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The revolution of genomics has recently generated massive
sequence databases for entire genomes. Proteomics is the study
of the proteins encoded by these DNA sequences. The primary
techniques for proteomic analysis consist of 2-D gel electro-
phoresis followed by proteolytic digestion, mass spectrometry,
and computer-facilitated data analysis.1 Masses for proteolytic
fragments of the target protein generated by enzymatic degradation
can be measured directly with high accuracy ((0.005 Da for a
1000 Da peptide). Alternatively, liquid chromatography tandem
mass spectrometry can be used to analyze the protein digest
fragments. This information is then compared with the theoretical
proteolytic fragments predicted for proteins within a database,
and matches are statistically evaluated. The success of this strategy
relies on the existence of the protein sequence within the database,
but with the sequences of whole genomes being completed, the
likelihood for matches is high.

Two limitations of this method are the time required for
adequate proteolysis and the resistance of some proteins to
digestion. Adequate digestion with trypsin typically requires 4-24
h. In addition, many compact globular proteins exhibit resistance
to cleavage by proteases and, thus, cannot be effectively analyzed
by available procedures. These proteins are often constituents in
larger protein complexes with critical biological functions.

The primary factor affecting the proteolysis of proteins is the
mobility of protein structure,2 a process influenced by chemical
denaturants or cosolvents. Alternatively, high temperature also
has the effect of increasing flexibility and, therefore, the pro-
teolytic susceptibility of a protein.3 This thermal denaturation
process has the advantage of requiring no extra sample preparation
or purification. We have taken advantage of thermal denaturation
to generate a facile proteolysis method for identifying proteins.
The key to this method is the use of a thermophilic enzyme,
thermolysin, that exhibits optimal activity at elevated tempera-
tures.4

We utilized a substrate:enzyme ratio in the range of 100:1 to
10:1 in either 100 mM Tris-HCl or 100 mM ammonium
bicarbonate buffer, pH≈ 7.5. The cleavage reaction was incubated
in a water bath at 65°C and then analyzed by either a matrix-
assisted laser desorption/ionization time-of-flight (MALDI-TOF),
MALDI-TOF reflector, or a liquid chromatography tandem mass
spectrometer (LC/MS/MS). Using these conditions, we observed
rapid proteolytic fragmentation of myoglobin, bovine serum
albumin (BSA), cytochrome C, ribonuclease A, and a highly
interlinked capsid from Hong Kong 97 (HK97) virus. MALDI-
MS experiments were performed on a PE Biosystems Voyager
DE or DE-STR instrument. LC/MS/MS data was obtained on a
Finnigan LCQ system equipped with an Agilent HP 1100 pump

system. For time-course experiments, an aliquot of the digest was
removed, mixed withR-cyano-4-hydroxycinnammic acid, placed
on a MALDI plate and analyzed. Prior to MALDI-TOF analysis,
all samples were subjected to an on-plate wash to remove salts
by placing 1µL of ice water on the crystallized sample for 10 s
followed by removal of the water. LC/MS/MS data was acquired
on the crude digests without any further processing.

HK97 icosohedral virus capsid5 presented an interesting system
for these analyses because it has a highly stable interlinked “chain-
mail” capsid that is relatively impervious to enzyme digestion.
Our attempts at trypsin digestion of this capsid generated minimal
peptide cleavage, even after 24 h, which is consistent with a
previous report.6 However, high-temperature digestion with
thermolysin generated significant cleavage within 2 h (Figure 1).

The 1263 (1263.66) mass peptide fragment appears most
rapidly during the digestion process. This peptide corresponds to
residues 172-181 or 173-182 in the capsid sequence. These
peptides are situated at aâ-sheet interface between capsid proteins
and demonstrate this to be the first region of the virus coat to be
susceptible to denaturation.

Further experiments with BSA demonstrated that thermolysin
cleavage at elevated temperatures was rapid (<15 min) and
efficient (as determined by MALDI analysis). Subsequent tests
demonstrated that a proteolytically susceptible protein, myoglobin,
could be digested in a high-throughput format directly on a
MALDI plate. A sample of myoglobin and thermolysin were
mixed on-plate and heated to dryness (∼30 s). After the same
sample preparation and wash described above, MALDI-TOF mass
spectra were obtained. Analysis of this extremely rapid digest
demonstrated incomplete but significant digestion of myoglobin
(Figure 2). These experiments demonstrate the high efficiency
of thermolysin for proteolysis of standard proteins.

To further examine the generality of this approach with other
proteolytically resistant proteins, a digest of ribonuclease A was
examined. Ribonuclease A maintains structural stability under
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Figure 1. Thermolysin rapidly cleaves the highly interlinked capsid from
HK97 virus at 65°C. Cleavage reaction was performed for 2 h in 100
mM Tris-HCl, 10 mM CaCl2. Trypsin cleavage showed no significant
fragmentation within this time. (Inset) An image of HK97.

Figure 2. On-plate digest of apomyoglobin. A sample of apomyoglobin
was mixed with thermolysin on-plate and heated to dryness (∼30 s). After
digestion, MALDI analysis was performed usingR-cyano-4-hydroxy-
cinnammic acid matrix.
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normal cleavage conditions and rapid digestion with trypsin
requires denaturation. Thermolysin digestion at elevated temper-
atures rapidly fragmented this protein within 5 min without
chemical denaturants. A low-temperature control digest demon-
strates that elevated temperature is critical for good protein
fragmentation (Figure 3).

We then attempted a digestion on a mixture of proteins to
identify cleavage site preferences for thermolysin. A digestion
of a mixture of BSA, cytochrome C, myoglobin, and ribonuclease
A were analyzed by electrospray tandem mass spectrometry. After
a 10 min digest at 65°C, the sample was loaded onto a capillary
reversed-phase column and eluted with a water/acetonitrile
gradient. The MS/MS data was analyzed using SEQUEST based
on a database of these proteins.7 The cleavage sites were
catalogued, and all four proteins were identified accurately.
However, only one peptide from ribonuclease A was obtained.
This is probably because of the resistance of this protein to
proteolysis and the high concentration of more easily fragmented
proteins.

The cleavage propensity for thermolysin was analyzed from
all data (>130 cleavage sites identified). While the specificity of
thermolysin centers on hydrophobic residues (W, Y, F, I, L, V,
A, M),8,9 we observed that cleavages were primarily at F, L, I,
and V. We did not observe the large numbers of smaller peptides
expected from a promiscuous protease. One interpretation for this
observation is that there are likely to be structural constraints
preventing access to all possible cleavage sites.9 Ribonuclease A
retains significant structural integrity at higher temperature,10 and
it is probable that a highly interlinked virus capsid could also
retain significant structure under our cleavage conditions. This
interpretation does not account for our observations with BSA,
cytochrome C, or myoglobin. In these experiments, complete
digestion would generate many more fragments than were
observed, and BSA, cytochrome C, or myoglobin are not
thermostable. Incomplete digestion at short times could account
for some of the perceived specificity. However, even at longer
time courses, larger polypeptide fragments persisted. On the basis
of these experiments, it appears that thermolysin has greater
specificity at higher temperatures.

Specificity has been an important consideration for proteolysis
in protein identification in the past. Trypsin has been the most
commonly used protease for proteomic digestion because it

generates peptides with useful ionization and fragmentation
characteristics. Because of advances in mass spectrometry tech-
nology and the data presented above, this may not be as relevant
a consideration today. Modern mass spectrometers are capable
of accurately measuring masses to 5 ppm or less which, in some
cases, allows identification of a protein using only one or a few
peptides.11,12Thermolysin possesses enough specificity under our
conditions to generate peptides with cleavage sites at F, L, I, or
V on both N- and C-termini and allow accurate identification.
And sequence information can be obtained directly from tandem
mass spectrometry, which allows identification of virtually any
protein using proteases with any cleavage site preference.

To establish whether this methodology was capable of iden-
tification based on mass mapping, we digested both BSA and
HK97 virus capsid and obtained internally calibrated spectra for
each. The molecular masses of the fragments were obtained, and
searches were undertaken using Profound.13 Using only F, L, I,
and V as amino acid cleavage sites, we obtained an unequivocal
identification of both BSA and HK97 virus capsid proteins. These
identifications were made using the molecular mass range of
0-100 kDa, and the database searches were constrained to
mammals for BSA and viruses for HK97. Expanding the searches
to include all taxa in the mass range of 0-500 kDa did not alter
the identification significantly. These data indicate that thermol-
ysin allows for identification of proteins that would be difficult
or impossible to identify otherwise.

This facile digestion technique has been used for structural
analysis, as exemplified by the limited proteolysis experi-
ments.9,14,15 The use of elevated temperatures for these studies
have also been reported, albeit rarely. One such method was
reported for the structural identification of a thermal unfolding
event in ribonuclease A.10 These studies demonstrate that, not
only can we obtain identification information using this rapid
proteolysis method, we can obtain a degree of structural informa-
tion as well.

The use of thermolysin in protein identification, as exemplified
in this paper, is a complementary technique to the available
methodologies currently in use. This work also suggests that other
thermophilic proteases, obtained naturally or through protein
engineering, may also offer accelerated rates for reaction and
could exhibit different and enhanced selectivity. In addition,
thermophilic enzymes other than proteases could extend rapid
biochemical and analytical analysis at elevated temperature to
other important biochemical processes.

In conclusion, we have demonstrated that high-temperature
proteolytic digestion using thermolysin is a more efficient (and
general) method for protein identification of normal proteins and,
more importantly, proteins that are resistant to normal proteolysis
methods.
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Figure 3. Comparison of thermolysin cleavage of ribonuclease A at 65
°C (Top) and 37°C (Bottom) in 100 mM ammonium bicarbonate, pH≈
7.5. Cleavage reactions were performed for 5 min.
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