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Abstract

While trypsin remains the most commonly used protease in mass spectrometry, other proteases
may be employed for increasing peptide-coverage or generating overlapping peptides. Knowledge
of the accurate specificity rules of these proteases is helpful for database search tools to detect
peptides, and becomes crucial when label-free mass spectrometry is used to discover in vivo
proteolytic cleavages. Since in vivo cleavages are inferred by subtracting digestion-induced
cleavages from all observed cleavages, it is important to ensure that the specificity rule used to
identify digestion-induced cleavages are broad enough to capture even minor cleavages produced
in digestion, to avoid erroneously identifying them as in vivo cleavages. In this study, we describe
MS-Proteolysis, a software tool for identifying putative sites of in vivo proteolytic cleavage using
label-free mass spectrometry. The tool is used in conjunction with digestion by trypsin and three
other proteases, whose specificity rules are revised and extended before inferring proteolytic
cleavages. Finally, we show that comparative analysis of multiple proteases can be used to detect
putative in vivo proteolytic sites on a proteome-wide scale.
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1 Introduction

Proteases are molecular scissors that play a critical role in the regulatory processes inside the
cell as well as molecular tools in the laboratory. The defining characteristic of a protease is
its specificity, i.e. the rule that determines the selection of its cleavage-substrates.
Knowledge of specificity is important for understanding the function and mechanism of
proteases and for their laboratory applications. One such application of proteases is in the
form of digestive enzymes in mass spectrometry-based proteomics [1], where they are used
to cleave proteins into smaller peptides that are easier to analyze than intact proteins.
Trypsin is the most commonly used protease for this purpose, partly because of its well-
defined and robust specificity rules [2]. As we argued in [3], having precise knowledge of
specificity of the protease is important not only for peptide identification (many peptide
identification tools incorporate specificity rules into their search algorithms), but is also
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critical in some emerging applications of mass spectrometry such as label-free analysis of
regulatory proteolysis [4, 5, 6]. In such studies, the sample is digested with a protease with
known specificity (e.g., trypsin, V8 protease, etc.) and a regulatory protease (e.g., a caspase)
with the goal to discover the (unknown) specificity of the regulatory protease. Tandem mass
spectrometry (MS/MS) is then employed to determine all cleavages in the resulting sample.
Afterwards, one has to “subtract” expected in vitro cleavages (e.g., trypsin-induced
cleavages) from all found cleavages to identify the in vivo cleavages caused by the
regulatory proteases. However, if the model of the protease specificity is even slightly
inaccurate, these label-free studies are likely to fail. For example, while the rule “trypsin
cuts after R and K but not before P” is a reasonable description of trypsin specificity for
most applications, it becomes inaccurate if one attempts to find in vivo proteolytic sites
(since trypsin actually cuts before P albeit with reduced e ciency [3]). As a result, if one uses
an inaccurate rule for trypsin specificity, the cuts before P will not be subtracted resulting in
a surprising “discovery” of many in vivo cleavage sites before P. In reality, this “discovery”
reveals limitations of the common rule describing trypsin specificity rather than a new
protease activity. Therefore, it is important that the specificity rule used to identify
digestion-induced cleavages are broad enough to capture even minor cleavages produced in
digestion, to avoid erroneously identifying them as in vivo cleavages.

Another area that requires detailed knowledge of protease specificity is the proteome-wide
analysis of in vivo proteolytic events in the sample subjected to trypsin with the goal to infer
the natural proteolytic cleavages induced by various proteases (without attempting to infer
the specificities of individual proteases). In the past, informationabout proteolysis has been
mainly gained by performing in vitro experiments with individual proteins and proteases
that may not represent true in vivo scenarios at the proteome-wide scale. Recently, Manes et
al., 2007 [7], and Shen et al., 2008 [8] addressed the challenge of proteome-wide proteolysis
analysis in the studies of native (short) peptides in Salmonella enterica and Saccharomyces
cerevisiae. However, longer native peptides require digestion with trypsin or other
proteases, and there is still no software tool that can identify in vivo proteolytic sites from
such digests.

Determining specificity of proteases has traditionally been a strenuous experimental process,
and consequently, often limited to analysis of a small number of substrates [9].
Combinatorial library approaches address this short-coming by employing large libraries of
substrates treated by the protease [10, 11, 12], although analyzing the cleaved products from
these libraries may require use of laborious fluorescence or sequencing technology. Mass
spectrometry presents a rapid approach for sequencing a large number of substrates from a
peptide library. Recently, Schilling and Overall, 2008 [13] described peptide libraries
derived from human proteome that could be easily analyzed by mass spectrometry through
standard database-search methods. This approach, however, required the use of biotin-
labeling to separate the N-terminal and C-terminal side of the cleavage sites.

In Rodriguez et al. 2008 [3], we demonstrated that it is possible to determine accurate
specificity rules for the enzyme used for digestion in a standard mass spectrometry
experiment when analyzing large spectral datasets. This approach can be easily implemented
(even if the data were generated for a di erent purpose), without the requirement of
expensive labeling methods. In contrast to most proteomics approaches (that typically
identify peptides with FDR 1% and higher), this approach requires extremely accurate
peptide identifications (typically FDR 0.1% and lower) since even a small fraction of
incorrect assignments may contribute many (pseudo) cleavages that distort the analysis of
protease specificity. Rodriguez et al. 2008 [3] used doubly-confirmed cuts (start- or end-
points shared by two or more peptides) to arrive at a reliable set of identified peptides.
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This study extends the above label-free approach to analyze the specificity of three other
proteases used for digestion in mass spectrometry. Using multiple enzymes for digestion can
be helpful for increasing the peptide-coverage of proteins, or in applications where
overlapping peptides are desirable, such as in the construction of spectral networks and de
novo protein sequencing [14, 15]. Staphylococcus aureus V8 protease (also known as Glu-
C), chymotrypsin and CNBr are popular alternatives to trypsin. Here, we empirically derive
the known specificity rules for these proteases/reagents and present evidence for some
notable deviations from these rules, suggesting thatthe reaction specificity is not as simple as
previously assumed. We extend the specificity rules to capture even the low-propensity
cleavages detected in mass spectrometry, to minimize the possibility of digestion-induced
cleavages being identified as in vivo cleavages. This “upper-bound” approach on specificity
rules favors accuracy over sensitivity in the identification of proteolytic sites in the
proteome. We allow for the possibility that some low-propensity cleavages could arise from
non-specific activity of the protease, or due to contamination in the protease sample. By
estimating the “effective” specificity of the actual protease sample in the given experimental
conditions, instead of the hypothetical 100% pure sample under ideal conditions, we try to
minimize the possibility of false discoveries. It must be noted that our pragmatic goal is to
use the derived specificity for label-free analysis of regulatory proteolysis, rather than to
derive the specificity of “perfectly” purified proteases in a “perfect” experiment. These
specificities may vary slightly across multiple vendors and conditions (e.g., CNBr can be
used in conjunction with TFA, formic acid etc.). The levels of in-source fragmentation
(which might affect the observed cleavages) may also vary across instruments and
conditions. The approach presented here attempts to offset these variations in specificity
within the given experimental samples, for follow-up analyses of regulatory proteases using
data generated under the same conditions.

While Rodriguez et al. 2008 [3] introduced the doubly-confirmed cleavages to infer reliable
cleavage sites, we illustrate that it is possible to determine equally reliable but significantly
larger list of cleavage sites using MS-GeneratingFunction [16]. We show that comparative
analysis of multiple digests allows one to reliably identify N-terminal methionine excisions,
signal peptide cleavages and other putative proteolytic events using our MS-Proteolysis
software tool. Multiple protease digests provide independent evidence to confirm in vivo
proteolytic sites and differentiate them from computational or experimental artifacts. MS-
Proteolysis can be used to analyze any MS/MS dataset (including ones that were not
generated to study proteolysis) to discover in vivo proteolytic events.

2.1 Culture Conditions and Cell Lysis

The following chemicals used, unless otherwise noted, were obtained from the Sigma-
Aldrich Company (St. Louis, MO) and were of analytical grade. Wild type Shewanella
oneidensis strain MR-1 was cultured and grown on M1 media without Ca2+, with FeNTA +
Se. The media also contained 30 mM PIPES, 30 mM lactate, and 30 mM fumarate. The cells
were grown aerobically (100 mL each) in 1 liter flasks at 30°c and at 120 RPM for 20 hours.
The OD600 for the cell culture at the time of harvest was 0.765 (4 x C cells/mL). Cells
were harvested via centrifugation at 6000 x g for 5 minutes. The supernatant was decanted
and the cells were washed with 25 mL wash buffer (20 mM HEPES, pH 7.4, + 150 NaCl)
and re-centrifuged at 6000 x g for 5 minutes. The supernatant again was decanted and 1 mL
of wash buffer was added to the pellets. The pellets were again centrifuged at 6000 x g for 5
minutes and the supernatant was aspirated and the cells were frozen in liquid nitrogen and
stored at x80 °c until ready for lysis. Lysis was achieved by beadbeating the cells suspended
in a volume of nanopure water which was 2 x the volume of the cell pellet. The cells were
vortexed into a suspension and were beadbeated with 0.1 mm zirconia/silica beads in a mini-
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beadbeater (Biospec, Bartlesville OK) for 90 s at 4500 rpm. Lysates were collected and
placed immediately on ice to inhibit proteolysis.

2.2 Protein Mass Determination and Addition of an Internal Protein Standard

The protein concentration of each whole cell lysate were measured using a Coomassie Plus
protein assay (Pierce, Rockford, IL) using a bovine serum albumin standard. A measured
volume of each sample was transferred to a new 1.5 mL microfuge tube and thus the total
protein mass was known for each tube. 1 mg of apomyoglobin (equine), 0.363 mg of
cytochrome ¢ (bovine) and 0.210 mg of G-2-PHD (rabbit) was added to 1 mL total volume
of nanopure water. This was the internal protein reference standard used in the samples to
ensure that replicate analysis and instrument performance in time was consistent. To each
whole protein samples 10 xL (15.73 ug) of the internal protein reference was added to every
984 ug of sample. Each lysate was then divided into 5 aliquots of equal and known protein
mass (700 ug) and each aliquot was placed into a new 1.5 mL microfuge tube and all
samples were dried down completely using centrifugation under vacuum.

2.3 Chymotrypsin Digestion

An aliquot from each cell lysate was digested with sequencing grade chymotrypsin
(Promega, Madison WI) in accordance with manufacturer’s guidelines except as noted.
First, 150 xL of freshly made 8 M urea and 1.5 uL of Neutralized TCEP (Bond Breaker,
Pierce, Rockford IL) was added to the sample. TCEP has been successfully demonstrated for
use as a disulfide reducing agent in this concentration in many prior proteolytic
experiements [17]. The samples were sonicated for about a minute in a sonicating water bath
to solubilize the samples. The samples were diluted 10-fold with freshly made 50 mM
ammonium bicarbonate, pH 7.8 (manufacturer guidelines suggested the pH range of 7.0-9.0
for optimal chymotrypsin activity) and CaCl, was added to be at a final concentration of 1
mM. Chymotrypsin was added in a 1:75 protease to sample protein ratio. Proteins were
digested for 5 hours at 37 °c (also previously used [18]). Alkylation was performed in the
dark with the addition of iodoacetamide at a final concentration of 20 mM for 1 hr at room
temperature. The peptides were then desalted immediately after alkylation as described
below.

2.4 Staphylococcus aureus V8 protease Digestion

An aliquot from each cell lysate was digested with Staphylococcus aureus V8 protease
(ThermoScientific-Pierce, Rockford IL) following manufacturer’s guidelines except as
noted. 150 uL of freshly made 8 M urea and 1.5 uL of Neutralized TCEP (Bond Breaker,
Pierce, Rockford IL) was added to each sample (as described above for chymotrypsin). The
samples were sonicated for about a minute in a sonicating water bath to solubilize the
samples. The samples were diluted 10 fold with freshly made 100 mM sodium phosphate,
pH 7.8 (recommended by the manufacturer to target proteolytic cleavage at both glutamic
and aspartic acid residues) and CaCl, was added to be at a final concentration of 1 mM. V8
protease was added in a 1:20 protease to sample protein ratio. Proteins were digested for 5
hours at 37 °c, as recommended by the manufacturer. After digestion, the peptides from the
V8 protease digest were alkylated with iodoacetamide at a concentration of 20 mM rotating
in the dark at room temperature for 30 minutes.

2.5 CNBr Digestion

An aliquot from each cell lysate was digested with cyanogen bromide. Each lyophilized

sample (700 ng) was resuspended in 120 uL of 4% CHAPS in nanopure water and 1.5 uL of
Neutralized TCEP (Bond Breaker, Pierce, Rockford IL) was added. CHAPS was previously
found to be a useful detergent which is easily removed prior to mass spectrometric analysis,
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and was, therefore, selected to aid in the solubilization of the proteins [19]. The samples
were incubated at 60 °c for 30 minutes. 240 xL of formic acid was added to each sample and
40 uL of a CNBr solution (1 mg/mL CNBr/formic acid) was added. The samples were
vortexed and incubated in the dark at room temperature for 5 hours. The digests were
lyophilized in a centrifugal vacuum to dryness. Then 200 xL of freshly made 50 mM
ammonium bicarbonate was added along with 1.5 L of TCEP and 10 xL of 36 mg/mL
iodoacetamide in water. The samples were alkylated with the iodoacetamide in the dark for
30 minutes at room temperature.

2.6 Peptide Concentration and Cleanup

Immediately desaltation following alkylation allowed controlling the reaction time of
alkylation [19, 20]. The chymotrypsin and V8 protease digests were desalted using Supelco
(St. Louis, MO) Supelclean C-18 tubes as described elsewhere [21]. Since CHAPS used in
CNBr digests binds to C-18 [22], this method was not applied to CNBr digests. Instead,
Supelco Supelclean SCX tubes were used to desalt the CNBr digests, as described here. The
digestion mixture pH was adjusted to 3.5 by the addition of dilute acetic acid and an equal
volume of 10 MM ammonium acetate, pH 3.5 with 25% acetonitrile. The resin was
conditioned with one column volume of acetonitrile followed by one column volume of 25%
acetonitrile in 10 mM ammonium acetate, pH 3.5. After the peptide mixtures were loaded
onto the resin, the peptides were washed with six column volumes of the same 25%
acetonitrile in 10 mM ammonium acetate, pH 3.5. Peptide elution was accomplished with
one column volume of 35% acetonitrile in 500 MM ammonium acetate, pH 8.5, followed by
100% acetonitrile. All eluted peptides were concentrated via speedvac (ThermoSavant, San
Jose CA) until protein concentrations were 1.0 mg/mL. Peptide concentrations were
determined by BCA assay (Pierce, Rockford IL) with a bovine serum albumin standard.

2.7 SCX Fractionation, Capillary LC Separation and Data Acquisition

3 Results

300 ug of each desalted digest were separated with a strong cation exchange (SCX)
fractionation as described elsewhere [23] with the exception that 50 fractions were collected
for each sample. All SCX fractions were then separated by an automated in-house designed
HPLC system as summarized elsewhere [21, 24] and were eluted directly into an ion trap for
MS/MS as described below. The eluate from the HPLC was directly electrosprayed into an
ion trap MS (LCQ, ThermoFinnigan, San Jose, CA) using electrospray ionization (ESI). For
the MS/MS detection, the peptide material obtained from each SCX fraction was
resuspended in 10 xL of nanopure water and was then loaded onto the reversed phase
column for each analysis. The mass spectrometer operated in a data-dependent MS/MS
mode. The peptide fractions produced from the SCX peptide separations were analyzed with
one full m/z range (400-2000) each. The details of the data acquisition are described
elsewhere [25].

3.1 Peptide Identification

High-throughput LC-MS/MS experiments (see Methods) generated 1.51 million, 1.24
million and 1.54 million spectra for Shewanella oneidensis MR-1 sample digested with V8
protease, chymotrypsin and CNBr respectively. These spectra were analyzed with InsPecT
[26], as previously described in Rodriguez et al., 2008 [3], using the default settings
(fragment ion tolerance of 0.5Da and parent mass tolerance of 2.5Da, fixed modification of
+57 Da on cysteine). We used the scoring function model that was not specific to any
particular digestion enzyme, so that the peptide identifications are not biased by prior
knowledge of their cleavage specificities. Shewanella oneidensis MR-1 protein sequences
obtained from TIGR Comprehensive Microbial Resource, were used as the protein database
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(total size ~1.5MB). A decoy database of the same size (containing shuffled protein
sequences [27]) was used to estimate the peptide-level False Discovery Rate (FDR) and
limit it to 5% (the spectrum-level FDR is less than 2%). 31630, 9390 and 5317 peptides
were identified in V8 protease, chymotrypsin and CNBr digests respectively.

The use of delta scores (difference between the highest and the second-highest scoring
peptides for a given spectrum) in scoring functions makes the scoring dependent on the size
of the sequence database. This might be a concern when using small bacterial databases with
search tools like Sequest and InsPecT, but not with database-independent scoring functions
such as MS-GeneratingFunction [16]. Using MS-GeneratingFunction at the stringent 0.1%
FDR, 19868, 6388 and 3442 peptides were identified in V8 protease, chymotrypsin and
CNBr digests respectively. We also analyzed the previously published Shewanella samples
digested with trypsin [28] with MS-GeneratingFunction and identified 32531 peptides at
0.1% FDR.

MS/MS spectra from trypsin digests of Saccharomyces cerevisiae proteome were obtained
from the PeptideAtlas repository [29], and analyzed using InsPecT and MS-
GeneratingFunction as in the case of Shewanella. 7488 peptides were identified at 0.1%
FDR.

3.2 Reliable cleavage sites

Each identified peptide reveals two cleavage sites through its end-points. A doubly-
confirmed cleavage site is defined as a position in the proteome which is an end-point for
two or more identified peptides [3]. 8635, 2146 and 866 such sites were identified for V8
protease, chymotrypsin and CNBr digests respectively. To ensure that the peptides
considered in this analysis are produced by the protease and not by post-digestion breakup, a
filtering step is applied before constructing the final list of doubly-confirmed cleavages [3].
In Rodriguez et al., 2008 [3], the error rate for doubly-confirmed sites was found to be only
0.1% when the peptide level error rate was 5%, as in this study. Therefore, less than 9
among all doubly-confirmed cleavages in V8 protease, 2 in chymotrypsin and 1 in CNBr are
expected to be false positive identifications.

A protease substrate is conventionally labeled as ..P5, P4, P3, P2, P1, P1’, P2', P3', P4’, P5'..,
where the cleavage is between P1 and P1’ positions. The commonly used specificity rules
for the three proteases studied here are based on the amino acid at P1 position. V8 protease
is known to cleave after acidic residues D and E [30, 31], CNBr is known to cleave after M
[32] and chymotrypsin is known to cleave after aromatic amino acids Y, F and W and
partially after L [33]. To compare these rules with the cleavages observed in our dataset, we
analyze the fraction of different amino acids at the P1 position (Table 1). Figure 1 illustrates
that the amino acids expected at the P1 position by known specificity rules are indeed highly
over-represented at that position in our identified cleavages, thus supporting the rules as well
as showing that our mass spectrometry-based approach can independently derive the
specificity rules without prior knowledge. We now focus on the disagreements between the
two to see if the observed cleavages can be used to extend the known specificity rules for
these proteases to include even the low-propensity cleavages.

To extend the analysis from just P1 position to a longer motif around the cleavage site, we
constructed the sequence logos [34] for regions containing P15 to P15’ positions, shown in
Figure 2. The figure indicates that P1 position indeed plays the dominant role in determining
the specificity of all three proteases. P1’ position reveals a small signal, which might
represent a secondary preference contingent upon P1 position. To analyze this, we
categorize each cleavage site by the pair of amino acids (di-AA) between which the site is
located (P1 and P1’ positions). The observed frequency distribution for di-AAs flanking the
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cleavage sites can be used to better infer the specificity of the protease used for digestion
[3]. Since not all di-AAs are equally likely to occur in the proteome, we normalize their
observed frequencies by their background amino acid frequencies in Shewanella proteome.
Supplementary Table 1 provides the list of the 400 di-AAs for each protease, sorted in the
decreasing order of their normalized frequencies. In the following three sections, we use this
data to analyze specificity rules for each protease in detail. We will use the notation X.Y to
represent a di-AA, where X is the amino acid at P1 position and Y is the amino acid at P1’
position (use of * for X or Y indicates that any amino acid can be present at that position).

3.3 V8 protease specificity

V8 protease is expected to cleave after D and E [30, 31], as is also observed in our data
(Figure 1). The figure also shows that cleavages after E are more likely than cleavages after
D, in agreement with previous observation [35]. Austen et al., 1976 [35] claimed that the
protease does not cleave between E and P, while such cleavages were supported by
Houmard et al., 1972 [30]. We find that E.P di-AA has rank 33 among all di-AAs, well
ahead of many D.* cleavages like D.Q and D.R. In fact, the relative frequency of E.P cut is
similar to the relative frequency of E.Q cut (rank 27). This suggests that V8 protease does
cleave between E and P, although the propensity of such cleavages is lower than other E.*
sites. We also notice very low propensity of E.E, D.D, and D.E cleavages suggesting that in
such cases V8 cleaves after the second amino acid. In contrast, however, E.D cleavage is
frequent.

While the standard rule suggests that the top 40 di-AA cleavage sites should be D.* and E.*,
followed by a random mix of other di-AAs, we surprisingly find 7 G.* cleavages (G.A, G.S,
G.M, G.H, G.T, G.G, G.N) among the top 50. This leads to a new hypothesis that V8
protease also cleaves after G, although less efficiently than after D and E. Cleavages after G
have not been previously reported for this protease. Since these cleavages are observed only
in the V8 protease digests and not other proteases (see Table 1), it is unlikely that all of them
(393) could represent in vivo proteolytic cleavages present in the proteome before digestion.
We constructed the sequence logo to look at the sequence patterns around cleavage sites that
have G at P1 position. Figure 3 shows the sequences logo for these sites, and for
comparison, the logo for sites that have E at the P1 position. While the sites with E at P1
show only modest preferences at P1’ position and none at other positions, the sites with G at
P1 position show a larger motif involving P2, P3, P1’ and P2’ positions. For example, F and
Y are over-represented at P2 position while A is over-represented at P3, P1" and P2’
Relatively lower preference for G, as compared to D or E, at P1 position may indicate that a
longer sequence motif is needed for these sites to be recognized by the protease. To ensure
that these trends observed for G are specific to cleavages and do not reflect a general
preference of G to co-occur with certain amino acids, we constructed the sequence logo for
all positions containing G in whole Shewanella proteome. Figure 3c shows that there is no
such bias in the proteome; therefore, the patterns observed here are specific to the cleavages.

3.4 CNBr specificity

CNBr is known to cleave after M [32], and this is also clearly visible in the observed
frequency table (Table 1). Note that although CNBr is a chemical, unlike other proteases
analyzed, we will continue to use the notation of P1, P1’ etc. for positions around cleavage
sites for convenience. It appears that cleavages are less likely when the amino acid at P1'
position is Q or T. No cleavages are observed between M and M, which indicates that in
such cases of adjacent possible cleavage sites, CNBr cleaves at the second site. We also do
not see any cleavages between M and W, and between M and C; however, this may be
because of the low frequency of these di-AAs in the proteome.

Proteomics. Author manuscript; available in PMC 2011 November 20.
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While cleavages with M at P1 position are predominant in the observed list of di-AA pairs,
we find that CNBr also shows a minor preference for R and K at P1 position (Figure 1). In
fact, among the ranks 15 to 55 of top di-AA pairs for this protease (Supplementary Table 1),
16 have K at the P1 position while 17 have R at the P1 position (while only 2 of each type
were expected by chance). This suggests that besides its primary specificity, CNBr may also
have a small propensity to cleave after the basic amino acids. Table 1 shows that while R
and K have some preference to be at P1 position in all proteases, the trend is particularly
strong for CNBr indicating the role of protease in these cleavages. Even if these low-
specificity cleavages are specific to sample processing in mass spectrometry (including the
possibility of trypsin contamination), it is useful to include them in the “effective”
specificity rule of CNBr in this context so that they are later not identified erroneously as in
vivo proteolytic sites.

3.5 Chymotrypsin specificity

Figure 1 indicates that chymotrypsin cuts after a number of different amino acids.
Chymotrypsin is usually expected to cleave after F, Y and W [33]. However, this rule is not
unanimous, and some studies also include L in this list [13]. While F and Y stand out at P1
position, we observe that the preference for H, K, L, M and R at P1 is comparable to the
preference for W (after adjusting for background distribution of amino acids). Constructing
a sequence logo for these unexpected sites (Figure 4(b)) indicates that positions P3, P2, P1’
and P2’ are relatively more important for specificity at these sites than for the expected sites
with F, Y or W (Figure 4(a)). Alanine is found to be the most commonly present amino acid
at these positions among the unexpected sites, indicating its possible role in determining the
specificity. While we cannot totally discard the possibility of trypsin contamination in these
samples, we argue that if such contamination is commonplace, it is practical to include R
and K in the empirical specificity rules of chymotrypsin (and subtract the cleavages with R/
K at P1), especially when using mass spectrometry for discovery of in vivo proteolytic
events.

3.6 Using MS-GeneratingFunction for identifying cleavage sites

When using mass spectrometry-derived peptides to infer the specificity of proteases, it is
critical to have extremely low error rates at the peptide level. This becomes even more
important when the goal is to analyze the secondary (lower frequency) cleavage preferences,
to minimize the possibility that erroneous peptide identifications are mis-attributed as
secondary cleavage sites. The notion of doubly-confirmed cleavage sites allowed us to limit
the analysis to very reliable cleavage sites [3]. However, this approach may be too
restrictive, since we do not always expect multiple peptides to begin or end at all real
cleavage sites in the proteome (particularly for low-abundance proteins).

Below we suggest that the same level of stringency can be achieved with even higher
sensitivity, if one can control the False Positive Rate (FPR) of individual Peptide-Spectrum
matches, without restricting to doubly-confirmed cuts. Recently, Kim et al., 2008 [16]
described MS-GeneratingFunction approach that computes the FPR of individual peptide
identifications, as opposed to the False Discovery Rate of all peptide identifications
computed using the standard target-decoy approaches. MS-GeneratingFunction, therefore,
not only controls the overall error rate but also ensures that every individual peptide
identification selected above the threshold is reliable. In particular, it identifies a much
larger number of peptides with virtually 0% FDR (i.e, no peptides identified in decoy
database for the same score threshold) than other popular tools (see [16]).

We used MS-GeneratingFunction to calculate the FPR of peptide identifications for each of
the three proteases, and thresholds were chosen to limit the FDR to 0.1% (at par with
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doubly-confirmed cuts). From each identified peptide, a cleavage was inferred at its N-
terminus. We noticed that cleavages at C-termini show increased frequency of basic amino
acids (R/K) at P1 position (perhaps due to ionization bias and/or detection preferences of
existing MS/MS database search tools) and, therefore, were not included in the current
analysisl. Note that similar over-representation of carboxy-terminal R and K residues in
peptide identifications has been previously reported in native peptides even in absence of
trypsin digestions [7]. For each of the Supplementary Tables 2A, 3A and 4A (described
below) generated using N-terminal cleavages of peptides, additional Supplementary Tables
2B, 3B and 4B are also provided showing the corresponding data using both N-terminal and
C-terminal cleavages.

Possible post-digestion breakup products of intact peptides were filtered off as described
earlier [3]. 13116, 5116 and 2698 cleavage sites were detected in V8 protease, chymotrypsin
and CNBFr digests respectively, a significant increase compared to the doubly-confirmed
cleavage approach. Supplementary Table 2A shows the distribution of amino acids at the P1
position in these cleavages for each of the 3 proteases, and confirms the specificity trends
obtained with doubly-confirmed sites in Table 1.

Thus, MS-GeneratingFunction can be used to detect reliable cleavage sites with the same
stringency and accuracy as doubly-confirmed cleavages. The larger list of cleavage sites
obtained through this approach, however, can be particularly valuable for detecting in vivo
proteolytic events, as discussed in the next section.

3.7 Detection of putative in vivo regulatory proteolytic sites

While most of the cleavages detected in the proteome (after discarding the post-digestion
breakup products) are generally expected to be produced by the protease used for digestion,
biological samples may also contain some in vivo cleavages representing N-terminal
methionine excisions, removal of signal peptides, and other regulatory proteolytic events.By
subtracting the cleavage sites explained by the specificity of the protease (e.g., cleavages
after R and K for trypsin), one can filter the list of all cleavage sites to find candidates for
such in vivo proteolytic events [28]. However, extra evidence is usually required to confirm
these candidate sites as regulatory proteolytic sites. For example, Gupta et al., 2008 [6]
compared candidate sites from three Shewanella species to find a set of evolutionary
conserved putative proteolytic sites. Here, we argue that detection of a cleavage site across
different digests of the same proteome can also provide evidence to confirm in vivo
proteolytic sites.

From the list of cleavage sites obtained by MS-GeneratingFunction at 0.1% error rate, the
sites explained by the protease specificity were excluded. The specificity rules were kept
broad (based on the results obtained above) to minimize the possibility of any in vitro
cleavage being considerd as an in vivo cleavage. We excluded all cleavages with the
following amino acids at P1 position: D/E/G for V8 protease, M/R/K for CNBr, and F/Y/W/
L/R/K/M/H for chymotrypsin. Besides the three proteases analyzed in this study, we also
used trypsin as the fourth protease for increasing the coverage, using data from Gupta et al.,
2007 [28] (sites with R/K at P1 position were excluded [2]). 6226, 3728, 627 and 561
candidate proteolytic sites were detected in trypsin, V8 protease, chymotrypsin and CNBr
digests respectively (using only N-terminal cleavages, as discussed in the previous section).
513 of these cleavage sites were found in two or more protease digests, including 28 that
were found in three, and 3 that were present in all digests (Supplementary Table 3A). The

INote that trypsin contamination alone does not explain this bias, since in that case, even the cleavages at N-termini of the peptides
are expected to show similar preference for R/K at their P1 position, even if those R/K residues are not present in the detected

peptides.
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complete lists of candidate proteolytic sites identified from each digest are provided in
Supplementary Table 4A.

One of the 3 sites found in all digests is between A23-A24 in protein SO1164 (dacA-1). This
site represents signal peptide cleavage site that was also predicted by SignalP and PrediSi
[28, 36]. Another site detected in all digests is between A52-K53 in protein SO4509
(formate dehydrogenase, alpha subunit), which was previously detected in orthologous
positions in two Shewanella species [6]. The third site is between T106-A107 in SO0417
which is annotated as putative pilin, and no prior knowledge is available for this protein. It is
noteworthy that among the 513 sites present in two or more digests, 111 have A at P1
position, indicating the presence of many signal peptides, which are known to have a strong
preference for A at P1 position in bacteria [28, 36].2 Similarly, while one would expect false
sites to be distributed uniformly across the lengths of the proteins, the sites with A at P1
position tend to appear in the first 40 positions (as expected for signal peptides). Given an
average length of 2300 residues for Shewanella proteins, we expect only 2 of the 513 sites
to start at the second position of the proteins by chance. However, we find 55 cleavage sites
at this position indicating the presence of many N-terminal methionine excisions (NME)
[28]. Comparative analysis of multiple digests, therefore, is a promising approach for
reliable identification of regulatory proteolytic sites.

One can observe that many cleavage sites detected by MS-Proteolysis belong to highly
expressed proteins. For example, the translation elongation factor Tu (tufB) has so many
identified peptides (230) that they result in appearance of 21 putative cleavage sites in tufB
generated by MS-Proteolysis. However, while tufB is known to undergo proteolysis in
bacteria [37], most of these sites are likely to represent artifacts rather than real proteolytic
events. For example, various degradation variants of a highly expressed protein may be
detectable via MS/MS thus resulting in an artificial appearance of a cleavage site [8]. Since
in vivo proteolytic events in such proteins are difficult to distinguish from artifacts, MS-
Proteolysis generates an additional table that excludes all highly expressed proteins3 and
reports only the remaining peptides. This filtering results in a set of 242 putative sites shown
in Supplementary Table 5A. Figure 5(a) shows the distribution of the starting positions of
the detected cleavage sites and reveals pronounced peaks at the beginning of the protein
(NME) and around position 25 (signal peptides). We further removed from consideration
NME sites expected from NME specificity rules [28] and signal peptide cleavage sites
predicted by SignalP (Supplementary Table 5 lists the resulting 175 putative cleavage sites)
and generated Figure 5(b) similar to Figure 5(a). Figure 5(b) still shows (a smaller) peak
around position 25 indicating that SignalP failed to correctly predict some signal peptides.
The peak becomes more pronounced, as shown in Figure 5(c), if we look at only the most
upstream sites in proteins, indicating N-terminal proteolytic events like NME and signal
peptide cleavage.4 Therefore, MS-Proteolysis is a useful tool for detecting the proteolytic
events that software tools like SignalP miss. Since little is known about regulatory
proteolysis in Shewanella apart from NME and signal peptides (CutDB database [38] does
not report any proteolytic events in Shewanella), it remains to be verified which of these 175
putative cleavage sites represent in vivo proteolytic events. However, analysis of these sites
reveals surprising biases that may warrant further studies. 33 out of these 175 sites have
form A.* (19% of all sites) with surprisingly many A.A (11) and A.S (6) cleavages. While
some of these sites may correspond to signal peptides missed by SignalP, others do not fit

20ne would expect only ~ 30 cleavage sites containing A at P1 by chance.

E.g., proteins that have over threshold = 50 identified peptides (threshold can be set to a different value by the users depending on
the levels of protein degradation in their samples)

If the most upstream peptide identified in a protein (in a trypsin-digested sample, for example) starts at a non-tryptic position, it
provides evidence for an N-terminal proteolytic event in the protein [28].
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the profile of typical signal peptides and may reflect a still unknown proteolytic activity.
Other surprisingly frequent cleavages are represented by Q.A and T.A (while these
cleavages are expected to appear less than once by chance, they appear 6 and 7 times,
respectively).

Supplementary Table 3A does not contain any site with K or R at P1 position, since these
residues were included in the specificity rules for trypsin, CNBr and chymotrypsin digests,
leaving only V8 protease that could identify such sites as candidates for in vivo proteolysis.
Since we require a candidate proteolytic site to be identified in at least two digests, these K/
R sites could not make it to the final list. However, some K/R sites may represent in vivo
proteolytic sites, and we provide the list of all sites with K/R at P1 position that were
identified in at least two of CNBr, V8 protease and chymotrypsin digests in Supplementary
Table 6.

We also analyzed yeast (S. cerevisiae) proteome with MS-Proteolysis using trypsin digests.
7488 yeast peptides (identified with 0.1% FDR) yielded 11851 cleavage sites
(Supplementary Table 7A), of which 1047 were not explained by trypsin specificity
(Supplementary Table 7B) and represented candidates for in vivo proteolytic sites. One of
the tryptic cleavage sites is listed in CutDB database for S. cerevisiae, corresponding to the
cleavage by protease Kexin between positions R40-Y41 in the protein Exglp [39]. Having
only a small overlap between annotated proteolytic sites in CutDB and sites revealed by MS/
MS in yeast may be indicative of (i) limited coverage of proteolytic sites in CutDB, (ii) the
fact that some proteolytic events are not represented in MS/MS sample since they appear
only under specific conditions, and (iii) peptide detectability limitations in MS/MS analysis
[40].

4 Discussion

Mass spectrometry is a reliable technology to determine the specificity of enzymes. We had
previously demonstrated its application for trypsin [3], which was known to be very specific
[2]. Here, we studied the specificity of V8 protease, chymotrypsin and CNBr, validated the
known specificity rules, and found some interesting deviations from these known rules for
the conditions used. We are not claiming that the observed deviations from the canonical
specificity rules represent the native specificity of the perfectly purified samples of these
reagents, and we acknowledge that the observed deviations could vary across vendors or
conditions. However, a typical mass spectrometry laboratory works with “real” rather than
“perfect” reagents and thus it is important to have a pragmatic rather than idealistic method
of deducing specificity. We argue that these pragmatic, rather than idealistic, rules for
specificity may be more useful for downstream applications. Knowledge of these deviations
is important for setting up parameters in database searches and for analysis of regulatory
proteolysis using mass spectrometry. It is important to include all possible low-propensity
cleavages produced by digestion-enzymes during mass spectrometry in the effective
specificity rules of the enzyme, so that they are “subtracted” out from the list of possible
cleavages when identifying in vivo proteolytic sites. Using comparative analysis of multiple
proteases, we identified a set of putative in vivo proteolytic cleavage sites in Shewanella,
which represent strong candidates for verification by future experiments. While some of
these sites may represent various experimental and computational artifacts rather than than
proteolytic cleavages, MS-Proteolysis represents the first step towards utilization of vast
MS/MS datasets for studies of proteolysis.

Reliable peptide identifications are important for accurate determination of protease
specificity from mass spectrometry. While we used ion-trap mass spectrometers to generate
data for this study, we were able to keep the error rate extremely low by using doubly-
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confirmed cleavages or MS-GeneratingFunction. For future studies, using high precision
instruments will be of additional help in detecting reliable cleavage sites. In the present
study, we used In-sPecT database search without allowing optional modifications, and this
approach proved capable of high-throughput detection of proteolytic cleavages. Future work
could also include examination of modified peptides, especially for detecting proteolytic
cleavages that are often accompanied by post-translational modifications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fraction of different amino acids at P1 position in the doubly-confirmed cleavage sites,

plotted for each of the three protease digests.
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Figure 2.
Sequence logo for the observed cleavage sites in (a) V8 protease (b) CNBr and (c)
chymotrypsin. The P1 position is numbered —1 in the logos.
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Figure 3.

(a) Sequence logo for the observed cleavages in V8 protease digests at sites that have G at
P1 position. (b) Similar logo for sites with E at P1 position. (c) Logo for all the 98,698 sites
in Shewanella proteome that contain G (placed at —1 position in the logo).
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(a) (b)

Figure 4.
(a) Sequence logo for the observed cleavages in chymotrypsin digests at sites that have F, W
or Y at P1 position. (b) Similar logo for sites with H, K, L, M or R at P1 position.
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Figure 5.

(a) The histogram of positions in the corresponding protein sequence of the proteolytic sites
in Supplementary Table 5. A bin size of 5 is used in the construction of histogram, and the
plot is truncated at position 200 for brevity. (b) Similar plot as in (a), after removing the sites
at second positions of proteins (NME) and those predicted as signal peptide cleavage sites
by SignalP. (c) Similar plot as in (b), but keeping only the most upstream peptide detected in
a protein (to infer N-terminal proteolytic events like NME or signal peptide cleavage [28]).
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Table 1

Frequency of different amino acids at P1 position in the double-confirmed cleavage sites observed for the
three protease digests. The last column indicates the background frequency (count) of each amino acid in the
entire Shewanella proteome. The amino acids defining the commonly accepted specificity for V8,
chymotrypsin, and CNBr are shown in bold. The amino acids that do not contribute to known specificity rules
but have surprisingly large counts in P1 positions of the cleavage sites are shown in italics.

Amino Acid V8 protease Chymotrypsin CNBr Background

A 215 22 30 136659
C 20 0 0 16251
D 1894 10 26 77030
E 5044 4 24 83281
F 47 431 6 57812
G 393 4 8 98698
H 23 101 3 34257
| 29 6 3 88040
K 146 209 135 75790
L 135 476 10 159360
M 39 96 448 37920
N 45 50 2 60337
P 53 0 1 59308
Q 164 48 13 71641
R 158 255 127 68627
S 90 10 8 95067
T 72 42 11 78882
\Y 32 6 6 98094
w 3 65 3 18888
Y 33 311 2 44781
Total 8635 2146 866 1460723
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