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Abstract

Deciphering disulfide bond patterns in proteins remains a significant challenge. In the present
study, inter-linked disulfide bonds connecting peptide chains are homolytically cleaved with 193
nm ultraviolet photodissociation (UVPD). Analysis of insulin showcased the ability of UVPD to
cleave multiple disulfide bonds and provide sequence coverage of the peptide chains in the same
MS/MS event. For proteins containing more complex disulfide bonding patterns, an approach
combining partial reduction and alkylation mitigated disulfide scrambling and allowed assignment
of the array of disulfide bonds. The four disulfide bonds of lysozyme and the 19 disulfide bonds of
serotransferrin were characterized through LC-UVPD-MS analysis of non-reduced and partially
reduced protein digests.
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Introduction

Disulfide bridges connecting cysteine residues define structure, provide stability, and
regulate biological activity of proteins.1=3 Since improper disulfide bonding or disulfide
scrambling can have detrimental effects on a protein’s function, determining cysteine
disulfide bonding partners is a critical part of understanding protein folding as well as
deciphering three dimensional and quaternary structures of proteins.#® Advances in
biotherapeutics containing disulfide bonds have further driven the need for analyzing this
post-translational modification to ensure correct disulfide bonding patterns.®:” Conventional
methods for analysis of disulfide bond connectivities include nuclear magnetic resonance
(NMR) and X-ray crystallography.8-11 Neither of these methods directly probe disulfide
bonds and instead assign disulfide bonding partners inferred from three dimensional
structures using probabilistic models.12 In addition to requiring relatively large amounts of
purified protein, the NMR and X-ray methods are not capable of analyzing proteins
containing multiple disulfide linkage patterns or scrambled disulfide bonds. Mass
spectrometry is an alternative analytical tool for disulfide linkage analysis that circumvent
some of these shortcomings.13-15 Additionally, MS/MS methods are readily integrated with
separation methods suitable for analyzing peptides possessing different disulfide
connectivities.16:17

Conventional bottom-up proteomics workflows incorporate reduction and alkylation to
cleave disulfide bonds and cap the resulting free cysteines; this process improves the
subsequent proteolytic digestions of proteins at the expense of revealing information about
the original disulfide bond locations and connectivities. Proteolysis without prior reduction
or alkylation produces peptides bound by pseudo-intermolecular disulfide bonds if
proteolytic cleavage sites are found between disulfide-bound cysteines.1® MS/MS is used to
compare the peptides from the resulting reduced and non-reduced digests and identify
disulfide-linked peptides. This method is successful only when at most one pseudo-
intermolecular disulfide bond is present per peptide. A strategy utilizing partial reduction
and alkylation has become commonplace for creating linear peptides linked by a single
disulfide bond.>18 Other strategies integrate partial reduction with sequential alkylation,1?
electrochemical reduction of disulfide bonds,20 or in-source reduction for elucidation of
disulfide connectivities.2! However, since the energy barrier for the cleavage of a disulfide
bond is higher than the energy required to cleave an amide bond, activation of disulfide-
bound proteolytic peptides by collision induced dissociation (CID) generally leads to
product ions in which the disulfide bonds remain intact.22 As a result, collisional activation
methods often fail to provide disulfide connectivity information and high sequence coverage.
Activation methods that offer higher energy deposition or rely on different mechanisms,
such as electron transfer dissociation (ETD),23:24 electron capture dissociation (ECD),25
have been shown to cleave disulfide bonds while providing backbone cleavages. 157 nm
Ultraviolet photodissociation (UVPD) and 266 nm UVPD26-28 have been reported to
selectively cleave disulfide bonds but require subsequent MS3 events to sequence the
released peptides. Hybrid activation methods, such as pre-activation with 266 nm UV laser
irradiation followed by ECD, have been reported to improve sequence coverage of disulfide-
bound proteins.2® The hybrid method electron-transfer higher-energy collision dissociation
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(EThcD) provides both disulfide linkage information and diagnostic fragment ions of
disulfide-bound peptide pairs.3 The activation period required for EThcD (50 ms) is similar
to that required for ETD alone, and thus this hybrid method is gaining popularity for
characterization of peptides with PTMs.31:32 To our knowledge disulfide-bound peptides
have not been analyzed with 193 nm UVPD, which requires as little as one or two 5 ns laser
pulses applied during a 2—4 ms activation period, making it an attractive alternative to
electron based dissociation methods.

Assignment of fragment ions of disulfide-containing peptides is more difficult than
assignment of fragment ions of peptides without disulfide bonds. The challenge arises from
the production of fragment ions from peptide backbone cleavages as well as those resulting
from the cleavage of a backbone bond in conjunction with either C-S or S-S bond cleavage.
The resulting ions produced by the latter type of fragmentation contain mass shifts
corresponding to cysteine aldehyde (-2 Da), cysteine persulfide (+32 Da), or dehydroalanine
(34 Da).33 Along the same lines, ETD of peptides containing intramolecular disulfide
bonds has been reported to result in production of ¢/zions shifted by +32 Da or 33 Da.23
Product ions containing more than one cysteine may have a combination of these variations,
thus further complicating analysis.

Disulfide-linked peptides can be assigned by evaluation of extracted ion chromatograms of
cysteine-containing proteolytic peptides using an appropriate MS/MS filter.3# In essence, co-
eluting peptides are assigned as disulfide-bound peptides, and their linkage is confirmed by
the complementary tandem mass spectra. Several strategies have been pursued to develop
algorithms capable of automating analysis of disulfide-bound peptides by mapping their
connectivities.13:35 For example, DBond was developed to target fragment ions containing
cysteine, cysteine persulfide (+32 Da) and cysteine dehydroalanine (=34 Da) residues that
result from homolytic cleavage of a disulfide bond or cleavage of a C-S bond.3¢ Another
program, SlinkS (now XlinkX), assigns ions resulting from S-S and C-S bond cleavage as
well as fragment ions containing disulfide bonds and standard backbone fragment ions.3°
MS2DB+ was developed to include &, b, ¢, x, y; and zfragment ions to facilitate the analysis
of disulfide-linked peptides.3” Kojak-MS has been used for crosslinking analysis of protein
complexes and allows the user to search for disulfide-containing peptides by considering
each disulfide bond as a crosslink with a mass shift of —2.00965 Da per disulfide bond
(—2H).38

In the present study, 193 nm UVPD is used to provide insight into the fragmentation patterns
of disulfide-linked peptides. Partial reduction and alkylation are employed after proteolytic
digestion to create peptides linked by at most one disulfide bond. The 193 nm UVPD
strategy is assessed based on analysis of the benchmark proteins insulin and lysozyme and
then human serotransferrin, a protein containing 19 disulfide bonds. 193 nm UVPD is shown
to cleave pseudo-intermolecular disulfide bonds created by proteolytic digestion while
simultaneously providing diagnostic fragment ions for both linked peptides in a high
throughput mode well-suited for HPLC-MS/MS workflows.
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Experimental

Sample preparation

Insulin was prepared in 50% methanol 0.1% formic acid at a concentration of 10 uM for
static infusion electrospray ionization (nanoESI). Lysozyme and serotransferrin were
digested and/or subjected to partial reduction and alkylation. Additional details are provided
in the Supporting Information.

Mass spectrometry, liquid chromatography, and photodissociation

All experiments were conducted on a Thermo Scientific Instruments Orbitrap Fusion Lumos
tribrid mass spectrometer (San Jose, CA) custom fitted with a 500 Hz Coherent ExciStar XS
193 nm ArF excimer laser (Santa Cruz, CA) to perform UVPD as previously described for a
Fusion Orbitrap mass spectrometer.39 Insulin was introduced by nanoESI using a spray
voltage of 1 kV and a capillary temperature of 275°C. Protein digests were separated using
an Ultimate 3000 UHPLC system (Sunnyvale, CA).

Data dependent acquisition was performed for all LC-MS/MS methods, in which each MS1
scan (resolution 30,000 at /7/z 200) was followed by 10 consecutive ion activation events
undertaken on the most abundant ions found in the MS1 spectrum. For UVPD experiments,
ions were activated using two 5 ns laser pulses during an activation period of 4 ms at a laser
energy of 3 mJ per pulse in the low pressure linear ion trap. For HCD in the ion routing
multipole, a normalized collision energy (NCE) of 30% was applied.

Data processing

Insulin data were processed using UV-POSIT (Ultraviolet Photodissociation Online
Structure Interrogation Tools), a suite of customized tools designed to facilitate
interpretation of UVPD mass spectrometry experiments (available on-line at http://uv-
posit.cm.utexas.edu).*? All LC-MS/UVPD data were processed with Kojak, an algorithm for

crosslink assignment, to assign disulfide linkages and all spectra were confirmed manually.
38

Results and Discussion

The general workflow is illustrated in Scheme S1. Linked peptides containing only one
disulfide bond can be unambiguously assigned without prior reduction or alkylation. Linked
peptides containing multiple disulfide bonds are first partially reduced and alkylated to
achieve confident assignments of disulfide-bound cysteine partners.

Comparing activation methods for the analysis of insulin

Insulin contains two intermolecular disulfide bonds connecting the A and B chains as well as
one intramolecular disulfide bond on the A chain (Scheme S2). Owing to the number and
nature of the disulfide bonds, insulin was chosen as a benchmark protein to evaluate the
potential of 193 nm UVPD to characterize disulfide-linked peptides. For peptides linked
with an intermolecular disulfide bond, diagnostic ions can be produced by a combination of
backbone cleavage, disulfide bond cleavage, or a combination of the two (Scheme 1).
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Representative fragment ions arising from only a single backbone cleavage in a region that
does not encompass an intermolecular disulfide bond are outlined in the red boxes. lons
resulting from a backbone cleavage in conjunction with a disulfide cleavage are outlined in
green boxes. Diagnostic ions that result from backbone cleavage of one peptide chain while
the other chain remains intact and bound by a disulfide bond to the first chain are also
produced (orange and teal boxes). For example, a fragment ion from the A-chain that
remains connected to the B-chain is outlined in an orange box, and a fragment ion from the
B-chain bound to the A-chain is shown in a teal box. Finally, homolytic cleavage of the
inter-linked disulfide bond without any concomitant backbone cleavage is possible and is
shown in purple. This complex array of fragment ion types contributes to the challenges of
deciphering the sequences and connectivities of disulfide-bonding proteins and at the same
time offers the potential for comprehensive structure determination if all types of ions are
successfully produced and assigned.

In the case of insulin, sequence ions can originate from cleavage of a backbone bond in
conjunction with one or both intermolecular disulfide bonds, resulting in a number of
combinatorial possibilities that must be considered for proper assignment of the ions and
inclusion in searches. HCD, EThcD, and UVPD were used to characterize insulin (5+ charge
state), and examples of the resulting deconvoluted mass spectra are shown in Figure 1. The
need for alternative MS/MS methods for analysis of disulfide-bound peptides is evident
when considering the HCD spectrum of insulin (Figure 1a). Higher energy collisional
activation does not cause cleavage of the disulfide bonds and fails to produce many
diagnostic sequence ions, and thus the resulting HCD mass spectrum exhibits some
sequence ions but low coverage of each chain. EThcD of insulin liberates the A and B chains
through homolytic cleavage of both intermolecular disulfide bonds while also providing
sequence ions (Figure 1b). In contrast to HCD, two of the most abundant products observed
upon UVPD correspond to the masses of the individual A and B chains, confirming that 193
nm UVPD preferentially and simultaneously cleaves the two intermolecular disulfide bonds
of insulin (Figure 1c). The liberation of the A and B chains is due to homolytic cleavage of
both intermolecular disulfide bonds, a phenomenon also observed for inter-linked disulfide
bound peptides analyzed using 266 nm UVPD.28 The resulting liberated chains are
anticipated to contain radical thiols on the cysteine side-chains. This feature is reflected in
the resulting spectrum as the mass of the A-chain was found to be 2333.93 Da (compared to
2337.96 Da expected for cysteines containing free thiols) and the mass of the B-chain was
found to be 3395.64 Da (compared to 3397.66 expected for cysteines containing free thiols).
Additionally an expansive array of diagnostic sequence ions are produced, including ones
from each individual chain as well as ones which retain the other chain as summarized in the
cleavage map shown in Figure 1c. With respect to sequence coverages, both UVPD and
EThcD gave excellent performance: UVPD yielded 70% coverage of the A chain and 93%
coverage of the B chain, whereas EThcD provided 85% coverage of the A chain and 97%
coverage of the B chain. HCD yielded lower coverage of both chains: 20% for A and 52%
for B. The production of internal fragment ions has been reported for disulfide-bound
peptides subjected to collisional activation,#! and this type of process may account for some
of the unassigned peaks in the HCD mass spectrum. Similarly, it is likely that internal
fragments are also generated in the EThcD and UVPD spectra. However, owing to the
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number of possible fragment ions generated by UVPD (any combination of g, 4, ¢, x, y, or z
ions), these ions were not considered in this study. The rather poor sequence coverage from
HCD renders this an ineffective method for analyzing disulfide-bound peptides. EThcD
provides excellent sequence coverage of both chains of insulin, similar to that returned by
UVPD, at the cost of an activation period over an order of magnitude greater than HCD or
UVPD.

For the EThcD and UVPD mass spectra, the liberated A and B peptide chains (originated
from homolytic cleavage of both intermolecular disulfide bonds) comprised 34% and 37%,
respectively, of the total product abundances. Identified sequence ions consisted of 66% and
63% of the total identified products for EThcD and UVPD, respectively. A-chain ions
generated by UVPD are about twice as abundant as B-chain ions generated by UVPD
(Figure S1a). This difference in abundances may be due to different propensities for
secondary dissociation of the chain upon UVPD. The distributions of the fragment ion type
abundances produced by ETheD (Figure S1b,c) and UVPD (Figure S1d,e) of insulin were
evaluated. Owing to the single basic site of the A-chain localized at the N-terminus, A-chain
sequence ions resulting from homolytic cleavage of one or both intermolecular disulfide
bonds in conjunction with peptide backbone cleavage favor N-terminal fragment ions. When
fragment ions containing the mass of the B-chain are considered, a significant portion of C-
terminal fragments are also identified, primarily y~type. B-chain fragment ions resulting
from homolytic cleavage of disulfide bonds are also well distributed among a/;, 6/, and ¢/z
ions. The results confirming the diversity of diagnostic ions both with and without homolytic
disulfide bond cleavage provided motivation to utilize the ability of UVPD to cleave inter-
chain disulfide bonds for the purpose of mapping disulfide connectivities of larger proteins.

Disulfide mapping of lysozyme

Lysozyme (14.3 kDa, containing four disulfide bonds, Figure S2) was chosen to evaluate the
ability to ascertain the disulfide connectivities of larger proteins by UVPD. The creation of
peptides containing single intramolecular disulfide bonds or peptide pairs containing single
intermolecular disulfide bonds is paramount to unambiguous assignment of disulfide bonds.
This requirement is critical because UVPD has been shown to cleave more than one
intermolecular disulfide bond, as exemplified by its simultaneous cleavage of both disulfide
bonds of insulin. Thus, peptides containing multiple disulfide bonds may lead to equivocal
assignments. One approach to enhance production of the disulfide-bound peptides is to
digest the protein without reduction/alkylation. Trypsinolysis of lysozyme prior to reduction
and alkylation cleaves lysozyme into three products containing the four disulfide bonds of
lysozyme (see Table S1) as well as other conventional tryptic peptides that do not contain
any disulfide bonds (not listed). Since each of the peptide pairs containing disulfide bonds 1
(Cys6-Cys127) and 2 (Cys30-Cys115) only contain cysteines involved in disulfide bonds
(i.e. no other disulfide pairing possibilities), unequivocal assignment of those disulfide bonds
can be facilitated by UVPD without further sample pre-treatment. In order to characterize
the connectivities of disulfide bonds 3 (Cys64-Cys80) and 4 (Cys76-Cys94), a method was
developed to partially reduce disulfide bonds of tryptic peptides using TCEP followed by
alkylation of the reduced thiols with NEM (Scheme S3). The TCEP/NEM treatment converts
the disulfide-containing tryptic peptides into ones that are non-reduced, partially reduced
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(for those that contain more than one disulfide bond), or fully reduced (no surviving
disulfide bonds). In addition, the trackable mass shift associated with the NEM alkylation
tag (+125 Da) allows differentiation of cysteines that are disulfide-bound from those that
have been reduced.

The resulting mixture was analyzed by LC-MS/UVPD. Extracted ion chromatograms of m/z
values corresponding to non-reduced and partially reduced samples were used to identify
disulfide-bound peptide pairs (Figure 2a). The product containing disulfide bonds 3 (inter-
chain) and 4 (intra-chain) was found to be orders of magnitude more abundant than the
peptide pair containing disulfide bond 3 and the reduced/alkylated peptide 4 after a 30
minute partial reduction with TCEP. While longer reduction reaction times might yield a
greater portion of the desired partially reduced peptide pair, longer reaction times also risk
the depletion of the peptide pair containing disulfide bond 1 which was found to be the least
abundant of the four disulfide-bound peptide pairs analyzed.

Two pairs of peptides containing either disulfide bond 1 (Cys6-Cys127) or 2 (Cys30-
Cys115) are readily characterized with UVPD (Figure 2b,c). Akin to the phenomenon seen
with UVPD of insulin, homolytic cleavage of the inter-chain disulfide bond liberates the two
peptide chains of each peptide pair (labelled as A and B chain in Figure 2b,c). Additionally,
readily identified diagnostic sequence ions from each chain are produced. For example, the
asion of CELAAAMK is present both with and without its disulfide-bonded peptide partner
GCR (Figure 2b). Similarly, the ygion of the peptide GYSLGNWVCAAK is identified both
with and without its disulfide-bonded peptide partner CK (Figure 2c). EThcD and HCD
were also evaluated for their performance in characterizing these disulfide-bound peptides.
While it is evident that EThcD cleaved disulfide bond 1, no fragment ions were identified in
conjunction with a disulfide bond cleavage (Figure S3a) and there were fewer than half the
number of fragment ions identified by UVPD. Similarly, HCD provided very little
diagnostic fragmentation for the peptide pair containing disulfide bond 1 (Figure S3b).
Additionally, UVPD was the only activation method that generated a diagnostic ion from the
B-chain of that particular peptide pair. EThcD of the peptide pair containing disulfide bond 2
provided very comparable sequence coverages of both chains as well as the liberated A and
B-chains (Figure S4a). While HCD provided a number of sequence ions for the A-chain of
this peptide pair, this activation method failed to generate any diagnostic fragmentation
leading to the identification of the B-chain (Figure S4b).

The final pair of peptides is connected by one inter-chain disulfide bond (Cys64-Cys80), and
the larger peptide in the pair (NLCNIPCSALLSSDITASVNCAK) also contains an
intramolecular disulfide bond (Cys74-Cys96). UVPD of the non-reduced disulfide-bound
tryptic peptide provides sequence coverage for both peptides but does not identify the
disulfide connectivities (Figure S5). UVPD also cleaves the inter-chain disulfide bonds
releasing the two bound peptides as product ions (see the A-chain and B-chain products in
Figure S5). Partial reduction and NEM alkylation of lysozyme creates a new peptide pair
bound by one inter-chain disulfide bond (Cys64-Cys80) in conjunction with reduction of the
original intramolecular disulfide bond (Cys76-Cys94). UVPD of this partially reduced
species allows unambiguous disulfide assignment (Figure 3). The mass shift associated with
NEM alkylation (+125 Da) can be used to determine which cysteines are alkylated. For
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example, the b4and bsions identified in Figure 3 (NLCNIPCSALLSSDITASVNCAK)
display the characteristic +125 Da mass shift associated with NEM alkylation, confirming
the alkylation of Cys76. Similarly y3 — y;gfragment ions from the larger chain also display a
+125 Da mass shift associated with NEM alkylation localizing this alkylation to Cys94.
Conversely, the asand as fragment ions identified in Figure S5 are created by the cleavage of
the intramolecular disulfide bond (Cys76-Cys94) in conjunction with backbone cleavage.
Because these ions do not display a mass shift, they cannot lead to the assignment of the
cysteine bound to Cys76. Based on tracking the +125 Da mass shifts of the fragment ions
from the peptide NLCNIPCSALLSSDITASVNCAK (such as mass shifts associated with yz
—yigand by — bsions), the two cysteine residues found to be alkylated were Cys76 and
Cys94. This result suggests that these two residues are naturally bound by a disulfide bond,
an outcome consistent with that reported in Uniprot (#P00698). The other two cysteine
residues (Cys64 and Cys80) contained in this peptide pair do not exhibit fragment ions
containing the mass shift of an NEM alkylation (Figure 3), confirming that they are
disulfide-bonding partners. EThcD and HCD were also evaluated and found to provide
sequence information for both chains of this disulfide-bound peptide pair (Figure S6a,b).
EThcD provided a greater number of diagnostic ions than HCD and generated the liberated
A- and B-chains, thus providing comparable information to that of UVPD. While HCD
generated many diagnostic fragment ions for the characterization of the A-chain, only two
diagnostic ions were identified for the B-chain.

Disulfide mapping of serotransferrin

Characterization of serotransferrin (75 kDa, sequence shown in Figure S7) is particularly
challenging because it contains 38 cysteines with up to 19 disulfide bonds. Owing to the
extreme complexity of the cysteine connectivities in serotransferrin, Lys-C was used in
conjunction with trypsin to increase the efficiency of proteolysis without prior reduction of
disulfide bonds. While disulfide-bound peptide pairs containing N-glycosylations could be
identified based on matching the theoretical masses of glycopeptides to the experimental
masses of ions in the MS1 spectra along with glycosidic cleavage fragments generated by
UVPD, sequence coverage of glycosylated peptide pairs was poor (data not shown).
Identification of N-glycosylation was not pursued further in this study, and rather the N-
glycans were simply removed by addition of PNGase F prior to analysis. The complex array
of disulfide-bound peptides produced /n silico by exposure of serotransferrin to an enzyme
cocktail of trypsin, Lys-C, and PNGase F is listed in Table S2. The 19 disulfide bonds of
serotransferrin are contained in 29 peptides forming 13 disulfide-bound peptide products,
reinforcing the need for partial reduction and alkylation to unambiguously identify the
disulfide connectivities of all disulfide bonds.

Peptides from serotransferrin containing disulfide bonds can be categorized into four
different groups based on whether the peptides contain one (simple) or more than one
(complex) disulfide bond and whether the disulfide bond connects a contiguous stretch of
residues (intra-linked) or two separate regions (inter-linked). The proteolytic serotransferrin
products generated from the trypsin/Lys-C/PNGaseF cocktail were characterized using the
LC-UVPD-MS strategy, and an example of a typical LC trace with assignment of peptides is
shown in Figure S8. Examples of the resulting MS/MS spectra are shown in Figures 4 and

Anal Chem. Author manuscript; available in PMC 2019 July 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Quick et al.

Page 9

S9-S24. Among the 17 disulfide-containing products identified by UVPD-MS, seven belong
to the simple inter-linked category and connect seven different peptide pairs (Figure S9-
S15). In addition, one simple intra-linked product (QQQHLFGSNVDCSGNFCLFR) was
identified, with a disulfide between residues Cys615 and Cys620 (Figure S16). These eight
peptide products, accounting for eight disulfide bonds, are the most straightforward because
they require no reduction or alkylation and their disulfide connectivities can be determined
unequivocally because they contain only two cysteine residues. Linear peptides containing
an intramolecular disulfide bonds and peptide pairs bound by an intermolecular disulfide
bond are readily identified with excellent sequence coverage without partial reduction and
alkylation using this LC-UVPD-MS workflow.

Of the remaining 11 disulfide bonds, eight occur in peptides classified as complex inter-
linked. These disulfide bonds are found in four triplet-peptide products. For each of these
sets of triplet-peptides, one peptide contains two cysteine residues that are each disulfide-
bonded to cysteine residues on other peptides. To assign the disulfide bonds in these
peptides, reduction of single (not multiple) disulfide bonds is required. Adapting the partial
reduction and alkylation strategy described earlier, the key peptides were produced were
characterized by UVPD-MS (Figure S17-S24). Localization of NEM alkylations to specific
cysteine residues while providing sequence coverage of both chains leads to confident
assignment of these disulfide bonds.

The remaining three disulfide bonds of serotransferrin were clustered in a single peptide
containing residues 149-193 and is categorized as complex intra-linked. The expected
disulfide connectivities of this peptide are Cys158-Cys174 (disulfide 6), Cys161-Cys177
(disulfide 7), and Cys171-Cys179 (disulfide 8). As a result of the proximity and linkage
pattern of this series of three intra-chain disulfide bonds, assignment can be achieved by
analyzing the fragmentation pattern of this peptide containing either one or two reduced and
alkylated disulfide bonds. Since partial reduction cannot be tuned to reduce a specific
disulfide bond, this particular peptide was targeted and analyzed in greater detail using a
customized LC-MS/MS method defined in the experimental section. Partial
chromatographic separation of isomeric products (3+) originating from reduction/alkylation
of two disulfide bonds allowed unambiguous identification of the peptide containing
disulfide bonds 6-8. Key features in the UVPD fragmentation patterns allowed confident
localization of the sites of NEM alkylation (Figure 4). The y;gproduct ion in Figure 4a
contains residues Cys177 and Cys179 along with two NEM alkylations (+250 Da), showing
that neither cysteine residue is disulfide-bound. Sequence coverage between each cysteine
residue resulted in confident assignment of disulfide bond 6 (Cys158-Cys174) and agrees
with the connectivity reported in Uniprot (#P02787). Similarly, in Figure 4c product ion b5
contains two +125 Da mass shifts, localizing two NEM alkylations to Cys158 and Cys161.
Another alkylation site is localized to Cys174 owing to fragment ions arising from backbone
cleavages between Cys171 and Cys174. Despite determining three of the alkylated cysteines
in Figure 4c confident assignment of the remaining disulfide bonds could not be
unequivocally achieved. The peptides in Figure 4a,c are isomeric and do not exhibit baseline
resolution upon chromatographic separation (Figure 4b,d). Extracted ion chromatograms
(XIC) of each precursor peptide are shaded in purple, and key diagnostic fragment ions for
each peptide are shaded in red for Figure 4b, 4d (y;gand b;5respectively). To optimize the
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UVPD analysis of only one specific isomer at a time, the spectra displaced in Figure 4a,c
were obtained by averaging over a elution period when only one key diagnostic ion ()79 0r
by5) was detected. In Figure 4c NEM alkylations are localized to Cys158, Cys161, and
Cys174, suggesting that Cys171 and Cys179 are disulfide-bound which is consistent with
the protein in Uniprot (#P02787). However, for unequivocal assignment, sequence coverage
between all cysteine residues is needed to localize all NEM alkylations.

Conclusions

193 nm UVPD results in homolytic cleavage of the intermolecular disulfide bonds
connecting the A and B-chains of insulin while simultaneously providing high sequence
coverage of both chains. For proteins containing multiple disulfide bonds, a strategy
combining partial reduction and alkylation with TCEP and NEM of enzymatically digested
proteins in acidic conditions prevents disulfide scrambling and allows assignment of more
complex disulfide patterns. This method proved successful for characterization of the four
disulfide bonds of lysozyme and the 19 disulfide bonds of serotransferrin. By mitigating
disulfide scrambling, this method has the potential for elucidating disulfide linkage patterns
for proteins with no known disulfide connectivities.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Deconvoluted (a) HCD, b) EThcD, and ¢) UVPD mass spectra of insulin (5+, m/z1146.9)

with sequence coverage maps. Sequence coverages for each chain are denoted in
parentheses. Fragment ions denoted with a blue dot contain the intact mass of the B-chain.
Fragment ions denoted with a red dot contain the intact mass of the A-chain. EThcD and
UVPD spectra are magnified 5X.
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Figure 2.
(a) Extracted ion chromatograms of the four disulfide-bound peptide pairs of partially

reduced lysozyme tryptic digest. Deconvoluted UVPD spectra of peptide pair containing (b)
disulfide bond 1 (Cys6-Cys127) (Table S1) (3+) and (c) disulfide bond 2 (Cys30-Cys115)
(Table S1) (3+). Fragment ions denoted with a blue dot contain the intact mass of the B-
chain. Fragment ions denoted with a red dot contain the intact mass of the A-chain. Spectra
magnified 5X.
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Figure 3.
Deconvoluted UVPD spectrum of partially reduced peptide pair from lysozyme digest (4+).

Disulfide bond 4 (Cys76-Cys94) was reduced and alkylated, while disulfide bond 3 (Cys64-
Cys80) remained intact prior to UVPD (Table S1). Fragment ions denoted with a blue dot
contain the intact mass of the B-chain. Fragment ions denoted with a red dot contain the
intact mass of the A-chain. A star denotes an NEM alkylation. Spectrum magnified 5X.
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Figure 4.
Deconvoluted UVPD spectra of (a) partially reduced peptide

AVANFFSGSCAPCADGTDFPQLCQLCPGCGCSTLNQYFGYSGAFK (3+) (reduced/
alkylated disulfide bonds 7 and 8, with intact disulfide C158-C174) and (b) extracted ion
chromatograms of the precursor (purple, 5143.16 Da) and diagnostic y19 ion (red, 2248.96
Da) from serotransferrin. Deconvoluted UVPD spectra of (c) partially reduced peptide
AVANFFSGSCAPCADGTDFPQLCQLCPGCGCSTLNQYFGYSGAFK (3+) (reduced/
alkylated disulfide bonds 6 and 7, with intact disulfide C171-C179) and (d) extracted ion
chromatograms of the precursor (purple, 5143.16 Da) and diagnostic bys ion (red, 1690.59
Da) from serotransferrin from serotransferrin. The spectra in (a) and (c) were averaged over
26.15-26.80 minutes and 28.66—29.36 minutes respectively. Sequence coverage maps of
each peptide are shown above their respective spectra/XIC. A star denotes an NEM
alkylation site.
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Generalized fragmentation pathways for inter-linked disulfide-bound peptides activated by

193 nm UVPD.
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