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In this report, alternating current-assisted on-plate proteolysis has been developed for rapid
peptide mapping. Protein solutions containing trypsin were allowed to digest directly on the
spots of a stainless steel MALDI plate with the assistance of low-voltage alternating current
electricity. Alternating current (AC) was allowed to pass through the protein solutions via the
MALDI plate and a platinum disc electrode. The feasibility and performance of the novel pro-
teolysis approach were investigated by the digestion of BSA and cytochrome c (Cyt-c). It was
demonstrated that AC substantially enhanced the efficiency of proteolysis and the digestion time
was significantly reduced to 5 min. The digests were identified by MALDI-TOF MS with
sequence coverages of 42% (BSA) and 77% (Cyt-c) that were comparable to those obtained by
using conventional in-solution tryptic digestion. The present proteolysis strategy is simple and
efficient, offering great promise for MALDI-TOF MS peptide mapping.
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Nowadays, more and more research attention is being
paid to proteomics because it gives a much better under-
standing of an organism than genomics. Proteomics is the
large-scale study of proteins, particularly their structures and
functions. One of its most important tasks is to develop effi-
cient and rapid approaches to identifying various proteins.
Protein digestion is an important procedure prior to MS
identification. Because the conventional in-solution diges-
tion of proteins is time-consuming [1, 2], it is of high impor-
tance to develop novel approach to achieve a highly efficient
proteolysis for MS-based peptide mapping.

MALDI-TOF MS has been widely used in protein chem-
istry and proteomics research for the identification of pro-
teins. Protein samples were usually digested into peptides
with proteases. Subsequently, the obtained digests were
deposited on MALDI plates to perform MS measurements.

To simplify the analysis process, on-plate proteolysis ap-
proaches were developed by combining digestion and spot-
ting into one procedure [3]. Trypsin was usually immobilized
on the spots of the plate by adsorption or covalent linking [4].
Protein samples were then deposited on the trypsin-immo-
bilized spots and were allowed to digest in humidified
enclosures with the aid of heat. Because a high amount of
trypsin was immobilized on the plate, the typical time of the
on-plate protein digestion was significantly reduced to
5230 min. In the case of conventional in-solution tryptic
digestion, the autolysis of protease would generate interfer-
ing fragments. A low weight ratio (typically 1:2021:100) be-
tween trypsin and protein was usually employed and result-
ed in long digestion time (typically 12 h at 377C). It is a chal-
lenging task to enhance the digestion efficiency of the in-
solution protein digestion that is performed directly on
MALDI plates.

Recently, microwaves were employed to enhance the
efficiency of conventional in-solution proteolysis significant-
ly [5, 6]. The typical digestion time of microwave-assisted
proteolysis was in the range of 5 to 20 min. Moreover, it was
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reported that ultrasonic waves could also accelerate the con-
ventional in-solution digestion of proteins and the digestion
time was reduced to 1 min [7]. More recently, we have
employed infrared radiation as an energy source to promote
tryptic proteolysis and the digestion could complete within
5210 min [8]. Usually, alternating current (AC) refers to the
form in which electricity is delivered to businesses and resi-
dences. Its amplitude and polarity vary in a succession of
identical cycles to form a sine wave. The major advantage
that AC electricity has over direct current is that AC voltages
can be transformed to higher or lower voltages by using a
transformer. As the most commonly used electricity, AC has
also found a wide range of biomedical applications, such as
AC conductimetric biosensors [9], electroacupuncture [10],
tumor therapy [11], physiotherapy [12], etc. However, we are
not aware of early reports on AC-assisted proteolysis. It is of
high interest to demonstrate the possibility of employing
alternating current to enhance the efficiency of conventional
in-solution proteolysis.

In this work, protein solutions containing trypsin were
allowed to digest directly on the spots of a stainless steel
MALDI plate with the assistance of low-voltage AC at room
temperature (,257C). As illustrated in Fig. 1B, AC was
allowed to pass through the protein solutions via the MALDI
plate and a platinum disc electrode. The AC-assisted proteo-
lysis approach has been coupled with MALDI-TOF MS for
the digestion and peptide mapping of BSA and cytochrome c
(Cyt-c) from horse heart.

The stock solutions (1 mg/mL) of BSA and Cyt-c were
prepared in 10 mM NH4HCO buffer solution (pH 8.1) and
were denatured in a 957C water bath for 15 min. As shown in
Fig. 1, the sample solution of each protein was digested di-
rectly on the spots of the MALDI plate with the aid of alter-
nating current. Before digestion, the stock solutions of BSA
and Cyt-c were each diluted to 20 ng/mL with 10 mM
NH4HCO3 buffer solution (pH 8.1) containing 0.5 ng/mL

Figure 1. Schematic diagram showing the process of alternating
current-assisted on-plate proteolysis. (A) Depositing the mixture
of protein and trypsin on MALDI plate; (B) applying AC voltage to
the drops of the sample solution on MALDI plate to accelerate the
digestion; (C) MALDI-TOF MS peptide mapping.

trypsin. A volume of 1 mL of each diluted protein solution
was deposited on the spots of a MALDI plate (Fig. 1A). Then,
the sample solution on the spots was sandwiched between
the MALDI plate and the surface of a platinum disc electrode
(0.5-mm diameter) with the aid of a 3-D micromanipulator
(Olympus, Tokyo, Japan). The surface of the platinum elec-
trode should touch the top of the solution and its distance to
the MALDI plate was adjusted to be ,1 mm. Subsequently,
an AC voltage with the peak-to-peak voltage (Vp-p) of 5 V was
applied between the MALDI plate and the platinum disc
electrode (Fig. 1B). The current flowed through the protein
solution could be monitored with a multimeter. Its value was
in the range of 1.0 to 1.2 mA. The protein samples were
allowed to digest in the alternating electric field for 5 min
except mentioned otherwise. The low-voltage AC employed
in this work was supplied by a laboratory-made multi-output
transformer (E-type, 10 W) that could convert commercial
AC power (220 V, 50 Hz) into lower AC voltages (2.5, 5, 7.5,
and 10 V, 50 Hz).

For comparison, BSA and Cyt-c (20 ng/mL each) in
10 mM NH4HCO3 buffer (pH 8.1) were also digested by
using conventional in-solution proteolysis in a 377C water
bath for 12 h. The weight ratio between trypsin and protein
substrate was 1:40. The obtained digests were further identi-
fied by MALDI-TOF MS. All MS experiments were per-
formed in positive ion mode using a 4700 proteomics analy-
zer (Applied Biosystems, Framingham, MA). Prior to
MALDI-TOF MS analysis, a volume of 0.5 mL of each sample
solution obtained by using conventional in-solution diges-
tion was spotted on a MALDI plate. However, the present on-
plate digestion obviated the spotting of the digests because
digestion was directly performed on the spots of plate. After
the solvent evaporated, 0.5 mL of the matrix solution (4 mg/
mL CHCA dissolved in 50% aqueous ACN containing 0.1%
TFA was dropped on the dried samples. The MS instrument
was operated at an accelerating voltage of 20 kV. A 200-Hz
pulsed Nd:YAG laser at 355 nm was used. Prior to measure-
ments, the MS instrument was calibrated with the tryptic
digest of myoglobin by using an internal calibration mode.
GPS Explorer software from Applied Biosystems with MAS-
COT as a search engine and Swiss-Prot as a database were
used to identify proteins. The search was done based on the
monoisotopic MH1 mass values of peptides. The peptide
mass tolerance was set to 6100 ppm and the missed cleav-
ages of peptides were allowed up to 1.

Figure 2 displays the PMF spectra of the tryptic digests of
20 ng/mL BSA and 20 ng/mL Cyt-c obtained by using AC-
assisted proteolysis. The protein samples were digested and
positively identified. The identified peptides in the digests of
BSA and Cyt-c were presented in Tables 1 and 2 in Support-
ing Information, respectively. A total of 31 and 11 tryptic
peptides were matched with the amino-acid sequence cover-
age of 42 and 77% for BSA and Cyt-c, respectively. The results
indicated that 260 out of the 607 possible amino acids of BSA
and 81 out of the 104 possible amino acids of Cyt-c were
identified (Table 3 in Supporting Information). In addition,
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Figure 2. MALDI-TOF mass spectra of the digests of 20 ng/mL BSA (A) and 20 ng/mL Cyt-c (B) in 10 mmol/L NH4HCO3 buffer solution (pH 8.1)
obtained by using AC-assisted on-plate proteolysis (trypsin/substrate ratio, 1:40; digestion time, 5 min). Matched peptides and trypsin
autolysis fragments were marked with “*” and “T”, respectively.

the MALDI-TOF mass spectra of both digests were also
measured over an extended m/z range (Fig. 1 in Supporting
Information). No peak of their parent proteins was found,
indicating the proteins in the sample solutions were digested
almost completely.

Figure 2 in Supporting Information illustrate the
MALDI-TOF mass spectra of the digests of 20 ng/mL BSA
and 20 ng/mL Cyt-c obtained by using 12-h conventional in-
solution digestion. All matched peptides were presented in
Tables 1 and 2 in Supporting Information. The results indi-
cated that 21 and 10 peptides were matched with the amino-
acid sequence coverage of 33% (identified amino acids, 201)
and 76% (identified amino acids, 80) for BSA and Cyt-c,
respectively. Table 3 in Supporting Information summarizes
the MALDI-TOF MS results of the digests obtained by using
different digestion approaches. The identification results
obtained by AC-assisted proteolysis were comparable to
those based on conventional in-solution digestion. More
importantly, the digestion time was significantly reduced
from 12 h for in-solution digestion to 5 min for the present
alternating current-based digestion. In addition, the results

indicated that the total numbers of miscleavages in the
matched peptides increased from 10 to 17 (BSA) and from 7
to 8 (Cyt-c) when AC-assisted proteolysis was employed
instead of conventional in-solution digestion (Table 3 in
Supporting Information). It might be attributed to the fact
that the digestion time of AC-assisted digestion (5 min) was
very short [3].

To investigate the effect of peak-to-peak voltage on pro-
teolysis, a sample of 20 ng/mL Cyt-c in 10 mM NH4HCO3

buffer solution (pH 8.1, containing 0.5 ng/mL trypsin) was
digested on plate with the assistances of alternating currents
at different peak-to-peak voltages. The tryptic digests were
then analyzed with MALDI-TOF MS. At the peak-to-peak
voltages of 0, 2.5, 5, and 7.5 V, the determined sequence cov-
erage of the digests were 28, 62, 77, and 77%, respectively.
Upon raising the peak-to-peak voltage from 0 to 5 V, the
sequence coverage significantly increased from 28 to 77%.
When Vp-p exceeded 5 V, no increase in sequence coverage
was found. In addition, a sample of 20 ng/mL Cyt-c in 10 mM
NH4HCO3 buffer solution (pH 8.1, containing 0.5 ng/mL
trypsin) was also digested on plate with the assistances of
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alternating current at the peak-to-peak voltage of 5 V for 2.5,
5, 7.5, and 10 min. After each digestion, 0.5 mL of 0.5% TFA
aqueous solution was added to the sample solution on the
plate to stop the digestion process for subsequent MALDI-
TOF MS measurements. Upon raising the digestion time
from 2.5 to 5 min, the sequence coverage increased from 52
to 77%. However, no significant increase in the coverage was
observed when the time was longer than 5 min although the
absolute peak strength of PMF spectra increased to some
extent.

Temperature is of crucial importance for tryptic proteo-
lysis. In this work, a sample of 20 ng/mL Cyt-c in 10 mM
NH4HCO3 buffer solution (pH 8.1, containing 0.5 ng/mL
trypsin) was digested with the assistance of alternating cur-
rent at 15, 25, 35, and 457C. The temperature of the MALDI
plate was controlled by a water bath. The voltage between the
plate and the platinum disc electrode was 5 V. The MALDI-
TOF-MS spectra of the digests were illustrated in Fig. 3 in
Supporting Information. When the temperature increased
from 15 to 257C, the sequence coverage of Cyt-c increased
rapidly from 50 to 77%. No increase in the coverage was
found at higher temperatures.

The reproducibility of the present method was examined
from a series of eight repetitive digestions of a 20 ng/mL Cyt-
c. Based on the obtained eight PMF spectra (not shown), the
average sequence coverage of Cyt-c was measured to be 75%
with an RSD of 3.6%, indicating the satisfactory reproduci-
bility of the present AC-assisted digestion approach.

The significantly enhanced digestion efficiency of the
present proteolysis approach could be attributed to the
assistance of alternating current. In this work, proteins were
digested in 10 mM NH4HCO3 buffer solution (pH 8.1).
Based on pI, trypsin (pI 10.1210.5 [13]) and Cyt-c (pI 10.0–
10.5 [14] carried net positive charges while BSA (pI 4.7 [15])
was negatively charged at pH 8.1. As illustrated in Fig. 4 in
Supporting Information, both the migration directions of
charged species (including proteins, trypsin, inorganic ions,
etc.) and the orientations of dipoles (including proteins,
trypsin, water, etc.) would change 100 times per second
under the Coulomb force in the alternating electric field
(50 Hz), resulting in the vibrations and rotations of mole-
cules and the collisions and frictions of molecules in solu-
tions. All these molecule movements could increase the fre-
quency of the interaction between trypsin and protein mole-
cules so that the digestion efficiency was enhanced. In
addition, the alternating electric field also exerted alternating
Coulomb force on the positively or negatively charged groups
in protein molecules and led to the vibrations of peptide
bonds. These vibrations could lead to more cleavage sites
exposed to trypsin, resulting in easier cleavage of peptide
bonds. It might be the reason why there were more matched
peptides in the PMF spectra of the digests obtained by using
AC-assisted digestion.

In this work, an AC voltage (typically 5 V) was applied on
the metal electrodes that touched the mixture solution of
protein and trypsin to accelerate tryptic proteolysis. The

electrochemical reactions that possibly occurred on the elec-
trodes included the electrolysis of water, the reduction of
dissolved oxygen, and even the oxidation of some peptides in
the digestion solutions. Tables 1 and 2 in Supporting Infor-
mation indicated that the oxidation of peptides in the digests
was not pronounced based on the fact that most matched
peptides in the digests of BSA and Cyt-c obtained by using
classical digestion were found in the products of AC-assisted
proteolysis. During AC-aid digestion, small bubbles were
observed to form on the electrodes slowly, indicating the
main reaction occurred on the electrodes was the electrolysis
of water. The gas generated on either electrode was a mixture
of oxygen and hydrogen because AC voltage was applied on
the electrodes.

It can be concluded that AC-assisted on-plate proteolysis
coupled with MALDI-TOF MS is a promising strategy for the
efficient protein digestion in peptide mapping. With the
assistance of alternative current, digestion time was sub-
stantially reduced to 5 min compared to 12 h for conven-
tional in-solution digestion. If a platinum-electrode array is
used instead of the single platinum disc electrode used in
this work, different protein samples on the spots of MALDI
plate can be digested simultaneously by using AC-assisted
on-plate digestion. Another advantage of the present
approach is its minimal sample consumption. It is impor-
tant for the digestion of complex protein mixtures after being
separated by capillary LC or capillary array LC because the
volumes of eluents are usually limited. The ease, simplicity,
efficiency, and low cost of the novel proteolysis approach
indicate it may find further application in automated analysis
of large sets of proteins.

This work was financially supported by the 863 program of
China (2007AA04Z309), NSFC (20875015, 20675017 and
20405002), and the 973 program of China (2007CB714500).

The authors have declared no conflict of interest.

References

[1] Park, Z. Y., Russell, D. H., Thermal denaturation: a useful
technique in peptide mass mapping. Anal. Chem. 2000, 72,
2667–2670.

[2] Slysz, G. W., Lewis, D. F., Schriemer, D. C., Detection and
identification of sub-nanogram levels of protein in a nanoLC-
trypsin-MS system. J. Proteome Res. 2006, 5, 1959–1966.

[3] Harris, W. A., Reilly, J. P., On-probe digestion of bacterial
ptoteins for MALDI-MS. Anal. Chem. 2002, 74, 4410–4416.

[4] Dogruel, D., Williams, P., Nelson, R. W., Rapid tryptic map-
ping using enzymatically active mass spectrometer probe
tips. Anal. Chem. 1995, 67, 4343–4348.

[5] Lin, S. S., Wu, C. H., Sun, M. C., Sun, C. M., Ho, Y. P., Micro-
wave-assisted enzyme-catalyzed reactions in various solvent
systems. J. Am. Soc. Mass Spectrom. 2005, 16, 581–588.

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.com



Proteomics 2008, 8, 4637–4641 Technology 4641

[6] Pramanik, B. N., Mirza, U. A., Iing, Y. H., Liu, Y. H. et al.,
Microwave-enhanced enzyme reaction for protein mapping
by mass spectrometry: A new approach to protein digestion
in minutes. Protein Sci. 2002, 11, 2676–2687.

[7] Rial-Otero, R., Carreira, R. J., Cordeiro, F. M., Moro, A. J. et
al., Ultrasonic assisted protein enzymatic digestion for fast
protein identification by matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry sonoreactor
versus ultrasonic probe. J. Chromatogr. A 2007, 166, 101–
107.

[8] Wang, S., Zhang, L. Y., Yang, P. Y., Chen, G., Infrared-assisted
tryptic proteolysis for peptide mapping. Proteomics 2008, 8,
2579–2582.

[9] Soto, A. M. G., Jaffari, S. A., Bone, S., Characterisation and
optimisation of AC conductimetric biosensors. Biosens.
Bioelectron. 2001, 16, 23–29.

[10] Ionescu-Tirgoviste, C., Phleck-Chhayan, Visinescu, R.,
Danciu, A., Acupuncture and electroacupuncture therapy in

the treatment of hyperlipoproteinemia. Am. J. Acupunct.
1981, 9, 57–62.

[11] Janigro, D., Perju, C., Fazio, V., Hallene, K. et al., Alternating
current electrical stimulation enhanced chemotherapy: a
novel strategy to bypass multidrug resistance in tumor cells.
BMC Cancer 2006, 6, 72.

[12] Ueno, S., Lovsund, P., Oberg, P. A., Effect of alternating
magnetic fields and low-frequency electric currents on hu-
man skin blood flow. Med. Biol. Eng. Comput. 1986, 24, 57–
61.

[13] Walsh, K. A., Trypsinogens and trypsins of various species.
Methods Enzymol. 1970, 19, 41–63.

[14] Van Gelder, B. F., Slater, E. C., The extinction coefficient of
cytochrome C. Biochim. Biophys. Acta 1962, 58, 593–595.

[15] Peng, Z. G., Hidajat, K., Uddin, M., Adsorption of bovine
serum albumin on nanosized magnetic particles. J. Colloid
Interface Sci. 2004, 271, 277–283.

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.com


