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Abstract

We present a non-redundant benchmark, coined PepPro, for testing peptide-protein docking
algorithms. Currently, PepPro contains 89 non-redundant experimentally determined peptide-
protein complex structures, with peptide sequence lengths ranging from 5 to 30 amino acids. The
benchmark covers peptides with distinct secondary structures, including helix, partial helix, a
mixture of helix and B-sheet, B-sheet formed through binding, p-sheet formed through self-
folding, and coil. In addition, unbound proteins’ structures are provided for 58 complexes, and can
be used for testing the ability of a docking algorithm handling the conformational changes of
proteins during the binding process. PepPro should benefit the docking community for the
development and improvement of peptide docking algorithms. The benchmark is available at
(http://zoulab.dalton.missouri.edu/PepPro_benchmark).
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INTRODUCTION

Peptide-mediated interactions play crucial roles in cellular processes by regulating up to
40% of all protein-protein interactions (PPIs) [1]. Targeting PPIs for therapeutic purposes
has gained increased attention in recent years [2-3]. As natural compounds, peptides are
excellent candidates to target protein-protein interfaces [4-5]. Interaction details of a peptide
with a targeting protein are important for the peptide-based drug design. However,
determining peptide-protein complex structures using experimental methods (e.g. X-ray and
NMR) is costly and time-consuming. Recently, a number of /n silico approaches have been
developed as a complementary strategy for studying peptide-protein interactions.
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The exiting methods for the prediction of peptide-protein complex structures can be
categorized into three classes: template-based modeling, molecular docking, and molecular
dynamics (MD) simulation. The template-based methods are computationally efficient, but
suffer from limited available peptide-protein templates [7-8]. On the other hand, MD
simulations require intensive computations and are impractical for peptide sequence-based
structure prediction and large-scale applications [8-9]. Molecular docking offers a balance
between accuracy and computational efficiency [10-20]. Current existing protein-peptide
complex structure prediction methods were carefully reviewed by Ciemny et al. [21].

A peptide-protein docking method mainly consists of two components, a sampling algorithm
and a scoring function. The sampling algorithm generates putative peptide binding modes
for a given protein, starting from the peptide sequence and the 3D atomic structure of the
protein. The scoring function attempts to select near-native binding modes from these
putative binding modes. One major challenge in peptide-protein docking is the flexibility
problem - for both the peptide and the protein - resulting in large degrees of freedom for
sampling. The second challenge is the scoring function, which involves the inter- and intra-
energies of the peptide-protein complex, the solvent effect, and the entropic effect.

To facilitate the study of peptide-protein interactions, several peptide-protein structural
datasets have been developed [22-25]. Two of them are suitable for the development of
peptide-protein sampling/scoring algorithms. The first dataset is peptiDB, which focuses on
short peptides with sequence lengths ranging from 5 to 15. The commonly-used peptiDB
dataset consists of 103 peptide-protein complex structures; 69 of them have unbound protein
structures [23]. It is noteworthy that peptiDB contains only 61 truly non-redundant peptide-
protein complexes (around 40 of them have experimentally determined unbound protein
structures), but most published studies employed the whole (redundant) dataset. The other
example is a recently developed dataset, LEADS-PEP [25], which also focuses on short
peptides with peptide lengths ranging from 3 to 12 residues. LEADS-PEP contains 53
peptide-protein complex structures, but unbound protein structures are not provided in its
current version.

These useful peptide docking benchmarks restrict peptide lengths to within 15 residues.
However, longer peptides (more than 15 a.a.) commonly exist in nature. According to the
data (Jan. 26th, 2017) in the Protein Data Bank (PDB) [26], there were 9286 entries having
at least one chain with a peptide length ranging from 5 to 30 residues, and about 40% of
them fell into the range between 16 to 30. The restriction of the peptide length (less than or
equal to 15 a.a.) in the existing peptide docking benchmarks mainly avoids the difficulty of
conformational sampling for long, highly flexible peptides, because the sampling space
grows rapidly as the peptide length increases. Fortunately, this barrier has gradually declined
with the newly developed novel sampling algorithms [10-21] and the rapidly increasing
computational power of modern computers. As it can be seen in our recent study based on
peptiDB, the novel peptide docking method MDockPeP successfully generated near-native
binding modes in 95.0% of the bound docking cases and in 92.2% of the unbound docking
cases, respectively [15]. There has never been a better time to step forward towards
developing novel docking algorithms for long peptides (more than 15 a.a.). Consequently, a
new peptide docking benchmark with a larger range of peptide lengths is urgently needed.
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Here, we present a nonredundant peptide-protein complex structural dataset, referred to as
PepPro, with peptide lengths ranging from 5 to 30. PepPro consists of 89 peptide-protein
complex structures and 58 unbound protein structures. The dataset can be divided into
several subsets based on secondary structures of bound peptides: a-helix (H), partial a.-helix
(pH), a-helix/p-sheet (HE), p-sheet formed through binding (bE), p-sheet formed through
self-folding (SE), and coil (C). The interface root-mean-square deviation (I-RMSD) of bound
and unbound protein structures are provided to reflect the conformational changes on
peptide binding. The dataset would benefit the development and improvement of peptide
docking algorithms for the docking community.

MATERIALS AND METHODS

Data collection

The PepPro benchmark was constructed using a semi-automatic pipeline. First and foremost,
peptide-protein complex structures were collected from the PDB using the following
criteria: (1) The structure was experimentally determined by X-ray diffraction techniques.
(2) The resolution was better than 2.5 A. (3) The Rfree value was below 0.3. (4) The pH
value was between 6.0 and 8.0. (5) The complex structure contained two or three protein
chains. (6) There was at least one chain with a sequence length between 5 and 30. (7) The
structure did not contain any modified residues. Finally, a total of 1198 PDB entries were
downloaded as of 26/01/2017.

Next, the chain with a sequence length between 5 and 30 was defined as a peptide for each
PDB entry. The chain directly interacting with the peptide (i.e., at least one atom pair across
the peptide-protein interface within 5.0 A distance) were defined as the protein partner for
the peptide. The peptide-protein complex was discarded in the following cases: (1) The
percentage of solved peptide sequence length (i.e., the ratio of the number of amino acids
having coordinates in the PDB file to the full sequence length of the peptide) was less than
70%. (2) The peptide was broken, having backbone atoms with missing coordinates in the
middle of the peptide rather than at the terminals. (3) The peptide contained covalent bonds
between non-adjacent residues. (4) Small molecules (with molecular weight = 140 g/mol) or
ions appeared on the peptide-protein interfaces (i.e., within 5.0 A distance to any atom in the
peptide and to any atom in the protein). (5) The peptide was covalently bound to the protein.

Furthermore, in order to remove the entries in which only a few contacts appeared between a
peptide and its protein partner, the percentage of buried surface area of the peptide upon
binding was used as a threshold criterion. More specifically, the solvent-accessible surface
area (SASA) of the peptide alone (the protein partner was deleted from the complex
structure) was calculated using the program Naccess V2.1.1 [27], referred to as SASApep.
The SASA of the peptide in the peptide-protien complex was also calculated and referred to
as SASApep Thus, the buried percentage of the peptide was calculated by ASASA/
SASApep, Wwhere ASASA = (SASApep - SASApep). The entry was discarded if the value of
the buried percentage was < 25%. For the case in which the protein partner contains two
chains, the entry was also discarded if the contribution of ASASA from any protein chain
was less than one third of the total ASASA. Notably, the maximum number of protein
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partner chains in the PepPro benchmark was set to 2. Redundancies were removed for the
remaining PDB entries (712), as described in the next subsection.

Treatment of redundancy

Peptides interact with proteins usually through select conserved residues, which correspond
to the hot-spot residues in the peptide-protein complex structures [23,28]. These peptide
sequences are also known as linear motifs, in which a few conserved residues contribute the
majority of the free energy of binding [29]. Furthermore, proteins within a superfamily often
bind peptides with the same linear motif. A typical example is the superfamily of nuclear
receptors (NR), which bind peptides with the LXXLL binding motif (L is leucine and X
stands for any residues), resulting in 10 redundant entries in the peptiDB benchmark when
only the sequence identity was used as the threshold. Proteins with low sequence similarity
(< 30%) could share a similar fold and also a similar binding site for the binding of a peptide
partner, as observed for proteins from the NR superfamily. Therefore, to efficiently remove
redundancies for peptide-protein complexes, both the sequence identity and the structural
similarity need to be considered for protein partners.

In the preparation of the PepPro benchmark, protein sequence identities were calculated
using the global sequence alignment program EMBOSS Needle [30]. Structural similarities
were calculated using the program TM-align (TM-Score) [31]. A greedy clustering strategy
was employed to extract representative peptide-protein complex structures for the
benchmark. Specifically, peptide-protein complexes were sorted in decreasing order of the
peptide sequence length. Entries with the same peptide sequence length were further sorted
in decreasing order of the protein sequence length. If entries happened to contain the same
sequence length for both peptides and proteins, they were sorted in increasing order of the
Rfree value (i.e., the measure of the quality of the atomic model obtained from
crystallographic data). Then, a new list (referred to as the representative list) was created to
store the selected representative non-redundant peptide-protein complex structures. For each
query entry in the sorted list, both sequence identities and TM-Scores for the protein partner
(against protein partners in the representative list) were calculated. If there was not a similar
protein partner (the sequence similarity was = 30% or TM-Score = 0.5) found in the
representative list, the query entry was set as a new representative and added to the
representative list. Noticeably, this clustering strategy generated a representative list in
which protein partners were distinct from each other (based on the sequence and the
structure), and the peptide in a representative complex was longer than the peptides in the
entries with a similar protein partner. In total there were 94 non-redundant peptide-protein
complex structures that were generated in this step.

Next, we manually reviewed each peptide-protein complex structure generated in the
previous step. Five entities were discarded. One was removed because the conformation of
the peptide was stabilized by an ion (PDB entry: 3wxa). Others were discarded due to
artificial errors in PDB files or the crystal packing problem (i.e., interactions observed in
crystal structural data but not biologically relevant). As in the PDB entry 4ep3, the protein
partner was artificially set as one chain, which should be two chains instead (as in the PDB
entry 4gja which was kept in the database). Another example is the PDB entry 4p6x, in
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which the protein partner of a peptide (chain D) contains two chains (chain IDs: CI).
However, only one chain (C) is the true receptor and the other chain (1) exists due to crystal
packing. Upon completion the database contains 89 nonredundant peptide-protein complex
structures.

Unbound protein structures

In addition to bound structures, a docking benchmark usually provides unbound structures
that are used for testing the ability of a docking algorithm to handle the conformational
changes that occur during the binding process [32-33]. In docking studies, the 3D structures
of two partners in the experimentally determined complex are defined as bound structures,
and unbound structures refer to apo structures or structures in a different complex. For the
peptide-protein docking process, the starting point of a peptide is the linear sequence of
amino acids, and the peptide structure is totally flexible in the docking process. Therefore,
there is no need to provide unbound structures for peptides in our dataset. For the protein
partners, we selected unbound structures from free forms (in which no ligands occupied the
peptide binding site) or protein-small molecule complexes collected from the PDB, and
excluded complexes in which the binding site was occupied by another peptide or protein.
The selection process placed top priority on the free structure with the smallest Rfree value.
If there was no free structure available, the protein structure in the protein-small molecule
complex with the smallest Rfree value was selected as the unbound structure. In total,
unbound protein structures were found for 58 out of 89 peptide-protein complexes.

RESULTS AND DISCUSSION

The final PepPro dataset contains 89 nonredundant peptide-protein complex structures.
Among them, 77 entries contain one-chain protein partners, and the protein partners of the
remaining 12 entries are comprised of two chains. Unbound protein structures are available
for 58 complexes. Corresponding PDB entries and chain ids are reported in Table 1. In
addition, the name of the protein partner is also reported for each entry in the dataset. The
sequence lengths (number of amino acids with resolved coordinates in PDB files) of protein
partners range from 59 to 860, and their distributions are shown in Fig. 1A. The protein
sequence lengths of about 70% (62 out of 89) entries fall into the range of 100 and 400
amino acids. 18 entries contain small protein partners with the sequence length < 100, and
the remaining 9 entries contain large protein partners (> 400 amino acids). For the peptides
in the dataset, the sequence length ranges from 5 to 30 amino acids. Importantly, for more
than half (47 out of 89) of the entries, the peptide sequence length is longer than 15 (shown
in Fig. 1B). The corresponding chain ID and the sequence for each peptide are reported in
Table 1. It is worth mentioning that coordinates for residues (< 30% of the peptide sequence
length, see the section “Data collection”) at the terminal ends of peptides could be missing
in the PDB file for some entries, which are marked in the column of “sequence” in Table 1.
The peptide sequences (both full sequences and sequences with coordinates) in FASTA files
are available at the web site “http://zoulab.dalton.missouri.edu/PepPro_benchmark”, in
which both bound and unbound structures (in PDB format) of the protein partners are also
provided.
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As aforementioned, peptides are highly flexible. Both tertiary structures and secondary
structures of peptides could dramatically change during the binding process with protein
partners. For peptide-protein docking methods, the information residing within a peptide’s
secondary structure can also be used as constraints in the sampling processes [14]. Here, we
classified entries in the PepPro dataset according to the secondary structures of peptides in
the peptide-protein complexes. The program DSSP [34] was employed to calculate
secondary structures of peptides based on 3D structures of peptide-protein complexes, a step
that can be replaced by using the secondary structure classification in the HEADER sections
of the downloaded PDB files. For clarity, we simplified the default DSSP secondary
structure classification for residues. Specifically, residues predicted as a-helix, 3-helix (31g
helix), and 5 helix (r-helix) were all defined as helix residues. Residues predicted as a coil,
isolated B-bridge, hydrogen-bonded turn, and bend were all defined as coil residues.
Residues predicted as an extended strand that participates in a § ladder were defined as p-
strand residues. Then a peptide was classified using the following criteria:

1 If half or more than half of residues (= 50%) in a peptide were predicted as helix
residues and the remaining residues were predicted as coil residues, the peptide
was predicted as a helix (H).

2. If less than half of residues (< 50%) in a peptide were predicted as helix residues
and the remaining residues were predicted as coil residues, the peptide was
predicted as a partial helix (pH).

3. If both helix residues and B-strand residues were found, the peptide was
predicted as a mixture of helix and p-strand (HE).

4, If only B-strand residues and coil residues were found in a peptide, and the -
strand residues existed only in the peptide-protein complex structure, the peptide
was predicted as a B-sheet formed through binding (bE).

5. If only B-strand residues and coil residues were found in a peptide, and the p-
strand residues existed in the peptide-alone structure (remove the protein partner
from the complex structure), the peptide was predicted as a p-sheet formed
through self-folding (SE).

6. A peptide was predicted as a coil (C) if only coil residues were found.

The classification results are reported in Table 1, and the corresponding distributions are
shown in Fig. 2A. Peptides in 31.5% of entries formed helices (H) and in 14.5% of entries
formed partial helices (pH). Fig. 2B and C present examples for helical peptides and partial
helical peptides, respectively. In very few entries (4.5%), peptides contained both helix
residues and B-strand residues, and an example is shown in Fig. 2D. Peptides containing -
strand residues and coil residues (no helix residues) were grouped into two classes, bE
(22.5%) and sE (4.5%). For entries in the bE class, the backbone hydrogen bonds of p-sheets
were formed between the peptide and the protein partner, as shown in Fig. 2E. For entries in
the sSE class, the backbone hydrogen bonds of p-sheets were formed within the peptides (-
hairpins, shown in Fig. 2F). The remaining entries (22.5%) were grouped into the coil class
(C), in which peptides contained only coil residues. An example is also shown in Fig. 2G.
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In addition to investigating secondary structures of peptides in complexes, we also
calculated conformational changes of protein partners upon binding. Specifically, for entries
with available unbound protein structures, I-RMSDs (i.e., the root-mean-square deviation of
interface residues) between bound and unbound protein structures were calculated as
follows. Interface residues were defined using a distance cutoff, namely at least one atom
pair across the peptide-protein interface within 4.0 A distance. Here, I-RMSDs were
calculated based on both backbone atoms (I-RMSD_b) and heavy atoms (I-RMSD_h). The
Kabsch algorithm [35] was employed to calculate the optimal rotation matrix for minimizing
the RMSDs. Values of I-RMSDs are reported in Table 1 for each unbound protein structure.
For clarity, I-RMSD data are also shown in Fig. 3A, in which proteins are sorted by
corresponding I-RMSD _b values. For most entries (60%), protein unbound structures are
close to bound structures with I-RMSD_b values smaller than 1.0 A. Meanwhile, significant
conformational changes (1.0 A < I-RMSD_b < 2.0 A) were found for 28% of entries, and
dramatic conformational changes (I-RMSD_b > 2.0 A) were found for 7% of entries. Fig.
3A also plots values of I-RMSD _h, which are normally larger than corresponding |-
RMSD_b values. The large value of I-RMSD_h is mainly contributed to the highly flexible
side chains of the interface residues, making unbound docking challenging even when using
low I-RMSD_b unbound protein structures. Fig.3 B shows an example of the conformational
changes between bound (PDB entry: 2930, chain A) and unbound (PDB entry: 2iv9, chain
A) protein structures. Although the value of I-RMSD b is as low as 0.5 A, side chain
conformations are distinct, having an I-RMSD_h value of 1.9 A. Another example with a
large I-RMSD_b value (2.4 A) between bound (PDB entry: 2b1j, chain A) and unbound
(PDB entry: 3rvq, chain A) protein structures is shown in Fig. 3C. The corresponding value
of I-RMSD_his 3.3 A.

CONCLUSION

In this study, we constructed a peptide-protein structural dataset, referred to as PepPro. The
dataset was comprised of 89 non-redundant peptide-protein complex structures, with peptide
sequence lengths ranging from 5 to 30 amino acids. Peptide secondary structures in a bound
state were investigated and used as criteria to classify entries in the PepPro dataset.
Furthermore, unbound protein structures were provided for 58 complexes, and their
conformational changes against bound protein structures were also analyzed. The dataset
was designed as a benchmark for testing and improving peptide-protein docking algorithms.
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Refer to Web version on PubMed Central for supplementary material.
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A C:22.5% B

H: 31.5%

SE: 4.5%

pH: 14.5% bE: 22.5%

Figure 2.
(A) Distributions of entries in the dataset according to classifications of peptide secondary

structures in peptide-protein complexes. An example is presented for each class in (B-G).
Proteins are colored gray. Peptides in (B) and (C) are helix (H, colored red; PDB entry: 3kj0,
chain B) and partial helix (pH, colored magenta; PDB entry: 1sgk, chain B), respectively.
(D) shows an example of the mixture of helix and p-strand (HE, colored orange; PDB entry:
3r7g, chain B). (E) and (F) show two different types of p-sheets, bE (colored blue; PDB
entry: 1d4t, chain B) and sE (colored cyan; PDB entry: 2qos, chain A), respectively.
Backbone hydrogen bonds of the B-sheets in (E) are formed between the peptide and the
protein partner, and those in (F) are formed within the peptide. (G) shows an example of coil
(C, colored green; PDB entry: 1fvl, chain C).
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Figure 3.
(A) I-RMSDs of bound and unbound protein structures. Both the backbone I-RMSD and the

heavy atom I-RMSD are plotted. Proteins are sorted by values of the backbone I-RMSD. (B)
and (C) show two examples of interface residues in bound (green) and unbound (magenta)
protein structures. The proteins are matched by the UCSF Chimera version 1.11 [36]. (B)
Values of I-RMSD_b and I-RMSD _h between bound (PDB entry: 2930, chain A) and
unbound (PDB entry: 2iv9, chain A) protein structures in (B) are 0.5 A and 1.9 A,
respectively. (C) Values of I-RMSD_b and I-RMSD _h between bound (PDB entry: 2b1j,
chain A) and unbound (PDB entry: 3rvq, chain A) protein structures in (B) are 2.4 A and 3.3
A, respectively.
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