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ABSTRACT
Although resources such as the protein data bank (PDB) contain tens of thousands
of protein structures, information about a protein in a particular species (e.g. human) are
often unavailable. By identifying and aligning closely related sequences, we can infer
structural properties of a protein in one species from the structure of its relative in
another. This global homology modeling can be critical for proteomics analyses in
humans, since information from mouse, fly, and even bacterial proteins can be used to
make inferences about human proteins whose structure has not been directly determined.
We have constructed a database of high-quality alignments between all sequences
for which proteins are deposited in PDB and the set of human proteins in IPI. The
database also includes the surface area and secondary structure category of each residue
in each structure, all post-translational modifications in the structures, and the mapping
between coordinates in the PDB sequence and the other sequences. Crucially, the
database allows a set of peptides (e.g. from shotgun proteomics) to be mapped onto the
3D structures of the closest homologous proteins in PDB.
As a case study, we report our global analysis of trypsin miscleavage in two
human proteomics samples in K562 cells. We find clear differences in the propensity of
trypsin to cleave in different structural contexts, although these differences may be too
small to predict which additional peptides should be included for database search.

INTRODUCTION
Few of the estimated 100,000 proteins in the human proteome have been
structurally characterized. This lack of information hinders proteomics analyses, since
increasingly powerful techniques at the sequence level, such as shotgun proteomics [1],
cannot provide access to the structures of proteins. Although resources such as Protein
families database of alignments and HMMS (Pfam) [2] and SCOP (the Structural
Categorization of Proteins) [3] provide useful high-level classifications of the protein
family or type of fold, and therefore of the structure a protein is likely to have, these
resources are difficult to use for detailed analysis at the level of individual residues and
peptides.
In this paper, we develop a new database that relates structural information from
proteins in PDB to closely related protein sequences in humans. Because the match
criteria are extremely stringent, we can use the structure of proteins in other species to
infer characteristics of the human proteins. As a demonstration of the approach, we apply
this database to the problem of identifying likely trypsin miscleavage sites, which are an
important problem in proteomics. However, the approach is very general, and can be used
to answer many kinds of structural questions (including questions related to posttranslational modifications).
Shotgun proteomics relies on the ability to identify peptide fragments from mass
spectra. The fastest and most reliable method of performing peptide fragment
identification is to search for matches between the actual spectra and theoretical spectra
calculated from a database of sequences; two of the most popular programs for
performing these types of searches are MASCOT [4] and SEQUEST [5]. The quality of

the peptide fragment search results critically depends on the size of the sequence
database: larger databases have a much higher false positive rate, since the probability of
seeing a chance match is greater[6]. Consequently, minimizing the size of the database is
critical to ensure statistically meaningful search results.
In shotgun proteomics, proteins are digested with trypsin, a protease that cleaves
protein sequences after positive residues lysine or arginine (K or R), except when they
are directly followed by proline (P) [7]. Because the trypsin cleavage sites are
predictable, only peptides that end with a K or R and that start immediately after the
previous K or R need to be considered when searching for matches to spectra: this greatly
limits the size of the peptide database, and hence the number of comparisons. It is
necessary to use a protease because the ability of the mass spectrometer to generate
fragment ions from a full-length protein is limited. Trypsin is used because of its high
efficiency and cleavage site specificity.
Unfortunately, trypsin does not always cleave peptides consistently: trypsin can
entirely miss cleavage sites, and may only affect some sites stochastically (incorrect
cleavages that produce a peptide that does not end with K or R are extremely rare,
although such peptides can be produced by fragmentation inside the mass spectrometer).
This behavior raises a dilemma: either the database is restricted to contain only correctly
cleaved peptides, which eliminates the possibility of identifying any miscleaved peptides,
or the database is expanded to include all possible skipped cleavage sites, which would
vastly increase the false positive rate.
Consequently, identifying factors that cause trypsin to miscleave peptides would
provide a major benefit to proteomics studies, because only the peptides corresponding to

likely miscleavages would need to be added to the sequence database. In this paper, we
test several properties related to the structure of proteins to test whether these structural
features affect the rate of trypsin miscleavage. First, we test whether secondary
structures at the cleavage site, such as alpha-helix or beta-sheet, have different abilities to
resist cleavage. Second, we test whether changes in secondary structure at the cleavage
site, such as from an alpha-helix to an unstructured region, affect the probability of
cleavage. Third, we examine the surface area of both residues at the cleavage site, as well
as the difference between them, to test whether the amount of surface area or change in
surface area affects the accessibility of the trypsin molecule. We expected that cleavage
sites with a smaller surface area (i.e. that are less exposed to solvent) would show higher
rates of miscleavage, since these sites would be buried within the protein.
To test these hypotheses, we used a large data set of correctly cleaved peptides
and peptides with skipped cleavage sites (‘incorrectly cleaved peptides’) from human
K562 cells. K562 is a cell line that is a model for melanoma progression. The peptides
were annotated with one or more International Protein Index [8] identifiers, specifying
the protein sequences that contain the peptides. By mapping the correct and incorrect
cleavage sites onto protein structures, we could detect any structural differences between
the two types of sites. We only analyzed skipped cleavage sites, because incorrect
cleavage sites (cleavage at positions other than R or K) are likely to have been generated
in the mass spectrometer rather than by trypsin itself, and because the search parameters
that were used to generate the data excluded non-tryptic cleavages to minimized the false
positive rate.

Although over twenty-five thousand crystal structures have been solved as of June
2004, only a small fraction of these are from human proteins (and many proteins are
represented by multiple structures). Fortunately, many proteins in humans form families
of related sequences, and can also be clustered with related proteins in other species.
Within each cluster, we aligned PDB sequences whose structures were known with IPI
sequences whose structures were unknown, and thus were able to infer structural
similarities. In this way, we were able to map a relatively small number of known protein
structures to a large number of human proteins and thus assess the possible affects that
protein structure might have on trypsin cleavage mechanism.

METHODS
Data Sources and Programming
We downloaded the 3-dimensional protein structures (that we will refer to as PDB
files) from the Protein Data Bank [9] [10] and we downloaded the human reference IPI
sequences (version 2.18) from [11]. We used the correctly and incorrectly cleaved
peptides from human K562 cells that were characterized in a previous analysis [6]. We
used PSI-BLAST [12] to locate and cluster similar proteins in a BLAST database built
from the IPI and PDB sequences, and we used Clustal W [13] to align protein clusters
identified by PSI-BLAST. After we identified clusters with PSI-BLAST we removed
duplicate proteins from each cluster, such that every cluster contained a unique set of IPI
and PDB proteins. We built the PSI-BLAST database using only a unique set of PDB
sequences, such that proteins whose structure had been solved multiple times would only
count once in the analysis. We used a slightly modified version of the alphasurf program

of the progeom package [14], based on the alpha shape theory [15], to compute the
accessible surface area of each residue. We used the residue structure annotations from
the PDB files to study the secondary structures present at each site, and we used a
PostgreSQL database [16] to store and analyze much of the extracted and generated data.
The majority of the source code was written using the Python programming language
[17].

Trypsin Cleavage Analysis
Analysis Overview. Mapping the peptide cleavage sites onto the solved protein
structures required a complex sequence of steps. Here we give a high-level overview of
each step, and later we will describe each in more detail.
We began by extracting structure and sequence information for the solved protein
structures from the PDB files. Then, we used this information to compute the surface area
of each residue in the solved structures. Next, we built a BLAST database using human
IPI sequences along with the protein sequences we extracted from the PDB files. Then
we used PSI-BLAST to identify closely related clusters of proteins, and aligned these
clusters using the Clustal W. We used the generated alignments to map PDB residues to
corresponding IPI residues, and we used peptides from human K562 cells to find
cleavage sites within the IPI sequences. Finally, we used the residue mappings in the
alignments to compute statistics for the structural properties of the cleavage sites on the
IPI sequences inferred from the PDB structures.

Figure 1 provides an overview of this process, broken up in four stages: protein
structure analysis, cluster identification and analysis, alignment and peptide analysis, and
database grid setup and search.

Analysis Detail. We now describe each step of the analysis in greater depth. We
parallelized several of these steps (specifically, Steps 2, 4, 5 and 6) on the Hemisphere
cluster.
1. Extract PDB protein structures. All of the PDB structure files were downloaded,
decompressed, and parsed to capture the following information (for each solved protein):
atom coordinates and element names, residue and strand information, post-translational
residue modifications and comments, protein classification, species and tissue (if
available), secondary structure information, cross-database links (if available), and the
PDB identifier. In particular, this parsing provided the identity, position, and structural
category of each amino acid residue. Non-protein records (i.e. synthetics, viruses,
carbohydrates, and nucleic acids), incomplete, and invalid structures were discarded. Of
the 25960 PDB files (as of June 15, 2004), we found 14872 valid proteins composed of
29287 individual protein strands.
2. Compute protein surface area. To compute the surface area of each residue in
the PDB proteins, we used a modified version of the open-source alphasurf program from
the progeom software package. The alphasurf program takes as input the type and the
coordinates of each atom in a given protein strand crystal structure, and computes the
total surface area of each atom accessible by a solvent with a specified radius. For this
analysis, we used the radius of water (1.4 Å), since most protein molecules are found in

an aqueous environment. Several factors complicated this step, including missing and/or
mis-annotated residues in the PDB records, and restrictions on acceptable input for the
alphasurf program. After we computed the surface area of each atom, we then calculated
both the total and the normalized total surface area of each residue, strand, and protein.
Thus, from the 3D coordinates obtained in Step 1, we were able to identify the surface
area of each residue within each protein.
3. Build the BLAST Database. We used formatdb from NCBI to build a BLAST
database from the IPI protein sequences (downloaded as a flat file) and PDB protein
strand sequences (extracted from the PDB files). This BLAST database provides the
ability to search for sequences homologous to each input sequence.
4. Use PSI-BLAST to find and cluster related proteins. We ran PSI-BLAST using
very stringent e and threshold values (1E-50, indicating a probability of 10-50 that a match
at least as good would be found in the database by chance), seeded with PDB protein
strands, in order to find clusters of similar IPI and PDB proteins. We parsed and postprocessed the PSI-BLAST output into unique clusters to ensure that each PDB and IPI
belonged to exactly one cluster. Any cluster that did not contain at least one PDB protein
and one IPI protein was discarded. Further, any cluster whose IPI sequences did not
contain any mapped miscleavage sites were also excluded from the analysis. (The
miscleavage mapping steps are described below). We found 941 unique clusters
containing 4429 unique PDB protein strands and 5745 unique IPI sequences. Thus, for
each protein whose 3D structure had been experimentally determined, we were able to
find all other protein sequences that closely approximated the sequence of that protein.

5. Use Clustal W to align related protein clusters. We converted the sequences
found in each unique cluster into the FASTA input format used by the Clustal W multiple
alignment program [13]. We then aligned each cluster with Clustal W using the
BLOSUM80 scoring matrix. Thus, we were able to find the positions in each protein
sequence that corresponded evolutionarily to positions in the crystal structures.
6. Create mapping between PDB and IPI residues. We processed the alignments
generated by the Clustal W program and computed the mappings between each PDB
residue and all corresponding (aligned) IPI residues. For this analysis, we only looked at
the R or K residues and the residue immediately following an R or K residue.
Additionally, each residue in the alignment had to be mapped to the correct residue
number within each protein strand in the structure. The resulting mappings were stored
in mapping files that we later loaded onto a distributed grid of database servers. Since
there could be multiple PDB strands and multiple IPI sequences in each alignment (up to
hundreds of either type), the resulting mapping files ranged from very small to very large.
We used several optimizations to reduce the cubic worst case running time of our
mapping algorithm. Thus, for each residue in a sequence in IPI, we could find the
corresponding residue in the crystal structure of the protein it matched most closely.
7. Analyze peptides for correct and incorrect cleavage sites. We found cleavage
sites using the peptides from the human K562 cells. We defined an incorrectly cleaved
site as an R or K residue that was inside the peptide but not followed by a P residue
(since KP and RP dipeptides are known not to cleave). Multiple R and/or K residues at
the end of a peptide were not considered miscleavage sites. Correctly cleaved sites are
defined as the last residue R or K residue in a peptide, and the R or K residue

immediately preceding the first residue in the peptide. The types and the indices of the
cleavage sites within each peptide are stored in the database. We define the cleavage site
as the peptide bond between the residues that are cleaved, typically after the C-terminus
of an R or K residue and the N-terminus of the following residue. If a particular site is
found to be both correctly and incorrectly cleaved, we defined this type of cleavage site
to be “both” (incorrectly and correctly cleaved). The sites that were cleaved after residues
other than R or K were excluded from this analysis, since few peptides containing such
sites were present in our sample. Thus, we were able to identify which positions within
peptides were always, sometimes, or never incorrectly cleaved.
8. Map peptides to IPI proteins. We used the mappings between each peptide and
its corresponding IPI proteins that were provided byWilliam Old and Katheryn Resing
(pers. comm.). We independently verified each mapping, and the stored the locations of
each peptide within each IPI sequence in the database. We discarded any peptide
mapping that could not be verified. Thus, we located each peptide within the protein
sequence or sequences from which it came.
9. Map cleavage site residues onto cluster IPIs. We then used the mapping from
the cleavage sites to peptides and the mapping from peptides to IPI sequences to compute
the locations of the cleavage site residues within each IPI. We restricted the mapping to
just the IPI proteins that appeared in one of the related protein clusters (identified by PSIBLAST) since we only care about the clustered IPIs. Thus, we could locate the peptides
using the coordinates of the clusters. Because the clusters contained the sequences whose
3D structures had been experimentally determined, this step allowed us to relate cleavage
sites to the 3D structures.

10. Distribute data to database grid, load and index databases. The data
computed in the previous steps (with the exception of the alignment mappings), that we
will call reference data, was replicated across a grid of database servers using an
asynchronous “one to all” replication scheme. Since the full alignment maps required a
significant amount of disk space we used the database grid to load, index and analyze the
cluster alignment maps in parallel. However, the amount of time and space needed for
this step can be greatly reduced by excluding all residues in the alignment mapping step
that are not R or K residues or that immediately follow an R or K residue (about 200x in
this analysis). Alignment maps were distributed to each database node in a modified
round-robin fashion to ensure equal load distribution.
11. Create denormalized tables for search. To increase search performance, we
created denormalized search tables that contained only data related to the IPI and PDB
sequences that were contained within the clusters.
12. Search and compute statistics for each cluster. Each database grid node
performed a series of local database searches on each cluster. Each search produced
information including: average surface area of each residue adjacent to a cleavage site,
total counts of each type of secondary structure (helix, beta-sheet, turn, or unknown) at
each residue adjacent to each cleavage site, the average surface area across a cleavage
site, and the average difference in surface area between residues on either side of a
cleavage site.
13. Aggregate cluster statistics and analyze results. After each database node had
completed all of its local queries, we collected the statistics on the head node. We used
these data to generate the graphs in Results below.

RESULTS
The trypsin miscleavage results provide a case study of the utility of our structure
to homologous sequence mapping, although the technique is extremely general. The
following graphs show the results of the aggregate search steps, previously described, for
both average normalized surface areas as well as for secondary structure categories. Here
we define the cleavage site as being between the R or K residue and the next residue.
We analyzed the relationship of miscleavage to several structural properties,
including: 1) The surface area of the R or K residue before the cleavage site, 2) The
surface area of the residue immediately following the cleavage site, 3) The average
surface area of both residues on either side of the cleavage site, 4) The difference, or
delta, between the surface area on either side of the cleavage site, 5) The types of
secondary structures before and after the cleavage site, and 6) Whether the type of
secondary structure changes across the cleavage site.
We used two datasets, named the Q and R sets, which were compared to a control
consisting of all real and theoretical peptides that could be generated from the proteins in
the IPI database. The Q and R sets were both extracts of the erytholeukemia cell line
K562, grown in suspension as previously described [18]. Two samples were compared:
control K562 cells and K562 cells treated with tetradecanoylphorbol acetate (TPA).
Sample preparation for mass spectrometric analysis was as described [6]. Lists of
peptides for control K562 cells (Q set) and K562 cells treated with TPA (R set) were
generated after the data analyses which employed the IPI human protein database

(http://www.ebi.ac.uk, version 2.18, updated April 10, 2003) for identification of the
accession number of the proteins for a given peptide in the set [6]. These datasets were
subsequently used for this study. Although there were more peptides/proteins in the Q set
than the R set, more of the proteins in the R set map to solved structures, and therefore
appear in the structural analysis. Consequently, we have about twice as much structural
information for the R set than we do about the Q set. This may reflect the fact that the Q
set contains lower-abundance proteins, which may make identification by mass
spectrometric methods less likely. The molecular functions of each set were visualized
using GO-Getter [19] (Figures 7 and 8) and as expected the molecular functions are
nearly identical.

Effect of residue surface area at cleavage sites on cleavage.
Figure 2 shows the effects of individual residue surface area on either side of the
cleavage site on the behavior of trypsin. For the residue preceding the cleavage site, in
both the Q set (Figure 2a) and the R set (Figure 2b), the distribution of surface area for
the correctly cleaved sites is similar to the control. In contrast, all sites that were
incorrectly cleaved at least sometimes have a greater average surface are than the
correctly cleaved sites. One difference between the Q-set and the R-set is that the series
with both correctly and incorrectly cleaved sites in the R-set has a much larger peak in
the ~.45-.55 range. This is due to a set of proteins that are present in the R set but not in
the Q set (Figure 9).
For the surface area of the residue immediately following the cleavage site, the
distributions are strikingly different. In the Q set (Figure 2c), the incorrectly cleaved sites

are much more exposed than those sites that were correctly cleaved. In the R set (Figure
2d), the distributions and peaks are similar. The major difference seems to be the
incorrect cleaved residues have a larger peak between ~.05 and .15 in the R set than in the
Q set.
Interestingly, some individual clusters showed quite different distributions of
surface areas when compared to the mean across clusters. Figure 4 shows two
representative examples, in which the relative positions of the correct and incorrect peaks
are reversed. These results suggest that specific rules for individual clusters of proteins
may better predict trypsin miscleavage than the overall pattern.

Aggregate Average Surface Area. We measured the average surface area of the
residues before and after each type of cleavage site in each of the two data sets (Figure 4).
The patterns for the Q-set and the R-set were similar, although the surface areas after the
cleavage sites for incorrectly cleaved peptides in the Q-set were slightly greater than
those in the R-set. Sites that are incorrectly cleaved clearly have a greater average surface
area both before and after the cleavage site. Interestingly, the residues before sites that are
only incorrectly cleaved have a greater average surface area than those before sites that
are sometimes incorrectly cleaved, but this pattern is reversed for the residues after the
cleavage sites.
The following pairwise differences in means of the different cleavage types
within each set and residue position were highly significant: correct vs. incorrect for the
R set and correct vs. both for the Q and R sets for the residue before the cleavage site,
and correct vs. incorrect for the Q and R sets and correct vs. both for the R set for the

residue after the cleavage site (unequal-variance two-sample t test, two-tailed p-values
ranging from 0.0025 to 0.00002). In contrast, matched differences between the Q set and
the R set were not significant (p-values ranged from 0.51 to 0.90).

Effect across cleavage sites. From the average surface area differences between
the residues before and after the cleavage site shown in Figure 4, we suspected that the
difference in surface area between the two residues for a given cleavage site might
provide more power to discriminate correctly cleaved sites from incorrectly cleaved sites.
Figure 5 shows the frequency distributions of surface area differences between the two
residues flanking each of the three types of cleavage sites (data shown are for Q and R
combined, but the individual results were essentially identical). The miscleaved sites tend
to have a higher normalized surface area than the correct cleavage sites and the control.
This effect is especially pronounced for sites which were always incorrectly cleaved.
Interestingly, the incorrect cleavage sites have twin peaks outside of the main correct
cleavage site peak, suggesting that the incorrect cleavage sites have a greater difference
in surface area across the cleavage site than the correctly cleaved sites. In other words,
when one residue is more accessible than the other, the miscleavage rate seems to
increase. The general trend that the R or K residue before the cleavage site is typically
more exposed than the residue after the cleavage site is also very clearly shown, since the
difference between the upstream and downstream residue is nearly always positive.

Effect of secondary structure on cleavage sites. Figure 6a shows the
distribution of secondary structures for each of the cleavage categories. As described

above, we extracted secondary structure information from the PDB files and counted the
number of times each type of cleavage site appears within a helix, a beta-sheet, or a turn.
The small number of residues that were annotated as being included in multiple
secondary structure types was excluded from the analysis. Residues without secondary
structure annotations were grouped under an “unstructured” category that should
correspond to unstructured regions of the protein strands.
The distribution of secondary structures within each type is very similar between
the Q and R sets. Correct cleavage sites tend to appear in helices slightly more frequently
than incorrect cleavage sites, and that incorrect cleavage sites are slightly more frequent
when they occur in unstructured regions. Beta sheets are somewhat less frequent in the R
set than in the Q set. The distributions for positions following the cleavage site are the
same (data not shown).
We also tested whether trypsin behaves differently at the interface between
different structural types, or when a cleavage site is at the start of secondary structure.
For example, a cleavage site occurring between a sheet and a helix might have a different
miscleavage rate. Figure 6b shows that a cleavage site located entirely within one
structural category has a slightly higher rate of miscleavage than one located at the
boundary of two structural categories. This effect was consistent across both the Q and R
data sets.

DISCUSSION
In our analysis of the structural properties of trypsin cleavage sites, we have
shown that there are significant differences in both the surface area and the structural

categories of the correctly and incorrectly cleaved sites. However, the modes of the
distributions (Figure 2) are not sufficiently well-resolved that we can accurately predict
whether an individual peptide will be miscleaved based on the surface area of the
positions surrounding the cleavage site. The preliminary data on individual clusters
(Figure 3) suggest that a more refined model that exploits the unique properties of the
peptides within each homologous cluster might provide sufficient resolution to predict
miscleaved sites.
We found that the average surface area at the incorrect cleavage sites was greater
than that of the correctly cleaved sites. We had expected the opposite, since we had
expected the incorrectly cleaved sites to be more deeply buried inside the protein (and
have a smaller normalized surface area), and that the correctly cleaved sites would be
found more frequently at the surface (and have a greater normalized surface area). One
possible explanation is that skipped cleavage sites often occur in ‘nests’ of acidic
residues, presumably because the positive charge on the K or R is neutralized by the
surrounding negative charges (K. Resing, pers. comm.). These charged regions would be
far more likely to occur at the surface of the protein than in the hydrophobic core.
In the analysis of the secondary structure distributions, we found that cleavage
sites within unstructured regions are slightly more likely to be cleaved incorrectly,
whereas cleavage sites within alpha-helix structures were slightly more likely to be
cleaved correctly. Further studies should reveal whether the ‘acidic nests’ occur
predominantly in these unstructured regions.
Either or both of these analyses may have been complicated by the effects of
amino acid composition, since some amino acids tend to be found more often at the

surfaces of proteins, while others tend to be buried. For example, R and K are both
charged, and are expected to be found at the surface since their interaction with the dipole
of water molecules is highly favorable (as opposed to uncharged, hydrophobic amino
acids such as I and L). Similarly, some amino acids are more frequently found in beta
sheets overall, while others are more frequently found in alpha helices. If amino acids are
unevenly distributed among proteins to begin with, it may be difficult to detect structural
patterns in cleavage sites that must always be formed by the same amino acids. We
expect that cluster-specific analyses with higher-quality alignments (or that analyze only
the best-aligned regions of the proteins rather than the whole alignments) will be able to
resolve some of these issues. Additionally, improved methods for identifying peptides
from spectra are likely to yield higher-quality data sets for input into this kind of analysis.

CONCLUSION
We have found that both the surface area and the secondary structure of cleavage
site have a highly statistically significant affect on trypsin cleavage. The results of this
analysis do not, however, suggest that surface area or secondary structure properties of
particular peptides can be used to predict miscleavage sites, at least at a global level.
If miscleavage cannot be predicted even from experimentally determined 3D
structures, the possibility for predicting miscleavage from computational secondary
structure predictions is minimal. This leaves the original database problem unresolved:
without a method for restricting the types of possible miscleavage added to the database,
users are faced with the problem of either leaving all miscleaved peptides out of the
database, making them impossible to identify, or including all possible miscleavages,

greatly increasing the number of false identifications. However, the discrimination
provided in individual clusters may allow us to infer rules that depend on the sequence as
well as the structural characteristics, which would allow prediction of miscleaved sites
(and hence predictions about which miscleaved peptides to include in the database).
Our structural mapping approach may be more useful for analyzing limited
proteolysis experiments. In these experiments, limited amounts of protease are added to
a protein or a complex, such that only a few protease cleavages are generated during the
digestion. This technique is used to identify the domain structure of large proteins, large
`floppy' loops on the surface, areas of major conformational change, or protected
interfaces in complexes. The ability to predict skipped cleavage sites would increase the
power of these experiments, since sites that are likely to be miscleaved because of
surrounding sequences would not be counted as evidence for or against particular
hypotheses about the structure.
This analysis of cleavage sites demonstrates the general power of homologybased techniques, in which the characteristics of a single protein whose structure has been
solved can be used to infer properties of other proteins. We expect that our database of
related proteins, structures and sequences, and our ability to query experimentally
determined sets of peptides against this database, will allow us to answer many other
questions related to global protein expression and modification.
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FIGURE LEGENDS

Figure 1: Overview of Trypsin Cleavage Analysis
Figure 2: Cleavage of residues surrounding the cleavage sites in the Q-set and R-set
peptides. Relationship between the normalized surface area near the cleavage site
(x axis) and the number of sites (y axis) for each type of site: correct cleavage
(thick black line), incorrect cleavage (thick grey line), both correct and incorrect
cleavage (thin black line), and control (black dashed line). The control consisted
of all theoretical peptides in the sample. Data shown are for the Q-set (a and c)
and the R-set (b and d), showing the residue preceding the cleavage site (a and b)
and for the peptide following the cleavage site (c and d).
Figure 3: Individual Clusters. Individual cluster analysis (a and b).
Figure 4: Average surface area of residues before and after the cleavage site.
Average normalized surface area of the residues before and after correctly (grey),
incorrectly (black), and both correctly and incorrectly cleaved sites (white) in
each of the Q and R sets.
Figure 5: Relationship between miscleavage and difference in surface area across
the cleavage site. Difference in normalized surface area between the residues
before and after the cleavage site (x axis) against the frequency of sites (y axis)
for each of the three cleavage categories. Data shown are for the Q set and R set
peptides combined.
Figure 6: Distribution of secondary structures in different cleavage site types. (a)
For each of the Q set and R set, for each of the correctly cleaved, incorrectly

cleaved, and both correctly and incorrectly cleaved sites, we show the fraction of
upstream residues in each of the structural categories: unstructured (light grey),
alpha-helix (black), beta-sheet (white), and beta-turn (dark grey). Incorrect
cleavage sites are more likely to occur in regions annotated as unstructured than
in regions annotated as helices or sheets. Sheets are underrepresented in both the
Q and R sets compared to the control of all possible peptides. Each group of bars
sums to 1. (b) Effect of changes in structural category across cleavage sites. For
the Q and R sets, we plot the fraction of sites that are correctly cleaved,
incorrectly cleaved, separated by whether the structural categories of the two
residues on each side of the site are the same or different. For example, the bars
for the three cleavage types sum to 1 for the Q-set sites where the residues on both
sides of the site are in the same structural category.
Figure 7: Functional comparison between Q and R sets.
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R-Set: Fraction Residues BEFORE Cleavage Site vs. Normalized Smoothed Surface Area
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R-Set: Fraction Residues AFTER Cleavage Site vs. Normalized Smoothed Surface Area
0.08

0.07

Fraction Sites

0.06

0.05

0.04

0.03

0.02

0.01

0
0

0.1

0.2

0.3

0.4

0.5

Normalized Smoothed Surface Area
Correct

Incorrect

Both

Control

0.6

0.7

Figure 3
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Q-Set (cluster 28): Fraction Residues AFTER Cleavage Site vs. Normalized Smoothed Surface
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Figure 4
Residue Location vs. Average Normalized Surface Area
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Figure 6
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Q and R Sets: Secondary Structure BEFORE Cleavage Site vs. Fraction Cleavage Sites
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