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ABSTRACT

Disulfide linkage is critical to protein folding and structural stability. The location of disulfide linkages for
antibodies is routinely discovered by comparing the chromatograms of the reduced and non-reduced
peptide mapping with location identification confirmed by collision-induced dissociation (CID) mass
spectrometry (MS)/MS. However, CID product spectra of disulfide-linked peptides can be difficult to
interpret, and provide limited information on the backbone region within the disulfide loop. Here, we
applied an electron-transfer dissociation (ETD)/CID combined fragmentation method that identifies the
disulfide linkage without intensive LC comparison, and yet maps the disulfide location accurately. The
native protein samples were digested using trypsin for proteolysis. The method uses RapiGest SF
Surfactant and obviates the need for reduction/alkylation and extensive sample manipulation. An aliquot
of the digest was loaded onto a C, analytical column. Peptides were gradient-eluted and analyzed using a
Thermo Scientific LTQ Orbitrap Elite mass spectrometer for the ETD-triggered CID MS® experiment. Survey
MS scans were followed by data-dependent scans consisting of ETD MS? scans on the most intense ion in
the survey scan, followed by 5 MS® CID scans on the 5 most intense ions in the ETD MS? scan. We were
able to identify the disulfide-mediated structural variants A and A/B forms and their corresponding
disulfide linkages in an immunoglobulin G2 monoclonal antibody with 4 light chain (IgG24), where the
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location of cysteine linkages were unambiguously determined.

Introduction

The formation of disulfide linkages is a common post-transla-
tional modification (PTM), involving cysteine oxidation, with
potential for reshuffling through thiol (SH)-SS interchange
reaction in an alkaline environment. Correct formation of
disulfide linkages is essential for the folding and stability of
most proteins, such as monoclonal antibodies (mAbs).'*
Higher-order structure also plays a critical role in biological
function, and can greatly be influenced by disulfide linkages.
Incorrect formation of disulfide linkages can cause loss of effi-
cacy of proteins.”® Knowledge of disulfide linkages could influ-
ence the development process for therapeutic proteins at
various points from candidate selection to the manufacturing
of a commercial product.”'?

Three subclasses of IgG antibodies, IgG1, IgG2 and 1gG4, are
typically developed as therapeutic antibodies. Each contains a
total of 12 intra-chain disulfide bonds, but the subclasses differ in
the number of inter-chain disulfide bonds (4 for IgG,; and IgGy4; 6
for IgG,) in their classical structures.>® Inter-chain disulfide
bonds are highly solvent exposed and more reactive, whereas
intra-chain disulfide bonds are buried between the two layers of
anti-parallel B-sheet structure within each domain, and thus are
less reactive.'®"” Inter-chain disulfide bonds in human IgGs are
susceptible to exchange in the presence of redox potential, such
as in the whole blood, and vulnerable to degradation.* Moreover,

Dillon et al. reported that in a “blood-like” environment, such as
during the commercial production of therapeutic IgG, and sub-
sequent purification steps, the inter-chain disulfide bonds at the
hinge region interconverted and led to disulfide heterogeneity.'
In comparison, intra-chain disulfide bonds are less reactive to
redox potential, but could be incompletely formed during cell
culture. For example, Harris et al. reported IgG, antibodies pro-
duced by a new cell line contain unpaired cysteine residues in the
Vi domain between C** (H) and C*® (H).>**' An antigen-bind-
ing fragment (Fab) containing unpaired cysteines exhibited
reduced potency in an IgE-receptor binding inhibition assay.**
In addition, the majority of IgG; dimers are attributed to the
formation of inter-molecular disulfide bonds.** Dimerization of
IgG, antibodies through disulfide bond formation was also
reported under heat stress or agitation conditions.***> During
therapeutic mADb product development, degradation or improper
formation of disulfide bonds could lead to product heterogeneity
and aggregation, as well as a significant decrease in potency.
Administration of non-native disulfide bonded structures to
patients might trigger immune response. Therefore, use of a
comprehensive and accurate disulfide mapping method that
characterizes all disulfides and establishes the presence of correct
connectivity to assure drug function and quality is critical.
Disulfide linkages in mAbs are generally characterized by
Edman sequencing or mass spectrometry (MS) with reduced and
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non-reduced conditions.***° MS is the most commonly used
analytical tool for characterization of disulfide linkages in thera-
peutic proteins, due to its superior selectivity and sensitivity. In
particular, disulfide linkages are conventionally characterized by
peptide mapping with reduced and non-reduced conditions.***'
The disappearance of the disulfide-linked peptides together with
the appearance of corresponding new peaks in the reduced pep-
tide maps compared to non-reduced mapping reveals the possi-
ble sites of disulfide linkages. Identification of the disulfide
linkages are further confirmed by collision-induced dissociation
(CID) MS/MS, where CID fragmentation spectra of the reduced
peptides are screened for parent ions with m/z values corre-
sponding to peptides containing one or more free SH groups.

One limitation of this combined chromatography comparison
and CID fragmentation method is that it requires perfect align-
ment between the reduced and non-reduced peptide mapping.
Differences in LC traces indicate the existence of potential disul-
fide linkages to be confirmed by CID fragmentation. CID frag-
mentation is not ideal for identifying disulfide-linked peptides,
because it does not cleave the disulfide linkages and produces dif-
ficult-to-interpret product mass spectra of the disulfide-linked
peptides.’> Moreover, in cases where intertwined disulfide link-
ages are involved, information regarding each disulfide linkage in
the structure is lost during the reduced peptide mapping, and
cannot be retrieved by CID fragmentation.

Electron-transfer dissociation (ETD) and electron-capture
dissociation (ECD) are two alternative means of fragmentation
that have shown preferential cleavage of disulfide bonds over
backbone (N-Ca) fragmentation.’”>* Several mechanisms
have been proposed to account for disulfide linkage cleavage in
ETD and ECD. For example, the electron could be directly
attached at a disulfide bond, assisted by positive charges in
close proximity.”>*° Alternatively, when disulfide-linked pepti-
des are subjected to ETD or ECD, an electron can first be trans-
ferred to/captured by the amine group close to a disulfide bond
due to the higher electron affinity of the amine group, and then
form a hydrogen atom. The hydrogen atom is then transferred
to the disulfide bond, and induces breakage of the disulfide
bond into a protonated (Cys-SH) and an odd electron (Cys-S°®)
form.”” Each disulfide-dissociated peptide could contain a
mixed population, either as the Cys-SH or (Cys-S®) forms.

Multiple studies have leveraged ETD in the identification of
disulfide bonds. For example, Wu et al.”® used online LC-MS
with the ETD approach to identify disulfide linkages in thera-
peutic proteins such as human immunoglobulin G1 (IgG1) anti-
bodies. Cole et al.”” applied the ETD method in the mapping of
13 intra-peptide disulfide bonds, with both N-Co backbone
cleavage and disulfide bond cleavage occurring in a single elec-
tron transfer event, followed by CID on selected product ions.
Wang et al.** applied a similar method in the identification of
disulfide scrambling in IgGl mAbs and an Fc fusion protein,
and found that, under the same heat-stressed condition, less
scrambling was generated in the fusion protein, which has no
light chains but only two Fc chains, compared to the IgG1 mAbs.

IgG2/ contains three major disulfide isoform classes (A, A/
B, and B isoforms), differing in their specific linkages between
the Fab arms and the heavy chain hinge region.” In the IgG2A
form, the cysteine near the C-terminus of each light chain is
linked to the Fab arms of the heavy chain. In the IgG2B form,
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both Fab arms are disulfide linked to the hinge, whereas only
one Fab arm is disulfide linked to the hinge in the structural
hybrid antibody IgG2A/B. Within the IgG2A form, two sub-
isoforms IgG2A, and IgG2A, were further discriminated based
on their different eluting order in non-reducing denaturing
reversed-phase high performance liquid chromatography (RP-
HPLC); however, no differences in the disulfide binding pattern
were observed between the two IgG2A sub-isoforms.”’ The A
and A/B isoforms are most abundant in IgG24, together with a
negligible amount of B isoform according to the non-reducing
RP-HPLC profile.*!

Here, we have characterized the disulfide-mediated structural
variants IgG24 A and A/B isoforms and their disulfide linkages,
including the shared six pairs of intra-chain and the distinct
inter-chain disulfide linkages between two isoforms. We utilized
RapiGest SF Surfactant and N-ethylmaleimide (NEM) to pre-
pare a denatured and alkylated digest under non-reducing con-
dition, performed the disulfide mapping by the ETD-triggered
MS? experimental paradigm, and analyzed the data by the Prote-
ome Discoverer platform. The disulfide linkage in the disulfide-
linked peptides is first broken by ETD in the MS” step, with the
disulfide-dissociated peptides being further characterized in the
subsequent CID MS® step. The ETD/CID MS" strategy unam-
biguously maps the disulfide linkage with less sample manipula-
tion, is less vulnerable to chromatography noise, and yet more
accurate and sensitive in the determination of disulfide linkages.
We leveraged the nodes in the Proteome Discoverer framework,
such as the SEQUEST search, to automatically generate a list of
disulfide-dissociated peptides from the CID MS’ spectra. With
the presented ETD method, in the case where only one of the
peptides dissociated from the disulfide linkage is identified by
the CID MS’ product spectrum, the complementary peptide can
be determined using the identified disulfide-unlinked peptide
with the loss of two hydrogens as a dynamic modification in the
search of the ETD MS” spectrum. The ETD MS/MS spectrum of
the disulfide linked peptide could confidently be identified, and
thus confirm the disulfide bond. The combination of the Rapi-
Gest SF Surfactant-assisted sample preparation, LC-MS with
ETD/CID fragmentation, and the node-based data processing is
unparalleled in its ability to comprehensively and unambigu-
ously characterize disulfide linkages.

Results

The schematic view of the presented ETD-triggered MS® para-
digm is shown in Figure 1. The IgG21 mAD used in this study
consists of two human heavy chains and two human 7 light
chains. The antibody was expressed in Chinese hamster ovary
cells, and purified by well-established chromatographic proce-
dures developed at Amgen.*> The studied IgG24 contained
mainly the A and A/B isoforms, and a negligible amount of the
B isoform, as quantified by non-reducing RP-HPLC profile.*'
The A, A/B, and B disulfide isoform classes share the 12 com-
mon intra-chain disulfide linkages (one pair of each within the
Vir Vi, Ci, Cul, Cy2, and Cy3 domain), and differ in the
inter-chain disulfide linkages at the hinge region. Table 1 sum-
marizes the disulfide-linked peptides of the three major disul-
fide isoform classes in the studied IgG24A mAb and their mass

»

to charge (m/z) ratios. In the table, “I” indicates that the
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Figure 1. Schematic view of an electron transfer dissociation triggered MS®
paradigm.

peptide was digested by trypsin, whereas “H” or “L” refer to the
resulting peptide originating from digestion of the heavy chain
or light chain. The number aligns with the order of the theoreti-
cal peptide digest counting from the N-terminal. The first six
disulfide-linked peptides in Table 1 represent the six pairs of
intra-chain disulfide linkages shared between all isoforms,
whereas the rest represent the distinct inter-chain disulfide
linkages at the hinge region of each isoform.

CID mainly cleaves peptide amide bones to produce b and y
ions. The CID spectra of disulfide-linked peptides are typically
difficult to interpret and provide limited information for the
backbone region within the disulfide loop. Alternatively, ETD
cleaves the NH-Co bond to produce ¢ and z ions, and favors
fragmentation of disulfide linkages. Specifically, ETD breaks the
disulfide bond to produce two polypeptides, labelled as a free
cysteine-containing peptide for one polypeptide and a free cyste-
ine-containing peptide with an odd electron replacing its proton
as the other polypeptide. A sequential CID on the disulfide-dis-
sociated peptides from the ETD scan produces b and y ions for
the entire backbone region. In this study, we digested the IgG24
using trypsin without reduction, and then identified the disulfide
linkages by the combined ETD/CID fragment method.

Identification of common intra-chain disulfide linkages

The A, A/B, and B isoforms of the IgG2A mAb shared six pairs
of common intra-chain disulfide bonds, as shown in the top
panel of Figure 2. The six pairs of intra-chain disulfide linkages
are marked in red in the bottom panel of Figure 2, with the sites
of cysteines numbered, residing in the Vg, Vi, Cr, Cyl, Cy2,
and Cy3 domain. Tryptic cleavages sites close to the location of
disulfide linkages are highlighted. To determine the disulfide
linkage, for example, the disulfide-linked peptide within the Vi
domain (m/z 838.629, 4+) was selected from the MS scan for
ETD MS’ (Supplementary Figure 1 and Figure 3). The disulfide
bond dissociated, and produced separate peptide ions P1 (m/z
1046.78, 2+) and P2 (m/z 1261.69, 1+), along with a typical
ETD fragmentation pattern of the backbone cleavages with sev-
eral high-intensity ions of the charge-reduced species of the
precursor ion. Due to the cleavage of disulfide linkage during
the ETD MS?, the ions corresponding to the unlinked peptides
were automatically selected for CID MS? (Figure 4). ETD favors
the cleavage of disulfide bonds; therefore, the P1 and P2 ions
were observed as the two highest intensity ions in the ETD
spectrum, along with a typical ETD fragmentation pattern of
the backbone cleavages (z ions) with high-intensity ions con-
sisting of charge-reduced species of the precursor ion, such as
[M-NH;+4H]""**. The loss of NH; from the N-terminus is
due to the NH-Ca bond at the N-terminus.***** P1 and P2
were automatically isolated and fragmented into b and y ions
in the CID MS® step, along with characteristic side-chain losses
of amino acid residues, such as loss of 18 (water), 34 (SH,), or
46 Da (SCH,) from the cysteine residue. This result suggests
the peptide contained a mixed population, such as P1-SH and
P1-S°, with the protonated form producing b and y ions, and
the odd-electron form producing characteristic side-chain
losses of SH, and SCH,. Similar observations of the side chain
losses have been described by others.**** Only one fragment
ion was missing for CID MS? spectra of both P1 and P2 to be
sequenced at 100%. The disulfide-linked peptide P1-P2 was
confirmed to be TH3-THI1, connected by the disulfide bond
between cysteines C** (H) and C*® (H).

Figure 5 shows a second disulfide-linked peptide, connected
through an intra-disulfide bond between C** (L) and C* (L)

Table 1. Representative ions of disulfide-linked peptides of the three disulfide-mediated structural variants A, A/B, and B isoforms in IgG24.

Intra-chain Disulfide-linked Peptides Linked Cysteine m/z

Vi [TH3-TH11]** C2(H)-C*°(H) 838.63
Vi [TL2-TL6)* CH(L)-C®(L) 1504.19
C: [TL10-TL16° T C"BL)-C(L) 762.38
Cyl: [TH16-TH17)2+ C"7(H)-C*"*(H 1010.12
Cy2: [TH23-TH28]*+ C7O(H)-C3*(H) 998.22
Cy3: [TH36-TH41]°+ C78(H)-CP4(H) 77037
Inter-chain Disulfide-linked Peptides Linked Cysteine m/z

ATH21-TH21AP* CB2(H)-C32(H)"; CB3(H)-C3(H)"; CBO(H)-C35(H)"™; CB32(H)-C*°(H)" 1071.72
ATL17-TH1513" CH3(L)-C"*(H) 679.33
A/B:[TH15-TH21A-TH21-TL171F C3(L)-C23(H); C32(H)™-CMA(H); C233(H)-C33(H)"; C26(H)-C38(H)"; C2(H)-C(H)™, 1477.90
B: [TH15-TL17A-TH21A-TH21-TL17-TH15A]%+ CH3(L)-C(H); C2B3(H)-CM**(H)™; CB3S(H)-C26(H)"; C39(H)-C3(H)™; 1570.74

APeptide on another heavy chain.

A: Distinct disulfide-linked peptides in IgG2A isoform.
A/B: Distinct disulfide-linked peptides in IgG2A/B isoform.
B: Distinct disulfide-linked peptides in IgG2B isoform.
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in the V; domain of the IgG2A. The precursor ion (m/z 1504.19,
4-+) was subjected to ETD MS?, yielding a typical ETD fragmen-
tation pattern, along with two high-intensity ions TL2 (m/z
1530.91, 2+) and TL6 (m/z 1478.41, 2+) (Supplementary Fig-
ures 2 and 3). Both ions are automatically fragmented in the MS’
step, with a typical CID fragmentation pattern (b and y ions),
along with several side-chain losses of amino acid residues. Con-
secutive y ions are identified in the CID MS’ product spectrum
of the peptide TL2, which could serve as an anchor to aid in the
confident identification of the disulfide-dissociated peptide TL2.
In the CID MS? product spectrum of the complementary peptide
TL6 generated upon dissociation of the disulfide bond, consecu-
tive y ions were also observed, including y ions surrounding C*
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Figure 3. ETD MS? spectrum of intra-chain disulfide linked peptide within the Vy
domain. ETD dissociated the two peptides linked by a disulfide bond, producing
intense fragments corresponding to the unlinked peptides, along with a typical
ETD fragmentation pattern of the backbone cleavage, as well as the high-intensity
ion of the charge-reduced species of the precursor ion.
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(L), confirming its identity with high confidence at the amino
acid level. Both peptides were found to contain one cysteine, and
thus the linkage between C** (L) and C* (L) was assigned.

The next disulfide-associated peptide we examined with
the presented approach is between C'*® (L) and C'*” (L) on
tryptic peptides TL10 and TL16 in the C; domain. In the
MS? step, the precursor ion of the disulfide linked peptide
(m/z 762.38, 5+) was isolated and dissociated as high abun-
dant TL10 (m/z 1077.91, 2+) and TL16 ions (m/z 827.79,
2+4) (Supplementary Figures 4 and 5). Figure 6 shows the
CID product spectrum of each disulfide-dissociated peptide,
where all the amino acids in the peptide TL16 are confi-
dently identified by surrounding b or y ions, except for
amino acid residues “SY”. Fragment ions were identified on
both sides of cysteine in the CID MS® product spectrum of
TL16, and confirmed one end of the disulfide linkage to be
cysteine CY7 with a high confidence. Similarly, b and y
ions in another CID MS® spectrum identify the complemen-
tary peptide of the disulfide-linked peptide to be TL10. The
two identified CID MS’ spectra confirm the disulfide link-
age between C'** (L) and C'”7 (L) with confidence.

Switching to the next disulfide-linked peptide, connected
through another intrachain disulfide bond between C'*’
(H) and C*"*(H) within the Cyl domain, a precursor ion
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Figure 4. CID MS? spectra of the disulfide-dissociated peptides TH3 (top) and TH11
peptides (bottom) within the V}; domain. Only one fragment ion was missing for
both CID MS? spectra of TH3 and TH11 to achieve an MS® sequence coverage of
100%. Both C*2 (H) and C* (H) residues were surrounded by fragment ions, and
thus the location of disulfide linkages were unambiguously identified.
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(m/z 1010.12, 8+) was detected and ETD fragmented (Sup-
plementary Figures 6 and 7); however, only the CID MS®
product spectrum for one disulfide-dissociated peptide
TH16, where C'”7(H) resides, was observed (Figure 7).
Characteristic side-chain losses from the cysteine residues
again were observed in the CID MS’ step due to the pres-
ence of odd-electron form of peptide TH16. The protonated
TH16 was found to be fragmented into b and y ions, con-
firming the identity and linkage site at C'*’(H). To find the
complementary peptide upon the dissociation of a disulfide
bond, the cysteine residue in the target counterpart would
be assumed to be modified with the molecular mass of the
identified disulfide-dissociated peptide. For example, in this
case, the molecular mass of TH16 with the loss of two
hydrogens [M-2H] serves as a dynamic modification when
searching against ETD MS? spectra using SEQUEST. The
other chain of the disulfide-linked peptide was identified to
be peptide TH17. The absence of disulfide-dissociated pep-
tide ion TH17 from the ETD MS® spectra, and the subse-
quent CID MS® product spectra could be explained if the
disulfide-dissociated peptide TH17 (6705 Da) existed as 3+,
24, or 14 charge state (m/z >2000), which is beyond the
mass detection window. The SEQUEST search was then
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Figure 6. CID MS® spectra of the disulfide-dissociated peptides TL16 (top) and
TL10 peptides (bottom) within the C, domain. Fragment ions were identified on
both sides of cysteine in the CID MS® product spectrum of TL16, and confirmed
one end of the disulfide linkage to be cysteine C'” with a high confidence. The
fragment ions in the bottom CID MS® spectrum identified the complementary pep-
tide to be TL10, and confirmed the linkage between C'*® (L) and C'*” (L).

repeated using peptide TH17 as a dynamic modification
against ETD MS?® spectra, and confirmed the complemen-
tary chain to be TH16. The linkage between TH16 and
TH17 through C'*’(H) and C*'*(H) was thus assigned.

We then used our method to map the disulfide bond
between a 33 amino acid long peptide containing a cysteine
residue and its complementary disulfide bonded peptide within
the Cy42 domain (Supplementary Figures 8 and 9). ETD MS?
data of the precursor ion (m/z 998.22, 4+) produced a single
CID MS’ identified sequence TH23 (m/z 1871.79, 2+)
(Figure 8). The mass of the complementary peptide was calcu-
lated based on the difference between the precursor ion and the
identified disulfide-dissociated TH23. The other chain was con-
firmed to be a dipeptide TH28 (249 Da). Notably, TH28 was
not detected in the reduced tryptic peptide mapping of this
IgG2A mADb, possibly because its fragment ions were below the
mass detection range. The combined ETD/CID dissociation
method shows the capability to discover unidentified peptide in
the conventional reduced peptide mapping by the mass differ-
ence between the precursor ion for ETD MS? and the identified
peptide by the CID MS® data.

The approach found the last intra-chain disulfide-linked
peptide between C*’® (H) and C** (H) in the Cy3 domain
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Figure 7. CID MS® spectrum of the disulfide-dissociated peptide TH16 within the
Cy1 domain. TH16 was identified by Proteome Discoverer as a reduced peptide
resulting from disulfide cleavage. There are multiple fragment ions serving as
anchors to aid in confident identification of peptide segment. To find its comple-
mentary peptide in the disulfide-linked peptide, the molecular mass of TH16 with
the loss of two hydrogens [M-2H] serves as a dynamic modification when search-
ing against ETD MS? spectra using SEQUEST. The counterpart in the disulfide-
linked peptide was identified as TH17, linked by disulfide bond between C'*” (H)
and C*"3 (H).

(Figure 9). In the MS? step, the precursor ion of the disulfide
linked peptide (m/z 770.37, 54-) was isolated and dissociated as
high abundant TH41 (m/z 1373.49, 2+4) and TH36 ions (m/z
1104.74, 14) (Supplementary Figures 10 and 11). High
sequence coverage was observed for both CID MS® spectra,
with adjacent fragment ions on both sides of cysteines C*’¢ (H)
and C** (H). Both cysteines were identified with high confi-
dence, and the MS’ sequence coverage for the two chains
(TH36 and TH41) is 90% and 74%. The ETD MS® spectrum
together with two identified CID MS® spectra confirm this
intra-chain disulfide linkage with very high confidence.
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Figure 8. CID MS® spectrum of the disulfide-dissociated peptide TH23 within the
Cy2 domain. TH23 was identified by Proteome Discoverer as a reduced peptide
resulting from disulfide cleavage with multiple fragment ions serving as anchors
to aid in confident identification of peptide segment. The dipeptide TH28 was con-
firmed to be the complementary peptide based on the mass difference between
the disulfide-linked peptide and the identified disulfide-dissociated TH23, leading
to the identification of disulfide linkage between C*’° (H) and C**° (H).
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Figure 9. CID MS® spectra of the disulfide-dissociated peptides TH41 (top) and
TH36 peptides (bottom) within the C43 domain. One or five fragment ions were
missing for TH36 or TH41 to achieve a CID MS® sequence coverage of 100%. Both
C¥7¢ (H) and C*** (H) residues were identified by high confidence, and thus the
location of disulfide linkages were unambiguously identified.

Identification of inter-chain disulfide linkages

The three major classes of disulfide-mediated structural iso-
forms (A, A/B, and B isoforms) in IgG24 differ in their
specific linkages between the Fab arms and the heavy chain
hinge region. RP-HPLC profiles of IgG24 show that 1gG24
contains mainly the A isoform, a relatively lower level of
the A/B isoform, and a negligible level of the B isoform.*'
We only observed one disulfide pattern for the IgG2A
form, supporting the report from Liu et al. that the A; and
A, sub-isoforms share the same disulfide pattern.*'

The IgG2A isoform consists of four inter-chain disulfide
bonds restricted within the hinge region, and a pair of
inter-chain disulfide bonds between the C; and Cyl
domain. The tryptic peptide TH21 contains four cysteine
sites, C**? (H), C*** (H), C**° (H), and C**° (H). The TH21
from one heavy chain was found to form disulfide linkages
with the TH21 on the other heavy chain (TH21/). ETD
cleaves the disulfide chain between the disulfide-associated
peptide TH21-TH21/A (m/z 1071.72, 5+), producing two
identical unlinked peptides, which results in a single peak
related to the disulfide-unlinked peptide in the ETD MS?
spectrum (Supplementary Figures 12 and 13). The single
peak was isolated and fragmented in the subsequent CID
MS® spectrum (Figure 10). Notably, for disulfide bound
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Figure 10. CID MS? spectrum of the distinct disulfide-dissociated peptide TH21 at
the hinge region of the IgG2A isoform. TH21 on one heavy chain was found to con-
nect with TH21 on the other heavy chain, and formed the inter-chain disulfide
bond.

pairs of two identical peptides, only one new peak would be
observed in the reduced peptide mapping corresponding to
the disappearance of the disulfide-associated peptides. Simi-
larly, only one CID product spectrum data is available for
the disulfide-unlinked peptides. The linkage could be
assigned by comparing the mass difference between the pre-
cursor mass selected for ETD MS®> and the identified
unlinked peptide. By determining the mass difference of
ions in the consecutive ETD MS? and CID MS® scans, we
were able to identify the linkages between two TH21 pepti-
des. In addition, Figure 11 shows the other distinct inter-
chain disulfide linkages between peptides TL17 and TH15
within the C; and Cyl domain of the IgG2A isoform. The
precursor ion (m/z 679.33, 34+) was subjected to ETD MS?,
yielding a typical ETD fragmentation pattern, along with
two high-intensity ions TL17 (m/z 807.49, 1+) and THI15
(m/z 1230.79, 14+) (Supplementary Figures 14 and 15). The
CID MS® sequence coverage is nearly complete for the MS’
of peptide TL17, whereas that of peptide TH15 lacks three
fragment ions to be 100%. The presence of two fragment
jons on both sides of an amino acid results in C*'* (L)
identified with high confidence. The peptide identified with
such a high confidence could be used to check the final
identification of the matching peptide.

The IgG2A/B isoform consists of a specific disulfide-linked
peptide between the Cyl, hinge region, and the C; domain.
Figure 12 shows the MS' (top panel) and MS> (bottom panel)
spectra of the distinct disulfide-linked peptide between the
hinge region and one Fab arm in the IgG2A/B isoform.
Although a good MS® CID spectrum is yet to be observed, the
MS' spectrum was detected with good confidence, and the sub-
sequent ETD product spectrum presented the disulfide-dissoci-
ated peptides to be TL17, TH15, and TH21 based on the mass.
No product mass spectrum of the disulfide-linked peptide
between the hinge region and both Fab arms was observed to
confirm an IgG2B isoform, possibly due to the low abundance
of IgG2B isoforms. Enrichment of the IgG2B isoform is
required to detect its distinct disulfide linkages.
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Figure 11. CID MS? spectra of the disulfide-dissociated peptides TL17 (top) and
TH15 peptides (bottom) across the C, and Cy1 domain. TL17 is at the C-terminal of
the light chain of the mAb, ending with S. Three or one fragment ion was missing
for CID MS® spectrum of TH15 or TL17 to achieve an MS® sequence coverage of
100%. Both C'** (H) and C*"* (L) residues were identified by high confidence, and
thus the location of disulfide linkages were unambiguously identified.

Discussion

Current disulfide linkage mapping based on chromatography
comparison and CID fragmentation only for structural variants
has several limitations. First, most non-reduced peptide map-
ping experiments start with the digested and non-alkylated
samples under non-reducing condition. The samples, however,
are vulnerable to pH change and prone to disulfide scrambling.
Here, we denatured and alkylated the mAb IgG24 under non-
reducing conditions using NEM at mildly acidic pH in Rapi-
Gest. This step irreversibly labels any free cysteines present in
the sample, and helps control disulfide-rearrangement during
the procedure. RapiGest is cleaved into insoluble components
at low pH, and removed by centrifugation. Then, normal sepa-
ration by HPLC and mass analysis by mass spectrometry is
performed.

Second, disulfide linkages are commonly determined by
correlating the disappearance of the disulfide-linked pepti-
des with the appearance of the corresponding unlinked pep-
tides in the reduced peptide mapping. The correlation
obviously requires a perfect alignment of LC traces between
the reduced and non-reduced peptide mapping. However,
the reduction of disulfide linkages does not always lead to a
shift of retention time; thus, the potential location of disul-
fide linkages could not be confirmed by CID MS® product
spectra without the presence of a new peak in the reduced
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Figure 12. MS' (top) and MS? (bottom) spectra of the distinct disulfide-linked pep-
tide between the hinge region and one Fab arm in the IgG2A/B isoform. Full MS
spectrum confirms the existence of the linked peptide, whereas the ETD MS/MS
product spectrum shows the identity of the unlinked peptides.

peptide mapping. For example, in the case of internally
disulfide-linked peptides, the disulfide-linked and disulfide-
dissociated peptides elute closely,** and the mass shift in
MS' peak of a possible “disulfide-linked” peptide can be
misinterpreted as the isotopic distribution. Therefore, it is
hard to conclude whether there is an internal disulfide link-
age based on the LC traces and CID MS* data. Our meth-
odology does not depend on the comparison of LC traces
to locate potential disulfide linkages. ETD MS® cleaves the
intra-peptide disulfide bond, and produces a reduced single
peptide that can be sequenced based on its CID MS® prod-
uct spectrum with no ambiguity. Furthermore, for the pep-
tide containing intra-peptide disulfide linkages only, the
mass difference between the precursor ion and the fully
reduced peptide ion in the ETD MS® spectrum can be used
to deduce the number of disulfide linkages.

Finally, current practice requires the CID product spectra of
both dissociated peptides from a disulfide-associated peptide.
With our ETD method, when only one of the peptides dissoci-
ated from the disulfide linkage is identified by the CID MS’
product spectrum, the complementary peptide can be identified
by using the identified disulfide-unlinked peptide with the loss
of two hydrogens as a dynamic modification in the search of
the ETD MS? spectrum.
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It is common to get high false positives rates when sequenc-
ing the disulfide-dissociated peptides by the SEQUEST node in
Proteome Discoverer. For example, a polypeptide not contain-
ing cysteine was output as a possible component of a disulfide-
associated peptide. The high false positives rates are due to the
limited size of the database, which is commonly composed of
the sequence of the interested protein only. Increasing the size
of the database by adding more irrelevant sequences could help
decrease the false positives rates. Alternatively, algorithms that
could predict a list of all possible disulfide-linked peptides
could be leveraged to match the MS' precursors selected for
ETD and assign the identities. For complicated proteins, it is
highly possible that more than one disulfide-linked peptide
could match to a given precursor. The CID MS’ spectrum
could be used to verify the identity of the disulfide-dissociated
peptides. Such an integrated approach will be extremely power-
ful for identification of both known and new disulfide linkages
in proteins.

Another excellent application of the ETD method is to
determine intertwined disulfide linkages, such as two disulfide
linkages between three peptides. Conventional methods use
chemical reduction such as dithiothreitol, which fully cleaves
the three disulfide-linked peptide into three separate peptides.
Although the backbone sequence information can be generated
from the product MS spectrum of each completely disulfide-
dissociated peptides, information regarding each disulfide link-
age in an intertwined disulfide structure is lost. Alternatively,
ETD could generate partially dissociated peptides with high
abundance to facilitate identification of complex disulfide
linkages.

In conclusion, our methodology leverages denatured and
alkylated tryptic digests under non-reducing condition, ETD-
triggered MS® experimental paradigm, and the Proteome Dis-
coverer platform for disulfide mapping. Alkylating the free thiol
eliminates possible method-induced disulfide shuffling, and
enables discovery of the native disulfide location. We success-
fully identified and confirmed all the common intra-chain and
the distinct inter-chain disulfide linkages between the A and A/
B isoforms in a mAb IgG2/, with the relative high abundant
ions observed in ETD MS” spectrum providing strong evidence
of the linked peptides. Data analysis was empowered by the
Proteome Discoverer to identify the disulfide-dissociated pepti-
des, whereas the product spectrum and coverage map were
shown to present the efficiency of fragmentation. Due to the
lower intensity of ETD MS” and subsequent CID MS’ product
ions, the current method requires a large amount of purified
proteins for identification of disulfide linkages. The approach
presented here could be applied to identify the disulfide link-
ages in protein mixtures as long as there is sufficient digested
material. For the data analysis of complex protein mixtures,
such as proteome samples containing thousands of proteins, it
is likely that the noise of numerous random matches of inter-
protein disulfide bonds would make it difficult to identify a
small number of intra-protein disulfide bond matches. Disul-
fide linkages between different proteins are extremely rare.” It
is recommended to filter the intra-protein and inter-protein
disulfide linkages separately, and adjust the false discovery rate
for intra-protein disulfide linkages accordingly.
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Materials and methods
Materials

The mAb IgG24 was produced at Amgen Inc. (Thousand Oaks,
CA), and consisted of two human gamma heavy chains and
two human 4 light chains. The antibody was expressed in Chi-
nese hamster ovary cells, and purified by well-established chro-
matographic procedures developed at Amgen.*” RapiGest SF
surfactant was purchased from Waters (Milford, MA). Tri-
fluoroacetic acid (TFA) and guanidine hydrochloride solution
were obtained from Thermo Scientific (Waltham, MA). Lyoph-
ilized trypsin was obtained from Promega (Madison, WI).
NEM was obtained from Calbiochem (Billerica, MA).

Alkylation and trypsin digestion of protein

The mAb IgG2/ was concentrated by Centricon tube or diluted
to 5 mg/mL in 10 mM sodium acetate, pH 5.2, 5% (w/v) sorbi-
tol. Prior to digestion, the free cysteine residues of the sample
were blocked by incubating with 6.0 L of 20% RapiGest solu-
tion and 1.0 uL of 15 mM NEM solution added to 50 uL of
sample at 78°C for 10 min. Every 45 uL of the alkylated sample
was digested with 20 pg of trypsin at 37°C for 17 hours. TFA
was then added to quench the enzymatic reaction and degrade
the RapiGest.

Data acquisition: On-line LC CID MS’, ETD MS?, and CID
ms?

Each tryptic digest (~30 pg) was subjected to nano flow RP-
HPLC separation by Waters Acuity ultra-high-performance
liquid chromatography system (Milford, MA), and mass detec-
tion by Thermo Scientific Orbitrap Elite mass spectrometer
(San Jose, CA) equipped with electrospray ionization source.
Enzymatic digests were separated by Waters BEH C, column
(2.1 x 150 mm 300 A pore size) at a flow rate of 0.2 mL/min
with the column temperature maintained at 60°C. Mobile
phase A was 0.08% (v/v) TFA in water, and mobile phase B was
0.07% (v/v) TFA in 80% acetonitrile. Beginning with 0% mobile
phase B, phase B linearly increased to 50% after 60 min and to
95% at 63 min. After washing at 95% for 3 min, the column
was equilibrated with 0% B for 5 min.

Tryptic digests were electrosprayed at 4 kV and injected into
a Thermo Scientific Orbitrap Elite mass spectrometer (San
Jose, CA). Precursor ions were isolated in the ion trap with an
isolation window width of 3 Th, followed by ETD fragmenta-
tion for a reaction time of 100 ms. Figure 1 shows the general
survey scheme of the mass spectrometer, which was operated
in the data-dependent mode to switch automatically between
MS, ETD-MS?, and CID of isolated species in the MS® steps.
For the MS survey scans, the scan range was set to 200-2000
m/z at a mass resolving power (m/Am50%, in which Am50% is
the full absorption-mode mass spectral peak width at half-max-
imum peak height) of 60,000 at m/z 400, and the automatic
gain control (AGC) target was set to 1 x 10°. For the MS/MS
scans, the AGC target was set to 1 X 10°, and the maximum
injection was set to 500 ms. Each precursor ion for the ETD
scans was isolated using the data-dependent acquisition mode
with an isolation window width of 3 Th to select automatically

and sequentially a specific ion (starting with the most intense
ion) from the first MS scan. The 5 most abundant ions from
the prior ETD spectrum were selected for further CID fragmen-
tation in the CID MS’ step. The mass spectra were externally
calibrated by Pierce LTQ Velos ESI positive ion calibration
solution (Thermo Fisher Scientific, San Jose, CA).

LC/MSF data were processed and searched against in-house
developed software MassAnalyzer,”” and disulfide linkages
were confirmed by Thermo Scientific Proteome Discoverer 1.4
software with SEQUEST node. ETD MS” and CID MS? spectra
were separated with the “Scan Event Filter” (node #2 for ETD
and node #6 for CID spectra) using the fragmentation type for
differentiation and the order of scan event. “None-Fragment
Filter” (node #3) removes the precursor-related peaks in the
mass list, and increases search confidence and reduction of false
positive identification.***” The “None-Fragment Filter” node
was used with the following parameters: remove precursor, 1-
Da window offset; remove charge reduced precursor, 0.5-Da
window offset; and remove neutral loss form charge reduced
precursor, 0.5-Da window offset. ETD MS® spectra were
searched by SEQUEST® (node #4), and the following CID MS’
spectra were searched using SEQUEST® (node #7). In the cases
where only one chain form the disulfide-linked peptide was
identified by CID MS®, the detected peptides with the loss of
two hydrogens were searched again as a dynamic modification
against the ETD MS? spectra to find the matching peptide.

Abbreviations

CID collision-induced dissociation

ETD electron-transfer dissociation

Fab antigen-binding fragment

IgG24 immunoglobulin G2 monoclonal antibody with 4
light chain

LC liquid chromatography

mAbs monoclonal antibodies

MS mass spectrometry

NEM N-ethylmaleimide

RP-HPLC reversed-phase  high  performance  liquid
chromatography

TFA trifluoroacetic acid
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