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Abstract
We report an online non-enzymatic method for site-specific digestion of proteins to yield peptides
that are well suited for collision induced dissociation (CID) tandem mass spectrometry (MS/MS).
The method combines online microwave heating acid hydrolysis at aspartic acid and online
electrochemical oxidation at tryptophan and tyrosine. The combined microwave/electrochemical
(microwave/echem) digestion is reproducible and produces peptides with an average sequence
length of 10 amino acids. This peptide length is similar to the average peptide length of 9 amino
acids obtained by digestion of proteins with the enzyme trypsin. As a result, the peptides produced
by this novel non-enzymatic digestion method, when analyzed by ESI-MS, produce protonated
molecules with mostly +1 and +2 charge states. The combination of these two non-enzymatic
methods overcomes shortcomings with each individual method in that: i) peptides generated by
the microwave-hydrolysis method have an average amino acid length of 16 amino acids, and ii)
the inability of the electrochemical-cleavage method to reproducibly digest proteins with
molecular masses above 4 kDa. Preliminary results are presented on the application and utility of
this rapid online digestion (total of 6 min digestion time) on a series of standard peptides and
proteins as well as an E. coli protein extract.

Introduction
Trypsin is the enzyme of choice for bottom-up proteomic studies1 and cleaves proteins
specifically at the basic residues arginine (R) and lysine (K). Due to the frequency of these
amino acids in protein sequences and their side group high basicities, the resulting peptides
are well suited for Collision Induced Dissociation (CID) fragmentation in tandem MS (MS/
MS) measurements. This compatibility is a result of their size (average sequence length of 9
amino acids) and their inherent 2+ charge when ionized via electrospray ionization (ESI).
For 2+ charged peptides, the presence of a basic residue amino acid at the C-terminus of the
peptide implies that one proton remains fixed at this site, while the other proton remains free
to move along the backbone of the peptide2–4. Because of this mobile proton, the resulting
heterogeneous precursor ion population provides different charge-site-directed
fragmentation pathways along the peptide backbone, yielding a more complete series of ions
representative of the sequence of the precursor peptide.

The use of site-specific non-enzymatic methods for protein digestion has potential
advantages over enzyme-based digestion methods in terms of speed, simplicity, robustness
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and ease of automation. Several non-enzymatic approaches are available for bottom-up
proteomic protocols including acid hydrolysis at aspartic acid (Asp, D)5, cyanogen bromide
(CNBr) cleavage at the N-terminus of methionine (Met, M)6, hydroxylamine cleaving at
asparagine (Asn, N) and glycine (Gly, G) bonds7, iodosobenzoic acid cleaving at tyrosine
(Tyr, Y) and tryptophan (Trp, W)8, dimethyl sulfoxide-hydrochloric acid and cyanogens
bromide (DMSO/HCl, CNBr) cleavage at tryptophan residues9, and 2-nitro-5-
thiocyanobenzoic acid cleaving at the N-terminus of cysteine (Cys, C)10. Simultaneous
cleavage at W and Y residues can also be induced via electrochemical oxidation (echem
WY-cleavage) at a platinum11–13 and carbon14 anode, with yields ranging from 20 to 50%.
This electrochemical non-enzymatic approach is particularly attractive as it has the potential
to perform protein digestions in a reagentless fashion. However, these non-enzymatic
approaches tend to yield large peptides that are not well suited for CID (vide infra) because
of the low frequency at which these amino acids appear in protein sequences, usually
between 1–10 % of the sequence. This is significant since CID is the most widely used
fragmentation mode in MS/MS of peptides. As a result, these non-enzymatic digestion
techniques have been traditionally used, often in conjunction with other enzymatic digestion
methods, to study post-translational modifications in a particular region of a protein
sequence15 and in the identification of membrane proteins16–18. In these cases, the inclusion
of non-enzymatic digestion steps ensures a larger protein sequence coverage, overcomes
solubility issues or produces short peptides for efficient in-gel extraction.

Two non-enzymatic techniques, acid hydrolysis at D and the electrochemical oxidation at W
and Y (echem WY-cleavage) are of particular interest since they provide advantages in
terms of speed of analysis, reagentless operation and online compatibility with downstream
ESI-MS detection. For example, acid hydrolysis at D can utilize volatile organic acids like
formic or acetic acid to lower the solution pH, while the echem WY-cleavage is reagentless.
These attributes are well suited for the development of automated proteomic-based
techniques that can be applied for high throughput analysis, rapid bacteria detection and/or
disease diagnosis.

In the original acid hydrolysis at D method5, the protein sample is dissolved in aqueous
formic acid (pH 2), sealed in a glass ampoule and heated at 130 °C for 2 hours. The resulting
peptides are the result from site specific cleavages at the N- and C-termini of aspartic acid
induced via a side chain carbonyl oxygen (β-carboxyl group) attacking either the C- or N-
peptide bond carbonyl carbon forming either a cyclic anhydride or a six member ring
intermediates before cleavage. The hydrolysis at D method was later incorporated into a
bottom-up proteomic workflow implementing 2D-gel protein separation and peptide mass
fingerprinting for protein identification19. This approach provided similar results as the
enzymatic (trypsin) method in identifying unknown proteins from Saccharomyces
cerevisiae. The subsequent incorporation of microwave heating into this approach reduced
the time for complete digestion down to 5 min20–24. To further increase the speed of
analysis of this method and the sequence coverage, a microwave heating flow cell was
developed and the reagent dithiothreitol (DTT) was added to the solution in order to
simultaneously reduce disulfide bonds (i.e., cleave disulfide bonds) during the protein
digestion at D25. This approach, termed microwave D-cleavage, made possible the digestion
of proteins in 5 min and online with LC and/or ESI-MS/MS. Subsequent work confirmed the
requirement of disulfide bond cleavage during the microwave acid hydrolysis process (by
the addition of DTT) as well as characterized the effect of microwave heating under low pH
conditions on carbohydrate side groups in model glycoproteins26.

In the echem WY-cleavage method, electrochemical oxidation of proteins induces cleavage
at the amino acid residues tyrosine (Y) and tryptophan (W)11–14. Recently, this non-
enzymatic and reagentless digestion approach was performed on peptides27 and proteins28
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online with ESI-MS detection. Efficient electrochemical oxidative cleavage of peptides at
the C-terminus of tyrosine residues was performed at potentials between 0.5 and 1.5 V (vs.
quasi palladium (Pd) reference electrode)27. A recent detailed study of parameters governing
the echem WY-cleavage of a series of tripeptides found that cleavage was efficient at low
pH’s (1.9–3.1) and that the nature of the adjacent amino acid to either W or Y influenced the
cleavage efficiency29. However, overall efficient electrochemical oxidative and cleavage of
proteins has only been observed for small molecular mass proteins (< 14 kDa), while no
digestion products were observed for several larger proteins including lysozyme and serum
albumin28, 30. This shortcoming was attributed to problems with accessibility of W and Y
residues to the electrode surface and/or to competing oxidation reactions. This trend of
decreasing digestion efficiency with increasing protein molecular weight was also observed
in our laboratory (unpublished results) as electrochemical digestions were performed readily
only on peptides with molecular weights less than about 3,400 Da (vide infra).

Because of the low frequency of aspartic acid (5.45%) (versus a combined frequency of
11.38% for R and K)31 2010, peptides produced by the microwave D-cleavage approach have
an average amino acid length of about 16. These larger peptides generally produce ions of
high charge state (> 3+) when ionized by ESI because of their size and also because of the
inclusion of one or more basic amino acids within their sequences25. As a result, these CID
mass spectra are not as informative in terms of amino acid sequence because the localization
of charges on basic groups along the backbone of the peptide does not allow for sufficiently
random fragmentation. In fact, the high charge state peptides produced by the microwave D-
cleavage method have been shown to be better suited for Electron Transfer Dissociation
(ETD) than for CID, the former technique favoring ions with charge states higher than +2,
and thus providing a high percentage of sequence coverage32. Conversely, direct
comparison of CID tandem mass spectra of peptides generated by microwave D-cleavege
and trypsin digestion showed improved peptide sequence coverage for the tryptic peptide
over the microwave-generated peptide32. This behavior is expected to be similar for the
echem WY-cleavage derived peptides since tryptophan and tyrosine have a combined
frequency in protein sequences of 3.99 %31. However, reliable protein identification from
peptides produced by the microwave acid hydrolysis step has been demonstrated using a
combination of LC-ESI-LTQ-Orbitrap MS and MALDI-TOF/TOF-MS, the latter technique
used to analyze peptides with masses above 3000 Da22 in order to generate singly charged
ions. Finally, as mentioned earlier, the echem WY-cleavage technique has also yielded
inconsistent results in the digestion of proteins with molecular masses above 3.4 kDa and as
a result, its utility as a standalone digestion technique is limited.

These limitations, however, can be overcome by coupling these two non-enzymatic
digestion techniques, microwave D-cleavage and echem WY-cleavage to induce an overall
cleavage at D, W and Y. By performing the digestion with microwave D-cleavage first, the
problem of digestion efficiency with increasing protein molecular mass of the echem WY-
cleavage technique is circumvented. Large proteins are initially digested at the amino acid
D, yielding peptides, albeit large, but amenable for reproducible and consistent echem WY-
cleavage. Subsequent digestion of these peptides by echem WY-cleavage further decreases
the peptide size. As a result, this combination of non-enzymatic techniques provides a means
to produce peptides that are better suited for MS/MS analysis implementing CID, while
consistently digesting proteins of any MW. For example, the in silico digestion of about 250
proteins from E. coli carried out with a combination of both microwave D-cleavage first,
followed by echem WY-cleavage (for an overall cleavage at D, W, and Y) resulted in
peptides with an average amino acid length of 10. This peptide length is much closer to the
average length of peptides generated by trypsin digestion (9 amino acids), and as a result,
the combined non-enzymatic approach is expected to create peptides that are better suited
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(in length and charge state) for CID than either microwave D-cleavage or echem WY-
cleavage alone.

In the present study, the use of a tandem non-enzymatic digestion approach incorporating
microwave D-cleavage digestion followed by echem WY-cleavage is explored. The
combined approach, termed microwave-echem cleavage, is demonstrated with a series of
standard peptides and proteins, as well as with proteins extracted from E. coli.

Experimental
Chemicals

Angiotensins I and II (human), glucagon (19–29, human), dynorphin (1–9, porcine), and
[Ile-Ser]-bradykinin (human) were purchased from Anaspec Inc. (San Jose, CA). Oxidized
insulin chain B, insulin, α-lactalbumin (bovine milk), lysozyme (chicken egg white),
cytochrome c (horse heart), myoglobin (horse skeletal muscle), carbonic anhydrase (bovine
erythrocytes), albumin (bovine serum), iodoacetamide, dithiothreitol (DTT), sodium dodecyl
sulphate (SDS), and octyl β-D-glucopyranoside were all purchased from Sigma (St. Louis,
MO). HPLC grade acetonitrile (ACN) and deionized water were purchased from Burdick
and Jackson (Muskegon, MI). Reagent grade formic acid was obtained from Sigma-Aldrich
(St. Louis, MO).

Bacteria
Escherichia coli (E. coli; ATCC 15597) were purchased from American Type Culture
Collection (ATCC, Manassas, VA). Bacteria were grown under optimum laboratory
conditions using tryptic soy agar (TSA; BD Science, Sparks, MD) at 37°C for 12–15 h.
Bacterial cells were transferred to 1 mL of water using a sterile tungsten loop inoculator.
The cells were vortexed for 10 sec and centrifuged for 5 min at 12,000 rpm to remove the
media. The supernatant was removed and the pellet was re-suspended in 1 mL of water and
the washing step was repeated. After three washing steps the cells were lysed by
ultrasonication on ice. The cells were subjected to a sonication pulse (pulse strength 7)
duration of 10 sec, followed by an idle 10 sec, and repeated 10 times. The sample was then
centrifuged at 5,000 rpm for 15 min to remove any cell material. A 100 μL aliquot of the
supernatant was diluted to 1 mL in 10% FA and 100 mM DTT just before being digested by
the combined microwave-echem cleavage approach.

Sample Preparation
For digestion with echem WY-cleavage method alone, all peptide solutions were prepared in
50/50 (vol/vol) acetonitrile/water to a concentration of 5μM. Formic acid was added to a
final composition of 47.5/47.5/5 (vol/vol/vol) acetonitrile/water/formic acid. The addition of
5% formic acid also served as the supporting electrolyte in the solution. Disulfide bonds in
proteins were broken by the conventional method; a 100 μM solution of protein solution in
water was reduced by adding DTT to a concentration of 2 mM and incubated at 37°C for 30
minutes. The protein sample was then alkylated by adding iodoacetamide to a concentration
of 2 mM and then incubated in the dark at room temperature for another 30 minutes. The
protein samples were then diluted to a concentration of 5μM in 47.5/47.5/5 (vol/vol/vol)
acetonitrile/water/formic acid. All protein and peptide solutions were stored at −20° C.

For the online microwave-echem cleavage digestion (microwave D-cleavage/
electrochemical oxidatative cleavage combination) with direct ESI-MS/MS or HPLC-MS/
MS analysis, all protein solutions were prepared in 90/10 (vol/vol) water/formic acid to a
concentration of 1 mg/mL. The addition of formic acid serves two purposes. For microwave
D-cleavage, the acid keeps the pH below 2 for optimum hydrolysis, and for the
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electrochemical cleavage it acts as the supporting electrolyte in the solution as well as
increasing hydrolysis efficiency29. To break disulfide bonds, DTT was added to a
concentration of 100 mM. For online HPLC-MS/MS analysis, the sample was flowed
through the combination digestion cells at 0.5 μL/min.

Online Digestion Instrumentation and Mass Spectrometry
The electrochemical system used as a standalone digestion technique, based on a three
electrode cell, was an electrochemical flow cell (5021A Conditioning Cell, ESA
Biosciences, Chelmsford, MA). A syringe pump (Harvard Apparatus, Holliston, MA)
delivered an isocratic flow of 0.5–2 μL/min to the electrochemical cell. The working
electrode was made from porous graphite and all potentials were versus a quasi Pd reference
electrode. A positive voltage of 1.5 V was applied to the solution flowing through the cell
for the digestion. Cell potential was controlled with a potentiostat (Bio-Analytical Systems,
BAS, West Lafayette, IN; model CV-27 potentiostat).

For online analysis with the microwave D-cleavage/electrochemical oxidative cleavage
combination, microwave heating was achieved using a CEM Focused Microwave Synthesis
System (Model: Discovery; CEM, Matthews, NC) and electrochemical oxidation was
implemented using the electrochemical flow cell. The modified microwave flow cell is
described in detailed in a previous publication25 and was used here with no further
modifications. Figure 1 shows a schematic of the overall microwave D-cleavage/
electrochemical oxidative cleavage combination flow injection analysis system used in this
study. Conditions were first optimized for each digestion technique. However, when
combined, the experimental conditions of the first digestion technique (in this case,
microwave D-cleavage) became also the default conditions (in terms of solution
composition) for the online electrochemical digestion. This coupling led to different
experimental conditions than when operated alone, making a direct comparison of the
electrochemical process versus when combined with microwave D-cleavage difficult.
However, the operational conditions of the microwave digestion step were found to be
compatible with the electrochemical digestion step, which overly simplified the
experimental setup.

For protein digestion by the combination method, the samples were first digested by
delivering the sample into the microwave flow cell at a rate of 0.5 μL/min. A 2.5 μL internal
volume microwave reaction loop was made with 54.5 cm of fused silica capillary
(Polymicro, Phoenix, AZ) with an outer diameter of 360 μm and an inner diameter of 76
μm. The residence time for the sample inside the microwave flow cell was 5 min at this flow
rate. The temperature of the system was brought up to 130°C over a 2 minute interval with
the microwave oven using a power between 50–150 Watts, and then held at 130°C for 60
minutes, for a total of 58 minutes of microwave heating. The sample continued to flow
directly through the electrochemical cell held at +1.5V (vs. quasi palladium reference
electrode), which was turned on 10 minutes after the microwave digestion was started to
account for the dead volume in the microwave loop. The sample was either injected directly
into a nESI source for analysis or into a 20 μL loop on a 6-port valve connected to the HPLC
system (Ultimate™, LC Packings, Sunnyvale, CA). The total collection time was 50 minutes
(to account for dead volume between the cells and the loop). After the digestion reactions
were carried out, the electrochemical cell was turned off to allow for a flushing solution
(90/10 % by volume: water/FA) to be loaded into the syringe pump. The cleavage cells were
flushed at a flow rate of 2 μL/min with the voltage on (+1.5V) using the flushing solvent for
60 minutes (perform during the LC separation). The flushing of the cells could occur at the
same time as the separations because the 6-port valve was switched to the position that only
allowed flow from the HPLC to go to the column, while the flow from the cells went to
waste. The products were separated by reversed phase LC (RP-LC) using a homemade C18
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column (5 μm bead size, 100 Å pore size, Microchrom Bioresources, Auburn, CA) with
dimensions of 100 mm length, 360 μm OD, and 76 μm ID. A 20 minute loading time using
95% solvent A (0.1% formic acid, 1 μL/min flow rate) followed by a jump to 15% solvent B
(80% ACN) and a 35 minute linear gradient of 15% to 50% solvent B was used with a 0.5
μL/min flow rate (separation flow) into the nanoelectrospray (nESI) source of a quadrupole
ion trap MS (LCQ™ Classic, ThermoFinnigan, San Jose, CA). A flush of 95% B for 10
minutes followed. For the separation of E. coli products, after the 20 min load onto the
column, a jump to 15% B was followed by a linear gradient from 15% B to 65% B in 85
mins. To ensure that the dead volume of the 20 μL loop did not affect the separation, the 6-
port valve was switched to bypass the loop. Tandem MS/MS experiments with the ion trap
MS were performed by acquiring a full-scan mass spectrum between m/z 300 and 2000
followed by three data dependent product ion mass-spectral scans of the most intense
precursor ions (a.k.a., “big-three” scan). MALDI-Time-of-Flight-(ToF) MS (Voyager DE-
Pro, Applied Biosystems, Foster City, CA) analyses were conducted in the linear mode
using sinapic acid as the matrix or in the reflectron mode using α-cyano-hydroxycinnamic
acid as the matrix. In these experiments, peptides were digested in the electrochemical flow
cell and fractions were collected for off-line MALDI-MS analyses.

Database Search
The SEQUEST software (ThermoFinnigan, San Jose, CA) was used to carry out all database
searches. An in silico “enzyme” was created within the BioworksBrowser™ to perform the
digestion at the C-terminus of D residues. Even though cleavage can occur at the N-terminus
to D residues, the favored reaction is for the C-terminus cleavage. The parameters used in
the search include up to 10 missed cleavage sites, group scan of 50, minimum group count
of 1, minimum ion count of 12, and the charge state option set to ‘auto’.

Results and Discussion
Online Microwave/Electrochemical Digestion of Angiotensin I

The effect of the combined online microwave D-cleavage and the echem WY-cleavage
technique on the peptide angiotensin I (sequence: DRVYIHPFHL) was tested (several
examples of peptides digested only with the electrochemical method, including a peptide
mixture, a negative control and the largest peptide successfully digested with this method in
our laboratory, insulin chain B, can be found in the Supporting Material section, Figures S-1
to S-5). Figure 2 illustrates the effect of each digestion component as well as the combined
effect. Figure 2(a) represents the control ESI-mass spectrum of angiotensin I with both the
microwave and electrochemical cells turned off. Shown in Figure 2(b) is the ESI-mass
spectrum of angiotensin I with the microwave heating on, but no voltage applied on the
electrochemical cell. Under these conditions, the peak corresponding to cleavage at the C-
terminus of D is observed at m/z’s 1181.8 (+1) and 591.4 (+2), while no peaks can be
assigned to electrochemical oxidative cleavage(s). Assuming equal detection sensitivities
between angiotensis I and the digestion product (since both product and precursor peptides
contain arginine in its sequence), a cleavage yield of 40–50% is estimated for the microwave
D-cleavage step. Figure 2(c) shows the resulting ESI-mass spectrum when applying a +1.5
V potential to the electrochemical cell, but with the microwave oven off. Under these
digestion conditions, peaks corresponding to only echem WY-cleavage are observed at m/z
763.5 ((Y)IHPFHL) and m/z 550.5 (DRVY). Figure 2(d) shows the ESI-mass spectrum for
angiotensin I when the microwave heating and the electrochemical cell voltage are both
turned on. Under these conditions, signals corresponding to products from both digestions
are observed. Signals observed at m/z 1181.4 and m/z 591.4 correspond to the +1 and +2 ion
of the microwave D-cleavage products, with a missed echem WY-cleavage. Similarly,
signals observed at m/z 550.5 and m/z 763.5 correspond to echem WY-cleavage with a
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missed microwave D-cleavage. Finally, the peak found at m/z 435.4 resulted from
consecutive cleavages at both D and Y. Digestion products at m/z’s 763, 550 and 435
observed in Figure 2(d) were confirmed by MS/MS analysis and their tandem mass spectra
can be found in the Supporting Information section, Figure S-6. The combined digestion
processes of both microwave D-cleavage and echem WY-cleavage are not exhaustive, as
signals corresponding to the intact peptide at m/z 1296.8 and 649.9 (+1 and +2 ion
respectively) are still prominent. Oxidation of Y and W with no cleavage is also known to
occur28; however, our results show that oxidation of Y occurred without cleavage (indicated
by a mass change of +16 without cleavage). The cleavage efficiency of the echem WY-
cleavage alone has been estimated between 40–80% in model tripeptides29. Hence, the
estimated overall efficiency of the combined microwave-echem digestion method is between
16–40%. Moreover, the overall efficiency of this combined approach is limited by the
efficiency of the initial step, the microwave D-cleavage, as it generates the smaller peptides
that are suitable for the echem WY-digestion. From published studies on the microwave acid
hydrolysis method by several groups5, 21, increasing digestion time and/or lowering the pH
does not affect the efficiency of the protein digestion, but rather affects the site-specificity of
the process, that is, more non-specific cleavages are observed. These observations point to
the accessibility of the D groups being the limiting factor in increasing sequence coverage
for protein digestion via acid hydrolysis at D.

Combined, these results show the ability of both non-enzymatic digestion techniques to
work in tandem and online. In addition, results illustrate the advantage of tandem digestion
as both techniques are prone to miss cleavage sites; however, the peptides showing missed
cleavages by one technique were also digested by the other technique, and vice versa. The
ability of the echem WY-cleavage to act as a back-up digestion when the microwave D-
cleavage misses to cleave a site will depend of course on the size of the fragment, that is, the
echem WY-cleavage will be effective only when the peptide fragment is 3.5 kDa or less.

Disulfide Bond Cleavage
In the microwave D-cleavage method25, DTT is added during the microwave heating step to
reduce and cleave disulfide bonds simultaneously with hydrolysis of peptide bonds at
aspartic acids. To test whether DTT interferes with the downstream online electrochemical
oxidative process, insulin in the presence of DTT was delivered through the two digestion
flow cells, first through the microwave flow cell and then through the electrochemical flow
cell, and products directly detected by nESI-MS. Insulin was chosen for this test since it
does not have aspartic acid groups and has four tyrosine groups (2 in each chain A and B),
two interchain disulfide bonds and one intrachain disulfide bond (in chain A). Table 1 shows
the structure of insulin and lists the peptides expected to be formed after microwave
treatment alone and after the combination microwave/echem digestion.

Figure 3(b) shows the nESI-mass chromatogram of insulin flowing through both microwave
and electrochemical flow cells. The electrochemical flow cell is maintained at +1.5V
throughout the entire period. During the first 30 min, the intact insulin protein is only
subjected to electrochemical oxidation conditions and in the presence of DTT with no
microwave heating. The mass spectrum during this period (Figure 3(a)) shows signals
corresponding to intact insulin and a small contribution from oxidized insulin (non-cleavage
oxidation of tyrosine residues); however, no disulfide bond cleavage is observed. Moreover,
no oxidative cleavage products are observed even though there are four Y residues in
insulin. This implies that reduction of disulfide bond by DTT is not favorable at room
temperature and under oxidative electrochemical conditions and that the electrochemical
oxidation alone cannot induce bond cleavage in intact insulin. At 30 min into the
chromatogram, the microwave oven is turned and after a 10 min delay (time for the
temperature to reach the set point value of 130°C and dead volume in the system) many new
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signals are observed in the mass spectrum (Figure 3(c)). These signals correspond to
products of disulfide bond cleavage (reduction) by DTT due to microwave heating as well as
signals corresponding to echem WY-cleavage. These results clearly demonstrate that the
presence of DTT in solution does not hinder the electrochemical cleavage step; in fact, this
process is aided by the preceding cleavage of disulfide bonds in insulin. However, peaks
corresponding to insulin Chain B and intact (no disulfide bond cleavage) insulin dominate
the spectrum, again stemming from the low efficiency of the process when applied to large
molecular mass proteins. Insulin Chain A is not detected as its signal is most likely
suppressed by other products generated during the combined digestion process. Although
low in intensity, the peaks observed at m/z’s 416.4, 937.8, and 1236.9 correspond to specific
cleavages at both Y residues in insulin Chain B, and their sequences were confirmed by MS/
MS analyses (see Supporting Information for MS/MS data, Figures S-7). It should be noted
also in Figure 3 that along with a specific cleavage at Y, the cysteine-containing peptides
show a +48 mass change due to further electrochemical oxidation of the thiol groups, as
these are not alkylated after reduction by DTT during the microwave heating step. As a
result, cysteine residues are oxidized at the electrode, causing the addition of three oxygen
atoms to form a cysteic acid group.

Identification of Myoglobin and Bovine Serum Albumin with Online Microwave/Echem
Cleavage

Myoglobin (16 kDa) and Bovine Serum Albumin (BSA, 64 kDa) were successfully digested
and identified with the combined microwave/echem system. For each test protein, digestion
was performed by the combination online digestion technique, with eluent products
collected into a 20 μL injection loop on a 6-port valve for subsequent HPLC-nESI-MS/MS
analysis. Results are presented in the Supplementary Information section (Table S-2, Table
S-3 and Figures S-8 and S-9), showing peptides formed, SEQUEST scores and tandem mass
spectra of selected peptides from the digestion of BSA with the microwave/echem digestion
technique.

Comparison of Collision Induced Dissociation of Online Microwave D-cleavage and
Microwave/Echem Digestion Products

It has been shown that the digestion products formed from microwave D-cleavage are better
suited for analysis by MS/MS using electron transfer dissociation (ETD) rather than
collision induced dissociation (CID). This is a consequence of the low abundance of D in
protein sequences which results in large peptides (~16 amino acids in length) with high
charge states (>+2)32. However, when these D-cleavage products are further digested by
electrochemical oxidation, the new products formed are more amenable to CID since their
expected size is about 10 amino acids in length (vide supra). Figure 4a shows the CID-
tandem mass spectrum of a peptide formed from only microwave D-cleavage of myoglobin
at D(20) which contains 2 non-cleavage oxidized tryptophan residues. The parent ion has a
3+ charge (m/z 754.8) and only 11 of a possible 38 (~30%) y- and b-ions from this peptide
are matched by a SEQUEST database search. Figures 4b and 4c show the CID-tandem mass
spectra of the corresponding 1+ peptides formed from the cleavage at W(7) and W(14)
residues (m/z 900.1 and m/z 781.1, respectively) and that overlap the peptide sequence in
Figure 4a. These peptides show a much greater sequence coverage (9 out of 12 y- and b-ions
in 4b, and 8 out of 12 in 4c) which is reflected in their overall SEQUEST Xcorr scores
(Table S-2). The combined microwave/echem digestion leads to a greater fragmentation
sequence coverage and thus higher confidence for peptide/protein identification using CID-
MS/MS.
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Analysis of a Protein Extract from E. coli by Online Microwave/Echem Digestion and LC-
MS/MS

To demonstrate the ability of the on-line microwave/echem digestion coupled with LC-MS/
MS to detect and identify proteins from a complex mixture, a protein extract from an E. coli
cell lysate was analyzed. Table S-4 in the Supplementary Information section lists the top 10
proteins identified in E. coli (using SEQUEST database search) along with the
corresponding number of peptides derived from that protein with Xcorr-scores values above
1. An extended listing of all proteins identified in E. coli along with all peptide sequences
and SEQUEST scores is available in the Supporting Information section (Table S-5).

Because of the use of online microwave/echem digestion, the CID-tandem mass spectra
generated from these digested proteins allowed for their identification with a high degree of
confidence. This technique produced peptides that were suitable for CID MS/MS, which led
to more peptides to be identified than by online microwave D-cleavage alone. For example,
when only using online microwave D-cleavage digestion for the analysis of E. coli protein
extract25, the top ten proteins identified by SEQUEST database search had an average of 3
peptides identified per protein. On the other hand, the top ten proteins identified in this study
when using the microwave/echem digestion had on average 6 peptides identified per E. coli
protein (Table S-4). This led to an average sequence coverage of 16.5% for this study, an
increase from the 12.0% average coverage for the microwave D-cleavage method alone.
Based on the results, the combined microwave/echem digestion method is capable of
digesting a complex mixture of proteins from a cell lysate and with a high degree of
confidence, demonstrating a notable improvement over either non-enzymatic digestion
technique alone.

Conclusions
Preliminary results presented in this study demonstrated the capability of the combined
microwave/echem method for the non-enzymatic digestion of proteins in 6 min. The work
here presented focused on overcoming the drawbacks of using CID for MS/MS analysis of
peptides generated by the non-enzymatic microwave D-cleavage method. The strategy
presented overcame this deficiency by combining two rapid non-enzymatic digestion
techniques, the microwave D-cleavage and the electrochem WY-cleavage. The resulting
microwave/echem digestion approach produces peptides that are similar in size to those
produced by trypsin digestion of proteins, and thus, conducive for CID MS/MS in a
quadrupole ion trap MS (e.g., LCQ). However, this study did not intend to provide a direct
comparison between this approach and trypsin digestion, nor points to be a substitute to the
digestion of proteins with the enzyme trypsin. The combined approach overcomes
limitations of the microwave D-cleavage approach in that only large peptides are produced
(resulting from the low frequency of aspartic acid in protein sequences). These large
peptides, when subjected to ESI, generate high charge state ions that make mass assignment
and peptide identification difficult when fragmented by CID. By incorporating a second
online non-enzymatic digestion step based on electrochemical oxidation (echem WY-
cleavage) following the microwave D-cleavage, two additional amino acid sites are
accessible for cleavage (W and Y). As a result, these large peptides are further digested into
smaller peptides that are comparable in size and charge to those obtained by trypsin
digestion. Results presented also showed that the peptides produced by the combination
microwave/echem digestion are better suited for CID than the larger peptides produced by
microwave D-cleavage alone. The order in which these two processes are applied is
important as the echem WY-cleavage digestion is not reproducible for digestion of proteins
with molecular masses above 3.4 kDa, and thus the microwave D-cleavage technique serves
as a pre-digestion step of large proteins and cleavage of disulfide bonds. The current lower
digestion efficiency of the microwave/echem method when compared to trypsin digestion
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methods makes this approach better suited for high throughput analyses or sample screening.
Efforts are currently underway in our laboratory to incorporate 2 dimensional (2D) LC with
the combined microwave/echem digestion in order to increase the efficiency of the
combined non-enzymatic digestion process and the number and dynamic range of proteins
detected.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Top: Diagram of the flow injection analysis system used for the microwave/electrochemical
(echem) cleavage combination. Bottom: Time sequence shows when each device is either
ON (1) or OFF (0).
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Figure 2.
(a) Flow injection analysis of Angiotensin I (MW = 1295.6 Da) through the combination
cells into nESI-MS without microwave heating and no voltage applied. (b) Only microwave
heating (130°C), no voltage. (c) voltage applied (+1.5V) but no microwave heating, and (d)
Microwave heating (130°C) and voltage applied (+1.5V).
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Figure 3.
(a) There are no electrochemical oxidative cleavage products observed without microwave
heating preceding the step (to cleave disulfide bonds). (b) The extracted ion chromatogram
(XIC: m/z 851.1, 416.4, 937.8, 1236.9) of peaks of interest from the disulfide bond
reduction and electrochemical digestion of insulin (5,740 Da) being introduced into the
microwave-echem digestion cells. The voltage was applied continuously and microwave
heating was applied at 30 min. (c) About 10 min after microwave heating is applied, peaks
are observed corresponding to disulfide bond reduction and cleavage from electrochemical
oxidation.
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Figure 4.
Tandem mass spectra (CID) comparison of peptides from the same sequence region in
myoglobin formed by (a) microwave D-cleavage only, (b) and (c) from microwave/echem
cleavage combination. Greater fragmentation sequence coverage results from the
microwave/echem cleavage method than for the microwave D-cleavage method alone.
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Table 1

Structure of insulin with expected and observed (bold) peptides that are produced after each stage of the
process.

Peptides MW (Da)

Before Microwave – 5740

After Microwave Chain A 2340

Chain B 3400

After Microwave and Electrochemistry A (G1-Y14) 1470

A (Q15-Y19) 663

A (C20-N21) 235

B (F1-Y16)* 1826

B (L17-Y26)* 1187

B (T27-A30) 415

*
denotes peptides observed with oxidation +48 Da occurring at cysteine residues.
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