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ABSTRACT: Bispecific antibodies (bsAbs) represent a critically important class of emerging therapeutics capable of targeting
two different antigens simultaneously. As such, bsAbs have been developed as effective treatment agents for diseases that
remain challenging for conventional monoclonal antibody (mAb) therapeutics to access. Despite these advantages, bsAbs are
intricate molecules, requiring both the appropriate engineering and pairing of heavy and light chains derived from separate
parent mAbs. Current analytical tools for tracking the bsAb construction process have demonstrated a limited ability to ro-
bustly probe the higher order structure (HOS) of bsAbs. Native ion mobility-mass spectrometry (IM-MS) and collision induced
unfolding (CIU) have proven to be useful tools in probing the HOS of mAb therapeutics. In this report, we describe a series of
detailed and quantitative IM-MS and CIU datasets that reveal HOS details associated with a knob-into-hole (KiH) bsAb model
system and its corresponding parent mAbs. We find that quantitative analysis of CIU data indicates that global KiH bsAb sta-
bility occupies an intermediate space between the stabilities recorded for its parent mAbs. Furthermore, our CIU data iden-
tifies the hole-containing half of the KiH bsAb construct to be least stable, thus driving much of the overall stability of the KiH
bsAb. An analysis of both intact bsAb and enzymatic fragments allows us to associate the first and second CIU transitions
observed for the intact KiH bsAb to the unfolding Fab and Fc domains, respectively. This result is likely general for CIU data
collected for low charge state mAb ions and is supported by data acquired for deglycosylated KiH bsAb and mAb constructs,
each of which indicate greater destabilization of the second CIU transition observed in our data. When integrated, our CIU
analysis allows us to link changes in the first CIU transition primarily to the Fab region of the hole-containing halfmer, while
the second CIU transition is likely strongly connected to the Fc region of the knob-containing halfmer. Taken together, our
results provide an unprecedented roadmap for evaluating the domain-level stabilities and HOS of both KiH bsAb and mAb

constructs using CIU.

Introduction

Bispecific antibodies (bsAbs) have become promising
therapeutic modalities since they merge the specificities of
two different monoclonal antibodies (mAbs). This unique
quality of bsAbs not only permits the targeting of two dis-
tinct epitopes or antigens simultaneously, but it also paves
the way for innovative functionalities that are unattainable
with conventional mAb-based therapeutics. Examples of
such treatment strategies include the redirection and acti-
vation of immune effector cell cytotoxic activity to specifi-
cally eradicate tumor cells,!-3 the selective inhibition of en-
zymes across the blood brain barrier responsible for amy-
loid-B (AB) peptide production,*> and the dual targeting and
neutralization of two independent growth factors associ-
ated with neovascular eye diseases.®” These therapeutic ca-
pabilities have led to the market approval of two bsAbs by
the US Food and Drug Administration, while well over 100
bsAbs are currently in clinical development.®

Advancements in antibody engineering and develop-
ment have cultivated many different commercialized tech-
nology platforms within pharmaceutical and biotechnology

companies for novel bsAb construction.® These technolo-
gies have led to the generation of primarily two different ar-
chitectural classes of bsAbs: 1) fragment-based formats that
join various antigen-binding moieties into one entity with-
out a fragment crystallizable (Fc) region and 2) immuno-
globulin G (IgG)-like molecules containing two different
fragment antigen-binding (Fab) regions connected by an Fc
domain. In most cases, the latter ‘IgG format’ for bsAbs ex-
hibits greater solubility, stability, and plasma half-life when
compared to other constructs due to its large size and re-
sistance to catabolism by the neonatal Fc receptor, FcRn.10
However, the production of bsAbs using this format is chal-
lenging since dual specificity is dependent on the co-expres-
sion of variable domains from two separate light chains and
two separate heavy chains. Therefore, one of the major chal-
lenges is the chain association issue, where different chain
combinations can theoretically result in 10 different anti-
bodies of which only one matches the target functional
bsAb.211

Protein engineering approaches, such as the “knobs-
into-holes” (KiH) concept, have been developed to address



the bsAb chain association problem and enforce the proper
heterodimerization of engineered heavy chains. This design
strategy involves the mutation of amino acid residues at the
interface between Cu3 domains of each heavy chain, where
targeted residues are replaced with bulkier amino acids in
the “knob” variant and smaller amino acids in the “hole” var-
iant.’2 However, the characterization of bsAb therapeutics
extends beyond their proper assembly. Antibody therapeu-
tics are large (~150 kDa), exhibiting significantly more
structural complexity and heterogeneity than conventional
small molecule drugs. Additionally, changes in higher order
structure (HOS) caused by KiH engineering, post-transla-
tional modifications, or degradation can result in the inhibi-
tion of molecular binding, an increased potential for immu-
nogenicity, and a higher rate of aggregation.!3-16 Therefore,
a thorough characterization of KiH bsAb HOS is crucial not
only to define bsAb structure-function relationships but
also to ensure stability, efficacy, and safety of the final ther-
apeutic.17.18

A comprehensive range of biophysical techniques have
been well-established for the characterization of mAb ther-
apeutic HOS and stability. Tools such as circular dichroism
(CD),? differential scanning calorimetry (DSC),2° and size
exclusion chromatography (SEC)?! offer a global perspec-
tive on mAb stability and conformation, but they lack the
resolution needed to distinguish subtle conformational
changes. By contrast, techniques such as nuclear magnetic
resonance (NMR) spectroscopy,?? X-ray crystallography,?3
and cryogenic electron microscopy (cryo-EM)?* provide
atomically resolved structural information, but they typi-
cally require extensive sample preparation, large quantities
of homogenous sample, lengthy data acquisition times, and
complex data interpretation.25 Currently, no full-length IgG-
like bsAb crystal structures are publicly available, and only
bsAb fragment structures have been reported.2627

Recently, native ion mobility-mass spectrometry (IM-
MS) has emerged as a useful structural biology tool capable
of probing the HOS of mAb therapeutics from a few mi-
crograms of sample in the presence of structural heteroge-
neity and impurities. IM separates gas-phase protein ions
based on their charge and rotationally averaged collision
cross sections (CCSs) on the millisecond timescale.?® When
coupled with MS, two ions of the same mass-to-charge ratio
but different CCSs can be readily distinguished. IM-MS
measurements have been shown to monitor the dynamics
of bsAb formation resulting from Fab-arm exchange
(FAE),> resolve disulfide structural isoforms of IgG2
mAbs,30 and assess antibody-drug conjugate (ADC) struc-
tural heterogeneity.3! Moreover, collision induced unfold-
ing (CIU) has enabled IM-MS to synchronously provide both
protein structure and conformational stability infor-
mation.3? In CIU experiments, protein ions are collisionally-
heated prior to IM separation to elicit protein unfolding in
the gas-phase. CIU has discriminated differences based on
disulfide patterns,3? glycosylation levels,3435 domain ex-
changing properties,?® and drug conjugation.3738 CIU has
also probed a bsAb formed via FAE of wt-IgG4s, highlighting
that such bsAb can retain structural information from both
its parent mAbs.3° Despite past progress, quantitative CIU
has yet to be deployed in the HOS evaluation of engineered
KiH bsAb modalities, and the individual contributions of
parent mAbs to bsAb HOS remain unclear.

In this report, we describe the first application of quan-
titative CIU to real-world, engineered bsAbs. Specifically, we
extend the capabilities of native IM-MS and CIU to robustly
characterize the HOS of a model KiH bsAb and its parent
‘knob’ and ‘hole’ homodimer mAbs. We define biophysical
connections between these constructs by quantifying the
global differences observed between CIU fingerprints and
comparing their stabilities. We further convert the bsAb and
its parent mAbs into fragments of various types to evaluate
their domain-level stabilities. By comparing the stabilities
of isolated domains, we can localize contributions from each
parent mAb in our KiH bsAb CIU transitions, where we dis-
cover evidence of Fab domains unfolding in lower-energy
CIU transitions. After enzymatically removing N-linked gly-
cans from the Fc regions of our constructs, we find evidence
of destabilization occurring primarily in higher-energy CIU
transitions, permitting us to pinpoint the unfolding of the Fc
region in our CIU fingerprints. We conclude by discussing
the potential impact of native IM-MS and CIU workflows on
the HOS characterization of KiH bsAbs.

Experimental Section

Sample Preparation. KiH bsAb heterodimer (10
mg/mL) and ‘knob’ and ‘hole’ homodimer mAbs (2 mg/mL)
were produced, purified, and formulated in their respective
formulation buffer at Bristol Myers Squibb (New Bruns-
wick, NJ). Here, we define ‘homodimer’ as intact mAb con-
taining either ‘knob’ or ‘hole’ mutations, ‘halfmer’ as the
half-molecule of ‘knob’ and ‘hole’ homodimer mAbs, and
‘heterodimer’ as intact KiH bsAb formed from the dimeriza-
tion of ‘knob’ and ‘hole’ halfmers. All antibodies studied
here were of the IgG isotype and IgG2 subclass, where one
disulfide bond in the hinge region was mutated out. Glyc-
erol-free PNGase F (500,000 units/mL) was purchased
from New England Biolabs (Ipswich, MA). Papain from pa-
paya latex was supplied as a buffered aqueous suspension
and acquired from Sigma Aldrich (St. Louis, MO).

All native, unmodified samples were buffer exchanged
into 200 mM ammonium acetate (pH 6.8 - 7.0) using Micro
Bio-Spin P-6 columns (Bio-Rad, Hercules, CA) and diluted to
working concentrations of 1 mg/mL (~6.7 uM) of intact ho-
modimer or heterodimer. Removal of N-glycans from anti-
body constructs was achieved using PNGase F under non-
denaturing conditions overnight per the vendor’s recom-
mended protocol. A control without PNGase F was incu-
bated concurrently. For the papain digestion of the KiH
bsAb, papain was first activated with 5 mM cysteine for 30
min at 37°C. Excess cysteine was then removed by buffer ex-
changing the activated papain into digestion buffer (200
mM ammonium acetate, 5 mM EDTA, pH 6.8 - 7.0) using Mi-
cro Bio-Spin P-6 columns. KiH bsAb (1 mg/mL) sample was
buffer exchanged into digestion buffer followed by the ad-
dition of activated papain to achieve a 1:100 (papain:bsAb)
ratio. The digest was then incubated for 2 hr at 37°C to
cleave the KiH bsAb above the hinge region and generate in-
tact Fab and Fc fragments. A control without papain was
also incubated to track potential disulfide bond reduction
caused by any residual cysteine in the digestion buffer. Lit-
tle to no disulfide bond reduction was observed. All degly-
cosylated and papain-digested samples were quenched on
ice and immediately buffer exchanged into 200 mM ammo-
nium acetate (pH 6.8 - 7.0) using Bio-Spin P-6 columns.
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Figure 1. CIU experiments of native, unmodified knob (blue) and hole (orange) homodimers and KiH bsAb heterodimer (green).
(A) Averaged CIU fingerprints (n = 3) for the 24+ charge state (left) with corresponding replicate RMSD baselines (right). All
fingerprints show three main features indicated by the dashed white boxes. Normalized TWCCSnz distributions at (B) 5V, (C) 65
V, (D) 110 V. At lower activation potentials, all antibodies adopt similar CCS distributions, which significantly diverge at higher
acceleration potentials. (E) Pairwise RMSD analysis reveals global HOS differences among antibodies compared to replicate
RMSD baselines (dashed lines). (F) CIUso analysis illustrates how the model KiH bsAb adopts a stability between those of knob

and hole homodimers.

Native MS Analysis. High resolution native MS experi-
ments were performed on a standard commercial Q Exac-
tive Orbitrap MS with Ultra High Mass Range (UHMR) plat-
form (Thermo Scientific, San Jose, CA). Samples were fur-
ther diluted to ~2 uM before analysis. Sample (~3 pL) was
transferred to a gold-coated borosilicate capillary needle
(prepared in house), and ions were generated via direct in-
fusion using a commercial Thermo Fisher Nanospray Flex
Ion Source (ES071) with a static nanospray ionization (NSI)
probe operated in positive ion mode. Capillary voltages
were held at 1.1 - 1.2 kV, and the inlet capillary was heated
to 275°C. Nitrogen was used as the collision gas, and the
trapping pressure was set to 3. Low m/z detector optimiza-
tion and high m/z transfer optics were used to optimize the
transmission of mAb homodimer and KiH bsAb heterodi-
mer ions. In-source trapping was enabled with the desolva-
tion voltage fixed at -50 V for improved ion transmission
and efficient salt adduct removal. Transient times were set
at 128 ms (resolution of 25,000 at m/z 400). Mass spectra
were then processed and deconvoluted using UniDec soft-
ware.*0

Native IM-MS and CIU. IM-MS and CIU experiments
were performed using a quadrupole-ion mobility-time-of-
flight mass spectrometer (Q-IM-ToF-MS) instrument (Syn-
apt G2 HDMS, Waters, Milford, MA). Sample (~3 pL) was
transferred to a gold-coated borosilicate capillary needle,
and ions were generated by direct infusion utilizing a nano-
electrospray ionization (nESI) source set to the positive
mode. The nESI capillary was operated at voltages of 1.1 -
1.5 kV. For intact and halfmer species, the sampling cone
was operated at 40 V, while for Fab and Fc fragments, it was

operated at 20 V to prevent in-source activation. The back-
ing pressure was set to ~7.3 to 7.5 mbar. The helium cell
flow rate was operated at 200 mL/min and pressurized to
1.4 x 10-3 mbar. The trap travelling wave ion guide was
pressurized to 4.9 x 10-2 mbar of argon gas. The travelling-
wave IM separator was operated at a pressure of ~3.4 mbar,
and IM separation was achieved with a travelling wave
height and velocity of 40 V and 600 m/s, respectively. The
ToF-MS was operated over an m/z range of 1000 - 12,000
at a pressure of 2.3 x 10-%. [ons were subjected to collisions
in the travelling-wave ion trap prior to IM separation to per-
form CIU. For intact KiH bsAb, knob, and hole constructs,
tandem-MS was utilized to select charge state 24*. For ions
corresponding to halfmer, charge state 16* was selected.
The collisional voltages were then ramped from 5 V to 200V
in 5 V intervals to construct each CIU fingerprint. For Fab
and Fc fragment measurements, charge state 13* was se-
lected, and collision voltages were ramped from 5 V to 140
Vin 5 Vincrements since collisional activation above 140 V
resulted in fragmentation. Polyalanine ions, bovine serum
albumin, and glutamate dehydrogenase were used as CCS
calibrants. All data collection was performed in triplicate.
IM and MS data were viewed using DriftScope and Mass-
lynx V4.1 software, respectively (Waters, Milford, MA).
Mass spectra were deconvoluted using UniDec software.4?
Drift times were extracted at each collision voltage using
TWIMExtract (v1.5).#1 TWCCSnz calculations were performed
using IMSCal software.*? Extracted drift time data were then
analyzed using a home-built software package, CIUSuite 2
(v2.2).#3 CIU fingerprints were 2-D smoothed with a Sa-
vitzky-Golay function with a smoothing window of 5 and 2
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Figure 2. CIU data recorded for knob and hole halfmers.

(A) Averaged CIU fingerprints (n = 3) for 16+ charge

states. (B) Pairwise RMSD analyses reveal significant dif-

ferences between halfmer HOSs. (C) CIUso analysis shows

significant differences (**** p < 0.0001) in protein stabil-

ities.
smoothing iterations. The collision voltage axis was inter-
polated with an axis scaling factor of 2 for intact constructs
and 4 for halfmers and Fab and Fc fragments. Standard fea-
ture detection was performed using a minimum feature
length of 3 steps, an allowed width of 0.75 drift time axis
units, and a maximum CV gap length of 0. CIUso values were
then assigned using max centroiding mode with a transition
region padding of 15 CV and a maximum CV gap length of 0.
CIUso represents the collision voltage at which 50% of a
more compact state of the antibody transitions to a more
unfolded state, and it defines the midpoint between adja-
cent features. Root-mean-square-deviation analysis
(RMSD) analysis was performed using the compare function
in CIUSuite 2. All CIU fingerprints shown are the average of
three replicates.

Results and Discussion
Native IM-MS and CIU of knob and hole homodimers

and KiH bsAb heterodimer. The native IM-MS spectra of
knob, hole, and KiH bsAb samples reveal various ion popu-
lations corresponding to intact homodimer and heterodi-
mer, as well as low and high molecular weight species (Fig-
ure S1A). Knob and hole spectra show high abundances of
halfmers, highlighting that KiH mutations (knob: T366W,
hole: T366S, L368A, Y407V) impede efficient halfmer di-
merization into homodimer. Size-exclusion chromatog-
raphy with multi-angle light scattering (SEC-MALS) data
showed mass fractions of ~56% and ~43% for homodimers
and halfmers, respectively (Figure S2). Differences in half-
mer abundances in our native IM-MS data are likely the re-
sult of ionization efficiency differences between the two ion
classes tracked in these experiments. IM-MS data for the
KiH bsAb, on the other hand, shows very minimal halfmer
populations, revealing the effective association of knob and
hole halfmers into heterodimer. All intact antibodies pre-
sent narrow charge state distributions (21* to 26+), indicat-
ing the preservation of native-like structural information in
the gas-phase compared to denatured species.*4-*¢ Moreo-
ver, all glycosylation sites are conserved for each antibody,
and averaged deconvoluted masses include all glycoforms
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Figure 3. CIU data recorded for Fab and Fc fragments.
(A) Averaged CIU fingerprints (n = 3) for 13+ charge
states. (B) Pairwise RMSD analysis reveals significant
differences between knob and hole Fab fragments. (C)
CIUso analysis indicates significant differences (** p <
0.01, **** p < 0.0001) in fragment stabilities.

such as those commonly found in standard mAbs (Figure
S1B).

To further probe the HOS of knob and hole homodimers
and KiH bsAb heterodimer, we performed CIU on a range of
charge states (22* to 24+). Previous studies have indicated
thation charge state influences the number of transitions in
its CIU fingerprint, where lower charge states produce CIU
data that correlates with the number of protein domains#7:48
As expected, the lowest charge state, 22+, requires higher
acceleration voltages to unfold, giving rise to fewer CIU in-
termediates when compared to more highly-charged ions
(Figure S3). We observe three main CIU features for 23*and
24+ KiH bsAb ions, where the intensity of the most unfolded
feature detected at higher collision voltages is most promi-
nent in the latter charge state. For our analyses described
below, we chose to focus on 24+ jons due to their large rela-
tive intensities and more prominent third CIU features.
Globally, our analysis reveals both similarities and differ-
ences across the parent homodimer mAbs and the KiH bsAb
studied here (Figure 1). Notably, all antibodies undergo a
similar number of CIU transitions. Technical replicates pro-
duce baseline RMSDs of < 6%, which indicate consistent, re-
producible CIU data for all samples (Figure 1A). To better
quantify differences among our intact constructs, we first
utilized the classification workflow within CIUSuite 2 to se-
lect collision voltages that exhibit the greatest differences in
arrival time distributions (ATDs) between CIU finger-
prints.*34% Conversion of IM drift times to "WCCSnz values re-
veal broad CCS ensembles that are essentially indistinguish-
able by IM-MS alone at 5 V (Figure 1B). However, CCS data
captured at collision voltages of 65 V (Figure 1C) and 110 V
(Figure 1D), reveal significantly different distributions of
TWCCSnz. At these higher collision voltages, we observe that
the KiH bsAb occupies an intermediate space of T™WCCSn:



values between those of knob and hole homodimer mAbs,
which agrees with previous CIU findings of a bsAb formed
via FAE.?° Interestingly, the TWCCSn: distributions recorded
for the KiH bsAb at 65 V are similar to those produced by
knob homodimer CIU data. At 110 V, however, KiH bsAb CIU
data switches to produce T"WCCSn:z distributions like those of
hole homodimer CIU data. These observations provide early
evidence suggesting bsAb stability is discreetly connected
to both parent homodimer mAbs for the KiH model studied
here.

To build upon these observations, we performed pair-
wise RMSD analyses between CIU data recorded for all an-
tibodies in order to probe global conformational differences
(Figure 1E). A comparison of knob and hole homodimers
yields an RMSD of 16.45 + 0.19%, indicating significant dif-
ferences in global homodimer mAb HOS. When CIU data col-
lected for knob and hole homodimers are compared to KiH
bsAb data, however, we observe decreased RMSD values.
Specifically, a comparison between knob homodimer and
the KiH bsAb CIU fingerprints produces an RMSD of 12.25 #
0.48%, while a comparison between hole homodimer and
the KiH bsAb produces an RMSD of 7.98 + 0.96% (Figure
S4). These comparisons reveal that the KiH bsAb CIU data,
and by extension bsAb global stability, most closely resem-
bles that of the hole homodimer for the model system stud-
ied here. Next, we shifted our focus to evaluating differences
in CIUso based stability values between knob, hole, and KiH
bsAb. CIUsp analyses of knob, hole, and KiH bsAb constructs
indicate that KiH bsAb stability can indeed be characterized
as intermediate between its parent homodimers if initial
protein unfolding is used as the primary method of evaluat-
ing protein stability. Specifically, CIUso-1 values, which cor-
respond to the first CIU transition recorded in our finger-
prints, indicate that the hole homodimer (61.36 + 0.42 V) is
less stable than both the knob homodimer (64.88 + 0.23 V)
and the KiH bsAb (64.16 + 0.62 V) (Figure 1F). Conversely,
CIUso-2 values, which are linked to the second, higher-en-
ergy CIU transition detected in our experiments, reveal that
the knob homodimer (106.38 * 1.52 V) unfolds at collision
voltages lower than those of both the hole homodimer
(123.57 £ 0.02 V) and the KiH bsAb (118.67 + 0.07 V). Our
data indicates that the KiH bsAb studied here exhibits CIU-
based composite stabilities of 51.4% knob and 48.6% hole
for CIUso-1 and 46.3% knob and 53.7% hole for CIUso-2. We
quantified these stability contributions by summing each
CIUso value of knob and hole together for each transition
then divided each measured CIUso by this total. Taken to-
gether, these results suggest that the ClUspo-1 and CIUso-2
values recorded in our fingerprints are likely reporting on
the local stabilities of different domains within the KiH bsAb
and mAb constructs studied here.

Middle-level CIU reveals knob and hole domain con-
tributions to KiH bsAb HOS. To better assign regions of the
KiH bsAb to specific CIU features, we performed CIU exper-
iments targeting antibody fragment ions generated under
native conditions. First, we recorded CIU data for 16*knob
and hole halfmers (Figure 2) present in our homodimer
mAb IM-MS spectra (Figure S1A). In these fingerprints, we
observe four main CIU features across both constructs, but
RMSD analysis reveals significant differences in their na-
tive-like structures (31.30 + 0.40%) when compared to
baseline RMSD values recorded for technical replicates

(3.02 £0.54% and 1.48 + 0.23% for knob and hole halfmers,
respectively). CIUso analysis further reveals that knob half-
mer is significantly more stable than the hole halfmer across
the two unfolding transitions observed (Figure 2C). These
differences in stability correlate strongly with our prior
measurements of intact hole and knob homodimer ClIUso-1
values. We note that knob and hole halfmers differ in exper-
imental mass by ~2%. Previous studies have demonstrated
that protein primary structure can influence CIU patterns.*’
Therefore, it is likely that the differences we observe in
knob and hole halfmer stability are connected, in part, to the
sequence differences associated with each halfmer. We hy-
pothesize that the Fab regions, which contain hypervariable
complementarity-determining regions (CDRs) that deter-
mine specific antigen binding, are the main contributors to
the differences in CIU detected in our data.

To continue our efforts in assigning CIU features ob-
served in the KiH bsAb to specific domains or regions within
its structure, we performed CIU on the Fab and Fc fragments
generated via papain digestion. Here, papain cleaves above
the hinge region to produce a knob Fab, a hole Fab, and a
chimeric Fc held together by hinge disulfides and non-cova-
lent interactions (Figure S5). CIU fingerprints for Fab frag-
ments reveal three CIU features for both knob and hole Fabs
(Figure 3). The CIU fingerprint of the chimeric Fc domain,
on the other hand, shows four CIU features. Although IM-MS
and CIU of middle-level fragments of mAbs have been per-
formed previously, most involved F(ab’)z and non-covalent
Fc produced via IdeS digestion.343650 Botzanowski and
coworkers, in particular, described a compaction phase in
non-covalent Fc CIU data at higher collision voltages.5° No-
tably, we do not observe a compaction phase in our Fc CIU
fingerprint, indicating that the fragments studied here are
not directly comparable to those previously reported in the
literature. As such, these CIU experiments provide new in-
sights into individual Fab and Fc HOS and stability for KiH
bsAbs. Technical replicates recorded for knob Fab, hole Fab,
and chimeric Fc fragments yield RMSD baselines of 2.08 *
0.28%, 1.41 £ 0.21%, and 4.85 * 0.70%, respectively. Alt-
hough knob and hole Fabs share qualitatively similar CIU
fingerprints, difference analysis reveals an RMSD of 15.59 +
0.55%, indicating that these fragments differ greatly in
terms of their HOS. Like our halfmer data, we note that the
Fabs studied here differ in mass by ~2%. Thus, the differ-
ences in HOS that we observe are most likely connected to
the hypervariable regions of the CDRs of each Fab. Further-
more, a stability assessment of these fragments quantita-
tively shows that the knob Fab is significantly more stable
than the Hole Fab across both CIUso-1 and CIUso-2 values
recorded (Figure 3C). Interestingly, our data also indicate
that the Fc domain is significantly more stable than both
knob and hole Fab domains. This difference in stability is
most likely related to the strong non-covalent interactions
that exist between the Cy3 domains within each heavy
chain, as well as the knob and hole mutations promoting
heavy chain dimerization.>1-53

Removal of N-glycans impact knob and hole homodimer
and KiH bsAb heterodimer conformation and stability. Pre-
vious work has demonstrated that CIU is sensitive to differ-
ent levels of mAb glycosylation, where the removal of sug-
ars leads to the destabilization of mAb HOS.33-3> Further-
more, the removal of glycans has been shown to decrease



n =
_g 204 — E, 65
g po— = i
= 2 &0
£ 15 RMSD: ©
5 e 20.17 +0.81%
10 Knob DG Knob 55

50 100 150 200

25 150
C) g
~ 135 *kok
>

mn
£ 20 C— )
g 1204
E =) -~
£ 15 RMSD: O 1054 [ i
5 18.82 + 0.46% s
L e e S —
10 —_— CDG CDG CDG
50 100 150 200 _
25 D s 30,
z ) & 2
£ 20 - —— g2 2
© |—§ 154
E ST 104
@ O
& 154 RMSD: og 51 o
5 16.87 * 0.35% E g = Bt
gl =
10 BsAb DG BsAb| C|U50-1 CIUw-2

50 100 150 200
Trap Collision Voltage (V)

= Knob 3 Hole =3 BsAb

mm Control (C) Deglycosylated (DG)
Figure 4. CIU of deglycosylated knob and hole homodi-
mers and KiH bsAb heterodimer 24+ jons (n = 3). (A)
RMSD analysis comparing control and deglycosylated
antibodies reveals significant differences in HOS. (B)
CIUso-1 and (C) CIUso-2 analysis reveals significant de-
stabilization of antibodies after deglycosylation (** p <
0.01, *** p < 0.001). (D) Plot of differences in CIUso val-
ues between control and deglycosylated antibodies.

the thermal stability of Cu2 domains within the mAb Fc re-
gion.>* Therefore, to better assign CIU transitions corre-
sponding to the unfolding of the Fc domain of our model KiH
bsAb, we removed N-linked glycans from the Cu2 domains
of knob, hole, and KiH bsAb constructs and probed their re-
sulting stabilities using CIU.

To better track the progress of our deglycosylation reac-
tions, we performed high-resolution native orbitrap MS ex-
periments to resolve individual homodimer mAb and KiH
bsAb glycoforms both prior to and after the addition of
PNGase F. Our results provide evidence for a wide range of
glycoforms for knob, hole, and KiH bsAb constructs. Nota-
bly, the KiH bsAb exhibits high glycan heterogeneity, con-
taining at least 12 different glycoforms (Figure S6). This ob-
servation is most likely attributed to the unique glycan pop-
ulations present on each separate knob and hole heavy
chain in the assembled KiH bsAb, further increasing its com-
plexity. Specifically, we not only observe mass shifts of 162
Da, corresponding to a hexose, but also shifts of 291 Da, cor-
responding to either a N-acetyl neuraminic acid (Neu5Ac)
or a sialic acid. In contrast, knob and hole homodimer gly-
coforms differ primarily by 162 Da, with the knob homodi-
mer native MS containing a single 291 Da shift in the mAb
glycoforms detected. Glycan removal results in average
mass shifts of 4362.4 + 336.8,2121.8 + 210.6, and 3854.7 +
654.0 Da for knob, hole, and KiH bsAb constructs, respec-
tively, all in line with expectations for PNGase F deglycosyl-
ation.3* The variability observed in the homodimer mAb or
KiH bsAb mass lost following PNGase F treatment is a reflec-
tion of the unique glycosylation patterns observed for each
antibody studied here.

CIU experiments for both control and deglycosylated an-
tibodies reveal the same number of features as those ob-
served in our initial CIU data, alongside clear shifts in pro-
tein stability. RMSD analysis reveals significant differences
between control and deglycosylated forms (~17 - 20%)
compared to baseline RMSDs of < 4% (Figure 4A). Pre-CIU
IM drift times for our deglycosylated homodimer mAbs and
KiH bsAb are universally shorter than those produced by
control (glycosylated) antibodies and thus produce CIU in-
termediates that are similarly shifted. Interestingly, an
RMSD analysis comparing deglycosylated knob, hole, and
KiH bsAb constructs reveals that the deglycosylated bsAb
most closely resembles the deglycosylated hole homodimer
(Figure S7), a result that agrees well with our initial CIU ex-
periments on the glycosylated forms of these antibodies dis-
cussed above (Figure 1).

A quantitative analysis of CIUso data reveals an asym-
metric effect on protein stability upon the removal of gly-
cans from each antibody (Figure 4 B,C). CIUso-1 values point
to a significant decrease in gas-phase stability for deglyco-
sylated knob homodimer (65.65 + 0.28 V) and KiH bsAb
(62.65 £ 0.37 V) when compared to controls (73.35+0.36 V
and 66.15 * 0.28 for knob homodimer and KiH bsAb, respec-
tively). Deglycosylated hole homodimer, on the other hand,
shows no detectable change in CIUso-1. In comparison, our
CIUso-2 results point to a significant decrease in stability for
deglycosylated hole homodimer (120.50 * 1.53 V) and KiH
bsAb (111.94 + 1.46 V) compared to controls (143.73 + 2.44
V and 124.41 + 1.49 V for hole homodimer and KiH bsAb,
respectively), with no change observed in knob CIUso-2. By
plotting the differences in CIUso recorded between our con-
trol and deglycosylated antibodies, we can delineate which
CIU transition is most affected by deglycosylation (Figure
4D). Overall, we observe greater differences in CIUso-2
when compared to CIUso-1, with the latter transition shift-
ing < 5V (maximally ~6%) across all applicable constructs
and the former generating shifts of 10 - 25 V (maximally
~17%). We note that the knob homodimer exhibits a desta-
bilized CIUso-2 when compared with both bsAb and hole
constructs even before deglycoyslation as discussed above.
Previously, the resolved structure of another model knob-
knob Fc has shown that knob-knob Fc is destabilized due to
a change in the relative orientation of Cs3 domains pro-
voked by the knob point mutation.>> Therefore, it is possible
that the T366W mutation in the Cu3 domains of knob heavy
chains is affecting the non-covalent interactions at the Cu3-
Cu3 interface of the knob homodimer, permitting flexibility
and leading to lower ClIUso-2 values.

Conclusions

Here, we demonstrate the capabilities of IM-MS in com-
bination with CIU to establish HOS connections between a
model KiH bsAb and its parent homodimer mAbs. We found
CCS alone to be insufficient to resolve the subtle HOS differ-
ences between the antibodies studied here. In contrast, CIU
fingerprints permitted us to resolve and differentiate each
iso-cross-sectional antibody. Overall, our findings indicate
that our model KiH bsAb adopts an intermediate cross-sec-
tional and stability profile between those of its parent knob
and hole homodimer mAbs, an observation driven by stabil-
ity contributions of each parent halfmer to KiH bsAb stabil-

ity.



Importantly, our analysis of a model KiH bsAb and its
parent mAbs has enabled us to assign many details sur-
rounding the CIU of a model KiH bsAbD for the first time. By
studying mAb and bsAb fragments, alongside deglycosyl-
ated constructs, our data strongly point to the first and sec-
ond CIU transitions of the KiH bsAb and the parent mAbs in
this work to be related to Fab and Fc domains unfolding, re-
spectively. In particular, the CIU profiles recorded for Fab
fragments in comparison to liberated chimeric Fc domains
indicated lesser stabilities for the Fab domains in a manner
that reflected their relative stabilities in larger constructs
(e.g. halfmers and homodimers). The larger stability of the
Fc, in combination with the larger influence of deglycosyla-
tion on ClIUso-2, supports the notion that higher-energy CIU
transitions in the KiH bsAb are related to Fc CIU, while
lower energy transitions are connected to Fab CIU. A
greater degree of granularity can be assigned to KiH bsAb
CIU than the generalities detailed above, which we argue
are likely applicable to all mAb CIU collected for ions having
sufficiently lower charge states. For this work’s model KiH
bsAb, our results indicate that the lower energy, Fab domi-
nated, unfolding event is likely driven by the stability of the
hole Fab domain, which all of our CIU data indicates is the
least stable element of the KiH bsAb construct, and subse-
quent higher-energy CIU transitions are related to CHz and
CHs domains within the knob-containing portion of the Fc.
However, we acknowledge that these findings offer a simple
explanation of the gas-phase unfolding mechanism of a
model KiH bsAb. Future work will target the thorough eval-
uation of bsAb and mAb CIU pathways. Comparisons of KiH
bsAbs constructed using different IgG subclasses, for in-
stance, would provide further information regarding KiH
bsAb stability.

Our ability to interpret the details of bsAb CIU, coupled
with our enhanced understanding of the biophysical under-
pinnings of a model KiH bsAb’s stability, has the potential to
provide critical information in support of KiH bsAb discov-
ery and development. Future work in our group aims to fur-
ther develop IM-MS and CIU workflows to rapidly probe the
suitability and HOS details of KiH bsAb construction. For
example, we foresee combined native MS, IM-MS and CIU,
available in a high-throughput mode, to reveal changes in
KiH bsAb conformational dynamics and stability provoked
changes in protein sequence, enabling us to relate HOS
changes to overall KiH bsAb fitness for subsequent develop-
ment efforts.
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