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The rate of protein digestion imposes significant limita-
tions on high-throughput protein identification using mass
spectrometry. In this report, we demonstrate that proteins
are readily digested by trypsin in the presence of organic
solvents such as methanol, acetone, 2-propanol, and
acetonitrile. The rates of protein digestion in organic
solvents, as indicated by the abundances of digest frag-
ment ions in the mass spectrum, are increased relative
to aqueous solution. In addition, amino acid coverage for
the analyzed proteins increases in the presence of the
organic solvents, and proteins that are resistant to pro-
teolysis are readily digested. For example, a 68% amino
acid sequence coverage was attained from a tryptic digest
of myoglobin in <5 min from an 80% acetonitrile solution,
whereas no digest fragments were detected from a 5 min
digestion in an aqueous solution. Moreover, the tryptic
digestion of a complex protein mixture in an organic-
aqueous solvent system showed significantly enhanced
digestion for nearly all of the protein components. Enzy-
matic digestion in an organic-aqueous solvent system is
a rapid, simple, and effective peptide mass-mapping
technique.

With the rapid discovery of complete genomes, the challenge
of proteomics is to identify and characterize proteins encoded by
the genomes as efficiently as possible. Complex mixtures of pro-
teins are typically separated using 1D- or 2D-polyacryamide gel
electrophoresis (PAGE) followed by in-gel proteolytic digestion.1-7

The resulting peptides are analyzed with matrix-assisted laser
desorption ionization (MALDI) mass spectrometry, and this
information is interrogated by searching the protein and nucleic
acid databases. Although this procedure has become routine, it
is inefficient regarding the time required to prepare and perform
gel separation and the percentage of proteins actually visualized.
Despite improvements in 2D-gel electrophoresis, very large or
very small hydrophobic proteins, as well as proteins with high
and low pI, are not easily identified on these gels.8-11

Recently, there have been efforts to analyze complex protein
mixtures without the use of gel electrophoresis by separating
mixtures using liquid chromatography and then proteolytically
digesting the fractions.8,12-14 In-solution digestion is generally less
time-consuming, and protein coverage can be more complete than
for in-gel digestion. Park et al. showed that thermal denaturation
of the proteins prior to digestion greatly aided in-solution digests
of soluble, protease-resistant proteins.15 A similar enhancement
was observed in protein mixture samples.16,17 Such innovations
for in-solution digestion do not impact the analysis of membrane
proteins, which are insoluble in ordinary aqueous buffer systems.
To solubilize these proteins, MALDI-unfriendly reagents, such as
detergents, are added to the sample preparation procedure;
however, these reagents must be removed from the digest
fragments prior to mass spectral analysis.
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A convenient approach to solubilizing proteins is to change
the solvent system;18-21 this has the added potential of accelerating
proteolytic digestion by denaturing the protein.22,23 Trypsin
maintains its proteolytic activity in a variety of organic solvent
systems, even at high concentration levels.23-27 The use of
enzymes that retain high activity in organic or mixed solvents,
combined with the denaturing and increasing solubility of sub-
strate proteins in organic solvents, could significantly impact high-
throughput analysis of proteins via in-solution digestion.23,27

Digesting proteins in mixed-solvent systems such as methanol-
water, acetonitrile-water, 2-propanol-water, or acetone-water
for the purpose of protein identification and mapping is shown to
be more efficient than conventional approaches. For example, we
are able to achieve greater amino acid coverage of the target
protein in shorter periods of time and minimize the need for
detergents or chemical denaturants. This is the first report of
utilizing proteolytic enzymes in organic solvent media for rapid
protein identification purposes using mass spectrometry.

EXPERIMENTAL SECTION
All proteins were purchased from Sigma (St. Louis, MO), and

modified porcine trypsin (sequencing grade) was purchased from
Promega (Madison, WI). Methanol, 2-propanol, acetonitrile, and
acetone were of HPLC grade or higher. A synthetic protein
mixture system was constructed using 11 proteins: rabbit phos-
phorylase (MW, 98 kDa), bovine serum albumin (MW, 66 kDa),
chicken egg ovalbumin (MW, 44 kDa), rabbit aldolase (MW, 39
kDa), bovine carbonic anhydrase (MW, 29 kDa), horse myoglobin
(MW, 17 kDa), bovine hemoglobin R, â (MW, 15 kDa), horse
cytochrome c (MW, 12 kDa), chicken egg lysozyme (MW, 14
kDa), and bovine ubiquitin (MW, 8 kDa). The proteins were
dissolved in 50 mM ammonium bicarbonate (Sigma) solution
having ∼1-3 µM concentrations of each protein. Trypsin solutions
were prepared as directed by the supplier and added to the protein
mixture in a molar ratio of 1:50. The digest mixture was sampled
and analyzed by mass spectrometry over a 5-h period of time.

The cytochrome c (18 µM) digest was performed in 7 mM
ammonium bicarbonate buffer, pH ∼ 8 with concentrations of
organic solvent as high as 80%. Myoglobin (13 µM) was digested
in a solution of 80% acetonitrile and 25 mM ammonium bicarbonate
buffer, pH ∼ 8 (final concentration) and was compared to a control
sample digested in 25 mM ammonium bicarbonate. Trypsin was
added to the protein(s) of interest in a molar ratio of 1:50. The
reaction was incubated in a water bath at 37 °C, and aliquots were
sampled over time.

High-resolution MALDI time-of-flight (HR-MALDI-TOF) mass
spectral analysis was performed by taking 2 µL of the digest

sample and diluting it with 18 µL of water. The resulting solution
was mixed 1:1 with 15 mM R-cyano-4-hyroxycinnammic acid
matrix. Samples were spotted using the overlayer method.28-30 A
Perseptive Biosystems Voyager Elite XL TOF described elsewhere
was used for the analysis.29,31 Samples were externally calibrated.
Database mass searching was performed using MS-Fit, and
database, SwissProt., as described elsewhere.15,17

RESULTS
Cytochrome c is very susceptible to in-solution enzymatic

digestion.15,16 To evaluate the effects of organic solvents on the
digestion and peptide mass mapping, cytochrome c was digested
with trypsin in methanol-water, acetonitrile-water, 2-propanol-
water, or acetone-water solutions. Figure 1 contains the HR-
MALDI-TOF mass spectra of the digest after a 1-h incubation with
trypsin at 37 °C. The optimum organic concentration (based on
the yield of peptide ions) for the mixed solvent system for
cytochrome c was found to be 60/40 for methanol-water (Figure
1B), 40/60 for acetone-water (Figure 1C), and 40/60 for aceto-
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Figure 1. Tryptic digest (1-h) of cytochrome c in (A) water, (B) 60%
methanol, (C) 40% acetone, and (D) 40% acetonitrile.
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nitrile-water (Figure 1D). The digest fragments for the aqueous
solvent system cover 58% of the entire amino acid sequence,
whereas sequence coverages of 66%, 79%, and 72% were obtained
for the methanol-water, acetone-water, and acetonitrile-water
solutions, respectively.

Globular proteins, such as myoglobin, are known to be
somewhat resistant to proteolytic digestion.15,16,32 Figure 2 contains
the HR-MALDI-TOF mass spectrum for a 5-min digest of myo-
globin in a solution containing 80% acetonitrile (Figure 2C)
compared to a digest in an aqueous solution. The peptide map
covers 104 of the 153 (68%) amino acids possible in the acetonitrile
solution. In contrast, no peptide fragments are detected in the
aqueous digest (Figure 2A). Even after 1 h, the myoglobin digest
yielded relatively few peaks (Figure 2B).

A mixture of 11 proteins in a methanol-water solution was
digested and compared with a digest of the same proteins for an
aqueous solution (Table 1). All of the proteins in the methanol-
water digest solution were identified, as compared to only 6 of
the 11 proteins in the aqueous case. The amino acid coverage
was generally higher in the methanol-water digest, as well.

DISCUSSION
The time required for 1D- and 2D-PAGE gels separation and

problems associated with the visualization of proteins provides

ample justification for the development of alternative analysis
methods.8,33,34 We have found that protein mass mapping from
organic-aqueous solvent mixtures is possible, and the digestion
takes place at a highly accelerated rate. The simplicity and
applicability of the technique make it especially attractive for
proteomic studies.

For single protein samples, digestion in mixed solvents yields
much higher ion signals when compared to digestion in aqueous
solution. The amino acid sequence coverages were also higher
in the mixed-solvent digestion system. There are some differences
in the peptide maps generated by each of the three different
organic solvents as well as the aqueous solution case. After protein
database searching, most of these unique masses were identified
as digest fragments containing missed cleavage sites. For example,
trypsin did not cleave between contiguous lysine groups (...XXXKK
or ...XXXKKK) in the presence of high concentrations of methanol,
even after prolonged periods of time. The reason(s) for missed
cleavages at hydrophilic sites is unclear, but this could be the
result of a reduction of solvation at these sites in the presence of
organic solvents. Additional experiments to probe this abnormality
are currently underway.

Myoglobin and chicken ovalbumin are resistant to proteolysis
unless they are denatured, either chemically or thermally;15,16,32

however, in the presence of mixed solvents, both of these proteins
are readily digested, which suggests that the solvent system
induces significant structural changes. Initially we were surprised
to find that a difficult-to-digest protein such as myoglobin was
efficiently digested after only 1 h. We then performed a series of
time-course studies and found that myoglobin was efficiently
digested after only 5 min. For example, using an 80% acetonitrile
solution, myoglobin yielded 15 peptide ion signals corresponding
to 68% of the amino acid coverage. The aqueous digest requires
∼14.5 h to yield similar amino acid coverage (52%, data not
shown). We attribute the accelerated digestion to denaturation
of the protein (in this case, myoglobin or ovalbumin), but we
cannot rule out the effects of increased solubility of the peptide
fragments.

The number of digest fragments detected for an 11-component
protein mixture in mixed solvent were more than adequate for
protein identification using HR-MALDI-TOFMS and database
searching (hemoglobin â had the lowest number of mass peaks,
5). Conversely, we could only identify 6 of the 11 proteins in
digests performed using aqueous solution, and aqueous digest
generally resulted in lower amino acid coverages (see Table 1).
The average increase in amino acid coverage is 21%, with the
highest increase being from 0% to 85% (ubiquitin).

The activity of trypsin toward digestion of cytochrome c was
monitored while increasing the fraction of organic solvent and
measuring the abundances of peptide fragments in the HR-
MALDI-TOF mass spectrum. Under conditions used for this work,
trypsin maintains proteolytic activity in mixed-solvent systems up
to 80% organic, in agreement with findings of Simon et al.26 For
example, Simon and co-workers investigated the enzymatic
activities of the hydrolytic enzymes trypsin, chymotrypsin, car-
boxypeptidase, and lipase in an organic-aqueous solvent mixture
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Figure 2. (A) Myoglobin digest in water after 5 min, (B) myoglobin
digest in water after 1 h, and (C) myoglobin digest in 80% acetonitrile
after 5 min.

Table 1. Yield of an Aqueous Solution Digest
Compared to One in a Methanol-Water Solution

amino acid coverage, %

protein digest, water digest, methanol-water

rabbit phosphorylase 0 14
bovine serum albumin 13 17
bovine hemoglobin R 21 41
bovine hemoglobin â 30 46
rabbit aldolase 9 7
chicken ovalbumin 0 17
rabbit carbonic anhydrase 0 8
horse myoglobin 0 40
horse cytochrome c 30 44
chicken lysozyme 29 43
bovine ubiquitin 0 85
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and reported that the activity of trypsin remained fairly constant
in a variety of solvents, including acetonitrile, in concentrations
up to 80% organic. We see an apparent increase in the “activity”
of trypsin, that is, we detect more digest fragments in shorter
periods of time. Whether this is an actual increase in the activity
or a combination of other factors, such as solubility of the
substrate, conformation of the substrate, or an opening of the
active site, is currently being evaluated. We should point out that
we reacted trypsin with proteins, whereas Simon et al. reacted
trypsin with the peptide mimic N-benzoyl-L-arginine ethyl ester.26

The size of this common substrate is small, and any change in
conformation under different solvent conditions is almost negli-
gible. On the other hand, the proteins that were investigated here
are relatively large, and significant conformational changes have
been reported in organic solvent systems.35,36 We also note that
Welinder’s observations are consistent with ours.23

A similar serine protease, subtilisin, has been thoroughly
studied in various organic solvent systems.24,25,37-41 These studies
show that organic solvent induces significant structural changes
at the secondary structure level,39,40 but catalytic activity of
subtilisin was still observed.24,41 Similarly, the organic solvent does
not seem to negatively effect trypsin; if it does, the denaturation
occurs over a time period that is longer than the time of the

experiment. The overall specificity of the trypsin, with the
exception of miss cleavages, as noted above, seems to be unaltered
by the solvent systems used in this study, that is, all of the masses
corresponded to peptide fragments with arginine or lysine at the
C-terminus.

CONCLUSIONS
In this report, we show that proteolysis in mixed organic-

aqueous solvent systems is highly efficient in terms of both rate
of digestion and amino acid sequence coverage. Efficient digestion
is crucial to the successful identification of individual proteins in
mixtures. The higher digestion yield for each protein correlates
to more digest fragments, thereby increasing the confidence level
of database search results. The application of this technique to
water-insoluble proteins, such as membrane proteins, could prove
to be of great benefit. Moreover, one could imagine modifying
Welinder’s experiment to separate complex protein mixtures using
reverse-phase HPLC and digesting the fractions immediately
without the removal of the solvent.23 The fractions could then be
directly analyzed by MALDI- or ESI-MS. Similarly, the works of
Welinder and Simon suggest that other proteases could show
similar enhancement of digestion in mixed-solvent systems.23,26
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