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ABSTRACT: Monoclonal antibodies (mAbs) have taken on an increasing importance for the treatment of various diseases, including 

cancers and immunological disorders. Disulfide bonds play a pivotal role in therapeutic antibody structure and activity relationships. 

Disulfide connectivity and cysteine-related variants are considered as critical quality attributes (CQAs) that must be monitored during 

mAb manufacturing and storage, as non-native disulfide bridges and aggregates might be responsible for loss of biological function 

and immunogenicity. The presence of cysteine residues in the Complementarity-Determining Regions (CDRs) is rare in human anti-

bodies but may be critical for the antigen-binding or deleterious for therapeutic antibody development. Consequently, in-depth char-

acterization of their disulfide network is a prerequisite for mAb developability assessment. Mass spectrometry (MS) techniques rep-

resent powerful tools for accurate identification of disulfide connectivity. We report here on the MS-based characterization of an 

IgG4 comprising two additional cysteine residues in the CDR of its light chain. Classical bottom-up approaches after trypsin digestion 

first allowed identification of a dipeptide containing two disulfide bridges. To further investigate the conformational heterogeneity 

of the disulfide-bridged dipeptide, we performed ion mobility spectrometry-mass spectrometry (IMS-MS) experiments. Our results 

highlight benefits of high resolution IMS-MS to tackle the conformational landscape of disulfide peptides generated after trypsin 

digestion of a humanized IgG4 mAb under development. By comparing arrival time distributions of the mAb collected peptide and 

synthetic peptides, cyclic IMS afforded unambiguous assessment of disulfide bonds. In addition to classical peptide mapping, quali-

tative high-resolution IMS-MS can be of great interest to identify disulfide bonds within therapeutic mAbs. 

INTRODUCTION 

Monoclonal antibodies (mAbs) are 150 kDa tetrameric gly-

coproteins, that have expanded for the treatment of various dis-

eases (cancer, arthritis, asthma, and diabetes)1. Post-transla-

tional modifications (PTMs) such as deamidations, disulfide 

bridges, or glycosylation, play crucial roles in mAb structure 

and activity. Among them inter- and intra-chain disulfide con-

nectivity ensures proper mAb folding, stabilizes their native 

high-order conformations, and consequently their biological 

function2-4. Disulfide bonds can also lead to structural 

isoforms5. mAbs are highly disulfide-bridged molecules consti-

tuted of two light (LC) and two heavy chains (HC), linked by 

16 disulfide bonds for IgG1 and IgG4, 18 for IgG2 and 25 for 

IgG3. The LC is connected to the HC by one disulfide bond. 

HCs are linked by two (for IgG1 and IgG4), four (for IgG2) and 

eleven (for IgG3) disulfide bridges located in a short hinge re-

gion. Each IgG contains 12 intrachain bonds located in six dif-

ferent domains: one variable (VL) and one constant (CL) for the 

LCs, and one variable (VH) and three constant (CH1, CH2, 

CH3) for the HCs. Each variable domain mediates antigen 

recognition via three hypervariable loops called complementa-

rity-determining regions (CDR), which interact with antigens 

and govern the specificity and potency of the mAb. Conversely 

to sharks and camels (scFv, VHH), presence of cysteine resi-

dues in the CDRs is rare in human antibodies6, 7. However, some 

human antibodies have been reported to possess either one or 

two cysteine residues in the CDRs7-9. To consider such antibod-

ies with two Cys in the CDRs as potential drug candidate, full 

disulfide bridge pairing assessment is necessary. 

As mAbs are highly disulfide-bonded therapeutics, it is cru-

cial to ensure the correct assembly of disulfide connectivity and 

to evaluate the formation of mispaired disulfide linkages or 

chemical modifications to native disulfide bonds in the pro-

tein10. For this, in-depth characterization of mAb-based prod-

ucts is required to ensure their safety and efficacy. Indeed, di-

sulfide bridges represent important critical quality attributes 

(CQAs) that need to be closely monitored along the biothera-

peutics’ development to guarantee product quality, as scram-

bling or reduction of disulfide bonds can occur during manufac-

turing11, 12 and storage13, 14. In particular, the presence of free 
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cysteines, that is, in the reduced forms, may induce protein ag-

gregation or non-native disulfide pairings15-17, resulting in a po-

tential loss of potency or immunogenicity of the biotherapeutic. 

These cysteine residues can be of concern when located in the 

CDRs of the antibody18 since their solvent exposure makes 

them more inclined to undergo PTMs6. As an example, single 

unpaired cysteine in the CDR3 of the LC has been reported as 

cysteinylated or modified by oxidation19, leading to complete 

inactivation of the antibody when both LCs were cysteinylated. 

As a result, IgGs with additional non-canonical cysteine are 

considered at risk during early developability assessment. 

Assigning disulfide bridges is challenging as possible disul-

fide-bonded isomers increase significantly with the number of 

Cys residues. Hence, there is an increasing demand for efficient 

analytical methods for accurate characterization of disulfide 

bonds along the development process in order to: (i) confirm 

the correct disulfide connectivity and (ii) verify the pres-

ence/absence, of disulfide bond variants (non-native disulfide 

bonds). In this context, mass spectrometry (MS) - based tech-

niques, and particularly liquid chromatography coupled to mass 

spectrometry (LC-MS) and tandem mass spectrometry (LC-

MS/MS) methods, have self-settled as most attractive to tackle 

disulfide bond assessment20. However, MS characterization of 

disulfide bonds is not trivial and great care should be exercised 

to prevent disulfide bond scrambling during sample preparation 

and/or fragmentation in the mass spectrometer20. Bottom-up ap-

proaches based on enzymatic digestion followed by collision 

induced dissociation (CID) lead to the cleavage of the peptide 

backbone amide bonds but maintain the disulfide bond intact, 

hence producing diagnostic b and y ions comprising the disul-

fide bond, as well as ions that do not contain the disulfide bond. 

Electron transfer dissociation (ETD), which generates c and z 

ions, is also widely used for PTMs localization. However, ETD 

is not well adapted for disulfide bond connectivity assessment 

as cleavage of the disulfide bond is preferred (most intense ions 

in the MS/MS spectrum) over backbone fragmentation (minor 

c/z peaks that may contain or not the intact disulfide bond). 

Combination of both fragmentation techniques using MS3 look 

appealing and more successful, but are time consuming21, 22. 

Both CID and ETD methods lead to poorly fragmented precur-

sors for peptides with at least two intramolecular disulfide 

bonds, requiring further time-consuming manual MS/MS as-

signment.  

However, all fragmentation techniques lack the information 

of low abundant disulfide variants/positional isomers. Ion mo-

bility spectrometry coupled to mass spectrometry (IMS-MS), 

which separates ions based on their charge, shape and size in 

the gas phase, has been described in few papers as a promising 

approach to tackle disulfide-variant heterogeneity. IMS has 

proved valuable for the characterization of therapeutic mAbs, 

allowing to differentiate several isoforms of intact antibodies23 

and to monitor batch-to-batch heterogeneity of disulfide pair-

ings in antigens24. IMS has also been employed to determine 

topologies of disulfide-constrained isomeric peptides25. The 

group of De Pauw conducted several studies to investigate pep-

tides bearing disulfide bridges, either by integrating IMS into 

CID and ETD workflows26, 27, or by using standalone IMS-

MS28, 29. They first highlighted the structuring effect of disulfide 

bonds by comparing collision cross section (CCS) values of 

peptides bearing one to three intramolecular disulfide bridges 

with reduced reference peptides28. They demonstrated that clas-

sical travelling wave ion mobility spectrometry (TWIMS) can 

partially separate isomers bearing two intramolecular disulfide 

bonds. Molecular modeling can help to predict structural con-

straints related to different disulfide variants, which allows to 

infer theoretical CCS values and estimate the arrival time or-

der29. However, structures with very close CCS, including 

highly constrained disulfide isomers for which Coulombic re-

pulsion is prevented, lead to ambiguous disulfide pairing as-

signments due to insufficient resolution, the latter being limited 

by the length of linear TWIMS cells28, 29. Advancements in high 

resolution IMS offer new opportunities to tackle isomeric pep-

tides, as exemplified by the clear separation of lasso peptides 

and their branched-cyclic analogs obtained on a trapped IMS 

(TIMS) instrument with a resolving power R ~ 90 – 250 

Ω/ΔΩ30, 31. Another study using high-resolution TIMS showed 

that the differentiation of disulfide-bridged peptide isomers was 

possible based on their individual IMS profiles, however deter-

mining the isomer composition of a mixture remains challeng-

ing without reference to a profile library, as each isomer may 

produce several features at once32. Recently, Giles et al.33 intro-

duced a TWIMS-based high-resolution multipass cyclic ion 

mobility spectrometry (cIMS) instrument with increased path 

length allowing selectable resolving power. With the cIMS, R 

~ 750 Ω/ΔΩ has been obtained after 100 passes for two isomeric 

pentapeptides. This type of cIMS device was shown to maintain 

native gas-phase structures of common proteins, including cy-

tochrome c and concanavalin A34. Sisley et al.35 illustrated the 

benefits of high-resolution cIMS to increase the number of de-

tected proteins from mouse and rat tissues via liquid extraction 

surface analysis. Multipass high-resolution cIMS appears as an 

attractive technique to circumvent limitations of classical 

TWIMS cells for the elucidation of disulfide networks in pep-

tides and proteins. 

In this context, we report here on the disulfide identification 

of an IgG4 antibody containing two additional cysteine residues 

in the CDR of the LC at positions 91 and 100 (Figure S1). Pep-

tide mapping first identified that the two additional Cys form 

two disulfide bridges. In order to assign correct disulfide bridge 

pairing, we performed IMS-MS on two platforms, a classical 

linear TWIMS platform and a higher resolution cyclic TWIMS 

instrument. We demonstrate the benefits of high-resolution 

cIMS-MS for the identification of two supplementary disulfide 

bonds in a humanized IgG4 mAb that contains two putative ad-

ditional cysteines in the CDR3 of its LC. Finally, we highlight 

the advantages of multipass cIMS-MS for a better separation of 

conformers, with newly-resolved species. 

 

MATERIALS AND METHODS 
Antibody and peptides production and purification. The re-

combinant antibody was expressed in transiently transfected 

HEK293 cells at the Centre d’Immunologie Pierre Fabre (Saint-

Julien-en-Genevois, France) and purified using standard manu-

facturing procedures, including a protein A affinity chromatog-

raphy step lead selection24. The synthetic peptides were pro-

duced and purified by standard manufacturing procedure36. 
Trypsin digestion. 100 µg of mAb were solubilized in 120 

μL Tris Base 50 mM, CaCl2 1 mM, 0.1% RapiGest™ (Waters, 

Wilmslow, UK), pH 7.1. Sample was incubated for 15 min at 

80 °C under agitation (750 rpm). 15 µL of acetonitrile (ACN) 

were added, before digestion with 5 µL of 1 µg/µL trypsin so-

lution (i.e. enzyme / substrate ratio 1:20 (w:w)) for 3h30 at 37 

°C under agitation (750 rpm). The sample was split in two ali-

quots of equal volume. One aliquot was reduced by adding 2.5 

µL DTT 500 mM. The reduction was performed at 56 °C for 45 

min under agitation (750 rpm). The reaction was stopped in both 

samples by adding 1 μL of trifluoroacetic acid (TFA). 
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RapiGest™ was eliminated by heating at 37 °C for 30 min and 

by centrifugation at 10 000 g for 5 min. 
LC-MS/MS. Samples were analyzed on an ACQUITY 

UPLC H-Class system (Waters, Wilmslow, UK) coupled to a 

Synapt G2-Si quadrupole/TWIMS/time-of-flight (Q-TWIMS-

ToF) mass spectrometer (Waters). The system was fully con-

trolled by MassLynx v4.1. 50 pmol of sample preparation were 

injected on an ACQUITY UPLC® BEH C18 column, 130 Å, 

1.7 µm, 2.1 x 300 mm (Waters) set at 80 °C. The gradient was 

generated at a flow rate of 250 µL/min using 0.1% TFA for mo-

bile phase A and ACN containing 0.08% TFA for mobile phase 

B. Mobile phase B was raised from 5 to 43% in 38 min and to 

80% in 2 min. For synthetic peptides, mobile phase B was raised 

from 25 to 40% in 15 min. Eluted samples from the column 

were detected by UV at 214 and 254 nm, and by MS. The Syn-

apt G2-Si was operated in positive ionization mode with a ca-

pillary voltage of 3 kV and a sample cone voltage of 40 V. For 

tandem MS experiments performed in data-dependent acquisi-

tion mode, the system was operated with automatic switching 

between MS (1 s/scan on m/z range [300;1800]) and MS/MS 

modes (1 s/scan on m/z range [50;2000]). The two most abun-

dant peptides were selected on each MS spectrum for further 

isolation, and CID fragmentation using a collision energy ramp 

with the following settings: low mass (200 m/z) collision energy 

ramp from 6 to 20 eV, high mass (2000 m/z) collision energy 

ramp from 45 to 100 eV. Fragmentation was performed using 

argon as the collision gas. Glu-FibrinoPeptide was used for the 

ToF calibration and as lock-mass correction.  

The T2-T7 peptide was manually collected in a time win-

dow of 30 seconds, corresponding to a fraction of ~125 µL. CID 

experiments on the collected peptide and the synthetic peptides 

were carried out by direct infusion on the same mass spectrom-

eter at a collision energy of 38 eV. The fragmentation spectra 

were deconvoluted with MaxEnt3 algorithm (Waters) and man-

ually interpreted. 
IMS-MS experiments on Synapt G2 HDMS. Samples were 

diluted to 10 µM with a 50/49/1 (v/v/v) water/ACN/formic acid 

solution before IMS-MS experiments. IMS-MS measurements 

were performed using a Synapt G2 Q-TWIMS-ToF instrument 

(Waters, Wilmslow, UK) coupled to an automated chip-based 

nanoESI device (TriVersa NanoMate, Advion, Ithaca, USA). 

The Synapt G2 was operated in positive ionization mode. The 

cone voltage of the source interface was fixed to 40 V. The 

TWIMS wave height and velocity were adjusted to 40 V and 

1200 m/s, respectively. The cooling (He) and IMS separation 

(N2) gas flow rates were set to 150 and 50 mL/min, respectively, 

giving a pressure of 3.3 mbar in the linear TWIMS cell. The 

IMS resolving power of this instrument is ~40 Ω/ΔΩ. 

IMS-MS experiments on cIMS. Samples were analyzed un-

der the same solution conditions as the SYNAPT G2. Cyclic 

IMS-MS measurements were performed on a SELECT SERIES 

Cyclic IMS instrument33 (Waters, Wilmslow, UK) which has a 

Q-cyclicTWIMS-ToF geometry. Peptide solutions were elec-

trosprayed in positive ionization mode from PicoTipTM 

GlassTipTM borosilicate glass nanoflow capillaries (NewOb-

jective, Woburn, MA, USA). The cone voltage was set at 40 V. 

The TWIMS wave height was set at 22 V with a velocity of 375 

m/s. The helium cell and IMS separation gas flow rates were 

150 and 45 mL/min, respectively, giving rise to a cIMS cell 

pressure of 1.7 mbar. Data were acquired with either one or two 

passes of the cyclic device. For higher mobility resolving 

power, ions corresponding to the front or rear portions of the 

Figure 1. Bottom-up LC-MS experiments. LC-MS of the mAb tryptic digest was first carried out under non-reducing conditions, illustrated 

by (A) UV chromatogram with identified T2-T7 peak and (B) MS spectrum zoomed on the 4+ charge state of T2-T7, indicating the presence 

of two disulfide bonds. (C) Representation of the three possible disulfide-bridged positional isomers of T2-T7 peptide. 
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arrival time distributions after one pass were selectively re-

tained in the cyclic device for an additional four passes (for a 

total of five passes) by tuning the timings and voltages of the 

multifunctional ion entry/exit array33. All data were acquired on 

the quadrupole-isolated 4+ charge states of the fractionated and 

synthetic peptides (m/z 1298).  
IMS-MS data treatment and Gaussian fitting. IMS-MS data 

were analyzed using MassLynx v4.1. Arrival time distributions 

(ATDs) were extracted in the m/z range [1297;1301]. Gaussians 

were fitted to the extracted ATDs using the ‘Gaussian Fitting’ 

module of the CIUSuite 2 software37. Gaussian fitting was per-

formed in the protein only mode, with all signals considered to 

be related to the analyte. The following parameters were used 

for all ATDs: minimum peak amplitude = 0.05; maximum pro-

tein components fitted = 10; peak overlap penalty mode = re-

laxed, which penalizes overlaps > ~85%, but allows overlap-

ping peaks to be chosen if other solutions are poorly fitted. In 

order to “calibrate” the Gaussian fitting process, the expected 

FWHM of fits was determined using slicing experiments per-

formed on a synthetic peptide33 (Figure S1A). Briefly, one pop-

ulation was selected and ejected to the pre-store while other 

populations were ejected to the ToF. This allows to have a better 

definition of the selected slice upon reinjection into the cIMS 

cell, providing an accurate FWHM measurement of the main 

feature contained within the slice (Figure S1A, B). After one 

pass, the major feature of our isolated slice exhibits a FWHM 

of 0.65 ms. In multipass mode, the expected FWHM of a peak 

containing a single conformer should scale with the square root 

of the number of passes33. At two passes, the measured FWHM 

(0.94 ms) matches well with the theoretical value (0.92 ms), 

meaning that the selected feature does correspond to a unique 

conformer. These FWHM values were subsequently used as 

references to fit single species: FWHM(1 pass) = 0.65 ms, 

FWHM(2 passes) = 0.92 ms, FWHM(4 passes) = 1.45 ms. Peak 

width tolerance was set to ± 0.05 ms. Combined fits were in 

good agreement with experimental data (r² > 0.99). 

 
RESULTS 

Peptide mapping and identification of disulfide-containing 

peptides. Classical MS strategies rely on indirect proof of di-

sulfide bridge existence by comparing reduced and non-reduced 

samples. We thus first performed peptide mapping after trypsin 

digestion, one of the common techniques used for disulfide 

bridge pairing assessment (Figure 1). Differential analysis of 

peptide maps obtained under reducing and non-reducing condi-

tions allowed identification of a di-peptide of the CDR3 (Figure 

S2) of the LC (peptide T2-T7, Figure 1A) bearing two addi-

tional disulfide bonds (experimental monoisotopic mass 

5187.41 Da) in agreement with the presence of four cysteine 

residues (Cys91/100/23/88). Careful investigation of the iso-

topic distribution of the 3+ and 4+ charge states of T2-T7 pep-

tide allowed to rule out the presence of species with only one 

disulfide bridge, whose isotopic distribution would overlap with 

the dipeptide containing 2 S-S bridges (Figure 1B and S3). 

Three possible isomeric disulfide variants can be expected from 

the amino acid sequence of T2-T7 (Figure 1C). 

Figure 2. IMS-MS experiments performed on two different IMS instruments. ATDs were obtained for the 4+ charge state of the col-

lected T2-T7 peptide (black), and the three synthetic peptides corresponding to disulfide-bridged variants P1 (blue), P2 (green) and P3 (red). 

(A) Results obtained on a linear TWIMS instrument. Extracted ATDs (left) were further investigated using Gaussian fitting (right), high-

lighting the existence of multiple conformers. Grey dots correspond to experimental data, while thin black lines represent combined fits; y-

axis = relative intensity. (B) Extracted ATDs (left) obtained on a cIMS platform after two passes, and their corresponding Gaussian fits 

(right). 
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IMS-MS analysis to establish T2-T7 disulfide pairings con-

formational heterogeneity. Instead of conventional peptide 

mapping approaches, we intended to use IMS-MS, which has 

already proved to be a valuable and efficient tool to differentiate 

disulfide-bridged protein and peptide isomers23, 24, 28, 29, 32, to 

identify T2-T7 disulfide bridge pairing. To this aim, the T2-T7 

fraction was manually collected, and its ATD compared to those 

obtained from synthetic peptides isomers (P1, P2 and P3) cor-

responding to the possible combinations of disulfide bonds 

(Figure 1C), on two IMS-MS platforms with different IMS res-

olutions. 

IMS-MS experiments were first performed on the Synapt 

linear TWIMS instrument (Figure 2A). The 4+ charge state of 

T2-T7 exhibits a broad IMS ATD centered on ~6.50 ms. Whilst 

a bimodal distribution is observed for P2, both P1 and P3 pre-

sent primarily broad ATD features, centered on ~6.50 and 6.28 

ms, respectively. As broad ATDs might suggest coexistence of 

multiple conformers, we then used Gaussian fitting (see Mate-

rials and Methods) as indication of multiple populations present 

for each peptide. For T2-T7, P1, and P3, Gaussian detection al-

lows the identification of two main populations along with a 

minor one of lower mobility (relative intensity < 10%). Overall, 

based on arrival time and ATD profile, these IMS-MS results 

might suggest that T2-T7 is similar to P1, even if P3 cannot be 

definitively ruled out (different peak shapes but very close 

ATDs and same number of conformers). Of note, P1 and P3 

were also found to co-elute in reversed-phase liquid chromatog-

raphy (rpLC), avoiding the use of rpLC in front of IMS-MS to 

separate isomeric peptides (Figure S4). 

As the different conformers were not resolved at the linear 

TWIMS resolving power of around 40 Ω/ΔΩ, we next per-

formed IMS experiments on the quadrupole-isolated 4+ charge 

state of each peptide on the higher resolution cyclic IMS instru-

ment (Figure 2B). As cIMS generates complex ATD profiles, 

we used Gaussian fitting as an indicative tool for conformer het-

erogeneity assessment from IMS patterns. As the deconvolution 

of ATDs strongly depends on fitting parameters, the number of 

detected features was used as an indication of the conformer 

heterogeneity to illustrate how high-resolution can improve the 

separation of conformers, and help to understand differences 

that appear between the various isomeric peptides. After one 

cIMS pass (R ~ 65 Ω/ΔΩ), T2-T7 reveals a highly heterogene-

ous ATD, with at least five conformers (FWHM = 0.65 ms) pre-

viously overlapped within a broad ATD on the linear TWIMS 

platform (Figure S5). Although the benefits of cIMS-MS over 

linear TWIMS to detect multiple conformers are already clear 

after one pass, populations could potentially be better resolved 

with more passes. Indeed, after two cIMS passes (R ~ 92 

Ω/ΔΩ), new features are uncovered, highlighting the ad-

vantages of multipass cIMS-MS for improved conformational 

characterization (Figure 2B). Additional contributions to the 

main peaks could be detected based on our fitting parameters 

(FWHM = 0.92 ms), with six major species with relative inten-

sities estimated > 45%. Several minor conformers with lower 

relative intensities (< 20%) were also fitted. 

After two passes, ATDs of all synthetic peptides show ad-

ditional features, unveiling broad conformational spaces (Fig-

ure 2B). T2-T7 and P1 present highly similar profiles with 

equivalent arrival times and relative intensities for all detected 

conformers. Overall, both peptides comprise two main contri-

butions (> 65%) centered on ~37.31 and 39.66 ms. Conversely, 

P2 and P3 exhibit only one major peak in their ATD profiles, 

and several minor populations. Fewer features are contained 

within the main peak of P2 and P3 (two and four conformers, 

respectively) compared to T2-T7/P1, in agreement with prelim-

inary FWHMs obtained using linear TWIMS (Figure 2A), sug-

gesting that T2-T7 possesses a higher degree of freedom for 

conformational changes. 

Figure 3. cIMS isolation experiments. (A) After one pass, the main features of T2-T7 (grey boxes) and P1 (blue boxes) were sequentially 

isolated in the cIMS device and subjected to four additional passes. ATDs of isolated features were extracted after a total of five passes. (B) 

Gaussian fitting of the two T2-T7 selected windows after five passes. Grey dots correspond to experimental data, while thin black lines 

represent combined fits. When already identified after two passes (Figure 2B), the same color code as in Figure 2B is used. One additional 

conformer is detected after five passes, represented with a dashed line (dark grey). 
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As species of interest can be isolated based on their mobility 

in the cIMS device while the rest of the ions are ejected33, the 

two main peaks of T2-T7 peptides and P1 were further investi-

gated. Ions in each mobility window, depicted I and II in Figure 

3, were selectively isolated after one pass and subjected to four 

more passes, leading to a total of five passes (R ~ 145 Ω/ΔΩ). 

Strictly identical isolated-profiles were obtained after five 

passes for the synthetic peptide P1, which strongly corroborates 

the assignment of disulfide bonds established after two passes 

(Figure 3A). The sequential isolation of windows I and II re-

vealed that selection I comprises four main ion populations > 

50%, whereas selection II consists of two dominant features 

(Figure 3B). For both isolated windows, the detected conform-

ers (FWHM = 1.45 ms) appear to be coherent with those ob-

tained at two passes (same color code in Figure 2B and 3B), 

indicating that no activation towards more extended/compact 

species occurs within the timeframe of the four additional 

passes. No interconversion between the two main conformers is 

observed.  

Altogether, based on the sole use of IMS-MS data, these 

results allowed to unambiguously conclude that peptides T2-T7 

and P1 bear similar cysteine connectivities, with disulfide 

bonds corresponding to Cys23-Cys88 and Cys91-Cys100 in 

agreement with classical peptide mapping results (Figure S6). 

In addition, our results highlight the benefit of high resolution 

IMS instrumentation for more accurate qualitative 

identification of disulfide peptides compared to linear TWIMS, 

relying on peak shapes and arrival times. cIMS offers more def-

inition of the ATDs with several newly-resolved species appar-

ent (including low abundant ones) compared to the lower reso-

lution linear TWIMS. Multipass cIMS allowed a better separa-

tion of conformers, identification of low abundant ones and fi-

nally better assignment/identification of the disulfide connec-

tivities. 

 

CONCLUSIONS 
We have presented here the potential of high-resolution 

IMS for rapid and unambiguous profiling of disulfide pairings 

in an IgG4 with two additional Cys residues in the CDR of its 

light chain. First, a classical bottom-up approach after tryptic 

digestion allowed identification of a peptide containing two di-

sulfide bonds. A comparison between ATDs obtained on the 

cIMS device for the mAb-collected peptide and synthetic pep-

tides provided unequivocal determination of disulfide bridges. 

While linear TWIMS results were ambiguous, benefits of 

higher IMS resolutions obtained on a cyclic instrument were 

clearly illustrated. Indeed, the gas-phase conformational heter-

ogeneity of this disulfide-bridged peptide investigated through 

cIMS-MS experiments revealed broader conformational land-

scapes than on a linear TWIMS. Our work illustrates the ability 

of high resolution IMS to solve tricky analytical issues related 

to the identification of disulfide conformers through high reso-

lution separation of isomeric peptides. 

Multipass high resolution cIMS helps to circumvent current 

analytical limitations related to the elucidation of cysteine con-

nectivity and conformation heterogeneity. Indeed, the main bot-

tleneck of classical bottom-up approaches used for disulfide 

bonds characterization remains the tedious treatment of MSn 

data. ETD and CID both require extensive and manual data 

analysis, leading to highly time-consuming processes, espe-

cially if the protein is cysteine-rich. While IMS appears as an 

elegant technique to complement bottom-up strategies, the res-

olution inherent to linear TWIMS cells sometimes prevents the 

separation of disulfide-bridged isomers. Our study highlights 

the benefits of multipass high resolution cIMS to clearly differ-

entiate isomeric disulfide-bonded peptides based solely on 

ATD profiles. By minimizing the need for laborious manual 

data analysis, the cyclic IMS approach described here thus has 

the potential to become a straightforward qualitative tool for ac-

curate characterization of low abundant conformers in biologi-

cal samples. 

In particular, multipass cIMS could be of great interest for 

a rapid in-depth disulfide identification of a wide range of mAb-

related products, as incorrectly folded forms need to be closely 

monitored during biotherapeutic development to ensure drug 

quality. We envision that multipass cIMS will help to decipher 

disulfide networks not only for peptides but also for large intact 

mAb formats comprising more complex cysteine connectivity. 
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Figure S1. Determination of the expected FWHM for a single conformation. (A) Schematic representa-

tion of the cIMS sequence. Ion paths are represented by grey arrows. 1-2: Ions are injected from store into 

the array for IMS separation. 3-5: Ions of interest are ejected and maintained in the pre-store while other 

populations are ejected to ToF. 6-8: Isolated ions are reinjected for IMS separation (single or multipass 

mode). (B) cIMS sequence applied to P2. Upon reinjection of the isolated slice, the FWHM of the main 

feature is 0.65 ms after 1 pass. In theory, if this feature contains only one conformer, its 

FWHM at n passes = 0.65×√n. For 2 passes, the measured FWHM is 0.94 ms, which is close to the ex-

pected value (0.92 ms). These FWHMs are thus used as references for Gaussian fitting of single species. 
 

 

 

 

 

Figure S2. Amino acid sequence corresponding to the light chain of mAb hzIgG4. Complementarity-determining 

regions (CDRs) are underlined. The CDR3 contains two additional cysteines, Cys 91 and 100 (bold red). The pep-

tide T2-T7 is highlighted in blue (T2) and green (T7).  
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Figure S3. Theoretical and experimental isotopic distributions for the 4+ charge state of T2-T7 peptide. Theoretical 

profiles correspond to the presence of one (orange) or two (purple) disulfide bonds within T2-T7.  

 

 

 

 

Figure S4. Extracted ion chromatograms obtained in rpLC for the three synthetic peptides corresponding 

to disulfide-bridged variants P1 (blue), P2 (green) and P3 (red). 
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Figure S5. cIMS-MS experiments after one pass. (A) Extracted ATDs of the collected T2-T7 peptide (black), and 

the three synthetic peptides corresponding to disulfide-bridged variants P1 (blue), P2 (green) and P3 (red). (B) 

Gaussian-fitting was performed for each peptide. Grey dots correspond to experimental data and thin black lines 

represent combined fits. The color code for conformers is identical to Figure 2 in the main text.  
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Figure S6. Deconvoluted CID MS/MS fragment-ion spectrum obtained for the collected fraction of T2-

T7 (z = 4+, m/z 1297.86), with deduced fragmentation sequence. Blue y-ions correspond to diagnostic 

ions containing the disulfide information. 

 

 

 

 

 

 

 

 

 


