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Protein Structure Similarity Clustering: Dynamic
Treatment of PDB Structures Facilitates
Clustering**
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Protein structure similarity clustering (PSSC)' is one of a
number of potential guiding principles®® that have been
introduced to focus combinatorial-library design/protein
targeting. PSSC clusters protein targets with similar ligand-
binding cores in which little sequence or functional similarity
is evident. Lead compounds for one member of the cluster
then provide novel starting points in chemical space for ligand
development for other members of the PSSC.

We describe herein a new clustering procedure that lends
itself to ligand docking, molecular dynamics (MD), and the
vector-alignment-search-tool (VAST)!® algorithm. This MD-
assisted approach offers an alternative to the serial structure
retrieval/inspection steps used to generate the original protein
structure similarity cluster, centered on Cdc25A. Further-
more, in a particularly difficult de novo test, the mannose 6-
phosphate/insulin-like growth factor II receptor (M6P/
IGF2R), lends itself to clustering, with MD opening up
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connections to partners that the static crystal structure
coordinates fail to find.

Ortholand and Ganesan!”! have described the disappoint-
ing early yield of clinical candidates from combinatorial
chemistry/high-throughput screening as a “paradise lost”
sentiment, probably attributable to unreasonable expect-
ations and the need for maturation in approaches to
combinatorial library design.’! Both diversity-oriented syn-
thesis (DOS) and biology-oriented synthesis (BIOS) have
arisen in response to the this need. DOS utilizes more-
complex, often fused polycyclic frameworks, richer in stereo-
chemistry and frequently functionalizes them through annu-
lation or coupling reactions.”” Within BIOS,!' biological
relevance and prevalidation are employed as key arguments
for the design of natural-product-derived/inspired™'! com-
pound collections.

PSSC seeks to add value to such compound libraries by
grouping targets into otherwise unrecognized clusters. In this
way, a BIOS library, originally directed at enzymes of a
specific functional or homology family, can be redirected at a
PSSC partner protein and produce novel leads for this target.
PSSC groups proteins based on a comparison of extracted
“ligand-sensing cores”, are independent of sequence or
functional similarity. Importantly, core extraction is inde-
pendent of domain or fold constraints and involves carving
out a sphere around a key ligand or protein-based center in
the binding pocket. This approach is complementary to a
number of interesting, surface pattern recognition methods
that compare binding pockets based upon exposed protein
surface pseudocenters (CavBase,'” SiteEngine[™), triangles
(pvSOAR), cavities,'™! or residues (efSite,'®! PINTS!),
and to the “all atom” approach exemplified by SitesBase.'¥!

The PSSC approach begins in biological space and seeks
to first identify a cluster of targets of pharmaceutical or
bioorganic interest and then looks for an appropriate lead
scaffold, drawing from binding data for one member of the
cluster. The notion of a PSS cluster is related to the concept
advanced by Sternberg and co-workers of “supersites”,
reflecting binding-site similarity in the absence of homol-
ogy."' PSSC also resonates with interesting ideas put forth by
Quinn and co-workers,” suggesting that structural motifs
used to bind intermediates in enzymes along a biosynthetic
pathway for a natural product might also be used to find
(unrelated) target proteins for that same natural product.

The original identification of a PSS cluster’? began from
the single available X-ray crystal structure (1C25)?! for the
catalytic core of Cdc25A, a dual-specificity protein phospha-
tase (Figure 1). The Cdc isozymes may represent novel
chemotherapeutic targets.”?! Initial structure similarity
searches by using the combinatorial extension (CE)?! and
Dali-FSSP (families of structurally similar proteins)?* algo-
rithms connected Cdc25A with hydroxynitrile lyase (3YAS)™
and methylene methanopterin dehydrogenase (1LU9),>
respectively.

These initial cluster members indicated that the parent
dual-specificity phosphatase could be related to proteins
capable of promoting nucleophilic addition to carbonyl
centers (perhaps presaging carboxyl esterase activity) and
with nicotinamide-dependent dehydrogenase activity. Koch
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Figure 1. The pathway taken by Koch® to establish the original PSS
cluster. Note the use of SCOP and intuition/manual inspection.

and co-workers next used SCOP (structural classification of
proteins; scop@mrc-lmb.cam.ac.uk), a database from the
MRC (The Medical Research Council, Cabridge, UK) that
groups evolutionarily proteins based on conserved structural
elements.>?! In this way, beginning from the 3YAS lead,
structurally related proteins could be located, retrieved,
DaliLite” or CE pairwise-aligned, and examined by visual
inspection (Figure 1). This pathway led to acetylcholinester-
ase (AChE) as a PSS partner for Cdc25A (see Table 1).

A second iteration of this sequence was then carried out.
This time, the Dali structural alignment identified tropinone
reductase as an AChE partner. The idea that pyridine
nucleotide-based dehydrogenases (DHs) might be in this

Table 1: MD simulation Cdc25 A with docked (—)-dysidiolide.

Time [ps]® Alignment RMSD [A] Alignment RMSD [A]
length (AChE- length (13- (11B-HSDH-
(AChE- 1H22)®  HSDH-1XSE- 1XSE-A)
TH22)® A

0 88 6.0 85 4.2

100 90 6.3 90 4.5

200 90 5.9 81 3.6

300 70 3.4 81 3.5

400 95 5.7 80 3.6

500 86 3.7 96 438

600 86 4.0 88 43

700t 91 43 90 3.9

800 86 3.9 91 4.3

900 79 5.0 93 5.0

1000 83 4.5 92 5.4

[a] Representative conformers at 100-ps intervals in the MD simulation
on the Cdc25A-dysidiolide docked structure. [b] Results of a DaliLite
pairwise comparison with the TH22 acetylcholinesterase crystal struc-
ture. [c] Results of a DaliLite pairwise comparison with the 11f-
hydroxysteroid dehydrogenase structure 1XSE, molecule A in the unit
cell. [d] Data in bold highlights the time region in which the simulation
samples Cdc25A conformations that align especially well with these
cluster partners.
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PSSC had been foreshadowed by the initial 1L U9 hit. Indeed,
manual inspection of the Rossmann fold superfamily, analo-
gous to the earlier SCOP step, then led from tropinone
reductase to 11p-hydroxysteroid dehydrogenase (1103-
HSDH). Eventually, a 147-member library based on the
sesterterpene Cdc25A inhibitor, dysidiolide,”! also produced
inhibitors for both AChE and 113-HSDH (see the Supporting
Information).”!

Motivated by the success of this de novo application of
PSSC to generate a target cluster that responds to a natural-
product-inspired combinatorial library, we set out to examine
the clustering protocol more closely. Namely, the initial
formulation of this PSSC required two labor-intensive SCOP/
superfamily searching steps (Figure 1). This meant the serial
retrieval of a good number of PDB coordinate sets for cluster
candidates and their evaluation for active-site structural
homology with the catalytic core of Cdc25A. This was
necessitated because available web-based structural compar-
ison algorithms, including CE,® Dali,?¥ and VAST,! all fail
to find either AChE or 113-HSDH as structural homologues
when starting from 1C25, the only available structure for
Cdc25A.

Given that such structure-comparison algorithms are
usually limited to searching a static set of crystallographic
coordinates in the PDB, we wondered whether introducing
dynamics™® would facilitate the structure-homology search.
The notion is simply that the crystallographic snapshot of a
protein that is deposited in the PDB is likely to be one of a
number of conformations that an approaching ligand might
encounter in solution. If one could begin from an array of
conformations that Cdc25A likely samples in protein struc-
ture space, then a structural comparison might be able to
identify PSSC partners that would not otherwise appear.

Toward this end, (—)-dysidiolide was initially docked with
the 1C25 structure by using Autodock 3.0.5” Then, a one-
nanosecond MD simulation was carried out on the docked
structure (GromacsP!!, Figure 2), collecting snapshots every
picosecond. To analyze the variations in backbone conforma-
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Figure 2. Cluster distribution of the 1000 conformers resulting from
the MD simulation (Gromacs) on the dysidiolide-docked Cdc25A
structure shown in Figure 3. All clusters with more than 10 members
are shown as a function of the time of appearance of the midpoint
conformer. Circle diameters are proportional to cluster size. The
midpoint conformer of the black-shaded cluster is shown in Figure 3.
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tion with time, along the simulation, pairwise comparisons
with the structures of AChE (1H22)P and of (113-HSDH-1
(1XSE-A)P! were performed at 100-ps intervals (see Table 1
for results). In particular, one notices that in the 600-700-ps
regime, the conformations of Cdc25A being sampled appa-
rently show greater structural homology with these two PSSC
partner proteins.

The 1000 Cdc25A conformations sampled were clustered
by using Gromos®®!! (Figure 2). Of a total of 60 conformational
clusters found, 26 have more than 10 members. The three
most populated clusters only begin to appear near the
midpoint, probably reflecting a large conformational change
associated with “flap closure” dominating the initial part of
the simulation. This motion is quite apparent from an
animation of the MD simulation (see the Supporting Infor-
mation) and can be inferred from a comparison of early and
late snapshots (Figure 3).

The midpoint conformers of each of the top ten clusters
were arbitrarily sampled for their ability to find members of
the original PSS cluster (Figure 1). By using the VAST
algorithm, all 10 midpoint conformers find hydroxynitrile
lyase (HNL) and four find methylene tetrahydromethanop-
terin DH (MTHMP DH), which were the only two PSS
partners that were initially identifiable from the static 1C25
structure. Pleasingly, however, a VAST search initiated from
conformer 668 (midpoint of the cluster shaded black in
Figure 2) finds all five members of the Cdc25A cluster. More
specifically, this conformer hits a significant fraction of the
available structures for these proteins in the PDB: HNL (22/
23), MTHMP DH (2/2), tropinone reductase (3/6), AChE (14/
66), and 113-HSDH (1/6).

VAST finds good alignment of conformer 668 with 11p3-
HSDH-1(1XEA) in the following regions (residues 37-56,
63-66, 69-77,91-98, 100-112, and 124-133). If one follows the
average root mean square deviation (RMSD) for C, atoms
across these residues, relative to their position in the starting
conformer, there is a sharp increase from approximately 0.7—
1 A in the time regime of 600-800 ps. Consistent with this, the
conformer at 700 ps also finds four of the five cluster members
(see the Supporting Information). A structural overlay of
conformer 668 with AChE and 118-HSDH-1 is presented in
Figure 3 (bottom).

In light of the success of MD to open up new structural
alignments with VAST, we next set our sights on a de novo
test of the protocol. In this regard, a particularly difficult case
was chosen; namely, the cation-independent, M6P-IGF2R
(see Figure 4).** This large 300-kDa transmembrane receptor
contains 15 homologous extracytoplasmic repeats. Domains 3
and 9 are known to have a high affinity for M6P. The receptor
binds M6P-functionalized proteins and IGF-II independently
(domain 11). In addition to serving a range of housekeeping
functions associated primarily with channeling proteins to the
lysosomes, the receptor is known to internalize circulating
IGF-II and hence has been labeled a cancer-suppressor
gene.® Internalization appears to be accelerated by M6P-
type ligand binding,*® increasing interest in high-affinity
ligands for this site.l*”!

Only three PDB entries are available for the M6P-sensing
core of the receptor; namely of a domain 1-3 fragment, one
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Figure 3. Top: Docked structure of Cdc25A (1C25) and dysidiolide. The
highlighted residues are Cys430, Glu431, and Arg436. Middle: Confor-
mer 668, the midpoint conformer of the black-shaded cluster shown in
Figure 2 (see also Table 1 for evidence that MD samples particularly
relevant conformational space for the Cdc25A/AChE/11HSD PSSC
cluster in this time regime). Bottom: Structural overlay (DaliLite) of
conformer 668 of Cdc25A following MD simulation (blue) with
acetylcholinesterase (1H22, red) and 113-HSD1 (1XSE, green). VAST
finds this triplet only after the initial 1C25 coordinates are allowed to
relax through MD.

unbound ligand (1Q25),”* and two nearly identical structures
with bound M6P (1SZ0 and 1SYO).””! An initial VAST search
of 1Q25 and 1SZ0 revealed few potential PSSC partners
(three hits for each structure, see the Supporting Informa-
tion). Therefore, MD simulations with 1000-ps intervals were
performed on domains 1-3 of both the ligand-unbound
(1Q25) and ligand-bound (1SZ0) structures. In the former
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Figure 4. MD-assisted clustering procedure for the cation-indepedent
mannose 6-phosphate/insulin-like growth factor Il receptor. BP =bind-
ing protein.

case, conformers were arbitrarily sampled at 100-ps intervals
and subjected directly to VAST searches. The 700-ps confor-
mer identified the interesting carbonic anhydrase (CA) from
N. gonorrhoeae (1IKOQ)™ as a potential cluster partner for
this M6P receptor.

The ligand-bound conformers were clustered by
domain 3, and VMD-extracted*!) 25-A cores (centered on
CS5 of the M6P ligand) from midpoint conformers of the 10
most populated clusters were subjected to VAST searches.
From the fifth cluster, a connection to epidermal fatty acid
binding protein (E-FABP) emerged. E-FABP belongs to a
family of lipid-binding proteins that are associated with fatty
acid signaling, cell growth, and cell differentiation. E-FABP is
known to be overexpressed in hyperproliferative skin dis-
eases, such as psoriasis,* and also appears to be a cancer
marker.¥ For these reasons, this target appears to be an
excellent PSS cluster partner for the M6P-IGF2R. Neither
N. gonorrhoeae, CA, nor E-FABP were identified by VAST
searches without MD. An overlay of the ligand-bound
receptor core (750-ps conformer) with E-FABP is presented
in Figure 5.

In conclusion, we describe a new clustering procedure for
PSSC that exploits MD and the VAST algorithm. This
streamlined approach removes serial structure retrieval and
visual alignment steps previously required for clustering
(Cdc25A PSSC), and opens up new windows to structural

Figure 5. Overlay of the MD-relaxed (750 ps) M6P-IGF2R core (blue)
with the human E-FABP (green). The 1SZ0-bound M6P ligand (posi-
tion at 750 ps) is highlighted with a ball-and-stick model.
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neighbors not seen when dealing with fixed X-ray crystal
structure coordinates (M6P/IGF2R PSSC). Our results sug-
gest that, in general, by treating otherwise static PDB entries
as an ensemble of conformers generated by MD, one can
sample a broader, and potentially more relevant, swath of
protein-structure space when searching for structural part-
ners.
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