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ABSTRACT: This work examines the effect of three anions
from the Hofmeister series (sulfate, chloride, and thiocyanate)
on the conformational stability and aggregation rate of an IgG1
monoclonal antibody (mAb) and corresponding changes in
the mAb’s backbone flexibility (at pH 6 and 25 °C). Compared
to a 0.1 M NaCl control, thiocyanate (0.5 M) decreased the
melting temperatures (T,,) for three observed conformational
transitions within the mAb by 6—9 °C, as measured by
differential scanning calorimetry. Thiocyanate also accelerated
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the rate of monomer loss at 40 °C over 12 months, as monitored by size exclusion chromatography. Backbone flexibility, as
measured via H/D exchange mass spectrometry, increased in two segments in the Cy2 domain with more subtle changes across
several additional regions. Chloride (0.5 M) caused slight increases in the T,, values, small changes in aggregation rate, and
minimal yet consistent decreases in flexibility across various domains with larger effects noted within the Vi, Cyl, and Cy3
domains. In contrast, 0.5 M sulfate increased T, values, had small stabilizing influences on aggregate formation over time, yet
substantially increased the flexibility of two specific regions in the Cyl and Vi domains. While thiocyanate-induced
conformational destabilization of the mAb correlated with increased local flexibility of specific regions in the Cy2 domain
(especially residues 241—251 in the heavy chain), the stabilizing anion sulfate did not affect these C;2 regions.

Monodonal antibodies (mAbs) have become successful
therapeutic agents because of their high binding
specificities for biological targets implicated in a wide range
of human diseases. The presence of protein aggregates in
therapeutic mAb preparations is of particular concern because
of their potential to cause immune responses that may affect
the safety or limit the efficacy of therapeutic mAb treat-
ments.' ™ Antibodies are multidomain, homodimeric proteins
with a molecular mass of ~150 kDa, in which the precise value
fluctuates because of post-translational modifications such as
glycosylation. Their Y-shaped structure can be classified into
the antigen binding fragment (F,,) and the crystallizable
fragment (F.) consisting of two heavy (H) and two light (L)
chains held together by inter- and intrachain disulfide bonds.
The F,, and F_ regions consist of multiple domains. These
include the variable (V;, and Vy) and constant (C;, Cyl)
domains within the F, and the constant domains (Cy2 and
Cy3) within the F.. Antibody structures are further divided into
different classes (IgA, IgG, IgM, IgE, and IgD) and subclasses
(IgG1, IgG2, IgG3, and IgG4) based on the composition of the
constant regions and the number of disulfide bonds.*
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Antibodies exhibit an array of intrinsic internal motions® and
can exist as a number of conformers with asymmetric structures
that exhibit interdomain flexibility.*"® These motions play an
important role in their functional activity and biological
responses.”” ' The effect of protein flexibility on overall mAb
conformational stability, however, is a more complex relation-
ship and an active area of research.'”'> Examining the inter-
relationships between flexibility and stability is especially
important not only in helping to design more stable antibodies
but also in improving our understanding of how different
excipients and salts predispose, initiate, or delay the cascade of
events leading to conformational destabilization and aggrega-
tion during manufacturing, long-term storage, and admin-
istration.'*

Aggregation of mAbs in solution can occur as a result of
covalent or noncovalent protein—protein interactions initiated
by changes in pH, temperature, agitation, or interaction with
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solution impurities. These interactions occur because of

either conformational changes within individual molecules that
lead to exposure of nonpolar residues, colloidal effects in
solution that alter charge—charge repulsion between molecules,
or a combination of both conformational and colloidal effects."’
In other words, different salts may affect aggregation behavior
of mAbs in solution by decreasing conformational stability and/
or charge—charge repulsion between two IgG molecules.
Protein aggregation has been shown to occur through the
formation of partially unfolded monomeric states whose
population is minimal under stable solution conditions.'®
With increasing stress, the partially unfolded population
increases, leading to subsequent multiorder aggregation that
results in irreversible loss of protein. For a multidomain protein
like an IgG, aggregation-prone segments may also play a key
role in the initiation of aggregation’>*" and in overall antibody
instability.”* The flexibility of the aggregation-prone motifs may
change in response to solution conditions or temperature,
which may in turn facilitate conformational instability and/or
aggregate formation.

Identification of solution conditions that maintain IgG
stability and solubility during long-term storage, especially at
high protein concentrations, remains a significant challenge in
the development of mAbs as biotherapeutics. Salts are generally
included in antibody formulations as buffering agents, as well as
tonicity and viscosity modifiers.”®> Salts can also affect the
solubility and stability of proteins according to their relative
position in the Hofmeister series. The Hofmeister series of
anions, which have more pronounced effects on protein
stability than cations, is as follows: SCN™ > ClO,~ > I” >
ClO,” > Br~ > NO,~ > CI” > CH,CO,” > HPO,*~ > SO, >~ **
The members on the left of the series (e.g, thiocyanate,
perchlorate, and iodide) are chaotropes that unfold and
solubilize proteins. The members on right (e.g, sulfate and
phosphate) are kosmotropes that preserve the native structure
and decrease solubility, causing proteins to salt out of
solution.”® Chloride is an intermediate member dividing the
two groups. The influences of salts on the physical properties of
proteins in solution, including melting temperature coeffi-
cients,26 salting-out coefficients,”” and B viscosity coefh-
cients,”®* can be ranked according to the positions of the
salts in the Hofmeister series, but other properties such as
surface tension®” do not follow the prescribed order. Anions
have been found to affect the protein conformational
stability>**" and rates of aggregation®”** in order of their
position in the Hofmeister series. A mechanistic explanation of
ion effects on protein stability remains an active area of
research.>**° For example, their influence on protein stability
can vary by protein and ion type, as well as by ion
concentration and solution pH, by affecting factors such as
the water affinity of ions, water structure around proteins, and/
or ions interacting directly with protein surfaces.**~*’

Flexibility is also a crucial consideration for understanding
the physicochemical stability of a protein, including its
aggregation propensity.** Previous work using global measures
of dynamics, such as red edge excitation shift fluorescence and
high-resolution ultrasonic spectroscopy, has shown that there is
a complex relationship between mAb dynamics and aggrega-
tion."**"** However, global approaches cannot be used to
assign changes in dynamics to specific regions that contribute
to aggregation. Hydrogen/deuterium exchange coupled to mass
spectrometry (H/D—MS) can measure backbone flexibility at a
resolution of 5—20 residues**** and has been used with mAbs
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for biopharmaceutical analysis and comparability studies.*>*®

The effects, on monoclonal antibodies, of methionine
oxidation, glycan modification or deglycosylation,*’~* deami-
dation and other chemical modifications,”® and freeze—thaw
cyclesSl have all been examined using H/D—MS.

The purpose of this study was to develop a better
understanding of the influence of three different anions from
the Hofmeister series (sulfate, chloride, and thiocyanate) on the
conformational stability, aggregation rate, and polypeptide
backbone flexibility of an IgGl mAb (mAb-B). We have
correlated the physical stability changes (measured by DSC and
SEC) induced by the anions with changes observed in local
backbone flexibility (measured by H/D—MS). In particular, we
have identified a potential key role for the local flexibility of two
specific segments within the Cy2 domain in modulating the
physical stability of mAb-B.

B EXPERIMENTAL PROCEDURES

Materials. Sodium chloride, LC—MS-grade water, acetoni-
trile, and 2-propanol were obtained from Fisher Scientific (Fair
Lawn, NJ). LC-grade acetic acid and phosphoric acid were
obtained from Fluka (St. Louis, MO). Formic acid (>99% LC—
MS-grade) was obtained from Thermo Scientific (Rockford,
IL). Porcine pepsin, tris(2-carboxyethyl)phosphine hydro-
chloride (TCEP), deuterium oxide (>99% D), and guanidine
hydrochloride were purchased from Sigma-Aldrich (St. Louis,
MO). Anhydrous citric acid (99.5%), dibasic anhydrous sodium
phosphate, anhydrous sodium sulfate (99%), and sodium
thiocyanate (>98%) were purchased from Acros Organics (Fair
Lawn, NJ). The IgG1 monoclonal antibody, here termed mAb-
B, was formulated at a concentration of 50 mg/mL in 10 mM
histidine buffer (pH 6.0) containing 0.005% polysorbate 80.

Differential Scanning Calorimetry (DSC). Prior to
analysis, mAb-B was diluted to a concentration of 0.5 mg/mL
with 20 mM citrate-phosphate (4 mM citrate and 16 mM
dibasic sodium phosphate) buffer at pH 6.0 containing NaCl,
Na,SO,, or NaSCN at concentrations ranging from 0.1 to 1.5
M. DSC was performed using a VP-Capillary differential
scanning calorimeter (MicroCal, Northampton, MA). mAb-B
samples were analyzed in triplicate over a temperature range of
10—100 °C with a scan rate of 60 °C/h. The data were
processed using MicroCal and Origin (OriginLab Ltd.). The
data were fit using a multistate model with three transitions.
The onset temperature (T,,.) of the first transition was taken
as the temperature at which the heat capacity exceeded 500 cal
mol™! °C™%

Storage Stability and Analysis by Size Exclusion
Chromatography (SEC). mAb-B was diluted to a concen-
tration of 0.5 mg/mL with 20 mM citrate-phosphate (4 mM
citrate and 16 mM dibasic sodium phosphate) buffer at pH 6.0
containing either 0.1 M NaCl (control), 0.5 M NaCl, 0.5 M
Na,SO,, or 0.5 M NaSCN. Aliquots of 0.5 mL of mAb-B were
sterilized by being passed through 0.22 pm filters (Millipore,
Billerica, MA), dispensed into type I glass vials (West
Pharmaceutical Services, Exton, PA) in a presterilized laminar
flow hood, stoppered, and stored at four different temperatures
(=70, 4, 25, and 40 °C) for a period of up to 12 months. To
remove insoluble aggregates, each sample was centrifuged at
14000g for 5 min prior to analysis. SEC was conducted using a
7.8 cm X 30 cm TSK-Gel BioAssist G3SW,; column (TOSOH
Biosciences, King of Prussia, PA) at a rate of 0.7 mL/min using
a Shimadzu high-performance liquid chromatography (HPLC)
system equipped with a photodiode array detector. Gel
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filtration standards (Bio-Rad, Hercules, CA) were used for
column calibration. The mobile phase was 200 mM sodium
phosphate buffer (pH 6.8). The resulting chromatograms were
analyzed by integrating the area of the monomer peak detected
at 280 nm. The percentage of monomer was measured relative
to the total area of all peaks on day 0.

Deuterated Labeling Buffer Preparation. The deuter-
ated labeling buffers contained 0.5, 1.0, or 1.5 M salt (sodium
chloride, sodium sulfate, or sodium thiocyanate) and 20 mM
citrate-phosphate (4 mM citric acid and 16 mM dibasic sodium
phosphate) buffer at pH 6.0 in 90 atom % D,O. The pH values
are reported directly from the pH meter reading without any
further correction for the deuterium isotope effect. On the basis
of the total volume of H,O and D,O, the salts, citric acid, and
dibasic sodium phosphate were added. The final volume was
noted after the pH had been adjusted to 6.0. The final
concentrations of the salts were within 3% of their target
molarities. The use of 90 atom % D,0O was adopted here to
allow direct comparison with H/D exchange work in a
companion study in which some of the buffer components
(sucrose and arginine) contributed a non-negli_gible amount of
exchangeable hydrogen to the labeling buffer.”

H/D—MS. The antibody was diluted to 10 mg/mL in 20
mM citrate-phosphate buffer (4 mM citric acid, 16 mM dibasic
sodium phosphate) at pH 6.0. An H/D-X PAL robot (LEAP
Technologies, Carrboro, NC) was used for sample preparation
and injection. The protein (2 uL) was mixed with labeling
buffer (38 yL) in a 1:20 ratio by volume and incubated at 25 °C
for four exchange times (120, 10°, 10% and 10° s). Three
independent replicates of each labeling condition were
prepared. Following deuterium labeling, the exchange reaction
(40 uL) was quenched at 1 °C with 40 uL of a 0.5 M TCEP/4
M guanidine hydrochloride/0.2 M sodium phosphate mixture
at pH 2.5. Ten microliters of the solution (approximately 16
pmol of mAb-B) was analyzed. Protein stocks and quench
buffers were maintained at 1 °C, and the labeling buffers were
held at 25 °C using the two temperature-controlled drawers of
the H/D-X PAL robot. LC—MS analysis of the deuterated
samples was conducted as described previously®> with the
following differences. The refrigerated compartment of the H/
D-X PAL robot was used to house the columns, traps, and
valves at 1 °C during the course of the experiments. Second, the
immobilized pepsin column was back-flushed during the
gradient elution step. To minimize carryover, the pepsin
column was also washed first with acetonitrile (5%), 2-propanol
(5%), and acetic acid (20%) in water and then with 2 M
guanidine hydrochloride in 100 mM phosphate buffer (pH 2.5)
and after each injection.>* The typical deuterium recovery
achieved with our experimental setup was 60—90% as
determined from the deuterium content of fully deuterated
model peptides. Data are reported as relative deuterium content
levels without correction for back-exchange.

MS Data Analysis. A total of 137 peptides covering 85% of
the primary sequence of mAb-B were identified using a
combination of accurate mass measurement using time-of-flight
mass spectrometry and collision-induced dissociation with
tandem mass spectrometry on a linear quadrupole ion-trap
mass spectrometer (LTQ-XL, Thermo-Scientific) as described
previously.”> A coverage map and a listing of all mapped
peptides can be found in the Supporting Information (see
Figure S1 and Table S1). H/D exchange data were processed
using HDExaminer (Sierra Analytics, Modesto, CA). All mass
spectra were manually curated after initial processing. To help
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ensure consistency, the charge state for each peptide was kept
constant from run to run. To minimize potential biases in data
interpretation, each replicate was curated by a different analyst.
Most peptide segments were detected in all three replicates, but
a smaller number were found in only one or two of the
replicates (see Figure S2 of the Supporting Information). An R
script, written in house, was used to calculate average deuterium
uptake and standard deviations and generate deuterium uptake
plots from the exported data. All data with standard deviations
exceeding the 95th percentile in the data set were inspected and
corrected for data processing errors, if any were found. A
statistical analysis of our replicate data, following the method of
Houde et al** (see Figures S3 and S4 of the Supporting
Information), established the 99% confidence limit for a
deuterium uptake difference as +0.59 Da.

Homology Modeling of mAb-B. The primary sequences
of the heavy and light chains of mAb-B and human IgG1 b12
(Protein Data Bank entry 1HZH)> were aligned using
CLUSTAL W.** The two sequences are approximately 90%
homologous, with the most sequence differences in the
complementarity-determining region. The primary sequence
of mAb-B was threaded onto the 1HZH structure using
Discovery Studio 3.0 (Accelrys, San Diego, CA) and
renumbered to correct for gaps. The secondary structure of
mAb-B was manually reassigned based on the sequence
alignment. Models were displayed using Pymol (Schrédinger,
LLC, Portland, OR).

B RESULTS

Effect of Salts on the Conformational Stability of
mAb-B. Representative DSC thermograms showing the
thermal transitions of mAb-B in the presence of each of the
three salts are shown in Figure 1. The thermal transitions in the
DSC thermograms of mAbs have been shown previously to be
independent™*® and sensitive to changes in pH and ionic
strength and to reflect the multistep unfolding of the C;y2,>
F.,>® and F* domains. For mAb-B formulated in sodium
chloride and sodium sulfate, a low-temperature shoulder and
two distinct peaks can be seen (Figure 1A,B). DSC analysis of
mAb-B in sodium thiocyanate (see Figure 1C) revealed three
distinct peaks. The temperatures of the three conformational
transitions (T, 1, T,,2, and T,,3) at pH 6.0 are listed in Table 1.
Thiocyanate (at 0.5 and 1.0 M) had large destabilizing effects
on mADb-B as indicated by decreases in the T, 1, T, 2, and T3
values compared to control (0.1 M NaCl). In contrast, 0.5 and
1.0 M sulfate increased the three T, values of mAb-B.
Increasing concentrations of chloride (from 0.1 M to 0.5, 1.0,
and 1.5 M) had no notable effect on T,,1 but caused small
increases in T2 and T,3.

The onset temperature, T,,., was also measured to
determine the temperature at which the first observed structural
transition within mAb-B began (see Table 1). Chloride, sulfate,
and thiocyanate lowered T ., values compared to the control
(0.1 M chloride). The effect of 0.5 and 1.0 M thiocyanate on
the T, (AT, pee = —14.9 and —23.8 °C, respectively) was
notably more pronounced than the effect of 0.5 and 1.0 M
sulfate (AT, = —2.1 and —1.8 °C, respectively) and 0.5, 1.0,
and 1.5 M chloride (AT, = —3.7, =5.7, and =7.0 °C,
respectively). In summary, at pH 6.0, sulfate and thiocyanate
showed opposite effects on the thermal transition temperatures
of mAb-B: sulfate stabilized mAb-B, whereas thiocyanate
destabilized mAb-B. In addition, all three anions (sulfate,
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Figure 1. Representative DSC thermograms of mAb-B in 20 mM
citrate-phosphate buffer (pH 6.0) containing indicated concentrations
of different salts. Effect of (A) NaCl, (B) Na,SO,, and (C) NaSCN on
mAb-B conformational stability along with T,1, T,;;2, and T,,3.

chloride, and thiocyanate) showed titratable effects on the
conformational stability of mAb-B.

Effect of Salts on Aggregation during Storage of
mAb-B. mAb-B samples formulated in a citrate-phosphate
buffer containing either 0.1 M sodium chloride, 0.5 M sodium
chloride, 0.5 M sodium sulfate, or 0.5 M sodium thiocyanate at
pH 6.0 were incubated at various temperatures (—70, 4, 25, and
40 °C) in stoppered glass vials. Individual vials were analyzed
by SEC over a period of 12 months. An overlay of
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representative chromatograms is shown in Figure 2A. The
SEC peaks were assigned as described previously.”® Initially,
there were no differences in the composition of mAb-B in the
different formulations compared to the control (Figure 2A,
dotted chromatograms). After incubation at 40 °C for 60 days,
the amount of soluble monomer decreased, the amount of
dimer remained unchanged, and there was an increase in the
abundance of fragments (Figure 2A, solid chromatograms). In
addition, multimeric aggregates formed in samples of mAb-B
containing thiocyanate. Figure 2B shows a plot of the fraction
of the soluble monomer (relative to the total peak area at time
zero) during its storage for 12 months at different temperatures.
It can be seen that mAb-B degraded more rapidly in the
presence of thiocyanate and slightly more slowly in the
presence of sulfate (up to 12 months), relative to the control at
40 °C. At 4 and 25 °C, the rate of loss of monomer was slower
and essentially independent of salt type. Additional time would
be required to ascertain if salts cause differences in the
aggregation rate at lower temperatures. Interestingly, when
frozen (=70 °C), mAb-B samples containing thiocyanate
precipitated out of solution, while no differences in the rate
of loss of the monomer were observed in samples formulated
with sulfate and chloride, especially during multiple freeze—
thaw cycles (data not shown).

Backbone Flexibility of mAb-B in 0.1 M NaCl. Figure 3
shows representative deuterium uptake curves for six segments
from mADb-B, across different IgG1 domains, in 0.1 M sodium
chloride (control) and at a concentration of 0.5 M for three
different salts. These six uptake curves are representative of the
diverse range of H/D exchange kinetics for mAb-B. (Additional
deuterium uptake curves for 137 mAb-B segments covering
85% of the total sequence are provided in Figure SS of the
Supporting Information.) The differences can be used to assess
relative local backbone flexibility. For example, in the Cy2
domain (heavy chain residues 300—306, peptide 71) deuterium
uptake is only apparent after labeling had been conducted for
10% 5. This high level of protection against deuterium exchange
indicates that this part of the Cy2 domain is relatively rigid. In
contrast, a region between the V and Vi domains in the light
chain (LC 105—116, peptide 117) was ~75% deuterated within
120 s (relative to the deuterium uptake after incubation for 27
h), indicating that this is a relatively flexible region of mAb-B.

To better define a relative backbone flexibility scale, we used
the extent of deuteration at 120 s relative to the theoretical
maximal exchange without correction for back-exchange:

A
flexibility (%) = ——2%% % 100%
Nf 1)

where Amy,,, denotes the measured mass increase, N is the
number of exchangeable amides, and f is the mole fraction of
deuterium under labeling conditions, here 0.86. The number of
exchangeable amides is determined by counting all non-proline
residues starting at position 3. (After proteolysis, the first amide
becomes a rapidly exchanging amine and the second amide also
undergoes rapid back-exchange.’’) Figure 4A shows the
distribution of local flexibility of segments within mAb-B
based on this scale. The segments of mAb-B in the lowest
quartile on this scale are classified as rigid, segments in the top
quartile as flexible, and segments in the middle 50% as
intermediate. Figure 4B shows the locations of rigid and flexible
segments projected onto a homology model of mAb-B. The H/
D exchange measurements show that several loops and p-
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Table 1. Effects of Salt Type and Concentration on Thermal Unfolding Transitions (T,,) and Onset of Thermal Unfolding

(Tynset) for mAb-B As Measured by DSC

Tonset (°C) Tl (°C) T2 (°C) T3 (°C)

[salt]® mean SD AT, o mean SD AT, 1 mean SD AT, 2 mean SD AT, 3
0.1 M NaCl (control) 577 02 - 69.3 0.1 - 73.6 <01 - 82.4 <0.1 -
0.5 M NaCl 54.0 0.2 -3.7 69.5 <0.1 0.3 73.8 <0.1 0.2 82.7 <0.1 0.3
1.0 M NaCl 52.1 0.2 5.7 69.1 0.2 —-0.1 74.7 <0.1 1.1 83.6 <0.1 1.2
1.5 M NaCl 50.7 0.1 -7.0 68.7 0.1 —-0.5 75.8 <0.1 2.2 84.7 <0.1 2.3
0.5 M Na,SO, 55.6 0.7 -2.1 71.1 0.2 1.8 77.7 <0.1 4.1 84.7 <0.1 2.3
1.0 M Na,SO, 55.9 0.8 —1.8 70.8 0.4 1.5 80.7 <0.1 7.1 87.8 <0.1 54
0.5 M NaSCN 42.8 0.5 —14.9 60.3 0.2 -9.0 67.0 <0.1 —6.6 75.8 <0.1 —6.6
1.0 M NaSCN 339 0.6 —23.8 51.6 0.5 -17.7 62.2 <0.1 —-114 70.7 <0.1 —-11.7

“Samples contained 0.5 mg/mL protein in 20 mM citrate-phosphate buffer (pH 6) with salt as indicated. The mean and standard deviation (SD) are

from three separate measurements.
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Figure 2. mAb-B aggregation during storage at different temperatures as monitored by SE-HPLC. (A) Overlay of SEC chromatograms of mAb-B
before and after thermal stress. Dotted lines correspond to mAb-B samples at time zero (no stress), and solid lines correspond to mAb-B samples
incubated at 40 °C for 2 months. (B) Effect of salts (NaCl, Na,SO,, and NaSCN) and thermal stress (4, 25, and 40 °C) on mAb-B monomer loss.
Data were collected in duplicate on days 0, 28, 60, 90, 180, 260, and 360. Samples of mAb-B were prepared in 20 mM citrate-phosphate buffer (pH
6.0) with either 0.1 M NaCl (control, black trace), 0.5 M NaCl (red trace), 0.5 M Na,SO, (green trace), or 0.5 M NaSCN (blue trace).

strands on the surface of the F, region and Cy3 domain are
relatively flexible (yellow segments). Most regions within the
Cy2 domain as well as some buried f-strands and loops in
other domains of mAb-B are relatively rigid (blue segments).
As described in other stu<:lies,62_64 we found no strong
correlation between the mAb-B flexibilities, measured in
solution, and segment-averaged B factor values from the crystal
structure of IHZH>® for 22 peptides with identical sequences
from the constant domains of the two IgG1s (data not shown).
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Identifying the Effects of Salts on the Local Backbone
Flexibility of mAb-B. In addition to providing information
about the relative local flexibility of mAb-B in 0.1 M NaCl, we
can identify regions that undergo changes in H/D exchange
kinetics in response to changes in salt type or concentration.
The representative H/D exchange data in Figure 3 show some
of the effects of the three different salts, at 0.5 M, on the local
flexibility of mAb-B. For each region, there was an increase or
decrease in the level of deuterium uptake at one or more of the
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Figure 3. Effect of different salts on the deuterium uptake in six segments from different domains of mAb-B. The error bars denote one standard

deviation.

exchange times; however, not all of these differences exceed the
99% confidence limit of +0.59 Da. These individual curves
provided a visual representation of salt effects on deuterium
uptake for the individual segments. To obtain a more
quantitative and global view of salt-induced changes in
deuterium uptake, individual differences in deuterium uptake,
ie, AAm(t) = Amy(t) — Amywo(t), for every peptide at
every labeling time are plotted in Figure S. This figure shows
both the magnitudes and signs of the differences and whether
the differences exceeded the 99% confidence level for
significance. Positive values indicate segments in which
flexibility increased relative to the 0.1 M NaCl control, while
negative values indicate a decrease in flexibility. In Figure 5, the
horizontal axis arranges the peptides in order from the N-
terminal end of the heavy chain to the C-terminal end of the
light chain, similar to the plots described by Houde et al.*’ The
domain location for each peptide is denoted by the shading.
Mass differences exceeding statistical significance at the 99%
confidence level [[AAml > 0.59 Da (see Experimental
Procedures and Figures S2—S4 of the Supporting Informa-
tion)] are indicated by the dashed horizontal lines. mAb-B
regions that experienced significant changes in deuterium
uptake in the presence of 0.5 M chloride, sulfate, and
thiocyanate at one or more deuterium exchange times
compared to the 0.1 M NaCl control are mapped onto a
homology model of mAb-B in Figure 6. Regions that showed
increases in flexibility (positive values in Figure S) are colored
yellow; decreases in flexibility (negative values in Figure 5) are
colored blue. Unaffected regions are colored gray, and regions
without H/D exchange data are colored white.
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Effects of 0.5 M Chloride. For the six representative
peptide segments shown in Figure 3, the only significant effect
of chloride at 0.5 M was in the light chain 47—70 segment,
located in the V| domain of mAb-B (peptides 106—108 in
Figure S), which experienced an increased level of protection
against H/D exchange. For the other five segments shown in
Figure 3, chloride had no significant effect on deuterium uptake
relative to the control. Figures 5 and 6 show the effect of 0.5 M
chloride across the entire mAb molecule. The addition of 0.5 M
chloride caused only a few significant changes in the local
flexibility of mAb-B compared to the 0.1 M chloride control. In
addition to the V, segment (47—70), there were also decreases
in flexibility in the HC 124—147 segment (peptide S1) in the
Cyl domain and the HC 424—446 segment (peptide 94) in the
Cy3 domain. Interestingly, there was an overall trend of
decreased flexibility across mAb-B (defined by slower
deuterium uptake for most segments in Figure S) in the
presence of 0.5 M chloride, but most of the individual
differences were not significant at the 99% confidence level.

Effects of 0.5 M Sulfate. Sulfate caused localized changes
in the flexibility of mAb-B as summarized in Figure 6. For
example, data in Figures 3 and 5 show that 0.5 M sulfate caused
substantial increases in the level of deuterium uptake in the
Cyl domain (HC 156—174 in Figure 3; peptides S1—S53 in
Figure 5) and in the V; domain (LC 47-70 in Figure 3;
peptides 106—108 in Figure S). In addition to these increases,
several other segments (HC 37—80 corresponding to peptides
11, 22, 23, 30, and 35; HC 380—404 corresponding to peptides
83—85 and 87; and LC 136—161 corresponding to peptide
126) exchanged slightly faster than the control.
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Figure 4. Local flexibility of mAb-B, as measured by H/D exchange in
0.1 M NaCl at pH 6.0. (A) Flexibility, as obtained from the ratio of the
extent of deuteration at 120 s relative to the theoretical maximal
exchange without correction for back-exchange (eq 1). Colors denote
the different domain boundaries. The dashed lines denote the top and
bottom quartiles. The maximal flexibility is 85.5%. (B) Flexibility data
plotted on a homology model of mAb-B. Peptides representing the
bottom quartile are classified as rigid (blue), peptides representing the
middle 50% as intermediate (gray), and peptides representing the top
quartile as flexible (yellow). Regions without H/D exchange data are
colored white. In cases where overlapping segments had different
flexibility categories, flexible and rigid categories took priority over the
intermediate category, and the rigid category took priority over the
flexible category (five amino acids only).

Effects of 0.5 M Thiocyanate. Thiocyanate caused
substantial increases in the level of deuterium uptake in two
different segments of the Cy;2 domain, as summarized in Figure
6. Exchange was faster in the HC 241—252 region (120 and 10°
s in Figure 3; also see peptides 64—68 in Figure S). In addition,
the HC 300—306 region also exchanged more quickly, but this
increase in the level of deuterium uptake was only evident at
the longest exchange time, 10° s (see Figure 3; see also peptides
71—73 in Figure S). Figure S shows that several additional
regions in the heavy chain (peptides HC 37—59, 61—80, 124—
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147, 198—220, 334—348, 382—398, and 429—446) and light
chain (peptides LC 47—70, 136—161, and 186—212) in mAb-B,
corresponding to peptides 11, 29, 30, 51, 61, 75, 86, 95, 106,
107, 126, 136, and 137 exchanged faster than the control.

Overlapping Effects of Anions. For a few of the peptide
segments of mAb-B, the three anions had more complex effects
on the deuterium exchange kinetics. For example, sulfate and
thiocyanate accelerated both HC 124—147 in the Cyl domain
(peptide 51) and LC 47—70 in the V; domain (peptide 106),
while chloride slowed H/D exchange (see Figure S). Similarly,
both sulfate and thiocyanate accelerated exchange in HC 37—
59 in the Vi domain (peptide 11) and HC 382—398 in the
Cy3 domain (peptide 86). Finally, 0.5 M chloride and
thiocyanate caused opposite effects on deuterium uptake in
the HC 429—446 segment of the Cy;3 domain corresponding to
peptide 95 (see Figure S and Table S1 of the Supporting
Information).

Effects of Salt Concentration on the Local Flexibility
of mAb-B. The H/D exchange experiments at 25 °C show that
the three salts at 0.5 M have localized effects on the flexibility of
mADb-B. To determine if the magnitudes of these local effects
were concentration-dependent, we measured H/D exchange
after labeling had been conducted for 10° s for mAb-B in 1.0
and 1.5 M sodium chloride as well as in 1.0 M sodium sulfate
and 1.0 M sodium thiocyanate. A minimized set of 43 mAb-B
segments was selected for analysis. This set represented all
domains of mAb-B and consisted of both regions that were and
were not affected by 0.5 M salts. No significant differences in
H/D exchange were noted for any of these 43 segments in 1.0
M salts compared to 0.5 M salts (plots of deuterium uptake vs
salt concentration for each segment are shown in Figure S6 of
the Supporting Information). These results show that changes
in local flexibility of mAb-B do not titrate to any appreciable
extent beyond 0.5 M salt, at least in the citrate-phosphate buffer
(pH 6.0) employed in these experiments. Because an increased
ionic strength with 1.0 or 1.5 M chloride did not have any
further significant effect on the local flexibility of the mAb, the
changes observed with sulfate were not due to changes in ionic
strength differences but rather are due to the anion. Moreover,
because the majority of mAb-B segments do not show any
perturbation of flexibility in the presence of the different salts
(see Figure S6 of the Supporting Information), intrinsic
exchange rates of various mAb-B segments were not
substantially altered by changes in salt types or ionic strength
conditions.

B DISCUSSION

The purpose of this work was to probe the effects of anions
from the extremes of the Hofmeister series on the local
flexibility of various domains of an IgGl mAb and examine
these results in the context of conformational stability and
aggregation propensity. Thiocyanate, an extreme chaotrope,
decreased mAb-B’s thermal stability, as indicated by DSC, and
accelerated aggregation, as measured by SEC. Sulfate, an
extreme kosmotrope, had the opposite effects. Chloride,
positioned in the middle of the Hofmeister series, had minor
effects on both the thermal and the physical stability of mAb-B.
In contrast, the effects of the anions on local flexibility, as
revealed by H/D exchange, were more complex (see Figures S
and 6). Sodium chloride induced a small but nearly global
decrease in flexibility, although most changes in individual
peptide segments were not statistically significant. While
thiocyanate and sulfate had opposing effects on physical
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Table S1 of the Supporting Information for the locations of the peptides in the mAb-B sequence.
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Figure 6. Effects of salts on the flexibility of mAb-B relative to the
control (0.1 M sodium chloride), as measured by H/D—MS plotted
onto a homology model of mAb-B. Changes in flexibility are colored
according to the legend.
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stability, both anions increased the local flexibility in mAb-B.
The increases in flexibility were not global; many regions of
mADb-B were unaffected by either anion. While thiocyanate and
sulfate had similar effects on many regions of mAb-B, notably in
the Cyl and V| domains, there were notable differences in the
Cy2 domain, where thiocyanate increased flexibility but sulfate
had no effect. We will return to the significance of these
findings to the mechanisms by which anions alter physical
stability below. First, we address the issue of how these anions
might directly alter the kinetics of H/D exchange.

Salts might alter the kinetics of H/D exchange by changing
the protein or by changing the chemical exchange process.
According to the Linderstrom—Lang mechanism in the usual
EX2 limit, the rate of H/D exchange depends on both flexibility

(kq/ kop) and intrinsic chemical exchange (kyp).55%¢

ko k
NH(closed) = NH(open) — ND

Changes in intrinsic exchange would lead to altered H/D
exchange kinetics even if the flexibility of mAb-B was not
affected. While base-catalyzed exchange in polgr-DL-arginine is
highly sensitive to changes in ionic strength,”” charged side
chains exhibit an only moderate ionic strength dependence in
more realistic peptide models.*® Similarly, changes in ionic
strength have only very modest effects on intrinsic exchange by
amides in alanine model peptides.”’ Increasing the concen-
tration of NaCl from 0.1 to 1.5 M and those of Na,SO, and
NaSCN from 0.5 to 1.0 M in our work with mAb-B did not
result in any significant changes in H/D exchange kinetics (see
Figure S6 of the Supporting Information). Although sulfate was
shown to slow and thiocyanate to increase intrinsic exchange in
N-acetylalanine at pH 4, in our work we found that H/D
exchange was not significantly affected by salts in the large
majority of peptide segments at pH 6.0. On the whole, we
conclude that these anions do not have substantial effects on
intrinsic exchange in mAb-B. Thus, we attribute the observed
effects, instead, to the influence of the anions on the backbone
flexibility of mAb-B.

The pattern of backbone flexibility of mAb-B at pH 6.0, as
reported by H/D exchange at 120 s (see Figure 4), is consistent
with several other H/D exchange studies of IgG1 monoclonal
antibodies.*”” ™' We note, in particular, the HC 241-252
(peptide 65, FLFPPKPKDTL) and HC 300—306 (peptide 71,
YRVVSVL) segments, both found in the Cy2 domain, which
we have found to be thiocyanate-sensitive. H/D exchange
kinetic data are available for both of these segments in two
previous studies*’*’ and for HC 241-252 in two others®*”
(the sequence numberings are offset slightly). In all of these
other works, HC 241-252 exchanges with an approximate
midpoint of ~10% s. All of the uptake data, when plotted on a
logarithmic scale, have the same sigmoidal profile. In the case of
HC 300—-306, no deuterium uptake was observed because the
maximal level of labeling in previous work was only 3 X 10*s;
in our study, we were able to detect H/D exchange by
extending the D,O exposure to 10° s. The consistency in these
results in the Cy2 domain is a testament to the intralaboratory
repeatability of H/D exchange measurements on mAbs.

Although direct, quantitative comparisons are impeded by
slight differences in peptide coverage and labeling conditions,
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domain-scale qualitative comparisons can still be drawn. On a
domain-by-domain basis, our H/D exchange data for mAb-B
are in good agreement with previous work. What emerges is a
general picture of backbone flexibility in the conserved regions
of IgGl mAbs, validated across several different IgGls
examined in different laboratories. We find that the Cy1 and
Cy3 domains are relatively more dynamic while the Cy2
domain is the most rigid. (In one of these works,*’ exchange in
the Cy2 domain appears to be more protected, but this is
probably because maximal exchange was limited to 240 min.)

In comparison to the 0.1 M NaCl control, 0.5 M NaCl
caused only small changes in the thermal melting (Figure 1).
Aggregation kinetics, as measured by the loss of monomer,
were similar in 0.1 and 0.5 M NaCl at 4, 25, and 40 °C over 12
months (Figure 2); 0.5 M NaCl caused only a few significant
decreases in local flexibility in the Cy1, Vi, and Cy3 domains of
mAb-B, along with an overall trend toward reduced flexibility
across the molecule (Figure S). This overall trend is interesting,
although it must be noted that most of these effects are not
greater than the statistically significant cutoff of 99% confidence
(Figure S). Chloride anions decreased the local flexibility of
EnvZ, an osmolality-sensing inner membrane histidine kinase,
but the effect was attributed to a change in solution
osmolality.”" Chloride—protein interactions can occur via
weak binding of chloride to protein surface residues either
through electrostatic or through nonspecific interactions.”” For
example, the aggregation propensity of three different
monoclonal antibodies correlated directly with decreases in
their net charge (reduced valence) and the agparent T,1 at low
salt chloride concentrations (0—160 mM).”

Sulfate anions increased the T, values of all three thermal
transitions of mAb-B, with the largest increase being observed
for T2, corresponding to melting of the F,, region74 (Figure
1). In the accelerated storage stability studies, 0.5 M Na,SO,
protected mADb-B against aggregation to a small extent at 40 °C
during the 12 month storage (Figure 2), with less differences
noted at the end. Concomitantly, substantial increases in
flexibility were observed in two segments of the Cyl and Vi
domains along with more subtle increases in flexibility in certain
regions of the Vy, Cyl, and Cy3 domains (Figures S and 6).
Stabilizing effects of sulfate on other proteins’”> have been
proposed to occur by stabilization of the native folded state,”®””
by the binding of sulfate to positively charged residues,”>7%7%7
or by the increased level of hydration arising from a higher
number of dipoles on protein surfaces.”’ Sulfate anions,
however, also increase the surface tension of aqueous
solutions®”*'~** with increasing concentrations leading to
higher protein surface energies (salting-out activity) that may
accelerate protein aggregation.’”** Sulfate can also overcharge
proteins, leading to the increased local flexibility of the Cy1 and
V, domains via charge repulsion between bound sulfate
anions.*® The interplay of these competing phenomena gives
rise to the intriguing effects of sulfate anions on the stability and
solubility of different proteins.”**"*¥%® The effect of sulfate
anions on stabilizing mAb-B in terms of conformational
stability, and to a lesser extent against aggregation over time,
combined with increases in local flexibility in two segments of
the Cyl and Vi domains, highlights the complex inter-
relationships between protein stability and flexibility.*’

Thiocyanate anions substantially destabilized mAb-B. The
largest effect of thiocyanate was on T,1 (Figure 1),
corresponding to the unfolding of the C;;2 domain.”*
Thiocyanate also dramatically increased the level of aggrega-

3385

tion, as measured by monomer loss, at 40 °C over a 12 month
period (Figure 2). In contrast to sulfate or chloride, only
thiocyanate caused substantial increases in local flexibility in
two separate segments of the Cy;2 domain (Figures 3 and 6).
The mechanism of thiocyanate-induced protein destabilization
is thought to involve its interaction with both positively charged
residues and apolar hydrophobic regions on the surface of
either native proteins or partially unfolded intermediates,®”~°
thereby decreasing the overall charge on the protein and
weakening the electrostatic repulsion”"** leading to enhanced
protein—protein interactions”>~*° resulting in aggregation. The
destabilizing effects of thiocyanate on protein flexibility are not
necessarily observed with all proteins. In the case of
recombinant y-interferon, no notable differences in H/D
exchange kinetics were observed in 0.3 M KSCN versus KCI,
although the two salts had different effects on this protein’s
solubility and aggregation.”® In addition to effects on the Cy2
domain of mAb-B, additional subtle increases in local flexibility
were observed across mAb-B (Figure S), indicating thiocyanate
may have specific weaker interactions with several other
segments throughout the mAb. These results also correlate
with the decrease in the conformational stability of mAb-B as
observed for T, 2 (F,, region) and T,,3 (Cy3 domain) caused
by thiocyanate.

The increase in the local flexibility (HC 241—252 and 300—
306) of the Cy2 domain of mAb-B in the presence of
thiocyanate correlates with conformational destabilization of
the Cy2 domain (T,,1) and accelerated aggregation during
storage. Similar effects were observed in a separate study in our
laboratories where arginine hydrochloride also destabilized
mAb-B and increased the flexibility of the HC 241-252
segment in the Cy2 domain.”” At the same time, stabilizing
additives had no effect on these two regions within the Cy2
domain (NaCl and Na,SO, in this work and sucrose in our
companion study). These observations lead to the conclusion
that the flexibility of HC 241—252 and 300—306 regions in the
Cy2 domain is an important factor in maintaining the overall
physical stability of mAb-B. We also observed increases in
flexibility in the N-terminal region of the Cy3 domain (HC
379—398, peptide 83). All of these observations are consistent
with increases in the flexibility in the Cy2 and Cy3 domains of
other IgGl mAbs caused by glycan modifications*”** and
methionine oxidation.**** Whether these changes merely
correlate with a loss of stability or actually cause the
destabilization cannot be determined simply on the basis of
the H/D exchange measurements. However, several additional
pieces of evidence suggest that the Cy;2 domain plays a causal
role in aggregation. Agitation-induced aggregation of an F_
fragment was inhibited by the binding of protein A and protein
A-derived peptides.”® Because protein A binds to several
residues from the Cy2 and Cy3 domains of an IgG protein,
these results further support the idea that the Cy2 region is
important in mediating IgG aggregation. In a separate study, an
isolated Cy2 domain was stabilized by engineering an L242C/
K334C double mutant that introduced a stabilizing disulfide
bond.”” This disulfide bond presumably decreased the flexibility
of the HC 241-251 region. Hence our results, with an intact
IgG1 mADb, further highlight the importance of the HC 241—
251 segment of the Cy2 domain in the physical stability of
IgG1 mAbs.

On the other hand, both sulfate and thiocyanate increased
the local flexibility in small regions of both the F,, and Cy3
domains while chloride decreased flexibility in these same
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regions (see Figure 6). These changes in local flexibility in
mADb-B do not correlate with conformational stability or the
aggregation propensity of mAb-B. These results highlight once
again the complex interrelationships between protein flexibility
and stability** as well as the need for local measurements of
dynamics. Global measurements of dynamics of a mAb may be
less informative than local measurements because not all
increases in flexibility result in decreases in stability. Here, the
overall change in dynamics would depend on the balance of
effects between the relatively flexible F,, and Cy3 domains and
the comparatively rigid Cy2 domain (Figure 4).

Identification of backbone flexibility changes in specific
regions within an IgGl mAb that respond to changes in
solution conditions (e.g., the presence of various additives) and
correlation of these changes with conformational stability and
physical stability during long-term storage should provide
better mechanistic insight into stabilization and formulation
development of antibody-based drugs. H/D—MS measure-
ments could complement high-resolution theoretical ap-
proaches for predicting the stability of proteins based on
salt—protein interactions.*'® For example, the salt-induced
effects observed in this work were localized to short segments
of the mAb-B backbone. Hence, H/D—MS experiments could
be designed to screen specific regions of a mAb for the effects
of different additives to better predict their effects on physical
stability. It remains to be seen whether the correlations between
flexibility and stability persist across different subclasses (e.g.,
IgGl, IgG2, and IgG4) or different classes of mAbs (IgG, IgM,
and IgA). Finally, computational studies mapping electrostatic
potentials on the surface of the antibody at a specific pH and in
the presence of various salts may help to further explain the
molecular mechanism of anion-induced changes in local
flexibility observed in this study.'®"~'*?

B ASSOCIATED CONTENT

© Supporting Information

A statistical analysis of the reproducibility of our H/D—MS
measurements (text), the primary sequence coverage map for
137 peptides from mAb-B (Figure S1), the distribution of
replicates used in this study (Figure S2), a histogram showing
the reproducibility of H/D—MS results (Figure S3), the
distribution of standard deviations with respect to the number
of exchangeable hydrogens in peptides (Figure S4), deuterium
uptake curves for all segments from mAb-B in formulations
containing 0.5 M chloride, sulfate, and thiocyanate compared to
the control (0.1 M chloride) (Figure SS), plots of deuterium
uptake versus salt concentration for 43 selected peptides from
mAb-B (Figure S6), and the ordinal peptide numbers and their
locations in the mAb-B sequence (Table S1). This material is
available free of charge via the Internet at http://pubs.acs.org.
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