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Abstract
We previously reported that selenamide reagents such as ebselen and N-(phenylseleno)
phthalimide (NPSP) can be used to selectively derivatize thiols for mass spectrometric analysis,
and the introduced selenium tags are useful as they could survive or removed with collision-
induced dissociation (CID). Described herein is the further study of the reactivity of various
protein/peptide thiols toward NPSP and its application to derivatize thiol peptides in protein
digests. With a modified protocol (i.e., dissolving NPSP in acetonitrile instead of aqueous
solvent), we found that quantitative conversion of thiols can be obtained in seconds, using NPSP
in a slight excess amount (NPSP:thiol of 1.1–2:1). Further investigation shows that the thiol
reactivity toward NPSP reflects its chemical environment and accessibility in proteins/peptides.
For instance, adjacent basic amino acid residues increase the thiol reactivity, probably because
they could stabilize the thiolate form to facilitate the nucleophilic attack of thiol on NPSP. In the
case of creatine phosphokinase, the native protein predominately has one thiol reacted with NPSP
while all of four thiol groups of the denatured protein can be derivatized, in accordance with the
corresponding protein conformation. In addition, thiol peptides in protein/peptide enzymatic
digests can be quickly and effectively tagged by NPSP following tri-n-butylphosphine (TBP)
reduction. Notably, all three thiols of the peptide QCCASVCSL in the insulin peptic digest can be
modified simultaneously by NPSP. These results suggest a novel and selective method for
protecting thiols in the bottom-up approach for protein structure analysis.
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Introduction
Cysteine (abbreviated as Cys or C), which contains a thiol group (-SH), is unique among 20
natural amino acids and has biological significance. For example, cysteine defines protein
structure via forming covalent disulfide bond linkages. In addition, cysteine-containing
peptides and proteins, such as glutathione (GSH) are critical physiological components
directly or indirectly related to many important biological phenomena, including cellular
antioxidant defenses and redox signaling, modulation of various cellular activities, and so
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forth [1, 2]. To facilitate the structure analysis of proteins, disulfide bond linkages are
normally reduced [3, 4]. However, because the resulting thiols are readily oxidized back to
disulfides [5], derivatization of thiol groups with a suitable chemical reagent is necessary for
increasing thiol stability and improving detection selectivity.

Traditional approaches of protecting free cysteines in solution are based on thiol alkylation,
Michael-addition, or thiol/disulfide exchange, but each of them has some limitations. The
alkylation of protein thiols using N-ethyl-maleimide or iodoacetamide is not specific toward
thiols [3, 6]. Typically, these reactions require an excess amount of derivatizing reagent (1-
to 1,000-fold molar excess) and a long reaction time (15 min–8 h) [6, 7]. For the Michael-
addition reaction, it refers to the addition of thiols to α, β-unsaturated carbonyl and related
compounds. Although it is selective to thiols [8–10], the reaction is irreversible and takes
time. In addition, reversible thiol/disulfide exchange reactions serve to oxidize one thiol
while reducing one disulfide [11]. This dynamic process is random and non-directed.
Therefore, the formation of undesired disulfides is often seen [12]. Our cysteine-specific
tagging strategy is the selective selenylation of thiols using selenamide reagents. In our
recent study, cysteines in peptides and proteins were successfully derivatized by two
selenamide reagents, 2-phenyl-1,2-benzisoselenazol-3(2H)-one (ebselen) and N-
(phenylseleno)phthalimides (NPSP) [13]. Among 20 amino acids, only cysteine is reactive
toward the selenamide reagents. We also found that the phenylselenenyl tag (PhSe-) added
to the cysteine residue via the NPSP derivatization can survive collision-induced
dissociation (CID), which is useful in sequencing peptides and locating cysteine residues
[14]. However, the selenium tag introduced through ebselen derivatization can be lost during
CID to form the protonated ebselen, providing a quick screening method for selective
detection of cysteine-containing proteins from mixtures using precursor ion scan by mass
spectrometry (MS) [14].

In this work, in consideration of the instability of NPSP in aqueous solution that actually
decreases its efficiency in thiol derivatization, a new protocol was adopted to acquire a high
conversion yield, in which a freshly prepared NPSP in anhydrous acetonitrile was used to
react with thiol substrates for the modification. We further investigated the thiol reactivity
toward NPSP and explored the related analytical applications of this modification reaction.
This study shows that (1) the NPSP selenylation reaction occurs to thiol peptides and
proteins rapidly, selectively and quantitatively within seconds, and the reaction products are
stable at room temperature in acidic solution (pH 2.5–6), suggesting that NPSP is a premium
reagent for thiol derivatization; (2) the reactivities of thiols depend on the acidities of their
adjacent amino acid residues as well as their accessibility, providing an approach to probe
protein conformational structure; (3) thiol peptides in enzymatic digests of proteins/peptides
can be rapidly and effectively modified by NPSP, indicating the potential utility of this
reaction in bottom-up proteomic approaches.

Experimental
Chemicals

β-Lactoglobulin A from bovine milk (lyophilized powder), bovine serum albumin
(lyophilized powder, MW ∼66 kDa), human hemoglobin (lyophilized powder, MW ∼64,500
Da), creatine phosphokinase from rabbit muscle (lyophilized powder, MW ∼81 kDa),
insulin from bovine pancreas (lyophilized powder), pepsin from porcine gastric mucosa
(lyophilized powder), NPSP, tri-n-butylphosphine (TBP, 97%), and N,N-
dimethylformamide (anhydrous DMF, 99.8%) were all purchased from Sigma-Aldrich (St.
Louis, MO, USA). Peptides Cys-Gly (CG, MW 178.2 Da), glutathione (GSH, reduced form,
MW 307.3 Da), His-Cys-Lys-Phe-Trp-Trp (HCKFWW, MW 906.1 Da), and Cys-Gln-Asp-
Ser-Glu-Thr-Arg-Thr-Phe-Tyr (CQRSETRTFY, MW 1249.3 Da) were all purchased from
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TCI America (Tokyo, Japan). Peptide [Arg8]-conopressin G (sequence CFIRNCPRC with
one disulfide bond bridging the two cysteines; MW 1062.3 Da) was purchased from Bachem
(King of Prussia, PA, USA).

HPLC-grade methanol and acetonitrile (ACN) from GFS Chemicals (Columbus, OH) and
Sigma-Aldrich (St. Louis, MO) were used and acetic acid (HOAc) was purchased from
Fisher Scientific (Pittsburgh, PA, USA). The de-ionized water used for sample preparation
was obtained using a Nanopure Diamond Barnstead purification system (Barnstead
International, Dubuque, IA, USA).

NPSP Derivatization
Unless specified otherwise, the protein/peptide samples were typically dissolved in
ACN:H2O:HOAc (49.5:49.5:1, v:v:v; denoted as solvent A). The NPSP solution was freshly
prepared by adding anhydrous ACN to NPSP powder, and then added to the peptide/protein
samples to effect derivatization. After vortexing the reaction mixture for 15 s, the resulting
solution was analyzed by MS.

In the case of creatine phosphokinase, for the reaction with the protein under native
conditions, a 40 μM creatine phosphokinase in 20 mM NH4OAc solution was mixed with 1
μL of 24 mM NPSP in ACN. For the reaction with the protein under denaturated conditions,
a 30 μL of 40 μM creatine phosphokinase in MeOH:H2O:HOAc (49.5:49.5:1, v:v:v) was
reacted with 1 μL of 24 mM NPSP in ACN. The reacted proteins were desalted using
Vivaspin 5000 MWCO PES prior to MS analysis.

Protein/Peptide Digestion
Digestion of insulin was carried out using pepsin. A 558 μL aliquot of 0.5 mM insulin in
0.5% (v:v) formic acid (FA)/H2O was mixed with 19.5 μL of 0.29 mM pepsin in H2O, to
reach a molar ratio of 50:1 (insulin:pepsin). The solution was incubated at 37 °C for 6.5 h.
Digestion of [Arg8]-conopressin G was carried out using trypsin. A 1000 μL of 0.1 mM
[Arg8]-conopressin G in 25 mM NH4HCO3 aqueous solution was mixed with 50 μL of 0.1
mM trypsin in H2O. The mixture was incubated at 37 °C for 16 h. The resulting digest
solutions were diluted 10 times using solvent A before MS analysis.

Reduction of Enzymatic Digests
To reduce the disulfide bonds of peptides in the insulin digest, 5 μL of 0.15 % TBP in DMF
was added to 100 μL of 10 μM protein digest, according to the literature [15]. The mixture
was vortexed for 1 h at room temperature. Then, the resulting mixture was dried at 60 °C
using a vacuum concentrator to remove the excess volatile TBP. The vacuum was released
after the temperature cooled down to room temperature and the protein was redissolved in
100 μL of solvent A. Finally, a 100 μL of 10 μM reduced digested insulin solution was
mixed with 100 μL of 100 μM NPSP in anhydrous ACN for derivatization.

Mass Spectrometric Analysis
Electrospray ionization (ESI) or electrosonic spray ionization (ESSI [16], a variant form of
ESI) was used for analysis of the reacted protein/peptide products. ESSI-MS spectra were
recorded in the positive ion mode on a Thermo Finnigan LCQ DECA Mass Spectrometer
(San Jose, CA, USA) equipped with a home-built ESSI source. A +5 kV high voltage was
used for ESSI and the nebulizing gas (N2) was kept at 180 psi. The sample injection flow
rate was 3– 5 μL/min. The heated capillary temperature was 150 °C. CID was used for
structural confirmation of the assigned product ions. Data acquisition was performed using
Xcalibur (rev. 2.0.7, Thermo Scientific, San Jose, CA, USA). Deconvolution of mass spectra
was carried out using Mag-Tran 1.03b2 software based on the ZScore algorithm [17].
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The ESI-MS spectra of creatine phosphokinase samples were collected using a Bruker
MaXis Q-TOF mass spectrometer (Bremen, Germany) in the positive ion mode. The
capillary voltage was 4.5 kV, nebulizer gas was 0.4 bar, dry gas was 4.0 L/min, and the
source temperature (dry temperature) was 180 °C.

Safety Precaution
As TBP and NPSP are harmful in contact with skin, swallowed, or inhaled, a cold trap was
used to condense the TBP vapor during the vacuum evaporation of the reduced protein
digests.

Results and Discussion
Derivatization of Various Protein/Peptide Thiols

In our previous experiment [13], NPSP was first prepared in ACN/H2O/HOAc to reach the
desired concentration, and then mixed with protein/peptide thiols for reaction. In the case of
glutathione (GSH, sequence r-ECG), GSH was not completely derivatized even when NPSP
used was in 5-fold excess.[13] It is very likely that NPSP degraded in the original reagent
solution containing water. Indeed, we noticed that the NPSP gradually develops a yellow
color in the aqueous solution with time. To circumvent this issue, in this study, NPSP was
freshly prepared in anhydrous ACN and then used for derivatizing thiols. Various thiol
peptides and proteins were chosen to evaluate the efficiency of the derivatization reaction by
NPSP using this new protocol. In the experiment, MS spectra were acquired 15 s after
mixing NPSP solution with protein/peptide samples.

Figure 1a is the ESSI-MS spectrum of the reaction products after mixing NPSP (11 μM in
ACN) with GSH (10 μM in solvent A). We found that GSH was completely derivatized and
there was no longer a peak at m/z 308 in the spectrum corresponding to the protonated GSH.
Instead, a dominant peak at m/z 464 corresponding to the protonated NPSP-derivatized GSH
ion [r-EC*G+H]+ appears (the labeling asterisk * indicates a derivatized cysteine with a
PhSe tag; see the reaction equation in the Figure 1a inset). A mass shift of 156 Da occurring
for this peptide ion after derivatization agrees with the addition of one phenyl-selenenyl tag
PhSe- to GSH containing only one free thiol. The characteristic selenium isotope
distribution of the derivatized GSH ion helps verify its identification. Also, upon CID of m/z
464, backbone cleavages (the formation of m/z 318, 335, and 389) as well as water loss (the
formation of m/z 446) were observed, confirming the product ion structure and the covalent
nature of the newly formed Se–S bond in the derivatized peptide. Therefore, one can see that
the new protocol of NPSP derivatization does enhance the reaction efficiency, in which
quantitative conversion of thiols with a slightly excess amount of NPSP is possible.

The stability of the derivatized peptide products was also examined. It was found that the
derivatized GSH was stable (as tested by ESI-MS) after 2-d storage at room temperature at a
pH of 2.5–6.0. However, when the pH of the product solution was adjusted to a pH of 10,
the derivatized peptide was not stable and the ion at m/z 464 was no longer apparent in the
acquired mass spectrum.

Using the new protocol, we further reacted NPSP with a thiol peptide mixture composed of
HCKFWW, CQRSETRTFY, CG, and GSH. Figure 1b is the ESSI-MS spectrum of the
original peptide mixture, in which +1 or +2 peptide ions are present. After the modification
using NPSP (Figure 1c), the ions of all derivatized peptides [HC*KFWW+H]2+ (m/z 532),
[HC*KFWW+H]+ (m/z 1062), [C*QRSETRTFY+H]2+ (m/z 703), [C*QRSETRTFY+H]+

(m/z 1406), [C*G+H]+(m/z 335), and [r-EC*G+H]+ (m/z 464) were observed. The identities
of these ions were confirmed by CID (data not shown). In addition, peaks corresponding to
the intact peptide ions such as [HCKFWW+H]+ (m/z 906), [CQRSETRTFY+H]+ (m/z
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1250), [CG+H]+ (m/z 179), and [r-ECG+H]+ (m/z 308) were not observed, indicating that
all of these thiol peptides had been reacted with NPSP. These results further demonstrate the
complete tagging of all free cysteines of peptides in mixtures, even with nearly
stoichiometric amount of NPSP (NPSP:thiol of 1.1:1). Note that there are some unlabeled
peaks in Figure 1b and c. These ions arose from background contamination as determined by
the analysis of blank samples.

To go a step further, three representative thiol proteins were used as substrates to react with
NPSP. The first case was β-lactoglobulin A from bovine milk. Being a common variant of
β-lactoglobulin, β-lactoglobulin A contains one free thiol group at Cys121 and two disulfide
bonds at Cys66-Cys160 and Cys106-Cys119. Figure 2a displays the ESSI-MS spectrum of 10
μM β-lactoglobulin A in solvent A and Figure 2b is the ESSI-MS spectrum of β-
lactoglobulin A (10 μM in solvent A) reacted with NPSP (20 μM in ACN). In the
deconvoluted spectra (insets of Figure 1a and b), the mass difference between untagged and
tagged protein ions is 155 Da, indicating the addition of a PhSe- tag to the sole free cysteine
site of the protein (the theoretical shift is 156 Da and the small mass discrepancy of 1 Da
may be caused by a mass error in measuring multiply charged protein ions by our LCQ
instrument with low mass resolution). For the second case, a much larger protein, bovine
serum albumin (BSA, MW ∼66 kDa) containing one free thiol group, was reacted with
NPSP. Figure 2c is the ESSI-MS spectrum of 10μM BSA in solvent A while Figure 2d is
the ESSI-MS spectrum of its derivatization product from reaction with NPSP. Again, a mass
shift of 157.5 Da appears after derivatization in the acquired spectra that indicates the
tagging of the free thiol in BSA. Likewise, the deviation from the theoretical mass shift of
156 Da is likely to be caused by the low resolution of our LCQ instrument.

Furthermore, human hemoglobin containing multiple free thiol groups was chosen to be
reacted with NPSP. Human hemoglobin is a tetramer, consisting of two α-chains and two β-
chains; each α-chain contains a single cysteine residue while each β-chain contains two
[18]. Figure 2e is the ESSI-MS spectrum of 10 μM human hemoglobin (in solvent A), in
which multiply charged α-chain and β-chain ions were observed under the denaturing
condition. Figure 2f displays the ESSI-MS spectrum of derivatized human hemoglobin
generated from the selenylation reaction of 100 μL of human hemoglobin 10 μM in solvent
A and 100 μL of NPSP (65 μM in ACN). By comparison of the deconvoluted spectra before
and after derivatization (insets of Figure 2e and f), the α-chain obtained one PhSe- tag and
the β-chain had acquired two tags. This result is expected for the reason that there is only
one free thiol group in the α-chain but two free thiol groups in the β-chain. A high
resolution ESI-MS profile was collected on a Bruker 12 Tesla FT-ICR mass spectrometer
(illustrated in the inset of Figure 2f), the measured isotope peak distribution of +12 ion of
the NPSP-derivatized β-chain (red dashed curve) matches the calculated isotope peak
distribution of the corresponding ion (green solid curve), confirming the addition of two
PhSe-tags onto the β-chain.

In a recent literature about selective modification of cysteine residues in hemoglobin using
5.8-fold excess amount of 1,4-naphthoquinone, the reaction mixture was allowed to react for
15 min and partially modified β chain ions were observed [18]. In comparison, NPSP seems
to be a more potent reagent than the Michael-addition reagent in modifying protein thiols.
These examples of derivatized thiol proteins and peptides demonstrated that a slight
excessive amount of NPSP (NPSP:thiol= 1.1−2:1) could completely convert protein/peptide
thiols, showing the high efficiency of the derivatization and the high reaction yield. The
number of added tags agrees with that of the free thiols available in the proteins/peptides,
indicating the high reaction specificity. The high selectivity is important and is consistent
with our previous observation that among 20 amino acids, only cysteine is reactive to NPSP.
Equally important, the time needed for derivatization is seconds, representing another
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advantage in comparison to other traditional thiol derivatization reagents such as alkylation
or Michael-addition reagents.

NPSP-derivatized hemoglobin was further digested with pepsin, and MS/MS was used to
identify the modification sites. The ESSI spectrum of the digest shows two derivatized
peptide ions [KLLSHC*LL+H]+ (m/z 1082) and [KLLSHC*LL+2H]2+ (m/z 542; Figure
1S-a, Supporting Information). CID of these ions indicates that the tags are located in the
cysteine residues (Figures 1S-b and c, Supporting Information). This result confirms the
high selectivity of NPSP toward cysteines, even in protein substrates.

Probing Thiol Reactivity
Thiol reactivity has attracted increasing attention [19]. Cysteine-specific chemical
modification in conjunction with mass spectrometry can be a valuable way to obtain useful
protein structural information [6]. It has been reported that solvent accessibility is not the
only factor that controls cysteine reactivity, and certain relationships between the chemical
environment of cysteine in a protein and its reactivity have been noted [6, 20]. Recently,
globally profiling of cysteine reactivity in proteomes even showed that the most hyper-
reactive cysteines were remarkably enriched in functional residues of proteins [19].

In this study, reactivities of different peptide thiols toward NPSP were investigated. In the
experiment, an insufficient amount of NPSP was added to a thiol peptide mixture to generate
a competition among different thiol peptides for NPSP (i.e., 100 μL of 20 μM NPSP in
anhydrous ACN was added to 100 μL of a mixture containing HCKFWW, CQRSETRTFY,
CG, and GSH, 10 μM each) in solvent A. As illustrated in Figure 3a, all the thiol peptides
were partially derivatized because of insufficient NPSP in the solution (in contrast with the
complete derivatization in Figure 1c). A reaction yield used to evaluate the thiol reactivity of
thiol is defined as

for which RAunreacted-peptide is the relative abundance of the underivatized peptide ion and
RAreacted- peptide is the relative abundance of the derivatized peptide ion. Under the same
condition, the more derivatized peptide there is, the higher the ratio is, and the more reactive
this peptide is. In this case, we did not take into account the change in the peptide ionization
efficiency before and after derivatization, as the tag PhSe- is a relatively small neutral
functional group in comparison to the peptides themselves. From this point of view, the thiol
reactivity sequence (from high to low) is HCKFWW, CG, CQDSETRTFY, and GSH, as
reported in Table 1.

We found that less reactive cysteines occur nearby acidic residues, which tend to suppress
thiol dissociation and raise the pKa of the cysteine residues; on the contrary, if cysteine was
adjacent to a basic amino acid, its reactivity would be enhanced. This phenomenon is in
accordance with the previous report [6]. In our experiment, HCKFWW is more reactive than
other thiol peptides toward NPSP, probably because of the factor that its cysteine residue is
adjacent to a basic amino acid on both sides (His and Lys). GSH has the lowest reactivity
toward NPSP because its cysteine residue is next to an acidic amino acid (r-ECG). In the
case of CG and CQDSETRTFY, both of their cysteine residues are adjacent to a neutral
amino acid. CG is more reactive with NPSP than CQDSETRTFY probably because it has a
much smaller size and, therefore, a much lower steric hindrance.
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Probing Protein Conformational Change
Site-specific labeling with molecular probes in conjunction with MS detection can facilitate
the visualization of protein conformational changes [15, 21, 22]. In this study, we present
another experiment to study the reactivity of different cysteine residues in the same protein,
which can provide clues to the protein conformational alteration.

Creatine phosphokinase (CK) was used in this experiment. CK is a dimer consisting of two
identical subunits (see Figure 4d). In each subunit, there are four free cysteine residues, three
of which are embedded inside the protein (Cys74, Cys146, and Cys254) [23, 24]. According to
the crystal structure of CK provided in Protein Data Bank (RCSB PDB), indeed, the total
solvent accessibility areas calculated by the GETAREA software [25], for Cys74, Cys146,
Cys254, and Cys283 are 0.00, 2.21, 4.10, and 35.76 Å2, respectively. From these data, Cys283

is the most accessible for derivatization. Figure 4a is the ESI-MS spectrum of intact CK
protein in which the multiply charged ions +53 to +59 were detected. Figure 4b is the ESI-
MS spectrum of the derivatized CK protein from the reaction with NPSP under native
conditions (in 20 mM ammonium acetate). In Figure 4b, the ions of major products +53* to
+59*, arose, corresponding to the CK ions with one PhSe-tag. This result is in agreement
with the previously reported result using the derivatizing reagent of methoxycarbonyl-1,4-
hydroquinone.[15] Also, minor product ions, the CK ions with two tags, also appear
probably due to the modification of the Cys254, the second most accessible residue.

By contrast, upon denaturation in an acidic solvent containing methanol, the CK displayed
different reaction behavior with NPSP. In the latter case, the CK protein ions with four
PhSe- tags were observed and no underivatized or partially labeled CK ions were observed
(Figure 4c). These results indicate that only one free thiol is most accessible in a native
folded structure while all of the four thiols become accessible upon protein denaturation.
The complete conversion of CK protein by NPSP after denaturation further shows the
potency of this selenamide reagent in modifying thiols. Evidently, the thiol reactivities
depend on protein conformation. It is therefore possible to monitor the protein
conformational alteration by examining the number of thiols that can be derivatized by
NPSP. It is advantageous to use a fast derivatizing reagent like NPSP for such a purpose, as
undesirable conformational changes resulting from a long derivatization process needs to be
avoided [26].

Derivatization of Protein/Peptide Digests by NPSP Following Reduction
Bottom-up approach is a common method to identify and sequence proteins by proteolytic
digestion of proteins followed with MS analysis. In traditional protocols, disulfide bridges of
peptides in the digest are first reduced using reducing agents such as dithiothreitol (DTT)
and the resulting free thiols are protected via iodoacetamide derivatization. However, such a
derivatization step usually takes half an hour. In consideration that NPSP tagging takes place
in seconds with high selectivity and yield, it would be necessary to explore an alternative
derivatization method using NPSP in the bottom-up approach. However, it is challenging to
derivatize thiols by NPSP in the presence of excess amount of reductants because chemical
reductants can also reduce Se– S bond[13] (i.e., the NPSP-derivatized peptide products).
One has to remove the excess reductant prior to the addition of NPSP into the digest samples
for derivatization and removal of reductant such as DTT from the digests could be
troublesome. To overcome this problem, we used TBP, a volatile reductant, to reduce
disulfide bonds of peptides in the digests so that the excess TBP can simply removed by
vacuum evaporation [15, 27].

In this experiment, insulin was chosen as an example to test the methodology feasibility.
After digestion by pepsin and reduced by TBP, peptides containing free cysteine residues
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were generated. Then, the sample was evaporated in vacuum to remove excess TBP.
Subsequently, the protein digest sample was redissolved in solvent A and added with NPSP.
Figure 5a is the ESSI-MS spectrum of digested insulin. Eight disulfide bond-containing
peptides, NYCN/VCGERGF, NYCN/VCGERGFF, ENYCN/VCGERGFF, QCCASVCSL/
FVNQHLCGSHL, NYCN/LVCGERGFF, GIVE-QCCASVCSL/FVNQHLCGSHL,
GIVEQCCASVCSL/HLCGSHL, and NYCN/LVCGERGF (denoted as P1–P8, respectively,
in the figure inset; the sequences before and after the slash indicate the two chains of the
peptides) were present in the insulin peptic digest. In addition, peptides without disulfide
bonds, such as YTPKA, ALY, GIVE, VEAL, FVNQ, YQLE, and QLENY, were also
observed (see the list of detected peptide ions in the figure inset). After the reduction of
disulfide bonds by TBP, all these peptides P1–P8 were reduced successfully and reduced
peptides NYCN, VCGERGF, VCGERGFF, FVNQHLCGSHL, LVCGERGFF, GIVE-
QCCASVSCL, HLCGSHL, and LVCGERGF were observed, as expected (shown in Figure
5b). Two reduced peptides, ENYCN and QCCASVCSL, were not detected in the positive
ion mode, probably due to either high acidities or the lack of basic residues. On the other
hand, peptides without disulfide bonds (e.g., GIVE, VEAL, FVNQ, YTPKA, and QLENY)
were insensitive to TBP reduction and remained intact. Two major peaks at m/z 219 ([TBP
+O+H]+) and 437 ([2TBP+O+H]+) in Figure 5b arose from the ionization of the oxidized
TBP.

Figure 5c is the spectrum of the peptides detected after the NPSP derivatization. All the free
thiol-containing peptides produced from the reduction of P1–P8 appear in Figure 5b (i.e.,
NYCN, VCGERGF, VCGERGFF, FVNQHLCGSHL, LVCGERGF, LVCGERGFF, GIVE-
QCCASVCSL, and HLCGSHL), and have acquired PhSe-tags from NPSP. The peak
assignment was also confirmed by CID. For example, the single charged ion [NYC*N+H]+

(m/z 669) gave rise to fragment ions b3 and y3 and the doubly charged ion
[FVNQHLC*GSHL+2H]2+ (m/z 706) produced fragment ions b6, b7, b9, y4, y9, and y7. In
particular, the peak at m/z 1779 corresponding to [GIVE-QC*C*ASVC*SL+H]+ was
detected (Figure 5c), indicating that all the three thiols of the peptide GIVEQCCASVCSL
were successfully modified simultaneously by NPSP. The m/z 1779 ion gave rise to
fragment ions of b10, b11, and b12 upon CID (Figure 2S-d, Supporting Information),
confirming its structure. It is also noted that the PhSe- tags survive the CID process of
[GIVEQC*C*ASVC*SL+H]+, in agreement with our previous observation [14]. This
phenomenon was also observed in CID spectra of other derivatized peptides (Figures 2S-a,
b, and c, Supporting Information). This feature is useful in pinpointing the location of thiols
in examined peptides. The successful derivatization of thiol peptides in the digest via the
reaction with NPSP within 15 s emphasizes that NPSP is a very effective derivatization
reagent.

Another tryptic digest of [Arg8]-conopressin G was also tested using the same approach and
the reduced peptides were also modified by NPSP (Figures 3S, Supporting Information),
further confirming the viability of the usage of NPSP as an alternative reagent for thiol
protection in the bottom-up method. The resulting ion [C*FIR+H]+ (m/z 694) was
confirmed by CID which showed the formation of fragment ions b2, b3, b4, b4-NH3, y2, and
y3-NH3. Another resulting ion [NC*PR+H]+ (m/z 645) yielded fragment ions b3-NH3, b4,
y2, y2-NH3, y3, and y3-NH3, upon CID.

To further expedite the process for the reduction of protein digest, we also tested an
electrolytic method to reduce disulfide bonds. Besides the benefit of greatly shortened
reduction time, no chemicals were introduced into the sample solution; therefore this
approach could dispense with removing excess reducing reagents. Recently we reported that
online electrochemistry coupled with mass spectrometry can be used for fast structural
analysis of proteins/peptides [28]. In this study, as a preliminary trial, we passed the insulin
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digest solution into an electrochemical cell for electrolytic reduction and then derivatize the
resulting products using fast NPSP derivatization. We did observe some derivatized peptides
such as [FVNQHLC*GSHL+3Hz]3+ (Figure 4S, Supporting Information). As electrolysis is
much faster than TBP reduction and takes only seconds, it would further expedite the whole
process and eliminate a hazardous reagent from the protocol. Further investigation is
underway.

Conclusions
NPSP is shown to be a premium thiol derivatization reagent. It reacts rapidly with protein/
peptide thiols in seconds and allows a complete conversion of the free thiol groups with
nearly stoichiometric amount of reagent. In addition, the NPSP reaction can be used to study
thiol reactivity for obtaining structural and conformational information of proteins. The
derivatization reaction is also applicable to protein enzymatic digests, suggesting its
prospective application to the bottom-up proteomic approach. In this regard, the benefits
include: (1) the derivatization step is faster than using traditional derivatizing reagents like
iodoacetamide. Although the evaporation for the removal of excess amount of TBP takes
time at this stage, it helps the ionization of the resulting products and it could be avoided if
one replaces the chemical reduction by online fast electrochemical reduction; (2) the
reaction of NPSP is highly selective and efficient; (3) the added tag via NPSP derivatization
can survive the CID process, which is useful for locating thiols in peptides. Given the
biological significance of thiols and the important features of selenylation reactions revealed
in this study, it is expected that there will be many other applications of this thiol-selenium
chemistry.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) ESSI-MS spectrum showing the products from the NPSP derivatization of GSH via
mixing 100 μL of 11 μM NPSP in anhydrous ACN with 100 μL of 10 μM γ-ECG prepared
in solvent A for 15 s. (b) ESSI-MS spectrum of 100 μL of HCKFWW/CQRSETRTFY/CG/
γ-ECG (10 μM each) in solvent A. (c) ESSI-MS spectrum showing the products from the
NPSP derivatization of a peptide mixture via mixing 100 μL of 44 μM NPSP in anhydrous
ACN with 100 μL of HCKFWW/CQRSETRTFY/CG/γ-ECG (10 μM each) in solvent A for
15 s. Note that the asterisk * labeling indicates a PhSe- tag
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Figure 2.
ESSI-MS spectra showing free thiol proteins of (a) 10 μM β-lactoglobulin A in solvent A,
(c) 10 μM BSA in solvent A, and (e) 10 μM human hemoglobin in solvent A. ESSI-MS
spectra containing the products of the NPSP derivatization of thiol proteins via (b) mixing
100 μL of 20 μM NPSP in anhydrous ACN with 100 μL of 10 μM β-lactoglobulin A in
solvent A, (d) mixing 100 μL of 20 μM NPSP in anhydrous ACN with 100 μL of 10 μM
BSA in solvent A, and (f) mixing 100 μL of 65 μM NPSP in anhydrous ACN with 100 μL
of 10 μM human hemoglobin in solvent A. Note that two asterisks ** refer to two PhSe-
tags. The left inset of Figure 2f gives the comparison between the measured isotope peak
distribution of +12 NPSP-modified hemoglobin β-chain ion (red dashed curve) and the
simulated isotope peak distribution of the corresponding ion (green solid curve). The two
distributions overlap well
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Figure 3. ESSI-MS spectrum of 100 μL of 20 μM NPSP in anhydrous ACN mixed with 100 μL of
a peptide mixture containing HCKFWW, CQRSETRTFY, CG, and GSH (10 μM each) in
solvent A
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Figure 4.
ESI-MS spectra of (a) intact creatine phosphokinase, (b) the creatine phosphokinase
derivatized by NPSP under native conditions, and (c) the creatine phosphokinase derivatized
by NPSP under denaturated conditions. (d) The crystal structure of the rabbit muscle
creatine kinase [24] showing the four free cysteine residues in each monomer of the creatine
phosphokinase was obtained from the RCSB Protein Data Bank and generated by PQS
software (Jmol ver. 12.0.41)
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Figure 5. ESSI-MS spectra of (a) the pepsin-digested insulin, (b) the insulin digest after TBP
reduction, and (c) the reduced insulin digest after NPSP derivatization
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