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Abstract

The current framework of drug development is cost high and
time-consuming and is unable to afford the requirements for new market drugs
and emerging diseases. In addition, the "one drug for one target for one disease”
drug-discovery strategy cannot fully solve complex diseases, such as cancer and
diabetes. Therefore, developing a new concept to discover new uses for old
drugs and new multi-target inhibitors would be useful for drug development.
The new uses for old drugs can be fast evaluated by clinical trials and the
multi-target inhibitors can an effective approach for complex diseases through
inhibiting multiple targets. In this project, we propose a novel concept
"molecular pharma-interface family" and Site-Moiety Map (SiMMap) to achieve
the three goals: (1) finding new uses for old drugs and natural products, (2)
discovering multi-target drugs, and (3) developing a kinase-drug-cancer (disease)
network database. We believe that the new concept and SiMMap should
accelerate drug development process and be useful for the treatment of complex

diseases.

In the first year, we have achieved some preliminary results and published
three papers in Biochemical Pharmacology, Nucleic Acids Research, and PLoS
ONE (under revision on Impact factor: 4.4). We have achieved the following
preliminary results. First, we have established molecular pharma-interface
families by using 147 protein kinases with crystal structures, 1,216 marked
drugs, 89,425 natural products, and 330,990 chemical compounds. Second, we
have identified dozens of potential inhibitors and multi-target drugs from
marked drugs and natural products by using the families. Third, we have created
a preliminary kinase-drug-disease network database, which composes 147

protein kinases, 1,216 marked drugs, ~30,000 kinase inhibitors, and 79 OMIM



(Online Mendelian Inheritance in Man) phenotypes. Finally, we will perform
large-scale kinase profiling on 64 selected potential inhibitors and 50 kinases to

verify our model.

We have applied the molecular pharma-interface families to understand the
mechanisms of drug action, identify multi-target antibiotics, and discover
potential targets. We identified the binding mechanism of a ROCK1 inhibitor
(PT-262) by cooperating with Professor Chao Jui-, NCTU (published on
Biochemical Pharmacology, 2011). Furthermore, we identified three novel
multi-target antibiotics in pM level against shikimate kinase and shikimate
dehydrogenase of Helicobacter pylori by collaborating with Professor Wang
Wen-Ching, NTHU (revised in PLoS ONE). With the cooperation of Professor
Yuan Shyng-Shiou, ISU, four catalytic subunits of PI3K were predicted as the
potential target of protoapigenone. In addition, we applied molecular
pharma-interface family to construct the structure-based "Peptide antigen
family", which can identify the potential peptide antigens from the complete
pathogen genome database (published on Nucleic Acids Research, 2011).

In summary, we have achieved the anticipated results of the first year, and
the results reveal that the proposed molecular pharma-interface families are
useful to discover inhibitors and reveal binding mechanisms. In the following
year, we will verify and refine our computational models by analyzing results of
large-scale kinase profiling assays. In addition, we will focus on the design of
specific inhibitors, which can reduce side effects. Second, we will extend the
current kinase-drug-disease network database by collecting 518 protein kinases,
~1,000,000 chemical compounds, and 3,300 OMIM disease phenotypes related
to kinases. We believe that our kinase-drug-disease network database and the
molecular pharma-interface families are useful for treatment of diseases,

reducing side effects, and enhancing human health.
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Fig. 5 The site-moicty map anchors in the binding pocket of EGFR-TK that interact with the cight candidate compounds
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ABSTRACT

Members of protein families often share conserved structural subsites for interaction
with chemically similar moieties despite low sequence identity. We propose a core site-moiety
map of multiple proteins (called CoreSiMMap) to discover inhibitors and mechanisms by
profiling subsite-moiety interactions of immense screening compounds. The consensus anchor,
the subsite-moiety interactions with statistical significance, of a CoreSiMMap can be regarded
as a "hot spot" that represents the conserved binding environments involved in biological
functions. Here, we derive the CoreSiMMap with six consensus anchors and identify six
inhibitors (ICsp <8.0 uM) of shikimate kinases (SKs) of Mycobacterium tuberculosis and
Helicobacter pylori from the NCI database (236,962 compounds). Studies of site-directed
mutagenesis and analogues reveal that these conserved interacting residues and moieties
contribute to pocket-moiety interaction spots and biological functions. These results reveal that
our multi-target screening strategy and the CoreSiMMap can increase the accuracy of
screening in the identification of novel inhibitors and subsite-moiety environments for
elucidating the binding mechanisms of targets.



INTRODUCTION

The expanding number of protein structures and advances in bioinformatics tools have
offered an exciting opportunity for structure-based virtual screening in drug discovery [1].
Although there are some successful agents in the antibiotic development, few agents act at
novel molecular binding sites to target multiple antibiotic—resistant pathogenic bacteria [2,3].
However, screening tools are often designed for one-target paradigm and the scoring methods
are highly target-dependent and energy-based. As a result, they cannot consistently and
persuasively identify true leads, leading to a low success rate [4-6].

Orthologous proteins often perform similar functions, despite low sequence identity.
Importantly, they frequently share conserved binding environments for interacting with
partners. These proteins and their interacting partners (inhibitors or substrates) can be regarded
as a pharmacophore family, which is a group of protein-compound complexes that share
similar physical-chemical features and interaction patterns between the proteins and their
partners. Such a family is analogous to a protein sequence family [7,8] and a protein structure
family [9]. However, the establishment of pharmacophores often requires a set of known active
ligands that were acquired experimentally [10-12]. Developing an efficient method for
identifying new adaptive inhibitors against multiple targets from public compound libraries is
therefore becoming an important task [13-15].

To address the above issues, we propose a core site-moiety map to discover inhibitors and
mechanisms of multiple targets from large-scale docked compounds. The consensus anchors,
which are subsite-moiety interactions with statistical significance in site-moiety maps of these
proteins, represent the conserved binding environments that are involved in biological
functions. The new method (called CoreSiMMap-based screening method) was heavily
modified and improved from that "SiMMap" in our earlier work [16], which constructed a
site-moiety map comprising of anchors from a target protein and thousands of docked
compounds. An anchor contains three crucial elements, which are conserved interacting
residues that constitute a binding pocket (part of the binding site), the preference of moieties,
and a pocket-moiety interaction type.

The major enhancements of the CoreSiMMap for multi-target inhibitors from SiMMap
are as follows: 1) we developed the robust theoretical model for the SiMMap; 2) the
CoreSiMMap is designed for multiple target proteins by modifying the SiMMap on a single
target protein ; 3) we added an anchor alignment method to identify core binding environments
(anchors) among multiple targets to reveal binding mechanisms; 4) we added a rank-based
consensus score (RCS) of multiple targets to improve the enrichment of true positives. Based
on these enhancements and modifications, the CoreSiMMap-based screening method is useful
to infer core pharmacophores both to identify adaptive inhibitors of multiple targets and to
improve screening accuracy.



Here, we have applied the CoreSiMMap strategy to discover core pharmacophores and
adaptive inhibitors of shikimate kinase (SK) of Mycobacterium tuberculosis and Helicobacter
pylori (MtSK and HpSK) by screening large compound libraries. Mt causes tuberculosis and
killed 1.7 million people in 2006[17]. Therefore, it is becoming a major public health
threat[18]. We first derived core site-moiety maps that often represent the conserved binding
environment elements or "hot spots" among orthologous targets based on virtual screening. In
using core site-moiety maps, six potent adaptive inhibitors of MtSK and HpSK with low ICs,
values (<8.0 uM) were identified. Site-directed mutagenesis revealed that the core
pharmacophores often contribute to specific pocket-moiety interaction anchors. These results
reveal the CoreSiMMap is useful to identify adaptive SK inhibitors and provide insight into the
binding mechanisms of compounds.

RESULTS

Overview of CoreSiMMap

A CoreSiMMap is the consensus site-moiety maps, which consist of several consensus
anchors derived from multiple targets, to represent essential features that are involved in the
common biological functions of these targets (Figs. 1 and 2). The following criteria are
considered for a CoreSiMMap: (1) the binding sites of the screening targets share conserved
physical-chemical features; (2) pocket-moiety interaction profiles of these targets and
well-docked compounds are similar; and (3) the site-moiety maps of these targets share

comparable anchors (pharmacophores) with respect to their sites and crucial protein-ligand
interactions.

Figure 1 presents the major steps of the CoreSiMMap-based method for orthologous
targets (HpSK and MtSK). For each target, we used the top 2% (~6000) of compounds
obtained by screening compound libraries to analyze target-compound interaction profiles (Fig.
IB) to establish the site-moiety maps and "pharmacophore spots (anchors) (Fig. 1C)" with
statistically significant Z-scores. The superimposed pharmacophore models with anchors
among orthologous proteins revealed overlapping regions, which are regarded as "hot spots". A
set of hot spots from orthologous targets therefore form a core site-moiety map that represents
the conserved binding elements (Fig. 1E). After enzyme inhibition assay, active and inactive
compounds were used to refine the CoreSiMMap model and core anchors.

CoreSiMMaps of HpSK and MtSK

The CoreSiMMap that has comparable spots or hot spots is useful in providing biological
insights and guiding the process of drug discovery including hit search and lead optimization.
Here, we utilized the CoreSiMMap strategy to identify adaptive inhibitors of MtSK and HpSK.



The SK is the fifth enzyme in the shikimate pathway and converts shikimate to shikimate
3-phosphate[19]. The SK is an attractive target for the development of new antimicrobial
agents, herbicides, and antiparasitic agents since it is essential to bacteria, fungi, and plants, but
not animals [20]. Because there are distinct binding pockets with or without ligands for
shikimate kinase, we sought to establish apo-form and closed-form CoreSiMMaps of SKs (Fig.
2). We first generated the apo-form SiMMaps of HpSK (6 anchors) and MtSK (7 anchors),
allowing us to derive the CoreSiMMap with 6 consensus anchors (Figs. 2A and 2C). In parallel,
the closed-form CoreSiMMap with 6 consensus anchors was also derived (Figs. 2B and 2D).

The apo-form and closed-form CoreSiMMaps have six comparable anchors: E1, H1-H3,
V1, and V2 (Figs. 2C and 2D). H1, H2, and V1 sit at the ATP site, while H3, V2, and El are
situated at the shikimate site (Figs. S1 and S2 in supporting material). The protein-ligand
relationship was analyzed for each hot spot; a set of chemically related entities that contribute
to intermolecular interactions were then identified (Figs. 2E, S1, and S2). Our results support
the notion that a hot spot has a conserved binding environment with a specific
chemical-physical property, which can be used as a guide in further lead optimization. The
compounds moieties, anchors, SiMMaps and CoreSiMMaps are available at
http://simmap.life.nctu.edu.tw/orthsimmap/.

Of the six consensus anchors (Fig. 2E), E1 is a negatively charged pocket that interacts
with R57 (R58 in MtSK), R116 (R117 in MtSK), and R132 in HpSK (R136 in MtSK); these
arginines are highly conserved in SKs and are critical for binding to shikimate [21] (Fig 2, S1,
and S2 in supporting material). The chemical entities on E1 consisted of carboxyl, sulfonate,
and phosphate groups. HI is enclosed with a tight turn (Walker A motif) that binds the
p-phosphate of ATP [21]. The identified moieties were carboxylic amide, sulfonate ester,
carboxyl acid, and ketone (Fig. 2E). H2 is located between Hl and H3 and possesses a
hydrogen-bonding environment from a Walker A motif (K14 and S15 in HpSK; K15 and S16 in
MtSK) and a DT/SD motif (D31 and D33 in HpSK; D32 and D34 in MtSK). Amide, ketone,
sulfonate ester, and azine-containing compounds fit into this pocket. H3 is situated above the
central sheet in which two conserved residues (D33, and G80 in HpSK; D34, G80 in MtSK)
contribute to H3. Amide, sulfonate ester, and ester groups were frequently identified.

V1, which is adjacent to H1, bears a vdW-binding environment and also contains residues
from the Walker A motif. V2, which is near H3, is situated at the border between shikimate and
the nucleotide binding regions. V1 and V2, allowing the interactions with large chemical
groups, prefer aromatic groups. Analysis of the closed-form SiMMaps indicates that E114 and
R116 (T115 and R117 in MtSK) in LID are conserved interacting residues (Fig. 2E). Analysis
of the closed-form model shows that the four hot spots (E1, H1, H2, and V1) occupy a similar
region in the closed-form pharmacophores. Given the closure of the LID region, E1, H2, and
V1, interact with a residue from LID [19,22]. On the other hand, H3 and V2 were absent in the



closed form, perhaps because of its tight binding pocket.

Inhibitors and inhibition assay

Following the analyses of the SiMMap and the compound-anchor-residue profiles (Fig. 3),
we used the CoreSiMMap in post-screening analysis to rescore docked compounds by the
rank-based consensus scoring (RCS [23]), which combines energy-based and anchor-based
scoring (Table 1). Since a compound that simultaneously docks into apo and closed-form
binding sites of HpSK and MtSK is regarded as a potentially useful hit, we selected common
top-ranked compounds from the closed-form and apo-form CoreSiMMap analysis for
subsequent bioassay. After compounds were ranked by using RCS in both the Maybridge and
the NCI databases, 48 available compounds (either requested or purchased) were subjected to
MtSK and HpSK inhibitory assays. Among those, 10 compounds had ICs5) < 100 uM for both
HpSK and MtSK, of which six [NSC45611 (1), NSC162535 (2), NSC45612 (3), NSC45174
(4), NSC45547 (6), and NSC45609 (7)] had ICsp =10 pM. In parallel, 65 existing kinase
inhibitors were tested to evaluate their inhibitory effectiveness against shikimate kinase. Of the
two compounds [AG538 (5) and GW5074 (12)] that showed inhibitory effects, AG538 (5) had
a low ICsy value. Enzymatic kinetic analysis revealed that NSC45611 (1), NSC162535 (2),
NSC45612 (3) and AG538 (5) were competitive inhibitors of ATP, in agreement with the
docked poses (Table 2). Of these, NSC45611 (1), NSC162535 (2) and NSC45612 (3) competed
with shikimate and had low ICs, and aX; values, showing potent inhibition.

We then further evaluated the binding and pharmacophore modes of these inhibitors. Figure
4 shows that these three compounds have lower ICso (< 10 pM) and fit well into five hot spots
(H1, V1, H3, V2, and El). The compounds with ICsp > 20 uM lack the negatively charged
groups that are required to form electrostatic interactions with arginines (R57 and R136 in
HpSK) on El. On the other hand, kinase inhibitors AG538 (5) and GW5074 (12) did not
occupy the shikimate site. Moieties with 1-3 rings were present at V1 and V2, yielding a
number of vdW contacts. The binding groups of active inhibitors matched well with the
identified moieties that were found from the consensus anchors. For example, the sulfonate
groups of NSC162535 (2), NSC45611 (1), and NSC45612 (3) were found to occupy Hl1. The
moieties of NSC162535 (2) (SO;™ group), NSC45611 (1) (CO,™ group), and NSC45612 3)
(CO;" group) occupied E1.

Consensus residues of CoreSiMMap and site-directed mutagenesis

A consensus anchor of orthologous targets that is identified from the conserved binding
pockets has conserved interacting residues and a specific physico-chemical property, which
often engage in specific enzymatic functions. We sought to investigate the roles of identified



consensus anchor residues of the CoreSiMMaps in catalysis (Fig. 2). Each of the selected
residues was replaced with alanine and expressed in Escherichia coli. After purification using
affinity chromatography, all mutants migrated to a major band of an apparent molecular mass
of ~18 kDa in SDS-PAGE, as expected. We first investigated mutants of E1 residues (R57,
R116, and R132) that contact with shikimate [19]. Enzymatic analysis revealed that these
arginines had extremely low activity (Fig. 4G), suggesting their importance in catalysis. Indeed,
R117 of MtSK, which corresponds to R116 of HpSK, has thus been suggested as a primary
candidate to stabilize the transition-state intermediate [24].

For the H3 (D33) and V2 (F48) residues, D33A completely lost the enzymatic activity
while F48A exhibited hardly any detectable activity (1%, Fig. 4G). D33 and F48 are in direct
contact with shikimate. More importantly, D33 forms a hydrogen bond with the 3-OH group of
shikimate, which may increase the nucleophilicity of the O atom or accept the proton from the
3-OH group of shikimate, facilitating catalysis. E114A, a LID residue whose side chain faces
the solvent, retained 82% relative activity. On the other hand, the F48 side chain contacts with
those from several residues nearby (V44, E53, F56, R57 and P1 17), potentially forming a stable
platform that interacts with the ligand for a subsequent catalytic reaction.

We then evaluated residues from H1, H2, and V1 at the nucleotide site. H1 residues are
primarily from the Walker A motif (P loop; residues 11-16, GSGKSS) that surrounds the
phosphate groups of the nucleotides. Of the two alanine mutants (S12A and S15A), S12A
retained 59% of the relative activity, while S15A had extremely low activity (1%). The S15 side
chain resides near the PB-phosphate of ADP. Furthermore, the adjacent lysine (K14)
corresponding to K15 of MtSK has been identified as a critical catalytic residue in MtSK since
its side chain points toward the y-phosphate [24]. The other H2 mutant, D3 1A, retained 62% of
the relative activity, possibly because of its remoteness from the phosphate group. For V1 that
is just next to H1, several H1 residues are also shared by V1. Enzymatic analysis indicated that
MI10A retained 38% relative activity. These site-directed mutagenesis studies revealed that the
critical conserved interacting residues of a pocket-moiety interaction spot participated in
biological functions.

Analogues assay and CoreSiMMap

To verify the moiety preferences of consensus anchors, we identified four analogues of
NSC162535 (2) [NSC45547 (6), NSC45609 (7), NSC37215, and NSC45208] for inhibitory
assays (Fig. 3H). NSC45547 (6) and NSC45609 (7) that occupy E1 (SO5” group) and H1 (SOy
and NO, groups) retained good ICsy values (7.8 and 7.0 uM for HpSK; 3.4 and 2.0 pM for
MtSK). Conversely, NSC37215 and NSC45208, which cannot anchor at E1, lost the inhibitory.

To evaluate the significance of the pocket-moiety interaction preferences of consensus
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anchors in the CoreSiMMaps, we performed clustering analysis on 27 inhibitory assay
compounds (Fig. 3). These compounds can be roughly clustered into three groups. The potent
inhibitors of Group I [NSC162535 (2), NSC45609 (7), NSC45547 (6), NSC45174 (4),
NSC45611 (1) and NSC45612 (3)] match more than 5 consensus anchors (Fig. 3B). Each of the
Group II compounds [RH00037 (8), RH00016 (9), GK01385 (10), and SPB01099 (11)]
matches four of six anchors; Group III comprises kinase inhibitors [AG538 (5) and GW5074
(12)] and these compounds match anchors at the ATP site. The inactive compounds often match
few consensus anchors in the HpSK/MtSK (usually 4), in particular, E1 is the least seen anchor.
While the inhibitors of Group I and II match anchors at the ATP site and the shikimate site,
kinetic assay indicates competitive inhibitions for ATP and shikimate acid (Table 2). The kinase
inhibitors of Group III occupied the anchors of the ATP site, and only showed the competitive
inhibitions for ATP. The pocket environment of ATP is generally conserved in kinase family,
and the inhibitors of Group III also have the broadband inhibition for multiple kinases,
including AG538 (5), which is observed on insulin-like growth factor-1 receptor (IGF-1R) [25],
IR, EGFR [26], and Src kinases [27].

We sought to evaluate the binding-site features of the apo and closed forms that show a
significant structural change because of LID closure and domain movement [19,21,28]. Indeed,
the apo-form HpSK structure shows higher deviations in the LID region and in the adenine
binding loop region (residues 143-150) (Fig. S3 in supporting material). Superimposition of
the apo and closed HpSK structures revealed a tight binding pocket, particularly for the
shikimate binding site. While the apo and closed forms had the same number of consensus
anchors (E1, HI, H2, H3, VI and V2), the spatial arrangements of these anchors were more
packed in the closed form (Figs. 2C and 2D). Residues (D31 and D33) that contribute to H2 of
the apo form were closer to each other in the closed conformation, resulting in a lower volume
at this pocket. Likewise, the corresponding pocket at V2 surrounded by F48, G80, and G81 in
HpSK had less space in the closed form, hindering the accommodation of large moieties in this
pocket. The above evidences demonstrate that the induced LID conformation of shikimate
kinases was sensitive in the structure-based drug discovery strategy (Table 1). The
CoreSiMMap, considering both apo-form and close-form structures, can reduce the ill effects.

Accuracy of the CoreSiMMap-based screening method

We next evaluated the accuracy of energy-based and CoreSiMMap-based scoring methods.
The energy-based score (docking energy) of a compound was generated using a docking
program, GEMDOCK [23,29]. The scoring function in GEMDOCK is piecewise linear
potential (PLP), which is a simple scoring function and is comparable to some energy-based
scoring functions in estimating binding affinities [30]. Here, we used the hit rate and
enrichment to assess the overall accuracy. The hit rate is defined as 4,/7) (%) and the



enrichment is (4,/T})/(A/T), where Ay, is the number of active compounds among the 7}, highest
ranking compounds (hit list), 4 is the total number of active compounds in the database, and T
is the total number of compounds in the database. Here, A, is 8 (hits, compounds with ICsy <
100 pM) based on the bioassay results, and 7'is 6000 based on the 6000 top-ranked compounds
from screening databases. We computed the average of enrichments, defined

as Z::l[(i IT,)(A/T)]/ A, where T, is the number of compounds in a hit list containing i
active compounds.

As shown in Figure 5A, the CoreSiMMap-based scoring method (solid lines) significantly
outperformed the energy-based scoring method (dashed lines), which is often used in docking
tools, when applied to apo-form HpSK and MtSK (Fig. S5A). The average enrichments of 3.73
(HpSK), 1.59 (MtSK), and 2.74 (fusion of HpSK and MtSK) were obtained using energy-based
scoring method, as compared to 11.18 (HpSK), 35.51 (MtSK), and 93.69 (fusion of HpSK and
MtSK), obtained using the CoreSiMMap scoring method. The average hit rates were 0.92%
(HpSK), 0.21% (MtSK), and 0.37% (fusion of HpSK and MtSK) using energy-based scoring
methods as compared to 34.13% (HpSK), 17.57% (MtSK), and 67.02% (fusion of HpSK and
MtSK) using the CoreSiMMap score. Additionally, the CoreSiMMap-based RCS strategy was
more accurate than the SiMMap-based strategy for a single target (HpSK or MtSK).

The CoreSiMMap scoring method can reduce the deleterious effects of screening ligand
structures that are rich in charged or polar atoms. Generally, energy-based scoring functions
favor the selection of high-molecular-weight compounds that yield high vdW potentials, as
well as polar compounds that produce hydrogen-bonding and/or electrostatic potentials [23].
The average molecular weights of the 100 top-ranked compounds of the CoreSiMMap-based
and energy-based scoring methods were 459.9 and 532.6, respectively; the average numbers of
polar atoms were 11.3 (CoreSiMMap-based method) and 14.1 (energy-based method) (Figs.
5B and 5C). The ranks of the 10 active compounds were much higher in the
CoreSiMMap-based scoring analysis than in the energy-based analysis. Notably, NSC162535
(2) was ranked as 1 and 1821 using the apo-form CoreSiMMap-based and energy-based
scoring methods, respectively (Table 1).

DISCUSSION

By far the largest obstacle in structure-based drug discovery is the relatively low hit rate of
scoring methods owing to the lack of adequate quantities of binding partners for a given target.
The accuracy of a given individual scoring function is generally unknown and/or cannot be
evaluated. The emphasis of the CoreSiMMap-based screening method developed here is
therefore to provide a useful index to improve screening accuracy for the identification of



adaptive inhibitors when the target proteins share conserved binding sites. Through the
employment of this developed method, we successfully found six new potent inhibitors (<8.0
#M) of HpSK and MtSK. Two of the 65 kinase inhibitors were also found to inhibit both HpSK
and MtSK activity. The finding that NSC45611 (1), NSC162535 (2), and NSC45612 (3) were
competitive inhibitors of ATP and shikimate suggests that they belong to a novel class of
shikimate kinase inhibitors. These results illustrate a robust CoreSiMMap-based screening
approach for identifying selective kinase inhibitors.

The combined apo/closed CoreSiMMap analysis utilized here is considered to be useful
for induced-fit P-loop kinases. Of six potent inhibitors, all except NSC45609 (7) have a higher
rank in the apo-form than in the closed-form CoreSiMMap-based scoring analysis. Additionally,
the top-ranked inhibitors according to the apo-form CoreSiMMap-based scoring analysis often
have larger moieties (such as naphthalene or nitrobenzene) on both sides as opposed to those
with a relatively small moiety (e.g., amide or aliphatic chain). The closed-form
CoreSiMMap-based scoring analysis has, nonetheless, yielded useful hits, including NSC45609
(7) and SPB01099 (11). Target proteins with dynamic induced-fit forms, such as the P-loop
SKs, represent a major limitation for the structure-based screening approach.

The CoreSiMMap that shares consensus binding environments among orthologous targets
will be valuable for the development of effective common inhibitors. Indeed, the inhibitors
identified herein had comparable ICsy values, docked poses, and competition properties for
both HpSK and MtSK (Tables 1 and 2 and Fig. 4). More importantly, this CoreSiMMap, which
includes both nucleotide and shikimate sites, specifically identified inhibitors that competed
with both substrates, whereas the two general kinase inhibitors (AG538 (5) and GW5074 (12))
that did not compete well with the shikimate site. Notably, the potent competitive shikimate
inhibitors have a common -N=N- moiety. A further lead optimization will be required to verify
the importance of this moiety.

The developed CoreSiMMap-based screening method is database-independent.
Comparable anchors were identified in compounds from the Maybridge and NCI databases.
Each of the anchors also included similar chemical moieties. Nonetheless, the derived
proportion of these moieties was different because the Maybridge and NCI databases contain
heterogeneous distribution of compounds. For example, the proportions of carboxyl, sulfonate,
and phosphate were significantly higher in compounds from the NCI database than in those
from the Maybridge database. On the other hand, the derived model was sensitive to
binding-site properties, as revealed by the difference between the apo- and closed-form models
(Fig. 2). In summary, we anticipate that the CoreSiMMap-based screening method will be
useful for discovering new inhibitors, investigating binding mechanisms, and guiding lead
optimization for orthologous targets.



CONCLUSIONS

We have developed a CoreSiMMap-based screening method to derive conserved
pocket-moiety environments (e.g., hot spots) between orthologous targets and inhibitors from
screening compound libraries. Studies of site-directed mutagenesis and analogues revealed that
critical conserved interacting residues of pocket-moiety interaction anchors participate in
biological functions. Experimental results reveal that the CoreSiMMap-based screening
method is database-independent and the CoreSiMMap scoring method significantly
outperformed the energy-based scoring method, which is often used in docking tools.
Furthermore, we have successfully obtained several potent inhibitors and revealed the binding
mechanisms for MtSK and HpSK. The CoreSiMMap is useful in providing biological insights
and guiding the process of drug discovery, including hit search and lead optimization.

MATERIALS AND METHODS

Overview of CoreSiMMap-based screening method

Figure 1 shows the main steps of the CoreSiMMap-based screening method. For each
orthologous target, we first docked selected compounds into the binding site using GEMDOCK,
which is an in-house molecular docking program that uses PLP to measure intermolecular
potential energy between proteins and compounds [29]. Our previous works showed that
GEMDOCK yields very comparable results to some other docking tools (e.g., DOCK, FlexX,
and GOLD) when applied to 100 protein-ligand complexes and some virtual screening targets
[29,30]. Additionally, GEMDOCK has been successfully applied to identify novel inhibitors
and binding sites for some targets [31-34]. After the docking procedure, we used the top 2%
(~6,000) of compounds based on docking energy to analyze target-compound interaction
profiles (Fig. 1B and Fig 3) to establish the site-moiety map (Figs. 2A and 2B). Each anchor
represented a local binding environment with a specific physico-chemical property or
pharmacophore spot, which was derived by identifying statistically significant interacting
residues and compound moieties. The CoreSiMMap (Figs. 2C and 2D) that consists of the

aligned anchors of orthologous proteins is generated by extracting the consensus anchors from
the orthologous SiMMaps.

Preparations of SK structures of four target proteins and screening databases

Four structures of the target proteins were selected from Protein Data Bank (PDB) for
virtual screening. They were the apo-form structure (PDB code: 1ZUH[19]) and the
closed-form structure (PDB code: 1ZUI[19]) of HpSK, and the apo-form structure (PDB code:
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2IYT[21]) and the closed-form structure (PDB code: 1ZYU[24]) of MtSK. The residues of the
binding sites of these four structures were prepared by the following steps. Firstly, the
apo-form and closed-form structures of MtSK were aligned to the closed-form structure of
HpSK using the structural alignment tool [35]. The bound ligands (SKM and ACP) of HpSK
were used to determine the binding sites of these four structures. For each structure, the
residues of the binding site were obtained by considering the protein atoms that were <10 A
from these two bound ligands.

We selected compounds from the Maybridge and NCI databases for both HpSK and MtSK
to establish the site-moiety maps and to identify novel candidates. In total, 65,947 (Maybridge)
and 236,962 (NCI) compounds with molecular weights between 200 and 650 dalton were
prepared for screening. In addition, we collected a dataset of 37 orthologous target pairs with
biological function annotations (e.g., substrate binding, metal binding, and catalytic residues)
summarized from UniProt [36], Consurf server [37], and Catalytic Site Atlas [38] (Table. S1)
to verify the consensus anchors residues that were derived using the CoreSiMMap-based
screening method. Experimental results reveal that the consensus anchors often represent the
conserved binding environments that are involved in biological functions, such as substrate
binding, metal binding, or catalytic functions. Residues of consensus anchors of these 37
orthologous pairs are often the key residues (i.e., substrate binding residues, metal binding
residues, catalytic residues, or high conserved residues with Consurf conservation score 8 or 9)
or key anchors (i.e., anchors that contain key residues) (Fig. S4). For example, D81, D84, and
D201 of inositol-1-monophosphatase of Methanocaldococcus jannaschii (D82, D85, and D200
in Archaeoglobus fulgidus) are the consensus anchor residues and coordinate two metal ions
for catalysis [39]. Another example is the androgen receptor of Homo sapiens, which is a target
in the treatment of prostate cancer [40]. Three residues (N705, R752, and T877) of the
consensus anchors are essential for the ligand binding [41]. These results reveal that the
consensus anchor residues often play important roles in biological functions.

CoreSiMMap-based screening method

The main steps of the CoreSiMMap-based method for producing SiMMaps and a
CoreSiMMap from orthologous targets are described as follows (Fig. 1):

(1) Virtual screening of orthologous targets. We used in-house GEMDOCK program [23,29] to
screen Maybridge (65,947 compounds) and NCI (236,962 compounds) databases for four
targets, including apo and closed forms of HpSK and MtSK. GEMDOCK first assigned the
formal charge and atom type (ie., donor, acceptor, both, or nonpolar) based on
physico-chemical property of each atom of both compounds and binding sites. GEMDOCK
then utilizes PLP to measure the intermolecular potential energies between the binding sites
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(rigid) and the compounds (flexible). Finally, these docked compounds were ranked in
order of energy. The top 2% (~6,000) of compounds of each target were selected from the
screening results for subsequent protein-compound profiling. A personal computer cluster
(80 nodes, each with an Intel Woodcrest 2.66 GHz processor and 4 GB of RAM) was used
to implement the docking procedure. On average, a docking run (in which a compound was
docked into a binding site of a protein) took 63s; therefore, docking 302,909 compounds
into these four proteins took about 11 days (~1,200,000 docking runs).

(2) Selection of a diverse set of top-ranked compounds. To maintain a wide range of potential
functional groups in the sampling of anchors, a cluster method was utilized to cluster the
top-ranked compounds. A hierarchical clustering method that exploited the topological
features of the compounds was used. The topological features were generated by the atom
pair (AP) approach [42,43]. An AP was a substructure of a compound and was presented as
"atom type I - bond distance — atom type J", where atom types I and J are the atom types of
atoms I and J, respectively, and bond distance is the number of bonds measured along the
shortest path between atoms I and J. Atoms were classified into 10 types based on their
chemical properties (Table. S2), and there are 55 different combinations of these 10 atom
types in total. The value of the AP was set to 1 (ON) if the compound contained the
substructure; otherwise, the value was set to 0. Here, the maximum number of the bonds
was set to 15. Therefore, the number of APs was 825 (55 x 15), and the topology of a
compound was represented as a string of 825 binary bits.

Subsequently, the AP binary strings of the top-ranked compounds were used to cluster
the compounds in a hierarchical clustering procedure[44]. In the procedure, we firstly used
the Tanimoto coefficient (7c) [43] to quantify the similarity between two compounds (A
and B). Tc was defined as

Ny "N |

Tc(A,B) =
fairsois | VW

(1)

» Where [NANNp| is the number of ON bits that are common to both A and B, and | N U
Ng | is the number of ON bits in either A or B. Based on the Equation (1), the similarity
matrix of the compounds was generated, and applied to construct a dendrogram by using
complete linkage hierarchical clustering. The 7c threshold that was used to group
compounds was set to 0.9. The compound with the lowest energy in each group was
selected as the representative compound for the group. Accordingly, we could select a
diverse set of compounds to ensure that many functional groups would form the anchors.

(3) Profiling analysis of target-compound interactions (Fig. 1B and Fig. 3). The profiles
described the interactions (i.e., electrostatic (E), hydrogen-bonding (H), and van der Waals
(V) interactions) between the diverse top-ranked compounds and the protein residues, from
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which the anchors could be derived. The target-compound interactions were identified by
applying the PLP of GEMDOCK program [29]. In the E or H profiles, a profile entry was
set to 1 if the compound forms electrostatic or hydrogen-bonding interactions with the
residue (green regions); otherwise, the entry was set to 0 (black regions). I the V profile, a
profile entry was set 1 if the V energy was less than -4 kcal/mol.

(4) Identification of anchors (Fig. 1C). We identified consensus interactions between residues
and compound moieties from the profiles. For an interacting residue, we used the Z-score to
measure the interacting conservation between the residue and moieties. The interacting
conservation is treated as a binomial distribution, which is approximated as a normal
distribution when either p<0.5 and np>5 or p>0.5 and n(1-p)>5, where n is the number of
selected compounds and p is the probability of forming an interaction. Theoretically, at least
500 compounds should be selected to construct a target-compound interaction profile.
Spatially neighboring interacting residues and moieties with statistically significant Z-score
> 1.645 are referred as an anchor. A set of anchors derived from the target-compound
interaction profile can be used to establish a site-moiety map for each orthologous target.

(5) Establishment of CoreSiMMap of orthologous targets (Figs. 1D, 1E and Fig. 2). Firstly, the
apo-form and closed-form structures of orthologous proteins (HpSK and MtSK) were
aligned using a structural alignment tool [35]. The superimposed SiMMaps (anchors) of the
orthologous proteins revealed an overlapping region of matched anchors which form the
CoreSiMMap (Figs. 2C and 2D). For compound x, the CoreSiMMap-based score,
combining anchor (CoreSiMMap) and PLP (GEMDOCK) scores, is defined as

CAS(x)=) " w,AS,(x)—0.001E(x), where w; is the conservation of the anchor i on

orthologous targets; 4Si(x) is the anchor score of compound x in anchor 7; a is the number
of anchors, and E(x) is the docked energy of the compound x. The CoreSiMMap-based rank
of compound x was obtained by arranging the compounds in order of descending CAS(x).
Table S3 presents the parameters that are used to construct the CoreSiMMap.

(6) Inhibition assay. We selected top-ranked compounds using rank-based consensus scoring
(RCS) for subsequent inhibitory assay. The RCS of a compound x was calculated by
combining the ranks of m (apo/closed) forms of n orthologous targets as follows:

SR(x)=z::'=lZ::'=1 R, (x)/2mn , where R, (x) is the CoreSiMMap-based rank of the

compound x on the & (apo/closed) form of target i. Here, m and n are 2. We obtained the
RCS rank of the compound x by arranging the compounds in order of ascending Sg(x).

(7) Refinement of CoreSiMMaps. Active and inactive compounds from the enzyme inhibition
assay were used to evaluate and refine the CoreSiMMaps.
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Cloning, expression, and purification of M. tuberculosis shikimate kinase (MtSK) and H.
pylori shikimate kinase (HpSK)

AroK, which encodes MtSK, was amplified from the chromosomal DNA of Mycobacterium
tuberculosis str. Haarlem with PCR using pfu DNA polymerase. Primers (MtSK-F (forward),
5'-CGCGGATCCATGGCACCCAAAGCGGTTCTCGTCG-3" MtSK-R (reverse),
5'-AAACTGCAGTCATGTGGCCGCCTCGCTGGGGCTG-3") that contain sequences for the
BamHI and Pstl sites, respectively, were designed based on the nucleotide sequence of the
reported MtSK gene of M. tuberculosis (accession number AASN01000059; Genome Project:
17353). The amplified fragment was inserted into the pET28a expression vector to generate
PET28a-MtSK containing an N-terminal six-histidine tag (Hiss) for purification purposes. The
recombinant MtSK in E. coli BL-21 (DE3) cells was induced with 1 mM
isopropyl-B-D-thiogalactopyranoside (IPTG) at 16°C. Bacterial pellets were fractionated, and
soluble proteins in cytosolic fractions were collected. The expressed MtSK protein with a Hisg
tag was purified by immobilized-nickel ion chromatography, followed by Superdex-75 gel
filtration chromatography (Pharmacia), and then analyzed using SDS-PAGE to verify its purity.
The cloning and purification of HpSK were based on previous methods [19].

Preparation of mutant HpSKs

Site-directed mutagenesis was performed using the overlap extension PCR [45] method
with the plasmid pQE30-HpSK as the template. All the mutations were confirmed by
sequencing of the whole ligated PCR fragment. Mutant proteins were expressed and purified
by the same procedures as described for the wild-type HpSK.

Enzymatic activity assay and analysis of inhibitor kinetics

Shikimate kinase activity was determined by coupling the release of ADP from the
SK-catalyzed reaction to the oxidation of NADH using pyruvate kinase (EC 2.7.1.40) and
lactate dehydrogenase (EC 1.1.1.27) as coupling enzymes [46]. Shikimate-dependent oxidation
of NADH was measured by monitoring the decrease in 4340 (g = 6,200 M’ cm™). The assay
was carried out at 25°C in a mixture of 100 mM Tris-HCI buffer, pH 7.5, 50 mM KCl, 5§ mM
MgCl,, 1.6 mM shikimic acid, 2.5 mM ATP, 1 mM phosphoenolpyruvate (PEP), 0.1 mM
NADH, 2.5 units of pyruvate kinase per ml, and 2.7 units of lactate dehydrogenase per ml. All
assays were conducted in a 96-well microplate and analyzed with a spectrophotometer
(FLUOstar OPTIMA, BMG LABTECH).

14



Stock solutions of compounds were prepared in dimethylsulfoxide (DMSO). Each set of
measurements included 10% DMSO as a negative control. Approximately 80 nM enzyme was
added to a reaction of 200 pl containing compounds. The initial velocities of enzyme activity
were determined in the presence of various concentrations of test compounds to investigate the
dose-dependent inhibition effects. The ICsy values of these compounds were obtained by
fitting the data to a sigmoid dose-response equation in GraphPad Prism 4.

After the preliminary screening, the inhibitor modality was determined by measuring the
effects of inhibitor concentrations on the enzymatic activity as a function of substrate
concentration. In the inhibition experiment in which the ATP concentration was fixed at 2.5
mM, shikimate was a varied substrate (0.06, 0.12, 0.24, 0.48, and 0.96 mM) when the
concentration of inhibitor was varied from 0 to 50 pM. In parallel, in the inhibition experiment
in which the shikimate concentration was fixed at 1.6 mM, ATP was a varied substrate (0.06,
0.12, 0.24, 0.48, and 0.96 mM) when the concentration of inhibitor was varied from 0 to 50 uM.

A nonlinear least square-fitting algorithm was applied to the absorbance data to determine the
kinetic mechanism data.
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Figure 1. Framework of CoreSiMMap-based screening method. In Step 1, GEMDOCK was
used to generate docked poses for HpSK and MtSK by screening compound libraries
(Maybridge and NCI). For each target (HpSK or MtSK), the protein-compound interacting
profile was derived by the top 2% (~6,000) of compounds ranked by docking energy. In Step 3,
conserved interactions of the target protein and chemical moieties of ligands are identified to
deduce the anchors of HpSK and MtSK. The CoreSiMMap is constructed based on the features
that are conserved between orthologous target site-moiety maps, which will be used to select
candidate compounds for the enzymatic assay. Finally, the model is refined based on the
bioassay of candidate compounds.
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Figure 2. Shikimate kinase CoreSiMMaps. (A) Superimposed apo-form anchors of HpSK
and MtSK. (B) Superimposed closed-form anchors of HpSK and MtSK. (C) The apo-form
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(T1-T4) represents a given chemical moiety and T-O* indicates other chemical groups. H1, V1,
and H2 are situated at the ATP-binding site, while H3, V2, and E1 are at the shikimate-binding
site. Each consensus anchor includes conserved interacting residues (®) and the major chemical
moieties of the compound candidates.

20




Hp Mt

Ih—

B _wi W2 W3 V2 Ei W VI W2 WS V2 bt
.
—He__ M EEFREEEFEEEE H B
'll,‘l
- "
[ )
| ' i NSC16220
1 HTS07010
‘ HTS04421
[ NSC714539
—] NSC16220

NSC45208 . V2 E1 H1 V1 H2 H3 V2 E1

~ ~ 8 &
ggmzz sdsoigasggagasagasgss:
RH00037 NSC45562
DFP00083 NSGedsss
KM03325 m’
RJF01863 "
SPB01099 RUFo1tes
NSC37215
SPB01160
SPBO07577 Seeerert
GK01385
RH00016
NSC71881

RH00016
NSC71881

a S SR o
MM = e,
123
sigzeszaaas
23 £358
- ga8s

[ ]
ATP SKM ATP SKM

Figure 3. Interaction profiles between selected anchor residues and 27 tested compounds.
(A) Anchor profile of tested compounds on shikimate kinases. (B) Group I: NCI compounds
(orange). (C) Group II: Maybridge compounds (yellow). (D) Group III: kinase inhibitors (cyan).
The NCI compounds consistently occupy anchors E1 and V2 at both ATP and shikimate sites.
The NCI compounds except NSC45174 are competitive inhibitors with both ATP and shikimate.
For the Maybridge compounds, none form electrostatic interactions with R57 and R132 on the
consensus anchor El. The two kinase compounds are located at the ATP site, which fact is
consistent with the kinetic results that reveal that these compounds exhibited competitive
inhibition with ATP and noncompetitive inhibition with shikimate.
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Table 1. Ranks of active compounds using CoreSiMMap, energy-based, and combined scoring
methods for apo and closed forms of HpSK and MtSK
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* The rank is the rank combination of CoreSiMMap and energy.
® The compound was derived from the 65 existing kinase inhibitors.
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Table 2. Properties of some potent inhibitors of HpSK and MtSK

Inhibition  oKi,  oKi, Docked pose
C°m111°)°““d szfies mode®  ATP SKM TR iy
ATP SKM M) (M) HIVIH2 H3 V2 El
Hp [] [ 1.1 1.7
NSC45611
¢))
Mt " B 0.3 0.7
Hp [ [ ] 1.9 1.8
NSC162535
()
Mt ™ I3 0.2 0.6
Hp a [ 2.0 24
NSC45612
3
Mt n ® 0.7 1.0
)]

Mt » o 0.04 0.4

“m: Competitive inhibition; o: Non-competitive inhibition
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The 5,8-quinolinediones are precursors for producing multiple types of bioactive products. In this study,
we investigated a new compound derived from 538-quinolinediones, 7-chloro-6-piperidin-1-yl-
quinoline-5,8-dione (designated as PT-262), which markedly induced cytoskeleton remodeling and
migration inhibition in lung carcinoma cells. Comparison with various cytoskeleton inhibitors, including
paclitaxel, colchicine and phallacidin, the cell morphology following treatment with PT-262 was similar

Keywords: to phallacidin on the cell elongation and abnormal actin polymerization, However, PT-262 did not
:g‘czlfz directly bind to actin filaments. ROCK (Rho-associated coiled-coil forming protein kinase) is a
downstream effector of RhoA to mediate the phosphorylation of myosin light chain (MLC) and
cytoskeleton reorganization. The RhoA-ROCK-MLC pathway has been shown to promote cancer cell
migration and metastasis. Interestingly, PT-262 was more effective on inhibiting ROCK kinase activities
than specific ROCK inhibitors Y-27632 and H-1152. PT-262 induced cytoskeleton remodeling and
migration inhibition in A549 lung carcinoma cells. The total MLC and phosphorylated MLC proteins and
stress fibers were blocked after treatment with PT-262. Nonetheless, the RhoA protein and GTPase
activity were not altered by PT-262. A computational model suggests that PT-262 interacts with the ATP-
binding site of ROCK protein. Together, these findings demonstrate that PT-262 is a new ROCK inhibitor.
© 2011 Elsevier Inc. All rights reserved.

Cell migration
Cytoskeleton
Lung cancer

lamellipodia and filopodia [3,4]. RhoA is a key family of
RhoGTPases that participates in cancer migration and metastasis
[5.6]. Overexpression of RhoA has been found in a variety of
cancers including, lung, bladder, testicular, ovarian, colon, and
breast [7]. ROCK (Rho-associated coiled-coil forming protein
kinase) is a RhoA downstream protein [5]. There are two isoforms
of ROCK, known as ROCK1 and ROCK2 [8]. Both ROCK1 and ROCK2
can regulate the activity of myosin light chain (MLC) proteins by
direct MLC phosphorylation [9,10]. Cell migration of actomyosin
contractility is mediated by the phosphorylation of MLC for cell
movement [1]. Moreover, ROCK has been shown to induce the
stress fiber formation and cancer cell migration and metastasis
[5,11,12]. Thus, the development of strategies or drugs to block the

1. Introduction

The reorganization of cytoskeleton plays important roles in the
regulation of cancer cell migration and metastasis. The RhoGT-
Pases are key regulators of cytoskeleton dynamics [1,2]. The
RhoGTPase family members include RhoA, Rac1, and Cdc42 in
mammalian cells. RhoA is involved in the regulation of cytoskele-
ton reorganization and focal adhesion, whereas Rac1 and Cdc42
work together at the regulation of cell leading edges to form

Abbreviations: ROCK, Rho-associated coiled-coil forming protein kinase; MLC,
myosin light chain; MBS, myosin binding subunit; DMSO, dimethyl sulfoxide; PI,

propidium iodide; MTT, 3-(4,5-dimethyl-thiazol-2-yl) 2,5-diphenyl tetrazolium
bromide; FBS, fetal bovine serum; ERK, extracellular signal-regulated kinase; PBS,
phosphate-buffered saline; F-actin, actin filament.
* Corresponding author at: Department of Biological Science and Technology,
National Chiao Tung University, 75, Bo-Ai Street, Hsinchu 30068, Taiwan.
Tel.: +886 3 5712121x56965; fax: +886 3 5131309.
E-mail address: jichao@faculty.nctu.edu.tw (J.-I. Chao).

0006-2952/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
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RhoA-ROCK pathway is highly desirable for cancer therapy.
Y-27632, [(+)-(R)-trans-4-(1-aminoethyl)-N-(4-pyridyl)cyclo-
hexane carboxamide dihydrochloride], is a specific ROCK inhibitor
[10,13]. The inhibiting ROCK mechanism of Y-27632 is through
binding to the catalytic site of ROCK by competing with the ATP
binding site [14]. Inhibition of ROCK by Y-27632 blocks cancer cell




C.-C. Tsai et al./ Biochemical Pharmacology 81 (2011) 856-865 857

migration, invasion and metastasis [15-17]. Y-27632 inhibits
ROCK kinase activity to disrupt networks and remodeling of actin
filaments in cancer cells [15,17]. Furthermore, Y-27632 reduces
cancer invasion by reducing the levels of matrix metalloprotei-
nases (MMPs) such as MMP-2 and MMP-9 [17]. In addition,
H-1152, (S)-(+)-2-methyl-1-[(4-methyl-5-isoquinoline)sulfonyl]-
homopiperazine, is another specific ROCK inhibitor derived from
isoquinoline-sulfonamide analogues similar to Y-27632 by
binding to catalytic site of ROCK [10,18].

The 5,8-quinolinediones are useful precursors for producing
multiple types of bioactive products [19]. The derivatives of
quinolinediones have been shown to possess many biological
activities including anti-tumor and anti-microbial actions. 6-
Anilino-5,8-quinolinedione (LY83583) is an inhibitor of guanylyl
cyclase that can reduce cancer cell proliferation [20]. 6-Chloro-7-
(2-morpholin-4-ylethylamino)quinoline-5,8-dione (NSC 663284),
an inhibitor of CDC25 protein phosphatases, induced cell cycle
arrest by reducing CDC2 activation in cancer cells [21]. Lavenda-
mycin is a bacterially derived quinolinedione that displays
significant anticancer activities [22]. 7-Chloro-6-piperidin-1-yl-
quinoline-5,8-dione (designated as PT-262) is a new derivative of
5,8-quinolinedione, which induced apoptosis associated with
inhibiting CDC2 and ERK phosphorylation [23].

In this study, we investigated a new ROCK inhibitor, PT-262,
which inhibited cytoskeleton function, stress fiber formation, and
migration in human lung carcinoma cells. In addition, PT-262 was
more effective in inhibiting ROCK kinase activity and cancer cell
migration than Y-27632 and H-1152. PT-262 can be developed as a
novel ROCK inhibitor.

2. Materials and methods
2.1. Materials

The chemical synthesis of PT-262 was according to a previous
study [23]. PT-262 was dissolved in 100% dimethyl sulfoxide
(DMSO). The concentration of DMSO was <0.2% in the control and
drug-containing media in each experiment. Hoechst 33258,
propidium iodide (PI), 3-(4,5-dimethyl-thiazol-2-y1)2,5-diphenyl
tetrazolium bromide (MTT), colchicine, paclitaxel, and the Cy3-
labeled mouse anti-B-tubulin, gelatin, fibronectin and Y-27632
were purchased from Sigma Chemical Co. (St. Louis, MO). Anti-
ERK-2 (C-14) and anti-RhoA (sc-179) were purchased from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA). BODIPY FL phallacidin
(B-607) and Lipofectamine™ 2000 were purchased from Invitro-
gen (Carlsbad, CA). The Cy5-labeled goat anti-rabbit IgG was
purchased from Amersham Pharmacia Biotech (Little Chalfont
Buckinghamshire, UK). Anti-phospho-MLC (serine-19), anti-MLC,
and anti-ROCK1 antibodies were purchased from Cell Signaling
Technology, Inc. (Beverly, MA). H-1152 was purchased from Merck
Calbiochem (San Diego, CA).

2.2. Cell culture

The A548 cell line (ATCC, #CCL-185) was derived from a non-
small cell lung adenocarcinoma tumor. A549 cells were cultured in
RPMI-1640 medium (Invitrogen) supplemented with 10% fetal
bovine serum (FBS), 100 units/ml penicillin, 100 wg/ml strepto-
mycin, and L-glutamine (0.03%, w/v). The cells were maintained at
37 °C and 5% CO; in a humidified incubator (310/Thermo, Forma
Scientific, Inc., Marietta, OH).

2.3. Cytoskeleton staining and confocal microscopy

The cells were cultured on coverslips, which were kept in a
60-mm Petri dish for 16-20 h. At the end of treatment, the cells

were washed with isotonic PBS (pH 7.4), and then the cells were
fixed in 4% paraformaldehyde solution in PBS for 1 h at 37 °C.
Subsequently, the coverslips were washed three times with PBS,
and non-specific binding sites were blocked in PBS containing
10% FBS and 0.3% Triton X-100 for 1 h. Actin filament (F-actin)
and B-tubulin were stained with 20 U/ml BODIPY FL phallacidin
and anti-B-tubulin Cy3 (1:50) for 30 min at 37 °C, respectively.
Finally, the nuclei were stained with 2.5 wg/ml Hoechst 33258
for 30 min. The samples were examined under a Leica confocal
laser scanning microscope (Mannheim, Germany) that equipped
with an UV laser (351/364 nm), an Ar laser (457/488/514 nm),
and a HeNe laser (543 nm/633 nm). The fluorescence images
were displayed through the frame store in the computer, and
the cell length was calculated using a Leica confocal software
(Ver. Lite).

2.4. Bio-atomic force microscopy (Bio-AFM)

To observe the cytoskeleton alteration and cell elongation by
PT-262, the cells were analyzed by a BD CARV Il confocal
microscope combined a NanoWizard Bio-AFM (JPK Instruments,
Berlin). Bio-AFM was mounted on an inverted microscope, TE-
2000-U (Nikon, Japan). The silicon nitride non-sharpened cantile-
ver was used by a nominal force constant of 0.06 N/m (DNP-20,
Veeco). The images were scanner by using contact mode. Line scan
rates are varied from 0.5 to 2 Hz.

2.5. Actin polymerization assay

Actin polymerization assays in vitro (BK003) were purchased
from Cytoskeleton, Inc. (Denver, CO). After treatment with or
without PT-262, the actin polymerization reaction was analyzed
according to the manufacturer's recommendations. Phallacidin
was used as a positive control in actin polymerization. Briefly, the
actin polymerization assays were based on the enhanced fluores-
cence of pyrene-conjugated actin that occurs during polymeriza-
tion. The enhanced fluorescence were measured by pyrene
monomer globular-actin (G-actin) formed polymer pyrene F-actin
in a fluorometer at excitation wavelength 365 nm and emission
wavelength 407 nm.

2.6. Boyden chamber analysis

The cell migration was examined by the Boyden chamber
analysis. Boyden’s chamber system was used two chambers
separated by a collagen coated 8 wm pore size polycarbonate
membrane. Briefly, the polycarbonate filter of 8 um pore size
was soaked in 0.5M acetic acid overnight. The filter was
washed with distilled water and then incubated for 16 h in a
100 pg/ml gelatin solution and air dried. The gelatin coating
filters were incubated again in a 10 wg/ml fibronectin solution
for 2 h. The tested drugs were added to the bottom well of a
Bodyen chamber. Cells on the upper surface of the filters were
carefully removed with a cotton swab. Cells on the lower surface
were counted after stained with hematoxylin under a light
microscope.

2.7. Wound healing assay

The cells were cultured in six-well plate for 24 h overnight,
resulting in a monolayer that was more than 90% confluent. The
cell monolayer was scraped with a 200 pl pipette tip to generate
the wound of 6-7 mm. Thereafter, the cells were treated with or
without PT-262, washed with PBS, and then re-cultured in fresh
medium for various periods. Photographs were taken at 8 and 24 h
on the same position of the wound.
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2.8. ROCK kinase assay

A549 cells were treated with or without PT-262, Y-27632 or H-
1152. After drug treatment, the cell lysates were diluted in kinase
buffer and allowed to phosphorylate the bound substrate myosin
binding subunit (MBS). The amount of MBS was calculated in a
binding reaction with a horseradish peroxidase conjugate of AF20,
an anti-phospho-MBS threonine-696 specific antibody, which
catalyzes the conversion of the chromogenic substrate tetra-
methylbenzidine from a clear to a blue-colored solution. The color
reaction product was quantified by measuring the absorbance at

A

untreated PT-262 PT-262 PT-262

450 nm using a VERSAmax microtiter plate reader (Molecular
Devices Corp., Sunnyvale, CA).

2.9. Western blot analysis

Western analyses of RhoA, ERK-2, MLC, phospho-MLC, and
ROCK1 were performed using specific antibodies. At the end of the
treatment, the cells were lysed in ice-cold whole cell extract buffer
containing protease inhibitors as described [24]. Briefly, equal

amounts of proteins in samples were subjected to electrophoresis
using 10-12% sodium dodecyl sulfate-polyacrylamide gels. After
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Fig. 1. Effect of PT-262 on the cytoskeleton remodeling and cell elongation in lung carcinoma cells. (A) A549 cells were treated with or without 2 M PT-262 for 24 h. At the
end of treatment, B-tubulin, F-actin, and nuclei were stained with Cy3-labeled mouse anti-B-tubulin, BODIPY FL phallacidin, Hoechst 33258, respectively. The B-tubulin
displayed a red color. The blue color indicated the location of nuclei or chromosomes. The green color indicated the location of F-actin, (B) The untreated or PT-262-treated
cells were analyzed by confocal microscope-combined Bio-AFM. The green color indicated the location of F-actin proteins. (C) The amplified pictures were obtained from
circle marks of (B). (D) A549 cells were treated with or without 2 M PT-262 for 24 h. The B-tubulin, F-actin, and nuclei were stained with the Cy3-labeled mouse anti-3-
tubulin, BODIPY FL phallacidin, Hoechst 33258, respectively. The treated or untreated cells were subject to confocal microscopy analysis. The arrows indicate the F-actin
spikes. (E) The cell length was measured using Leica confocal software. The average cell length (long diameter) was calculated from three separate experiments. (For
interpretation of the references to color in this sentence, the reader is referred to the web version of the article.)
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Fig. 2. Comparison of various cytoskeleton blockers on the cytoskeleton alteration and cell morphology in lung carcinoma cells. A549 cells were treated with or without
cytoskeleton blockers. B-tubulin, F-actin, and nuclei were stained with Cy3-labeled mouse anti-B-tubulin, BODIPY FL phallacidin, Hoechst 33258, respectively. The treated or
untreated cells were subject to confocal microscopy analysis. The B-tubulin displayed a red color. The blue color indicated the location of nuclei or chromosomes. The green
color indicated the location of F-actin. (For interpretation of the references to color in this sentence, the reader is referred to the web version of the article,)

electrophoretic transfer of proteins onto polyvinylidene difluoride
membranes, they were sequentially hybridized with primary
antibody and followed with a horseradish peroxidase-conjugated
second antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA).
Finally, the protein bands were visualized using the enhanced
chemiluminescence detection system (NEN, Boston, MA).

2.10. RhoA GTPase activity assay

Activated GTP-RhoA proteins were detected by a pull-down
assay kit (Upstate Biotechnology, Lake Placid, NY) for Rho-GTP
bound to the Rho-binding domain (RBD) of Rhotekin, a down-
stream effector of Rho. Rho activation kit used the Rhotekin-RBD
fused with GST to affinity precipitate cellular Rho-GTP. Briefly, the
cells were treated with or without PT-262. At the end of

treatments, the cell lysates were collected and then added equal
volumes to incubate with GST-Rhotekin-RBD and glutathione-
sepharose beads according to the manufacturer’s instructions.
Activated GTP-RhoA proteins bound to beads in cell lysates were
precipitated and then subjected to Western blot using specific anti-
RhoA antibody. The levels of active RhoA were determined by
normalizing with the total RhoA proteins present in the cell lysates.

2.11. Transfection

Control siRNA (5-UUCUCCGAACGUGUCACGU-3’) and RhoA
siRNA (5'-CGGAAUGAUGAGCACACAA-3’) were purchased from
Qiagen Inc. (Valencia, CA) that were used for transfection by using
Lipofectamine™ 2000 (Invitrogen) according to the manufac-
turer's recommendations.

Table 1
The actions of various cytoskeleton blockers.
Compounds Effects
Microtubule polymerization Microtubule depolymerization Actin polymerization Actin depolymerization
Paclitaxel + - -
Colchicine - +b < it
Cytochalasin B - - - 4
Phallacidin - - +* -
PT-262 - - + -

* Induction of mitotic arrest by inhibiting spindle function but not inducing cell elongation.

A cytokinesis inhibitor induces actin depolymerization.
Cytochalasin B inhibits actin polymerization and cytokinesis.

b
d
¢ Cell elongation by inducing direct binding to F-actin.
f

Induction of mitotic arrest by inhibiting spindle function but not inducing cell elongation.

Cell elongation by inducing abnormal actin polymerization but did not directly bind to F-actin.
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2.12. Statistical analysis

All results were obtained from at least three separate
experiments. Data were analyzed by one-way or two-way analysis
of variance (ANOVA), and further post hoc tests using the statistic
software of GraphPad Prism 4 (GraphPad software, Inc. San Diego,
CA). A p value of <0.05 was considered as statistically significant in
each experiment.

3. Results

3.1. PT-262 induces the cytoskeleton alteration and cell elongation in
lung carcinoma cells

As shown in Fig. 1A, treatment with 2 wM PT-262 dramatically
induced cytoskeleton alteration in A549 lung cancer cells. The cells
were elongated and formed an abnormal cytoskeleton following
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Fig. 3. Effect of PT-262 on the ROCK kinase activity, phospho-MLC and total-MLC expression, and stress fibers in lung carcinoma cells. (A) Chemical structures of PT-262, Y-
27632, and H-1152. (B) A549 cells were treated with or without PT-262, Y-27632 and H-1152. At the end of the treatments, the cell lysates were subjected to ROCK kinase
activity assays. The amount of phosphorylated MBS was calculated in a binding reaction with a horseradish peroxidase conjugated an anti-phospho-MBS threonine-696
specific antibody, which catalyzes the chromogenic substrate tetra-methylbenzidine to blue-color. Results were obtained from 3 separate experiments. The bar represents
the mean + S.E. *p < 0.05, **p < 0.01, and ***p < 0.001 indicate significant difference between control and inhibitor treated samples. *p < 0.05 indicates a significant difference
between PT-262 and ROCK inhibitor (Y-27632 or H-1152) treated samples. (C) and (D), A549 cells were treated with or without 2-10 1M PT-262, Y-27632, and H-1152,
Representative Western blot data of the protein levels of ROCK1, phospho-MLC, and total MLC were shown from one of three separate experiments with similar findings. (E) F-actin
proteins were stained with BODIPY FL phallacidin, which displayed a green color. The nuclei were stained with Hoechst 33258, which displayed a blue color. The arrows indicate the
location of stress fibers. (For interpretation of the references to color in this sentence, the reader is referred to the web version of the article.)
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exposure to PT-262. To view the elaborate structure of cell
morphology, the cells were observed by confocal microscope
combined Bio-AFM. The cytoskeleton alteration and cell elongation
were clearly induced by PT-262 by comparison with the untreated
sample (Fig. 1B). The green color exhibited by F-actin formed an
elongated shape after treatment with 2 wM PT-262 for 24 h. The
magnified pictures of the circle marks in Fig. 1B show the fork
shape in the elongated cell (Fig. 1C). Cell length elongated to
~160 wm following treatment with 2 wM PT-262 (Fig. 1D).
Moreover, PT-262 increased the formation of F-actin concentrated
spikes (Fig. 1D, arrows). The average cell length was extended from
39.15 to 65.30 pm following treatment with PT-262 by calculating
the long diameter (Fig. 1E).
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3.2. Various cytoskeleton inhibitors induce cytoskeleton remodeling
and morphological alteration

To investigate the cytoskeleton alteration by PT-262, A549 cells
were compared with various cytoskeleton blockers, including
paclitaxel, colchicine, and phallacidin. B-tubulin and F-actin were
displayed by staining with Cy3-labeled mouse anti-B-tubulin and
BODIPY FL phallacidin, respectively. Treatment with 50 nM
paclitaxel for 24 h increased the red fluorescence intensity of -
tubulin by inducing the microtubule polymerization (Fig. 2). In
contrast, colchicine (50 nM, 24 h) reduced the red intensity of 8-
tubulin by the inhibition of microtubulin polymerization (Fig. 2).
Phallacidin (0.5U/ml, 24 h) increased the green fluorescence
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Fig. 4. Effect of PT-262 on cell migration by Boyden chamber analysis in lung carcinoma cells. (A) A549 cells were treated with or without 2-8 M PT-262 for 6 h. (B) A549
cells were treated with or without 10 WM PT-262, Y-27632 or H-1152 for 6 h. At the end of treatment, the migrated cells on the lower surface of membranes were stained with
hematoxylin and observed under a light microscope. Gray color spots indicate 8 wm pores on the polycarbonate membranes. The migrated cells indicate purple color. (C) and
(D), the migrated cells on the lower surface were counted after stained with hematoxylin under a light microscope. Results were obtained from 3 separate experiments. The
bar represents the mean + S.E. *p < 0.05, **p < 0.01, and ***p < 0.001 indicate a significant difference between control and inhibitor treated samples. **p < 0.05 indicates a
significant difference between PT-262 and ROCK inhibitor (Y-27632 or H-1152) treated samples. (For interpretation of the references to color in this sentence, the reader is referred

to the web version of the article.)
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intensity of F-actin by promoting actin polymerization and caused
cell elongation in A549 cells. PT-262 was similar to phallacidin on
the cell elongation (Fig. 2). Phallacidin (0.5 U/ml) increased 88.4%
of actin polymerization than control using actin polymerization
assays in vitro; nonetheless, treatment with 2-10 wuM PT-262 did
not alter actin polymerization. Cytochalasin B inhibited actin
polymerization and cytokinesis but without inducing cell elonga-
tion in A549 cells [25]. The actions of these cytoskeleton inhibitors
are summarized in Table 1.

3.3. PT-262 inhibits ROCK kinase activity and stress fiber formation

The chemical structures of PT-262, Y-27632, and H-1152 are
shown in Fig. 3A. Treatment with 2-10 wM PT-262 inhibited ROCK
kinase activities via a concentration-dependent manner in A549
cells (Fig. 3B). Furthermore, PT-262 was more effective on
inhibiting ROCK kinase activities than Y-27632 and H-1152
(Fig. 3B, p < 0.05). The ICsq value (the concentration of 50% kinase
activity inhibition) was around 5 wM by PT-262; the ICs, values of
Y-27632 and H-1152 were >10 wM. Nonetheless, PT-262, Y-
27632, and H-1152 did not reduce ROCK protein expression
(Fig. 3C). ERK-2 protein has been used as an internal control
[24,26]. The protein level of ERK-2 was not altered by PT-262
(Fig. 3C). In addition, treatment with 5-10 pM PT-262 decreased
the levels of phospho-MLC and total MLC proteins (Fig. 3D). Y-
27632 and H-1152 also decreased the MLC protein expression. The
formation of stress fibers was found in the PT-262-untreated cells
(Fig. 3E, arrows); in contrast, PT-262 or Y-27632 can block the
stress fiber formation completely (Fig. 3E).

3.4. PT-262 inhibits cancer cell migration

To examine the effect of PT-262 on cancer cell migration, the
cells were examined by Boyden chamber analysis. Treatment with
2-10 wM PT-262 for 6 h significantly blocked the cell migration in
a concentration-dependent manner (Fig. 4A and C). The negative
control of cell migration was used by incubating in serum free
medium. Moreover, PT-262 was more effective in inhibiting cell
migration than Y-27632 and H-1152 (Fig. 4B and Fig. 4D). The
migration inhibition of PT-262 was verified by the wound-healing
assay. As shown in Fig. 5A Fig. 5, the wound width by the cell
migration was observed under a phase contrast microscope
following treatment with 2 wM PT-262 for 8 h or 24 h. PT-262
significantly increased the wound width than untreated samples
(Fig. 5B).

3.5. Blockage of RhoA expression inhibits cancer cell migration

Transfection with 20-80 nM RhoA siRNA for 48 h decreased
RhoA gene expression and protein levels in A549 cells (Fig. 6A and
C). The blockage of RhoA expression inhibited cell migration via a
concentration-dependent manner (Fig. 6B). Furthermore, the
phospho-MLC and total MLC proteins also were reduced by
transfection with RhoA siRNA (Fig. 6B). The ROCK protein
expression was not altered by RhoA siRNA (Fig. 6C). The effect
of PT-262 on RhoA GTPase activity was further analyzed by RhoA
pull-down assays. However, treatment with PT-262, Y-27632 and
H-1152 did not significantly alter the RhoA GTPase activity and
protein expression (Fig. 6D and E).

4. Discussion

The RhoA-ROCK pathway has been shown to promote cancer
cell migration, invasion and metastasis. The RhoA-ROCK pathway
is a potential target for cancer chemotherapy. In this study, we
provide a newly synthesized compound, PT-262, that markedly
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Fig. 5. Effect of PT-262 on cell migration by wound healing assay in lung carcinoma
cells. (A) The confluent cell monolayer scraped by a pipette tip to generate wounds
of 6-7 mm. Then the cells were treated with or without 8 wM PT-262 and then re-
cultured for various periods. Photographs were taken at the same position of the
wound. (B) Results were obtained from 3 separate experiments, The bar represents
the mean + S.E. **p < 0.01 indicates a significant difference between the control and
PT-262 treated samples.

induces cytoskeleton remodeling, cell elongation, and migration
inhibition in human lung carcinoma cells. The concentration range
of PT-262 at 2-10 wM blocked ROCK kinase activity and cancer cell
migration in a concentration-dependent manner. Interestingly, PT-
262 is more effective in inhibiting the ROCK kinase activity and
migration than ROCK inhibitors Y-27632 and H-1152. The findings
provide that PT-262 is a novel and potent ROCK inhibitor.

Small RhoGTPases are key regulators of cytoskeleton dynamics
[1,2]. RhoA is a key family of RhoGTPases that is involved in the
regulation of cytoskeleton reorganization [5,6]. Overexpression of
RhoA has been shown in various cancers [7]. ROCK is a downstream
effector protein of RhoA [5]. The Rho-ROCK signaling pathway
participates in cancer cell migration and transformation [27].
Blockage of RhoA expression can prevent cell migration in A549
lung cancer cells. However, PT-262 inhibited ROCK kinase activity
but did not alter RhoA GTPase activity and protein expression.
ROCK can regulate the activity of MLC proteins by direct MLC
phosphorylation [9,10]. Cell migration of actomyosin contractility
is mediated by the phosphorylation of MLC [1]. The inhibition of
ROCK function by PT-262 reduced the protein levels of MLC and
phosphorylated MLC. Also, PT-262 prevented stress fiber forma-
tion in lung cancer cells. Thus, these results show that PT-262 can
prevent cancer cell migration by blocking the ROCK-MLC signaling
pathway.
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Fig. 6. Effect of PT-262 on RhoA GTPase activity and protein expression in lung carcinoma cells. (A) A549 cells were transfected with 20-80 nM control or RhoA siRNA for 48 h.
The RhoA gene expression was analyzed by RT-PCR. GAPDH was an internal control gene. (B) The cell migration was examined by Boyden chamber analysis following
transfection with control or RhoA siRNA. Results were obtained from 3 separate experiments. The bar represents the mean = S.E. *p < 0.05 and **p < 0.01 indicate a significant
difference between the control and RhoA siRNA treated samples. (C) The protein levels of RhoA, ROCK1, phospho-MCL, MLC, and ERK-2 were analyzed by Western blot. (D) RhoA
GTPase activity was detected by a RhoA-GTP pull-down assay kit according to the manufacturer’s instructions. A549 cells were treated with or without 10 WM PT-262, Y-27632 and
H-1152. Activated RhoA-GTP and total RhoA in cell lysates were detected by Western blot using anti-RhoA. GDPBS and GTPyS were used as a negative control and positive control,
respectively. (E) A549 cells were treated with or without 2-10 uM PT-262, Y-27632 and H-1152. At the end of treatment, the protein levels of RhoA and ERK-2 were analyzed by
Western blot. The data are shown from one of three separate experiments with similar findings.

The cytoskeleton proteins of microtubules and F-actin are
potential targets for cancer chemotherapy [2,28]. The disruption of
F-actin has been found in malignant transformed cells [2]. Actin
polymerization and remodeling play a critical role in the
morphologic and phenotypic events in cancer cells [2,28].
Chemotherapeutic drugs that target cytoskeleton remodeling
can prevent malignant transformation and metastasis processes.
Paclitaxel is an effective anticancer drug that acts by stabilizing
microtubules and inducing formation of microtubule bundles to
block mitosis [29,30]. The vinca alkaloids and colchicine induce
mitotic arrest by inhibiting microtubule polymerization and
disassembling mitotic spindle [28,31]. Cytochalasins bind to the
plus end of F-actin, reduce F-actin mass, and prevent actin
polymerization [28,32]. Malignant cells are reported to be more
sensitive to cytochalasin B than normal cells [28,33]. Phalloidins
can bind to F-actin to inhibit actin depolymerization [32]. Among
these cytoskeleton blockers, we found paclitaxel and colchicine
induced microtubule polymerization and depolymerization, re-
spectively. However, phallacidin promoted actin polymerization
by stabilizing F-actin to induce the cell elongation in lung cancer
cells. Interestingly, PT-262 increased cell elongation in a manner
comparable to phallacidin treatment, indicating that PT-262 may

act in a similar fashion, promoting F-actin stability. Nonetheless,
PT-262 did not bind to F-actin directly using actin polymerization
in vitro assays. Therefore, we suggest that PT-262 blocks
cytoskeleton functions indirectly by inhibiting ROCK signaling.
The ROCK1 protein crystal structure has been reported [10]. It
has been shown that four crystal structures contain ATP-
competitive inhibitors of ROCK1 in the third pocket site [10].
Fig. 7A shows a computational structure model of the interaction of
PT-262 and ROCK1 protein. The 3D structures of ROCK inhibitors
on the binding site of ROCK1 were utilized for docking analysis
[10]. The coordinates of binding-pocket atoms were taken from the
PDB for the docking tools such as GEMDOCK [34,35]. Furthermore,
the potential binding sites were predicted by using Q-SiteFinder,
which was an energy-based method for the prediction of protein-
ligand binding sites [36,37]. We have further compared the binding
of PT-262, H-1152, and Y-27632 to ROCK1 (Supplementary Fig. 1).
The nitrogen atoms on the quinoline group of PT-262, the pyridine
group of H-1152, and the isoquinoline group of Y-27632 all form
hydrogen bonds with the nitrogen on the main chain of M156.
Three functional groups occupy the same space as the adenine of
ATP occupies (Supplementary Fig. 1). In addition, the chlorine and
quinoline moieties of PT-262 contact with the MET153 amino
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Fig. 7. A proposed model of PT-262 on the inhibition of ROCK. (A) A computational model of the interaction of PT-262 (blue color) and ROCK protein (green color). (B) The
inhibition of ROCK signaling pathway by PT-262. (For interpretation of the references to color in this sentence, the reader is referred to the web version of the article.)

residue, and the chlorine and piperidin moieties of PT-262 contact
with ALA215 amino residue, which may determine the selectivity
at the ROCK inhibition. The chlorine of PT-262 may be the reason
more effective on inhibition of ROCK activity than Y-27632 and H-
1152. Accordingly, the computational model supports the findings
that PT-262 blocks the ROCK kinase activities by binding on ATP-
binding site.

The derivatives of quinolinediones have been shown to possess
many biological activities including anti-tumor actions. For
example, 6-anilino-5,8-quinolinedione (LY83583) is an inhibitor
of guanylyl cyclase that can prevent cancer cell proliferation [20].
In addition, 6-chloro-7-(2-morpholin-4-ylethylamino) quinoline-
5,8-dione (NSC 663284) is an inhibitor of CDC25 protein
phosphatases that mediates cell cycle arrest by reducing CDC2
activation [21]. In this report, we provide a novel function of
quinolinedione derivatives that is a ROCK inhibitor.

In conclusion, we presented a model of the inhibition of ROCK
and its downstream regulation of cell migration by PT-262
(Fig. 7B). The model provides a novel mechanism of cell migration
inhibition by the 5,8-quinolinedione derivative through the
irreversible effects of cytoskeleton alteration and cell elongation
in blocking ROCK pathway.
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ABSTRACT

One of the most adaptive immune responses is trig-
gered by specific T-cell receptors (TCR) binding to
peptide-major histocompatibility complexes (pMHC).
Despite the availability of many prediction servers
to identify peptides binding to MHC, these servers
are often lacking in peptide-TCR interactions and
detailed atomic interacting models. PAComplex is
the first web server investigating both pMHC and
peptide-TCR interfaces to infer peptide antigens
and homologous peptide antigens of a query. This
server first identifies significantly similar TCR-
PMHC templates (joint Z-value > 4.0) of the query
by using antibody-antigen and protein-protein inter-
acting scoring matrices for peptide-TCR and pMHC
interfaces, respectively. PAComplex then identifies
the homologous peptide antigens of these hit tem-
plates from complete pathogen genome databases
(>10° peptide candidates from 864628 protein se-
quences of 389 pathogens) and experimental peptide
databases (80057 peptides in 2287 species). Finally,
the server outputs peptide antigens and homolo-
gous peptide antigens of the query and displays de-
tailed interacting models (e.g. hydrogen bonds and
steric interactions in two interfaces) of hitTCR-
pMHC templates. Experimental results demonstrate
that the proposed server can achieve high predic-
tion accuracy and offer potential peptide antigens
across pathogens. We believe that the server is
able to provide valuable insights for the peptide vac-
cine and MHC restriction. The PAComplex sever is
available at http://PAcomplex.life.nctu.edu.tw.

INTRODUCTION

An immune system protects an organism from diseases
by identifying and killing pathogens (1). One of the most

adaptive immune responses is triggered by specific T-cell
receptors (TCRs) binding to peptide-major histocompati-
bility complexes (pPMHC) molecules. An increasing num-
ber of available binding peptide antigens that are reliable
(2-4) and high-throughput experiments that provide sys-
tematic identification of pMHC interactions explain the
growing requirement for fast and accurate computational
methods for discovering homologous peptide antigens of
a new peptide antigen and developing peptide-based
vaccines for pathogens.

Many methods have been proposed for predicting
pMHC interactions. These methods can be roughly div-
ided into the sequence-based methods such as motif
matching (5,6), matrix methods [e.g. SYFPEITHI (7),
MAPPP (8), IEDB (9)] and machine learning approaches
fe.g. SVMHC (10)]; and structure-based approaches [e.g.
PREDEP (11) and MODPROPEP (12)). However, these
methods are often lack of the TCR and pMHC binding,
which is critical to trigger adaptive immune responses.
Since the increasing number of TCR-pMHC crystal
structures to investigate both pMHC and peptide-TCR
interfaces provides further insights for understanding
TCR-pMHC interactions and binding mechanisms.
Additionally, discovering homologous peptide antigens
(called peptide antigen family) to a known peptide antigen
often provides a valuable reference for efforts to elucidate
the functions of a new peptide antigen.

To address these issues, we propose the PAComplex
server for predicting TCR—-pMHC interactions and inferr-
ing antigen families across organisms of a query protein or
a set of peptides. To our best knowledge, PAComplex is
the first web server investigating both pMHC and peptide-
TCR interfaces to infer peptide antigens and homologous
peptide antigens of a query. Additionally, peptide antigen
families are derived from a complete pathogen genome
database (>10° peptide candidates from 389 pathogens)
and experimental peptide databases to demonstrate the
feasibility of the PAComplex server and increase the num-
ber of potential antigens. Moreover, for a peptide antigen
family, the amino acid composition and conservation are
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evaluated at each position. Experimental results demon-
strate that the server can improve the peptide antigen pre-
diction accuracy and is useful for identifying peptide
antigen families by using two interfaces of TCR-pMHC
structures. Furthermore, the proposed server provides a
valuable reference for efforts to develop peptide vaccines
and elucidate MHC restriction and T-cell activation.

METHOD AND IMPLEMENTATION
Homologous peptide antigen

The concept of homologous peptide antigen is the core of
this server. We define the homologous peptide antigen (p’)
of the peptide (p) in template complex as follows: (i) p and
p’ can be bound by the same MHC forming pMHC and
p’MHC, respectively, with the significant interface simi-
larity (Zyuc>1.645); (i) pMHC and pMHC can be
recognized by the same TCR with significant peptide-
TCR interface similarity (Ztcg > 1.645); and (iii) TCR-
pMHC and TCR-p’MHC share significant complex simi-
larity (joint Z >4.0). The joint Z-value (J,) is defined as

J: = v/ Zmuc x Z1cr 1)

The Zyuc and Zyrcgr of a TCR-p’MHC candidate with
interaction score (E) can be calculated by (E-p)/o, where
p is the mean and o is the standard deviation from 10000
random interfaces (Supplementary Figure S1). For a
TCR-pMHC template collected from Protein Data
Bank (PDB), these 10000 random interfaces are generated
by substituting with another amino acid according to the
amino acid composition derived from UniProt (13). Here,
Jz>4.0 is considered a significant similarity according to
the statistical analysis of 41 TCR-pMHC structure
comgalexes; 80057 experimental peptide antigens; and
>10° peptide candidates derived from 864628 protein
sequences in 389 pathogens.

Template-based scoring function

We have recently proposed a template-based scoring func-
tion to determine the reliability of protein-protein inter-
actions derived from a 3D-dimer structure (14). For
measuring the pMHC interaction score, the scoring
function is defined as

Eor = Evpw+Egp+Egim 2)

Where Eypw and Egp denote steric force and special en-
ergy (i.e. hydrogen bond energy and electrostatic energy),
respectively, according to four knowledge-based scoring
matrices (14) which have a good achievement between
pMHC and protein—protein interactions. Eg, refers to
the peptide similarity score between p and p'.

To model Eypw and Esp of the peptide-TCR inter-
actions, we developed a new residue-based matrix
(Supplementary Figure S2) because the peptide-TCR
interface resembles antigen—antibody interactions and dif-
fers from protein—protein interfaces (15,16). The matrix is
derived from anon-redundant set which consists of 62
structural antigen-antibody complexes (including 131
interfaces) constructed by Ponomarenko et al. (17).

According to this matrix, the peptide-TCR (antigen—
antibody) interface prefers aromatic residues (i.e. Phe,
Trp and Tyr), which interact with aliphatic residues (i.e.
Ala, Val, Leu, Ile and Met) or long side-chain polar resi-
dues (i.e. Gln, His, Arg, Lys and Glu), to form strong van
der Waals (VDW) forces (yellow boxes). Additionally, the
scores are high if basic residues (i.e. Arg and Lys) interact
to acidic residues (i.e. Asp and Glu). Conversely, the
scores are low (purple box) when non-polar residues
interact with polar residues.

Overview

Figure 1 shows the details of the PAComplex server to
predict peptide antigens and search the template-based
homologous peptide antigens of a query protein sequence
(or a set of peptides) by the following steps (Figure 1A).
The server initially divides the query protein sequence into
fix length (ranging from 8 to 13) peptides based on selected
MHC class I allele and templates. Each peptide (p’) is then
aligned to the bound peptide (p) of TCR-pMHC tem-
plates collected from PDB. Next, the peptide antigen is
examined by utilizing the template-based scoring function
to statistically evaluate the complex similarity (J,>4.0)
between TCR-pMHC and TCR-p’MHC (Figure 1B and
C). For each peptide antigen, the server introduces the
potential TCR-pMHC binding models and the detailed
residues interactions (e.g. hydrogen bonds and VDW
forces) of pMHC and peptide-TCR interfaces (Figure 1D).
For the hit templates, the server identifies the homologous
peptide antigens with J,>4.0 from an experimental
peptide database (80057 peptides in 2287 species) and a
complete pathogen genome database (>10° peptide antigen
candidates with J,>1.645 derived from 864628 protein
sequences of 389 pathogens) (Figure 1B and E). For a
peptide antigen family, we measure the amino acid com-
position and conservation at each position (Figure 1F) by
WebLogo program (18). Finally, this server provides
peptide antigens, visualization of the TCR-pMHC inter-
action models, and peptide antigen families with
conserved amino acids.

INPUT, OUTPUT AND OPTIONS

The PAComplex server is easy to use (Figure 2). Users
input a protein sequence in FASTA format (or a set of
fix-length peptides) and select the parameters (e.g. MHC
class I allele and templates) (Figure 2A). The PAComplex
server typically infers peptide antigens and homologous
peptide antigens of the query within 4s if the sequence
length is <300. For a query, PAComplex shows the
detailed atomic interactions and binding models using
Jmol and amino acid profiles (Figure 2C) of homologous
peptide antigens from experimental peptide (Figure 2E)
and complete pathogen genome databases (Figure 2D).
For each peptide antigen, PAComplex also presents the
source proteins, organisms and experimental data. In
addition, users can download summarized results of
query peptides or protein sequences, the modeling TCR—
PMHC complex, template structure of TCR-pMHC and
peptide family of the template.
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Step 1: Query a protein sequence or a set of
peptides.

Step 2: Identify peptide antigen candidates
of the query based on the significant
complex similarity (joint Z-value > 4 ) using
TCR-pMHC structural templates.

&
Step 3: For each peptide antigen candidate, ﬁ
the server provides the binding models of 5
peptide-MHC and peptide-TCR interfaces
including the contacting residues (e.g.
hydrogen bond and van der Waals force).

Step 4: For the peptide of a hit template, we

: Hit template
(3CVH)
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Protein P (P03155 , 750 residues)

———————

T o

i ("m”“_zm) (864,628 sequences in 389
Qi B species)

peptide antigen candidates of the query P

4 11 SYQRFRRL 499

497 504 IILGFRKI 46

— FPN
TeR  ..TSTTTm KEBSERNI 412
MPLSYQRF 374 "4

LVVDFSQF 3.7
FYPNFTKY 3.42

identify homologous peptide antigens, using
peptide-MHC and peptide-TCR interface
similarities (Z-value > 1.645) and the TCR-
pMHC complex similarity (joint Z-value J,>
4), from experimental peptide and complete
pathogen genome databases.

Step 5: Measure the amino acid
compositions and present conserved

peptide-TCR Interface
D49

interacting residues of the peptide family.

Step 6: Output binding models, homologous
peptide antigens, conserved amino acids,
multiple peptide alignment across species for
the query.

Figure 1. Overview of the PAComplex server for peptide antigens and homologous peptide antigens search using protein P of HBV as the query. (A)
Main procedure. (B) Template-based scoring function to infer the peptide antigens and homologous peptide antigens through structural templates,
experimental peptides and complete pathogen genome databases. (C) Peptide antigen candidates of the query using hit TCR-pMHC complex
templates. (D) Atomic binding models with hydrogen bonds (green dash lines) of both pMHC and peptide-TCR interfaces. (E) Peptide antigen
families of the query from the experimental peptide and complete pathogen genome databases. (F) Amino acid compositions (profiles) of the

homologous peptide antigens.

Example analysis

Protein P of hepatitis B virus. While affecting over 350
million people worldwide, hepatitis B virus (HBV) infec-
tion is a leading cause of liver diseases and hepatocellular
carcinoma (19,20). Figure 1 shows the PAComplex
derived results using protein P [UniProt (13) accession
number: P03155, 750 residues divided into 743 8-mer
peptides] of HBV genotype D as the query. Protein P, a
multifunctional enzyme, converts the viral RNA genome
into dsDNA in viral cytoplasmic capsids. This enzyme
displays a DNA polymerase activity that can replicate
either DNA or RNA templates, and a ribonuclease H
(RNase H) activity that cleaves the RNA strand of
RNA-DNA heteroduplexes in a partially processive 3'-
to 5'-endonucleasic mode (21,22). For this query, the
PAComplex server found three hit peptide antigen

candidates (J; >4.0; Figure 1C) and 73 homologous pep-
tide antigens in 21 organisms (Supplementary Figure S3A)
by using H-2K°-peptide-TCR template [PDB entry 3
CVH (23)] and the experimental peptide database.
Among these three hit peptides, the peptide 497-504
(IILGFRKI) recorded in IEDB (4) is the epitope of
protein P and PAComplex presents its binding models
and detailed residue interactions of peptide-TCR and
pMHC interfaces (Figure 1D). Position 1of the homolo-
gous peptide antigens prefers the polar residues (e.g. Ser,
Thr, Arg and Lys; Figure 1F) and the first position of this
peptide (pink) is polar residue Ser forming five hydrogen
bonds with residues Tyr7, Glu63 and Tyr171 on MHC
molecule (green) (Figure 1D). Additionally, position 7
(Lys) of the homologous peptide antigens prefers the
positive residues (Arg and Lys, Figure 1F) and Lys7 of
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Figure 2. PAComplex server search results using 50S ribosomal protein L5 (rplE) of M. pneumonia as the query. (A) User interface for inputting the
query protein sequence, MHC class I allele, and templates. (B) The peptide antigen candidates (J,>4.0) of the query. (C) Detailed atomic inter-
actions and binding models with hydrogen bond residues and strong VDW forces. Peptide antigen families from (D) experimental peptide database
and (E) complete pathogen genome database, respectively.
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this hit peptide forms electrostatic interactions with Asp49
in TCR.

Two other hit peptide antigens 4-11 (SYQRFRRL) and
75-82 (KPPSFPNI) correlate well two homologous
peptide antigens (SYQHFRKL and KTPSFPNI), which
are epitopes of HBV alpha 1 recorded in IEDB, respect-
ively (orange box in Supplementary Figure S3A).
According to the amino acid composition (profile) of
this peptide antigen family (Figure 1F), position 7
prefers positive charged residues and positions 5 and 8
prefer non-polar residues. Conversely, the compositions
of Positions 2 and 4 are diverse. These two hit antigens
match the profile of the antigen family on Positions 1
(polar residues), 5 (conserved residue Phe), 7 (positive or
polar residues) and 8 (non-polar residues). For instance,
the two hit antigens are conserved on the Position 5 with
residue Phe forming strong VDW interactions with MHC
[Phe74, Val97, Tyr22, Val9 and Tyrl16) and TCR
(Phe104) molecules (Supplementary Figure S3B)]. These
residue-residue interactions (i.e. Phe-Phe, Phe-Val and
Phe-Try) are high scores according to pMHC (14) and
peptide-TCR  (Supplementary Figure S2) scoring
matrices. For peptides SYQRFRRL and SYQHFRKL,
they have the positively charged residue type (e.g. Arg
and Lys) on Position 7 and different residue types on
Position 4. For peptides KPPSFPNI and KTPSFPNI,
the only different residue type is located on Position 2.
Therefore, these two hit peptides are potential peptide
antigens. These results suggest that investigating multiple
TCR-pMHC interfaces and the peptide antigen family are
useful for predicting peptide antigens and providing
valuable insight into MHC restriction and T-cell
activation.

50S ribosomal protein L5 (rplE) of Mycoplasma
pneumonia. 50S ribosomal protein LS (rplE), interacting
with 5S rRNA and tRNA, is an essential protein of
M. pneumonia, which is the cause of human walking pneu-
monia (24). Based on use of the M. pneumonia rplE (Q50306,
180 residues are divided into 172 9-mer peptides) as the
query (Figure 2A), the PAComplex server infers one hit
candidate (J,> 4.0; Figure 2B), 95-103 (RMWAFLEKL)
and its 66 homologous peptide antigens in 32 organisms,
based on the HLA-A0201-peptide-TCR template [PDB
entry 2J8U (25); Figure 2D]. This server provides the
binding model (Figure 2C) and homologous peptide
antigens via the experimental peptide database and
complete pathogen genome database (Figure 2D and E).

The hit candidate is similar to the Rank 4 peptide
(RMWEFLDRL, red box) in the peptide family
(Figure 2D). But they have three different amino acid
types on Positions 4, 7 and 8 whose amino acid compos-
itions of this family are diverse (Figure 2C). Based on
binding models and interactions, Position 4 lacks any
hydrogen bonds and strong VDW contacts. On the
other hand, the hit peptide correlates well with the
amino acid profile on the conserved positions (i.e. 1, 2,
3, 5, 6, 9) forming strong VDW forces (the right-side
table of Figure 2C) based on the interactions of both
peptide-TCR and pMHC interfaces in HLA-A0201-
peptide-TCR template (2J8U). Above results imply that
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the hit peptide of rplE is a potential antigen-activating
immune response. Furthermore, PAComplex provides
the potential peptide antigens derived from all proteins
of the query M. pneumoniae (Figure 2E) and the other
388 pathogens using a complete pathogen genome
database. These potential peptide antigens across patho-
gens can be useful in identifying specific peptides for the
target pathogen for vaccine design.

RESULTS

To evaluate the performance of PAComplex for identify-
ing the peptide antigens and peptide antigen families, we
selected two peptide sets, termed BothMT (Figure 3A) and
CPD (Figure 3B). BothMT consists of 86 positive and 67
negative octamers with experimental data of both H-2K"
and TCR sides collected from IEDB (42’ PAComplex
aligned these 153 peptides tosix H-2K’-peptide-TCR
complex templates extracted from PDBreleased on 25
December 2010 to evaluate the accuracies of scoring func-
tions on variant conditions (e.g. single template, multiple
templates smgle side and both sides). The CPD set, which
comprises >10® peptide candidates (Jz> 1.645) derived
from 864628 protein sequences of 389 pathogens, was
used to evaluate the reliability of homologous peptide
antigens and it was collected by the following steps:
(i) extract 389 pathogens (e.g. bacteria, archaea and
virus) recorded in both IEDB and UniProt (13) databases
and their respective complete genomes collected from
UniProtdatabase (13); (ii) derive the positive and negative
data sets from IEDB for these pathogens; and (iii) extract
41 TCR-pMHC complexes from PDB.

Figure 3A illustrates the receiver operating
characteristic (ROC) curves (i.e. true positive and false
positive rates) of our scoring functions on single and
multiple templates using one interface (i.e. pMHC and
peptide-TCR interfaces) and two interfaces (i.e. TCR-
pMHC complex). We observed several interesting
results: (i) the scoring function using pMHC interface
(blue lines) yields a higher accuracy than using peptide-
TCR interface (green lines); (i) using multiple templates
(solid lines) is better than using single template (dot lines);
and (iii) using two interfaces with multiple templates (red)
is the best among these six combinations.

Next, the J threshold for reliable homologous peptide
antigens is determined by evaluating the PAComplex
server on the large-scale CPD data set (Figure 3B).This
server was tested on >10'° peptides derived from 864 628
protein sequences of 389 pathogens. Among these pep-
tides, over 10® peptide candidates with J > 1.645 were se-
lected for analyzing the relationships between J values
with both the numbers of positive homologous peptide
antigens (blue, recorded in IEDB) and precision (red).
When J is higher than 4.0, the precision >0.8 and the
number of positive antigens exceeds 1600 according to the
positive and negative data sets. If the J threshold is set to
4.0, the total number of inferring possible peptide antigens
surpasses 4 000 000 (Supplementary Figure S4) statistically
derived from 41 TCR-pMHC complexes. The amino acid
compositions (profiles) of these 1600 positive peptide
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Figure 3. Evaluations of the PAComplex server on BothMT and CPD sets. (A) ROC curves of PAComplex using single and multiple templates with
one interface (p)MHC and peptide-TCR) and two interfaces of TCR-pMHC complex using BothMT set. (B) Relationship between the distribution of
positive hits (blue line) and precision values (red line) with different joint Z-value thresholds using CPD set.
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