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RESIDUE-BASED PHARMACOPHORE METHOD
FOR IDENTIFYING COGNATE PROTEIN LIGANDS

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims benefit of U.S. Provisional Application No. 62/293,026,

filed February 9, 2016, the contents of which are hereby incorporated by reference.

STATEMENT OF GOVERNMENT SUPPORT
[0002] This invention was made with government support under grant number ACI-
1053575 awarded by the National Science Foundation. The government has certain rights in
the invention.
BACKGROUND OF THE INVENTION

[0003] Throughout this application various publications are referred to. Full citations for
the references may be found at the end of the specification. The disclosures of these
publications are hereby incorporated by reference in their entirety into the subject application
to more fully describe the art to which the subject invention pertains.

[0004] The immunoglobulin superfamily (IgSF) is one of the largest domain families in
the human proteome (Lander et al., 2001). Excluding antibodies, the human proteome
contains 477 cell-surface and secreted IgSF proteins (“extracellular 1gSFs’) that regulate a
broad spectrum of biological processes, ranging from neural development to immune
response, primarily through specific cell-to-cell (trans) IgSF-IgSF interactions involving their
N-terminal Ig domains (Barclay, 2003). Extracellular IgSFs represent a biomedically
important class of proteins implicated in cancers (Lee et al., 2012; Wai Wong et al., 2012;
Xue et al., 2005), infectious (Bergelson et al., 1997, Mendelsohn et al., 1989; White and
Littman, 1989), and autoimmune diseases (Bucciarelli et al., 2002; Lebar et al., 1986; Sharpe
and Freeman, 2002). They are also proven targets and therapeutic constructs for
immunosuppressive drugs (Mansh, 2011; Weber, 2007) and cancer therapies (Watanabe et
al., 2005). The importance of extracellular IgSFs is well-documented in immune regulation,
where trans-cellular IgSF receptor ligand interactions initiate the molecular cascade that
culminates in the destruction of foreign pathogens and malignancies, as well as regulate the
tolerance mechanisms that protect the host from harmful autoimmune responses (Lenschow

et al., 1996; Salomon and Bluestone, 2001).
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[0005] A systematic understanding of cognate IgSF receptor-ligand relationships, i.e.
binding partners and poses, will provide critical insights into the molecular basis of these
diseases and help engineer therapeutic strategies to modulate the underlying receptor-ligand
interactions, such as high-affinity mutants of cognate ligands (Larsen et al., 2005). Current
knowledge of IgSF interactions is limited: our recent survey of the STRING protein-protein
interaction database (Szklarczyk et al., 2011) showed that only 106 (25%) of the extracellular
IgSFs have known trans-cellular binding partners supported by high-quality, experimental
evidence (Yap et al., 2014). Of these, only 16 IgSF:IgSF complexes have their structures
solved by X-ray crystallography to provide detailed insights into the binding interfaces.
These 16 IgSF:1gSF complexes are formed by 25 types of IgSF proteins, which can be
classified into nine functional families, out of 72 that were identified (Rubinstein et al.,
2013). While advances in experimental automation have made possible large-scale screening
of up to ~1000 receptor-ligand interactions in anecdotal cases (Yu et al., 2009), a brute-force
screening of all IgSF-IgSF pairs in the extracellular IgSF subproteome (more than a 100,000
unique combinations) remains intractable. Computational screening is necessary to shortlist
potential receptor-ligand pairs for experimental verification. Novel receptor-ligand
relationships can be inferred from known relationships in (i) homologous sequences
(Rubinstein et al., 2013), (ii) orthologous receptor-ligand pairs (‘interology’ (Arslan et al.,
2008)), and (iii) receptor-ligand pairs sharing similar interface features (Tuncbag et al.,
2011). Sequence-based methods have been developed to assign IgSF proteins into coarse-
(Rubinstein et al., 2013) and fine-grained (Yap et al., 2014) functional families. These
classifications allow transferring of known ligand information within a functional family to
predict putative receptor-ligand pairs for testing. In practice, however, inference methods are
limited by the paucity of known IgSF-IgSF receptor-ligand information.

[0006] In contrast, inference-free, structure-based methods can be applied to any IgSF
with a known or modeled structure. However, these approaches are faced with a more
challenging question: given an IgSF receptor structure, which protein ligand(s) could be
potential binding partners amongst the entire extracellular IgSF subproteome? Existing
structure-based methods are not suitable for predicting IgSF receptor-ligand interactions. A
major class of such methods relates to small-molecule virtual drug screening, where all
possible conformations of a candidate ligand are docked onto the target receptor, and an
empirical scoring function is used to identify candidates with high affinity (Fradera and

Mestres, 2004). Small-molecule methods cannot be directly applied to protein ligands,
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because the search space (ligand conformations and poses) scales exponentially with ligand
size, rendering these methods computationally intractable for a protein ligand. Another class
of structure-based methods is based on protein-protein docking methods, which were
traditionally developed for predicting binding poses for two proteins that are known to bind
(Smith and Sternberg, 2002). These methods are extensively evaluated in the community
wide Critical Assessment of Prediction of Interaction (CAPRI) (Janin, 2005).

[0007] Attempts to re-purpose protein-protein docking methods to predict potential
ligands for a given target are limited by the difficulty of predicting binding affinities
accurately (de Vries et al., 2006). A recent community-wide critical assessment demonstrated
that, when current state-of-the-art protein-protein docking methods were used to score and
distinguish binders from non-binders, no method could consistently identify cognate binders,
and the correlation between docking scores and binding affinity was at best weak (Fleishman
et al., 2011). The candidate ligand library in our IgSF-specific application poses additional
challenges for protein-protein docking methods, since all candidates from the IgSF
subproteome share the same fold topology, and docking methods that rely heavily on
receptor-ligand shape complementarity would be less effective in discriminating cognate
from non-cognate IgSFs.

[0008] The present invention addresses the need for a new method and system for

identifying cognate protein ligands.

SUMMARY OF THE INVENTION
[0009] A method is provided for identifying a cognate ligand molecule for a known
biological receptor comprised of amino acid residues, comprising:
determining interaction energy map data for the known biological receptor, wherein the
interaction energy data are determined for the known biological receptor with one or more
predefined molecular entities;
determining residue-specific pharmacophore data for the activity of the known biological
receptor;
generating ligand spatial interface structure data for the known biological receptor from
combining the interaction energy map data and the pharmacophore data;
and screening a candidate ligand molecule for binding to the generated ligand interface
structure, and identifying the candidate ligand molecule as a cognate ligand molecule wherein
the candidate ligand molecule binds to the generated ligand interface structure, or identifying

3
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the candidate ligand molecule as not being a cognate ligand molecule wherein the candidate
ligand molecule does not bind to the generated ligand interface structure.

[0010] Also provided is a system for identifying a cognate ligand molecule for a known
biological receptor comprised of amino acid residues, comprising:

one or more data processing apparatus;

a graphical user interface; and

a non-transitory computer-readable medium coupled to the one or more data processing
apparatus having instructions stored thereon which, when executed by the one or more data
processing apparatus, cause the one or more data processing apparatus to perform a method
comprising:

determining interaction energy map data for the known biological receptor, wherein the
interaction energy data are determined for the known biological receptor with one or more
predefined molecular entities;

transmitting the interaction energy map data to a viewer application to cause a corresponding
interaction energy map to display in the graphical user interface;

determining residue-specific pharmacophore data for the activity of the known biological
receptor;

generating ligand spatial interface structure data for the known biological receptor from
combining the interaction energy map data and the pharmacophore data;

transmitting the ligand spatial interface structure data to the viewer application to cause
display in the graphical user interface of the ligand interface structure as a visual combination
of the displayed residue-specific pharmacophore and the displayed interaction energy map;
and

screening a candidate ligand molecule for binding to the generated ligand interface structure,
and identifying the candidate ligand molecule as a cognate ligand molecule wherein the
candidate ligand molecule binds to the generated ligand interface structure, or identifying the
candidate ligand molecule as not being a cognate ligand molecule wherein the candidate
ligand molecule does not bind to the generated ligand interface structure.

[0011] A non-transitory computer readable medium comprising instructions stored
thereon for performing the methods described herein is also provided.

[0012] Additional objects of the invention will be apparent from the description which

follows.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0013] Figure 1: ProtLID method illustrated using receptor 1185.D (grey). (a) A 1 Amesh
(red dots) is generated over the receptor interface (orange). Single-residue probes (illustrated
here using glutamine) are placed on each mesh point in different orientations. (b) Probes are
evolved using MD to collect the positions of the corresponding FA (blue for the NE2 atom of
glutamine (NE2_Q)). (c¢) The spatial distributions of FAs are analyzed to determine the most
favored FA types at each receptor site. Three receptor sites favoring NE2 Q are shown in
yellow and their corresponding predicted ligand positions in red dots. The actual Gln NE2
position in the bound cognate ligand (green dot) coincides well with the prediction. (d) The
resulting rs-pharmacophore comprises predicted ligand position, FA types, and restraint
distances for each receptor site. All possible 5-mer templates are generated exhaustively from
the full rs-pharmacophore. (e¢) Each candidate structure in the database is matched against
each template: matching 5-atom constellations on the candidate (purple) are least-square-
fitted onto predicted ligand positions (red dots). Refinement is then performed to optimize
steric clash and distance restraints between ligand (purple) and receptor (yellow) atoms. (f)
Qualifying poses are clustered to score and rank all candidate structures. For benchmarking,
we monitored the ranks of cognate structures (green entries). See also Table S1.
[0014] Figure 2: Average correlation coefficient between pairs of datasets combined
from: (red line; upper x-axis) up to 80,000 assigned functional atom positions from 26
functional atom types; or (blue line; lower x-axis) up to 8 runs of a single functional atom
type (NE_R).
[0015] Figure 3: Performance of ProtLID vs. three docking approaches on six IgSF
receptors (x-axis). Insignificant (random) ranking is 50-percentile, with estimated standard
deviation shown in grey.
[0016] Figure 4: CTLA-4 binding interfaces for (a) CD86 (PDB code: 1185) and (b) CD
80 (PDB code: 1I8L). Orange: residues common to both interfaces; magenta and green:

residues unique to CD86 and CD80 binding interface, respectively.

DETAILED DESCRIPTION OF THE INVENTION
[0017] A method is provided for detecting a cognate ligand molecule for a known

biological receptor comprised of amino acid residues, comprising:
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determining interaction energy map data for the known biological receptor, wherein the
interaction energy data are determined for the known biological receptor with one or more
predefined molecular entities;

determining residue-specific pharmacophore data for the activity of the known biological
receptor;

generating ligand spatial interface structure data for the known biological receptor from
combining the interaction energy map data and the pharmacophore data;

and screening a candidate ligand molecule for binding to the generated receptor interface
structure, and detecting the candidate ligand molecule as a cognate ligand molecule wherein
the candidate ligand molecule binds to the generated receptor interface structure.

[0018] A method is provided for identifying a cognate ligand molecule for a known
biological receptor comprised of amino acid residues, comprising:

determining interaction energy map data for the known biological receptor, wherein the
interaction energy data are determined for the known biological receptor with one or more
predefined molecular entities;

determining residue-specific pharmacophore data for the activity of the known biological
receptor;

generating ligand spatial interface structure data for the known biological receptor from
combining the interaction energy map data and the pharmacophore data;

and screening a candidate ligand molecule for binding to the generated receptor interface
structure, and identifying the candidate ligand molecule as a cognate ligand molecule wherein
the candidate ligand molecule binds to the generated receptor interface structure, or
identifying the candidate ligand molecule as not being a cognate ligand molecule wherein the
candidate ligand molecule does not bind to the generated receptor interface structure.

[0019] In an embodiment, the predefined molecular entity is a functional atom of a
natural amino acid residue. For example, such as carbon of a methyl group, nitrogen atom of
lysine amino group or carboxyl oxygen atom of asparagine. In an embodiment, the
predefined molecular entity is a H,O, a methyl group, an amine nitrogen atom, a carboxyl
oxygen atom or a hydroxyl.

[0020] In an embodiment, the pharmacophore data for the activity of the known
biological receptor is determined based on identifying, for amino acid residues of the known

biological receptor, one or more of hydrogen bonding, an interactive side chain, a
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hydrophobic center, an aromatic center, and a charged region of the known biological
receptor.

[0021] In an embodiment, the residue-specific pharmacophore data is determined by
molecular dynamics sampling using single amino acid residue probes.

[0022] In an embodiment, the residue-specific pharmacophore data comprise one or more
of hydrogen bonding, interactive side chain, hydrophobic and aromatic center data for the
receptor.

[0023] In an embodiment, the residue-specific pharmacophore is built around the receptor
interface based on optimal properties of functional atom types obtained from molecular
dynamic sampling.

[0024] In an embodiment, the properties of 26 functional atom types are used.

[0025] In an embodiment, the properties of 26 functional atom types set forth in Table S1
are used.

[0026] In an embodiment, optimal functional atom positions on the receptor interface are
determined through sampling of single-residue ligand probes using molecular dynamics. In
an embodiment, the method comprises generating a 1 A-mesh for each receptor interface.
[0027] In an embodiment, multiple molecular dynamic trajectories are launched at each
mesh point for each single-residue probe type.

[0028] In an embodiment, functional atom positions are collected at 1-ps intervals from
the trajectories and all functional atom positions that fall within 1A of any mesh point are
assigned to that mesh point

[0029] In an embodiment, the known biological receptor is a protein. In an embodiment,
the known biological receptor is a human protein. In an embodiment, the known biological
receptor is a cell-surface human protein. In an embodiment, the known biological receptor is
a secreted human protein. In an embodiment, the candidate ligand molecule is a peptide, a
polypeptide or a protein.

[0030] In an embodiment, the method further comprises identifying candidate ligand
molecules prior to screening them for binding, comprising extracting a template from the
residue-specific pharmacophore and matching against a database of experimentally known or
computationally modeled ligand structures so as to identify cognate receptor-ligand
complexes, and subsequently using candidate ligand molecules corresponding to those

identified complementary structures when screening for binding.
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[0031] In an embodiment, the candidate ligand molecule is a 5-mer amino acid sequence.
In an embodiment, determining the residue-specific pharmacophore comprises selecting for
residues where hydrogen bond donor-acceptor interactions exist and where hydrophobic
contacts exist.

[0032] In an embodiment, the method further comprises correcting the generated ligand
spatial interface structure data for receptor surface protrusions and indentations.

[0033] In an embodiment, the method comprises using the properties of 23 functional
atom types. In an embodiment, the method comprises using the properties of the functional
atom types set forth in Table S1 except for O G, N _Gand CB _C.

[0034] In an embodiment,identifying the candidate ligand molecule as a cognate ligand
molecule wherein the candidate ligand molecule binds to the generated receptor interface
structure, comprises selecting screened candidate ligand 5-mer molecules which show all
inter-atom pairwise distances to be 4 angstroms or less.

[0035] Also provided is a system for identifying a cognate ligand molecule for a known
biological receptor comprised of amino acid residues, comprising:

one or more data processing apparatus;

a graphical user interface; and

a non-transitory computer-readable medium coupled to the one or more data processing
apparatus having instructions stored thereon which, when executed by the one or more data
processing apparatus, cause the one or more data processing apparatus to perform a method
comprising:

determining interaction energy map data for the known biological receptor, wherein the
interaction energy data are determined for the known biological receptor with one or more
predefined molecular entities;

transmitting the interaction energy map data to a viewer application to cause a corresponding
interaction energy map to display in the graphical user interface;

determining residue-specific pharmacophore data for the activity of the known biological
receptor;

generating ligand spatial interface structure data for the known biological receptor from
combining the interaction energy map data and the pharmacophore data;

transmitting the ligand spatial interface structure data to the viewer application to cause

display in the graphical user interface of the ligand interface structure as a visual combination
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of the displayed residue-specific pharmacophore and the displayed interaction energy map;
and

screening a candidate ligand molecule for binding to the generated receptor interface
structure, and identifying the candidate ligand molecule as a cognate ligand molecule wherein
the candidate ligand molecule binds to the generated receptor interface structure, or
identifying the candidate ligand molecule as not being a cognate ligand molecule wherein the
candidate ligand molecule does not bind to the generated receptor interface structure.

[0036] Embodiments of the invention and all of the functional operations described in
this specification can be implemented in digital electronic circuitry, or in computer software,
firmware, or hardware, including the structures disclosed in this specification and their
structural equivalents, or in combinations of one or more of them. Embodiments of the
invention can be implemented as one or more computer program products, i.e., one or more
modules of computer program instructions encoded on a non-transitory computer readable
medium for execution by, or to control the operation of, data processing apparatus. The non-
transitory computer readable medium can be a machine readable storage device, a machine
readable storage substrate, a memory device, or a combination of one or more of them. The
term "data processing apparatus" encompasses all apparatus, devices, and machines for
processing data, including by way of example a programmable processor, a computer, or
multiple processors or computers. The apparatus can include, in addition to hardware, code
that creates an execution environment for the computer program in question, e.g., code that
constitutes processor firmware, a protocol stack, a database including a database management
system, an operating system, or a combination of one or more of them.

[0037] A computer program (also known as a program, software, software application,
script, or code) can be written in any form of programming language, including compiled or
interpreted languages, and it can be deployed in any form, including as a stand-alone program
or as a module, component, subroutine, or other unit suitable for use in a computing
environment. A computer program does not necessarily correspond to a file in a file system.
A program can be stored in a portion of a file that holds other programs or data (e.g., one or
more scripts stored in a markup language document), in a single file dedicated to the program
in question, or in multiple coordinated files (e.g., files that store one or more modules, sub-
programs, or portions of code). A computer program can be deployed to be executed on one
computer or on multiple computers that are located at one site or distributed across multiple

sites and interconnected by a communication network.
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[0038] The processes and logic flows described in this specification can be performed by
one or more programmable processors executing one or more computer programs to perform
functions by operating on input data and generating output. The processes and logic flows
can also be performed by, and apparatus can also be implemented as, special purpose logic
circuitry, e.g., an FPGA (field programmable gate array) or an ASIC (application-specific
integrated circuit).

[0039] Processors suitable for the execution of a computer program include, by way of
example, both general and special purpose microprocessors, and any one or more processors
of any kind of digital computer. Generally, a processor will receive instructions and data
from a read-only memory or a random access memory or both. The essential elements of a
computer are a processor for performing instructions and one or more memory devices for
storing instructions and data. Generally, a computer will also include, or be operatively
coupled to receive data from or transfer data to, or both, one or more mass storage devices for
storing data, e.g., magnetic, magneto-optical disks, or optical disks. However, a computer
need not have such devices. Moreover, a computer can be embedded in another device, e.g.,
a mobile telephone, a personal digital assistant (PDA), a mobile audio player, a Global
Positioning System (GPS) receiver, to name just a few. Non-transitory computer-readable
media suitable for storing computer program instructions and data include all forms of non-
volatile memory, media and memory devices, including by way of example semiconductor
memory devices, e.g., EPROM, EEPROM, and flash memory devices; magnetic disks, e.g.,
internal hard disks or removable disks; magneto-optical disks; and CD-ROM and DVD-ROM
disks. The processor and the memory can be supplemented by, or incorporated in, special
purpose logic circuitry.

[0040] To provide for interaction with a user, embodiments of the invention can be
implemented on a computer having a display device, e.g., a CRT (cathode ray tube) or LCD
(liquid crystal display) monitor, for displaying information to the user and a keyboard and a
pointing device, e.g., a mouse or a trackball, by which the user can provide input to the
computer. Other kinds of devices can be used to provide for interaction with a user as well;
for example, feedback provided to the user can be any form of sensory feedback, e.g., visual
feedback, auditory feedback, or tactile feedback; and input from the user can be received in
any form, including acoustic, speech, or tactile input.

[0041] Embodiments of the invention can be implemented in a computing system that

includes a back-end component, e.g., as a data server, or that includes a middleware
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component, e.g., an application server, or that includes a front-end component, e.g., a client
computer having a graphical user interface or a Web browser through which a user can
interact with an implementation of the invention, or any combination of one or more such
back-end, middleware, or front-end components. The components of the system can be
interconnected by any form or medium of digital data communication, e.g., a communication
network. Examples of communication networks include a local area network ("LAN") and a
wide area network ("WAN"), e.g., the Internet.

[0042] The computing system can include clients and servers. A client and server are
generally remote from each other and typically interact through a communication network.
The relationship of client and server arises by virtue of computer programs running on the
respective computers and having a client-server relationship to each other.

[0043] A non-transitory computer readable medium comprising instructions stored
thereon for performing the methods described herein is also provided.

[0044] All combinations of the various elements described herein are within the scope of
the invention unless otherwise indicated herein or otherwise clearly contradicted by context.
[0045] This invention will be better understood from the Experimental Details, which
follow. However, one skilled in the art will readily appreciate that the specific methods and
results discussed are merely illustrative of the invention as described more fully in the claims

that follow thereafter.

Experimental Details
[0046] Currently, computer-based screening methods for identifying cognate protein
ligands from libraries are very laborious and require great computational power was well as
time. Provided herein is a much improved method which provides efficiencies in all of these
limitations. Presented herein is a conceptually new computational approach, Protein Protein
Interaction Design (ProtLID) (Fig. 1). ProtLID is inspired by two related concepts in small
molecule drug discovery: the molecular interaction field (MIF) (Goodford, 1985) and the
pharmacophore (Kier, 1967). A molecular interaction field is a grid-based map reflecting the
interaction energetics between a receptor and various generic moieties (e.g. water, methyl
group, amine nitrogen, carboxyl oxygen, and hydroxyl). A pharmacophore is an abstract
description of key atoms, groups, charged regions, and their spatial interrelations that are
essential for a drug molecule’s biological activities. Both the MIF and the pharmacophore

describe a theoretically optimal ligand interface against which small molecule drug
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candidates can be screened. To adapt these concepts to a protein ligand we introduce the
concept of residue-specific pharmacophoric moieties, herein termed functional atoms (FA).
The design is focused on 26 FA types within the 20 naturally occurring amino acid types,
specifically, hydrogen-bonding capable side chain oxygen/nitrogen, and hydrophobic /
aromatic centers (Table S1) that contribute the most to binding interactions.

[0047] Table S1. Functional Atom Definitions (related to Fig. 1)
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* functional atom used in reference set (hm), but not for rs-phérmacophdre generation
a used for snapshot filtering to obtain cf,m
b used as receptor-sites for consolidating propensity data

[0048] The optimal FA positions on the receptor interface are determined through
exhaustive sampling of small, single-residue ligand probes using molecular dynamics (MD).
The resulting FA preferences constitute a unique spatial fingerprint, herein termed the residue
specific (rs) pharmacophore. This designed rs-pharmacophore is then used in the template-
based ligand screening step, where we combinatorially extract subtemplates from the rs-
pharmacophore and match these designed, theoretical ligand sub-interfaces against candidate

structures in the IgSF sub-proteome. The ligand screening step will shortlist the most likely
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candidates for receptor-ligand interaction and can be used to drastically reduce the number of
testable hypotheses for subsequent experimental verification. ProtL.ID has several conceptual
advantages compared to other methods. First, the sampling-derived FA preferences are
correlated to free energy, as opposed to empirical scores that are based on a single static
snapshot, as in the case of most MIF- and pharmacophore-based methods. This is because FA
preferences are quantified by the frequencies that FAs sample each region during all-atom
molecular dynamics simulation, which are reflective of the Boltzmann distributions of
thermally accessible receptor surface positions. The one other known method that employs
MD to generate pharmacophore was pioneered by Mackerell, but with applications for small-
molecule and peptide ligands (Guvench and MacKerell, 2009). Second, in contrast to small
molecule drug discovery methods, which use generic moieties, ProtLID uses residuespecific
moieties, thereby limiting the potential number of matches and reducing the combinatorial
search space for screening each candidate protein ligand. Third, the ligand screening step is
designed to tolerate variations in crystal structures, through its use of a simple energy
function, sub-template matching, and clustering-based ranking scheme. This advantageous
feature over both small-molecule and protein-protein docking methods is proven by the
consistent rankings of alternative structures of the same candidate protein, a behavior specific
to ProtLID. ProtLID was applied to six IgSF receptors belonging to different functional
families (Table 1): coxsackievirus and adenovirus receptor (CXAR) binding to CXAR
(Protein Data Bank (PDB) code: 1F5W), cytotoxic T-lymphocyte protein 4 (CTLA-4)
binding to CD86 (PDB: 1185), CTLA-4 binding to CD80 (PDB: 118L), CD244 binding to
CD48 (PDB: 2PTT), programmed cell death protein 1 (PDCD1) binding to programmed cell
death 1 ligand 2 (PD1L2) (PDB: 3BP5), and poliovirus receptor (PVR) binding to TIGIT
(PDB: 3UDW). In each case, how well ProtLID ranks structures of the cognate ligands
amongst a decoy database of IgSF structures was evaluated. As a comparison, similar
rankings were also performed using three state of the art docking algorithms, ClusPro
(Comeau et al., 2004a, b; Kozakov et al., 2013; Kozakov et al., 2006), ZDOCK (Pierce et al.,
2011), and GRAMM (Katchalskikatzir et al., 1992).

[0049] Table 1. Six trans-binding, Igl interfaces used in ligand prediction.

Receptor interfaces are named by (pdb_id).(receptor-chain), protein names are listed by their
UniProt id (source-suffix omitted). Bound ligand structures are underlined; biological sources
are denoted by ‘h” (human) or ‘m’ (mouse). Interface RMSD refers to the RMSD of interface

residues between bound and unbound forms of the same ligand.
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Results

[0050] Exploring criteria for sampling convergence: Molecular dynamic simulations of
single-residue ligand probes were performed to determine optimal FA positions. First, a 1A-
mesh was generated for each receptor interface that resulted in the following numbers of
mesh points (Nmesh): 446 (1F5W.B), 412 (1I85.D), 462 (1I8L.C), 453 (2PTT.B), 583
(3BP5.A), and 427 (3UDW.C). Multiple MD trajectories were launched at each mesh point
for each of the 20 single-residue probe types. FA positions were collected at 1-ps intervals
from the trajectories and all FA positions that fall within 1 A of any mesh point were
assigned to them. Then nm was determined - the number of FAs assigned to each mesh point
m. To establish how many MD runs are required for adequate sampling, two approaches were
used to monitor the reproducibility of nm for the receptor 1185.D (Fig. 2).

[0051] In the first approach, two independent datasets were prepared, each comprising
~80,000 assigned FAs from 26 FA types. From each dataset, a gradually increasing total
number of assigned FAs (NFA) was randomly selected and nm counted. The random
selection was repeated 20 times for each NFA value and the average correlation coefficient of
nm against NFA monitored (Fig. 2, red line; upper axis). The plot suggests that at least
~24,000 assigned FAs are needed to have a correlation greater than 0.85. This translates to
~7-8 independent MD runs since each MD run yields on average ~3000 assigned FAs (data
not shown).

[0052] In a second approach, 16 independent MD runs were performed for the FA type
NE R (NE functional atom of Arg residue). The MD runs were divided into two sets of §
runs. Next, nruns runs within each set were randomly combined and the correlation
coefficient of nm between the two subsets computed. The random combination was repeated

20 times and the average correlation coefficient plotted against nruns (Fig. 2, blue line; lower
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axis). This result suggests that about six MD runs are sufficient to reproduce a correlation >
0.85. Guided by the correlation data from both approaches, and to allow for fluctuations in
the number of assignable FAs specific to different FA types, it was chosen to perform seven
MD runs to ensure sampling convergence.

[0053] Generating rs-Pharmacophore: Rs-pharmacophores were generated from the
statistical analysis of the MD snapshots. A typical rs-pharmacophore has up to 15 predicted
“interactors”, each comprising (i) a receptor site (atom type and position), (ii) a
corresponding predicted ligand site (allowed FA types and positions), and (iii) a receptor-to
ligand atomic distance restraint. The predictive precision of each pharmacophore was
benchmarked, which is defined as the ratio of the number of true positive interactors to the
total number of interactors. An interactor is considered to be a true positive if there is at least
one ligand atom in the bound cognate structure that (i) matches allowed FA types; and (ii) is
within the stipulated restraint distance from its receptor site. The precisions of the
pharmacophores are 10/15=67% (1F5W.B), 8/14=57% (1185.D), 8/15=53% (118L.C),
6/15=40% (2PTT.B), 9/15=60% (3BP5.A), and 2/15=13% (3UDW.C). The poor performance
of the 3UDW.C predictive precision can be explained by the fact that the native interaction
between the receptor PVR with its cognate ligand TIGIT is dominated by main-chain
hydrogen bonds: out of the 14 hydrogen bonds between PVR and TIGIT, seven utilize main-
chain O or N on the ligand (TIGIT) side (Table S2). Our current approach does not track
main-chain N and O, due to their prevalence and lack of specificity.

[0054] Table S2. Hydrogen bonds between 3UDW.C (PVR) and 3UDW.A (TIGIT)
(related to Table 2) Bold: Hydrogen bonds in which TIGIT uses a main-chain N or O
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[0055] Ligand prediction results: For each of the six IgSF receptors, we searched its
designed rspharmacophores against a candidate database (sub-proteome) of IgSFs
represented by their N-terminal Ig (Igl) domain structures. All available structures of the
cognate ligands (Table 1) were also included in the database. The candidates were ranked by
ProtLID according to the scoring scheme described in Methods. Table 2 reports the percentile
ranks of each cognate structure, in addition to the ranking results obtained using ClusPro,
ZDOCK, and GRAMM.

[0056] Table 2. Cognate ligand prediction results for six IgSF receptors using Cluspro,
ZDOCK, GRAMM and ProtLID. Percentile ranks are listed in the order of corresponding
cognate ligand structures in Table 1. Underlined: percentile rank of bound cognate structures;
bold: percentile ranks less than or equal to 10. a: percentile ranks of cognate structures
(1I8L.A, 1DR9.A) for cross-ligand CD80 b: percentile ranks of cognate structures (1185.B,
INCN.A ) for cross-ligand CD86

Regceptor Pereentile-rank of cognate ligand structures
Cluspro ZDOCK SRAMM Protl D

1FSWL R W I00 6752 (1474530828030 | 3538004588645 | 21,538,168

888G 77 Y 58 7
BR B 17,81 42 84 4 11

{45 &4 ° (B8 48 ° 4 .{4“"
8L O 3338 a1 81

(5.81° {57.54%° {10 4;
ZETI.B 58,8 AR 83
3BPRE A 24828 T8, 122248
JUBWC 258 53 41 28, 82 8371 48
Toial & of topid% | 25021 ..;.zf TH2EY
ranked hgands

[0057] The success of a cognate ligand prediction method can be measured by how often
it ranks a cognate ligand better than random, or, more practically, by how often it ranks a
cognate ligand at the top, so it could potentially be shortlisted and experimentally verified.
For the latter criterion a cutoff value of 10% was chosen, which yields an experimentally
tractable number of testable candidates (Table S5). Table 2 summarizes the number of
cognate structures ranked within the top 10%. Out of 21 cognate structures, Cluspro,
ZDOCK, GRAMM and ProtLID ranked two, five, one, and 11 cognate structures in the top
10%, respectively. The performance is similar if a more stringent test is considered, when the
bound cognate ligand structures (underlined in Table 2) were omitted from the list of
candidates, since these would not be available in a practical setting when searching for

unknown binding partners. Out of a total of 15 known unbound cognate ligand structures,
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Cluspro, ZDOCK, GRAMM, and ProtLID ranked one, two, one, and seven in the top 10%,
respectively.

[0058] Table S5. Ligand prediction by ProtLID. List of top scoring predicted IgSF
ligands (second column) for the six receptor studied (first column). Ligands are listed in the
order of the best rankings of their corresponding structures. Receptor and ligand structures
are listed by their full name or gene name and in brackets by their corresponding PDB codes,

including chain identification.
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[0059] Next assessed were the performances using the average percentile rank of a
receptor’s cognate structures (Fig. 3 and Table S3). The motivation for this metric is that a

high-quality ligand prediction method must be able to perform well with any cognate
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structure available in the Protein Data Bank. Different structures of the same cognate ligand
protein can have significant structural differences and the interface root-mean-squared
distance (RMSD) between bound and unbound structures can be as large as 2.6 A (Table 1).
Figure 3 shows the average percentile rank of cognate ligands for the four methods, with the
shaded area representing random performance. ProtLID, on average, ranks cognate ligands
better (lower) than random in five out of the six receptors. In contrast, ZDOCK, Cluspro, and
GRAMM have two, three and one receptor(s) with average rank better than random,
respectively.

[0060] Table S3. Average percentile ranks of cognate ligand structures (related to Table 2
and Fig. 3) Bold: “successful cases”, where at least one cognate structure was ranked within

the top 10th-percentile.
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[0061] Another aspect of the performance is the consistency (size of standard deviation)
of cognate ligand rankings. If one considers the successful predictions, i.e. cases with at least
one cognate structure in the top 10% (bold entries in Table S3), then it is clear that the
cognate rankings for ProtLID have small standard deviations (in the range of 0.6-4.5),
indicating that it ranked all alternative structures of the same cognate ligand very similarly. In
contrast, successful predictions of other methods have large standard deviations (Cluspro:
23.8, 17.8, ZDOCK: 252, 269, 7.7, 28.8, GRAMM: 27.7), indicating that while some
cognate structures were ranked within the top 10%, other alternative structures of the same
protein have very disparate ranks. The consistent performance of ProtLID indicates that it is
tolerant to differences in crystal structures of the same protein. Ligand specificity: case study
with CTLA-4 binding two different B7s

[0062] How well a ligand prediction method based on a particular receptor:ligand
interface can recognize a “cross-ligand”, i.e. a ligand that binds to the receptor at a similar but
not identical interface is of interest. All four ligand prediction methods utilize information
about the receptor interface: Cluspro directs docking towards the interface through an

attractive potential; ZDOCK and GRAMM poses were filtered to retain only those
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overlapping with the receptor interface; and ProtLID uses the receptor interface to build its
rs-pharmacophore, which in turn guides the docking and selection of matching poses.

[0063] The 1185.D and 118L.C receptor interfaces were used to investigate cross ligand
specificity. As detailed in Table 1, the 1185.D interface is derived from a complex of CTLA-4
(1185, chain D) binding to its ligand CD86 (1185, chain B), while the 1I8L.C interface is
derived from a complex of CTLA-4 (1I8L, chain C) binding to its other ligand CD80 (1I8L,
chain A). Both CD86 and CD80 are IgSFs in the B7 functional family, sharing ~25%
sequence similarity (Yap et al., 2014).

[0064] While both bind to costimulatory receptors CD28 and CTLA-4, the binding
affinities of CD86 are ~5-10 fold lower than that of CD80 (Bhatia et al., 2006). Although the
CD80 and CD86 binding sites on CTLA-4 overlap significantly with eight common residues,
they are not identical (Fig. 4). CD80 has two unique interface residues (Asp65 and Met97),
while CD86 has one (Thr53).

[0065] Structures of cross-ligands were added to the respective candidate databases for
1185.D and 118L.C, and their percentile ranks computed (Table 2, entries marked a and b).
For the 1185.D (CD86-binding) interface, none of the methods identified its cross-ligand
(CD80; with two available structures 118L.A and 1DR9.A) within the top 10%. However, for
the 1I8L.C (CD80-binding) interface, two methods successfully identified its cross-ligand,
CDS86: Cluspro ranked one of the two available structures, 1185.B, at the top 5%, while
ProtLID ranked both structures (1185.B and INCN.A) at top 10% and top 4%, respectively.
[0066] It was explored why ProtLID could successfully predict the cross-ligand with the
118L.C interface but not with 1185.D. The poorer ranking of CD80 structures is primarily due
to the absence of Asp65 from the interface definition of 1185.D (Fig. 4). Asp65 is critical for
CTLA-4 binding to CD80: forming a salt bridge with Lys89 of CD80 (Henrick, 2007). The
absence of Asp65 from the rs-pharmacophore means that a significant subset of specific
interactions cannot be considered when searching for a cognate ligand, leading to poorer
ranking. ProtLID ranked an alternative ligand for 3UDW.C in top 20%

[0067] In the case of 3UDW.C (PVR), Cluspro, GRAMM and ProtLID did not recover
any structure of its cognate ligand (TIGIT) within the top 10%. This was expected in case of
ProtLID since the rs-pharmacophore of 3UDW.C had a low predictive precision (13%),
which is probably a consequence of our choice during method design to omit main-chain N
and O from the functional atom definitions, due to their prevalence and lack of specificity.

However, analysis of the TIGIT:PVR interface shows that TIGIT uses extensively main chain
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N and O to interact with PVR (see Table S2). Interestingly, ProtLID did manage to rank
another IgSF candidate known to interact with PVR within the top 20%. PVR and TIGIT
belong to the nectin/nectin-like IgSF family, whose members are frequently involved in
homophilic or heterophilic binding with other family members. Besides TIGIT,

[0068] PVR is also reported to have binding interactions with other nectin/nectin-like
family members: CD226 (Bottino et al., 2003), CD96 (Fuchs et al., 2004), nectin-1 (Harrison
et al., 2012), and nectin-3 (Mueller and Wimmer, 2003). Of these, only nectin-1 has a high-
resolution structure available (3ALP.A) and was part of the candidate database. ProtLID
ranked 3ALP.A at 19.5%. The ranks for 3ALP.A using Cluspro, ZDOCK, and GRAMM are
75.2%, 20.7%, and 87.8%, respectively. ProtLID, ZDOCK reliably rank native-like binding
poses as top-scorers Two critical bottlenecks in successfully predicting cognate ligands are
the adequate sampling of native-like poses and the subsequent accurate scoring of these
poses. A “native-like” was defined pose by two criteria: (i) a more stringent criterion that
requires the RMSD of interface residues (RMSDint) between the bound structure and the
pose be < 5A, and (ii) a more relaxed criterion that requires 50% of interface residues on the
bound structure be also found on the pose’s interface. For each criterion, the number of
cognate structures was counted for which a method (a) samples at least one native-like pose,
and (b) ranks a native-like pose as the top-scoring pose (Table 3).

[0069] Table 3. Sampling of native-like poses

a3} & of cognates that sampled ;
B # of cognates whose op-sooring pose i nalive- W 4§27 F 21 152t

[0070] According to the more stringent RMSDint criterion, Cluspro, ZDOCK, and
ProtLID sampled native like poses for most cognate structures (15 for Cluspro and ZDOCK,
18 for ProtLID, out of 21 cognate structures), whereas GRAMM (7) was much less efficient
in doing so (Table 3 i-a). When ranks were also considered, ProtLID had 11 top scoring
cognate ligand structures with native poses, significantly more than Cluspro (4), ZDOCK (0),
and GRAMM (7) (Table 3 i-b). Using the second, more relaxed native-like criterion, it
appears that all methods are able to reliably sample native poses whose interface coincides at
least 50% with the true ligand interface (Table 3 ii-a). However, among these, only ZDOCK

and ProtLID are able to rank native-like poses as top-scorers consistently (Table 3 ii-b; 17 for
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ZDOCK and 15 for ProtLID). The additional hits found in the relaxed criterion (Table 3 ii-b),
in comparison with the stringent criterion (Table 3 i-b), suggests that the poses sometimes
predict the correct binding patch, albeit in an incorrect orientation. The strong performances
of ZDOCK and ProtLID suggest that a potential side application for these methods could be
to identify the likely ligand binding interface to improve docking performance (Huang and

Schroeder, 2008).

Discussion

[0071] Disclosed herein is a new computational approach, ProtLID that predicts the
cognate protein ligand for a receptor by matching a residue-specific pharmacophore that
reflects functional atom propensities obtained from extensive molecular dynamics sampling
around the receptor interface. The method was tested on six known IgSF-IgSF receptor-
ligand pairs from functionally diverse IgSF families, and its performance compared against
ligand predictions using leading docking algorithms.

[0072] This conceptually new approach appears to have several practical advantages over
docking methods. First, ProtLID ranked the highest fraction of unbound cognate ligand
structures (47%, or seven out of 15) within the top 10%. In contrast, the three other docking-
based methods were less sensitive, ranking only 7-13% (1-2 out of 15) of the unbound
cognate structures within top 10%.

[0073] Second, altemative structures of cognate ligands are ranked consistently by
ProtLID, as it is illustrated by the small standard deviation of their rankings. This is important
because it highlights the fact that ProtLID’s performance is consistent, irrespective of
structural variations that exist between similar proteins or for different structures of the same
protein when solved under different experimental conditions (Sali, 2001).

[0074] A notable failure of identifying the cognate ligand for receptor 3UDW.C was
explained by the fact that TIGIT, the cognate ligand of 3UDW.C, uses mainchain contacts in
50% of its hydrogen bond interactions with 3UDW.C. In the current implementation of
ProtLID, interactions involving main-chain N and O atoms are ignored due to the ubiquity
and non-specificity of such interactions. The only other ligand that ProtLID did not rank in
the top 10% is for 3BP5.A, which had a qualitatively good rs-pharmacophore design with a
favorable precision of 60%, but it ranked the cognate only in the top 12%, just below our

subjective cutoff in this study.

21



WO 2017/139044 PCT/US2017/012089

[0075] These results suggest that the concept implemented in ProtLID is a suitable tool
for shortlisting cognate ligands from sub-proteomes for a given target receptor for
verification (Table S5). By employing a computational approach to shortlist ligand candidates
one can transform an experimentally unfeasible question to a practical exploration. For
instance instead of exploring 5000 interactions in a subproteome of 100 proteins, after
shortlisting it drops to only 500 testable cases. Although it is still a very large number of
cases to test, at least one recent study successfully explored nearly a 1000 receptor—ligand
interactions (Yu et al., 2009). The computationally intensive step in the current
implementation of ProtLID is the molecular dynamics sampling of FA propensities to design
the rspharmacophore. However, the cost is justified by the more accurate and consistent
performance attained in comparison to state-of-the-art docking algorithms. Once an rs-
pharmacophore is built, it can be used to search quickly against any large set of candidates in
a parallel computational fashion. This makes the current method a good candidate to explore
protein interactions within a variety of subproteomes or the entire set of structurally known

proteins.

Methods

[0076] The following datasets used in this study:

[0077] (A) List of Extracellular IgSFs - The set of extracellular human IgSF proteins was
obtained as in (Rubinstein et al., 2013). Briefly, human IgSF proteins were identified from
the UniProt database (Apweiler et al., 2010), if they are predicted to be membrane-integral or
secreted by the Phobius program (Kall et al., 2004), and their InterPro identifiers correspond
to Ig domains. Antibodies and T-cell receptors were excluded, and the highly polymorphic
MHC I/II proteins were represented by only one protein per gene. This resulted in an IgSF
dataset with 477 proteins (Supplementary Table 1 of (Yap et al., 2014)), of which a subset of
366 has an N-terminal [g domain (Igl set).

[0078] (B) Trans-binding IgSF-IgSF interfaces - a list of 39 known trans-binding,
heterophillic IgSF-IgSF pairs was compiled (Yap et al., 2014) and seven trans-binding,
homophillic IgSF-IgSF pairs (Cao et al., 2006; Dong et al., 2006; Harrison et al., 2012;
Patzke et al., 2010; Rubinstein et al., 2013; Yan et al., 2007). For each of these IgSF-IgSF
pairs, we queried the UniProt database for complex structures with resolution < 3.5A, and
coverage > 90% for both receptor and ligand chains. Complexes that (i) involved mixed

species, (ii) did not interact in a trans-binding orientation, (iii) interfaces involved regions
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other than the Igl domain were omitted. Sixteen X-ray structures of transbinding human or
mouse IgSF-IgSF were found that contain a total of 25 unique IgSF interfaces belonging to
nine functional families. Six receptor interfaces from the largest families were selected for the
current study (Table 1).

[0079] (C) Candidate structure database - the UniProt database was queried for X-ray
structures (resolution < 3.0 A, coverage > 90%) for the 366 extracellular IgSFs in the Igl set.
When no structure of the human protein was found, we collected available structures from
mouse and rat homologs. A total of 79 Igl structures were found (Table S4), comprising 62
human, 15 mouse, and 2 rat structures. The performance of ProtLID for mouse and rat
structures were comparable to human structures, indicating no intrinsic bias against non-
human sources. For each receptor, the candidate database was supplemented with all
available structures of its cognate ligand (resolution < 3.5A, coverage > 90%, where the
source must be the same species as the receptor protein). Structures with mutations were

excluded. The list of cognate PDBs are provided in Table 1.
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[0080] Table S4. Primary candidate database with 79 Igl protein structures (related to
Table 1).
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[0081] ProtLID protocol - an overview of the method is shown in Fig. 1.

[0082] (A) Probe-based pharmacophore generation Mesh placement over receptor
interface: Interface atoms on the receptor were identified from solved complex structures
(Fig. 1a), using the CSU program (Sobolev et al., 1999) with the following additional criteria:
(i) contact distance < 4 A; (ii) contacting atoms are from legitimate CSU classes (Table 1 of

(Sobolev et al., 1999)); (iii) solvent accessible surface area per NACCESS (Hubbard and
24
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Thoraton, 1993) is greater than | A2; (iv) carbon or sulfur atoms must come from
hydrophobic residues, A 1 A-mesh was then generated on the solvent-accessible surface of
the receptor using the software EDTSurf (Xu and Zhang, 2009) with a probe radius of 1 A.
[0083]  Sampling using molecular dynamics Sampling for optimal FA positions (Fig. 1h)
was conducted by simulating single residue ‘ligand-probes’ on the receptor surface using the
AMBER molecular dynamics package (Case et al., 2003). Uncapped (N-H at N-terminal and
C=0 at C-terminal) ligand-probes were placed on each interface mesh point. The receptor-
probe system was minimized for 5000 steps, with harmonic restraints on receptor heavy
atoms and ligand functional atoms gradually reduced from 5.0 keal/mol to zero, Molecular
dynamics was performed at T=300 K using Andersen thermal coupling and implicit solvation
with no periodic boundary condition, A distance restraint of 15 A was maintained between
the ligand functional atom and the starting mesh point. Each trajectory was evolved for 40 ps,
with energy minimized snapshots of the probe collected every 1 ps. Seven independent MD
runs were launched from each mesh point by varying the initial orientation of the probe with
respect to the receptor,

[0084]  Rs-pharmacophore generation from MI3 Snapshots: To generate an 13-
pharmacophore (Fig. 1¢), MD data collected for 26 FA types were analyzed in several steps.
For gach FA type  and MD run r, we filtered the snapshots for the presence of legitimate
tiydrogen bond donor-acceptor interactions or hydrophobic contacts. For each mesh point m,
we computed the number of assigned FAs {c¢fm), averaged over seven MD runs.

{6085]  Protrusions and indentations on the receptor surface can lead to under- and over-
sampling artifacts. We addressed this problem by normalizing ¢f,m by its expected value as
follows. We computed nm, the FA-independent reference mesh count, by assigning FA
positions from all snapshots to the nearest mesh point, averaging the FA counts at each mesh
point over seven MD runs and adding a pseudocount of 10 to each mesh point to compensate
for low counts. We then used nm to generate of,m,expected, the “expected” count at mesh

point m for a functional atom type f that belongs to the interaction class i:

i
Cim expeced { o
Fz!?i

mE{m i}

mife 1}
where {m_i} is the set of mesh points for which functional atoms of interaction type i are
expected to have non-zero counts. The ratio of actual-to-expected assigned FA counts, A/E
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ratio f,m = ¢ f,m ¢ f m,expected, represents the propensity distribution of functional atom f
at mesh m, after normalizing for surface geometry-based sampling effects.

[0086] While the reference distribution used all 26 FA types, three FA types (O_G, N_G,
and CB_C) were omitted from the final rs-pharmacophore design: O G and N_G were not
used since main-chain N and O are ubiquitous in all ligand structures and likely to produce
spurious matches and extend the search time; CB_C was omitted because solvent-exposed,
unpaired cysteines are infrequent in the oxidative extracellular environment (Fiser and
Simon, 2002).

[0087] Of the remaining 23 x Nmesh (f,m)-combinations on the receptor interface, we
retained (f,m) with above average propensities (i.e. A/E ratio > 1) and at least a minimal
number of occurrence (cf;m > 2). These were consolidated into “interactors™ on the receptor
interface, where each interactor comprises (i) a receptor site position, (ii) the predicted ligand
position, given by the mesh point closest to the geometric center of all assigned (f,m); (iii) the
permitted ligand FA types, given by the FA types found in the top 10% (f,m) when ranked by
A/E ratiof,m, (iv) and a stipulated restraint distance between the receptor site and matching
ligand atom. The complete set of interactors constitutes the rspharmacophore.

[0088] (B) Template-based cognate ligand prediction using rs-pharmacophore

Each candidate structure is compared to the N-interactor rs-pharmacophore via NC5 5-
interactor templates generated from the full rs-pharmacophore (Fig. 1d). For each template,
we exhaustively searched a candidate structure for matching 5-mer atom constellations
(“‘constellation search™), and then refined the resulting poses of the candidate structure. Low
energy poses from all templates are clustered, and the number of poses is used as a measure
of similarity to the rspharmacophore.

[0089] Constellation Search: The constellation search (Fig. 1e) comprised the following
steps: (i) for each interactor in the template, all candidate atoms matching its allowed FA
types were identified. (ii) From these all 5-mer atom combinations were generated, and those
ligand matches where all of the inter-atom pairwise distances were deviating less than 4 A
were retained. (ii1) Ligands with matching constellations were least-square fitted onto their
corresponding rspharmacophore positions, resulting in the guided docking of the full
candidate structure onto the receptor.

[0090] Energy Refinement: Docked poses were refined to minimize clashes and optimize

distances between the 5 candidate-receptor atom pairs using the following energy function:
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where pelash is the percentage of receptor heavy atoms that are within 3 A of any candidate
atoms, pelash,min and pelash,max set 1o 3% and 20% respectively; and kelash = 554, The
restraint energy is a sum of 5 harmonic distance restraints, with kupper = 10.0; klower =
222.22, and reurk is 4.5-4.7 A for hydrogen bond receptor sites and § A for hydrophobic
receptor sites. Candidate poses with no energy violation (E=0) were kept and clustered at § A
RMSD of interface atoms.

[0091] Scoring and ranking candidate Hgand structures: For each pose, the interface area,
Aint = Areceptor + Aligand —~ Acomplex, was computed using the NACCESS program, and
this converted into a normalized score (norm_Aint) between 0 and 1. The score for candidate
structure [ is then given by the sum of poses in its largest cluster, each weighted by its
norm_Aint. The percentile ranking of candidate 1 is the number of other candidates with
equal or better scores, divided by the total number of candidate structures x 160 (Fig. 11).
Ligand prediction using docking algorithms

[0892]  ClusPro: Each receptor was docked against cach candidate structure using the
ClusPro server (http://cluspro.bu.edu (Brenke et al., 2012; Comeau ¢t al., 2004a, b Kozakov
et al,, 2013; Kozakov et al,, 2006)) with three different force fields: antigen:antibody (ab),
enzyme:inhibitor (¢i), and other (o). For each docking submission the list of core receptor
interface residues was provided for which attractive interactions were to be apphied. For each
force field category, we scored and ranked cach candidate based on the number of poses in its
biggest cluster. The average rank across three force fields was then used to re-rank the
candidates and compute the percentile ranks, similar to ProtLID.
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[0093] ZDOCK and GRAMM: The partner search procedures for ZDOCK(Pierce et al.,
2011) and GRAMM were similar. For each receptor:candidate-structure docking, 500 poses
were generated. For GRAMM, the grid step was increased from 1.7 A (default) to 2.0 A or
2.5 A whenever necessary to accommodate the structures within the grid. The poses were
post-filtered to retain only those that docked to the receptor interface. Specifically, the
receptor interface in the pose (atoms within 4 A of any candidate atom) must share at least
NiccintRes.overlap  cOmmon  residues with the actual receptor interface. Various values of
NieclntRes overlap Were explored but there was no systematic trend in performance for ZDOCK
and GRAMM. We set NiecinRes overlap = 5 t0 correspond with the 5-interactor template criterion
used in ProtLID. The score of a candidate structure was the lowest energy among those of the
remaining poses. Percentile ranks were computed as in ProtLID.

[0094] Random ranking benchmarks: For each receptor, we sorted structures in its
candidate database randomly, and used the resulting ranks of cognate structures to compute
the average cognate ranks. Up to 100,000 random trials were performed to ensure that the
average and standard deviation converged to stable values.

[0095] Native-like Pose Analysis: Poses were analyzed to determine if they are native-
like, using two different criteria. For each complex structure, we first obtained the list of true
ligand interface residues, as provided by the CSU program and with the additional
requirements that all contact distances be <4 A, and that the atom pairs must be legitimate as
defined by CSU. The first native-like criterion is based on RMSDint, the RMSD of true
ligand interface residues between the bound ligand structure and the ligand pose. A pose with
RMSDint < 5 A is considered native-like. The second criterion is based on the percentage of
shared interface residues. For each pose, we determined its interface residues, defined as
residues with at least one atom within 4 A of any receptor atom. If a pose contained > 50% of
the true ligand interface residues, it was considered native-like. For each partner search
method, the number of cognate structures were then counted that (i) sampled any native-like
pose, and for which (ii) the top scoring pose was native-like. For ZDOCK and GRAMM, the
poses analyzed always satisfied the Nicimes overiap requirement (see above). For ClusPro, the

reported values are the averages from three force fields.
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What is claimed is:

1. A method for identifying a cognate ligand molecule for a known biological receptor
comprised of amino acid residues, comprising:
determining interaction energy map data for the known biological receptor,
wherein the interaction energy data are determined for the known biological receptor
with one or more predefined molecular entities;
determining residue-specific pharmacophore data for the activity of the known
biological receptor;
generating ligand spatial interface structure data for the known biological
receptor from combining the interaction energy map data and the pharmacophore
data;
and screening a candidate ligand molecule for binding to the generated
receptor interface structure, and identifying the candidate ligand molecule as a
cognate ligand molecule wherein the candidate ligand molecule binds to the generated
receptor interface structure, or identifying the candidate ligand molecule as not being
a cognate ligand molecule wherein the candidate ligand molecule does not bind to the

generated receptor interface structure.

2. The method of Claim 1, wherein the predefined molecular entity is a functional atom
of a natural amino acid residue and is a carbon of a methyl group, nitrogen atom of lysine

amino group or carboxyl oxygen atom of asparagine.

3. The method of Claim 1 or 2, wherein the pharmacophore data for the activity of the
known biological receptor is determined based on identifying, for amino acid residues of the
known biological receptor, one or more of hydrogen bonding, an interactive side chain, a
hydrophobic center, an aromatic center, and a charged region of the known biological

receptor.

4. The method of Claim 1, 2 or 3, wherein the residue-specific pharmacophore data is

determined by molecular dynamics sampling using single amino acid residue probes.
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5. The method of any of Claims 1-4, wherein the residue-specific pharmacophore data
comprise one or more of hydrogen bonding, interactive side chain, hydrophobic and aromatic

center data for the receptor.

6. The method of any of Claims 1-5, wherein the residue-specific pharmacophore is built
around the receptor interface based on optimal properties of functional atom types obtained

from molecular dynamic sampling.

7. The method of Claim 6, comprising using the properties of 26 functional atom types.

8. The method of Claim 7, comprising using the properties of 26 functional atom types

set forth in Table S1.

9. The method of any of Claims 6-8, wherein optimal functional atom positions on the
receptor interface are determined through sampling of single-residue ligand probes using

molecular dynamics.

10. The method of Claim 9, which comprises generating a 1A-mesh for each receptor
interface.
11. The method of Claim 10, wherein multiple molecular dynamic trajectories are

launched at each mesh point for each single-residue probe type.

12. The method of Claim 11, wherein functional atom positions are collected at 1-ps
intervals from the trajectories and all functional atom positions that fall within 1A of any

mesh point are assigned to that mesh point

13. The method of any of Claims 1-12, wherein the known biological receptor is a
protein.
14. The method of any of Claims 1-13, wherein the known biological receptor is a cell-

surface human protein.
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15. The method of any of Claims 1-14, wherein the known biological receptor is a

secreted human protein.

16. The method of any of Claims 1-15, wherein the candidate ligand molecule is a

peptide, a polypeptide or a protein.

17. The method of any of Claims 1-16, further comprising identifying candidate ligand
molecules prior to screening them for binding, comprising extracting a template from the
residue-specific pharmacophore and matching against a database of experimentally known or
computationally modeled ligand structures so as to identify cognate receptor-ligand
complexes, and subsequently using candidate ligand molecules corresponding to those

identified complementary structures when screening for binding.

18. The method of any of Claims 1-17, wherein the candidate ligand molecule is a 5-mer

amino acid sequence.

19. The method of any of Claims 1-17, wherein determining the residue-specific
pharmacophore comprises selecting for residues where hydrogen bond donor-acceptor

interactions exist and where hydrophobic contacts exist.

20. The method of any of Claims 1-18, further comprising correcting the generated ligand

spatial interface structure data for receptor surface protrusions and indentations.

21. The method of Claim 6, comprising using the properties of 23 functional atom types.

22. The method of Claim 7, comprising using the properties of the functional atom types

set forth in Table S1 except for O G, N _Gand CB _C.

23. The method of any of Claims 1-22, wherein identifying the candidate ligand molecule
as a cognate ligand molecule wherein the candidate ligand molecule binds to the generated
receptor interface structure, comprises selecting screened candidate ligand 5-mer molecules

which show all inter-atom pairwise distances to be 4 angstroms or less.
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24, A system for identifying a cognate ligand molecule for a known biological receptor
comprised of amino acid residues, comprising:
one or more data processing apparatus;
a graphical user interface; and
anon-transitory computer-readable medium coupled to the one or more data
processing apparatus having instructions stored thereon which, when executed by the one or
more data processing apparatus, cause the one or more data processing apparatus to perform a
method comprising:
determining interaction energy map data for the known biological receptor,
wherein the interaction energy data are determined for the known biological receptor
with one or more predefined molecular entities;
transmitting the interaction energy map data to a viewer application to cause a
corresponding interaction energy map to display in the graphical user interface;
determining residue-specific pharmacophore data for the activity of the known
biological receptor;
generating ligand spatial interface structure data for the known biological
receptor from combining the interaction energy map data and the pharmacophore
data;
transmitting the ligand spatial interface structure data to the viewer application
to cause display in the graphical user interface of the ligand interface structure as a
visual combination of the displayed residue-specific pharmacophore and the displayed
interaction energy map; and
screening a candidate ligand molecule for binding to the generated receptor
interface structure, and identifying the candidate ligand molecule as a cognate ligand
molecule wherein the candidate ligand molecule binds to the generated receptor
interface structure, or identifying the candidate ligand molecule as not being a
cognate ligand molecule wherein the candidate ligand molecule does not bind to the

generated receptor interface structure.

25. A non-transitory computer readable medium comprising instructions stored thereon

for performing the method of any of Claims 1-23.
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