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ABSTRACT: Multispecific antibodies, which target multiple
antigens at once, are emerging as promising therapeutic entities to
offer more effective treatment than conventional monoclonal
antibodies (mAbs). However, these highly complex mAb formats
pose significant analytical challenges. We report here on the
characterization of a trispecific antibody (tsAb), which presents
two isomeric forms clearly separated and identified with size
exclusion chromatography coupled to native mass spectrometry
(SEC-nMS). Previous studies showed that these isomers might
originate from a proline cis/trans isomerization in one Fab subunit of
the tsAb. We combined several innovative ion mobility (IM)-based
approaches to confirm the isomeric nature of the two species and to
gain new insights into the conformational landscape of both isomers.
Preliminary SEC-nIM-MS measurements performed on a low IM resolution instrument provided the first hints of the coexistence of
different conformers, while complementary collision-induced unfolding (CIU) experiments evidenced distinct gas-phase unfolding
behaviors upon activation for the two isomers. As subtle conformational differences remained poorly resolved on our early
generation IM platform, we performed high-resolution cyclic IM (cIM-MS) to unambiguously conclude on the coexistence of two
conformers. The cis/trans equilibrium was further tackled by exploiting the IMn slicing capabilities of the cIM-MS instrument.
Altogether, our results clearly illustrate the benefits of combining state-of-the-art nMS and IM-MS approaches to address challenging
issues encountered in biopharma. As engineered antibody constructs become increasingly sophisticated, CIU and cIM-MS
methodologies undoubtedly have the potential to integrate the drug development analytical toolbox to achieve in-depth
conformational characterization of these products.

■ INTRODUCTION

Monoclonal antibodies (mAbs) and their related compounds
make up the largest class in human therapeutics to treat various
diseases. The success of mAbs stems from their high specificity
and affinity, long circulating half-lives, ability to induce
immune cell effector response and structural versatility. In
the last years, advancement in antibody engineering enabled a
high diversity of mAb formats ranging from nanobodies to
multispecific antibodies.1,2 Thus, new immunotherapy ap-
proaches are emerging with the use of broadly neutralizing
human mAbs, which engage multiple therapeutic targets
through a single protein.3−5 These new-generation antibody
drugs provide advantages for various therapeutic applications
with the reduced expense of administering of single biologic
therapy instead of complex combination treatment.
A trispecific antibody (tsAb) was recently developed to

confer protection against diverse HIV strains by targeting three
independent HIV-1 envelope determinants: the CD4 binding
site, the GP41 membrane proximal external region (MPER),

and the variable regions 1 and 2 (V1V2) glycan site.6 The tsAb
consists of variable domains from three different mAbs
arranged in an immunoglobulin (IgG1) scaffold:7−10 one
classical antigen-binding fragment (Fab) arm (VRC01) and a
bispecific crossover dual variable (CODV) domain arm, as
displayed in Figure 1. During preclinical development of the
tsAb, an unusual two-peak size exclusion chromatography
(SEC) profile was reported by Masiero et al., and conducted to
a comprehensive characterization of the complex tsAb
architecture.11 The authors used multiple analytical, bioana-
lytical and computational methods to understand the tsAb
heterogeneity. First results revealed a conformational switching
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in complementarity determining regions (CDR) of the CODV
arm due to a specific motif containing proline residues known
to induce cis and trans isomers.11−14 More specifically, the
tyrosine−proline−proline (YPP) motif of the heavy chain
CDR3 (variable part targeting MPER epitope) was evidenced
as playing a key role in isomerization through the interaction
with a histidine residue of the light chain. Guttman et al. also
demonstrated that this YPP motif could be responsible for the
SEC heterogeneity.14 For the tsAb studied in the present work,
the YPP motif was shown to be essential for the optimal
antigen binding as various mutations within the motif led to
significant loss of affinity to the target.11 Besides, previous work
demonstrated that, despite a fast sequestration of the more
affine cis conformer by the antigen and a much slower binding
for the trans conformer, the potency of the molecule was not
impacted by the presence of two isomers due to consequent re-
equilibrium of the conformers.11 Those first studies gave
insights into the local conformation of the CDR3 loop, but did
not provide information on the global conformation of the two
species separated in SEC, and so we aim at characterizing those
higher order structures to achieve a comprehensive character-
ization of the tsAb.
Native mass spectrometry (nMS) and its coupling to ion

mobility (nIM-MS) are of utmost interest to probe the native
conformational state of proteins in the gas phase and to
achieve a multilevel characterization of various mAb formats
without extensive sample preparation. nMS and nIM-MS have
been promoted for the characterization of biopharmaceuticals
thanks to their quite straightforward and rapid workflows,
especially through online nondenaturing liquid chromatog-
raphy couplings.15−17 IM separates ions based on their size,
shape, and charge. Arrival time distributions (ATD) of ions
offer structural information and may be converted into
rotationally averaged collision cross sections (CCS, also
labeled Ω), which reflect gas-phase conformations. However,
because of the low IM resolving power (R ∼ 40 Ω/ΔΩ) of
first-generation traveling wave IM spectrometry (TWIMS)
instruments, isomeric species with closely related conforma-
tions/CCS values often cannot be differentiated using nIM-MS
measurements.18,19 Recent instrumental developments focused
on increasing the path length of ions to reach higher IM
resolving powers. TWIMS-based structures for lossless ion

manipulations with an extended serpentine design (SLIM
SUPER) cycle ions through a 13 m path for multiple times and
allow the achievement of R ∼ 1860 for small molecules.20 In
2019, a new cyclic Q-TWIMS-ToF instrument (cIM-MS)
equipped with a cyclic cell placed orthogonally to the axis of
the mass spectrometer was commercialized. This design affords
higher resolving power through multipass separation, and also
offers the unique opportunity to perform IMn experiments to
further explore mobility-separated populations.21 The cIM-MS
platform has proved particularly useful in several studies to
differentiate small isomeric analytes,22,23 with up to R ∼ 750
Ω/ΔΩ obtained after 100 passes.21 On the other hand, only
few papers have reported the use of high-resolution cIM-MS
for the analysis of larger biomolecules (proteins).24−26 In fact,
first studies showed that resolving coexisting conformations of
intact proteins in native conditions remains highly challenging
because native ions are composed of a continuum of
conformers that may be difficult to separate even with
enhanced IM resolution.24 In such cases, alternative strategies
can be used to circumvent the lack of IM separation. Collision-
induced unfolding (CIU) experiments have arisen as a
powerful IM-based approach to distinguish native proteins
based on their gas-phase behaviors upon activation in the
instrument trap collision cell, located prior to the IM cell
which measures the resulting conformational states. This
technique appeared to be highly valuable for therapeutic mAb
products.18,19,27−30 In an attempt to automate CIU workflows,
Deslignier̀e et al. have proposed a SEC−CIU setup that allows
recording CIU fingerprints in a rapid manner.31

In this study, we investigate the conformational landscape of
the tsAb isomers at both intact and middle-up (i.e., after
enzymatic digestion into large subunits32) levels by combining
innovative SEC-nMS and nIM-based approaches. We illustrate
the complementarity of SEC−CIU unfolding patterns and
high-resolution IM profiles to address the tsAb heterogeneity
and definitely prove the coexistence of two different con-
formers for the tsAb. We also tackle the cis/trans isomerization
by using slicing IMn capabilities of the cIM-MS instrument.
Our results highlight the synergistic benefits arising from the
combined use of SEC-nMS, CIU, and high-resolution IM for a
more comprehensive analytical characterization of complex
therapeutic formats, such as engineered multispecific antibod-
ies.

■ MATERIALS AND METHODS

Reagents and Materials. The tsAb and its mutant were
obtained from Sanofi (Vitry-sur-Seine, France). Ammonium
acetate (A1542) was purchased from Sigma-Aldrich. FabA-
LACTICA (A0-AG1-020) enzymes were obtained from
Genovis. Aqueous solutions were prepared using an ultrapure
water system (Sartorius, Göttingen, Germany).

Sample Preparation. The enzymatic digestion for middle-
up level analyses was performed by incubating one unit of
FabALACTICA per microgram of sample overnight at 37 °C.
For experiments performed on the cIM-MS instrument (i.e.,
without SEC upstream of the mass spectrometer), samples
were desalted against a 100 mM ammonium acetate solution
(pH 6.9) with six cycles of centrifugal microconcentrator
(Vivaspin, 30 or 50 kDa cutoffs, Sartorius, Göttingen,
Germany). After manual desalting, protein concentration was
determined by using an UV-1800 spectrophotometer (Shi-
madzu Scientific Instruments, Columbia, MD, U.S.A.).

Figure 1. Design of the tsAb. The tsAb consists of variable domains of
three different mAbs arranged in an IgG1 scaffold: one classical Fab
arm (VRC01), a bispecific crossover dual variable (CODV) domain
arm and a fragment crystallizable region (Fc). The variable domains
target three independent HIV-1 envelope determinants: the CD4
binding site (blue), the GP41 membrane proximal external region
(MPER, orange), and the V1V2 glycan site (green).
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Samples were diluted to a final concentration of 7 μM before
cIM-MS analysis.
SEC-nMS Experiments. An Acquity UPLC H-class system

(Waters, Milford, MA, U.S.A.) comprising a quaternary solvent
manager, a sample manager set to 10 °C, a column oven and a
TUV detector operating at 280 and 214 nm, was hyphenated
to a Synapt G2 HDMS mass spectrometer (Waters, Wilmslow,
U.K.) for online native SEC-(IM)-MS experiments. The SEC
column was an Acquity BEH SEC 200 Å, 1.7 μm, 4.6 × 300
mm from Waters. The separation was carried out in isocratic
mode with an aqueous mobile phase composed of 100 mM
ammonium acetate pH 6.9. For intact level experiments, the
flow rate was set to 0.30 mL/min for 5.5 min, and then to 0.10
mL/min for 14.5 min. For middle-up analyses, the following
flow rates were used: 0.30 mL/min for 7.5 min; 0.10 mL/min
for 15.5 min. The source and desolvation gas temperatures
were set to 90 and 450 °C, respectively. The Synapt G2
HDMS was operated in sensitivity mode and positive polarity
with a capillary voltage of 3.0 kV. The sample cone voltage and
pressure in the interface region were set to 180 V and 6 mbar,
respectively. Data were acquired in the m/z range 1000−10000
with a 1.5 s scan time. MS data interpretation was conducted
on MassLynx v4.1 (Waters, Manchester, U.K.).
SEC-nIM-MS Experiments. The Synapt G2 HDMS was

carefully tuned to achieve a good trade-off between ion
separation and TWIMS resolution. The sampling cone was
operated at 80 V for the tsAb at middle-up/intact levels and for

IM calibrants. The argon flow rate in the trap cell was 5 mL/
min. Ions were thermalized in the helium cell (130 mL/min),
prior to IM separation which occurred in the pressurized IM
cell, under a constant N2 flow rate of 45 mL/min. For intact
level analyses, the IM wave height (WH) and velocity (WV)
were set to 40 V and 923 m/s, respectively. At the middle-up
level, parameters were tuned to WH = 35 V and WV = 1200
m/s. IM data were calibrated to perform TWCCSN2 calculations
by measuring external standards (dimeric β-lactoglobulin,
avidin, concanavalin A for subunits, and concanavalin A,
alcohol dehydrogenase, and pyruvate kinase for intact
antibodies) with the same nIM-MS parameters as analytes,
as described elsewhere.33−35 nIM-MS data were collected in
triplicate under identical instrumental conditions. Experimental
TWCCSN2 values for the CODV Fab subunit were compared
with theoretical CCSN2 obtained with the IMoS v1.10
software.36 The PDB 5WHZ, which corresponds to the crystal
structure of the YPtransPtrans isomer,6 was used as is for
theoretical calculations. Calculations were performed with the
Exact Hard Sphere Scattering (EHSS) method, which among
the three main classes of CCS calculation algorithms37 offers
the best compromise between CCS accuracy and calculation
time. The following parameters were used: number of
orientations = 3; accommodation coefficient = 0; drift gas =
N2 with corresponding radius = 1.5 Å and polarization = 1.7
Å3. Averaged theoretical CCSN2 values were obtained from six
independent calculations performed with different number of

Figure 2. Analysis of the tsAb using online SEC-nMS/nIM-MS. (A, B) SEC-UV chromatograms (280 nm) at intact and middle-up levels. (C, D)
nMS spectra of the different species separated with SEC. Extracted ATDs and associated TWCCSN2 values for conformers C1 and C2 (E) for the
29+ charge state at intact level and (F) for the 19+ charge state of Fab1 subunits generated after FabALACTICA digestion.
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gas molecules per orientation for each replicate (between
200000 and 400000 molecules).
SEC−CIU Experiments at Intact Level. The SEC−CIU

setup used here has been extensively described in another
paper.31 SEC−CIU experiments are performed on the Synapt
G2 HDMS by automatically raising trap collision voltages (5 V
steps) during the elution of the two intact species via a
predefined MS file in MassLynx v4.1 software (Waters,
Manchester, UK). The number of scans and scan time for
each CV were set to 12 and 1 s, respectively. In order to
generate one CIU fingerprint replicate (0−150 V) for both
conformational isomers (namely, C1 and C2), SEC−CIU data
were collected in eight runs, with eight voltages recorded
during each run: 0−15 V/135−150 V for C1/C2 (run 1), 20−
35 V/115−130 V for C1/C2 (run 2), and so on. Note that for
automated data extraction using CIUSuite 2 v2.2,38 one run
cannot contain two identical CVs, and so different ramps are
used for C1/C2. Data sets were collected in triplicate to obtain
averaged CIU fingerprints. SEC−CIU data were processed
with CIUSuite 2 v2.2.38 ATDs were smoothed using a
Savitsky-Golay algorithm with a window length of 5 and a
polynomial order of 2. CIU50 values of conformational
transitions were determined using the CIUSuite 2 “Stability
Analysis” module. Parameters used for feature detection and
CIU50 analysis were as follows: standard mode for feature and
CIU50 detections; minimum feature length = 5 steps; feature
allowed width = 0.75 ms; drift time spectrum = centroid at
maximum value for each CV; transition region padding = 15 V.
As differences of unfolding behaviors can be difficult to assess
with CIU fingerprints, other representations were exploited:
waterfall ATDs were generated with ORIGAMIANALYZE

v1.2.1.4,39 and intensity weighted mean ATDs were obtained
using Benthesikyme.40

IM-MS Experiments in the Cyclic Instrument. Acquis-
itions were performed through direct ESI injection (on a Z-
spray ion source equipped with a low flow ESI probe) on a
SELECT SERIES Cyclic IMS (Waters, Wilmslow, U.K.).
Analyses were recorded at a scanning rate of 1 scan/s, in the
m/z range 50−8000 using MassLynx v4.2 (Waters, Wilmslow,
U.K.). Samples were analyzed in positive ion mode, with the
following parameters: capillary 1.8 kV; sampling cone 80 or 40
V (for intact and middle-up level analyses, respectively);
source offset 30 V; source temperature 50 °C; desolvation
temperature 250 °C. The pressure in the interface region was
2.6 mbar. cIM experiments were carried out in N60 purity
nitrogen (Alphagaz 2, Air Liquide, France), at a pressure of 1.7
mbar. cIM parameters were WH = 45 V and WV = 900 m/s at
the intact level, and set to WH = 32 V and WV = 650 m/s for
middle-up level analyses. For both intact and middle-up levels,
ions were ejected from the cIM racetrack with a forward
traveling wave WV = 600 m/s. Note that the voltages in the
multifunction array region (that allows to perform fine
manipulation of the ion populations during IM and IMn

experiments) were modified to work on native proteins, as
described in Table S1.

■ RESULTS
Characterization of tsAb Conformers at Intact and

Middle-up Levels Using SEC-nMS. We first analyzed the
tsAb sample by online SEC-nMS for identification of SEC-
separated peaks in a fully nondenaturing environment15

(Figure 2 and Table S2). As already reported, two peaks
were observed on the SEC-UV chromatogram and identified as

monomers (182086 ± 1 Da) by online nMS (Figure 2A,C),
corroborating the hypothesis of conformational isomers further
referred to as C1 and C2.11 This unusual SEC separation might
be explained by significant conformational differences between
the two monomeric species and/or by chemical interactions
with the SEC stationary phase. Adding 10% isopropanol to the
mobile phase substantially reduced retention times, especially
for the C2 conformer (Figure S1A). Higher concentrations of
salt led to an increase of retention times, illustrating the salting-
out effect that can occur for hydrophobic mAb products41

(Figure S1B). These results show that (i) interactions with the
stationary phase are mostly hydrophobic and not ionic, and (ii)
secondary interactions are not the sole factor driving the
separation of C1 and C2 as the two conformers do not coelute
even with different mobile phases. As the YPP motif
responsible for isomerization is located in the CDR3 of the
CODV arm’s heavy chain, we next carried out SEC-nMS
analysis after FabALACTICA enzymatic digestion. This
protease is designed to cleave IgGs above the hinge region,
and is thus expected to produce the three following subunits:
the Fc, the VRC01 Fab, and the CODV Fab bearing the YPP
motif. Three main peaks were detected on the SEC-UV
chromatogram (Figure 2B,D), corresponding to four species
identified by nMS. Peak I corresponds to Fab1 (79301 ± 1
Da). Peak II contains two partially resolved species, the Fc (IIa,
52859 ± 1 Da) and the Fab2 (IIb, 49945 ± 1 Da) subdomains.
Finally, another Fab subunit with exactly the same mass as
Fab1 (79301 ± 1 Da) is detected in peak III, which again
highlights the coexistence of isomeric Fab1 species bearing the
YPP motif. The second Fab1 was eluted significantly later
compared to other subunits, which is in part explained by
hydrophobic interactions with the stationary phase of the SEC
column (Figure S1C,D). Based on SEC-UV areas, relative
amounts of C1 and C2 isomers for Fab1 subunits are estimated
to be 24 ± 1% and 76 ± 1%. It is noteworthy that a conformer
ratio of 37/63 ± 1% for C1/C2 was observed for intact
species, which can be explained by the distinct sample buffer
pH (i.e., formulation buffer for intact species, enzyme buffer
for Fab1 subunits) as Masiero et al. described a pH-sensing
conformational equilibrium.11 To further confirm that the
presence of different isomers detected with SEC-nMS is indeed
related to the YPP motif, we analyzed an isomerization-free
mutant form (AAP motif instead of YPP). At intact level, the
mutant tsAb showed only one SEC peak identified as a
monomer (181309 ± 1 Da, Figure S2). As expected, a clearly
different SEC profile was also obtained after FabALACTICA
for the mutant tsAb, with three SEC peaks identified as Fc
(52861 ± 1 Da), Fab2 (49365 ± 1 Da) and Fab1 (79110 ± 1
Da) subunits (Figure S2). Altogether, SEC-nMS analyses
performed either on intact tsAb or on subunits unambiguously
demonstrate that the YPP motif is responsible for the detection
of an additional conformer separated on the SEC column.

SEC-nIM-MS Provides First Hints for Conformational
Differences between tsAb Isomers. To confirm the
existence of the two isomers by an orthogonal biophysical
technique, and to determine whether those are conformational
isomers, we next performed SEC-nIM-MS experiments to
evaluate the conformational landscape of each species. For the
29+ charge state at the intact level, a difference of 0.6 ms was
observed between arrival times of both conformers, leading to
TWCCSN2 values of 91.6 ± 0.1 nm2 and 92.2 ± 0.1 nm2 for C1
and C2, respectively (Figure 2E). ΔTWCCSN2 between the two
species is comprised between 0.4 and 0.6 nm2 across all charge
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states (Table S3), which is very close to the experimental error
related to the IM technique. At the middle-up level, the Fab1
subunit of conformer C1 was also found to be slightly more
compact (TWCCSN2 = 50.1 nm2 for the 19+ charge state) than
for conformer C2 (TWCCSN2 = 50.5 nm2, Figure 2F). These
results are in good agreement with CCSN2 calculated from the
crystal structure of the CODV Fab1 (PDB 5WHZ).6 The
theoretical CCSN2 values obtained with the IMoS software was
54.8 ± 0.1 nm2 using the EHSS method. In addition, C1 and
C2 represent 18 ± 1% and 82 ± 1% of Fab1 subunits based on
nIM profiles, in good agreement with SEC-UV data. Of note,
only one IM population was detected for the mutant tsAb,
suggesting that the two-peak elution behavior was dependent
on the conformational change within the CODV Fab (Figure
S2).
Overall, although slight differences are observed between the

two isomers at both intact and middle-up levels, these small
variations (<1%) fall within the error of IM measurement of
the low resolution TWIMS platform (∼2%) and thus do not
allow to definitely prove the presence of two distinct
conformations.
SEC−CIU Experiments to Complement Conformers’

Conformational Characterization. In order to strengthen
first trends from TWCCSN2 measurements on the linear
TWIMS, we performed SEC−CIU on the two chromato-
graphic peaks separated at the intact level to determine
whether tsAb isomers exhibit distinct gas-phase unfolding
patterns.

Extracted ATDs for the 29+ charge state show that both
conformers start unfolding at the same voltage (∼20 V, Figure
3A). At ∼40 V, conformer C1, whose ground state (state 0) is
more compact than C2, becomes more extended than C2. At
∼90 V, the two species have adopted their final unfolded
forms, exhibiting identical arrival times (20.8 ms) and
suggesting that both conformers ultimately rearrange into the
same activated state (state 1). Altogether, a single transition is
detected for the two species in the 0−200 V range, which can
be further visualized on CIU fingerprints (Figure 3B). As
conformational differences are subtle, representing unfolding
plots as intensity weighted means of each ATD (IWMATD)
along the collision voltage ramp helps to better evidence small
changes in average arrival times and peak width (Figure 3C).
This graph, generated using Benthesikyme,40 highlights a steep
unfolding slope for C1 starting at 20 V, which indicates a
transition toward a more extended conformation. Conversely,
the slope remains shallower for C2 until 40 V, where a
breaking point reflecting a clear conformational shift can be
observed. Interestingly, C2 reaches its most extended
conformation at 70 V, before C1, which was not detected on
extracted ATDs. A slight recompaction of C2 is then observed
at higher voltages. These differences in transitions can be
further evaluated through CIU50 values, which confirm that
unfolding occurs at lower collision voltage values for C1 (38.7
V) compared to C2 (48.9 V; Figure 3D). The univariate
feature selection plot pinpoints the most discriminating
collision voltages (∼35−50 V, i.e., during conformational
unfolding) between the two species (Figure 3E). Similarly,

Figure 3. SEC−CIU experiments for the 29+ charge state of tsAb conformers at the intact level. (A) ATDs extracted from the respective averaged
CIU plots of C1 (blue) and C2 (red). (B) CIU fingerprints. (C) Intensity weighted mean of ATDs represented as a function of CVs for both
conformers. (D) Evaluation of CIU50 values. (E) Univariate feature selection plot.
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distinct gas-phase conformational behaviors are obtained for
the 30+ charge state, with a ΔCIU50 value of ∼10 V (Figure
S3).
Altogether, SEC−CIU fingerprinting offers an additional

layer of information compared to conventional SEC-(nIM-
)MS experiments, showing that tsAb isomers exhibit different
conformational behaviors upon gas-phase activation. These
data corroborate the fact that the two peaks observed in SEC
result from different conformations.
High-Resolution cIM-MS Provides Definitive Proof of

the Coexistence of Two Conformers. We then moved to a
cIM-MS instrument of higher IM resolution using multipass
IM separation with the aim of gathering stronger evidence
regarding the presence of different tsAb conformations. As the
SEC coupling was not available on the cIM-MS platform at the
time this work was done, the differentiation of conformers
relies solely on the IM dimension. At the intact level, a single
population is observed for the 29+ and 30+ charge states after
four passes (Figure 4A). Because the SEC dimension is not
used to provide a first separation, the IM peak of the major
conformer C2 most likely overlaps the signal of the minor
conformer C1, preventing the distinction of both isomers.
Nonetheless, at the middle-up level, two species are clearly
separated for Fab1 subunits (Figure 4B). After one pass, a
difference of 2−3 ms between arrival times of C1 and C2 is
obtained for both 19+ and 20+ charge states. After four passes,
the separation increases to 9−10 ms (Figure 4B). Based on
cIM profiles of the 19+ charge state, C1 (more compact form)
and C2 (more extended form) account for 19 ± 1% and 81 ±

1% of detected Fab1 subunits, respectively, in agreement with
both SEC-UV (24/76%) and SEC-nIM-MS results (18/82%)
obtained on the linear TWIMS platform. These cIM-MS
results (i) unequivocally confirm the coexistence of two tsAb
conformers related to the Fab1 domain of the CODV arm and
(ii) definitely prove that the presence of two distinct species is
not an artifact of the SEC separation.
Lastly, IMn slicing experiments were performed on the cIM-

MS instrument to investigate Fab1 subunits separated at the
middle-up level.21 IMn slicing experiments allow to isolate an
ion population from the cIM cell and store it selectively for a
defined amount of time before further IM analysis, affording
the observation of interconversion between populations on a
millisecond time scale. After three passes (IM1), each species
was sequentially sliced-out (red and blue windows in Figure
4C), stored in the prestore region, reinjected in the cIM cell
for three passes, which can be summarized as IM1 (3 passes)
→ Slicing → IM2 (3 passes) (Figure S4). Two strictly identical
populations at ∼217.1 and ∼226.4 ms are observed upon
reinjection of each slice, meaning that only a minor
interconversion between the two conformers occurs over the
time scale of the cIM experiment, in line with conformational
isomerization previously reported for the C1 YPtransPtrans ⇋ C2
YPtransPcis equilibrium.11 Overall, combining IMn slicing with
high-resolution multipass experiments of the cIM-MS instru-
ment provide new opportunities to rapidly expose isomer-
ization events in large biotherapeutics, which represents a
major step forward compared to first-generation IM-MS
instruments. Slicing IM populations is particularly interesting

Figure 4. cIM-MS experiments. (A) Intact level analysis after four passes. ATDs were extracted for charge states 29+ and 30+. (B) Results obtained
after one and four passes for the CODV Fab1 subunit. ATDs were extracted for charge states 19+ and 20+. (C) IM2 slicing experiment performed
at middle-up level, on the CODV Fab1 subunit (z = 19+). IM windows corresponding to C1 and C2 were sequentially selected, stored in the
prestore, and reinjected, showing a minor isomerization between C1/C2.
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to uncover minor isomeric forms that are not detected even
with higher IM resolving powers, especially for proteins with
rich conformational landscapes. In conclusion, innovative high
resolution IM-MS capabilities hold a tremendous potential to
develop more “IM-inclusive” analytical workflows.

■ CONCLUSIONS
The present study clearly shows that combining state-of-the-art
IM-based approaches, such as CIU and high-resolution IM, is
of utmost interest to achieve a better conformational
characterization of novel mAb-based products. Here, online
SEC-nMS analyses first revealed the presence of two isomers of
an anti-HIV tsAb at both intact and middle-up levels,
originating from two different configurations within the YPP
motif of the CODV Fab subunit, which was further
corroborated by the fact that only one population was
observed for the intact AAP mutant. Preliminary TWCCSN2
measurements obtained with SEC-nIM-MS suggested that
isomers had distinct conformations, but results remained
ambiguous because TWCCSN2 variations fell within the error
measurement of the low resolution TWIMS instrument.
Additional SEC−CIU experiments pinpointed subtle but
significant differences of gas-phase unfolding behaviors
between the two intact SEC-separated species, strengthening
our hypothesis regarding the coexistence of conformational
isomers. Finally, the use of high-resolution cIM-MS at the
middle-up level was decisive to unequivocally conclude on the
coexistence of two CODV Fab conformers. Each conformer
could be selected and further studied thanks to the slicing
capability of the cIM-MS instrument, demonstrating a minor
interconversion or isomerization between the two forms over
the time scale of the cIM-MS experiment.
Overall, our results illustrate the benefits of SEC−CIU and

high-resolution IM to complement more classical biophysical
techniques already implemented in most R&D laboratories
and, thus, improve the conformational characterization of next-
generation empowered multispecific antibodies. Rapid and
sensitive techniques are essential to support the ever-growing
portfolio of increasingly complex biotherapeutics. Method-
ologies presented here address several analytical challenges to
afford high-throughput online SEC-nMS analysis along with an
in-depth conformational characterization of higher order
structures from a multispecific antibody. The online coupling
of liquid chromatography to nIM-MS is particularly well
adapted to fast-paced pharmaceutical environments. In
addition, we report here the first use of high-resolution cIM-
MS for mAb-based products in native conditions, and envision
that this instrument will undoubtedly be beneficial for
biopharma companies. Indeed, multifunction capabilities of
the cIM-MS instrument open new avenues to explore mobility-
selected populations, also allowing to unveil isomerization
events in large proteins. IMn could be employed for rapid
quantitative assessment of coexisting isomeric forms, as we
have shown consistent quantitative interpretation based on
SEC-UV, SEC-nIM-MS and cIM profiles. The described IM-
based methodologies could be used to solve such challenges
and extended to a large variety of complex antibody constructs
generating isomers, and could even be extended to the study of
mAb and antigen binding stoichiometry. There is a strong need
to tackle analytical challenges driven by mAb conformers since
protein engineering intended to fix isomerization may not be
an option as it would significantly impact antigen binding, and
so we believe that high-resolution IM/CIU approaches,

coupled to SEC for fast efficient desalting, have the potential
to integrate the analytical toolbox of biopharma for the
development of next-generation antibody products.
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