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ABSTRACT: The disulfide bond bridge is an important post-translational

modification for proteins. This study presents a structural analysis of

biologically active peptides and proteins containing disulfide bonds using
electrochemistry (EC) online combined with desorption electrospray
ionization mass spectrometry (DESI-MS), in which the sample undergoes
electrolytic disulfide cleavage in an electrochemical flow cell followed by MS
detection. Using this EC/DESI-MS method, the disulfide-containing pep-
tides can be quickly identified from enzymatic digestion mixtures, simply
based on the abrupt decrease in their relative ion abundances after

electrolysis. Peptide mass mapping and tandem MS analysis of the ions of

the resulting free peptide chains can possibly establish the disulfide linkage
pattern and sequence the precursor peptides. In this regard, the method
provides much more chemical information than previous analogous elec-
trochemical analyses. In addition, derivatization of thiols by selective
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selenamide reagents is useful for easy recognition of reduced peptide ions and the number of their free thiols. Furthermore,
electrolytic reduction of proteins (e.g., 0t-lactalbumin) leads to increased charges on the detected protein ions, revealing the role of
disulfide bonds on maintaining protein conformation. This electrochemical mass spectrometric method is fast (completed in few
minutes) and does not need chemical reductants, potentially having valuable applications in proteomics research.

KEYWORDS: mass spectrometry, electrochemistry, desorption electrospray ionization, disulfide bond reduction, protein

conformation

B INTRODUCTION

Redox-active disulfide bonds are one of the most common
protein post-translational modifications (PTM) and provide
reversible covalent cross-linkages in native proteins for main-
taining the three- dlmensmnal structures of proteins and their
biological activities."”* Such a linkage plays a critical role in the
activity of enzymes and is also a key structural feature of
biologically active peptide hormones such as somatostatin,
oxytocin, and [Arg®]-vasopressin.> The presence of the disulfide
linkages increases the complexity for the protein structure
elucidation by mass spectrometry (MS). The cleavage of disul-
fide bonds is often essential for the protein/peptide analysis as
dissociation of a reduced protein/peptide ion can give rise to
more structurally 1nformat1ve fragment ions than that of the
intact counterpart."” The traditional protocol to break a disulfide
bond is chemical reduction using an excess amount of reagents
like dithiothreitol (DTT) or tris(2-carboxyethyl)phosphine
(TCEP). However, the reduction usually takes one-half to
several hours and the removal of the excess amount of reductant
is time-consuming and troublesome. Besides chemical reduction,
other novel approaches 1nc1ude the cleavage of disulfide bonds
via laser-based ionization,® ultraviolet photodlssoc1atlon,6 nega—
tive ion dissociation,"”* electron-capture dissociation (ECD),’
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electron-transfer dissociation (ETD),'® plasma-induced oxida-
tion,"" reactive electrospray-assisted laser desorption/ionization
(ELDI) )2 or using new ion chemistry.ls’14

An alternative way for reducing disulfide bonds without
involving chemical reductants is electrolytic reduction. It is well-
known that disulfide bonds can undergo reductive cleavage on an
amalgam electrode surface.'® Previous investigations'®~'* showed
that such a reduction followed with electrolytic oxidation of the
resulting thiols back to disulfides in an electrochemical flow cell
can be coupled with either HPLC or electrophoresis separation,
which are useful for the simultaneous detection of thiol- and
disulfide-containing peptides in mixtures.'”*° Although these
techniques are elegant and quite sensitive, they do not provide
structural information for the detected peptides. Also, the
separation processes involved take a long time and the disul-
fide-containing peptides cannot be detected if they do not elute
from the HPLC column."

Desorption electrospray ionization (DESI)*' has recently
been introduced for direct ionization of analytes with little or
no sample preparation. This technique is successful in the fast

Received:  October 20, 2010
Published: January 03, 2011

1293 dx.doi.org/10.1021/pr101053q | J. Proteome Res. 2011, 10, 1293-1304



Journal of Proteome Research

analysis of a variety of different analytes ranging from pharma-
ceuticals to tissue imaging.”> >* In addition to being used
regularly for solid sample analysis of surfaces, DESI has been
extended to the analysis of liquid samples in several labora-
tories.”> ** In liquid sample DESI experiments, ionization oc-
curs via interactions of the sample with charged microdroplets
generated in a pneumatically assisted DESI spray and subsequent
desolvation of the resulting secondary microdroplets containing
the sample analyte. It has been shown that liquid sample DESI
allows convenient online coupling of MS with electrochemistry
(EC),” microfluidics,”® and single droplet microextraction.”” It
can also be used for monitoring protein conformational changes
in solution.® In the combined EC/DESI-MS experiments,
previous data showed that the products generated from redox
reactions such as dopamine oxidation and disulfide bond reduc-
tion can be directly desorbed and ionized from an electrochem-
ical cell by DESI for online MS analysis.”” The method is a new
development in the field of electrochemical mass spectrometry
(EC/MS, viz., online electrochemistry coupled with mass spec-
trometry) which has a history of 40 years.>* Different ionization
methods such as thermospray (TS) and electrospray ionization
(ESI)**3? were employed in previous EC/MS studies, which
has found numerous applications such as the identification of
electrochemically generated species, mimicking biologically re-
levant electrochemical reactions, oxidative cleavage of peptide
backbones, and online chemical tagging. In our EC/DESI-MS
method,”>*” some unique and valuable features originating from
using DESI as the coupling interface have been revealed, includ-
ing a simplified coupling apparatus owing to no requirement to
separate the small potential applied to the electrochemical cell
from the high voltage used for spray ionization, tolerance to
inorganic salt electrolytes, and the freedom to choose traditional
solvents for electrolysis, as well as, to use either positive or
negative ionization modes.

In this study, the EC/DESI-MS method has been explored for
analysis of protein/peptide digest mixtures, various biologically
active peptides (both intra- and inter- disulfide bond containing
peptides) and intact proteins. It is one part of our effort toward
the utilization of EC/DESI-MS in proteomics research, as
motivated by the fact that many proteins (e.g,, disulfide or metal
ion containing proteins) are electroactive species and the in-
vestigation of protein electrochemistry is still very limited.*® In
this experiment, we first optimized the experimental conditions
to improve the performance of an amalgam electrode for
reduction by polishing its surface with a silk handkerchief and
using low concentration of protein and peptide samples to
reduce possible chemical adsorption on the electrode. Through
the analysis of various types of samples by the EC/DESI-MS,
several interesting findings are uncovered, including: (i) disul-
fide-containing peptides can be quickly identified from enzy-
matic digest mixtures, simply based on their large relative ion
abundance changes before and after electrolysis; (ii) in conjunc-
tion with tandem MS analysis and peptide mass mapping, the
disulfide linkage pattern and sequence information for the
examined peptides could be determined; (iii) in comparison to
traditional chemical reduction, the reported online EC/DESI-
MS method is much faster (completed in few minutes) and has
no requirement to remove chemical reductants for obtaining
good ionization efficiency; (iv) in the case of peptides having
symmetric chains or intrapeptide disulfide bonds, selenamide
reagents can be used to label the reduced peptides, a rapid and
highly selective thiol derivatization strategy recently developed in

our laboratory,*" which aids in the recognition of the reduced
peptide ions, the number of free thiols in the reduced peptides,
and the type of disulfide bond in the precursor peptides
examined; (v) the role of disulfide bonds in maintaining protein
folding can be revealed, based on the charge state distribution
(CSD) changes after electrolytic reduction.

B EXPERIMENTAL SECTION

Chemicals

Peptides [Arg®]-conopressin G and somatostatin 1—14 were
purchased from Bachem (King of Prussia, PA). Ebselen was
purchased from Calbiochem (Cincinnati, OH). TPCK-treated
trypsin from bovine pancrease (MW = 23.8 KDa), pepsin from
porcine gastric mucosa (MW ~ 35 KDa), N-(phenylseleno)
phthalimide, ammonium bicarbonate, TCEP hydrochloride so-
lution, mercury (triply distilled, 99.9999% purity), L-glutathione
disulfide (GSSG), [Arg®]-vasopressin acetate salt, oxytocin, bovine
pancreas insulin, 0-lactalbumin from bovine milk (type III, calcium
depleted, =85%), and HPLC-grade acetonitrile were all purchased
from Sigma-Aldrich (St. Louis, MO). Acetic acid and HPLC-grade
methanol were obtained from Fisher Scientific (Fair Lawn, NJ) and
GFS Chemicals (Columbus, OH), respectively. The silk handkerch-
ief was purchased from Royal Silk Direct, Inc. (Princeton, NJ). The
deionized water used for sample preparation was obtained using a
Nanopure Diamond Barnstead purification system (Barnstead
International, Dubuque, IA).

Tryptic Digestion

Digestion of peptides were carried out using TPCK-treated
trypsin with a ratio of 1:100 (enzyme/peptide) in 25 mM
ammonium bicarbonate aqueous solution for 3 h at 38 °C
incubation to finish digestion.**

Peptic Digestion

Digestion of insulin was performed by incubating insulin and
pepsin at a molar ratio of 50:1 in water containing 1% acetic acid
at 37 °C for 6.5 h."* In the comparison experiment using
chemical reduction, TCEP was added to the peptic digested
insulin in the molar ratio of 1:20 (protein /TCEP) for 2 h at room
temperature.

Online EC/DESI-MS Apparatus

A home-built apparatus for coupling a thin-layer electrochem-
ical flow cell with either a Thermo Finnigan LCQ DECA ion trap
mass spectrometer (San Jose, CA) or a hybrid triple quadrupole-
linear ion trap mass spectrometer (Q-trap 2000, Applied Bio-
systems/MDS SCIEX, Concord, Canada) by liquid sample DESI
was used and described previously in detail.”” The thin-layer
electrochemical flow cell consisted of a working electrode (WE)
embedded in PEEK and separated from a stainless steel auxiliary
electrode (AE) by two Teflon gaskets (0.01 in. thick each) and a
Ag/AgCl (3 M NaCl) reference electrode (RE) contacting the
sample solution through a small hole in the AE. The WE used was
a dual amalgam electrode (3 mm diameter) or an amalgam
electrode (6 mm diameter) for reduction. The procedure used to
polish the electrodes is as follow; the residual mercury was
removed by 6 M nitric acid from the gold surface, and then the
electrode was polished sequentially with water, 15, 3, and 1 um
diamond and 0.5 ym alumina powders on a grit pad or a nylon
pad. Also the electrode block was rinsed using methanol and
water and then air-dried. After that, the electrode was coated with
a drop of mercury for 10 min, and the excess amount of mercury
was removed by one edge of an index card. The mercury surface
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Table 1. Sequence and MW Information of Precursor Proteins/Peptides, Digested Peptides, and Reduced Peptide Chains”

I'roteins/peptides MW Sequences of peptides obtained from MW (Da) Sequences of reduced peptides and
(Da) digestion their MW (Da)
CFIR “Chain A" PL 1023.5 CFIR 7.3
1 (1023.9%) (537.0%)
|Argf|-Conapressin G 10623 CFIRNCPRG
NCTR “Chain B NCI'R 4B8.2 (488.0%)
AG! 3K “Chain A™ Pz 932.4 AGCK 377.2(377.1%)
| —— (932.5%)
) . 16379 AGCKNFFWKTFTSC
Somatostatin 1-14
omatostatin TFTSC “Chain B” TFTSC 557.2(557.3%)
NFFWK T40.4
(740.3%)
P3 2071.9 GIVEQCCASVCSL 1310.6
GIVEQ( (J\!s\.(l SL “Chain A™ (2073.3%) (1310.8%)
HLOGSHL:  #ChainB* HLCGSHL 7654 (766.1%)
'E 7 |11 P4 2560.1
GIVEQCCASYCSL “Chain A" (2561.7%) GIVEQCCASVCSL 1310.6
(1310.8%)
FYNQHLCGSHL “Chain B™
FVYNQHLCGSHL 1253.6
(1254.3%)
— Ps 21619 QCCASVCSL 912.4(912.4%)
QCCASVCSL “Chain A™ (2163.2%)
FYNQHLCGSHL “Chain B” FVNQHLCGSHL 1253.6
Insulin 57335 Gl\'E.Q(!‘C‘AS\*E SLYQLENYCN “Chain A" (1254.3%)
l NYCN “Chain A™ Pé 1536.5 - -
FVNQHLCGSHLVEALYLYCGERGFFYTPKA “Chain B™ (1535.0%)
“Chain B* LYCGERGFF 1026.5
LYCGERGFF Chain B (1027.1%)
YQLENYCN “Chain A” P 19228 - -
(1920.9%)
" LYCGLRGF 879.4 (879.6)
LVCGERGF “*Chain B”
ALY 365.2
(365.4%)
GIVE 416.2
(416.4%)
YEAL 430.2
(430.4%)
FYNQ 506.2
(506.5%)
YQLE 5513
(551.5%)
YTPKA 578.3
(578.6%)
QLENY 665.3
(665.5%)

“ MW labeled with “*” in the parentheses refers to the measured MW from the m/z values; The small differences between the measured MW and the
theoretic MW of peptides P3—P7 were caused by the low resolution of the ion trap instrument in the analysis of multiply charged ions of these peptides.

«

-” refers to “not detected”.

was further polished with a piece of silk handkerchief until the
smooth surface was obtained. After kept overnight (at least 6 h),
the amalgam electrode was used for reduction.” A ROXY
potentiostat (Antec Leyden, Netherlands) was used to apply
potentials to the electrochemical cell for reduction of analytes
that flowed through the cell. Sample solutions were degassed by
argon purging for 20 min to remove dissolved oxygen prior to the
injection to the cell for electrolysis. The reduced species flowed
out of the cell via a short piece of fused silica connection capillary
(i.d. 0.1 mm, length 4.2 cm) and underwent interactions with the
charged microdroplets from DESI spray for ionization. The
capillary outlet was placed about 2—3 mm downstream from
the DESI spray probe tip and kept in line with the sprayer tip and
the mass spectrometer’s inlet. The spray solvent for DESI was
methanol/water (1:1 by volume) containing 1% acetic acid and
injected at a rate of 5 4L/min and a high voltage of +5 kV was
applied to the spray probe. The flow rate for sample solutions
passing through the electrochemical cell for electrolysis was 3
4L/min.

Safety Precautions. As mercury is toxic, the preparation for
the amalgam electrode should be carried out in a hood. The
mercury waste should be disposed in a special mercury waste
container containing sublimed sulfur.

B RESULTS AND DISCUSSION

1. Reduction of Peptides Containing Disulfide Bonds in
Enzymatic Digests

a. Trypsin Digested [Arg®]-Conopressin G. Electrolytic
reduction of disulfide bonds of trypsin digested [Arg®]-cono-
pressin G (MW: 1062.3 Da) was first carried out using the EC/
DESI-MS apparatus. The tryptic digestion breaks [Arg®]-con-
opressin G in its middle backbone to generate a peptide (denoted
as P1) containing asymmetric chains linked by one disulfide
bond (chain A: CFIR; chain B: NCPR, Table 1). Figure la
illustrates the DESI-MS spectrum acquired when a solution of
trypsin digested [Arg®]-conopressin G (0.1 mM) in methanol/
water (1:1 by volume) containing 1% acetic acid flowed through
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Figure 1. DESI-MS spectra acquired when a solution of 0.1 mM trypsin digested [Arg®]-conopressin G in methanol/water (1:1 by volume) containing
1% acetic acid flowed through the thin-layer electrochemical cell with an applied potential of (a) 0.0 V and (b) —2.0 V; CID MS” spectra of (c) the
protonated chain A (m/z 538) and (d) the protonated chain B (m/z 489) resulted from the electrolytic reduction. The downward arrows in (a) indicate
that the ion abundance will drop during electrolysis, the upward arrows in (b) indicates the appearance of new reduced peptide product ions. Such a

labeling is applicable in Figures 2 and 3 as well.

the thin-layer electrochemical cell with no potential applied to
the cell. Peaks corresponding to the doubly and triply charged P1
were detected at m/z 512.9 and 342.3, respectively. Whena —2.0V
potential was applied to the amalgam working electrode, two new
peaks at m/z 538.0 and 489.0 appeared, corresponding to the
protonated free chain A, [CFIR+H] ", and the protonated free
chain B, [NCPR+H]™ (Figure 1b), respectively. These assign-
ments were consistent with their MS” spectra showing that m/z
538 dissociates into fragment ions of y;, y;-NH3, y,-NH;, and y, -
NHj ions (Figure 1c) and m/z 489 produces fragment ions of y;,
y1-H,O, y1-H,O-NHj;, y,-NHj;, and y4-NHj ions upon CID
(Figure 1d; other peaks seen in the spectrum are from the
background contribution due to the low abundance of the
precursor peptide ion). This result demonstrates that EC/
DESI-MS is applicable for reducing the disulfide bonds of
peptides in enzymatic digest and the resulting peptide chain
products can be directly detected online by MS without separa-
tion, suggesting its utility in mixture analysis.

b. Trypsin Digested Somatostatin 1—14. In the experi-
ment described above, the conversion yield was low and the
working amalgam electrode had a short lifetime. By polishing the
electrode surface with silk handkerchief and also lowering the
concentration of the samples injected into the electrochemical
cell, an enhanced reduction yield and elongated lifetime of the

1296

amalgam were achieved. Presumably, the polishing made the
amalgam surface more uniform and using diluted sample solution
reduced the possible chemical adsorption onto the amalgam
surface. Under these optimized conditions, electrolytic reduction
of disulfide bonds of trypsin digested somatostatin 1—14 (MW:
1637.9 Da) was examined. The sequence of somatostatin 1—14,
a peptide containing an intrapeptide disulfide bond, is shown in
Table 1. After tryptic digestion, peptide (denoted as P2) contain-
ing asymmetric chains linked by one disulfide bond (chain A,
AGCK; chain B, TFTSC) was obtained, together with another
peptide NFFWK. Figure 2a illustrates the DESI-MS spectrum
acquired when a solution of trypsin digested somatostatin 1—14
(35 uM) in methanol/water (1:1 by volume) containing 1%
acetic acid flowed through the thin-layer electrochemical cell
with no potential applied to the cell. The singly, doubly and triply
charged P2 were detected at m/z 933.3, 467.3, and 312.3,
respectively (these peaks are listed in Figure 2a inset for clarity).
In addition, one sodium adduct peak [P2 + Na]™ (m/z 955.3)
was seen, probably due to ubiquitous sodium ions (e.g., from the
water used for preparing the sample solution). Furthermore, ions
of the peptide NFFWK, [NFFWK + H]" (m/z 741.3),
[NFFWK + Na]" (m/z 763.3), and [NFFWK + 2H]*" (m/z
371.4), were also observed. When a —1.8 V potential was applied
to the cell for reduction, two new ions of m/z 378.1 and 558.3
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Figure 2. DESI-MS spectra acquired when a solution of 35 uM trypsin digested somatostatin 1—14 in methanol/water (1:1 by volume) containing 1%
acetic acid flowed through the thin-layer electrochemical cell with an applied potential of (a) 0.0 V and (b) —1.8 V; CID MS? spectra of (c) the

protonated chain A (m/z 378) and (d) the protonated chain B (m/z 558).

were generated, corresponding to the protonated ions of free
chain A and chain B of P2, respectively (Figure 2b). Strikingly,
abrupt changes in relative abundances of disulfide containing
peptide ions before and after electrolysis were observed (the data
are summarized in Table 2). For instance, the relative ion
abundances of ions associated with the peptide P2, [P2 +
H]Y, [P2 + Na] ™, [P2 4+ 2H]*" and [P2 + 3H]*", decreased
to a considerable extent (by $9—100% reduction) when the cell
was turned on (Table 2). In particular, the triply charged P2 [P2
+ 3H]*" (m/z 312.3) completely disappeared after electrolysis
(Figure 2b). By contrast, the relative abundances for ions
associated with the peptide NFFWK without disulfide bonds,
[NFFWK + H]", [NFFWK + Na] ™, and [NFFWK + 2H]*",
remained nearly unchanged (instead, a small increase of 2—5%
were observed for the latter two ions probably caused by signal
fluctuation during ionization, Table 2). This result is exactly in
line with the fact that NFFWK is not electroactive while the
disulfide-containing peptide P2 is. The pronounced changes in
relative ion abundance due to electrolysis are useful to distinguish
disulfide containing peptides from those without disulfide bonds
in the enzymatic digest mixtures. As the electrolysis is simply
controlled by turning on and off the cell potential, such a
differentiation is simple and fast.

In addition, as shown in Figure 2c, the electro-generated chain
Aion (m/z 378) gives rise to the fragment ions of by, b, by, by-
H,O, y1, y», and y; ions upon CID, from which its sequence can
be determined as AGCK (the cysteine residue is in the third
position in chain A). Likewise, the protonated chain B (m/z 558)
dissociated into ay, by, bs, by, by-H,O, bs, bs-H,O and y; ions

(Figure 2d), which reveals its sequence to be either TFTSC or
FTTSC (in other words, the cysteine is located in the fifth
position in chain B). In comparison to the fact that the CID of the
protonated intact P2 (m/z 933) only produces A1—A4/B(y,),
A1—A4/B(y,), A1—A4/B(y;), BI—BS/A(b;) and B1—BS/A(y,)
ions (spectrum not shown; A1—A4/B(y, ) refers to a fragment with
y; ion of B chain linked with an intact A chain; the notation is
applicable to other fragment ions), the electrolytic reduction of
disulfide bond allows one to obtain more sequence information of
the examined peptide. More importantly, in this experiment, the
connectivity of the disulfide bond in P2 can be inferred, based on the
measured molecule weight (MW) information of the precursor
peptide and its reduced peptide chains (both theoretic and mea-
sured MWs of the peptides and their reduced peptide chains are
listed in the Table 1 with the measured MWs labeled with “*”). As
discussed above, we know that electroactive P2 in the mixture
contains disulfide bonds and the two new peptides AGCK and
TFTSC are generated after the sample electrolysis. It is found that
the sum of the measured MWs of AGCK and TFTSC (934.4 Da) is
1.9 Dahigher than that of the precursor peptide P2 (932.5 Da). This
indicates that AGCK and TFTSC are the two chains of P2, and P2
has one disulfide bond bridging these two chains. According to the
sequence information of each chain revealed by CID as mentioned
above, it is therefore clear that the disulfide bond linkage in P2 is the
one bridging Cys® of chain A and Cys® of chain B (Table 1).
These results confirmed that the EC/DESI-MS can be used for
reduction of disulfide bonds of peptides in enzymatic digest
mixtures. Such an experiment is versatile. One utility is the fast
recognition of disulfide-containing peptides from the digest,
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Table 2. Relative Abundance Changes After the Electrolysis

relative abundances when

(RAG, — RAg)

relative abundances when

proteins/peptides peptide ions m/z cell was turned off (RA¢) cell was turned on (RA,,) /RA ¢ X 100%

Somatostatin 1—14 P2 +H]* 933.3 18 S —722
[P2 + Na]*™ 955.3 4 1 —75.0
[P2 + 2H]*" 4673 22 9 —59.1
P2 + 3H]*" 3123 6 0 —100.0
[NFFWK + H] ™" 741.3 100 100 0.0
[NFEWK + Na] ™" 763.3 10 10.5 +5.0
[NFFWK + 2H]*" 3714 42 43 +2.4

Insulin [P3 + 2H]*" 1037.5 70 38 —45.7
[P3 + 3H]*" 6922 96 59 —385
[P4 + 2H]*" 1282.5 20 8 —60.0
[P4 + 3H]>" 855.1 62 40 —35.5
[Ps + 2H]*" 1082.5 38 25 —342
[Ps + 3H]*" 722.1 74 44 —40.5
[P6 + 2H]*" 770.0 26 16 —385
[P7 + 3H]*" 641.3 26 14 —462
[YTPKA + 2H]*" 290.6 38 37.5 -1.3
[ALY + H]" 366.4 54 54 0.0
[GIVE + H]" 417.4 98 100 +2.0
[VEAL + H]* 431.4 58 56 -35
[FVNQ + H]" 507.5 96 94 -2.1
[YQLE + H]" 552.5 78 76 —26
[YTPKA + H]" 579.6 100 100 0.0
[QLENY + H]" 666.5 25 25 0.0

based on the abrupt changes of the relative ion abundances before
and after electrolysis. The MS and MS/MS analysis following
electrolytic reduction further provide the sequence information of
the peptides and the connectivity of the disulfide linkage.

c. Pepsin Digested Insulin. The success in the peptide
digest analysis encouraged us to test the method for protein
digests. Bovine pancreas insulin (MW $733.5 Da, sequence
shown in Table 1) is known to have A and B chains linked by
two disulfide bonds, and the chain A of insulin has an additional
intrapeptide disulfide bond. After pepsin digestion, five disulfide-
containing peptides denoted as P3, P4, PS5, P6, and P7 along with
seven additional peptides ALY, GIVE, VEAL, FVNQ, YQLE,
YTPKA, and QLENY were obtained (Table 1). The reason to
use pepsin in this case is because that pepsin digestion occurs in
acidic environment, in which the possible disulfide bond re-
arrangement can be precluded.” Figure 3a shows the DESI-MS
spectrum acquired when a solution of pepsin digested insulin (10
U“M) in methanol/water (1:1 by volume) containing 1% acetic
acid flowed through the thin-layer flow cell without any potential
applied to the cell. The triply and doubly charged ions of P3 (m/z
692.2, 1037.5), P4 (m/z 855.1, 1281.5), and PS (m/z 722.1 and
1082.5) were seen in the spectrum. Also, the doubly charged P6
and triply charged P7 were detected at m/z 770.0 and 641.3,
respectively. In addition, ions of other peptides in the peptic
digest, including [YTPKA + 2H] >t (m/z290.6), [ALY + H]"
(m/z 366.4), [GIVE + H]" (m/z 417.4), [VEAL + H]" (m/z
4314), [FVNQ + H]" (m/z 507.5), [YQLE + H]" (m/z
552.5), [YTPKA + H]" (m/z2 579.6), and [QLENY + H]" (m/z
666.5) were observed and are listed in Figure 3a inset. As
expected, when a —1.6 V potential was applied to the cell
(spectrum shown in Figure 3b), the relative abundances for the

ions of disulfide-containing peptides P3—P7 decreased signifi-
cantly by 34—60% (detailed abundance change information is
given in Table 2). On the other hand, the other seven peptides
without disulfide bonds are not sensitive to electrochemical
reduction and their relative ion abundances have marginal
changes (the maximum decrease is only by 3.5%, Table 2). This
result emphasizes that the disulfide-containing peptides can be
distinguished from others based on their responses to electrolytic
reduction, even in a complex mixture of protein digest.

In addition, when the electrochemical cell was turned on, new
peaks of m/z 384.3, 514.8, 628.5, 656.5, 766.6, 880.6, 913.4,
1027.5, 1254.6, and 1311.5 were observed, corresponding to
[HLCGSHL + 2H]*", [LVCGERGFF + 2H]*", [FVNQH-
LCGSHL + 2H]*", [GIVEQCCASVCSL + 2H]**, [HLCGS-
HL + H]", [LVCGERGF + H]*, [QCCASVCSL + H]",
[LVCGERGFF + H]', [FVNQHLCGSHL + H]", and
[GIVEQCCASVCSL + H]¥, respectively (Figure 3b). The
appearance of these new peaks shows that six free peptide chains,
HLCGSHL, LVCGERGFF, FVNQHLCGSHL, GIVEQC-
CASVCSL, LVCGERGF, and QCCASVCSL generated from
the electrolytic reduction of the pepsin digested insulin, were
detected. On the basis of the measured MWs (Table 1), we could
assign these peptide chains to their precursor peptides. As shown
in the Supplementary Table 1 (Supporting Information), among
15 possible combinations of the six detected peptide chains, only
the sum of the MWs of two chains GIVEQCCASVCSL and
HLCGSHL (2076.9 Da) is fairly close to the MW of P3 (2073.3
Da), which differ by 3.6 Da in mass. This suggests that P3 consists
of two chains, GIVEQCCASVCSL and HLCGSHL, and the
mass difference of 3.6 Da indicates that P3 contains two disulfide
bonds. In a similar way, we also can relate the chain pairs of

1298 dx.doi.org/10.1021/pr101053q |J. Proteome Res. 2011, 10, 1293-1304



Journal of Proteome Research

a) digested insulin, cell off m/z 290.6: [YTPKA+2H]?*
sro6 ¥ m/z 366.4; [ALY+H]*
100 M7 00 6922 m/z 417.4: [GIVE+H]*
. - m/z 431.4: [VEAL+H]*
E m/z 507.5: [FYNQ+H]*
8 = 5652.8 2241 m/z 552.5: [YQLE+H]*
£ E 4 Tha75 m/z 579.6: [YTPKA+H]*
E E 855.1 + m/z 641.3: [PT+3HP*
3 = 431.4 m/z 666.5: [QLENY+H]*
E = —— '  m/z 692.2: [Pa+3HJ3*
2 s — \ 1082.5 ¥ m/z 722.1; [P5+3H]*
B = . ¥ m/z 770.0: [P6+2H]>*
8 ! 2906 | i \ ¥ m/z 855.1: [P4+3H]*
E | | 4 essls | + m/z 1037.5: [P3+2HP*
= L l i 541.:31' 77|°-° I ”t‘ . + m/z 1082.5; [P5+2H]2*
= ( F ‘ ” I ll “ I '-'|""' + m/iz 1281.5; [P4+2H]*
3 o | | : |
= 1 I | Lalll
o ‘;&LM%LJLJMJ.M‘ h | i Hmfmnmm‘nn{w s i
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
b) digested insulin, cell on 4 miz 384.3: [HLCGSHL+2H]* Xic OTNLC('E?HL*ZHF‘(MW‘]
9gE 4 Miz 514.8: [LVCGERGFF+2H* sl
100 — 474 T 4 m/z 628.5: [FVNQHLCGSHL+2H]** 9 L\,j,l o
3 507.5 m/z 656.5: [GIVEQCCASVCSL+2H]?* S'*?l"a'| i |
— | i pfe 7RR @- MHI CCSHI £HT+ ony \.l| Rl l
E , im/z 768.8: [HLCGSHL+H] il i
- = ksz.q 4 m/z 880.6: [LVCGERGF+H]* call \ |_|‘[ I ] |
bt = | 4 m/z 913.4: [QCCASVCSL+H]* on l T ‘W&
5 = A m/z 10275 [LVCGERGFF+H1* 1 %\I "h‘!ii
o = s I 4
NI R b T Y, by
1 00 05 L0 1.5 20 2.5 3.0 5.5 4.0 45 50 55 6.0
e seadly || -
2 E
B = 2005 || F s ‘523_5 | 486518808 gt 1037.5
@ E R | | T] [Py T ‘ 913.4 ‘
& E \i El 514.e|‘ ! s Ls‘wsr.s i % 5(1932_5
—j. s l I 6&- T ’ &
- il I 1] 12815 T
2 0 b L M‘\ I wt.,.mms
R PN TN VL0 U I P T T T e — ;
° 400 200 300 400 500 600 700 anu 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
¢) digested Insulln, TCEP 3
— 25144 | Pa-aH b
| o
E HDTAVP\VA OH
= ‘ o 1( |
E | L A
= O.__OH *
g E [ 'j’ |
g =
"-é = | HO, ,F-‘fi/\ pu*H
I | 1 T
< SV L o
Y = |
B = l [HLG ’THL-uHr*
= = e e
= 3 + +  [YQLE+H]* [HLCGSHL+H]*
E 1 I ga,g[ﬂ‘?’mm [QLENY+H]* 766.5
E i |[VEAL+H)* l[YTPKAa-H]*
E 25 3 [AL‘H-H] [FYNQ#H]* 57{95
p il .5 507. f
IR e T e
100 200 300 400 500 600 700 800 900 1000

mz

Figure 3. DESI-MS spectra acquired when a solution of pepsin digested insulin (10 #M) in methanol/water (1:1 by volume) containing 1% acetic
acid flowed through the thin-layer electrochemical cell with an applied potential of (a) 0.0 V and (b) —1.6 V (the extracted ion chromatogram
(XIC) of [HLCGSHL + 2H]** (m/z 384) is shown in the inset); (c) ESI—MS spectrum of peptic digested insulin (10 #M) reduced by TCEP in
methanol/water (1:1 by volume) containing 1% acetic acid. The m/z 251.4 is the protonated TECP and the ion of its oxidized form appears at m/z

267.3.

GIVEQCCASVCSL/FVNQHLCGSHL and QCCASVCSL/
FVNQHLCGSHL to P4 and PS, respectively, which are both
bridged via two disulfide bonds as well. Among these three
precursor peptides, P4 is the largest one in the insulin digest.
However, as the A chain ions of P6 and P7 are missing in the
DESI-MS spectrum (Figure 3b, only B chains LVCGERGFF and
LVCGERGF were detected), it is not possible to identify the
chain compositions of P6 and P7. The reason that both A chain
ions of P6 and P7 can not be observed after reduction is probably
because these chains lack the basic amino acid residues and
thereby have low ionization efficiencies. Similar phenomena of
missing chain A in the spectra of reduced insulin samples was
noticed before.>>*?

129

In addition, the connectivities of disulfide bonds in this case
can be possibly assigned based on information acquired by
tandem MS analysis. For instance, the doubly charged ion (m/
2 628) of the chain B of P4 generated from electrolysis gives rise
to fragment ions of by, by NH; bs, b5 NH3 b6, b7, b,-NH; bg, b,
blO ) Yar Y5 Y7, ¥s-NH3, (yo- NHs) 1 Yor )’9 " and J’lo2 upon
CID (Supplementary Figure le, Supporting Information). This
set of fragment ions originates from the cleavage of all of the
backbone amide bonds of the chain B ion and determines that the
chain sequence is FVNQHLCGSHL with one cysteine residue
located at the seventh amino acid site. Since the P4 contains two
pairs of disulfide bonds, it is therefore clear that its chain A has
three cysteines, of which two of them are paired up and the other
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one is linked with the Cys’ of the B chain FVNQHLCGSHL.
CID spectrum of the singly charged A of P4 (m/z 913) was
further examined (Supplementary Figure 1d, Supporting In-
formation), and its fragment ions of by, b, by, byg, b1y, bia, y11-
NHj, y1» and y,3-NHj suggests that the chain A sequence is
GIXXXXXASVCSL (X represents an unknown residue). As the
CID of triply charged P4 ion (m/z 856, Supplementary Figure 1b,
Supporting Information) produces B1—11 /A(g/sH), B1—11/
A(ys™"), BI=11/A(y10° "), and B1—11/A(y;;" ") via the loss
of GIVEQ, GIVE, GIV and GI fragments from the chain A, it can
be further inferred that the chain A sequence is GIVEQX-
XASVCSL. Because chain A is known to have three cysteines,
it sequence should be GIVEQCCASVCSL, which agrees with its
measured MW (Table 1). Also, it can be further inferred that the
Cys® in the chain A is paired up with Cys'" of the chain to form an
intrapeptide bond, since the backbone cleavage between these
two sites is missing in the CID of triply charged P4 ion
(Supplementary Figure 1b, Supporting Information). The con-
servation of the same amino acid residue region during the CID
of both P3 and PS ions (Supplementary Figure la and c, Sup-
porting Information) was also noticed, confirming such a disul-
fide linkage assignment. Thus, in P4, the Cys7 of chain A forms
one interpeptide bond with Cys’ of chain B. It is therefore
evident that both the connectivities of disulfide bonds and the
sequence of P4 (Table 1) can be determined using the informa-
tion acquired from this EC/DESI-MS method. In comparison to
the previous electrochemical detection of thiol- and disulfide-
containing peptides,”*° our method provides much more chem-
ical information as a result of the online mass spectrometric
detection such as the connectivities of disulfide bonds and the
sequence information.

We also tested the analysis of the pepsin digested insulin using
chemical reduction with TCEP reagent, a traditional protocol to
break a disulfide bond. As shown in Figure 3c, in addition to some
noncysteine containing peptide ions, only +1 and +2 ions of free
chain HLCGSHL was observed at m/z 766.5 and 384.6, respec-
tively. The other five cysteine-containing peptides that were
detected in the DESI-MS spectrum (Figure 3b) were not seen in
Figure 3c. It is likely that these ion signals were suppressed by the
excess amount of TCEP used in the chemical reduction. In our
EC/DESI-MS analysis, this issue is avoided because the method
does not involve chemical reductants. Also, electrolytic reduction
of disulfide is much faster than chemical reduction which usually
requires 30 min to 2 h for completion. For example, in the case of
insulin digest, the electrochemical cell was turned on only for
about 1 min (Figure 3b inset shows the time when the cell was
turned on and off) and a good DESI-MS spectrum was acquired.
In most cases of the EC/DESI-MS experiments, it is noticed that
reduced products could be detected even when the reduction
potential was applied for only 30 s. The short reduction time
required and online DESI-MS detection thereby expedite the
analysis process.

2. Reduction of Peptides Containing Intrapeptide or Sym-
metric Interpeptide Disulfide Bonds

In the analysis described above, all disulfide-containing pep-
tides resulting from enzymatic digestion contain asymmetric
chains with different MWs. However, biologically active peptides
containing an intrapeptide disulfide bond (e.g, oxytocin) or
symmetric chains linked with an interpeptide disulfide bond (e.g,,
glutathione) also occur. For these geptides, the peak of reduced
peptide ion might overlap with the **S isotopic peak of the intact

peptide ion in the acquired MS spectrum. To overcome this
problem, our strategy is to adopt fast and selective derivatization
of the reduced peptides, using selenamide reagents such as ebselen
and N-(phenylseleno)phthalimide,*' a new protein/peptide thiol
labeling method recently developed in our laboratory. Compared to
other reactions to derivatize thiols such as thiol exchange and
Michael-addition reactions, selenamide reagents can selectively
and rapidly derivatize protein/peptide thiols in seconds,"" satisfying
the requirement for the recognition of reduced peptides with free
thiol groups via online derivatization.

[Arg®]-vasopressin (MW: 1084.2 Da), a peptide containing
one intrapeptide disulfide bond was chosen for investigation first.
When a solution of 0.1 mM [Arg®]-vasopressin doped with
N-(phenylseleno)phthalimide flowed through the thin-layer
electrochemical cell with no potential applied, the singly and
doubly charged ions of [Arg®]-vasopressin were detected at m/z
1083.7 and 543.1, respectively. Also, m/z 637.0 and 723.9 from
the background were observed (Figure 4b). When a —2.0 V
potential was applied, the intensities of m/z 1083.7 and 543.1
decreased. On the other hand, one new peak at m/z 699.5
corresponding to the doubly charged ion of the reduced peptide
CYFQNCPRG labeled with two selenium tags was clearly
observed (Figure 4c), which is well separated from the doubly
charged intact peptide ion m/z 543.1 (without derivatization, the
resulting doubly charged ion of the reduced peptide would
appear at m/z 544.1 and overlap with the $** isotopic peak of
m/z 543.1). The double addition of the selenium tags with the
reduced peptide (the reaction equation is shown in Figure 4a)
indicates that the precursor peptide [Arg®]-vasopressin has one
intrapeptide disulfide bond. After reduction, the reduced peptide
carries two free cysteines that allow double addition of selenium
tags. As expected, upon CID, the derivatized reduced peptide ion
of m/z 699 (Figure 4d) shows a series of backbone cleavages,
giving rise to a series of b and y ions (by, b3, bs, ¥5, 3, ¥4, Vs, Ve, and
y7) plus a,, a3-NH3, and a,-NHj. In contrast, the doubly charged
intact [Arg®]-vasopressin ion (m/z 543.1) (Figure 4e) dissoci-
ates into fewer fragment ions upon CID owing to the presence of
the disulfide bond linkage. Again, this data demonstrates that
increased structural information can be obtained via electrolytic
reduction of disulfide bonds. Another ion arising from the
reduction was observed at m/z 643.1, corresponding to the
reduced peptides labeled with one selenium tag and one mercury
atom. The CID spectrum of m/z 643 (Supplementary Figure 2,
Supporting Information) shows that the mercury is covalently
attached to the peptide at the first cysteine residue. The origin for
this mercury-thiolate product remains unclear and we did not see
the similar products for other peptides examined in this study. It
is likely that the mercury-thiolate product was formed via anodic
oxidation of thiol product in the presence of mercury** or via
disulfide bond reduction on mercury surface as an inter-
mediate."> In addition, similar EC/DESI-MS results were ob-
tained for oxytocin (MW: 1007.2 Da), another biologically active
peptide containing one intrapeptide disulfide bond. The electro-
lytic reduction cleaved its disulfide bond and reduced oxytocin
with two free cysteines underwent the double addition with
ebselen, another selenamide reagent, which was detected by
DESI-MS. The spectra and reaction equation are shown in the
Supplementary Figure 3 (Supporting Information).

Glutathione disulfide (GSSG) (MW: 612.6 Da), the oxidized
form of the cysteine-containing tripeptide glutathione (GSH),
contains two symmetric chains linked with one interpeptide
disulfide bond. It is known from our previous study® that the
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Figure 4. (a) Scheme showing the derivatization of reduced [Args]—vas

MS spectra acquired when a solution of [ Arg®]-vasopressin acetate salt (0.

opressin (sequence CYFQNCPRG) by N-(phenylseleno)phthalimide; DESI-
1 mM) and N-(phenylseleno)phthalimide (0.5 mM) in acetonitrile/water (1:1

by volume) containing 1% acetic acid flowed through the thin-layer electrochemical cell with an applied potential of (b) 0.0 Vand (c) —2.0 V; CID MS>
spectra of (d) the doubly charged ion of the reduced [Arg®]-vasopressin with two phenylselenenyl tags (m/z 699) and (e) the doubly charged ion of

intact [Arg®]-vasopressin (m/z 543).

peak of singly charged GSH (m/z 308) generated by electrolytic
reduction of GSSG overlaps with the **S isotopic peak of the
doubly charged GSSG ion (m/z 307). In this study, this issue can
be overcome using online rapid derivatization of the product
GSH by ebselen. In the experiment, the solution of glutathione
disulfide (GSSG) was doped with ebselen and injected through
the electrochemical flow cell. The singly and doubly charged
GSSG ions at m/z 613.0 and 307.0, respectively, were detected
(Supplementary Figure 4a, Supporting Information). When —
2.0 V potential was applied to the working electrode of the cell, a
new peak m/z 582.9 appears (Supplementary Figure 4b, Sup-
porting Information), which corresponds to the protonated ion of
the derivatized GSH with one ebselen tag and clearly separated from
the GSSG peaks. This assignment was verified by its CID MS”
spectrum which shows major fragment ions of the protonated
ebselen and GSH. Also, the intensities of [GSSG + H]" and
[GSSG + 2H]*" decreased, indicating the consumption of GSSG
during electrolysis. Unlike [Arg®]-vasopressin and oxytocin which
contain an intradisulfide bond, the reduced GSSG product contains

one free cysteine residue so that only the single addition of ebselen
to GSH is possible. This feature is useful in determining whether
or not the disulfide bond of the examined peptide is in inter- or
intrapeptide form. Further, the number of selenium tags on the
reduced peptides points out the number of their free cysteine
residues.

3. Reduction of Intact Proteins Containing Disulfide Bonds

We further examined the protein a-lactalbumin (MW: 14178.0
Da) from bovine milk for the EC/DESI-MS. This protein
(sequence is shown in Figure Sa inset) has 123 amino acid
residues and contains four disulfide cross-links (Cys®-Cys'*,
Cys™*-Cys'"!, Cysél—Cys77, and Cys”>-Cys”') to maintain and
stabilize its three-dimensional structure in solution.* To inves-
tigate the electrolytic reduction of the disulfide bonds in bovine
O-lactalbumin, we also adopted the selenamide derivatization
strategy as it is helpful to recognize the multiply charged reduced
protein ions from those intact protein ions using our ion trap
mass spectrometer with unit mass resolution. Figure Sa illustrates
the DESI-MS spectrum acquired when a solution of 0-lactalbumin
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Figure 5. DESI-MS spectra acquired when a solution of a-lactalbumin (20 #M) and ebselen (0.2 mM) in acetonitrile/water (1:1 by volume) containing
1% acetic acid flowed through the thin-layer electrochemical cell with an applied potential of (a) 0.0 V (the insets show the intact protein sequence and
the XIC of the +10 protein ion) and (b) —2.1 V (the superscripts on the charge numbers labeled in the spectrum indicates the number of the added

ebselen tags to the reduced protein ions).

(20 uM) and ebselen (0.2 mM) in acetonitrile/water (1:1 by
volume) containing 1% acetic acid flowed through the thin-layer
electrochemical cell, the multiply charged ions of intact
o-lactalbumin with a charge distribution of +-8~-12 centered
at +10 were detected. When a —2.1 V potential was applied
to trigger protein reduction, the abundance of a-lactalbumin ions
decreased as exemplified by the extracted ion chromatogram
(XIC) of the +10 protein ion (m/z 1418.9, Figure Sa inset).
Besides, the multiply charged ions of Gt-lactalbumin carrying one,
two, three and four ebselen tags arose (Figure Sb), suggesting
that the protein underwent electrolytic reduction and the sub-
sequent chemical reactions with ebselen (an EC mechanism).
Also, based on the maximum number of the ebselen tags, it is
indicative that the protein underwent two disulfide bond clea-
vages, leading to totally four free cysteine residues for derivatiza-
tion. The partial reduction of disulfide bonds in O-lactalbumin
suggests that the remaining two disulfide bonds are sterically
hindered in the interior area of the protein while the other two
are accessible for the electrolytic cleavage on the amalgam
surface. Indeed, according to the literature report, Cys®-
Cys'** is the easiest one to be reduced and Cys**-Cys''" is the
second easiest one to be cleaved. Our experimental results show
that a-lactalbumin protein can be electrochemically reduced and
the resulting reduced proteins were detected online by MS. It is
very likely that these partially reduced ot-lactalbumin ions can be
interrogated by tandem mass spectrometry to provide more
structurally informative fragment ions than the intact one, which

111

was not further explored in our experiment as a result of the low
resolving power of the ion trap used.

In addition, examination of Figure Sb also reveals the role of
disulfide bonds on maintenance of the protein conformational
structures. As mentioned above, liquid sample DESI offers a
convenient way to probe protein conformational changes in
solution since the sample can be ionized directly without sample
pretreatment.’’ A simple but effective way to detect the con-
formational change of proteins is to record the shift of charge
state distribution (CSD) of protein ions.*”~* Typically, when a
protein is in the folded structure, a narrow CSD in low charge
states is observed while CSD is broadened and shifted to high
charge states after unfolding. This is probably because that, in
comparison to a folded protein, the unfolded one has a greater
capacity to accommodate a significantly large number of charges
on its surface. In this experiment, electrochemical reduction can
serve as a good stimulant to trigger protein conformational
changes simply via electrolytic reduction processes, which can
be online monitored with DESI-MS. Prior to electrolysis, the
intact a-lactalbumin exhibits the CSD of 4-8~+-12 with the most
abundant peak located at 410 ion. These charge numbers are
relatively low, even under the denaturing solvent environment
(containing acetonitrile and 1% acetic acid) in this experiment,
probably owing to the presence of four disulfide bonds which
limits the extent of the protein unfolding. After electrolysis, the
CSD of the reduced a-lactalbumin ions with ebselen tags has
shifted to higher charge states (+9~+16) and the most abundant
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charge state centered at +11 (indicated with underlined charge
number). This CSD change could stem from the addition of
selenium tags or the conformational changes of the protein as a
result of the disulfide bond cleavages. The former speculation is
less unlikely because the addition of selenium tags in the peptide
cases discussed above (e.g., oxytocin and glutathione) does not
help to increase the charges of derivatized peptide ions. No
higher charge state was observed in the case of protein (-
lactoglobulin A after derivatization by ebselen in our previous
experiment.” It is more likely that the observed CSD shift is a
result of the cleavage of disulfide bonds in the protein. In this
experiment with -lactalbumin, the electrolytic cleavage of two
disulfide bonds results in protein unfolding so that the protein
can carry more charges. This phenomenon is in agreement with
the early ESI report that increased charge occurred to the
detected protein ions after the cleavage of their disulfide bonds.*®
It is also consistent with the previous report*® that the two-
disulfide form of (t-lactalbumin retains only half the secondary
and tertiary structures of the intact 0-lactalbumin. Indeed, once
the a-lactalbumin was completely reduced by TCEP and then
ionized by ESSI, a variant form of ESL> a further CSD shift
to +19 was noticed (Supplementary Figure S, Supporting
Information). These results suggest that, like the first two
disulfide bonds reduced in the electrolysis, the two remaining
disulfide bonds are also responsible in keeping protein folded.
Thus, it can be seen that the EC/DESI-MS can provide unique
insights into the role of disulfide bonds of a protein in maintain-
ing its conformation.

Bl CONCLUSIONS

EC/DESI-MS is a powerful tool for the structural elucidation
of different types of disulfide bond containing peptides and
proteins and for mixture analysis of protein/peptide digests.
Based on the relative ion abundance change during electrolysis,
one can identify the disulfide-containing peptides from others in
enzymatic digest mixtures. In conjunction with mass mapping
and tandem mass analysis, peptide sequencing and location of the
disulfide linkages is possible. Adoption of selective selenamide
derivatization reactions facilitates the analysis of intra- and
interpeptide disulfide containing peptides by the EC/DESI-
MS. The effect of disulfide bonds on maintaining protein
conformational structures can also be investigated based on the
charge state distribution (CSD) shifts of protein ions after
reduction. The reported electrochemical mass spectrometry for
disulfide analysis is fast, simple and controllable by switching on/
off the electrolysis potential. No chemical reductant is involved
so that direct ionization after reduction is feasible. In addition,
unlike the gas-phase ion activation methods used for the
cleavage of disulfide bond which could lead to backbone
dissociation, our electrochemical reduction takes place in
solution and is very selective to disulfide bonds. As peptides
from protein digests and intact proteins can be reduced, this
method should find important applications in both top-down
and bottom-up approaches in protein analysis. Furthermore, for
proteins containing multiple disulfide bonds, there is a possi-
bility to achieve selective cleavage of certain disulfide bonds by
using controlled reduction potentials;>' such an investigation is
under way. In this study, we used different potentials to reduce
different disulfide-containing proteins/peptides in order to
obtain the optimum reduction yield, which suggests the feasi-
bility of such an investigation. As disulfide bonds play an

important role in protein conformations and functions, this
electrochemical mass spectrometric method would find its
valuable utilities in proteomics research.
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