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Abstract

Bottom-up structural analysis of disulfide-bond containing proteins usually involves time-

consuming offline enzymatic digestion, chemical reduction and thiol protection prior to mass 

spectrometric detection, which takes many hours. This paper presents an expedited bottom-up 

approach, employing desorption electrospray ionization-mass spectrometry (DESI-MS) coupled 

with online pepsin digestion and online electrochemical reduction of disulfide bonds. Peptides are 

generated in high digestion yield as its precursor protein in acidic aqueous solution flows through 

a pepsin column, which can undergo direct electrolysis. The electrolytic behaviors of peptides, as 

online monitored by DESI-MS, suggest the presence or absence of disulfide bonds in the peptides, 

and also provide information to relate disulfide bond-containing peptide precursors to their 

corresponding reduced products. Furthermore, selective electrolysis simply using different 

reduction potentials can be adopted to generate either partially or fully reduced peptides to assist 

disulfide bond mapping. In addition, it turns out that DESI is suitable for ionizing peptides in 

water without organic solvent additives (organic solvent additives would not be compatible with 

the use of pepsin column). The feasibility of this method was demonstrated using insulin, a protein 

carrying three pairs of disulfide-bonds as an example, in which all disulfide bond linkages and 

most of the protein sequence were successfully determined. Strikingly, this method shortens the 

sample digestion, reduction and MS detection from hours to less than 7 min, which could be of 

high value in high-throughput proteomics research.
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1. Introduction

Redox-active disulfide bonds are one of the most common protein post-translational 

modifications (~19% proteins contain multiple disulfide bonds [1]), which provide 

reversible covalent cross-linkages in native proteins for maintaining protein three-

dimensional structures and their biological activities [2,3]. However, the presence of 

disulfide linkages increases the complexity for protein structure determination by mass 

spectrometry (MS). The cleavage of disulfide bond is often essential for protein/peptide 

analysis as dissociation of a reduced protein/peptide ion can give rise to more structurally 

informative fragment ions than that of the intact counterpart [2,3]. 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. In addition, the resulting protein/peptide thiols often need to be protected 

due to the possibility of being reoxidized prior to MS analysis. Besides chemical reduction, 

other novel approaches include the cleavage of disulfide bonds via laser-based ionization 

[4–7], ultraviolet photodissociation [8–10], negative ion dissociation [11–14], electron-

capture dissociation (ECD)[15], electron-transfer dissociation (ETD)[16–20], plasma-

induced oxidation [21], or using new ion chemistry [22–28]. An alternative way for reducing 

disulfide bonds without involving chemical reductants is electrolytic reduction [29,30].

For structural analysis of disulfide bond-containing proteins, bottom-up approach involving 

digestion of proteins into peptides is often adopted as it is easier to analyze smaller peptides 

than intact proteins. However, the conventional enzymatic digestion method is slow and 

requires overnight incubation, which can be another time-consuming step. Protocols for fast 

protein digestion have been introduced, such as digestion using modified enzymes [31], 

microwave digestion [32–34], ultrasonic-assisted protein digestion [35–38] and proteolysis 

accelerated by infrared radiation [38–40]. Results have been shown that protein digestion 

can be finished in minutes without reducing efficiency and accuracy. Pepsin packed column 

is another alternative method to minimize digestion time, due to high concentration of 

enzyme attached to the column [41]. The online digestion using pepsin column has proved 

to be very useful for the analysis of proteins following hydrogen-deuterium exchange 

reactions [42], because backbone H/D exchange can be quenched at the acidic pH (typically 

pH 2.5) used for pepsin digestion. Recently, in our laboratory, online electrolytic reduction 

was combined with desorption electrospray ionization mass spectrometry (DESI-MS) for 

fast analysis of disulfide-bond containing proteins/peptides [43,44]. DESI-MS [45,46,47,48] 

is a recent advance in the field, which has been applied successfully to analysis of vast 

different analytes from pharmaceuticals to tissue imaging with little or no sample 

preparation. Our goal of integrating electrochemistry (EC) with DESI-MS (i.e., EC/DESI-

MS method) is twofold. One is to use DESI-MS to study electrochemical reaction 

mechanisms in consideration of high specificity of MS detection; for instance, by online 

DESI-MS monitoring, the short-lived intermediate of chlorpromazine radical cation from 

chlorpromazine oxidation in an electrochemical cell was captured and the electrochemical 

nitroreduction mechanism was elucidated [49]. The other one is to find applications of the 

EC/DESI-MS method in proteomics. It has been shown that the EC/DESI-MS is useful for 
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the structural analysis of disulfide bond containing proteins/peptides in either top-down [44] 

or bottom-up approach [43]. In the top-down approach employing ECD for ion dissociation, 

the number of fragment ions of lysozyme and β-lactoglobulin A increased to 3–13 fold after 

electrolytic reduction in comparison to those from the intact proteins [44]. In our previous 

bottom-up analysis approach [43], peptides and proteins were digested and then underwent 

online electrolysis and DESI-MS detection. Several useful findings were uncovered, 

including: (i) the disulfide-containing peptides in the digest mixture can be quickly 

identified, simply based on the abrupt decrease in their relative ion abundances after 

electrolysis and (ii) based on the mass relationship, precursor ions and their corresponding 

reduced product ions can be recognized [43]. However, in such a study, overnight trypsin 

digestion was a time-consuming step. The EC/DESI-MS method would be further benefited 

if online enzymatic digestion could be adopted.

In this study, we present an expedited method for disulfide bond-containing protein 

structural analysis, using online digestion and online electrolytic reduction combined with 

online MS analysis. In the experiment, by using a pepsin packed column as an immobilized 

enzyme reactor, fast protein digestion is achieved in high yield without overnight 

incubation. Insulin was selected as a model protein to demonstrate the feasibility of this new 

protocol. It turns out that protein can be quickly digested just as the aqueous solution is 

flowed through the pepsin column. The resulting peptides in the solution without organic 

solvent additives can be well ionized by DESI-MS. In addition, as reported before [43], 

based on the intensity changes before and after electro-reduction and their mass 

relationships, precursor ions and their corresponding reduced product ions were recognized. 

Furthermore, selective electrolysis was adopted to generate either partially or fully reduced 

peptides to assist disulfide linkage assignments. Results show that most of the protein 

sequence structure as well as all three disulfide bond locations of the examined protein were 

successfully determined using this new method. The method is very fast and it takes <7 min 

from sample injection to MS detection of peptide signal. This method is also green as no 

chemical reductant was used.

2. Materials and methods

2.1. Materials

Bovine pancreas insulin was purchased from Sigma–Aldrich (St. Louis, MO). Formic acid 

was purchased from Spectrum Chemical Mfg. Corp (Gardena, CA). HPLC-grade methanol 

was purchased from Fisher Scientific (Fair Lawn, NJ). The de-ionized water used for sample 

preparation was obtained using a Nanopure Diamond Barnstead purification system 

(Barnstead International, Dubuque, IA).

2.2. Methods

The home-built apparatus for online coupling a thin-layer electrochemical flow cell with a 

Thermo Finnigan LCQ DECA ion trap mass spectrometer (San Jose, CA) by liquid sample 

DESI [50] was used and described before (Scheme 1). A pepsin packed column was added 

between the sample injection syringe and the electrochemical cell. The sample syringe, 

pepsin packed column and thin-layer flow cell were connected using two short pieces of 

Zheng et al. Page 3

Int J Mass Spectrom. Author manuscript; available in PMC 2014 November 21.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



PEEK tubes (length 4.5 cm, i.d. 0.25 mm). 5 µM intact insulin (MW: 5733.5 Da) in 1% 

formic acid, was flowed through the pepsin packed column at a rate of 5 µL/min [41]. A 

thin-layer µ-PrepCell™ electrochemical flow cell equipped with a magic diamond (MD) 

electrode (12 mm × 30 mm, Antec BV, Netherlands) as the working electrode (WE) was 

employed and a Roxy™ potentiostat (Antec BV, Netherlands) was used to apply a reduction 

potential to the cell for triggering electrolytic reduction. The reduced species flowed out of 

the thin-layer cell via a piece of fused silica capillary (length 17 cm, i.d. 0.1 mm) and then 

underwent ionization by DESI. The spray solvent for DESI was methanol/water (1:1 by 

volume) containing 1% formic acid at the injection rate of 5 µL/min. A high voltage of +5 

kV was applied to the DESI spray probe. Collision induced dissociation (CID) was carried 

out to provide ion structural information.

3. Results and discussion

Bovine pancreas insulin (MW 5733.5 Da, 51 amino acids, sequence is shown in Table 1) is 

known to have A and B chains linked by two inter-chain disulfide bonds, and the chain A of 

insulin has an additional intra-chain disulfide bond. Fig. 1a shows DESI-MS spectrum of the 

intact insulin in which +4, +5, and +6 of protein ions were observed at m/z 1434, 1147, and 

957, respectively. Once the sample solution was flowed through the pepsin packed column 

at a flow rate of 5 µL/min, the protein was completely digested, as evidenced by the 

observation that all these protein peaks disappeared (Fig. 1b); at the same time, a series of 

new peptide peaks arose (denoted as ions 1–12), indicating a 100% digestion yield of the 

pepsin column. Note that, as the pepsin column cannot tolerate organic solvent due to 

possible enzyme denaturation issue, one has to use water as the sample solvent. However, 

proteins/peptides in water usually cannot be well ionized by regular ESI as organic solvent 

is typically required for effective micro-droplet evaporation to generate gaseous ions. It 

would reduce signal intensity without using any organic solvent. Interestingly, DESI offers a 

solution to this problem by using methanol/water (50:50, v/v) containing 1.0% formic acid 

as the spray solvent [51,52]. Indeed, in this case, the DESI signal of the digested insulin in 

water containing 1% formic acid was found to be about 4 times higher than the signal of 

electrosonic spray ionization (ESSI [53], a variant form of electrospray ionization) of the 

same sample (spectra not shown). For example, the intensity of ion 8 was 2.5e5 in ESSI-MS 

spectrum (data not shown) but increased to 1.1e6 in the DESI spectrum. In this regard, it is a 

benefit to use DESI to directly ionize peptides in aqueous solution following the pepsin 

column digestion.

Tandem MS analysis was then applied to these new peptide ions 1–12. It was 

straightforward to analyze the sequences of peptide ions 1–5. For instance, based on the 

isotopic peak distribution, it is known that ion 1 at m/z 290.5 is doubly charged and ion 5 at 

m/z 579.5 is the corresponding singly charged ion. Upon CID (Fig. 1S–a, Supporting 

Information), ion 1 generated fragment ions of b2, b4-H2O, b4, y2, y3 and y4 (Table S3 in the 

Supporting Information summarizes the fragmentation results of all selected peptide ions). 

The appearance of y2,y3 and y4 tells this pentapeptide sequence to be either YTPKA or 

YTPAK. The presence of b4 points out that the 5th position residue is alanine. Thus the 

peptide corresponding to ions 1 and 5 is YTPKA, in agreement with insulin structure shown 

in Table 1. For the singly charged ion 2 at m/z 366.3, it dissociates into b2,y1, and y1-NH3 by 
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CID (Fig. 1S–b, Supporting Information), suggesting its sequence as either ALY or LAY. 

Note that “L” in this sequence assignment could be its isobaric residue “I” as we could not 

distinguish leucine from isoleucine using CID data. This is also true for other assignments 

below. Ion 3 at m/z 431.3 is a singly charged peptide ion. Based on the formation of 

fragment ions y1, y2, and y3 by CID (Fig. 1S–c, Supporting Information), its sequence can be 

identified as VEAL. Singly charged ion 4 at m/z 552.4 produced fragment ions b2, b2-NH3, 

b3, b3-NH3,y2,y3, and y3-NH3 by CID (Fig. 1S–d, Supporting Information) and is thereby 

indicated to have the sequence of YQLE. Therefore, these ions 1–5 correspond to four 

peptides that do not carry disulfide bonds (i.e., the first four peptides from digestion shown 

in Table 1). Among these four peptides, YQLE is from insulin chain A and the other three 

are from the chain B. These peptides are small, probably due to low cleavage selectivity of 

pepsin. This is a characteristic of pepsin, which can lead to overlapping peptides such as 

VEAL and ALY mentioned above.

CID spectra for other peptide ions 6–12 (Fig. 1b) are also acquired but their interpretation 

are not as straightforward as those for ions 1–5. Part of the reason is that the fragment ions 

from backbone cleavages are limited (see further discussion below). We therefore first 

examined the peptide electrolytic reduction behaviors. Based on our previous observation 

[43], disulfide bond-containing peptides have decreased intensities after electrolysis while 

peptides without disulfide bonds do not. This would provide a simple way to differentiate 

these two groups of peptides generated from protein digestion. In this experiment, the 

digested insulin solution was flowed through the thin-layer electrochemical cell with an 

applied potential of −1.5 V for electrochemically cleaving disulfide bonds. Indeed, using the 

ion 1 (i.e., +2 ion of YTPKA) as the reference peak (the reason for that is that the base peak 

changed after electrolysis so this disulfide-free peptide ion is selected to serve as the 

reference), the relative intensities of peptide ions 6–12 decreased considerably after 

electrolysis. As shown in Table S1 (Supporting Information), the changes of their 

normalized intensities (based on 1) were not less than 69.5% and some of them (e.g., ions 7, 
11, 12) completely disappeared (Fig. 1c). By contrast, the peaks of disulfide-free peptide 

ions 2–5 have much smaller changes varying from −2.3% to +18.8%. The small variation is 

probably from mass spectrometric signal fluctuation. Therefore it is very likely that the ions 

6–12 correspond to disulfide bond-containing peptides. By examining the charges and m/z of 

6–12 ions (Fig. 1b), they correspond to 4 disulfide bond-containing peptides detected from 

insulin peptic digest, which are denoted as P1 (MW 2069.6 Da; +3 ion: 6; +2 ion: 10), P2 

(MW 1537.0 Da; +2 ion: 7), P3 (MW 2559.4 Da; +3 ion: 8; +2 ion: 11) and P4 (MW 2787.6 

Da; +3 ion: 9; +2 ion: 12), respectively (refer to Table 1 for actual structures of P1–P4).

Following the online electrolytic reduction, new peaks (e.g., ions 13–25, Fig. 1c) appeared, 

corresponding to the reduced peptides. By examining the charges and m/z of 13–25 (Fig. 

1c), these ions are from 7 peptides generated from electrolysis at −1.5 V, which are denoted 

as a (MW 1045.1 Da; +1 ion: 22), b (MW 1026.3 Da; +2 ion: 16; +1 ion: 21), c (MW 512.5 

Da; +1 ion: 15), d (MW 1253.3 Da; +3 ion: 13; +2 ion: 17; +1 ion: 23), e (MW 1310.1 Da; 

+2 ion: 19; +1 ion: 25), f (MW 1308.1 Da; +2 ion: 18; +1 ion: 24) and g (MW 1481.8 Da; 

+3 ion: 14; +2 ion: 20), respectively (refer to Table 1 for actual structures of a–g).
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We then focus on the structural analysis of the peptides P1–P4 and the reduced peptides a–g 
by tandem mass analysis. We start from the P1 identification. Among the “pool” of the 

reduced peptides a–g, the only possible pair of peptides that come from P1 reduction are 

peptides a and b. Table S2 (Supporting Information) lists all possible combinations of 

electrochemically generated peptides a–g. Only the mass sum of a and b (MW 2071.4 Da) is 

close to that of P1 (MW 2069.6 Da) and the former value is higher than the latter by 1.8 Da. 

The mass difference suggests that P1 has one inter-chain disulfide bond linking its two 

chains, a and b. The theoretical mass difference should be 2.0 Da; due to the low resolution 

of the ion trap instrument, there is small difference between measured and theoretical 

masses. Upon CID, the ion 22 of m/z 1046.1 (i.e., +1 ion of peptide a) generates fragment 

ions of b4, b5, b5-NH3, b6, b6-NH3, b7, b7-NH3,y6, and y6-NH3 (Fig. 2b; fragment ions are 

also listed in Table S3 in the Supporting Information). Since b4, b5, b6 and b7 from 

successive backbone cleavage are observed, it tells the C-terminal sequence of peptide a, 

which can be assigned as XXXXNYCN (i.e., the chain A of P1; X represents an unidentified 

residue) and the cysteine residue is at the 7th position. Likewise, upon CID, ion 16 of m/z 

514.5 (i.e., +2 ion of peptide b) yields b2, b3, b4, b7, b8,y1,y3,y4,y6,y7,y7
2+, and y8 (Fig.

2c).These fragment ions cover all amide backbones and suggest the peptide b sequence to be 

LVCGERGFF (i.e., the chain B of P1), in which there is one cysteine residue located in the 

3rd position. Therefore, P1 has sequence of XXXXNYCN/LVCGERGFF (the slash “/” 

represents the disulfide bond linkage between two chains) and the disulfide bond connects 

the 7th residue of chain A to the 3rd residue of chain B. This sequence is in agreement with 

the CID MS/MS spectrum of +3 ion of P1 at m/z 691.6 (i.e., ion 6) shown in Fig. 2a. Upon 

CID, ion 6 gives rise to fragment ions A(b2), A(b3), A(b4), A/B(b8)3+, B(y6), B/A(y4)2+, 

B/A(y5)2+, B/A(y6)2+, A/B(y7)2+, A/B(b8)2+, and B/A(b7)2+. In terms of notation, A(b2) refers 

to the b2 fragment ion of A chain and B/A(y4)2+ refers to y4
2+ ion of A chain which is linked 

with B chain by a disulfide bond. The formation of A(b2), A(b3), A(b4), B/A(Y4)2+, B/A(Y5)2+ 

and B/A(Y6)2+ fragment ions further shows the 3rd and 4th residues of chain A to be leucine 

and glutamic acid, respectively. Thereby, P1 can be further identified as XXLENYCN/

LVCGERGFF, agreeing with the insulin sequence shown in Table 1. Clearly, just based on 

the CID of P1 ions, only 7 backbone cleavages are observed, which are not enough to 

determine either disulfide bond location or the peptide sequence. In contrast, by combining 

electrolytic reduction results, both the linkage of disulfide bond and most of sequence of P1 

can be determined.

Similar analysis can be done with P2, another disulfide bond-containing peptide. Among 

reduced peptides a–g, only the mass sum of peptide b and c (MW 1538.8 Da) is 1.8 Da 

higher than that of P2 (MW 1537.0 Da, Table S2, Supporting Information), revealing that b 
and c are linked by one inter-chain disulfide bond and they are the reduced products from 

P2. Upon CID, the ion 15 of m/z 513.5 (i.e., +1 ion of peptide c) yields b2, b3, and y2 (Fig. 

2S–b, Supporting Information). Thus, the cysteine residue of c is pinpointed at the 3rd 

position due to the observation of b2 and b3, and the sequence of peptide c is suggested to be 

NYCN or YNCN. Since peptide b is known to be LVCGERGFF, P2 sequence should be 

either NYCN/LVCGERGFF or YNCN/LVCGERGFF and the disulfide bond connects the 

3rd residue of chain A to the 3rd residue of chain B. One can see that P2 is a peptide 

overlapping with P1, which is due to the low cleavage selectivity of pepsin. The determined 
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sequence of P2 also agrees with the CID MS/MS spectrum of P2 ion (i.e., ion 7 at m/z 

769.5), which shows the fragment ions of A(b2), A/B(b7)2+, A/B(b8)2+, B/A(b3)2+, A/B(b3), 

A/B(b5), A/B(b6), B(Y2), B(Y4), B(Y2)2+,A/B(Y7)2+, B(y6), B/A(Y2), and A/B(y7) Fig. 2S–a, 

Supporting Information).

By electrolytic reduction, the relative intensity of +3 ion of P3 (i.e., ion 8) decreases by 

96.3% (Table S1, Supporting Information), apparently suggesting the presence of disulfide 

bonds in P3. Among all possible combinations shown in Table S2 (Supporting Information), 

the mass sum of peptides d and e (MW 2563.4 Da) is 4.0 Da more than that of P3 (MW 

2559.4 Da), which indicates that peptides d and e are the reduced products from P3 and 

there are two disulfide bonds in P3. CID of ion 17 (i.e., +2 ion of peptide d) produces 

fragment ions b2, b3, b5, b6, b7, b8, b9, b10, b10
2+, y2, y4, y5, y6, y7, y8,y8-NH3,y9, and y10 

(Fig. 3b). The sequence of d can be therefore assigned as FVNQHLCGSHL in which there 

is one cysteine residue is at the 7th residue. In addition, CID of ion 19 (i.e., +2 ion of peptide 

e) yields b3, b4, b5, b6, b7, b8, b9, b10, b10-H2O, b11, b11-NH3, b12, b12-H2O, 

y3,y4,y5,y6,y7,y8,y9,y10, and y11 (Fig. 3c).The observation of successive b3–b12 and y3–y11 

points out that there are three cysteine residues, located at 6th, 7th and 11th residues, 

respectively. Also, the fragmentation pattern shows the sequence of e to be 

XXVEQCCASVCSL. Because there are two disulfide bonds in P3, the peptide e should 

have one intra-chain disulfide and another interchain disulfide linkage with d for 

constituting P3. Since e has three cysteine residues, there are three possibilities for the intra-

chain disulfide bond location, between Cys6 and Cys7, between Cys6 and Cys11, or 

between Cys7 and Cys11. Based on the formation of a series of A(b3), A(b4), A(b5), 

B/A(b11)2+ and B/A(b12)2+ from CID of +3 ion of P3 at m/z 854.8 (i.e., ion 8, Fig. 3a) and no 

backbone cleavage of the chain A (i.e., peptide e) between Cys6 and Cys11, it infers that 

Cys6 and Cys11 are bridged by an intra-disulfide bond linkage. The missing cleavage region 

between Cys6 and Cys11 of A chain is due to the protection by the intra-disulfide bond 

linkage. Therefore, the remaining Cys7 of A chain should be linked with the Cys7 of B 

chain via an inter-chain disulfide bond and the sequence of P3 is 

, agreeing with the insulin structure.

As shown in Table S2 (Supporting Information), the mass sum of peptides d and another 

peptide f (MW 2561.4 Da) is 2.0 Da higher than that of P3 (MW 2559.4 Da), which 

indicates that f is a partially reduced chain A of P3. Indeed, the measured mass of peptide f 
(MW 1308.1 Da) is 2.0 Da less than that of peptide e (MW 1310.1 Da), based on the 

detection of their corresponding +1 ions, 24 (m/z 1309.1) and 25 (m/z 1311.1, Fig. 1c). We 

further testify this hypothesis by electrolytic reduction at different potentials. When the 

reduction potential was reduced from −1.5 V (Fig. 4b) to −1.2 V (Fig. 4a), peptide f was a 

major reduction product as +1 ion of f is much higher than +1 of e. When the potential was 

increased to −2.0 V, only peptide e was detected (Fig. 4c). These results clearly show that 

stepwise selective reduction can be achieved simply using different reduction potentials. The 

partially reduced product generated at lower reduction potential is structurally useful. In this 

case, CID of +1 ion of f gives rise to fragment ions b11, b12, y8, y9, y10 and y11 (Fig. 3d). 

Again, the backbone cleavages between Cys6 and Cys11 are not seen, confirming that an 
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intra-chain disulfide bond bridges these two cysteines. This result agrees with the sequence 

of f of , as the partially reduced chain A of P3. It is also indicative that, 

upon electrochemical reduction, the interchain disulfide bond is preferentially reduced than 

the intra-chain disulfide bond. This observation is consistent with previous reports of 

electrochemistry research [30,54], probably due to the higher stress of the inter-chain 

disulfide bonds in comparison to the intra-chain ones. Using polarography, Cecil et al. 

showed that, at −1.35 V only the inter-chain disulfide bonds of insulin were reduced but all 

three bonds were reduced at−1.8 V [54]. Bard and co-workers [30] also reported that, for 

intact insulin molecules, the two inter-chain disulfide bonds were more rapidly reduced than 

the intra-chain disulfide bond. Partial reduction of peptides containing multiple disulfide 

bonds is often necessary for disulfide bond mapping. This is usually achieved by using 

different amount of chemical reductants for reduction in different time periods. In this study, 

we show that it can be achieved simply using electroreduction at different potentials.

In addition, peptide P4 is the combination of peptides e and g (Table S2, Supporting 

Information), which also has two disulfide bonds. Upon CID (Fig. 3S–b), ion 20 at m/z 

741.9 (i.e., +2 ion of peptide g) generates fragment ions b5–b10, b10
2+,y3,y4, and y8–12 (Table 

S3, Supporting Information). The fragmentation behavior suggests the sequence of g to be 

FVNQHLCGSHXXX and that one cysteine residue is located at its 7th residue position. 

Therefore, P4 is determined as , which is an 

overlapping peptide with P3 and has a longer chain B. Upon CID of +3 ion of P4 at m/z 

930.7 (i.e., ion 9, Fig. 3S–a in the Supporting Information), it generates fragment ions of 

B/A(b11)3+, B/A(b12)3+, A/B(b7)2+, B/A(b11)2+, B/A(b12)2+, B(y6), A/B(y11)3+, B/A(y11)3+, 

A/B(y12)3+, A/B(y8)2+, B/A(y8)2+, B/A(y9)2+, B/A(y10)2+, A/B(y11)2+, B/A(y11)2+, A/B(y12)2+, 

A/B(y10)2+, and A/B(y9)2+. Missing cleavage between Cys6 and Cys11 of the chain A further 

supports that the intra-chain disulfide bond connects the cysteine residues of 6th and 11th of 

the P4 chain A.

In addition, by coupling online digestion/online reduction/online mass analysis, it greatly 

shortens the time for sequencing and disulfide bond mapping experiments. In this study, it 

takes less than 7 min from the start of the protein sample injection to the detection of MS 

signal of digested and reduced peptides, which otherwise could take several hours. The time 

delay of 7 min is mainly due to the dead volumes of the pepsin packed column and the 

electrochemical cell and is also sample infusion rate dependent.

4. Conclusions

EC/DESI-MS in conjunction with online enzymatic digestion has been shown to be 

powerful in the structural analysis of disulfide bond-containing proteins. The most striking 

feature of the method is its speed. Besides, the employment of electrochemical reduction 

avoids the use of chemical reductants and the reduction behaviors of peptides in protein 

digests allow rapid identification of disulfide bond-containing peptides as well as their 

corresponding reduced products. Subsequent tandem MS analysis provides sequence 

information plus disulfide bond linkage patterns. Selective reduction of disulfide bonds 

using different potentials provides partially or fully reduced peptides which can be helpful in 
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the structure determination of the precursor peptides. In summary, the proposed EC/DESI-

MS method with online enzymatic digestion appears to be of value for improving traditional 

bottom-up analysis methods for the structure determination of proteins carrying disulfide 

bonds. In the future, fast enzymatic technique with high digestion specificity such as trypsin 

would be possible to further promote the method.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
(+)-DESI-MS spectra of (a) 5 µM intact insulin solution in water containing 1% formic acid; 

(b) 5 µM insulin solution after online pepsin digestion and before electrolytic reduction 

(applied potential: 0 V); and (c) 5 µM insulin solution after online pepsin digestion and 

online electrolytic reduction (applied potential: −1.5 V).
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Fig. 2. 
CID MS/MS spectra of (a) [P1+3H]3+(m/z 692); (b) singly charged peptide a (m/z 1046) and 

(c) doubly charged peptide b (m/z 514). Note that peptides a and b arose from electrolytic 

reduction of peptide P1.
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Fig. 3. 
CID MS/MS spectra of (a) [P3+3H]3+ (m/z 855); (b) doubly charged peptide d(m/z 628); (c) 

doubly charged peptide e (m/z 656); and (d) [peptide f+H]+(m/z 1309). Note that e arose 

from full reduction of peptide P3 while f resulted from partial reduction of peptide P3.
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Fig. 4. 
(+)-DESI-MS spectra showing the stepwise reduction of P3 at (a) applied potential of − 1.2 

V; (b) applied potential of −1.5 V; and (c) applied potential of −2.0 V.
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Scheme 1. 
Schematic showing the apparatus of the integrated online digestion, online electrolytic 

reduction and online MS analysis, for disulfide-bond containing protein structural analysis. 

WE: working electrode; AE: auxiliary electrode; and RE: reference electrode.
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