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a b s t r a c t

We have used hydrogen exchangeemass spectrometry to characterize local backbone flexibility of 4
well-defined IgG1-Fc glycoforms expressed and purified from Pichia pastoris, 2 of which were prepared
using subsequent in vitro enzymatic treatments. Progressively decreasing the size of the N-linked N297
oligosaccharide from high mannose (Man8-Man12), to Man5, to GlcNAc, to nonglycosylated N297Q
resulted in progressive increases in backbone flexibility. Comparison of these results with recently
published physicochemical stability and Fcg receptor binding data with the same set of glycoproteins
provide improved insights into correlations between glycan structure and these pharmaceutical prop-
erties. Flexibility significantly increased upon glycan truncation in 2 potential aggregation-prone regions.
In addition, a correlation was established between increased local backbone flexibility and increased
deamidation at asparagine 315. Interestingly, the opposite trend was observed for oxidation of trypto-
phan 277 where faster oxidation correlated with decreased local backbone flexibility. Finally, a trend of
increasing C'E glycopeptide loop flexibility with decreasing glycan size was observed that correlates with
their FcgRIIIa receptor binding properties. These well-defined IgG1-Fc glycoforms serve as a useful model
system to identify physicochemical stability and local backbone flexibility data sets potentially
discriminating between various IgG glycoforms for potential applicability to future comparability or
biosimilarity assessments.

© 2018 American Pharmacists Association®. Published by Elsevier Inc. All rights reserved.
Introduction

Glycosylation is a widespread and complex post translational
modification, which introduces structural heterogeneity in
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recombinant therapeutic proteins.1,2 Development and regulatory
approvals of glycosylated mAbs, Fc-fusion proteins, antibodyedrug
conjugates, and antibody fragments have increased dramatically
over the past 3 decades.3,4 The IgG1 subclass of antibodies, the most
abundant in human serum and the most common subclass for
approved mAb therapeutics, has a conserved N-linked glycosylation
site at N297 in the constant heavy chain (HC) of the Fc region.5-9

N-glycan structures are known to modulate different effector func-
tions of IgG antibodies including antibody-dependent cellular cyto-
toxicity (ADCC), complement dependent cytotoxicity (CDC), and
antibody clearance by affecting FcgR, C1q, and FcRn binding, respec-
tively.10,11 Naturally occurring N-glycans of IgG1 antibody in the hu-
man serum are of the complex, biantennary type (consisting of 2
arms: one a-1, 3 arm, and one a-1, 6 arm) and contain a common 7
monosaccharide core (4 N-acetyl glucosamine (GlcNAc), and 3
hts reserved.

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
https://doi.org/10.1016/j.xphs.2018.04.026
mailto:volkin@ku.edu
mailto:dweis@ku.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xphs.2018.04.026&domain=pdf
www.sciencedirect.com/science/journal/00223549
http://www.jpharmsci.org
https://doi.org/10.1016/j.xphs.2018.04.026
https://doi.org/10.1016/j.xphs.2018.04.026


A.S. More et al. / Journal of Pharmaceutical Sciences 107 (2018) 2315-23242316
mannose (Man) residues).12 Glycan heterogeneity in antibodies,
arising from site occupancy (symmetric or asymmetric) and also from
the type of glycans attached to the common core, governs the binding
to various receptors thereby affecting the antibody's biological func-
tions. For example, the presence of terminal and bisectingGlcNAc and
the absence of fucose increases ADCC activity by increasing FcgRIIIa
receptor affinity, whereas increasing terminal sialylation reduces
ADCC activity.13 Moreover, the presence of galactosylation promotes
CDC by increasing interaction with C1q.14 Hence, elucidation of
mechanisms underlying these glycosylation effects is an active area of
research that could lead to engineering antibodies having desired
therapeutic effects.

The therapeutic efficacy of IgG mAb candidates depends on their
structural integrity, conformational stability, flexibility, and biological
functionality. N-glycosylation at N297 of the CH2 domain influences
the conformation, flexibility, aggregation propensity, and pharma-
cokinetic/pharmacodynamic properties of therapeuticmAbs,making
it essential to evaluate the effects of glycosylation on product quality
including physicochemical stability and biological efficacy.13,15-18 Re-
combinant therapeutic mAbs requiring N-glycosylation are typically
produced in mammalian expression hosts (e.g., CHO, SP20 and NSO
cells).19 Manufacturing conditions need to be tightly controlled to
achieve a sufficiently high degree of reproducibility in terms of glycan
heterogeneity during mAb production. However, glycan heteroge-
neity inevitablywill still exist inmAbsproduced in these recombinant
expression systems that could potentially affect product quality.20 For
example, recombinant mAbs could have nonhuman glycans such as
N-glycolylneuraminic acid instead of N-acetylneuraminic acid, or
small amounts (ranging from1% to20%)of highmannose (HM,Man5-
Man9) could affect their biological efficacy.14,21,22 HM glycoforms of
IgG have reduced serum half-life due to binding to mannose re-
ceptors, increased ADCC, and reduced CDC activities compared to
antibodies containing complex fucosylated or hybrid glycans.13,23

Hence, molecular heterogeneities like glycosylation are critical
product quality attributes necessitating their closemonitoring during
therapeutic mAb production, upon manufacturing changes (compa-
rability) and during biosimilar development. In addition, ensuring
protein stability frommanufacturing through patient administration
is also a critical aspect of therapeutic protein drug development,
where physicochemical degradation may lead to loss of potency, ag-
gregation, and increased immunogenicity potential.24,25 Hence, not
only is it important to understand how glycosylation affects the
pharmaceutical stability of antibodies but also to better understand
the interrelationships between stability and the desired biological
activity.

To this end, we generated a series of well-defined, nearly
homogenous, IgG1-Fc glycoforms with serially truncated glycans.
Previously,weanalyzed these glycoproteins usingmultiple physical,
chemical, and receptor binding assays as described in 4manuscripts
in the February 2016 issue of Journal of Pharmaceutical Sci-
ences.16-18,26 Results from this series of studies showed that the
glycoform structure not only affected chemical degradation (espe-
cially deamidation of N315 and transformation ofW277 into glycine
hydroperoxide) but also led to different impurity profiles.17 In
addition, a correlation between physical stability and in vitro bind-
ing activity versus the size of the glycans was also observed. For
example, HM-Fc and Man5-Fc had greater physical stability, higher
apparent solubility, and stronger receptor binding than the GlcNAc
andnonglycosylatedN297Q-Fc.16,18 These results suggested a strong
correlation between decreased length of glycan and decreased
apparent solubility, conformational stability, and in vitro receptor
binding. Finally, these biochemical and biophysical data sets with
the 4 well-defined IgG1-Fc glycoforms were further employed to
develop an integrated mathematical model (using data mining and
machine learning tools) for biosimilarity analysis.26
In thiswork,wemeasured the local backboneflexibility of these 4
IgG1-Fc glycoforms by hydrogen exchangeemass spectrometry (HX-
MS). HX-MS provides information on higher-order structure and
dynamics by monitoring the rate of backbone amide hydrogen
exchange. Proteolysis followingHXproduces peptic peptides that are
analyzed by liquid chromatographyemass spectrometry (LC-MS) to
assess the deuteration level of each peptide (ameasure of flexibility)
as a function of time, so that localized differences are obtained at
peptide resolution. HX-MS has been used extensively to investigate
subtle higher-order structural changes and dynamics in mAbs as a
consequence of aggregation, reversible self-association, oxidation,
excipients, and point mutations.27-30 However, only a limited num-
berof studieshave examined theeffects of glycosylationonflexibility
in IgG antibodies.15,31-33 In this work, we correlate the effects of
varying glycosylation on structural flexibility (especially in the CH2
domain) asmeasuredbyHX-MSwith our previously reported results
on the overall conformational stability, chemical stability, and
receptor binding profiles of 4 well-defined IgG1-Fc glycoforms as
previously described. These correlations are discussed in the context
of developing a better understanding of the interplay between
glycosylation, stability, localflexibility, andbiological function froma
pharmaceutical perspective, especially applicability to future
comparability or biosimilarity assessments.

Materials and Methods

Preparation and Initial Characterization of IgG1-Fc Glycoforms

We have reported the production of these Fc glycoforms in
detail elsewhere.18 Briefly, the IgG1-Fc glycoforms (HM-Fc, Man5-
Fc, GlcNAc-Fc, and N297Q-Fc) were prepared by the expression of
HM-Fc in a glycosylation-deficient strain of Pichia pastoris followed
by in vitro enzymatic digestion of HM-Fc by a a-1, 2-mannosidase or
endoglycosidase H to obtain the truncated Man5-Fc or GlcNAc-Fc.
For the N297Q nonglycosylated IgG1-Fc, mutagenesis was used to
remove the N-linked glycosylation. The proteins were pure (~99%
by SDS-PAGE) and had minimal proteolysis products and high
molecular weight species (1%-3%) after purification and enzyme
truncation. The HM-Fc was heterogeneous, with N-glycans con-
taining 8 to 12 mannose residues (Man8-Man12) at each N297 site;
the major glycan was Man8GlcNAc2. The truncated Man5-Fc,
GlcNAc-Fc glycoforms, and the nonglycosylated N297Q-Fc were
well-defined and homogenous. With decreasing glycan size, the
HM, Man5, GlcNAc glycoforms of IgG1-Fc and nonglycosylated
N297Q-Fc mutant form a well-defined series of model glycopro-
teins. The purified glycoforms were stored at �80�C in 10 mM
histidine buffer containing 10% sucrose at pH 6.0 until used for
HX-MS studies.

Sample Preparation for HX-MS

For HX-MS studies, all 4 Fc glycoforms were thawed and then
dialyzed into 20 mM citrate-phosphate buffer with ionic strength
adjusted to 0.15 by NaCl at pH 6.0. Subsequently, the proteins were
concentrated, as described elsewhere.16 The final adjusted protein
stock concentration of 1 mg/mL was determined by absorbance at
280 nm as measured by an UVevisible spectrophotometer (Agilent
8453, Palo Alto, CA). Components of all buffers including sodium
phosphate and sodium chloride were purchased from Sigma-
Aldrich (St. Louis, MO) while citric acid anhydrous and citric acid
monohydrate were purchased from Fisher Scientific, all at the
highest purity grade. Liquid chromatography grade acetic acid and
phosphoric acid, tris (2-carboxyethyl) phosphine hydrochloride,
porcine pepsin, guanidine hydrochloride, and deuterium
oxide (99 þ %D) were purchased from Fluka/Sigma-Aldrich.
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LC-MSegrade formic acid (þ99%) was purchased from Thermo
Scientific (Rockford, IL). LC-MSegrade water, acetonitrile, and iso-
propanol were purchased from Fisher Scientific (Fair Lawn, NJ).

Deuterated Labeling Buffer Preparation

Deuterium-based labeling buffer contained 0.15 M sodium
chloride, and 20 mM citrate-phosphate at pH 6.0 in 99.9 atom %
D2O. The pH of the buffer was then measured and adjusted by
adding 0.4 units to the pH meter reading to obtain the pD value.34

The same batch of buffer was used for HX experiments for all the 4
IgG1-Fc glycoforms to avoid any variation in the buffer properties.

Hydrogen Exchange-Mass Spectrometry

Hydrogen exchange (HX) was performed using an H/DX PAL
robot (LEAP Technologies, Carrboro, NC), and MS measurements
were conducted using a quadrupole-time-of-flight mass spec-
trometer (Agilent 6530, Santa Clara, CA) with Agilent 1260 Infinity
LC System as described previously.35 ForHX, deuterium labeling of 3
mL each of the IgG1-Fc glycoproteins, held at 20 mM concentration
was performed byadding 27 mL of deuterated labeling buffer at 25�C
in triplicate. The above exchange reactions were quenched at 1�C by
1:1 dilution of the labeled proteins by a quench buffer (containing 4
M guanidine hydrochloride, 1 M tris (2-carboxyethyl) phosphine
hydrochloride, and 0.2 M sodium phosphate at pH 2.5) after incu-
bation for 5 labeling times: 15 s, 102 s, 103 s, 104 s, and 86,400 s.
Subsequently, the quenched samples were digested on an immo-
bilizedpepsin column thatwasprepared in-house.36 Carryover from
the pepsin column was removed between samples using a 2-wash
cocktail method as previously described.37 A standard LC-MS pro-
cedure for HX-MS35was used, and all themeasurementsweremade
relative to HM-Fc glycoform, which was run in parallel on the same
day with each of the 3 other glycoforms as a control for day-to-day
variability.

Peptide Mapping

Prior to HX-MS analysis, a combination of accurate mass mea-
surements and collision-induced dissociation with tandemMS was
used to identify a total of 51 peptic peptides listed in
Supplementary Table S1. These peptides covered 100% of the amino
acid sequence of the IgG1-Fc glycoforms. Since glycopeptides tend
to undergo glycan fragmentation instead of backbone cleavage
during collision-induced dissociation, characteristic oxonium ions
of the respective glycopeptides were used to confirm the identity of
each glycopeptide.38,39

Deuteration Controls

Maximum deuterium recovery for each peptide was estimated
separately using highly deuterated peptides. The deuteration con-
trols of each peptide belonging to each glycoform were prepared
separately collecting peptic peptides following pepsin column
digestion. The peptides were subsequently dried in a vacuum
concentrator and reconstituted in H2O buffer, at pH 6.0. The pep-
tides were then deuterium labeled for 4 h and analyzed as standard
samples. Based on the deuteration controls, the deuterium recovery
ranged between 31% and 81% where the first amide in each peptide
is treated as a rapid back-exchanger.

HX-MS Data Analysis

Initial peptide LC-MS feature extraction and centroid calcula-
tions were performed using HDExaminer (Sierra Analytics,
Modesto, CA). All MS results were individually inspected to ensure
reliability. Retention time window adjustments were manually
applied as needed. Additional numerical and statistical analysis was
carried out in Excel (Microsoft, Redmond, WA). The extent of HX
was quantified on a percentage basis with back-exchange
correction:

%Dt ¼ mt �m0

m∞�m0
� 100% (1)

where m denotes peptide centroid mass and t is the HX time. mt is
the mean of the centroid value from triplicate measurements,m0 is
the theoretical centroid mass of the undeuterated peptide, andm∞
is the mean of the centroids obtained from the deuteration control.

Differential exchange values at each HX time, DHXt , repre-
senting the difference in HX for each peptide of each IgG1-Fc gly-
coform (subscript g) relative to the same peptide in the HM-Fc
(subscript HM) is given by:

DHXt ¼ %Dg;t � %DHM;t (2)

For mapping HX effects onto an Fc homology model, HX data
from all time points for each peptide were averaged into a single
value, DHX, representing the average difference in HX between
Man5-Fc, GlcNAc-Fc, and N297Q-Fc relative to HM-Fc:

DHX ¼

Pn

i¼1
%Dg;ti � %DHM;ti

n
(3)

where the index i covers the range of discrete HX times ti. A
threshold limit of 3 times the propagated standard error was used
to identify significant changes in HX; see Supporting Information
for calculations of estimating the significance limit. For over-
lapping peptides covering the same residues, significant differences
took precedence over insignificant results. There were no cases of
significant differences of opposite sign, that is, no cases where both
significantly faster and slower exchange were observed in over-
lapping peptides.

Homology Model

The X-ray structure of the IgG1-Fc from Thr108-Lys330 (PDB ID:
1HZH)40 was used as the template for the Fc homology models. The
sequence identity was 100%, except for N297Q-Fc.

Results

HX was used to probe the backbone flexibility of IgG1-Fc as a
function of N-linked glycosylation in 4 Fc constructs with different
glycosylation: HM, Man5, GlcNAc, and nonglycosylated (N297Q).
Following a quench of the HX reaction, the labeled samples were
digested with pepsin to reproducibly obtain a total of 51 IgG1-Fc
peptides. The deuterium content of each peptide was determined
by LC-MS. These peptides gave 100% sequence coverage for the
constant heavy chain of each of the 4 IgG1-Fc glycoforms.

Direct Effects of N-Glycosylation on Fc Backbone Flexibility at the
Glycosylation Site

Direct analysis of the HX kinetics of the Fc backbone at the site of
glycosylation is a desirable target, and although some interesting
trends were observed for the glycan-containing peptides in this
work (see Supporting Information; Supplementary Figs. S1 and S2),
several unresolved technical issues make quantitative comparisons
between different glycopeptides problematic. First, the acetamido



Figure 1. HX kinetics of representative peptides found in the 4 IgG1-Fc glycoforms. The extent of HX has been corrected for back-exchange using deuteration controls as defined by
Equation 1. The error bars represent sample standard deviation from 3 independent HX measurements.
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groups of the glycans and the linking asparagine will retain
deuterium.41 The different glycoforms examined here have
different numbers of acetamido groups that may retain deuterium
to different extents. Deuteration controls cannot compensate for
labeling of the acetamido groups since the fraction of deuterium on
backbone amides cannot be determined. Glycosylation is also
known to have an effect on chemical exchange.41 Rates of HX in
peptides with different chemical exchange kinetics cannot be
compared unless the chemical exchange effect is compensated.35,42

Finally, although these artifacts are likely to be minimal in the case
of the Man8-Man12 glycans in the HM-Fc, there remains hetero-
geneity in HM-Fc since a given glycoform on 1 chain will be
matched with each glycoform on the other chain. Therefore, each
glycoform is an ensemble average. In summary, for these reasons,
although the observed HX results for glycan-containing peptides
display some suggestive trends in terms of glycan size and effects
on local flexibility of the glycosylation site, these results will not be
quantitatively interpreted here and such comparisons will be the
focus of future work.

Glycosylation Has Indirect Effects on Fc Backbone Flexibility

HX Kinetics
The HX kinetics for 8 representative peptides of each of the 4

IgG1-Fc glycoforms are shown in Figure 1, and the results are
summarized and compared in Table 1. The rates of HX in these re-
gions provide a qualitativemeasure of the backbonedynamics of the
IgG1-Fc proteins. For example, peptide 23 (HC, residues 301-306)
and peptide 34 (HC residues 359-367) in the CH2 and CH3 domain,
respectively, exchange slowly indicating that these regions are
relatively rigid. In contrast, peptide 2 (HC residues 225-240) in the
hinge region exchanges rapidly indicating that the protein backbone
is more dynamic. As shown in Figure 1 and Table 1, the HX rate is
perturbed by differential glycosylation. Overall, these results indi-
cate that as the size of the glycan attached to N297 is truncated from
HMorMan5 to GlcNAc (or is completely removed in N297Q-Fc), the
backbone flexibility in these CH2 domain regions increases. In
contrast, the extent of glycosylation did not have a substantial effect
onCH3domainpeptides 34 and48, except thatHXwas slightly faster
in these regions for N297Q-Fc. This result suggests that complete
removal of the glycan causes increased flexibility of the CH3 domain
aswell, which is distal from the glycosylation site in the Fc structure.

Figure 2 summarizes the HX results and correlates them with
regions of the Fc that are critical to stability and function. The re-
gions, shown in Figure 2, panel A, include 2 aggregation hotspots (as
determined by correlation to aggregation propensity shown in
previous work29,30), a deamidation-prone NG site at N315 (shown
previously17), and the glycopeptide-containing C'E loop residues
(the C'E site is essential for the Fc receptor binding, also shown in
previous work43,44) in the CH2 domain of IgG1-Fc. To better display
the HX effects of all 51 peptides relative to each IgG1-Fc glycoform,
Figure 2, panel B shows different plots of HX effects as a function of
glycosylation using the average HX difference across all time points
compared to the HM Fc control ðDHXÞ, as defined by Equation 3. The
peptides are indexed from the N- to C-terminus and represented on
the horizontal axes (differential HX data at each individual HX time,
as defined by Eq. 2 are shown in the Supporting Information;
Supplementary Fig. S3, and the locations and sequences of each



Table 1
Summary and Comparison of HX Rates of Representative Peptides (Generated by Pepsin Digestion of the Well-defined IgG1-Fc Glycoforms) From Figure 1

Peptide Number Starting Residue Number Ending Residue Number Fc Domain Location Rank Ordering of HX Rate

2 225 240 Hinge-CH2 N297QFc > GlcNAcFc z Man5Fc z HMFc
4 235 252 CH2 N297QFc > GlcNAcFc > Man5Fc z HMFc
12 262 277 CH2 N297QFc > GlcNAcFc > HMFc > Man5Fc
23 301 306 CH2 N297QFc > GlcNAcFc > Man5Fc z HMFc
24 306 318 CH2 N297QFc > GlcNAcFc > Man5Fc z HMFc
27 334 348 CH2/CH3 N297QFc > GlcNAcFc > Man5Fc z HMFc
34 359 367 CH3 N297QFc > GlcNAcFc z Man5Fc z HMFc
48 424 447 CH3 N297QFc > GlcNAcFc z Man5Fc z HMFc

Identity of peptic peptides derived from IgG1-Fc glycoforms are based on Eu numbering system.5,6,8
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peptide are provided in Supporting Information; Supplementary
Table S1). A positive DHX value for a peptide indicates faster ex-
change and thus, an increase in backbone flexibility of that region in
the glycoform compared to the HM form, whereas a negative value
indicates slower exchange and thus, decreased backbone flexibility
compared to the HM form. The dashed lines in Figure 2, panel B
indicate the limits for statistical significance as defined in the
Supporting Information. The significant differences in DHX for each
IgG1-Fc glycoform as compared with HM-Fc are mapped onto a
homologymodel in Figure 2, panel C. For overlapping peptides with
conflicting results, significant changes were given priority (see
Materials and Methods). For example, peptide 8 of Man5-Fc that
spans the aggregationhotspot region#1 (residues 242-252) showed
a significant positive DHX value and was mapped on to the ho-
mology model. However, overlapping peptides 3 to 7 covering res-
idues 235-253 had positive but statistically insignificant DHX
values were not mapped. In Figure 2, panel C, regions with weak
increases in HX (0% < DHX < 5%) and strong increases in HX (DHX�
5%) compared to HM-Fc are shown in cyan and dark blue, respec-
tively. Regionswith slower HX compared toHM-Fc are colored pink.
Summary of HX Kinetics
Nearly all the significant changes in HX are positive relative to

HM-Fc as shown in Figure 2, panel B. Hence, in these regions, each of
the other glycoforms exchange faster than HM-Fc indicating that
there is an increase in backboneflexibilitywith truncationof glycans
from HM. However, peptide 12 (HC residues: 262-277) of Man5-Fc
shows a negative DHX value that indicates a decrease in backbone
flexibility in this region relative to HM-Fc. As the glycan is pro-
gressively trimmed from Man5-Fc to GlcNAc-Fc to N27Q-Fc, both
the number of regions affected and the magnitude of the effects
increase, as shown in Figure 2b. Hence, IgG1-Fc backbone flexibility
in these regions is inversely correlated with the size of N-glycans
and increases in the following order HM-Fc <Man5-Fc < GlcNAc-Fc
< N297Q-Fc. Peptide 12 in Man5-Fc is an exception, where slower
exchange occurs and backbone flexibility decreases relative to HM-
Fc (see Discussion Section).
Mapping of Regions With Significant Changes in HX
The regions of significant changes (in Fig. 2, panel B) were then

mapped onto a homology model, as shown in Figure 2c. Decreasing
the glycan size from HM down to Man5 causes a weak increase in
HX rates in a few regions located in CH2 and CH3 domains (colored
in cyan). Most of the effects are localized in the CH2 domain, but
there are also some increases in HX rates in the CH3 domain.
Decreasing the glycan size from HM down to GlcNAc causes sig-
nificant increases in backbone flexibility in the entire CH2 domain
with effects much stronger than those observed inMan5. In the CH3
domain, the locations of the effects are similar to Man5, but the
magnitude is slightly larger. The largest increases in HX followed
deglycosylation, where the entire IgG1-Fc becomes more flexible as
compared to HM-Fc. Thus, overall, the degree of increase in HX and
backbone flexibility was inversely dependent on the length of
N-glycans, and the effects were greater in the CH2 than in the CH3
domains.
Correlation of HX Results With Regions of Interest
Several regions of interest in the CH2 domain (see Discussion

section), including 2 aggregation hotspots, an asparagine
deamidation-prone region, and the C'E loop region (important for
receptor binding and containing the N-linked N297 glycosylation
site), aremarked on the IgG1-Fc homologymodel in Figure 2a and by
arrows in Figure 2b. Although there are significant HX differences in
the glycopeptides (17-18, blue arrow in Fig. 2, panel B), the com-
parison of HX in glycopeptides is prone to potential HX artifacts (as
described in theHXKinetics section), and so, these resultswill not be
interpreted further here. Changing the glycan sequentially from HM
toMan5 toGlcNAc to nonglycosylated causes substantial increases in
the rate of HX indicating increases in backbone flexibility in the
deamidation prone regions (yellow arrows in Fig. 2b pointing at
peptides 24 and25) andboth the aggregationhotspots (magenta and
red arrows in Fig. 2b pointing at peptides 3-8 and 20-23, respec-
tively). However, shortening the glycan from HM to Man5 does not
significantlyalterHX in aggregationhotspot#2 (peptides20-23). In a
peptide in the CH2 domain containing an oxidation-prone trypto-
phan,W27717 (peptide 12, 262-277), there is a decrease in flexibility
when the glycan is shortened fromHMtoMan5, but then an increase
in flexibility with further glycan truncation.
Discussion

The goal of this work was to examine the effect of glycan size on
the backbone flexibility of a series of well-defined IgG1-Fc glyco-
forms and to correlate these results with preceding work that
correlated glycan size with chemical stability, conformational sta-
bility, aggregation propensity, and FcgRIIIa receptor in vitro binding
activity.16-18 The HX results in this work revealed a trend of
increasing backbone flexibility with decreasing N-glycan size
(relative to HM) in the IgG1-Fc molecules. Decreasing the glycan
size to Man5 caused the smallest increase in backbone flexibility,
mostly in the CH2 domain and some regions of CH3. Further
decreasing the glycan to a single GlcNAc at both N297 sites caused
more widespread and larger increases in backbone flexibility as
compared to Man5-Fc. Finally, removal of all glycans (N297Q-Fc)
caused the largest increase in backbone flexibility across the entire
IgG1-Fc molecule. The differences in flexibility were more promi-
nent in the CH2 domain, but flexibility differences in some regions
of the CH3 domains were also observed.

The overall physical stability, chemical stability, and receptor
binding profiles of these 4 IgG1-Fc glycoforms were correlated with
oligosaccharide structure in previously published series of arti-
cles.16-18 Previous differential scanning calorimetry, intrinsic and



Figure 2. Effects of glycan truncation on the average HX kinetics of the IgG1-Fc for all peptides relative to the HM IgG1-Fc glycoform. (a) Regions of interest are mapped onto a
homology model of the IgG1-Fc. (b) HX kinetics of Man5-Fc (blue), GlcNAc-Fc (green), and N297Q-Fc (red) with respect to HM-Fc. DHX represents the average of the deuterium
differences at all HX times, normalized for peptide length and corrected for back-exchange, as defined by Equation 3. The dashed lines represent the threshold for statistical
significance as detailed in the Supporting Information. The arrows indicate the regions of interest. The peptides are indexed along the horizontal axis in order from N- to C-terminus
as indicated in Supplementary Table S1. (c) Regions with statistically significant DHX are shown mapped onto a homology model. Strong deprotection (DHX � 5%) is shown as dark
blue, moderate deprotection (0%<DHX<5%) as cyan, and protection (DHX<0%) as pink compared to the HM glycoform. The homology model is based on PDB 1HZH.40

A.S. More et al. / Journal of Pharmaceutical Sciences 107 (2018) 2315-23242320
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extrinsic fluorescence, and turbidity results16 showed that HM-Fc
and Man5-Fc were the most stable, GlcNAc-Fc was intermediate,
and N297Q-Fc was the least stable. Also, the apparent solubility of
these IgG1-Fc glycoforms, measured by PEG precipitation assay,
decreased as the glycans were sequentially truncated from HM to
nonglycosylated N297Q.16 As measured by a turbidity assay (a
thermal ramp from 10�C to 90�C at a rate of 60�C/h), the aggrega-
tion propensities of GlcNAc-Fc and the aglycosylated N297Q-Fc
were greater than that observed for the HM-Fc and Man5-Fc
(proteins containing the larger oligosaccharide structures).16 In
addition, Okbazghi et al.18 showed that HM-Fc and Man5-Fc both
had similar high affinities for FcgRIIIa, whereas GlcNAc-Fc had
lower affinity, and the nonglycosylated N297Q-Fc had no measur-
able affinity for FcgRIIIa. Glycosylation also affected chemical
stability of these glycoproteins as previously described by Mozzi-
conacci et al.17 HM-Fc and Man5-Fc were more susceptible to
tryptophan oxidation at W277 but less susceptible to deamidation
at N315 than GlcNAc and nonglycosylated N297Q-IgG1-Fc. It is
important to see the overall flexibility results of the various IgG1-Fc
glycoforms in the light of conformational and chemical stability,
aggregation propensity, and receptor binding of mAbs. In general,
these comparisons provide further insight into their pharmaceu-
tical development as discussed in the following section.

Correlations Between Aggregation Propensity, HX, and Glycosylation

Under given solution conditions, the rate and extent of protein
aggregation observed across these well-defined IgG1-Fc glycoforms
can be affected by a variety of factors such as protein structure/post
translational modifications, conformational integrity, protein-
protein interactions, and environmental stress conditions (pH,
ionic strength, temperature, light, and so forth).45 Understanding the
interrelationships between protein's structure, conformational
integrity, colloidal stability, and local flexibilitywill help to develop a
better understanding of protein aggregation to facilitate pharma-
ceutical development of mAbs. Various hydrophobic, aggregation-
prone sites have been identified in both the variable and constant
regions of IgG antibodies by in silico and HX-MS analysis.46,47 Pre-
vious HX-MS studies have found that a particular segment near the
F243 (residues 241-252, FLFPPKPKDTLM; peptides 3-8 in this study)
in the CH2 domain of the Fc became more flexible in response to
destabilizing additives (e.g., thiocyanate, arginine, and antimicrobial
agents), methionine oxidation, N297 deglycosylation, and introduc-
tion of point mutations.28-31,47,48 Thus, this segment appears to be a
common point-of-failure under a wide variety of aggregation-
promoting conditions. Previously, 2 separate studies from our labo-
ratories proposed that this region is an aggregation hotspot in mAbs
(referred to asaggregationhotspot#1 in this study, see Fig. 2, panelA,
magenta colored region).29,30 Here, we find that decreasing the
glycan size substantially increases backbone flexibility in aggrega-
tion hotspot #1.

In addition, we observed increases in backbone flexibility as
glycan size decreased in a second region spanning HC residues 300-
306 (YRVVSVL, peptides 20-23) of the CH2 domain. This result is
consistent with previously observed increases in flexibility of this
region of a different IgG1 mAb in presence of aggregation-
promoting thiocyanate.29 This particular region exchanges quite
slowly, so that differences only become apparent after long HX
times (see Fig. 1). Increases in backbone flexibility, measured by
HX-MS, in residues 273-306 upon substitution of complex glycans
with HM glycans in an IgG2 antibody15 and upon Y407 mutation in
the CH3 domain of an IgG1mAb49 have also been reported. Previous
studies based on various computational approaches have also
identified this hydrophobic region in mAbs as aggregation-pro-
moting.50 Here, we denote this second region as aggregation
hotspot #2 (peptides 20-23, see Fig. 2, panel A, red colored region).
In aggregation hotspot #2, compared to HM-Fc, flexibility was
greatest in the deglycosylated form (N297Q mutation), intermedi-
ate in the GlcNAc-Fc form, and unchanged in Man5-Fc.

The extent of change in the backbone flexibility near these 2
aggregation hotspots, conformational instability, and increased
aggregation propensity of IgG1-Fc glycoforms all correlate well
with the decreased size of the glycan. In previous work,16 we found
that under thermal stress, both the nonglycosylated N297Q-Fc and
GlcNAc-Fc aggregated at the same onset temperature but that the
propensity of N297Q-Fc aggregation was higher than GlcNAc-Fc
based on the rate and extent of turbidity formation. In this same
assay, HM-Fc and Man5-Fc glycoforms did not aggregate. Elucida-
tion of the mechanism(s) of aggregate formation was not a focus of
this study with the various IgG1-Fc glycoforms due to limited
material availability. Thus, turbidity formation provided a rapid
overall assessment of aggregation propensity, but such measure-
ments cannot distinguish between the amounts versus size of ag-
gregates formed. However, in related work in our laboratory, good
correlations of enhanced local flexibility in the aggregation hot spot
#1 (as measured by HX) with elevated levels of soluble aggregate
and subvisible particle formation, as measured by size exclusion
chromatography and microflow imaging, respectively, during
thermal stress of a full length IgG4 mAb has been demonstrated.51

We speculate that the exposure of hydrophobic residues in CH2
domain increases aggregationpropensity of IgG1-Fc. In X-ray crystal
structures of mAbs and Fc domains, residues F241, F243, K246, in
aggregation hotspot #1, and R301, in aggregation hotspot #2, have
been shown to interactwith the glycans through hydrogen bonds or
hydrophobic interactions40,52-55; most of these interactions would
probably be lost in the GlcNAc and nonglycosylated CH2 forms of
these IgG1-Fc proteins leading to increased backbone flexibility.

Correlations Between Chemical Stability, HX, and Glycosylation

In previous work, deamidation of N315 in HM-Fc, Man5-Fc,
GlcNAc-Fc, and N297Q-Fc was followed during a 3 month acceler-
ated stability study at 40�C.17 The rate of deamidation of N315 was
faster for GlcNAc-Fc and N297Q-Fc than for HM-Fc and Man5-Fc,
indicating that trimming or removing the N-glycan promotes
deamidation of N315.17 A direct correlation between the rate of
N315 deamidation and the backbone flexibility of peptides (24 and
25) containing the N315 was observed with the 4 IgG1-Fc glyco-
forms. Backbone flexibility of the CH2 domain in peptides 24 and 25
(containing N315) significantly increased as the size of glycan was
truncated fromHM-Fc toMan5-Fc, GlcNAc-Fc, and nonglycosylated
N297Q-Fc (see Fig. 1 for uptake plot of peptide 24, and Fig. 2 for
average difference plots of peptides 24 and 25). Previous studies
have reported deamidation of N315 in IgG mAbs, both in vivo and
in vitro, and attributed this result to changes in flexibility in the
N315 region.56-60 We are also examining this intriguing correlation
in greater detail elsewhere (Gamage and Weis, manuscript in
preparation). The correlation of enhanced deamidation at N315
with increased local flexibility in IgG1-Fc protein in the peptide
segments containing N315 observed by HX, as function of glyco-
form structure, is consistent with the known mechanism of Asn
deamidation in proteins via a succinimide intermediate involving
the polypeptide backbone (where increase in flexibility of the
polypeptide backbone increases the rate of succinimide interme-
diate formation followed by hydrolysis to isoAsp/Asp residues).61

The same accelerated stability study revealed that the rate of
oxidative degradation of W277 to glycine hydroperoxide also
depended on the degree of glycosylation.17 In this case, however,
conversion was faster in the HM-Fc and Man5-Fc than in GlcNAc-Fc
and nonglycosylated N297Q-Fc, indicating that a decrease in size of
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the N-glycan decreases the degradation of W277.17 In this HX
study, we observed that peptide 12 (262-277) containing W277 in
the CH2 domain showed the greatest flexibility in N297Q-Fc (see
Figs. 1 and 2), intermediate flexibility in GlcNAc-Fc, and the least
flexibility in HM-Fc and Man5-Fc. In fact, Man5-Fc showed slightly
lower flexibility in this peptide than HM-Fc (less HX at 104 s and
105 s, see in Fig. 1). Other overlapping peptides containing W277
(peptides 13, 14, and 15) all manifested similar overall trends in
flexibility with the size of glycans as seen in peptide 12, but the
differences were not significantly significant for Man-Fc (see
Fig. 2). Our results indicate that as the glycans were sequentially
truncated, the flexibility in peptide 12 increased significantly. Thus,
the rate of W277 oxidation appears to be inversely correlated with
backbone flexibility and directly correlated with glycan size. At this
point, we cannot explain how the glycan structure affects W277
oxidation to Gly hydroperoxide. However, the inverse-correlation
with backbone flexibility suggests that the reaction might involve
a critical intramolecular contact that is progressively disrupted as
the backbone flexibility increases.

Developing a better understanding of the interrelationships of
perturbations in local dynamics due to changes in glycan structure
and susceptibility of physicochemical degradation remains a long-
term goal. For example, the link between protein flexibility and Asn
deamidation is well established, and results of this work are
consistent with the mechanism of succinimide formation.62 How-
ever, correlations between protein flexibility and protein stability
are more complex with conflicting observations in the literature.62

As shown in this work, local flexibility effects due to oligosaccha-
ride structures (such as observed in aggregation hotspots #1 and
#2 in the CH2 domain of the IgG1-Fc glycoforms) appear to be an
indicator of physical instability (such as aggregation). The mecha-
nism(s) of sequential sugar residue truncation on the enhancement
of N315 deamidation and protein aggregation in the IgG1-Fc remain
to be fully elucidated as part of future work, but likely includes
changes in interactions between the side chain sugars residues and
the protein's polypeptide backbone (resulting in increased distal
flexibility of the polypeptide chain).

Correlations Between Fc Receptor Binding, HX, and Glycosylation

A number of studies report the effects of carbohydrate compo-
sition on binding affinity of mAbs with various Fcg receptors.63 The
Fc receptor FcgRIIIa is the primary target for most therapeutic
mAbs that require ADCC action, and FcgRIIIa-Fc is the most studied
interaction.13,63 Studies using X-ray crystallography and Fc engi-
neering have identified different regions in the lower hinge and CH2
domain that are essential to maintain interactions with FcgRIIIa
receptors.32,64 However, the role of N-glycans in modulating this
interaction remains unclear. One hypothesis is that the glycan
maintains the overall CH2 domain orientation of the Fc for its
interaction with FcgRIIIa.65,66 An alternative hypothesis is that the
glycans affect the dynamics of the C'E loop (residues 295-300) and
that the loop dynamics modulate receptor binding.67,68 In previ-
ously described Fc receptor, in vitro binding studies with these 4 Fc
glycoforms, HM-Fc and Man5-Fc displayed the highest affinities for
FcgRIIIa, GlcNAc-Fc had lower affinity, and N297Q-Fc did not show
any binding to the receptor.18 In addition, the recent molecular
dynamic simulations of the 4 IgG1-Fc glycoforms have shown that
the N-glycan composition affects the dynamics of the C0E loop and
the CH2-CH3 orientation.69 These results suggest that decreased
conformational sampling in Man8 and Man5 glycoforms is
responsible for more efficient binding to the FcgRIIIa receptor.

In this work, we found an inverse correlation between HX rate
and glycan length in peptides known to be important for receptor
binding: peptides 17-19 (which include C'E loop and N-glycans),
peptides 3-4 (containing residues 235-239), peptides 5-8 (con-
taining 241-246; aggregation hotspot #1 in our study),68 peptides
12-15 (containing residues 265-269), and peptides 26-27 (con-
taining residues 327-332). We observed that, relative to HM,Man5-
Fc had the smallest increase in HX, GlcNAc-Fc had an intermediate
increase, whereas the N297Q-Fc had the greatest increase in HX in
all these peptides. However, HX was faster in Man5-Fc than in HM-
Fc in the C'E loop peptides 17-18 (see Supporting Information;
Supplementary Fig. S1) and peptides 26-27 (see Fig. 2). In addition,
we observed significant increases in HX each of the glycoforms in
peptide 16 (residues: 278-293) which lies just before the C'E loop,
which could be important for FcgRIIIa binding as suggested in an
HX-MS study on fucose depleted complex glycoforms in the pres-
ence of FcgRIIIa (residues 279-301).32 Again, quantitative trends in
HX in peptides 17-18 (containing the N-linked glycans) should be
compared with caution due to the potential artifacts in measuring
HX in glycopeptides, as noted in the Results section.

Overall, these results point toward complex correlations be-
tween IgG-Fc conformational integrity, backbone flexibility, and
strength of interaction with the FcgRIIIa receptors that are modu-
lated by oligosaccharide size. Overall, these HX-MS results seem to
favor the hypothesis that glycosylation modulates the Fc structure
leading to altered receptor binding since we see nearly global in-
creases in HX as the glycan is progressively diminished. However,
these effects do include increased dynamics within the C'E loop.
Future work in better understanding the mechanism of the re-
ceptor binding by N-glycan modulation in the context of local
flexibility measurements of well-defined IgG glycoforms could
provide opportunities for improved IgG therapeutics.

Comparisons of IgG-Fc Glycoform HX-MS Results With Previously
Reported HX-MS Analysis of the Effects of Glycosylation on
Full-Length Antibodies

The effects of converting the glycans of intact mAbs from the
complex to deglycosylated forms by peptide N-glycosidase F
(PNGase-F) treatment has been investigated in a few previous HX-
MS studies, but the results are contradictory.31-33 Houde et al.31

reported both increased and decreased HX rates within isolated
segments of the CH2 and CH3 domains of an IgG1 upon complete
removal of complex glycans, but in subsequent work,32 only faster
HX within the aggregation hotspot #1 region was observed. In
contrast, when an IgG2 was converted from complex glycan to HM
and hybrid glycans, there was widespread increase in HX
throughout the CH2 and CH3 domains, with the largest effects
within aggregation hotspot #1.15 Conversion of trastuzumab from
complex glycan to deglycosylated form had almost no effect on HX
when measured using a middle-down HX-MS approach, except for
the region near residues L317 and N318 became more flexible upon
glycan removal.33 Our results with these well-defined IgG1-Fc
glycoforms appear to be most consistent with the results
observed within the aggregation hotspot #1 from the studies of
Fang et al.15 and Houde et al.31 Despite the contradictions in ob-
servations across these studies, the substantially increased HX
within the aggregation hotspot #1 region is noteworthy.

Conclusions

In this work, we demonstrate that sequentially decreasing the
glycan size (from HM [Man8-Man12] to Man5, to GlcNAc, to non-
glycosylated) increased the backbone flexibility of IgG1-Fc mole-
cules. These HX-MS results with 4 well-defined IgG1-Fc glycoforms
were correlated with the chemical stability, physical stability, and
FcgRIIIa receptor in vitro binding results as previously described.16-18

Our HX-MS results suggest that the mechanism of deamidation of
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N315, increased aggregation propensity, and reduced receptor
binding involve increased backbone flexibility caused by diminished
stabilizing interactions between glycans and residues in the CH2
domain as the glycans are sequentially truncated. Hence, the HX-MS
approach applied to the IgG1-Fc glycoforms in this work demon-
strates the sensitivity of HX-MS measurements to detect subtle ef-
fects caused by altered glycosylation on the Fc backbone. The HX-MS
measurements can enable a better understanding of the underlying
mechanisms that contribute to pharmaceutical properties including
physicochemical stability and receptor binding. Using IgG1-Fc gly-
coforms as a model system, we thus demonstrate that HX mea-
surements of local flexibility differences can provide discriminating
structural insights into the varying pharmaceutical properties of IgG
glycoforms. Such HX data sets may therefore prove to be an impor-
tant component of future comparability or biosimilarity assessments
of therapeutic glycoprotein candidates.
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