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Fast and efficient sample preparation methods are a prerequisite for protein identification in bottom-up proteomics. Here, an
innovative microwave irradiation sample preparation method was developed based on an optimized organic-aqueous solvent
system for protein identification. Specifically, protein solutions containing high-concentration acetonitrile were subjected to
5 min microwave irradiation. After cooling down, trypsin was added and the digestion was performed with 30 s microwave ir-
radiation, and the resulting peptides were analyzed by matrix-assisted laser desorption/ionization time-of-flight mass spec-
trometry (MALDI-TOF MS). A shortened processing time of only 5.5 min is needed with this method (more than 12 h is nec-
essary in the traditional overnight protein sample preparation). Moreover, due to the absence of urea and other chaotropic rea-
gents, the digests can be readily identified by MALDI-TOF MS. When an assessment of this method was performed by di-
gesting a model protein BSA, 69% + 3% sequence coverage corresponding to 47 + 3 peptides was obtained, which shows bet-
ter protein identification than that from the standard overnight protein sample preparation method (51% + 2% sequence cover-
age and 23 + 1 peptides). Another model protein a-casein was used for the analysis of protein phosphorylation with the newly
developed method that yielded 4 phosphopeptides with 8 phosphorylation sites, whereas 3 phosphopeptides with 2 phosphory-
lation sites were obtained from the traditional overnight approach. Moreover, the organic-aqueous microwave irradiation
method provides effective digestion for proteins down to fmol.
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1 Introduction

Matrix-assisted laser desorption/ionization-time-of-flight
mass spectrometry (MALDI-TOF MS) [1] is achieving a
more significant role for protein identification due to its
simplicity, excellent mass accuracy, high resolution, and
sensitivity. Considering the complexity of proteins, efficient
sample preparation is of fundamental importance in ena-
bling successful MALDI-TOF MS detection [2-5]. The
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standard protein sample preparation method for protein
identification at the peptide level in bottom-up proteomics
involves protein denaturation (e.g., with 8 mol/L urea), re-
duction of disulfide linkages, alkylation, and protein diges-
tion (usually overnight tryptic proteolysis). However, it
suffers from several drawbacks. First, the relatively lengthy
pretreatment time hampers the throughput of sample prepa-
ration [6,7]; second, potential sample loss can result from
the removal of salts, that are introduced in sample prepara-
tion, which is often required prior to MALDI-TOF MS detec-
tion. Therefore, it is desirable to develop a high-throughput
and clean preparation method for MALDI-TOF MS-based
protein identification in bottom-up proteomics.
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To improve protein digestion throughput, we adopted a
variety of methods, including microwave [8-11], infrared
[12,13], laser [14], ultrasonication [15], and high pressure
[16] to afford increased contact frequency between enzymes
and substrates and thus to largely shorten the digestion time.
Microwave-assisted digestion seems to be particularly
promising. Microwaves, an electromagnetic radiation oc-
cupy the electromagnetic spectrum between infrared and
radio waves. As a heating method, using convenient and
cheap equipment, microwave irradiation can expedite the
digestion reaction via increasing molecular movement.
However, because long microwave-assisted digestion times
deactivate proteases, it is important to shorten the micro-
wave irradiation time when most highly accelerating the
digestion reaction. To date, various microwave-based sam-
ple-preparation techniques have been established for the
routine analysis of proteins [17-21]. For example, Sun et al.
[17] demonstrated a 6-min microwave protein-preparation
method for bovine serum by using 5-min dithiothreitol re-
duction in boiled water and 1-min trypsin digestion. Ade-
quate care should be taken with this method, however, be-
cause since proteins might be irreversibly aggregated during
thermal denaturation.

In addition, beneficial effects of organic solvent-assisted
protein-sample preparation have been reported [21-27]
based on the fact that organic solvent can be easily removed
by lyophilization instead of desalting; this renders a clean
sample preparation and can reduce sample loss. Moreover,
an organic-aqueous solvent system often results in more-
efficient trypsin digestion [26,28] than a solvent system
without organic solvents. Strader et al. [26] evaluated dif-
ferent organic solvents for effective protein identification.
In their study, 1 h digestion using a solvent system contain-
ing 80% acetonitrile provided the most complete protein
digestion. Lin et al. [28] evaluated different organic solvent
systems using several model proteins (myoglobin, cyto-
chrome c, lysozyme, and ubiquitin) for trypsin digestion.

To establish a rapid protein-sample preparation method
for targeted protein identification in bottom-up proteomics,
we combined the organic-aqueous solvent system with the
microwave irradiation technique, followed by MALDI-TOF
MS analysis. In this study, we optimized the experimental
conditions (e.g., the dithiothreitol reduction in organic-
aqueous solvent and the microwave irradiation time) for
protein sample preparation. With this approach, the com-
plete process (i.e., denaturation, reduction, and digestion)
could be completed within 5.5 min.

2 Experimental

2.1 Chemicals and reagents

Acetonitrile (ACN, HPLC-grade) was purchased from
Merck (Darmstadt, Germany). AR-grade formic acid (FA)
and AR-grade trifluoroacetic acid (TFA) were from Kermel
(Tianjin, China). Myoglobin (horse), BSA (bovine), a-
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casein (bovine milk), apo-transferrin (bovine), and trypsin
were all purchased from Sigma (St. Louis, MO, USA). Di-
thiothreitol (DTT) and iodoacetamide (IAA) were from
Acros (Morris Plains, NJ, USA). Urea was purchased from
Invitrogen (Carlsbad, CA, USA).

2.2 Instrumentation

A microwave oven (2.5 GHz, Midea, China) was used to
perform the microwave irradiation. MALDI-TOF MS ex-
periments were performed on an Ultraflex III MALDI-
TOF/TOF MS instrument (Bruker Daltonics, Bremen, Ger-
many).

2.3 Standard overnight protein-sample preparation
method

Proteins (1 mg) denatured by 100 puL. 8 mol/L urea, and 20
pL DTT (100 mmol/L) was added for the reduction of the
disulfide bonds at 60 °C for about 1 h. Afterward, 20 pL
TAA (200 mmol/L) was added for alkylation, followed by
dilution. Trypsin digestion was carried out by adding tryp-
sin into the protein solution (enzyme-to-protein ratio = 1:25,
wiw) at 37 °C for 12 h.

24 Aqueous microwave irradiation protein sample
preparation method

Proteins (1 mg) were pretreated as described in the standard
overnight digestion section before trypsin digestion. Then
trypsin was mixed with the protein solution at room tem-
perature for 30 s microwave irradiation (enzyme-to-protein
ratio = 1:25, w/w).

2.5 Organic-aqueous microwave irradiation protein
sample preparation method and MALDI-TOF analysis

Proteins (0.1 mg) were dissolved in ammonium bicarbonate
solution containing 80% ACN (v/v) [26]. Next, 100 pL of
this protein solution was added to 0.2 mL. 100 mmol/L DTT.
Afterward, 5 min microwave irradiation was performed [17]
for the reduction of the disulfide bonds. Subsequently, 4 uL.
trypsin solution (100 ng/uL) was added into the solution
followed by vortex and sonication for 10 s each. Finally, the
solution was irradiated by microwave for different lengths
of time (5, 10, 15, 30, 60 or 90 s), directly followed by
MALDI-TOF MS identification. The standard MALDI-TOF
analysis procedure was adopted according to the manufac-
turer’s manual. Briefly, external calibration of MALDI-TOF
MS was performed with 10 commercial standard peptides.
Spectra were acquired from the accumulation of 1000 laser
shots. The voltage was set as follows: acceleration, 21.85 kV;
lens, 9.2 kV; reflector 126.39 kV; reflector 214.0 kV. A 7
mg/mL CHCA in 70% (v/v) aqueous ACN with 0.1% (v/v)
TFA solution was prepared. The sample and matrix solution
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were mixed with 1:1 (v/v) in a 300 pL Eppendorf tube, and
0.5 pL of the mixed solution was deposited onto a MALDI
target plate.

3 Results and discussion

3.1 Organic-aqueous microwave irradiation protein-
sample preparation method

Initially, myoglobin was used to evaluate the performance
of the organic-aqueous microwave irradiation protein sam-
ple preparation method. Due to the absence of disulfide
linkages in this protein, reduction via DTT was unnecessary.
Instead, 0.1 mg/mL myoglobin solution was directly sub-
jected to microwave irradiation and then the peptide was
analyzed by MALDI-TOF MS. Figure 1 illustrates the se-
quence coverage changes with the increase of microwave
irradiation time from 5 to 90 s.

Intriguingly, myoglobin was well digested and positively
identified within a treatment of 5 s (average sequence cov-
erage > 85%). However, we found that myoglobin protein
peaks in the MALDI-TOF MS spectrum within a treatment
of 5 s. An even better digestion performance, nearly 100%
identification (96% + 3% sequence coverage and 18 + 1
unique peptides) by MALDI-TOF MS, was achieved at 30 s
(Table 1).

With this method, microwave irradiation was carried out
in 30 s for trypsin digestion. By contrast, myoglobin was
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also prepared via the standard overnight sample-preparation
method and aqueous microwave irradiation protein-sample
preparation method (Table 1). Results indicated that simul-
taneous denaturation and digestion of myoglobin could oc-
cur in the organic-aqueous microwave irradiation protein-
sample preparation method and that this would lead to
more-efficient digestion before apparent aggregation upon
denaturation. Increased solubility of the denaturized pro-
teins and the resulting peptides was an important factor in
the improved digestion performance of the organic-aqueous
microwave irradiation protein-sample preparation method.
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Figure 1 Effect of microwave irradiation time (output power, 700 W) on
the sequence coverage of myoglobin (300 fmol). Triplicate spots were
analyzed by MALDI-TOF MS.

Table 1 MASCOT searching results of the tryptic digests of 100 ng/uL. myoglobin obtained from three protein sample preparation methods and

MALDI-TOF MS identification

Peptide sequence Microwave + organic-aqueous Overnight Microwave + aqueous
Position
2-32 M.GLSDGEWQQVLNVWGKVEADIAGHGQEVLIR.L NA N N
18-32 K.VEADIAGHGQEVLIR.L N N N
33-43 R.LFTGHPETLEK.F N N
3348 R.LFTGHPETLEKFDKFK.H N N N
49-57 K.HLKTEAEMK.A N
58-78 K.ASEDLKKHGTVVLTALGGILK.K N v
65-78 K.HGTVVLTALGGILK.K N N
65-79 K.HGTVVLTALGGILKK.K N N
65-80 K.HGTVVLTALGGILKKK.G N
79-97 K.KKGHHEAELKPLAQSHATK.H N N
80-97 K.KGHHEAELKPLAQSHATK.H N N
81-97 K.GHHEAELKPLAQSHATK.H N N
98-119 K.HKIPIKYLEFISDAITHVLHSK.H N N
120-140 K.HPGDFGADAQGAMTKALELFR.N N
135-146 K.ALELFRNDIAAK.Y N N N
135-148 K.ALELFRNDIAAKYK.E N N
141-154 R.NDIAAKYKELGFQG.- N
147-154 K.YKELGFQG.- N N N
Digestion time 30s 12h 30s
Peptide number 18 14 5
Sequence coverage 99% 83% 43%

MASCOT score

170 131 51
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In addition, due to the benefits of the absence of urea, which
would interfere or suppress the ion signals of analytes in
MALDI-TOF MS detection, a better crystal could be
achieved with this newly developed approach. BSA con-
taining 17 disulfide bond, was prepared as same as myoglo-
bin, but with the inclusion of a 5-min disulfide reduction
step.

As shown in Table 2, the reduction significantly im-
proved the protein digestion by increasing the number of
matched peptides 35 + 3 to 47 + 3 peptides), the corre-
sponding sequence coverage (34% + 2% to 69% + 3%), and
the MASCOT score (165 + 8 to 311 + 23). In the organic-
aqueous microwave irradiation sample preparation method,
no additional cysteine alkylation was required because the
proteins were promptly digested by trypsin under micro-
wave irradiation treatment. To further demonstrate the ad-
vantages of the organic-aqueous microwave irradiation
method, other methods were also tested as described in the
experimental section.

As shown in Figure 2, poor absolute-signal intensity was
observed even after accumulation up to 1000 laser shots for
BSA peptides obtained from the aqueous microwave irradi-
ation method. Although BSA with the organic-aqueous mi-
crowave irradiation method gave a similar MALDI-TOF
MS signal intensity as the conventional overnight sample-
preparation method, a ten folds higher signal was achieved
than with the aqueous microwave irradiation protein sample
preparation method. Moreover, the identification result
demonstrates that the organic-aqueous microwave irradia-
tion method was superior to other methods (Table 2). More
important, the time of protein sample preparation was
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shortened to 5.5 min, which means that the throughput of
protein digestion was significantly improved over the tradi-
tional overnight protein-sample preparation method (~13.5 h)
and the whole aqueous microwave method (> 1.5 h).

3.2 Model proteins analysis

A model protein for examining protein phosphorylation,
o-casein, was digested to further evaluate the utility of the
superior digestion performance of the organic-aqueous mi-
crowave irradiation method. Figure 3(a) shows the MALDI-
TOF MS spectra of a-casein digests. Sequence coverage of
61% + 0% was obtained and 17 £ 0 peptides were identified.
As a control, a-casein was also prepared using the tradition-
al overnight protein sample preparation method; only 13 + 1
peptides were identified with 48% + 1% sequence coverage
(Figure 3(b)). Moreover, the organic-aqueous microwave
irradiation method yielded 4 phosphopeptides including 8
phosphorylation sites from tryptic digest of a-casein via
MALDI-TOF MS detection (the sequences were FFVAP-
FPEVFGKEKVNELSpK, QMEAESpISpSpSpEEIVPNSp
VEQKHIQK, KYKVPQLEIVPNSpAEER, and YKVPQL-

Table 2 MASCOT search results of the tryptic digestions of 100 ng/uL
BSA obtained from three protein-sample preparation methods and MALDI-
TOF MS identification

Microwave + Microwave +

Methods . Overnight
organic-aqueous aqueous
BSA BSA BSA
Peptide number 47+3 23+ 1 29+0
Sequence coverage 69% + 3% 51% + 2% 43% + 0%
MASCOT score 311+23 108 £5 1816
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Figure 2 MALDI-TOF MS spectra for the analysis of tryptic BSA digest via three methods. (a) Organic-aqueous microwave irradiation method; (b) over-
night sample preparation method; (c) aqueous microwave irradiation sample preparation method. MW = microwave.
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Figure 3 MALDI-TOF MS spectra obtained from the digest of a-casein (a, b) and apo-transferrin (c, d) via the organic-aqueous microwave irradiation
protein sample preparation method (a, ¢) and the overnight method (b, d).

EIVPNSpAEER, respectively), while only 3 phosphopep- vs. 34 + 0 and sequence coverage, 66% =+ 4% vs. 37% + 2%).
tides with 2 phosphorylation sites were obtained from the

overnight protein sample preparation method. Apo-trans- 3.3 Analysis of low-concentration proteins

ferrin, a well-studied protein consisting of 704 amino acids

with a molecular mass of 79 kDa, was also used to further Protein digestion is usually affected by the substrate con-
evaluate our method. Figure 3(c, d) illustrates the MALDI- centration in a given sample; low abundance proteins usu-
TOF MS spectra of apo-transferrin digests from the newly ally cannot be completely digested. With these conditions in
developed method and the conventional overnight protein mind, 10 ng/pL. myoglobin (300 fmol) and BSA (70 fmol)
sample preparation method. The developed method showed were prepared with the newly developed method, and the
better digestion performance than the overnight protein peptides were detected by MALDI-TOF MS (Figure 4).
sample preparation method (unique peptide number, 56 + 3 Positive identification was achieved even with an amount
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Figure 4 MALDI-TOF MS spectra of tryptic peptides derived from the digestion of 10 ng/uL myoglobin (a) and 50 pL. BSA (b) via the organic-aqueous
microwave irradiation protein sample preparation method.
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down to fmol, in yields of 49% + 0% (5 + O unique peptides)
and 12% + 0% (6 + 0 unique peptides) sequence coverage
for myoglobin and BSA, respectively. These results demon-
strated that the organic-aqueous microwave irradiation pro-
tein sample preparation method could provide effective di-
gestion for low-concentration proteins.

4 Conclusions

An organic-aqueous microwave irradiation protein sample
preparation method coupled with MALDI-TOF MS analysis
was developed successfully for rapid protein identification
in bottom-up proteomics. The entire process, including pro-
tein denaturation, reduction of disulfide bonds, and trypsin
digestion, was shortened to 5.5 min. Compared to the tradi-
tional overnight digestion and aqueous microwave irradia-
tion, the new method provides better digestion performance
in terms of the peptide number and sequence coverage. The
ease, simplicity, efficiency and low cost are promising for
its wider applicability even for complex samples.

This work was financially supported by the National Basic Research Pro-
gram of China (2012CB910604, 2013CB911202), the National Natural
Science Foundation of China (21190043), and the Innovation Method
Fund of China (2012IM030900).

1 Aebersold R, Mann M. Mass spectrometry-based proteomics. Nature,
2003, 422: 198-207

2 Wang N, Xu MG, Wang P, Li L. Development of mass spectrometry-
based shotgun method for proteome analysis of 500 to 5000 cancer
cells. Anal Chem, 2010, 82: 2262-2271

3 Dong MM, Wu MH, Wang FJ, Qin HQ, Han GH, Dong J, Wu RA,
Ye ML, Liu Z, Zou HF. Coupling strong anion-exchange monolithic
capillary with MALDI-TOF MS for sensitive detection of phospho-
peptides in protein digest. Anal Chem, 2010, 82: 2907-2915

4 MalF, Liu JX, Sun LL, Gao L, Liang Z, Zhang LH, Zhang YK. On-
line integration of multiple sample pretreatment steps involving de-
naturation, reduction, and digestion with microflow reversed-phase
liquid chromatography-electrospray ionization tandem mass spec-
trometry for high-throughput proteome profiling. Anal Chem, 2009,
81: 6534-6540

5 Ma JF, Hou CY, Sun LL Tao DY, Zhang YY, Shan YC, Liang Z,
Zhang LH, Yang L, Zhang YK. Coupling formic acid assisted solu-
bilization and online immobilized pepsin digestion with strong cation
exchange and microflow reversed-phase liquid chromatography with
electrospray ionization tandem mass spectrometry for integral mem-
brane proteome analysis. Anal Chem, 2010, 82: 9622-9625

6 Klammer AA, MacCoss MJ. Effects of modified digestion schemes
on the identification of proteins from complex mixtures. J Proteome
Res, 2006, 5: 695-700

7 Hervey IV WJ, Strader MB, Hurst GB. Comparison of digestion pro-
tocols for microgram quantities of enriched protein samples. J Pro-
teome Res, 2007, 6: 3054-3061

8 Chen WY, Chen YC. Acceleration of microwave-assisted enzymatic
digestion reactions by magnetite beads. Anal Chem, 2007, 79: 2394—
2401

9 Lin S, Yao GP, Qi DW, Li Y, Deng CH, Yang PY, Zhang XM. Fast
and efficient proteolysis by microwave-assisted protein digestion us-

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

Sci China Chem  March (2015) Vol.58 No.3 531

ing trypsin-immobilized magnetic silica microspheres. Anal Chem,
2008, 80: 3655-3665

Liu N, Wu HZ, Liu HX, Chen GN, Cai ZW. Microwave-assisted
'80-labeling of proteins catalyzed by formic acid. Anal Chem, 2010,
82:9122-9126

Lill JR, Ingle ES, Liu PS, Pham V, Sandoval WN. Micorwave-
assisted proteomics. Mass Spectrom Rev, 2007, 26: 657-671

Wang S, Bao HM, Zhang LY, Yang PY, Chen G. Infrared-assisted
on-plate proteolysis for MALDI-TOF-MS peptide mapping. Anal
Chem, 2008, 80: 5640-5647

Bao HM, Lui T, Zhang LY, Chen G. Infrared-assisted proteolysis
using trypsin-immobilized silica microspheres for peptide mapping.
Proteomics, 2009, 9: 1114-1117

Zhang P, Gao MG, Zhu SC, Lei J, Zhang XM. Rapid and efficient
proteolysis through laser-assisted immobilized enzyme reactors. J
Chromatogr A, 2011, 1218: 8567-8571

Ferrer DL, Capelo JL, Vazquez J. Ultra fast trypsin digestion of pro-
teins by high intensity focused ultrasound. J Proteome Res, 2005, 4:
1569-1574

Ferrer DL, Petritis K, Lourette NM Clowers B, Hixson KK, Heibeck
T, Prior DC, Pasa-Toli¢ L, Camp DG, Belov ME, Smith RD. On-line
digestion system for protein characterization and proteome analysis.
Anal Chem, 2008, 80: 8930-8936

Sun W, Gao SJ, Wang LJ, Chen Y, Wu SZ, Wang XR, Zheng DX,
Gao YH. Microwave-assisted protein preparation and enzymatic di-
gestion in proteomics. Mol Cell Proteom, 2006, 5: 769-776

Mesko MF, Pereira JSF, Moraes DP, Barin JS, Mello PA, Paniz NG,
Noébrega JA, Korn MGA, Flores EMM. Focused microwave-induced
combustion: a new technique for sample digestion. Anal Chem, 2010,
82: 2155-2160

Stanley M, Stevens Jr SM, Wolverton S, Barker A, Seeley KW, Ad-
hikari P. Evaluation of microwave-assisted enzymatic digestion and
tandem mass spectrometry for the identification of protein residues
from an inorganic solid matrix: implications in archaeological re-
search. Anal Bioanal Chem, 2010, 396: 1491-1499

Zhou P, Chandan V, Liu X, Chan K, Altman E, Li JJ. Microwave-
assisted sample preparation for rapid and sensitive analysis of H. py-
lori lipid a applicable to a single colony. J Lipid Res, 2009, 50: 1936—
1944

Hahn HW, Rainer M, Ringer T, Huck CW, Bonn GK. Ultrafast mi-
crowave-assisted in-tip digestion of proteins. J Proteome Res, 2009, 8:
4225-4230

Griebenow K, Klibanov AM. On protein denaturation in aqueous-
organic mixtures but not in pure organic solvents. J Am Chem Soc,
1996, 118: 11696-11700

Russell WK, Park ZY, Russell DH. Proteolysis in mixed organ-
ic-aqueous solvent systems: applications for peptide mass mapping
using mass spectrometry. Anal Chem, 2001, 73: 2682-2685

Santosa HM, Mota C, Lodeiroa C, Moura I, Isaac I, Capelo JL. An
improved clean sonoreactor-based method for protein identification
by mass spectrometry-based techniques. Talanta, 2008, 77: 870-875
Santosa HM, Carreiraa R, Diniza MS, Rivas MG, Lodeiro C, Moura
JJG, Capelo JL. Ultrasonic multiprobe as a new tool to overcome the
bottleneck of throughput in workflows for protein identification re-
laying on ultrasonic energy. Talanta, 2010, 81: 55-62

Strader MB, Tabb DL, Hervey WJ, Pan C, Hurst GB. Efficient and
specific trypsin digestion of microgram to nanogram quantities of
proteins in organic-aqueous solvent systems. Anal Chem, 2006, 78:
125-134

Simon LM, Laszlo K, Vertesi A, Bagi K, Szajani B. Stability of hy-
drolytic enzymes in water-organic solvent systems. J Molecular Ca-
talysis B: Enzymatic, 1998, 4: 41-45

Lin SS, Wu CH, Sun MC, Sun CM, Ho YP. Microwave-assisted
enzyme-catalyzed reactions in various solvent systems. J Am Soc
Mass Spectrom, 2005, 16: 581-588



