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ABSTRACT
High concentration biotherapeutic formulations are often required to deliver large doses of drugs to
achieve a desired degree of efficacy and less frequent dose. However, highly concentrated protein-
containing solutions may exhibit undesirable therapeutic properties, such as increased viscosity, aggre-
gation, and phase separation that can affect drug efficacy and raise safety issues. The characterization of
high concentration protein formulations is a critical yet challenging analytical task for therapeutic
development efforts, due to the lack of technologies capable of making accurate measurements
under such conditions. To address this issue, we developed a novel dilution-free hydrogen/deuterium
exchange (HDX) mass spectrometry (MS) method for the direct conformational analysis of high con-
centration biotherapeutics. Here, we particularly focused on studying phase separation phenomenon
that can occur at high protein concentrations. First, two aliquots of monoclonal antibodies (mAbs) were
dialyzed in either hydrogen- or deuterium-containing buffers at low salt and pH. Phases that separated
were then discretely sampled and subjected to dilution-free HDX-MS analysis through mixing the non-
deuterated and deuterated protein aliquots. Our HDX-MS results analyzed at a global protein level
reveal less deuterium incorporation for the protein-enriched phase compared to the protein-depleted
phase present in high concentration formulations. A peptide level analysis further confirmed these
observed differences, and a detailed statistical analysis provided direct information surrounding the
details of the conformational changes observed. Based on our HDX-MS results, we propose possible
structures for the self-associated mAbs present at high concentrations. Our new method can potentially
provide useful insights into the unusual behavior of therapeutic proteins in high concentration formula-
tions, aiding their development.
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Introduction

Over the past few decades, monoclonal antibodies (mAbs) have
grown significantly as treatment strategies for cancers and
chronic diseases.1,2 For certain clinical indications, frequent
high therapeutic doses (>1 mg/kg) are often required to achieve
a desired efficacy.3 Conventionally, such protein therapeutics
are delivered via intravenous (IV) administration in order to
take advantage of the improved bioavailability and the greater
control offered by the method during clinical development
compared with other approaches to drug administration.4

Despite the wide use of IV administration, large doses of bio-
pharmaceuticals can take a long time to be delivered IV and
often require frequent hospital visits, leading to substantial cost
increases for patients and health-care providers. Subcutaneous
(SC) injections can serve as an alternative drug administration
strategy, allowing for patient self-administration and reducing
overall costs, but very high therapeutic concentrations
(>100 mg/mL) may be required to deliver high doses.5

Despite the advantages associated with SC administration,
development of mAbs formulated at such high concentrations
presents many challenges in processing, manufacturing, storage,
and delivery, mainly owing to the non-ideal behaviors of highly

concentrated proteins, which are quite different from those
observed for dilute solutions. Unusual protein behaviors at
high concentrations often stem from protein self-association,
leading to undesired solution properties, such as increased solu-
tion viscosity, opalescent solution appearance, and liquid-liquid
phase separation.3,6-9 These unwanted properties can affect drug
efficacy and raise safety issues. Liquid–liquid phase separation
(LLPS) poses an especially challenging array of problems in the
context of biopharmaceutical development efforts.9-14 LLPS is
a thermodynamically driven process, during which
a homogeneous protein solution forms two distinct phases.
The less dense phase typically exhibits a lower protein concen-
tration, whereas the higher-density phase is protein-enriched.
LLPS is usually induced by antibody self-association at low
temperatures, resulting in protein concentrations for the two
phases that are dependent on both temperatures and buffer
conditions. LLPS represents a metastable state of the protein
solution and can be reversed upon changes in temperature or
formulation environment.Many studies have been carried out to
investigate the manner in which LLPS phase diagrams are
affected by buffer composition, pH, ionic strength, and various
excipients.10,11 Characterization of the two protein phases has
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been performed using various analytical and biophysical techni-
ques, such as size exclusion chromatography (SEC), ion
exchange chromatography (IEX), analytical ultracentrifugation
(AUC), dynamic light scattering (DLS), turbidity, and viscosity
tests.13 However, most of the abovementioned techniques can
only be performed on diluted solutions, and thus fail to capture
any concentration-dependent properties of the two phases.
Therefore, analytical techniques that require minimal sample
manipulation and dilution are needed to better understand the
structural consequences of LLPS or highly concentrated proteins
that are of relevance to biopharmaceutical development efforts.

Hydrogen/deuterium exchange-mass spectrometry (HDX-
MS) is a versatile tool for the assessment of protein conforma-
tions, dynamics, and interactions and is now increasingly
applied to mAb analysis.15-19 However, traditional HDX-MS
workflows are typically initiated through the exchange of labile
backbone amide hydrogens by diluting protein samples into
a D2O-containing buffer.

19 Thus, the use of HDX-MS has been
limited for analyzing protein samples at very high concentra-
tions. Recently, HDX-MS workflows designed for the analysis
of high concentration protein samples have been described.20,21

For example, a recently described HDX-MS methodology that
relies upon reconstituting lyophilized mAb powders in
a deuterated buffer was able to characterize mAb structures at
60 mg/mL.20 This approach identified protein–protein inter-
faces associated with a concentration-dependent reversible self-
association. While lyophilization combined with HDX-MS can
provide protein structure information in a dilution-free mode,
the workflow introduces a reconstitution step and is limited to
those buffers amenable to the lyophilization process. To over-
come these limitations, a dialysis-coupled HDX-MS strategy
was recently reported for mAb analysis, in which passive dia-
lysis microcassettes are used for HDX labeling.21 While this
approach successfully sampled high concentration (200 mg/
mL) IgG4 formulations for comparison with low concentration
(3 mg/mL) samples, the long timescales needed for dialysis
likely render many known modes of protein motion inacces-
sible to the technology.

Here, we describe a novel HDX-MS strategy for assessing
protein structures with no manipulation of sample concentra-
tion. We begin by preparing two mAb samples at the same
concentration: one dialyzed to hydrogen-containing buffer
and the other to deuterium-containing buffer under the
same conditions. HDX reactions are then initiated by mixing
the two protein fractions in a 1 to 1 ratio, followed by MS
analysis of either intact protein or peptide level. Since both H2

O and D2O fractions contain the same concentration of pro-
tein, no dilution occurs after mixing. Specifically, we applied
this HDX-MS approach toward the comparative characteriza-
tion of mAb samples in the case of LLPS. A humanized IgG4
monoclonal antibody (referred to as “Mab4”) was studied as
a model system. Our global HDX-MS data revealed less deu-
terium uptake for Mab4 in the high-density phase compared
to those in the low-density phase, suggesting the prevalence of
less dynamic protein conformations within the former phase.
A statistical analysis of our HDX-MS results acquired at the
peptide level identified mAb regions exhibiting significant
decreases in HDX for mAbs present in the high-density

phase. We conclude by proposing a molecular mechanism
that describes our phase-separated IgG4 samples.

Results

DSC and DLS measurements reveal
concentration-dependent mAb structures

As reported in the literature and observed in our buffer
screening experiments (see Supporting Information), LLPS
is a reversible process for high concentration mAb sam-
ples. When the temperature is higher than the critical
temperature (TC), the two phases merge and reform one
homogeneous phase.10 Similarly, if the highly concentrated
solution is diluted to a concentration lower than the con-
centration of upper phase, then phase separation will not
occur. Despite previous studies, many questions remain
surrounding the structures of phase-separated mAbs.
Specifically, these questions include those focused on
whether proteins possess any specific structural character-
istics that favor one phase over another, and if proteins
can adapt their conformations upon phase separation. In
addition, it is not clear if proteins are able to maintain
structural properties acquired during phase separation at
high concentration following sample dilution. In an effort
to answer some of these questions, we assembled an array
of biophysical tools to study Mab4 under LLPS conditions.

We performed differential scanning calorimetry (DSC) mea-
surements to characterize the thermal stability of phase-separated
Mab4. The Mab4 sample was prepared at a concentration of
50 mg/mL and separated into two clear phases while incubated
at 5ºC. Samples from the two phases were taken and diluted to
1 mg/mL prior to DSC measurements. As shown in Figure 1, the
two samples exhibit highly similar melt temperature profiles,
consisting of two major transitions taking place around 68.0ºC
and 77.8ºC. The nearly identical DSC profiles recorded for the two
Mab4 samples strongly indicate that the mAbs occupy similar
structures regardless of the phases in which they are present
during phase separation process or that any phase-dependent
structural changes are not retained following the sample dilution
step necessary for DSC. DLS measurements for diluted Mab4
samples produced results similar to our DSC experiments.
A diffusion interaction parameter (kD) can be empirically deter-
mined by measuring the diffusion coefficient (D) for mAbs as
a function of protein concentration based on DLS data. Within
the concentration range from 0.5 mg/mL to 3 mg/mL, extracted
kD values are −52.1 mL/g and −50.8 mL/g for Mab4 in the low-
and high-density phases, respectively. Negative kD values repre-
sent attractive intermolecular interactions, suggesting a tendency
for Mab4 to self-associate and aggregate independent of the
protein concentration.

An HDX-MS workflow for phase-separated mAb samples
at high concentration

In order to assess protein structures directly at high concentra-
tion, we designed an HDX-MS workflow that can be performed
in the absence of dilution. The experimental procedure in the
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case of LLPS is shown in Figure 2, and this approach can be
applied similarly to any studies that require direct conforma-
tional analysis of protein samples at high concentration.
Generally, the sample preparation begins with overnight dialy-
sis of protein into the target formulation. (Figure 2(a,b))
Dialysis is performed using a 10 kDa molecular weight cut-off
(MWCO) MINI dialysis device that can hold 2 mL maximum
sample volume, placed in a 50 mL conical tube containing the
dialysis buffer. The conical tube is gently shaken at ~200 rpm
to avoid agitation-induced aggregation. Dialysis buffer is chan-
ged twice during dialysis to reach full equilibrium. Two dialysis
buffers comprising the same chemical formulation are pre-
pared, of which one was in H2O solvent and the other in D2

O. Following the dialysis protocol described above, two frac-
tions of the protein samples are buffer exchanged into the H2

O buffer and the D2O buffer separately. Meanwhile, protein in
the D2O buffer undergoes HDX. The samples are incubated for
at least one week to ensure that the exchange reaches equili-
brium. (Figure 2(c,d)) Following sample preparation, HDX is
initiated by mixing H2O-buffered sample with that in the D2

O buffer using a 1:1 ratio. (Figure 2(e,f)) Because the D2

O buffer also contains protein, the overall protein concentra-
tion of the sample analyzed by MS can be maintained. Mixed
samples are then subjected to MS analysis at the intact protein
or peptide levels. (Figure 2(g))

One of the advantages of this workflow over previous
approaches is the ability to study the effect of LLPS and
other solution phase properties on protein structure at high
concentration. HDX-MS of Mab4 samples prepared at
a concentration of 50 mg/mL were dialyzed into the 10 mM
citrate buffer with 50 mM NaCl at pH 6. Once dialysis was
complete, Mab4 solutions were stored at 5ºC to bring about
phase separation. Following LLPS, protein concentration was
measured to be 28 mg/mL for the lower-density phase and

150 mg/mL for the higher-density phase. Previous reports
have demonstrated that the impact of increased solution visc-
osity on the rate of HDX is negligible.22-24 Thus, we assumed
that a direct comparison of HDX profiles could be performed
for Mab4 in the two liquid phases observed in our samples.

Comparative HDX-MS analysis of intact mAbs

Intact Mab4 masses were recorded for samples following
HDX to provide an overall picture of antibody structural
changes as a function of phase. For each mAb charge state,
two resolved peaks were detected at the first reaction time
point (100 s), with the lower mass species corresponding to
mAbs that were incubated in hydrogen-containing buffer,
with the higher mass species having fully exchanged in the
presence of D2O. As HDX labeling time is increased, fully
exchanged mAbs back-exchange with H2O, while unex-
changed mAbs undergo the forward HDX reaction, resulting
in the coalescence of the separated features recorded in initial
mass spectra. Deconvoluted masses were used in our data
analysis workflow to track the amount of HDX achieved
experimentally.

To capture our protein level HDX results, we plotted the
deuterium uptake level against HDX labeling time to generate
an “exchange-in” profile for Mab4 sampled from the lower-
and higher-density phases prepared in the H2O buffer (Figure 3
(a)). We observed that Mab4 sampled from the lower-density
phase within our samples exhibits larger mass shifts compared
to Mab4 taken from the higher-density phase across all labeling
time points, indicating increased flexibility and surface acces-
sibility for Mab4 molecules in the lower-density phase. We also
monitored HDX back-exchange or the “exchange-out” profile
for our data, focusing on samples prepared in the D2O buffer,
and observed a different trend (Figures 3(b) and S2 (b)).
Critically, the observed hydrogen uptake level is almost iden-
tical for mAbs sampled from the two phases, suggesting similar
protein conformations and dynamics regardless of protein
concentration (Figure 3(b)). The observation indicates that
substituting the readily exchangeable hydrogens with deuter-
ons as a starting point for our experiments may induce struc-
tural changes in the antibody. Our current HDX-MS workflow,
however, cannot unequivocally identify the underlying cause of
such structural effect of deuteration. Thus, we focused primar-
ily on Figure 3(a) when constructing our LLPS protein struc-
ture models below.

HDX-MS at the peptide level defines local conformational
differences in phase-separated mAbs

We probed local conformational differences in phase-
separated Mab4 samples using bottom-up HDX-MS. HDX
labeling was carried out over five time points: 30 s, 100 s,
1000 s, 2000s, and 10000 s. In total, we detected more than
100 peptides reproducibly during our bottom-up HDX-MS
analysis, producing a sequence coverage of 77.4% for the
Mab4 heavy chain and 100% for the Mab4 light chain.
Similar to our intact mass measurements, a bimodal distri-
bution of isotopic peaks was typically observed for all pep-
tides detected after the HDX reaction. However, not all

Figure 1. DSC thermograms of Mab4 from upper phase (orange) and lower
phase (blue). Mab4 samples from the low- and high-density phases were diluted
from 28 mg/mL and 150 mg/mL to 1 mg/mL, respectively. Protein denaturation
was induced by ramping temperature to 90°C at 1°C/min rate.
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deuterated species were well resolved, owing to the smaller
mass differences and relatively wider isotopic distributions
exhibited by small peptides upon deuteration in comparison
to protein data, where average mass data is collected. Such
bimodal distributions in m/z posed challenges in processing
our HDX data, which were largely overcome by using Mass
Spec Studio25 to produce an integrative data processing
workflow.

Figure 4 shows representative selection of 12 peptides,
covering all Mab4 domains, where deuterium uptake is
tracked as a function of labeling time. In general, most pep-
tides detected from the higher-density phase show lower
deuterium uptake levels compared to those extracted from
the lower-density phase. For some of these peptides,

deuteration differences observed between the two phases are
consistent across all labeling time points, whereas some pep-
tides display noticeable trends in their relative deuteration
levels. To evaluate the significance of the observed differences,
we used a statistical analysis module within Mass Spec Studio
to further analyze our peptide HDX-MS results, outputting
mass difference values across peptides and evaluating these
changes against the mean variation in our samples to assess
the statistical significance of the changes in deuterium incor-
poration detected. As shown in Figure 5, a global view of our
statistically processed data was achieved by plotting the mass
differences of all peptides and projecting gray dashed lines
that represent a two standard deviation threshold (±0.48 Da)
identified by our analysis as a minimal difference value to

Figure 2. Schematic of dilution-free HDX-MS workflow, taking phase separation sample as an example. The experiment starts with sample dialysis into the target
formulation in H2O (a) or D2O (b). Protein samples are then incubated at certain temperature allowing equilibration (c,d). Buffer exchanged protein samples are
subjected to MS analysis as control. Then, HDX reaction is initiated through mixing H2O sample with D2O sample at 1:1 ratio (e,f) and quenched at certain time
points, followed by MS analysis at intact protein or peptide level.
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assign significance to the detected change at the 95% confi-
dence interval. At labeling times of 30 s and 100 s, almost all
identified peptides exhibit decreased HDX in the high-density
phase, of which about 40% represent significant changes. We
also note an apparent decrease in differentiated exchange
patterns at longer labeling time points, likely due to false
negative peak identifications caused by increased mass overlap
due to large absolute levels of HDX. As such, these longer
time points are not considered in our detailed structural
analysis below.

In order to begin building a molecular model of mAb con-
formational changes that occur during LLPS based on our data,
we mapped the HDX-MS results onto a homology model of
Mab4 built from an IgG4 crystal structure. Figure 6 shows
significant HDX differences mapped on the homology model
at time points 30 s and 100 s. Peptide segments within Mab4
where we observed significantly decreased deuterium uptake in
the high-density phase are colored blue, gray-colored areas
represent peptide segments showing no significant differences
between the two phases, and green regions indicate those miss-
ing from our dataset. Though we did not achieve complete
sequence coverage for Mab4, the peptides identified in HDX-
MS experiments comprehensively cover all Mab4 domains, giv-
ing us a detailed view on LLPS-associated structural changes. In
general, we observe peptides that exhibit significant changes in
deuterium uptake across all regions of the antibody, withmost of
the detected shifts in protein flexibility and/or accessibility pre-
sent in the antigen-binding fragment (Fab) and in the Fc region
proximal to the site of N-linked glycosylation.

Discussion

Understanding the behavior of therapeutic proteins within
high concentrations is of interest due to the growing demand
for such high concentration formulations as treatment options.
However, a lack of dilution-free analytical techniques poses
many challenges in characterizing concentration-dependent
protein properties. LLPS is of particular concern during the
discovery and development of therapeutic proteins. Based on
our initial LLPS screening experiments, phase separation was

observed for an IgG4 prepared at specific ionic strength, pH
and at low temperature, where a less dense phase containing
lower concentration protein and a higher-density phase con-
sisting of concentrated protein were formed. Biophysical pro-
files recorded at low concentration were highly similar for
Mab4 samples taken from the two separated phases, suggesting
that any differential structural properties in LLPS might not be
preserved during sample dilution. In contrast, using our new
HDX-MS workflow, we were able to carry out the deuterium
labeling reaction directly at high protein concentration by
mixing the protein sample with D2O buffer containing the
identical protein.

We observed lower deuterium uptake level for Mab4
sampled from the high-density phase versus Mab4 from the
low-density phase, at both the intact protein and peptide
levels. The HDX results suggest that mAb structural changes
occur during LLPS, involving multiple regions in the mAb as
shown in the homology model. Although the HDX-MS
experiments cannot unambiguously map sites on the protein
associated with altered structure or protein–protein contacts,
our results clearly indicate that mAb conformation and
dynamics are perturbed at the local level by LLPS and asso-
ciated shifts in protein concentration. One possible explana-
tion for these observations is the formation of antibody
clusters in the condensed, high-density phase involving spe-
cific points on the mAb surface. The overall decrease in the
deuterium uptake for molecules in the higher-density phase
may also be influenced by molecular crowding, which may act
to rigidify the domain movements. Significant deuteration
differences observed in the Fab region can be rationalized by
a combination of crowding effects and the formation of mAb
oligomers with protein–protein interfaces associated with the
Fab and Fc regions of Mab4.

In summary, we developed a novel dilution-free HDX-MS
strategy and demonstrated the application of this method for
a comparative conformational analysis of mAbs in a phase-
separated sample. In the HDX-MS monitored at the intact
protein level, measured masses of deuterated Mab4 sampled
from the high-density phase was constantly lower than Mab4
extracted from the low-density phase, suggestingmAb structural

Figure 3. HDX exchange profiles measured by intact MS analysis. Error bars represent standard deviation from three individual experiments. (a) Mass increase is
observed for the samples prepared in H2O buffer. Mab4 in the upper phase (28 mg/mL) exhibit higher deuterium incorporation level than lower phase (150 mg/mL).
(b) Mass decrease is observed for the sample prepared in D2O buffer as the deuterated Mab4 exchange with H2O. The deuterated proteins from the two phases have
almost identical deuterium/hydrogen exchange rate.
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changes induced by phase separation. A more comprehensive
HDX-MS analysis at the peptide level provided localized struc-
tural information. Our results were mapped on a homology
model, highlighting the Fab and Fc regions that are likely
involved in either local conformation changes or protein–pro-
tein association events at high concentrations. Although specific
interaction sites were not explicitly mapped, this HDX-MS
method can be used to directly measure the structural impact
of high protein concentration. Ongoing efforts in experimental
method development and data processing will continue to build
and refine HDX-MS approaches into validatedmethods that can

be combined with orthogonal biophysical tools to increase our
understanding of protein structures over an ever-wider array of
therapeutically relevant conditions.

Materials and methods

Materials

A humanized IgG4 monoclonal antibody (referred to as
“Mab4”) was expressed, purified and formulated at Eli Lilly
and Company. Deuterium oxide (99.9% atom D) was

Figure 4. Deuterium uptake plots for 12 representative peptides in the upper phase (orange, 28 mg/mL) and lower phase (green, 150 mg/mL), covering all domains
of Mab4. Error bars represent standard deviation values from three individual experiments.
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purchased from Sigma-Aldrich. Tris (2-carboxyethyl) phos-
phine hydrochloride (TCEP·HCl), 8 M guanidine-HCl
Solution, formic acid (FA), trifluoroacetic acid (TFA) and
Slide-A-Lyzer™ MINI dialysis device (10K MWCO, 2 mL)

were purchased from ThermoFisher Scientific. All other che-
micals were purchased from Fisher Scientific.

Buffer screening experiments

Ten millimolar citrate buffers at pH 5.5, 6, and 6.5 were
prepared by dissolving citrate acid solid and monosodium
citrate solid at specific ratios. Sodium chloride solid was
weighed and dissolved in the citrate buffer to keep the ionic
strengths. Buffer pH was measured and adjusted using
a calibrated pH meter at room temperature. Mab4 was buffer
exchanged through overnight dialysis using the 10K MWCO
dialysis device. After protein dialysis, Mab4 samples were
stored at 5ºC at least overnight to allow phase separation.
After phase separation, the concentrations of Mab4 in the
two phases were measured with UV-Vis at 280 nm. The
results were discussed in the Supporting Information and
were used to determine the buffer condition for the following
phase separation study.

Phase separation sample preparation for HDX-MS

Ten millimolar citrate buffer with 50 mM NaCl at pH 6 was
chosen for phase separation study. Two buffers were prepared
for HDX-MS, using water or deuterium oxide as a solvent.
The pH of the buffers were direct readouts from the pH meter
without any correction for the isotope effect. Two fractions of
Mab4 samples at the concentration of 50 mg/mL were pre-
pared. One Mab4 fraction was dialyzed into the buffer pre-
pared in water and another fraction was dialyzed into the
buffer prepared in D2O. Mab4 samples were then incubated
at 5ºC for one week, allowing phase separation. Longer incu-
bation time also permits the hydrogen-deuterium exchange to
reach equilibrium for Mab4 prepared in D2O buffer. The
concentrations of the upper and lower phases were measured
to be 28 mg/mL and 150 mg/mL, respectively, by UV-Vis at
280 nm.

Biophysical assays – differential scanning calorimetry
and dynamic light scattering

Protein samples were taken from the two separated phases
and diluted to 1 mg/mL using the same buffer. DSC measure-
ments were performed on a MicroCal DSC instrument
(Malvern Panalytical technologies). Temperature was ramped
from 25ºC to 90ºC at 1ºC/min rate. The buffer-buffer baseline
was measured before running the protein sample. The base-
line subtracted thermograms were plotted. The onset tem-
perature and max temperature for unfolding transition were
obtained from the DSC data.

DLS measurements were performed on four protein con-
centrations: 0.5 mg/ml, 1 mg/ml, 2 mg/ml, and 3 mg/ml.
Protein samples were taken from the two separated phases
and diluted to the target concentrations. The interactions
parameter (kD) value was then determined by a linear fit of
the measured (mutual) diffusion coefficients (Dm) as
a function of concentration.

Figure 5. Relative mass differences in deuterium uptake at four time points for
all peptides identified of Mab4 in the diluted phase versus in the concentrated
phase. Dashed line represents the 2x standard deviation value as the cutoff limit
for statistical significance.
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Global hydrogen-deuterium mass spectrometry

For proteins in the upper phase with the concentration of
28 mg/mL, 10 µL of sample in water buffer was taken and
mixed with 10 µL of sample in D2O buffer. The mixture was
incubated in the LC autosampler at ~5ºC. LC-MS sequence
was set up to inject the sample at 100 s, 460 s, 7300 s, 1000 s,
10000 s, 20080 s, and 29980 s. The HDX reaction was
quenched once the protein sample was loaded into the LC
sample loop and mixed with acidified mobile phase. The
protein sample was desalted and eluted on a reverse phase
column (Agilent PLRS 1 × 50 mm, 1000 Å, 5 µm), using
mobile phase composed of 0.05% TFA in H2O and 0.04%
TFA in acetonitrile. The LC column was kept in an ice bath
to minimize back exchange. Following on-line LC separation,
MS analysis was performed on a Water Synapt G2-Si Q-Tof
mass spectrometer. For protein sample in the lower phase
with the concentration of 150 mg/mL, global HDX-MS ana-
lysis was performed following the same protocol as above.

Bottom-up hydrogen-deuterium exchange mass
spectrometry

A quench buffer containing 0.45 M TCEP, 3.6 M GdnHCl and
0.18 M phosphate at pH 2.3 was prepared and equilibrated at
~0ºC. For analysis of Mab4 in the upper phase, 2 µL of
protein sample in H2O buffer was mixed with 2 µL of the
sample in D2O buffer and incubated at 5ºC for five labeling
time points: 30 s, 100 s, 1000 s, 2000s, and 10000 s. At each
time point, the exchange reaction was quenched by quickly
adding 60 µL of quench buffer at 0ºC, followed by the dilution
with 60 µL of 0.1% FA, pH 2.5. The total time for quench and
dilution was carefully controlled at 1 min. The labeled and
quenched sample was then subject to protease digestion by
incubating with 8 µL of 10 mg/mL pepsin at 0ºC for 3.5 min.
For analysis of proteins in the concentrated phase, the
exchange reaction was carried out and quenched in the
same fashion, except that 28 µL of 10 mg/mL pepsin were
used to produce more effective digestion due to the higher
protein concentration. Consequently, the volume of 0.1%
formic acid added to the higher-density phase sample was

lowered to 40 µL, in order to keep the sample dilution levels
consistent with the sample from the low-density phase.

The digested sample was immediately analyzed by LC-MS.
Peptides were separated on a C18 column (Waters ACQUITY
UPLC CSH C18, 1.7 µm, 2.1 × 50 mm). To minimize back
exchange, the LC column was kept in an ice bath. Mobile
phase was comprised of H2O and acetonitrile, both containing
0.1% FA. An acetonitrile gradient from 10% to 50% was used
to elute the peptides. The eluents were directly analyzed by
a Thermo Scientific Orbitrap Fusion Lumos Tribrid™ Mass
Spectrometer operating in positive mode.

HDX-MS data analysis

Masslynx (Waters Corp.) was used to process global HDX-MS
data. The zero-charge mass spectrumwas generated by perform-
ing the MaxEnt deconvolution. The global HDX-MS kinetic plot
was created by plotting the measured intact mass of the deuter-
ium-labeled mAb against the reaction time. For peptide level
HDX-MS data, MS/MS data collected for the control sample was
processed using Proteome Discoverer (Thermo Scientific) to
generate a reference peptide list. The HDX-MS data were then
analyzed using Mass Spec Studio.25 Briefly, both a master pep-
tide list and the raw MS data were input into the software to
produce initial peptide identifications. Peptides identified based
on both their monoisotopic mass and retention time were then
manually validated. Though Mass Spec Studio cannot directly
deconvolute the bimodal distributions detected for our deuter-
ated peptide signals, it is capable of estimating the deuterium
content by fitting a subset of isotopic peaks to an isotope expan-
sion model. Statistical analysis was performed to calculate the
averaged standard deviation of deuterium uptake across all pep-
tide replicates. In addition to the 2x standard deviation criteria,
a two-tailed Student’s t-test was performed using pooled stan-
dard deviation to calculate the p-values from the replicate data
on a per-peptide basis. A homologymodel was built based on the
crystal structure of IgG4 (PDB: 5DK3) using PyMod 2.0 within
Pymol.26,27 Statistical analysis of the HDX-MS was performed
using the statistical analysis module in Mass Spec Studio and the
results were visualized using our homology model.

Figure 6. HDX-MS results mapped on a homology model, at (a) 30 s and (b) 100 s labeling time points. Regions where significant decreased deuterium uptake
observed in the condensed phase are colored blue and regions showing no significant differences are colored gray. Green represents no HDX-MS data available for
HC197-230 (CH1/hinge), HC272-302 (glycopeptides), and HC439-442 (C-terminus).
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Abbreviations

AUC Analytical ultracentrifugation
DLS Dynamic light scattering
Dm Mutual diffusion coefficient
DSC Differential scanning calorimetry
FA Formic acid
Fab Fragment antigen-binding
Fc Fragment crystallizable
HDX-MS Hydrogen/deuterium exchange mass spectrometry
IEX Ion exchange chromatography
IV Intravenous
kD Diffusion interaction parameter
LC-MS Liquid chromatography mass spectrometry
LLPS Liquid-liquid phase separation
mAb Monoclonal antibody
MWCO Molecular weight cut-off
SC Subcutaneous
SEC Size exclusion chromatography
Tc Critical temperature
TFA Trifluoroacetic acid
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