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Abstract
The development of domain-exchanged antibodies offers a route to high affinity targeting to
clustered multivalent epitopes, such as those associated with viral infections and many cancers.
One strategy to generate these antibodies is to introduce mutations into target antibodies to drive
domain-exchange using the only known naturally-occurring domain-exchanged anti-HIV IgG1
antibody, 2G12, as a template. Here, we show that domain-exchange can be sensitively monitored
by ion-mobility mass spectrometry and gas-phase collision induced unfolding. Using native 2G12
and a mutated form that disrupts domain-exchange such that it has a canonical IgG1 architecture
(2G12 I19R), we show that the two forms can be readily distinguished by their unfolding profiles.
Importantly, the same signature of domain-exchange is observed for both intact antibody and
isolated Fab fragments. The development of a mass spectrometric method to detect antibody
domain-exchange will enable rapid screening and selection of candidate antibodies engineered to
exhibit this and other unusual quaternary antibody architectures.
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Antibodies (Ab) have emerged as the leading format for bio-therapeutics due to their fine
target specificity and their ability to recruit immune effector functions1. Most
immunoglobulin-based therapeutics are based on the IgG format whereby target recognition
is mediated through the variable domains of the fragment antigen-binding (Fab) and the
fragment crystallizable (Fc) domain mediates immune effector functions via complement
activation and/or binding to cellular Fcγ receptors2–4.

The Fc activity can be fine-tuned or silenced by both protein and glycan engineering5–8. In
this way, therapeutic antibodies can be designed that either have minimal immunological
effect or can exhibit elevated immune recruitment for maximal cell killing. In contrast, much
less attention has been paid to exploring enhancing the target selectivity beyond that
achieved by a natural Fab architecture. One approach to circumvent this limitation has been
the development of bispecific antibodies (bsAb) where target selectivity is enhanced by Fabs
of differing specificity9–11. A further under-explored architecture is the use of domain-
exchanged IgG whereby the Variable domains from the two heavy chains (VH and VH′) are
exchanged leading to a compact dual Fab12. This architecture was discovered during the
epitope mapping of 2G12, an anti-body that is capable of neutralizing a broad range of
human immunodeficiency virus (HIV) isolates (Figure 1A)13. This Ab is unusual in that the
epitope consists of the dense cluster of N-linked glycans on the outer domain of the HIV
attachment glycoprotein, gp12013,14. 2G12 specifically recognizes terminal Manα1-2Man-
linked moieties predominantly found on Man8GlcNAc2 and Man9GlcNAc2

15–17. Domain-
exchange is critical for effective binding as the target glycans for the canonical Fab binding
sites are only 20Å apart15. In addition, domain exchange may generate a new glycan binding
surface at the VH/VH′ interface which further enhances binding12,18.

Domain-exchange of 2G12 has been verified by X-ray crystallography of the isolated (Fab)2
domain as well as size-exclusion chromatography, analytical ultracentrifugation and electron
microscopy12,18. A single point mutation, I19R completely results in the undomain-
exchanged, classical IgG format and X-ray crystallography of the resulting isolated Fab was
shown to exhibit identical VH/VL structure compared to the parental domain-exchanged
form19 (Figure 1B). It has been suggested that domain-exchange architecture on antibodies
could be used to target multivalent ligands in tumors and pathogens by providing binding
specificities that go beyond the classical Fab paradigm. However, identifying domain-
exchanged antibodies by aforementioned techniques is low-throughput and requires
considerable amounts of protein.
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Using native ion-mobility mass spectrometry (IM-MS), which separates ions not only by
their mass-to-charge ratio but also by their three-dimensional shape, and collision induced
unfolding (CIU), which activates selected ions prior to IM separation, we sought to explore
whether domain-exchanged antibody architecture of 2G12 could be distinguished.
Compared to other MS-based approaches, native MS maintains proteins in their intrinsically
folded state and is an emerging method for biotherapeutic analysis20–23. IM-MS has proven
useful to study thermal stability24, dynamics25,26, interactions27 and biosimilarity28 of intact
monoclonal antibodies. CIU experiments utilize both collision activation to induce protein
unfolding and IM separation which is based on the rotationally averaged collision cross
section (CCS) of the ion29–31. CIU of protein complexes is an efficient tool to detect various
protein features, including discriminating IgG glycosylation and disulfide bonding32.
Additionally, native IM-MS has proven capable of charactering antibody drug conjugates,
specifically assigning drug to antibody ratio of trastuxumab emtansine33.

With antibodies at the forefront of biotherapeutics, a high-throughput analytical technique
for the assessment of their structural properties is desirable34. Here we continue the
development of IM-MS and CIU as an analytical technique, and show that gas-phase
methods offer a route to rapid and sensitive screening of unusual quaternary architectures
that arise from antibody engineering. We examine the CIU profiles of 2G12 and 2G12 I19R
Abs and confirm that the specific foot-prints are determined solely by the domain-
exchanged architecture of 2G12.

EXPERIMENTAL SECTION
Antibody Expression and Purification

Plasmids encoding antibody heavy and light chains of 2G12 and 2G12 I19R, b12 and
trastuzumab were transiently expressed in HEK 293F cells at a density of 1×106 cells/ml.
Transfection was done with a 1:2 construct ratio (heavy to light chain) and cells were grown
for five days. Cells were pelleted and the supernatant was loaded onto a HiTrap Protein A
column (GE Healthcare) using the manufacturers protocol. The binding buffer was 20 mM
sodium phosphate pH 7.5 and the elution buffer was 0.1 M citric acid pH 3. Antibodies were
immediately neutralized with 1 M Tris-HCl pH 9 prior to buffer exchange into PBS using a
50 kDa cut-off Vivaspin column (Sartorius). Antibodies were stored at 4°C until prior to
analysis.

Enzyme-Linked Immunosorbent Assay

ELISAs were performed using 96-well Ni-NTA HisSorb plates (Qiagen). Plates were
incubated overnight at 4 °C with 10 µg of HIV gp120, expressed as described35. Plates were
washed four times with 0.5% PBS/Tween, and blocked with 5% skim milk/PBS for one
hour at room temperature. Serial dilutions of 2G12 and 2G12 I19R antibodies in 5% skim
milk/PBS were incubated for an hour. Unbound antibody was removed by washing as
described above. Horse radish peroxidase conjugated anti-human goat IgG (ThermoFisher
Scientific) was added at a 1:3000 dilution for one hour. The chromogen tetramethylben-
zidine was added for 5 mins then neutralized using 2 M sulphuric acid. Absorbance was
measured at 450 nm.
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IdeS Expression and Purification

Recombinant IdeS was expressed in E. coli BL21 (DE3) cells. 500 ml of MagicMedia
(Invitrogen) containing carbenicillin (100 µg/ml) was inoculated with the 12.5 ml of an
overnight seed culture. Cells were grown at 30 °C with shaking at 300 rpm for 7 hours then
at 25 °C for a further 24 hours. Cells were harvested by centrifugation at 4,000 g for 30
mins. Bacterial lysis was performed by sonication at 4 °C in a lysis buffer of 30 mM sodium
phosphate, 300 mM NaCl, and pH 8. After centrifugation at 30,000 g for 40 mins the filtered
supernatant was loaded onto a HisTrap column (GE Healthcare) with a binding buffer of
100 mM HEPES, 150 mM NaCl at pH 7.5. Sequential elutions of IdeS was performed using
increasing concentrations of imidazole from 20 mM to 300 mM.

IdeS Cleavage

2G12 and 2G12 I19R were incubated for 2 hours at 37 °C with IdeS (IdeS to antibody ratio
of 1:100) to generate intact Fc and Fab antibody fragments. IdeS was produced in-house.

Ion Mobility Mass Spectrometry and Collision Induced Unfolding

Samples were buffer exchanged into 200 mM ammonium acetate, pH 6.9 with Bio-Spin™ 6
columns (Bio-Rad). Additional desalting was accomplished by three sequential washes of
200 mM ammonium acetate using 50 kDa molecular weight cut-off (MWCO) centrifugal
spin filters (GE Healthcare). Samples were diluted to 10 µM and analysed with a Synapt
G2Si mass spectrometer (Waters, Manchester, UK). A nano-electrospray (nESI) ion source
was used with gold-coated borosilicate glass capillaries prepared in-house. Instrument
settings were as follows: capillary voltages, 1.4–1.8 kV; source temperature, 30 °C;
sampling cone, 10 kV; trap DC bias, 20 V; trap gas flow, 5 ml/min; helium cell gas flow, 5
ml/min; IMS gas flow, 30 ml/min; trap wave velocity, 311 m/s; trap wave height, 4 V. Data
acquisition and processing were carried out using MassLynx v4.11 and Driftscope version
2.8 software (Waters, Manchester, UK)

For CIU experiments, collision energy was applied in the trap region prior to IM. The
collision voltage was increased from 4 to 200 V in 10 V increments. IM data were collected
for 1 min at each collision voltage. Unfolding plots were created using PULSAR software,
available from http://pulsar.chem.ox.ac.uk36. Mass fitter was utilized using the following
parameters: mass = 150 kDa, Zavg = 24, Zwidth = 1.5, resolution = 900, and maximum
intensity = 1. Experiments were grouped according to hierarchy based on collision voltages.

Drift time data were extracted using Driftscope version 2.8 (Waters, Manchester, UK), and
statistical analysis was performed using python2.7 version of CIUSuite package37. Root-
mean-squared-deviation (RMSD) values were calculated using CIUSuite stats and compare
modules between 2G12 and 2G12 I19R variants.

Differential Scanning Calorimetry

Antibody samples were prepared at a concentration of 20 µM in 400 µl of phosphate
buffered saline. DSC measurements were performed on a Malvern VP Capillary DSC
(Malvern), with an unfolding temperature range of 30–110 °C.
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Glycan Analysis

N-linked glycans were enzymatically cleaved from SDS-PAGE gels using PNGaseF
prepared in-house. Released N-glycans were fluorescently labelled with 2-aminobenzoic
acid (2-AA) for analysis by hydrophilic interaction chromatography ultra-high performance
liquid chromatography (HILIC-UHPLC) with a Waters Acquity UPLC instrument, as
previously described38. Glycan compositions were determined using traveling wave (TW)
IM-MS measurements performed on a Synapt G2Si instrument (Waters, Manchester, UK).
For each analysis 2 µl of sample were cleaned with a Nafion 117 membrane and directly
infused by nano-electrospray ionization (nano-ESI) from gold-coated borosilicate glass
capillaries as previously described16,39. Instrument settings were as follows: capillary
voltage, 0.8–1.0 kV; sample cone, 100 V; extraction cone, 25 V; cone gas, 40 l/h; source
temperature, 150 °C; trap collision voltage, 4–160 V; transfer collision voltage, 4 V; trap DC
bias, 35–65 V; IMS wave velocity, 450 m/s; IMS wave height, 40 V; trap gas flow, 2 ml/
min; IMS gas flow, 80 ml/min. Data was acquired and processed with MassLynx v4.1 and
Driftscope version 2.8 software (Waters, Manchester, UK).

RESULTS AND DISCUSSION
Functional ELISA Assay to Characterise Domain-Exchange

Prior to IM-MS and CIU experiments, an ELISA assay was used to confirm the impact of
each 2G12 antibody architecture on function. The monovalent I19R variant is able to
recognize HIV gp120 monomers but with a lower affinity to the divalent domain-exchanged
2G1215. Wells were coated with gp120 (BG505 clade A strain) which has 24 N-
glycosylation sites and binding was measured from serial dilutions of the antibodies.
Expectedly, binding to gp120, which displays the oligomannose-type glycans of the 2G12
epitope40–42 differs between 2G12 and 2G12 I19R (Figure 2). These data are consistent with
the expected 2G12 and 2G12 I19R architectures were and that the material was suitable for
subsequent MS experiments.

Differential scanning calorimetry of 2G12 and 2G12 I19R

Differential scanning calorimetry (DSC), a technique that measures unfolding in-solution
due to heat denaturation, was used to explore the potential for different thermodynamic
properties between 2G12 mAbs. DSC revealed that 2G12 I19R unfolded in the manner
previously observed for typical IgG1 antibodies43,44, with three transitions; first CH2
domain unfolding (Tm = 61.0 °C), followed by Fab unfolding (Tm = 72.9 °C) and unfolding
of the CH3 domain (Tm = 86.0 °C) (Figure 3). The domain-exchanged 2G12 only yielded
two transitions, with the first unfolding state occurring at 73.7 °C and the second at 86.0 °C.
The CH2 domain and the Fab region of 2G12 unfolds at the same temperature, possibly due
to the domain-exchanged architecture, whilst the CH3 domain un-folds at the same
temperature as 2G12 I19R. Importantly DSC unfolding profiles can range significantly
among typical IgGs43,45 but these results point to different stability properties between 2G12
and 2G12 I19R.
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Native Mass Spectrometry and Ion Mobility of 2G12 and 2G12 I19R

We next tested gas-phase separation of both antibodies by ion mobility MS. The native MS
spectra of 2G12 and 2G12 I19R were characteristic of an intact folded IgG1 with charge
states ranging between 22+ to 26+ (2G12) and 21+ to 25+ (2G12 I19R) (Figure 4A). The
2G12 charge-state distribution was slightly higher with 24+ as the major charge state
whereas for 2G12 I19R, the 23+ charge state was foremost followed closely by 24+. In
principle, the difference in distribution of charge could be attributed to differences in
available surface area (during electrospray desolvation) exhibited by undomain-exchanged
(2G12 I19R) or domain-exchanged (2G12) Fab architectures. Interestingly, the IM drift
times of 2G12 were greater between all charge states (22–25+) which directly infers a larger
CCS compared to the canonical undomain-exchanged IgG (2G12 I19R) architecture (Figure
4B). Although subtle, the intact MS analysis indicates differences exist between 2G12 and
2G12 I19R, however, these data alone are inconclusive to recognize domain-exchange
among unknown IgGs.

Collision Induced Unfolding Signatures of Domain-Exchanged Antibodies

We next assessed CIU differences between 2G12 and 2G12 I19R (Figure 5). In a CIU
experiment the unfolding of a protein (induced by increased collision voltages) is monitored
as a function of drift time. The resulting 2-dimensinal data follow the progressive unfolding
or change in size from the initial folded protein ion. The relative abundance of each
transition is presented (Figure 5, blue line) over the course of each applied voltage. From
the initial folded state, the CIU plot follows unfolded intermediates, sometimes referred to as
transitions, and represents gas-phase stability of a protein complex.

The CIU profiles of 2G12 and 2G12 I19R 24+ charge state revealed differences in gas-phase
unfolding with 2G12 under-going its first unfolding transition at a lower collision voltage
(50 V, Figure 5A), whereas 2G12 I19R started to unfold at 70 V (Figure 5B). The second
2G12 unfolded intermediate was maintained to 120 V compared to 2G12 I19R which
unfolded earlier (110 V). Consistent with Figure 2, the drift times of the initial folded state
differed (2G12 I19R = 9.1 ms, 2G12 = 9.6 ms) but interestingly, the drift time of the second
intermediate were similar for both Abs (~12.5 ms). This could be interpreted as both 2G12s
un-folding towards a similar configuration or unfolding of the Fab domain during first
transition. A third unfolded state was observed for the 24+ with some low-intensity signal
detected which may correspond to a fourth state (~16ms). The choice of charge state used
for antibody CIU experiments has been previously described34 and influences the amount
and features of transitions. This differential behaviour between domain-exchanged and non-
exchanged antibodies of the 24+ charge state showed clear differences in gas-phase stability
and unfolding existed between the two Ab forms. CIU experiments were performed using
two biological replicates (two separate Ab expressions) for both 2G12 anti-bodies, and the
root-mean-squared-deviation (RMSD) values were calculated using the CIUSuite
software37. The RMSD values were 7.51% and 9.29% for 2G12 and 2G12 I19R
respectively, suggesting minimal differences within each replicate32. The RMSD value for
the difference plot was much greater (RMSD=25.28%) revealing the considerable
differences between the two 2G12 Abs.
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Glycosylation Analysis of 2G12 and 2G12 I19R

Antibody glycosylation has been shown to affect CIU fingerprinting of antibodies32,34 and
may account for different unfolding profiles observed for the 2G12-based architectures.
Although 2G12 and 2G12 I19R differ by a single amino acid substitution, it is conceivable
that Fc glycosylation may account for CIU discrepancies, yet any glycan-specific induced
stability effects in the gas-phase is unclear. To confirm the glycosylation status of both 2G12
and 2G12 I19R, N-glycans were released by PNGase F digestion and analyzed by HILIC-
UHPLC (Figure 6). UHPLC analysis of fluorescently labelled glycans provided relative
amounts of each glycan and no major differences were observed between 2G12 antibodies.
Both 2G12 and 2G12 I19R glycans were equivalent and also similar to typical IgG1s with
the fucosylated a-, mono- and digalactosylated biantennary glycans being the most
dominant46. However, 2G12 exhibited slightly more Man5GlcNAc2 glycan than 2G12 I19R
but no previous influence on this glycan on CIU has been reported. Individual glycan
structures were further characterized by IM-MS (Figure S1).

Collision Induced Unfolding of 2G12 and 2G12 I19R Fab and Fc domains

To confirm that the observations made from the CIU profiles in Figure 5 were solely due to
the domain-exchanged architecture rather than other factors, an IgG degrading enzyme from
Streptococcus pyogenes (IdeS) cleavage was used to isolate the two regions. IdeS
specifically cleaves IgGs between the Fc and Fab at a single site at the lower hinge region
leaving both fragments intact48. After incubation with IdeS, the Fab and Fc regions were
unfolded as before, with the Fc domains of both 2G12 and 2G12 I19R unfolding in an
identical manner (Figure 7). However, CIU of the Fab regions differed and were analogous
to the intact CIU results. Overall three unfolded states were observed and the domain
exchanged 2G12 Fab unfolded first (55V) whilst the 2G12 I19R Fab unfolded at a higher
collision energy (70V). Unfolding to the third state occurred at 125V and 150V for 2G12
and 2G12 I19R, respectively. On the whole, CIU profiles of both the domain-exchanged
intact antibody and isolated Fabs unfolded at lower collision voltages than the non-domain-
exchanged IgGs.

Collision Induced Unfolding of 2G12 I19R is equivalent to standard IgG antibodies

To confirm that the CIU profiles of 2G12 I19R were consistent with other IgG1 antibodies,
two representative antibodies were tested. The first is the well-known IgG1 therapeutic
antibody, trastuzumab, and the other is an HIV-neutralising IgG1 antibody, b1249,50 (Figure
8). The CIU profiles of the 24+ charge state were similar with trastuzumab, b12 and 2G12
I19R unfolding first at a collision voltage of 70 V. The second transition occurred at a
collision voltage of 120 V. The unfolding patterns of b12, trastuzumab and 2G12 I19R was
observed across all other major charge states (22+, 23+, 25+) (Figure S2) and differed to
2G12. As discussed above, charge state selection for CIU fingerprinting is an important
factor when comparing antibodies.

CONCLUSIONS
Identification of Ab structural features has generally been approached by classical
techniques including X-ray crystallography and electron microscopy. Further structural
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details have been investigated using thermodynamic, hydrodynamic, scattering, and other
spectroscopic and mass spectrometric methodologies. Here, we demonstrate that native mass
spectrometry and collision-induced unfolding can complement these established methods by
rapidly and sensitively distinguish between domain-exchanged and non-exchanged antibody
architectures. We further demonstrate that the change in gas-phase unfolding is localized to
Fab domains, identified specifically after IdeS cleavage. The characteristics of the full-
length antibody CIU profiles are consistent between canonical IgG1 structures thereby
providing a benchmark for screening for antibody features, including domain-exchanged
architectures, extended CDRs, and potentially the correct assembly of multi-specific
antibodies. The applications for CIU in characterisation of unusual antibody architectures
offers the potential for this technique to become a high-throughput screening tool during the
development of macromolecular drugs.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Cartoon structures of domain-exchanged 2G12 and 2G12 I19R antibodies showing the
location of Fab, hinge and Fc regions (domains are labelled with white text). Light chains
are grey and heavy chains are coloured dark red and orange. The location of amino acid
I19/R19 on both heavy chains is labelled yellow and the conserved Asn297 N-linked
glycosylation site is purple. (B) Crystal structures of 2G12 (PDB: 1OM3) and 2G12 I19R
(PDB: 3OAU) Fab domains with a single Man9GlcNAc2 glycan bound to each antigen
binding site. Mannose, green. GlcNAc, blue.
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Figure 2.
Binding assay of 2G12 (blue) and 2G12 I19R (red) to recombinant HIV gp120. ELISAs
were performed with Ni+ immobilised gp120 and serial Ab dilutions.

Watanabe et al. Page 12

Anal Chem. Author manuscript.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3.
Differential Scanning Calorimetry of 2G12 (blue) and 2G12 I19R (red). Cp, specific heat
capacity. Peaks are labelled based on previously reported IgG1 assignments43,44.
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Figure 4.
(A) Native mass spectra of 2G12 and 2G12 I19R. (B) Arrival time distributions of 2G12
(blue) and 2G12 I19R (red) 22+ to 25+ charge states.
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Figure 5.
Collision-induced unfolding profiles of the 24+ charge state of 2G12 (A) and 2G12 I19R
(B). The orange dotted lines indicate the collision voltage at the two observed transition
states. The blue gradient represents normalised ion intensities for each voltage scan. (C)
Difference overlay of 2G12 (blue) and 2G12 I19R (red) CIU profiles.
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Figure 6.
Glycan analysis by HILIC-UHPLC of 2AA-labelled glycans from 2G12 and 2G12 I19R.
Peaks were labelled accordingly to previous assignments47.
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Figure 7.
(A) Native mass spectra of 2G12 and 2G12 I19R treated with IdeS. (B) Unfolding plots of
2G12 Fab domains (20+ charge state) and Fc domains (13+ charge state). The orange dotted
lines indicate the collision voltage at each observed transition states.
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Figure 8.
Collision-induced unfolding profiles of conventional IgG1 antibodies b12 and trastuzumab
alongside 2G12 I19R (24+ charge state). The dashed orange lines represent the un-folding
transitions.
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