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Binding Site Prediction of Proteins with Organic
Compounds or Peptides Using GALAXY Web Servers
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Abstract

We introduce two GALAXY web servers called GalaxySite and GalaxyPepDock that predict protein com-
plex structures with small organic compounds and peptides, respectively. GalaxySite predicts ligands that
may bind the input protein and generates complex structures of the protein with the predicted ligands
from the protein structure given as input or predicted from the input sequence. GalaxyPepDock takes a
protein structure and a peptide sequence as input and predicts structures for the protein—peptide complex.
Both GalaxySite and GalaxyPepDock rely on available experimentally resolved structures of protein-ligand
complexes evolutionarily related to the target. With the continuously increasing size of the protein struc-
ture database, the probability of finding related proteins in the database is increasing. The servers further
relax the complex structures to refine the structural aspects that are missing in the available structures or
that are not compatible with the given protein by optimizing physicochemical interactions. GalaxyPepDock
allows conformational change of the protein receptor induced by peptide binding. The atomistic interac-
tions with ligands predicted by the GALAXY servers may offer important clues for designing new mole-
cules or proteins with desired binding properties.
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1 Introduction

Proteins are involved in numerous biological processes such as
enzymatic activities and signal transductions [ 1-3]. The biological
functions of proteins result from their molecular interactions with
other molecules such as metal ions, small organic compounds, lip-
ids, peptides, nucleic acids, or other proteins. Typically, proteins
interact with other molecules by binding them at specific sites.
Therefore, identification of the binding sites on the three-
dimensional protein surfaces can be an important step for inferring
protein functions [4, 5] and for designing novel molecules that
control protein functions [6, 7] or designing new proteins with
desired interaction properties [8, 9]. Various methods have been
developed to predict ligand binding sites of proteins from protein
sequences or structures. Those methods are based on geometry,
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energy, evolutionary information, or combinations of them [10].
Methods utilizing available experimentally resolved structures of
homologous protein-ligand complexes were proven to be success-
ful in predicting binding sites in the community-wide blind predic-
tion experiments [ 11-13]. Those methods predict binding sites by
transferring the available binding information for homologs,
assuming that binding sites are conserved among homologs.
However, methods based on evolutionary information alone may
not be sufficient to predict interactions at the binding sites in
atomic detail, and physicochemical interactions may have to be
considered in addition.

In this chapter, we introduce two methods that predict bind-
ing sites of small organic compounds and peptides that are avail-
able on the GALAXY web server called GalaxyWEB [14]. These
methods effectively search the protein structure database to find
available experimental structures of related proteins complexed
with ligands, build three-dimensional protein-ligand complex
structures from the available information, and further refine the
complex structure to go beyond the available information by opti-
mizing physicochemical energy. The GalaxySite server predicts
binding sites of small organic compounds from input protein
structure or sequence [15]. Binding ligands are first predicted and
the predicted ligands are then docked to the given protein struc-
ture or a predicted protein structure if sequence is given. The pre-
dicted complex structures are optimized by protein—ligand docking
simulations which take into account the binding information
derived from related proteins and additional physicochemical
energy that do not rely on evolutionary information. GalaxySite
was ranked among top methods in the recent critical assessment
techniques for protein structure prediction (CASP) experiments
when evaluated in terms of predicted binding site residues [16,
17]. GalaxyPepDock predicts protein—peptide complex structures
from input protein structure and peptide sequence [18]. It also
combines information on interactions found in homologous com-
plexes in the protein structure database and additional physico-
chemical energy to optimize the protein—peptide complex
structures. The protein structure is allowed to change flexibly
according to its interaction with the peptide ligand during
optimization.

The method proved its usefulness in the recent critical assess-
ment of prediction of interactions (CAPRI) experiments ([19],
http://www.ebi.ac.uk/msd-srv/capri/round28 /round28.html).
Both GalaxySite ligand binding site prediction server and the
GalaxyPepDock peptide binding site prediction server rely on simi-
larity to the protein-ligand complexes of known structures and
provide detailed protein-ligand atomic interactions by sophisti-
cated energy optimization.
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2 Materials

1. A personal computer or device and a web browser are required
to access the GalaxyWEB server through the Internet. A
JavaScript enabled web browser is highly recommended to see
the results on the web browser: The server compatibility was
tested on Google Chrome, Firefox, Safari, and Internet Explorer.

2. The following input materials are required to use GalaxySite
and GalaxyPepDock on GalaxyWEB.

(a) To run GalaxySite for ligand binding site prediction, a
sequence in FASTA format or a structure file in standard
PDB format for the protein of interest is required. The input
target protein sequence/structure file must contain 20 stan-
dard amino acids in one /three-letter codes. The input should
be a single-chain protein, and the number of amino acids
should be greater than 30 and less than 500. The user may
judiciously delete irrelevant protein chains or termini before
job submission to meet this requirement and/or to save
computational cost. An example input sequence (Fig. 1,

GalaxyWEB

A web server for protein structure prediction, refinement, and related methods
Computational Biology Lab, Department of Chemistry, Seoul National University

Home Services Queue Help Softwares Suppl

GalaxySite S ——

» Information

Prediction of ligand binding site of a query protein is performed. Up to three ligands that are « PDB File: file format

likely to bind to the protein and their predicted binding poses are provided. » E-mail: Average run time ranges from
2h (for a structure input) to 4h (fora
sequence input). If e-mail address is
notifications automatically. If not, the

Job name user has to bookmark the report

page.

E-mail address (Optional)

Query Protein Information

SECIENCE + Prediction from a protein sequence
<500 AA
( ) 4 e SEQ: Uniprot Q8CNK1
= Report: [View]
or PDE file Choose File no file selected
(<500 AA) Protein Structure File (allowed file extensions: pdb, txt) + Prediction from a protein structure
submit resat 2. Tepot: View]

compbio.galaxy@gmail.com | Lab. of Computational Biology and Biomolecular Engineering

Fig. 1 The GalaxySite input page
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GalaxyWEB

A web server for protein structure prediction, refinement, and related methods
Computational Biclogy Lab, Department of Chemistry, Seoul National University

Home Services Queue Help Softwares Suppl

GalaxyPepDock R

* Protein structure: PDB Format

Protein-peptide docking based on interaction similarity * Peptide sequence: FASTA format
» E-mail: Average run time is 2~3h. If e-
mail address is given, the server sends
User Information notifications automatically. If not, the
user has to bookmark the report
Job name page address.

* More Information
E-mail address (Optional)

T m————

PROTEIN structure Choose File no file selected = Protein structure: protein.pdb
(=900 AA) (allowed file extensions: pdb, txt) « Peptide sequence: peptide.fa
PEPTIDE sequence Choose File no file selected * Report: [View]

(s 30 AR) (allowed file extensions: fa. fasta, txt, seq)

submit resat

compbio.galaxy@gmail.com | Lab. of Computational Biology and Biomolecular Engineering

Fig. 2 The GalaxyPepDock input page

Label 1) and structure file (Fig. 1, Label 2) can be obtained
from the GalaxySite web page.

(b) To run GalaxyPepDock for peptide binding site predic-
tion, a structure file in standard PDB format for the recep-
tor protein of interest and a sequence file in FASTA format
for the peptide of interest are required. The number of
amino acids of the receptor protein should be less than
900 and that of the peptide less than 30. The input peptide
sequence file must contain 20 standard amino acids in one-
letter codes. Example input files (Fig. 2, Label 1) can be
obtained from the GalaxyPepDock web page.

3 Methods

3.1 Ligand Binding 1. Go to GalaxyWEB, http://galaxy.seoklab.org. Click “Site” in
Site Prediction Using the “Services” tab at the top of the page.

GalaxysSite 2. In the “User Information” section, enter job name (defaults to

“None”). The user can provide e-mail address so that the server
sends progress reports of the submitted job automatically.
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3 GalaxySite |
 moiomain
JOBID 5478
Title test
Email none@email
IP Address 49.142.9.130
uIiD abB94abe451f48fe1eealB6e3e751589
REPORT [LINK] Please follow the link for your job status.

N_JOBS 0
b
test ’
Your job is running. Please return to this page to view the modeling results when the job is completed. Average

run time is 2h~4h.

This page is updated every 30 seconds.

WAIT Template Multiple Predicting Ligand S Bl ; Binding site ;
Detection Sequence protein Prediction i Prediction
Alignment structure : :

Fig. 3 (a) A summary page showing the submission information of a GalaxySite job. (b) An example report page
showing the status of the GalaxySite job

Otherwise, the user should bookmark the report page (Fig. 3b)
after submitting the job.

3. Inthe “Query Protein Information” section, provide a FASTA-
formatted protein sequence or a standard PDB-formatted pro-
tein structure file. If the structure of query protein has been
already determined or predicted, the user may simply upload
the protein structure file in PDB format (Fig. 1, Label 3).
If only the sequence of the query protein is known, the user
may provide a FASTA-formatted protein sequence by copying
the sequence and pasting it into the text box (Fig. 1, Label 4).
When sequence information is provided, the GalaxySite server
predicts its protein structure by using a simplified version of
GalaxyTBM [20], a template-based protein structure predic-
tion method (se¢ Note 1).
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Ligands predicted to bind

“ Ligand Name Templates for protein-ligand complex

1 FMN

1

2 3 3qe2_A, 1lI_A, 2bpo_A, 3hrd_A,

1bvy_F, 1ykg_A, 3f6r_A, 1f4p_A,
=Y 2wc1_A, 2fcr_A, 1yob_A, 1obo_A,
i 1czn_A, 1ag9_A, 5nul_A, 2q9u_A,
199 1e5d_A, 1ycg_A, 20hh_A, 2xod_A,
S 3n3a_C, 1r_A

2 FAD

2bpo_A

3 BEN

2bmv_A

Fig. 4 An example of the “Ligands predicted to bind” section on the GalaxySite report page

4. Press the submit button to queue the job. If any errors occur

with the provided input, the user will get a notice about the
errors that need to be corrected. If the submission is successful,
the user will be directed to the summary page of the submis-
sion information which has a link to the report page (Fig. 3a).
The number of jobs in the “WAIT” or “RUN” status allowed
per user is limited to three.

. Click “LINK” in the submission information page to access to

the report page. The user can track the status of the submitted job
in the report page which will be refreshed every 30 s (Fig. 3b).
When the job is completed, predicted results will be automatically
presented. Average run time of GalaxySite is 2—4 h.

. Ligands predicted to bind: GalaxySite predicts up to three

ligands that are likely to bind to the target protein (se¢ Note
2). The predicted ligands are presented in the descending
order of the estimated likelihood of binding (Fig. 4). For each
ligand, ligand name in a three-letter code (Fig. 4, Label 1) and
two-dimensional chemical structure (Fig. 4, Label 2) are
shown. Ligand name is hyperlinked to the ligand summary
page of RCSB PDB (http://www.rcsb.org) [21] for detailed
information on the molecule. PDB IDs for protein-ligand
complexes used for the prediction are also provided and
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a Predicted ligand-binding residues

Inleractlon
n Ligand Name Binding Residues

26S 27Q 28T 30T 31A 78A 79T 80Y 81G 113L 2 LINK
114G 115N 118Y 120H 121F 122N 148D 152L
2 FAD 28T 30T 80Y 115N 118Y 148D LINK
3 BEN 395 40K 42A 43H 48R 49G LINK
b c
3 §>""‘”’ " Asp 148(A)
Key
Pl Ligand bond a3 Nos-ligand residucs imvolved in hydrophobic 3
- I’ concit View in PV [Model 1] [Model 2] [Model 3]
@ —@ Hydogen bond aad s length @  Comesponding atoms involved in hydrophobic contactis)

Download [Model 1] [Model 2] [Model 3] 4

Fig. 5 (a) An example of the “Predicted ligand binding residue” section on the GalaxySite report page. (b) An
example of interaction analysis between ligand and ligand binding residues made by LIGPLOT. (¢) An example
of the “Predicted binding poses” section on the GalaxySite report page

hyperlinked to the structure summary page of RCSB PDB
(Fig. 4, Label 3).

Predicted ligand binding residues: For each predicted ligand,
information on the predicted ligand binding residues is pro-
vided (Fig. 5a). Ligand binding residues are defined from the
protein-ligand complex structure obtained by molecular dock-
ing in GalaxySite (Fig 4a, Label 1). If the distance of any amino
acid residue from any ligand atom is less than the sum of van
der Waals radii of the two atoms + 0.5 A, the residue is consid-
ered to bind the ligand. In addition, detailed atomic interac-
tions between ligand and ligand binding residues are analyzed
by using LIGPLOT [22] and can be seen through LINK (Fig
4a, Label 2). On the LIGPLOT page (Fig. 5b), the ligand mol-
ecule and the protein amino acid residues are depicted in violet
and brown, respectively. Hydrogen bonds are shown in green
dashed lines with their lengths, and hydrophobic contacts are
shown in red spikes. Ideas for designing ligands or ligand bind-
ing site residues may be gained from this interaction analysis.
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Re-submission with other possible ligands

e T

BTB

1ag9_A Submit

FNR

2fz5_A Submit

Fig. 6 An example of the “Re-submission with other possible ligands” section on the GalaxySite report page

3.2 Peptide Binding
Site Prediction Using
GalaxyPepDock

8.

10.

1.

Predicted binding poses: For each predicted ligand, a pre-
dicted protein-ligand complex structure can be seen on the
page using PV (http://biasmv.github.io/pv/), a JavaScript
protein viewer, if the web browser supports JavaScript (Fig.
5¢). Users can zoom in and out by scrolling mouse wheel
and change the focusing center by double clicking. Different
predicted protein—ligand complex structures are shown by
clicking the model number in the “View in PV” line (Fig 4c,
Label 3). Predicted protein—-ligand complex structures can
be downloaded in PDB-formatted file for further analyses
(Fig 4c, Label 4).

Re-submission with other ligands: Other ligands that are likely
to bind to the query protein are listed in another table (Fig. 6).
Similarly to the top three ligands with the highest estimated
likelihood of binding (se¢ step 6), ligand names, two-
dimensional chemical structures, and PDB IDs for the corre-
sponding protein-ligand complexes are shown in the table. By
clicking the “Submit” button (Fig. 6, Label 1), the user can
re-submit a new ligand binding site prediction job with a
selected ligand.

Detailed explanations on the GalaxySite web server are also
provided on the GalaxySite help page; click “Help” tab at the
top of the page, and then click “GalaxySite” on the right of the
help page. The prediction method used for the GalaxySite pro-
gram is described in the original paper [15].

Go to GalaxyWEB, http://galaxy.seoklab.org.  Click
“PepDock” in the “Services” tab at the top of the page.

. In the “User Information” section, enter job name (defaults to

“None”). The user can provide e-mail address so that the
server sends progress reports of submitted job automatically.
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4 GalaxyPepDock |

Submission Information

JOB ID 5489
Title test
Email none@email
IP Address 147.47.223.41
uviD e7b9%e9b33a4db991dc0Sd3e9ede05829
REPORT [LINK] Please follow the link for your job status.
N_JOBS 1
b test
Your job is running. Please retum to this to view the modeling results when the job is completed. Average

This e is updated every 30 seconds.

WAIT Ll | Complex
Search i Structure |
: Generation ;

Fig. 7 (a) A summary page showing the submission information of a GalaxyPepDock job. (b) An example report
page showing the status of the GalaxyPepDock job

Otherwise, the user should bookmark the report page after
submitting job.

3. In the “Protein—peptide Docking” section, provide a standard
PDB-formatted protein structure file (Fig. 2, Label 2) and a
FASTA-formatted peptide sequence file (Fig. 2, Label 3).

4. Press the submit button to queue the job. If the submission is
successful, a “Submission Information” page will appear (Fig. 7a).

5. Click “LINK” of the submission information page to access
the report page. The report page will be refreshed every 30 s,
updating the status of the submitted job. When the job is com-
pleted, the predicted results will be presented. Average run
time of GalaxyPepDock is 2—-3 h (Fig. 7b).

6. Predicted protein—peptide complex structures: Predicted struc-
tures of the query protein—peptide complex can be visualized
on the report page using PV (http: //biasmv.github.io/pv/), a
JavaScript protein viewer, if the web browser supports JavaScript
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View in PV [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] 1
Download (1] [2] (3] [4] (5] (6] (7] (8] (9] (10] [AN] 2

Fig. 8 An example of the “Predicted protein—peptide complex structures” section
on the GalaxyPepDock report page

(Fig. 8). Users can zoom in and out by scrolling mouse wheel
and change the focusing center by double clicking. Template
structures selected from the database of protein—peptide com-
plex structures to be used in the prediction are shown in light
colors; protein and peptide structures are in light red and blue,
respectively. Different protein—peptide complex model struc-
tures can be seen by clicking the model number in the “View
in PV” line (Fig. 8, Label 1). Predicted protein—peptide com-
plex structures can also be downloaded in PDB-formatted files
for further analyses (Fig. 8, Label 2).

7. Additional information: Additional information on predicted

models and intermediate results generated during the
GalaxyPepDock run is provided in a table (Fig. 9a). Structures
of protein template and peptide template are given as PDB IDs
and can also be downloaded (Fig. 9a, Labels 1 and 2, respec-
tively). Sequences and alignments of the query and the tem-
plate used for the prediction are provided (Fig. 9a, Label 3) for
both protein and peptide (Fig. 9b). Structure similarity
between the predicted protein structure and the protein tem-
plate structure is presented in terms of TM-score [23] and
RMSD (Fig. 9a, Label 4). A score called interaction similarity
score [18] that was designed to describe the similarity of the
amino acids of the query complex aligned to the interacting
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Protein

structure Interaction

similarity similarit
(T™ score
score/RMSD)

1 | 1PRV_dI| 1PRME LINK 0.805/ 1. 139 0.746 LINK
2 1PRM_C | 1PRM_A LINK 0.805/1.72 139 0.746 LINK
3 1PRM_C| 1PRM_A LINK 0.805/ 1.67 139 0.746 LINK Cc
4 | 1rLQ_C| 1RLQ_R LINK 0.807 / 1.56 124 0.714 LINK g igg
5 | 1RLQ_C| 1RLQ R LINK 0.807 / 1.62 124 0.714 LINK 10 PHE
6 | 1RLQ_C| 1RLQ_R LINK 0.807/1.64 124 0.714 LINK 12 GLY
7 | 1RLP_C| 1RLP_R LINK 0.779/ 1.82 128 0.69% LINK ﬁﬁgg
8 | IRLP_C| 1RLPR LINK 0.779/1.85 128 0.696 LINK 16 GLU
9 |1GBR.A| 1GBR B LINK 0.818/1.34 78 0622 LINK 17 ASP
, 33 GLU
10 | 1GBR_A | 1GBR_B LINK 0.818/1.35 78 0.622 LINK
= = 35 GLN
b 36 TRP
Query protein : AEYVRALFDFNGNDEEDLPFKKGDILRIFDKPEEQWWNAEDSE-GKRGMIPVPYVEKY 48 MET
Templ protein : —TFVALYDYESRTETDLSFKKGEPLQIVNNTEGDWWLAHSLTTGQTGYIPSNYVAPS 50 PRO
Query peptide : -PPPALPPKK 52 PRO
53 TYR

Templ peptide : AFAPPLPRR—

Fig. 9 An example of the “Additional information” section on the GalaxyPepDock report page. (a) A summary
table showing the results of the protein—peptide complex structure predictions. (b) An example of structure/
sequence alignments between the query protein/peptide and the template protein/peptide. (c) An example of
the list of predicted binding residues of protein

residues of the template complex is reported for each predic-
tion. This is to give an idea on the degree of the relative
differences in similarity to the selected templates among differ-
ent models (Fig. 9a, Label 5).

. Predicted binding site residues: Binding site residues of the pro-

tein taken from the predicted complex structure (Fig. 9a, Label
7and 9¢) and the estimated prediction accuracy of the binding
site (Fig. 9a, Label 6) are provided (see Note 3). Those residues
with any heavy atom within 5 A from any peptide heavy atom
in the predicted structure are reported as binding residues.

. GalaxyPepDock help page is also available; click the “Help”

tab at the top of the page, and click “GalaxyPepDock” on the
right of the help page. More detailed description of the predic-
tion method of GalaxyPepDock can be found in the original

paper [18].

4 Notes

1. When a protein sequence is provided as input, GalaxySite pre-

dicts its protein structure first by using a simplified version of
the GalaxyIT'BM template-based protein structure prediction
program. Protein structure is required because ligand binding
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sites are predicted by structure-based protein-ligand docking
with additional information from available protein-ligand
complex structures in the database. For computational effi-
ciency, loop/termini modeling and further refinement step
employed in the original GalaxyTBM are skipped during the
GalaxySite runs. If the user desires to use a protein structure
predicted by the full components of GalaxyTBM, he/she can
run the GalaxyTBM program on GalaxyWEB. Select “TBM”
in the “Services” tab at the top of the GalaxyWEB page. The
same FASTA-formatted protein sequence described in the
Materials section is sufficient to run GalaxyTBM.

. Because GalaxySite predicts ligand binding sites using available

protein-ligand complex structures, it cannot predict ligand
binding sites if no structures for similar protein—ligand com-
plexes are identified. In such cases, GalaxySite generates the
message, “No template for binding site prediction has been
found”.

. The estimated prediction accuracy in GalaxyPepDock means

the estimated fraction of correctly predicted binding site resi-
dues. This value is obtained by using the linear regression data
obtained from the prediction and experimental results on the
PeptiDB test set [24]. A low value of estimated prediction
accuracy implies that proper templates were not able to be
selected, and the current similarity-based method may not
provide reliable results for the query. When a very low value of
estimated accuracy is returned, the user is recommended to try
an ab initio protein—peptide docking method such as PEP-
SiteFinder [25] that does not rely on similarity to the known
structures.
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