the deamidation reaction mechanism involves deprotonation of a
backbone amide leading to succinimide intermediate formation
(see Scheme 1). These amide hydrogens contribute to the formation
of the fundamental H-bonding network of protein higher-order
structure.”! Hydrogen exchange monitored by mass spectrometry
(HX-MS) is a technique that measures isotopic exchange of the
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protein backbone amide hydrogens. In the base-catalyzed mecha-
nism of hydrogen exchange, an OD ™ ion in the solvent abstracts the
amide proton through nucleophilic attack producing an amidate
ion, which is the rate-determining step of the reaction. Deproto-
nation is followed by the deuteration of the amidate ion (see
Scheme 1) by the D,0 solvent.”> HX reveals the conformation and
the dynamics of the backbone amide hydrogens in folded proteins;
the deamidation rate in folded proteins also depends on the
conformation and dynamics of the amide hydrogen. Furthermore,
when the reaction mechanisms of HX and deamidation are
compared, the rates of both the reactions are determined by the
rate of amidate ion formation, leading to the hypothesis that there
is a correlation between the deamidation rates and HX rates in
folded proteins. In fact, there is experimental support for this hy-
pothesis: Philllips et al. recently found that the HX rates at the 2
adjacent amides in a mAb correlated with their deamidation
rates.” In this study, we investigated the correlation between
deamidation during long-term storage and HX to assess the po-
tential for bottom-up HX-MS to be used as an analytical tool to
rapidly predict localized long-term deamidation propensities.

Experimental

Wild-type and mutant (W169G) maltose-binding protein (MBP)
were expressed in E. coli and purified using nickel affinity chro-
matography as described in Supporting Information.

Long-term and Accelerated Deamidation Studies

Samples of 20 uM wild-type and mutant MBP were prepared in
20 mM sodium phosphate, 100 mM sodium chloride, 100 uM EDTA
at pH 7.0. The protein samples were sterile filtered through a
0.22 puM polyvinylidene fluoride membrane (Millipore) under
sterile conditions and stored in autoclaved microcentrifuge tubes at
room temperature (23 + 2°C) in the dark. Wild-type and mutant
MBP samples were collected after 1, 3, 6,9,and 12and 1, 3,5, 7, 9,
and 12 calendar months, respectively. For method development,
deamidation was also accelerated in wild-type MBP by applying
stress conditions to identify all the sites susceptible to deamidation.
Wild-type MBP was buffer-exchanged by dialysis at 4°C into 50 mM
tris at pH 8.5. The buffer-exchanged protein was diluted in 50 mM
tris and 100 uM EDTA at pH 8.5 to prepare 50 M protein samples
that were incubated at 40°C for 4 weeks. The collected samples
were flash frozen on liquid N; and stored at —80°C until analyzed.

Quantification of Deamidation

The extent of deamidation at asparagine sites was determined
by liquid chromatography—mass spectrometry (LC-MS) analysis of
the tryptic peptides of MBP, as described in more detail in the
Supplementary Methods Section of Supporting Information. The
relative deamidation percentage at each site was quantified using
the integrated peak areas of extracted ion chromatograms (EIC) of
unmodified and deamidated peptides. It has been previously
shown that the peak areas of the EICs can be used for relative
quantification as ionization efficiencies of deamidated and un-
modified peptides are similar.’* Deamidation percentage at each
asparagine site was calculated as follows:

Aq 9
Aot Ay x 100%

% deamidation =
where A denotes the integrated EIC peak area and the subscripts u
and d denote the unmodified and deamidated peptides, respec-
tively. The tryptic peptides selected for the quantification each

contained only one deamidation site. EICs of the deamidated pep-
tides for some asparagine sites consisted of 2 peaks resulting from
the chromatographic resolution of aspartate and isoaspartate
products of deamidation. For those sites, the area of both peaks was
combined as deamidated products when obtaining the deamidated
peptide peak area. In some cases, coelution of the unmodified and
deamidated peptides was observed. In these cases, the overlap
between the peaks was determined and corrected as illustrated in
Supporting Figure S2 for the peptide 100-LYPFTWDAVRYNGK-113.
The coelution of the unmodified and the deamidated peptides
resulted in the overlap of the M+1 peak (m/z = 577.628) of the
unmodified peptide with the monoisotopic peak (M) of the dea-
midated peptide (m/z = 577.625, see Supporting Figs. S2b and S2d).
The area corresponding to the overlapping M+1 peak of the un-
modified peptide was calculated by multiplying the unmodified
peptide EIC peak area by the theoretical isotopic abundance of the
unmodified peptide M+1 peak (99.25%) obtained using Mass-
Hunter Isotope Distribution Calculator software (Agilent, Santa
Clara, CA), as shown in Supporting Figure S2e. To determine the
peak area of the deamidated peptide alone, the area of the over-
lapping M+1 peak of the unmodified peptide was subtracted from
the total peak area of the EIC of the deamidated peptide.

Deamidation Kinetics

Deamidation half-life (t; ;) at 23 + 2°C and pH 7.0 at each
deamidation site was determined assuming first-order kinetics.'
The deamidation rate constant at each deamidation site was ob-
tained by linear regression of the natural log of fraction unmodified
versus time for each deamidation site. Deamidation half-lives were
determined from the first-order rate constant values. The error in
deamidation half-life was determined by propagation of random
error using the standard deviation of the slope obtained using the
LINEST function in Excel.

Hydrogen Exchange—Mass Spectrometry

HX-MS measurements used robotic sample preparation fol-
lowed by online pepsin digestion and LC-MS analysis of the
deuterated peptic peptides, as described in more detail in the
Supplementary Methods Section of Supporting Information. Sam-
ples were labeled with D,0 buffer (20 mM sodium phosphate, 100
mM sodium chloride, pD 7.0 corrected for the isotope effect®®) at
25°C. Deuteration was normalized to 100% by labeling MBP peptic
peptides obtained from offline digestion. The rate of HX was
determined in terms of peptide-averaged HX half-life, by x; the

time required to reach 50% deuteration. t, yx values were deter-

mined by linear interpolation between the 2 HX times that spanned
50% deuteration. The error associated with the f, yx values was

determined by propagation of random errors in the slope and the
intercept of the linear fit. The errors in the slope and the intercept
were estimated using the standard deviations of the slope and the
intercept obtained using the LINEST function in Excel.

Results

MBP was selected as a model protein for this study because it
contains 21 asparagine residues; 5 of them are followed by glycine.
The NG motif is the most susceptible to deamidation.'* MBP is a 41
kDa monomeric protein with 2 distinct globular domains separated
by a groove.”® Two forms of MBP, wild-type and a mutant form
(W169G), were used in the study. The mutant form is less stable than
wild-type MBP, based on a lower thermal transition temperature
(AT = —4.8°C) measured by differential scanning calorimetry (see
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Table 1

Tryptic Peptides Used for the Deamidation Analysis and Peptic Peptides Used for the HX Analysis of the NG and NA Sites in Both Wild-Type and Mutant MBP

Asparagine Sites Tryptic Peptides

Peptic Peptides

N23G24 LVIWINGDK (18-26)

N29G30 GYNGLAEVGK (27-36)

N111G112 LYPFTWDAVRYNGK (100-113)
N184G185 YENGKYDIK (182-190)

N238G239 GETAMTINGPWAWSNIDTSK (231-250)
N196A197 DVGVDNAGAK (191-200)

N360A361 TAVINAASGR (356-365)

N216A217 HMNADTDYSIAEAAENK (214-230)
N278A279 PFVGVLSAGINAASPNK (268-284)
N334A335 IAATMENAQK (328-337)

VIWINGDKGY (19-28)
VIWINGDKGYNGL (19-31)

VRYNGKL (108-114)

FKYENGKY (180-187)
TINGPWAWSN (236-245)
VGVDNAGAKAGLTF (192-205)
YAVRTAVINAASGRQTVDE (352-370)
VDLIKNKHMNADTDY (207-221)
SAGINAASPNKEL (274-286)
AKDPRIAATMENAQKGEIM (322-341)

Supporting Table S1). To investigate the potential of using HX-MS as
a tool to rapidly predict deamidation rates in proteins, deamidation
rates at NG and NA sites in MBP were correlated with HX rates using
the shortest peptic peptides containing those asparagine sites.

Deamidation Kinetics

A long-term stability study was performed to determine deami-
dation rates at the asparagine sites of MBP under realistic storage
conditions without temperature or pH stress. For the stability study,
wild-type and mutant MBP were stored in the dark at 23 + 2°C and pH
7.0 over 12 mo under sterile conditions. (A preliminary study indi-
cated that deamidation was too slow to measure at 4°C, results not
shown.) The intact masses of the 2 proteins were measured over the
course of the study to determine if the proteins underwent any other
modifications because other protein modifications can alter protein
conformation affecting the protein deamidation rate. The deconvo-
luted masses of the 2 proteins at zero and 12 mo are shown in
Supporting Figure S3. The mass of mutant MBP increased by 1.9 Da
over the 12 mo, which can be attributed to the mass increase of 0.98
Da due to deamidation. For wild-type MBP, a mass increment was not
observed over the 12 mo. Low abundance peaks that appeared at
41,258 Da and 41,129 Da for wild-type and mutant MBP, respectively,
indicate a mass loss of 208 Da. Both MBP forms contain an N-terminal
alanine preceding a hexahistidine tag; the loss of 208 Da is consistent
with the hydrolysis of the first 2 N-terminal residues. In addition, 2
other peaks at 39,269 Da and 38,841 Da were observed in the mutant
MBP sample after 12 mo indicating some fragmentation in the protein
which could not be assigned. These 2 peaks were also detected after 7
mo of storage, but at lower abundance. The deconvoluted mass
spectra did not reveal other common modifications of proteins such as
oxidation that increase protein mass. Although some degradation
occurred over 1 year of storage, unmodified protein remained the
major form. Thus, the observed deamidation kinetics represents
deamidation by the unmodified forms of the proteins. There was no
substantial decrease in the soluble protein concentration in any of the
protein samples over the course of storage, as determined by UV
absorbance (results not shown), indicating that MBP did not form
insoluble aggregates to any significant extent.

The extent of deamidation was measured by LC-MS analysis of
tryptic peptides containing only one deamidation site per peptide
(see Table 1). Deamidation percentage at each deamidation site was
quantified using peak areas of the EICs of deamidated and un-
modified tryptic peptides as described in the Experimental section.
Deamidation was detected only at NG and NA sites in both protein
forms during the 12 mo period; there was no deamidation detected
at other asparagine sites. The asparagine residues with NG sites in
MBP are N23G24, N29G30, N111G112, N184G185, N238G239, and
the asparagine residues with NA sites are N196A197, N216A217,
N278A279, N334A335, and N360A361. Among these sites, deami-
dation was only detected at N23G24, N29G30, N111G112,
N184G185, N196A197, and N360A361.

Figure 1 shows the extent of deamidation at each of the dea-
midation sites in wild-type and mutant MBP over the 12-month
period. Among the NG sites in wild-type MBP (Fig. 1a), deamida-
tion was fastest at N184G185 and N111G112, reaching 55% and 42%,
respectively, after 12 mo. There was much less deamidation at
N23G24 and N29G30, which were only 6% and 4%, respectively.
There was no detectable deamidation at N238G239. There was only
modest deamidation at NA sites N196A197 and N360A361 (Fig. 1c)
in the wild-type, reaching 7% and 1.5%, respectively. Overall, dea-
midation was faster in the mutant than the wild-type (Figs. 1b and
1d). In the mutant, there was extensive deamidation at both
N184G185, which reached 100% deamidation, and at N111G112,
which reached 55%. Deamidation was much slower at N23G24 and
N29G30, which were 7.5% and 5.6%, respectively. Deamidation was
not detected at N238G239 in the mutant. Deamidation was mod-
erate at NA sites N196A197 and N360A361, reaching 17% and 7%,
respectlvely The deamidation half-lives (t; 1d , based on first-order
kinetics,'* obtained for each deamidation site in wild- -type and
mutant MBP are shown in Table 2. Faster deamidation rates in the
mutant demonstrate the increased susceptibility of the mutant to
deamidation due to its lower stability relative to the wild-type.

According to the X-ray crystal structure of wild-type MBP,>®
shown in Figure 2, N184G185 and N111G112, which deamidated
the fastest (t1 4 0f 12+ 1 and 18 + 2 mo, respectively), are located in
solvent—exposed loop regions. N23G24 which deamidated at a
moderate rate (t1 4 0f 400 + 100 mo) is located in a partially buried
loop region. N29G30 which deamidated the slowest (t1 4 of 1100 =
700 mo) is located in an a-helical region. N238G239 which did not
have detectable amount of deamidation is located in a B-sheet in
the core of the protein. The results of the deamidation kinetics of
the NG sites demonstrate that asparagine residues in highly
structured regions undergo deamidation slowly, whereas aspara-
gine residues in less-structured regions undergo deamidation
faster. Similar observations have been reported previously. Chelius
et al.”’ reported, based on a study on an IgG1 mAb, that the dea-
midation site located in a buried B-sheet structure had a slower
deamidation rate compared with the deamidation sites located on
the surface of the antibody because of reduced flexibility and
inaccessibility to react with water. Fukuda et al. reported that be-
tween 2 NG sites located on the surface of §;-microglobulin, the NG
site with asparagine whose side chain was involved in H-bonding
deamidated much slower than another asparagine residue, which
was not H-bonded. This nonhydrogen-bonded asparagine was also
located in an environment enhancing the electrophilicity of the
asparagine side chain and the nucleophilicity of the amide
nitrogen.”®

Considering the NA sites, the NA sites which are located in
highly flexible regions from HX data (Table 2) underwent deami-
dation, whereas the NA sites in less-flexible regions did not
measurably deamidate during the time of the study. As shown in
Figure 2, N196A197 and N360A361, the NA sites which underwent
deamidation, are located in @-helix termini with surface-exposed
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Figure 1. Extent of deamidation at each deamidation site in maltose-binding protein (MBP) in 20 mM sodium phosphate, 100 mM sodium chloride, and 100 uM EDTA, at pH 7.0 at
23 + 2°C in the dark. (a) NG sites in wild-type MBP, (b) NG sites in mutant MBP, (c) NA sites in wild-type MBP, and (d) NA sites in mutant MBP.

asparagine side chains. N216A217 and N278A279 sites, which did
not undergo deamidation, are located in loop regions. N216A217
has a partially surface-exposed asparagine side chain, N278A279
site is not on the surface, thus the apparent absence of deamidation
at N216A217 is not consistent with a simple structural interpreta-
tion. N334A335, another site that did not undergo deamidation, is
located in the middle of an a-helix in the core of the protein. This is
consistent with previous work where between 2 unstable aspara-
gine residues in the enzyme triosephosphate isomerase, the more
solvent-accessible asparagine deamidated faster.>®

HX Kinetics of Deamidation Sites

With peptide-level resolution, the HX rate at a specific amide
cannot be determined directly. Therefore, we have used empirical

Table 2

tiyx values, the time required to reach 50% deuteration, of the
shortest peptic peptides containing each deamidation site to esti-
mate the HX rate at the deamidation sites of interest (see Table 1).
The HX experiments were performed only on protein samples
before storage with the goal of predicting the outcome of the long-
term stability study. The wild-type and mutant MBP samples were
labeled with deuterium for times ranging from 30 s to 12 h at 25°C
at pD 7.0. Figure 3 shows deuterium uptake curves for the shortest
peptic peptides containing the deamidation sites. Table 2 lists the
ty X values calculated for those peptides, obtained by linear inter-
polation. t, ;;x values for the peptides which reached 50% deutera-
tion before the shortest exchange time, 30 s, cannot be estimated
accurately, therefore t Hx values for those peptides are reported as
less than 30 s. Rapid HX in these regions indicates that the protein
backbone is highly dynamic.

Deamidation Half-Lives® at pH 7.0 at 23 + 2°C and HX Half-Lives at pD 7.0 Corrected for the Isotope Effect and 25°C Obtained for the NG and NA Sites in Wild-Type and Mutant MBP

Asparagine Sites Wild-Type MBP Mutant MBP
Deamidation Half-Life (mo) tq HX Half-Life (s) t Deamidation Half-Life (mo) t; HX Half-Life (s) t

=, =, =, =, HX
2 2 2 2

N23G24 400 + 100 980 + 60 200 + 40 700 + 60

N29G30 1100 + 700 1300 + 100 500 + 200 600 + 20

N111G112 18+2 150 + 10 12+5 130+ 5

N184G185 12+1 <30 20+05 <30

N238G239 Not detected 10,900 + 400 Not detected 7800 + 100

N196A197 120 + 10 <30 50 +2 <30

N360A361 630 + 30 <30 120 + 4 <30

N216A217 Not detected 270 + 30 Not detected <30

N278A279 Not detected 3800 + 400 Not detected 2600 + 100

N334A335 Not detected 35,000 + 900 Not detected 16,700 + 20

¢ Deamidation half-lives were calculated from experimentally determined first-order rate constants using the data shown in Figure 1.
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Figure 2. Locations of the NG and NA sites and the point mutation W169G on the X-
ray crystal structure of wild-type MBP (PDB entry 10MP).

In wild-type MBP, the peptic peptide containing the N238G239
site, which had no detectable deamidation, had the slowest HX,
ty ux = 10900+400 s. At the other extreme, the peptic peptide with
N184G185 the NG site with the fastest deamidation rate, also had
the fastest HX rate, resulting in t, ;x <30 s. Sites with intermediate
rates of deamidation also had intermediate HX rates. In the mutant,

HX was generally faster at all sites, consistent with its decreased
stability. Overall, the trend in HX rates is similar to the wild-type.
The 2 NA sites, N196A197 and N360A361, that deamidated at
moderate rates had faster HX rates, t, ;x values less than 30 s, in
both wild-type and mutant MBP. In comparlson to the deamidation
rate at the NG site which had similar t, ;x of less than 30 s, the
deamidation rates of these NA sites are much slower. According to
the deamidation rates of peptides reported by Robinson et al.,'*
deamidation rates at NA sites are 20-fold slower than NG sites.
For the NA sites in MBP, deamidation was only detected in the re-
gions where HX was too fast to measure and no deamidation was
detected in the regions where HX rates were measurable. In other
words, measurable deamidation was only observed at the most
dynamic NA sites. This observation is consistent with the trends
observed at NG sites among the deamidation rates and HX rates.

Correlation Between the Deamidation Rates and the HX Rates

Overall, when the deamidation kinetics (t, ;) and HX kinetics

ty HX') at the NG sites are compared in both protein forms, NG sites
with faster deamidation rates (N184G185 and N111G112) had faster
HX and NG sites with moderate and slower deamidation rates
(N23G24 and N29G30) had moderate HX rates. N238G239, with no
detectable deamidation, had the slowest HX. This demonstrates
that the NG sites with faster deamidation rates are located in more
flexible regions in the protein (indicated by faster HX rates) and the
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asparagine sites with slower deamidation rates are located in less
flexible or rigid regions (indicated by slower HX rates). This
observation, in turn, suggests that t, ;x values can be used to
differentiate between the deamidation rates at different deamida-
tion sites within a class of deamidation sites in a protein (e.g., NG
motifs or NA motifs). Moreover, as observed between the 2 proteins
states, t; yx values can also differentiate between the deamidation
rates at a particular asparagine residue in 2 protein states with
different stabilities.

To examine the correlation between deamidation and HX at the
NG sites in MBP, the half-lives were correlated on a log-log plot (see
Fig. 4). N184G185 and N238G239 sites were not included in the
correlation analysis because HX rates of N184G185 were too fast
and no deamidation was detected at N238G239. The measurable
half-lives in these cases are indicated as the horizontal and vertical
dashed lines in Figure 4. The results from the NA sites were not
included in the correlation because either only deamidation ki-
netics or HX kinetics were measurable for the NA sites and also
because NA sites have inherently slower deamidation rates than NG
sites.!* The square of the correlation coefficient was 0.94, demon-
strating a power law relationship between deamidation rates and
HX rates in MBP. The correlation can be represented as

)1810.2

(tx
ba= 102.7+07

This correlation indicates that HX rate, based on t; y values, is
predictive of the deamidation rates at NG sites in MBP that have
measurable HX kinetics. Thus, an initial HX analysis of MBP data
yields reliable ranking of deamidation kinetics in a 1-year stability
study.

Discussion

Deamidation in therapeutic proteins can potentially lead to loss
of efficacy or compromise safety.”> Therefore, it is necessary to
assess deamidation propensity and measure its extent in thera-
peutic protein candidates to select a stable protein drug candidate
and to identify stabilizing conditions. Accelerated stability studies
under stress conditions cannot accurately predict deamidation
rates under actual drug storage conditions, thus they tend to
represent a worst-case scenario. In addition, even accelerated sta-
bility studies take several weeks to complete. This makes it
important and useful to identify an analytical technique that could
rapidly and accurately predict deamidation rates in proteins under
realistic storage conditions.

Although the asparagine sites that undergo rapid deamidation
in unstructured peptides can be predicated based on amino acid
sequence,'® predicting the rates at which those sites undergo
deamidation in a folded protein is not possible without under-
standing how higher-order structure and dynamics influence the
rate. For example, in a study carried out by Gasa-Bulseco et al., NG
sites located in B-sheet structure had less susceptibility to deami-
dation than an NN site located in a loop region, despite the fact that
the NN motif has less propensity for deamidation than NG. This
observation highlights the greater influence of three-dimensional
structure rather than sequence in determining deamidation rates
in folded proteins.°C Although there are obvious connections be-
tween structure and deamidation in MBP, it is often the case that
the precise structure of a protein of interest is not known or cannot
be accurately modeled such as in the variable domains of anti-
bodies. Therefore, gaining a better understanding of how protein
conformation and backbone dynamics affect deamidation will
enable more accurate predictions of protein deamidation rates
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Figure 4. Correlation between HX half-life (t, yx in s) at 25°C at pD 7.0 corrected for
the isotope effect and deamidation half-life (¢, 4 in mo) at 23 + 2°C at pH 7.0 obtained

for deamidation-prone NG sites of wild-type (closed circles) and mutant (open circles)
MBP, shown on a log-log plot. The R? value for the correlation is 0.94 and the linear fit
is y = 1.85x—2.78, where y denotes the base 10 log of deamidation half-life in months
and x denotes the base 10 log of HX half-life in seconds. The vertical dotted lines
represent the HX £, ;x values at the N238G239 sites where deamidation was too slow

to measure over 12 mo. The horizontal dotted lines represent the t, 4 of the N184G185
sites where HX was too fast for determination of £ .

based on empirical measurements. HX data reveal experimental
information about how protein conformation and backbone flexi-
bility influence the amide hydrogen bonding; the mechanism of
deamidation shares the same characteristics of hydrogen exchange,
leading to the hypothesis that HX could potentially be used to
predict deamidation rates in proteins based on experimental
observations.

Our results demonstrate a power law correlation between
deamidation and HX kinetics at the NG sites in the 2 forms of MBP.
This correlation suggests that HX could be used for ranking of the
deamidation sites in order of their relative deamidation rates, based
on peptide-averaged HX rates. Consistent with our results here,
Phillips et al.>> reported a similar observation that HX rate at the 2
amides adjacent to asparagine (residues i + 1 and i + 2, where i
represents the deamidation site) correlated with the rate of dea-
midation. In our work, the large deviation of the exponent of power
law correlation between HX and deamidation clearly indicates that
there is not a linear correspondence between HX and deamidation
rates. Although the mechanisms of deamidation and HX share
some similar features (see Scheme 1), both reactions have complex
mechanisms that defy simplified kinetic analysis. It is also likely
that there is cooperativity between deamidation at different sites
and other degradation pathways. In the case of NA sites, only slow
deamidation was observed at the NA sites that are located in the
rapidly exchanging regions. Although these sites, based on HX ki-
netics, are located in highly flexible regions, their deamidation
occurred only at moderate rates. This can be explained by the
deamidation rate dependence on protein sequence: deamidation at
NA sites is approximately 20-fold slower than deamidation at NG
sites.'* At 3 other NA sites with slow HX, deamidation was unde-
tectable even after 12 mo.

Using HX for the prediction of deamidation rates in proteins
would offer a rapid method compared with both accelerated sta-
bility studies, which take several weeks, and long-term stability
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studies, which can take up to 2 years. HX-based experiments and
data analysis for deamidation predictions can easily be completed
within 2-3 days. Although HX-MS is often considered time-
consuming because of the data analysis,®’ deamidation pre-
dictions require analysis of data only for the peptides containing
suspected deamidation sites. Once the peptides with deamidation
sites are assigned by peptide mapping, an optimized HX-MS
experiment can be completed in 1 day and HX-MS data analysis
of the selected peptides can be completed in only a few hours using
HX-MS data analysis software. Furthermore, HX predictions of
deamidation rates can be made under realistic storage conditions
rather than basing predictions on results obtained under stress
conditions. In addition, as observed for wild-type and mutant MBP
in this study, peptide-averaged HX rates can be used to compare
relative deamidation propensities at deamidation-prone sites
among similar forms of proteins such as mutants or engineered
protein forms and also the same protein in different formulations in
drug discovery and development. Although HX-MS cannot be a
replacement for a long-term stability study, it clearly has the po-
tential to serve as a reliable predictor of deamidation propensity
that is commensurate with pharmaceutical timelines required in
late discovery and early development.

The results obtained in this study are based only on 2 forms of
the model protein MBP, mostly of a-helical protein. The specific
correlation observed for MBP between its HX rates and deami-
dation rates cannot be directly applied to other proteins. There-
fore, it is necessary to further explore the correlation between HX
rates and deamidation rates in proteins containing other sec-
ondary structures and folds, especially the immunoglobulin fold
in antibodies, and also to determine whether the correlation can
be generalized or is protein specific. Usually, the time window for
HX measurements ranges from tens of seconds to approximately
1 day due to experimental limitations. This time window will not
capture very fast exchange requiring less than seconds and very
slow exchange that can span months. This is a limitation to the
application of HX that could potentially be extended using msec
HX®? and altered pH and temperature.®*®> An additional limi-
tation is that conventional HX-MS data are limited to peptide-
level resolution where the exchange rate is averaged across the
peptide and thus is not capable of achieving residue-level
resolution.

The results from this study could be extended to examine the
correlation between deamidation and HX rates in a wider variety
of proteins including monoclonal antibodies. Furthermore, cor-
relation between HX and other protein modifications that involve
backbone dynamic changes could also be investigated to identify
the potential of using HX-MS as a prediction tool for such modi-
fications in therapeutic protein development. To improve the
spatial resolution of HX data obtained in the conventional HX
method, electron transfer dissociation (ETD) can be coupled with
HX, which provides residue-level resolution.®®” With residue-
level resolution, HX kinetics of the deamidation-prone residue
or its neighboring residue can be obtained, which is more accurate
than using peptide-averaged HX kinetics to predict deamidation
propensity of a single residue or its adjacent residue as demon-
strated recently with peptide-based HX-MS coupled with ETD.>3
HX coupled to ETD could be used to extend our study to investi-
gate how the HX rate at an asparagine residue correlates with its
deamidation rate and thereby to use HX as a potential tool to
predict deamidation rates in proteins.
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