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A B S T R A C T

Disulfide bonds are fundamental in establishing Ig structure and maintaining Ig biological function. Here, we
analysed disulfide bonds and free cysteine in three grass carp IgM isoforms (monomeric, dimeric/trimeric, and
tetrameric IgM) by liquid chromatography-electrospray ionization tandem mass spectrometry (LC-ESI-MS/MS).
The results revealed that Cys574 residue status at the C-terminal tail differed substantially in monomeric IgM in
comparison with polymeric IgM, Cys574 was found as free thiol in monomeric IgM, while it formed disulfide
linkages in dimeric/trimeric and tetrameric IgM. Five intra-chain disulfide bonds in the CH1~CH4 and CL1
domains, as well as one H–H and one H-L inter-chain disulfide linkages, were also observed and shown identical
connectivity in monomeric, dimeric/trimeric, and tetrameric IgM. These findings represent the first experi-
mental assignments of disulfide linkages of grass carp IgM and reveal that grass carp IgM isoform formation is
due to alternative disulfide bonds connecting the Cys574 residue at the C-terminal tail.

1. Introduction

Disulfide bonds are one of the most essential protein post-transla-
tional modifications in stabilizing structure and regulating the biolo-
gical function of proteins [1–4]. Numerous studies have shown that
disulfide bonds change as disulfide reduction, disulfide scrambling and
free cysteine residue oxidation can lead to structural perturbations in
proteins in the form of lower thermo stability, spontaneous unfolding,
and biological activity change [5–7]. The determination of disulfide
connectivity is an important aspect in understanding protein structures
and defining the functional domains of proteins.

Abs or immunoglobulins (Ig) are high disulfide bond glycoproteins
with the basic four-chain structure. Two identical heavy chains (IgH)
and two identical light chains (IgL) are joined by inter-chain disulfide
bonds and intra-chain disulfide loops in all five mammalian Ig classes
(IgM, IgG, IgA, IgE and IgD) [1,2,8,9]. The κ and λ light chains are
identified following the same disulfide connectivity, while the five Ig
heavy chains show substantial differences in the number of cysteine
residues and disulfide bond arrangement, specifically in the constant

region. For example, four human IgG subclasses (IgG1, IgG2, IgG3, and
IgG4) were found to exhibit characteristically different inter-chain
disulfide bonding in the constant region, with 2 inter-chain disulfide
bonds in IgG1 and IgG4, 4 inter-chain disulfide bonds in IgG2, and 5
inter-chain disulfide bonds in IgG3 [10–12]. Besides the classical Ig
disulfide connection, alternative (or non-classical) disulfide bonding
has been found in the IgG2 and IgG4 subclasses, leading to the disulfide
bond-mediated structural isoform and Ab effector function changes
[5,9,13]. The constant region of IgM is composed of four classical Ig
domains (Cμ1~Cμ4) and an additional C-terminal tail piece. It revealed
that pentameric human IgM is assembled by J chain, inter-monomer
disulfide linkages with the cysteine residues Cys414 and Cys575 located
at the μ3 domain and C-terminal tail piece, respectively [8,14–16].

Of the tree teleost Ig classes IgM, IgD and IgT/Z (for Teleost/
Zebrafish), IgM is the most abundant Ab and the first one discovered
decades ago, which serves in a key role in humoral immune response.
Regarding teleost IgM disulfide connectivity patterns, our under-
standing is largely based on homology sequence comparison with
mammalian IgM [17–20]. Compared to mammalian IgM, teleost IgM
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lacks the J chain, which regulates the polymeric structure of IgM. A
universal feature of teleost IgM is the production of variable disulfide
structural heterogeneity with different polymerization states. It has
been reported that salmon fish IgM produces isoforms under dena-
turation non-reductive conditions, which indicated salmon IgM iso-
forms related to disulfide connectivity [21]. Much work also revealed
similar findings, as channel catfish IgM, catfish IgM, sheepshead IgM,
and carp IgM were found to exhibit structural diversity involved in
disulfide bond-mediated isoforms [22–26]. However, the disulfide bond
structures of teleost IgM and disulfide bond-mediated IgM isoforms are
limited to homology, and no direct evidence has been presented for the
complete structures.

Traditional methods for the analysis of disulfide bonds include
Edman degradation, diagonal paper electrophoresis, X-ray crystal-
lography and NMR spectroscopy [27–30]. However, none of these
methods are ideal, due to requiring significant amounts of highly pure
samples and due to the low throughput of solving structures. In recent
years, mass spectrometry-based approaches have been employed in the
analysis of disulfide bonds in a promising high throughput manner due
to its high sensitivity [31,32].

In this study, the disulfide connectivity and free cysteine in grass
carp covalent IgM isoforms are investigated using LC-MS/MS. In addi-
tion to complete mapping of the inter-chain and intra-chain disulfide
bonds, the identification of Cys574 at the C-terminal tail piece, exhibited
as a free thiol in monomeric IgM while forming disulfide linkages in
dimeric/trimeric and tetrameric IgM, was achieved. The data represent
the first experimental assignment of disulfide linkages and also reveal
alternative disulfide bond arrangements at the C-terminal tail piece
dominating the formation of grass carp IgM isoforms.

2. Materials and methods

2.1. Reagents

All chemicals and solvents used in this work were of HPLC grade. N-
Ethylmaleimide (NEM), dithiothreitol (DTT), iodoacetamide (IAM),
ammonium sulphate, ammonium bicarbonate, ethylenediaminete-
traacetic acid (EDTA), sodium dodecyl sulphate (SDS), and urea were
obtained from Sigma-Aldrich (Shanghai, China). Acetonitrile and 100%
(w/v) formic acid were purchased from Thermo Scientific (San Jose,
CA). PNGase F was obtained from New England Biolabs (Massachusetts,
USA). Trypsin and endoproteinase Asp-N were purchased from
Promega (Beijing, China) and Roche (Penzberg, Germany). ZipTip C18
was purchased from Millipore (Boston, USA). All buffers and solutions
were prepared with deionized water purified by a Millipore purification
system (Billerica, USA).

2.2. Animals

Grass carp (Ctenopharyngodonidella idella) about 300–500 g were
obtained from Tangsun Lake aquatic culture company (Hubei, China).
They were bred and kept at 25 ± 2 °C in 1000-L tanks with re-circu-
lating and UV-sterilized water for acclimating to the aquarium tanks.
Grass carps were anaesthetized with 0.03% tricaine methane sulpho-
nate (Sigma, Shanghai, China) in water for blood collection. The
Institutional Animal Care and Use Committee of Central China Normal
University approved all of the experiments.

2.3. Isolation of grass carp IgM

Serum was used as a source of grass carp IgM preparation. Blood
was collected from the caudal veins from 10 to 15 naïve grass carp,
allowed to clot for 2 h at room temperature, collected by centrifugation
at 4000 rpm for 10min, and pooled and stored at −80 °C until use. To
prevent disulfide bond shuffling during sample purification, all solution
pH conditions were strictly maintained under 6.5 with the addition of

4mM N-ethylmaleimide (NEM) to the reagents as described previously
[33]. Grass carp IgM samples were purified by ammonium sulphate
precipitation with sequential ion-exchange chromatography following
the protocol described previously [34,35]. Briefly, approximately 30ml
of grass carp serum was precipitated by saturated ammonium sulphate
and then 50% (w/v) ammonium sulphate. The collected proteins were
re-suspended in 10mM sodium phosphate buffer (pH 6.5) containing
5mM EDTA and passed over a Source Q anion column (5ml bed vo-
lume of Amersham Biosciences Source Q anion resin). The IgM retained
in the column were eluted with a 0–1M linear NaCl gradient at a flow
rate of 1ml/min. To further purify the IgM, the fraction containing
grass carp IgM was collected and dialyzed against 10mM sodium
phosphate (pH 5.9), loaded onto a Source S cation exchange column
(2ml bed volume), and the retained IgM in the column were eluted
with NaCl gradient (0–0.5M). Fractions containing grass carp IgM were
pooled, concentrated using Amicon ultra-centrifugal filters (50 kDa cut-
off), checked by SDS-PAGE and stored at −80 °C until use.

2.4. Blocking of free cysteine residues in grass carp IgM

Prior to SDS-PAGE to separate grass carp IgM, free cysteine residues
in grass carp IgM were treated with 4mM N-ethylmaleimide (NEM) in
0.1 M Tris-HCl, pH 6.5, for 1 h to ensure that free cysteine residues were
completely blocked. NEM was chosen as the blocking agent because it
can readily mask cysteine residues under acidic conditions and can also
be identified during ESI-MS/MS by the mass increase of 125.13 Da, thus
allowing confident determination of free cysteine residues [32].

2.5. SDS-polyacrylamide gel electrophoresis to separate IgM isofroms

To verify different IgM disulfide polymerization, the collected IgM
samples were mixed with loading buffer without any reducing agent (β-
mercaptoethanol or DTT in the loading buffer) and characterized by 6%
SDS-polyacrylamide gel electrophoresis at 30mA for 2.5 h. Protein
bands were stained with Coomassie Brilliant Blue. The bands of interest
were excised from the gel and then subjected to deglycosylation and
proteolytic digestion as described below.

2.6. Deglycosylation and proteolytic digestion of IgM

The protein bands were excised and destained by alternating use of
acetonitrile and 100mM ammonium bicarbonate (pH 6.5) until no
visible colour was present. The destained gel pieces were completely
dehydrated with acetonitrile and then dried in a SpeedVac centrifuge.
One unit of PNGase F (100 units/ml) was added to cover the dried gel
pieces, after a 30-min incubation at 4 °C, reaction buffer (pH 6.5) was
added to cover the gel pieces overnight (~12 h) at 37 °C. To ensure
complete deglycosylation, a second aliquot of PNGase F was added to
the samples for additional overnight digestion. The deglycosylated IgM
samples were digested overnight with trypsin (1:20 w/w, in 0.1 M Tris,
pH 6.5) at 37 °C, and trypsin was added at an enzyme-to-protein ratio of
1:50 (w/w) and incubated for 4 h at 37 °C. For endoproteinase Asp-N
digestion, a portion of the sample was subjected to Asp-N digestion
(1:50 w/w, in 0.1 M Tris, pH 6.5) for 6 h at 37 °C after trypsin treat-
ment. When reducing the disulfide bond-peptides, the protein gel piece
was incubated with 64mM DTT at 56 °C for 30min, and alkylation was
achieved with 130mM IAM at R.T. for 30min in the dark prior to de-
glycosylation and proteolytic digestion. Proteolytic digestion was
stopped by adding 10 μl of 10% formic acid. Peptides were extracted
from the gel with 50% acetonitrile in 5% formic acid, lyophilized by
SpeedVac and stored at −20 °C until desalting treatment.

2.7. Peptide desalting

The lyophilized peptide samples were resuspended with 1% formic
acid in water and desalted using ZipTip C18 (Millipore). Briefly, ZipTip
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C18 was activated with 75 μl of acetonitrile containing 1% formic acid,
and then balanced three times with deionized water containing 1%
formic acid. The peptide samples were loaded onto the C18 tip and
desalted with 1% formic acid in water. Peptides was desalted and eluted
stepwise with 1% formic acid in deionized water and 1% formic acid in
acetonitrile. The peptide samples were then lyophilized by SpeedVac
and stored at −20 °C until analysis.

2.8. Chromatography and mass spectrometry analysis

Peptide analyses were performed by using a Q Exactive Plus mass
spectrometer (Thermo Fisher Scientific, USA) coupled to an ultra-per-
formance liquid chromatography (UPLC) system (EASY-nLC 1200
system, Thermo Fisher Scientific, USA) as described in previous re-
search [34]. Peptides were separated using a C18 reversed-phase
column (75 μm×150mm, particle size 3 μm, 100 Å; Thermo Fisher

Scientific, USA) with solvent A (95% water and 4.9% acetonitrile with
0.1% formic acid) and solvent B (90% acetonitrile and 9.9% water with
0.1% formic acid) at a flow rate of 500 nl/min. Lyophilized peptides
were dissolved in 10 μl of solvent A. The gradient profile settings were
as follows: 3–5% B for 6min, 5–25% B for 54min, 25–40% B for 25min
and holding for 5min, 40–80% B for 5min, and 80–100% B for 5min,
for a total of 100min.

Mass spectrometric analysis was performed in data-dependent ac-
quisition (or a pre-selected ion mode) and positive ion mode with dy-
namic exclusion duration of 40 s. Data-dependent acquisition was set up
to acquire the most intense ion (top 20) events for every full high-re-
solution MS scan in the mass range from 350 to 2000m/z. The width for
precursor ion isolation was set to 2.0, with an activation time of 50ms.
The spray voltage was 2.2 kV, and the capillary temperature was
275 °C. In MS1, the precursor ion was set at an automatic gain control
(AGC) target value of 3× 106 (3e6), the resolution was 70,000, and the

Fig. 1. Predicted disulfide bonds in grass carp IgM based on homology model. Sequence alignment of grass carp Ig heavy chain (A) and Ig light chain (B). Dark and
light shadows indicate identical and similar residues, red shadow indicates the conserved cysteine involved in the disulfide bond, while yellow and brown shadows
indicate crucial tryptophan and proline residues forming the fold of each Ig domain. The N-linked glycosylation sites in grass carp IgM heavy chain are underlined.
(C) Expected tryptic disulfide bond-peptides of grass carp IgM heavy and light chain constant regions. (D) Analysis of purified grass carp IgM by SDS-PAGE under
denaturation non-reducing conditions. Lane 1, Marker; lane 2, thyroglobulin (303 kD, Sigma); lane 3, mouse IgG1 mAb (anti-COMP, 15A11, 150 kD); lane 4 to lane 9,
grass carp IgM. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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maximum injection time was 50ms. In MS2, the AGC target was set at
5× 104 (5e4), while the resolution was 17,500, the maximum injection
time was 50ms, and normalized collision energy was 27% for HCD. A
blank wash and BSA control were performed between every two sam-
ples to avoid sample carryover.

2.9. Peptide identification and disulfide bond assignment

Disulfide bond assignment was performed using plinK SS (version
2.3.5) (http://pfind.ict.ac.cn/software/pLink/index.html#Downloads)
as described previously [36]. Raw MS/MS spectra data were searched
with grass carp serum IgM heavy chain (accessions ABD76396.1) and 3
known Ig light chain type obtained from GenBank (accessions
AEH76777.1, AEH76781.1, and AEH76779.1). Search criteria included
trypsin (and Asp-N) and allowed a maximum of two missed cleavages;
cysteine alkylation by NEM (+125.13 Da), cysteine alkylation by IAM
(carbamidomethylation, + 57.02 Da), oxidation of methionine
(+15.9949 Da) and conversion of Asn to Asp (+0.98 Da) were con-
sidered as variable modifications. Mass tolerance of 10 ppm was used in
all searches. The false-discovery rates of peptide and disulfide bonds
were set at 0.01. The minimum and maximum peptide lengths were
four and sixty amino acids, respectively. The reduced peptide spectra
were also processed using Proteome Discoverer V2.2 (Thermo Fisher
Scientific). Xcalibur 4.0 (Thermo Fisher Scientific) was used for gen-
erating extracted ion chromatography (XIC). Peptide identification,
disulfide bond assignment and all spectra were confirmed manually.

3. Results

3.1. Characterization of grass carp IgM isoforms

There are 14 cysteine residues in each grass carp IgM heavy con-
stant region, 3 cysteine residues in three known grass carp Ig light chain
constant region. The 14 cysteines of heavy chain potentially involved in
the disulfide linkage in CH1~CH4, heavy-heavy and light-heavy dis-
ulfide linkage (Fig. 1A). Notably, Cys414 in the human IgM Fc region
involved in inter-monomeric disulfide bonding has no equivalent in the
grass carp IgM molecule, implying that Cys574 in the C-terminal tail
piece is potentially associated with inter-monomeric disulfide linkage.
Cysteine residues involved in CL and light-heavy disulfide linkages in 3
known grass carp Ig light chain type are shown in Fig. 1B. The predicted
tryptic disulfide bond-peptides are shown in Fig. 1C.

Purified grass carp IgM migrated three apparent protein bands
under denaturation non-reduced SDS-PAGE conditions, according to
the marker and reference proteins (thyroglobulin, 303 kDa; mouse IgG1
mAb, 150 kDa), these bands were recognized as tetramer, dimer/trimer
(mostly trimer), and monomer (Fig. 1D). Grass carp IgM samples used
in this study were collected from serum, and the amino acid sequences
of the variable regions are polyclonal, thus, only disulfide bonds and
free cysteine in the constant region are mapped below.

3.2. Disulfide bond and free cysteine residue analysis approach

To map disulfide bonding and free cysteine residues in grass carp
IgM isofroms, IgM samples were first blocked with NEM to mask free
cysteine and eliminate thiol-mediated disulfide scrambling prior to
SDS-PAGE and in-gel protease digestion. Grass carp IgM heavy chain
has 4 conserved N-glycosylation sites, namely, Asn262, Asn303, Asn426,
and Asn565, and examination of disulfide bond-peptides containing
Cys269 residue in the CH1 domain and Cys574 residue at the C-terminal
tail piece may be affected by their surrounding Asn262 and Asn565

glycosylations, thus, deglycosylation by PNGase F treatment prior to
trypsin digestion was performed to reduce analysis complexity (Fig. 2).
To limit disulfide shuffling during sample preparation and digestion,
the experiment was strictly controlled under pH 6.5 as described in the
Materials and methods section. The resultant tryptic peptides

containing disulfide linkage and NEM-modified free cysteine residue
were subjected to reversed phase HPLC followed by ESI-MS and MS/MS
analysis. In a parallel experiment, to support that cysteine residues are
indeed involved in disulfide bond formation, samples were reduced
with DTT and cysteine was labelled with alkylation IAM and thus could
be distinguishable from free cysteine residues (Fig. 2). MS analysis in-
dicated that complete deglycosylation was achieved, and trypsin di-
gestion was sufficient with a low number of missed cleavages at pH 6.5
(see Figs. 3–6 and Table 1 listed below).

3.3. Identification of free cysteine in monomeric IgM

To demonstrate that disulfide bonding patterns may be different
among grass carp IgM isoforms, we first investigated the potential free
cysteine in monomeric IgM. Tryptic digests from deglycosylated
monomeric IgM with NEM pretreatment were separated and analysed
by on-line LC-ESI-MS/MS. For the determination of free cysteine re-
sidue, the mass increase of 125.13 Da associated with NEM alkylation
can serve as a useful marker. A major peak with a retention time of
between 46 and 48min was observed, with monoisotopic m/z values of
678.82 in the 4+ charge state and 904.75 in the 3+ charge state (shown
in Fig. 3A top panel inset), corresponding to NEM capped and degly-
cosylated Cys574 peptides. The HCD fragmentation ions y3-y4 and y6-y10
compared to y2 exhibit a mass increase of 125.13 Da, unambiguously
locating the NEM capping to the Cys574 residue. In addition, b13, b14,
and b15 fragment ions displayed an additional 0.98 Da mass increase,
implying that deglycosylation converts the occupied asparagine residue
to aspartic acid in the Asn565 glycosite (Fig. 3B top panel). In addition,
another peak with a retention time of approx. 45.3min was observed,
with monoisotopic masses of 678.57 in the 4+ charge state and 904.42
in the 3+ charge state, which closely matched the expected masses of
NEM-capped non-glycosylation tryptic Cys574 peptides. Its identity was
further confirmed by MS-MS data, where numerous b and y ions were
consistent with the NEM-capped non-glycosylation tryptic Cys574 pep-
tides (Fig. 3B bottom panel). These results demonstrated that Cys574

residues in the C-terminal tail piece were present in free sulfhydryl form
and were not involved in the disulfide linkage in monomeric IgM.

Fig. 2. Schematic representation of the disulfide bonds and free cysteine
mapping approach.
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3.4. Determination of the status of Cys574 on oligomeric IgM

To compare the structural differences between grass carp IgM iso-
forms, the nonreduced tryptic peptides from dimeric/trimeric and tet-
rameric IgM were examined by similar on-line LC-ESI-MS/MS methods,
and the analysis was still focused on the Cys574 residue in the C-term-
inal tail piece. Disulfide bond identification was based on extracted ion
chromatograms (XIC), matching the observed precursor ion mass to the
theoretical mass of two Cys-containing peptides (the sum masses of the
dipeptide minus 2 Da). Low energy HCD preferentially cleaves the
carbon backbone and leaves disulfide bonds intact, producing b, y ions
with and without disulfide bonds. Assignments of disulfide bond-pep-
tides could further be verified by corresponding MS2 fragmentation
spectra. A peak with a retention time of approx. 55–57min was ob-
served, and three monoisotopic masses of 1289.85 in the 4+ charge
state, 1031.89 in the 5+ charge state, and 860.07 in the 6+ charge state
were detected in dimeric/trimeric and tetrameric IgM products that
were not found in monomeric IgM. These observed m/z values are in
good agreement with disulfide bonding in the tryptic Cys574 peptide
(Fig. 4A). Further confirmation of the presence and location of the
Cys574 disulfide bond-peptides in polymeric IgM was obtained from the
MS/MS spectrum, as shown in Fig. 4B. This spectrum contained a series
of b and y ions resulting from backbone cleavage of peptide α with
methionine oxidation and peptide β without methionine oxidation,
which indicated two Cys574 disulfide bond-peptides.

To provide additional support for the finding that Cys574 residues of
polymeric IgM are indeed involved in disulfide linkages, the tryptic
digestion samples were subjected to reduction with dithiothreitol (DTT)
and IAM alkylation. The resulting reduced Cys574 peptide fragment ion
spectrum exhibited an addition of IAM alkylation tag (carbamido-
methylation, + 57.02 Da) to the Cys574 residue (shown in Supporting
Figures S1). Remembering that free sulfhydryl groups have been
blocked by NEM, only cysteine residues involved in disulfide bonding
should be masked by carbamidomethylation. In all, these data indicated
that Cys574 residues at the C-terminal tail piece are involved in disulfide
linkages in polymeric IgM. Thus, the oligomeric form of grass carp IgM
possesses a different disulfide bonding network at the C-terminal tail
piece compared to monomeric IgM.

3.5. Mapping disulfide bonds in CH2~CH4 and between heavy-heavy
chains in grass carp IgM

The disulfide bonds in CH2, CH3, CH4, and heavy-heavy chains in
three grass carp IgM isoforms were identified by LC-ESI-MS/MS ana-
lysis in a similar manner. An example to determine disulfide bonding in
the CH2 domain is shown in Fig. 5, these disulfide bond-peptides,
which consist of a fully deglycosylated peptide DLENGTAT-
FLC269LAQQFSPK and a non-glycosylated peptide C330EFEHK con-
nected by a disulfide bond, have a theoretical m/z of 958.44 in the 3+

charge state, which was detected within 6 ppm in the mass spectrum
(Fig. 5A). The identity of these ions was determined by MS2 data
(Fig. 5B), where numerous b and y ions from the peptide backbone
fragmentation of peptides α and β, as well as αy9-y16, βb2, and βb4-b5
ions, were consistent with the disulfide bond-peptides. Hence, the CH2
domain disulfide bond was assigned. A summary of the experimentally
determined disulfide bonding in the Fc region and C-terminal tail piece
of grass carp IgM isoforms is shown in Table 1. These results indicated
that monomeric and oligomeric IgM isoforms contain identical disulfide
bond patterns in CH2~CH4 and between heavy-heavy chains. MS/MS
spectra showing the assignments of the CH3, CH4, and heavy-heavy
chain disulfide bond-peptides, and their corresponding reduced pep-
tides with carbamidomethylation masking, are shown in Supporting
Figures S2-S4.

3.6. Mapping disulfide bonding in CH1, CL1 and heavy-light chains in grass
carp IgM

Among 3 known Ig light chains type, only disulfide bonding of the
IgL3.3 with CH1 was able to be detected (shown in Fig. 6A), while IgL1
and IgL3.1 connecting with CH1 were not covered in this study. This
lack of coverage may be due to low-abundance disulfide bond-peptides
that were not readily detected by MS analysis. Usage percentages of
light chain was estimated by comparing the peptide spectral matches
(PSMs) of the maximum observed frequency unique peptide for each
isotype. No IgL1-specific peptides were detected on monomeric and
polymeric IgM in non-reduced and reduced samples in this study,
suggesting that IgL1 is not used by grass carp IgM (data not shown). The
percentage of IgL3.3 isotype was estimated to be approximately

Fig. 3. NEM masked Cys574 peptides in monomeric grass carp IgM. (A) Extracted ion chromatograms, corresponding monoisotopic precursor mass spectra (inset) of
NEM masked Cys574 peptide precursor with deglycosylation (top panel) and with non-glycosylation (bottom panel). (B) HCD-MS2 spectra correspond to NEM masked
Cys574 peptide with deglycosylation (top panel, m/z 904.76, charge 3+) and Cys574 peptide with non-glycosylation (bottom panel, m/z 904.42, charge 3+). The star
denotes the deglycosylation site. XIC, extracted ion chromatography. NL, normalized level.
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76.13%, whereas IgL3.1 exhibited an approximate abundance of
23.86% in monomeric IgM, with no significant difference between
monomeric and polymeric IgM (Fig. 6B). This finding was consistent
with the reported preferential combination of certain IgL isotypes in
trout serum IgM, as described in the literature [37]. (The annotated
MS/MS data for IgL3.3 and IgL3.1 unique peptides are shown in
Supporting Figures S5-S6).

Disulfide bond-peptides in the IgL3.3 constant region cannot be
readily assigned from trypsin-digested samples. It was noticed that the
tryptic disulfide bond-peptides are 71 amino acids long (without any
missed cleavage), too large to be readily amenable to MS analysis. In
this case, trypsin-treated samples were further digested with en-
doproteinase Asp-N to create shorter peptides. The resulting peptide,
DSAALLC160LLSSYSPQGALVSWTL linked with GEVYVC218R, could be
assigned a disulfide bond by MS data as shown in Fig. 6C.

4. Discussion

Determining disulfide bonding and free cysteine is a crucial task in
understanding protein structure and function. Whereas disulfide con-
nectivity of human and mouse IgM has been well-studied, we largely

lack detailed disulfide connectivity information for teleost IgM obtained
by experimental approaches. Here, we used an LC-ESI-MS/MS approach
to determine the disulfide connectivity on grass carp IgM isoforms.
Aside from assigning intra-chain and inter-chain disulfide linkages in
the constant region, we demonstrated that Cys574 residue status at the
C-terminal tail piece differed substantially in grass carp IgM isoforms, it
was exhibited as free thiol in monomeric IgM, while it formed disulfide
linkages in polymeric IgM (Fig. 7).

Variable disulfide polymerization of teleost IgM is a common phe-
nomenon in many fish species. Grass carp IgM present as monomer,
dimer/trimer and tetramer, this biological assembly state of the cova-
lent isoforms offers an ideal model to perform detailed structural stu-
dies. Teleost IgM lacks a J joint, which regulates the polymeric struc-
ture as in mammalian IgM and IgA. Cys574 at the C-terminal tail piece is
a potential single residue associated with inter-monomeric disulfide
linkages. Thus, the finding of Cys574 residues forming disulfide linkages
in polymeric IgM should reference inter-monomeric disulfide bridging
but not heavy-heavy chain disulfide linkage, which is responsible for
grass carp IgM oligomerization.

Rather than employing distinctly different genes to encode different
isoforms, the teleost relies on post-translational processes that permit

Fig. 4. Representative MS data for disulfide bond-Cys574 peptides in polymeric grass carp IgM. (A) Extracted ion chromatogram of disulfide bond-Cys574 peptide
precursor: inset shows 4+, 5+, and 6+ charge states detected for the disulfide bond-Cys574 peptides. (B) HCD spectrum (MS2) corresponds to disulfide bond-Cys574

peptides of the precursor ion m/z 1289.85 at 4+ charge state. Peptide α with methionine oxidation marked with underline. XIC, extracted ion chromatography. NL,
normalized level.
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generation of disulfide bond-mediated isoforms. Disulfide isoforms of
teleost IgM therefore have the potential to provide a significant level of
in vivo control of antibody structure, thereby adding a new dimension
to the diversity of the antibody family. Besides specific disulfide
bonding at the C-terminal tail piece dominating grass carp IgM isoform
formation, carbohydrates at the C-terminal tail piece may be another
important motif for regulating IgM polymer assembly. In their absence,
human IgM is inclined to form larger hexamers instead of pentamers,
supporting the suspicion of oligosaccharide attached at the C-terminal
tail piece exerting an influence on IgM oligomerization [38]. Ad-
ditionally, crystal structure studies on Ig molecules reveal that carbo-
hydrates influence Ig conformation, as it has been found that the con-
formation of the IgG4 CH2 domain to which the oligosaccharide is
attached is altered in the absence of carbohydrate [39]. In case of grass
carp IgM, our recent paper and the results in this study illustrated that
the tetrameric IgM Asn565 glycan site lacked oligosaccharide, and car-
bohydrates linked to Asn565 sites were found only in monomers, with
greatly reduced amounts on dimeric IgM [34]. Oligosaccharides are
bulky and hydrophilic, and they might exist at the surface of the IgM,
likely influencing cysteine redox-coupled processes. It has been re-
ported that molecular chaperones ERp44/ERGIC53 bind to the con-
served Asn563 glycan on human IgM molecules, controlling a thiol re-
tention mechanism via Cys575 with the ERp44/ERGIC53 assembly
platform in the endoplasmic reticulum [40–42].

To date, disulfide linkage mapping is a crucial component of mAb
characterization for ensuring mAb drug safety and efficacy. It has been
reported that some disulfide bonds broken in IgG1-based mAb drug as
rituximab could change the binding affinity to FcγRIIIA receptor [43],

Additional disulfide bonds added into recombinant proteins could in-
crease protein stability and prolonged protein half-life [44,45]. The
observation that disulfide polymerization of trout IgM confers sig-
nificantly longer serum half-life compared to lightly polymerized IgM is
an interesting finding suggesting that disulfide polymerization could
govern IgM half-life [46]. Disulfide polymerization could increase an-
tigen binding affinity/avidity and regulate Ab effector functions, such
as binding with FcR and complement activation, thereby leading to
some level of physiological control. Evidence has been presented that
human hexameric IgM activates the complement system 15- to 20-fold
more efficiently than pentameric IgM [47]. The disulfide bond-medi-
ated human IgG2 isoform has been revealed to possess different antigen
binding activities [9,48]. Structural diversity is the universal feature of
teleost IgM, and functional implications related to different teleost IgM
isoforms are an enigmatic issue for investigation.

In summary, this study provides experimental analysis of disulfide
bonding and free cysteines of the native grass carp IgM isoforms. Our
studies illustrate that disulfide bond heterogeneity at the C-terminal tail
piece dominates grass carp IgM isoform formation. The cysteine residue
at the C-terminal tail piece is highly conserved in many species of tel-
eost IgM (trout, zebrafish, channel catfish) [49–51]. It is assumed that
the finding that the cysteine at the C-terminal tail piece is a key residue
responsible for inter-monomeric disulfide bonding, which dominates
grass carp IgM isoforms, might also be true for many teleost IgM iso-
forms.

Fig. 5. Typical monoisotopic mass spectra (A) and HCD spectrum (B) that support the assignment of the disulfide bond in the CH2 domain. Sequence coverage maps
of each peptide and annotation of the fragment ions are shown. The star denotes the deglycosylation site.
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Fig. 6. Assignments of the CH1, CL1 and heavy-light chain disulfide bonds. (A) HCD spectrum of the two disulfide bond-peptides in the CH1 domain and between
heavy-light chains. Fragment ions, y and b ions resulting from the cleavage of each peptide with and without disulfide bonds are designated and annotated. (B)
Analyses of the IgL3.3 and IgL3.1% in grass carp IgM. The percentage was calculated by the sum of the total spectral counts of IgL3.3 and IgL3.1 unique peptides.
Error bars indicate the standard deviation of the same IgM samples with three repeats. (C) Representative HCD spectrum that supports the assignment of disulfide
bonding in CL1 in IgL3.3.
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