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Table 2 Atomic coordinates and equivalent isotropic thermal Table 3 Selected bond lengths (A), bond angles (') and torsion
parameters (B.) angles (°)
atom x y z Bu(AY) a—cm LT Kl L7
O —C) LI OC2—L(9) 10

ci(ny 0.5682(2) -0.0574(3) 0.6284(2) 629(11) N L@ ME—Ch) 134T
Cli2) 0.9373(2) 0.1150(3) 0.55552) 5.34(10) NN 13%(1) N3 —L11) 1.36(0)
ol 0.7558(6) 02041(7)  OITIBA) 43D M) L%y

2) 0.6383(5) 0.097T8(8) 0.8367(5) 55(2) QUl—Ci—C() 1I%(E) CK1)—C(8—CT) LLk({}]
N 1.0174(8) -0.3085(10) 0.7360(8) 4.7(3) QL) 1z ON—C—C0%) 14
N2) 1.0671(8) -01586(9)  0.6703(5) 4103) O(—CE-0m 250 O(—CE—C(I0) s
NG 0.9034(7) 0.1785(9)  0.7034(6) 12(2) O—CE—L0I0) U NOC—NG) 1251
N(4) 08814T)  -00835(9) 0656 360D N(L—CU—N0) 1N NE-CO-NO) 11
) 09990(9)  O217412)  0.71268) 300 :::’;Nc::ﬁ" il 0 Bn
c2) 0.7896(8) 0062417)  0.645%6) ERTE)
c@) 0.7519(7) 0.0341(7)  0.595%4) 29(3) CUMNEP-NE-C@)  141)  N=NORC(=H() 1780
Ci4) 0.8080(4) 0.1156(9)  0.5528(5) 3703 NA—NE—C—NR) 4@ NNy 1T
(3) 0.7680(8) 02067 0.5100(4) 4.9(4) NA—CE—Co—C1) I N p—C@—Ci3—Li8) 1781y
[+(5] 0.6658(9) 02165(7)  0.5032(4) 48(4)
o 0.6051(5) 0.1350{10)  0.5398(5) 5.004)
C(8) 0.6478(6) 0.0464(7)  0.5852(4) 4.0(3) ZN2-H8~02 112°; N3-.01(3/2-x, -1/2+y, z) 2.81(1), N3-H9
) 0.7261(9) 0.1186(12)  0.B215(7) 3403 0.89, H9-01 1.93 A, ZN3-H9-01 171°. Symmetry codes of
cny 0.8035(10) 0.0360(16)  0.8585(11)  53(4) the hydrogen acceptors are given in the parentheses. One

By, = 8824 (Un(aa*y + Un(bb®Y + Un(cc*y + 2Uis(aa*bb*)cos ¥ +
2U s(aa*cc®)cos f + 2Un(bb*cc*)cos a).

Fig. 2 Molecular of guanab along with the
labeling atoms. Thermal ellipsoids of non-H atoms are drawn at the
40% probability level.

0.95, H6-01 2.27 A, ZN1-H6-01 141°; N2-01(2-x, —=1/2+y,
3/2-7) 2.95(1), N2-H7 0.95, H7--01 2,10 A, ZN2-H7-01 148"
N2-02(1/2+x, y, 32-2) 2.99(1), N2-H8 0.95, H8-02 2.51 A,

hydrogen atom (H10) of the methyl group (C10) of the acetate
is pointing to the center of the phenyl ring (Cg). The distances
of Cg-C10 and Cg~H10 are 3.73 and 2.86 A, respectively.
Judging from the distances this C-H-x interaction is not strong,
but the interaction seems to play an important role to connect
the hydrophobic moiety of the guanabenz molecules together in
order to build up the crystal structure,
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A new resolution process for racemic trans-2-benzylaminocyclot
pharmaceuticals, was investigated. Di-p-toluoyl-i-tartaric acid 15 was found to be a new practical resolv-
ing agent in terms of stability and productivity of the resolution system. Resolution conditions were opti-
mized based on the Pope and Peachey method, and the best result was obtained when HCl was added to

for chiral

| 2, 2 key inter

the resolution system as a supplemental acid; 2/t-15/HCl=1.0/0.6/0.4 (mol/mol{mal) (yield 92%,

99.5%de, E 92X%).

@ 2008 Elsevier Ltd, All rights reserved.

1. Introduction

It is well known that enantiopure trans-2-aminocyclohexanol 1
is a useful intermediate for various drugs, such as RSD1235 (anti-
arrhythmic)' and OPC-33509 (anti-thrombotic).? Moreover, the ba-
sic skeleton of trans-2-aminocyclohexanol is also found in many
promising medicines with various indications currently being
developed, such as protease inhibitors® and an anti-obesity drug.*
Therefore, the establishment of a practical process for obtaining
enantiopure 1 is urgently required (Fig. 1).

To obtain enantiopure 1, three diastereomeric resolution
procedures using di-benzoyl-p-tartaric acid (yield 27%, 80% de,
resolution efficiency (E) 21%),>® dehydroabietic acid (yield 48%,
81.1%de, E 39%).” and N-pivaloyl proline (Yield 65%, 96%de, E
62%)® as resolving agents have been reported. Unfortunately, how-
ever, these resolution processes may not easily be applied to the
industrial-scale production because of their low resolution effi-
ciencies, and the price and availability of the resolving agent.

On the other hand, the resolution of racemic N-benzyl deriva-
tive 2, trans-2-benzylaminocyclohexanol, with chiral acids such
as mandelic acid® and di-p-toluoyl-i-tartaric acid'? has been re-
ported. In both cases, however, these resolution processes need
time-consuming multiple salt crystallization steps, and the resolu-
tion yields are unsatisfactory for industrial-scale production
(yields 60% and 51%, respectively).

As mentioned above, a simple and efficient process for produc-
ing enantiopure 2 has not yet been reported. We tried to establish a
practical industrial process for obtaining enantiopure 2 via diaste-

* Corresponding author,
E-muail address: ryuji_ogawa®tfc.toray.cofp (R Ogawal

0957-4166/(§ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tetasy.2008.10.018
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Figure 1.

reomeric salt formation method since the method is economic,
clean, and easier to scale-up to production while keeping the same
efficiency from laboratory data. As a result, we found a new prac-
tical resolution process for obtaining enantiopure 2 based on the
Pope and Peachey method.

2. Results and discussion
2.1, Screening of resolving agent for racemic 2

Racemic 2 was prepared according to the reported method'®
and was used for resolution experiments as a starting material.
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L-24 (R = 3-NOz-CeHa")

Figure 2. Resolving agents.

To find the most suitable resolving agent for racemic 2, 23 kinds of
commercially available acidic resolving agents were examined: 1~
amino acid derivatives 3-12, \-tartaric acids 13 and its derivatives
14-17, and -tartranilic acid derivatives 18-24. o-Mandelic acid
257 was also examined as a reference. The molecular structures
of the resolving agents 3-25 used in the experiments are illus-
trated in Figure 2. Screening of these resolving agents was per-
formed using approximately 1.5 mmol of racemic 2 (0.2 g) and
an equimolar resolving agent. The resolution solvent was chosen
from water, methanol, or their mixed solvent, and its volume
was roughly determined by the respective solubility of the solutes
{racemic 2 and resolving agent) charged in each experiment at

65 °C. The reaction mixture was heated to give a clear solution fol-
lowed by slowly cooling to ambient temperature without stirring.
The precipitated crystals were filtrated off and dried in the atmo-
sphere. Diastereomeric excess (%de) of the salts obtained was
determined by HPLC (CAPCELL PAK C18 $G120, Shiseido). A sample
for analysis was treated with GITC prior to analysis. Each experi-
mental result was evaluated by the resolution efficiency (E, %).*
The screening results are summarized in Table 1.

As shown in Table 1, salt crystals were precipitated with resolv-
ing agent 1-9, 1-12, 1-15, 1-16, 1-20, and p-25, while no crystal or
scaled solid was obtained with the other resolving agents. The
absolute configuration of amine 2 in the salts was the (R.R})-isomer,

Table 1
Resolution of racemic 2 with resolving agents in methanol and water
Entry Structure Resolving agent Solvent (mL})* Solubility® Crystallization® Absalute configuration Yield (%) de (%) E(x¢
MeOH H20
1 Amino acid -3 5 o B b
2 -4 5 0 B b
3 =5 3 0 A b
4 -6 3 0 A b
5 w7 12 ] C NA
6 -8 10 5 B b
7 -9 3 0 A a R 87 80 63
8 =10 k| a A b
9 =11 3 0 A b
10 =12 5 0 B a s 68 66 38
1n Tartaric acid 13 3 0 A b
12 =14 5 o B b
13 15 3 '] B a R 72 96 68
14 =16 5 o B a R n 95 10
15 -17 3 o A b
16 Tartranilic acid -18 3 o A b
17 18 3 ] A b
18 1-20 3 1] A a R 110 49 41
19 =21 3 o A b
20 =22 5 1 B b
21 123 5 1 B b
22 =24 5 2 B b
23 Mandelic acid o-25 3 0 A b
24 o-25 o 2 B a S 78 BE 62

d in

* 1.5 mmol of racemic 2 and 1g agent were di
b Solubility = A: di d at room temy B: d
© Crystallization = a: crystallized, b: not crystallized, NA: not applicable.
? Resolution efficiency (E. %) = yield (%) = de (X)/100.

thanol andfor water,
1 at less than 65 °C, C: not dissolved.
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except for the resolution with 1-12. As shown in these screening
results, diacidic resolving agents -9 and 1-15 showed relatively
higher resolution efficiency (E »60%) (entries 7 and 13). To our
surprise, these resolving agents formed the acidic salt with a 1:1
molar ratio (diacidic resolving agent 9 or 15/amine 2}, despite
using an equimolar amount of diacidic resolving agents. Although
this phenomenon of acidic salt formation has not yet been clarified
at present, it is clear that the acidic salt is much more stable than
the neutral salt (9 or 15/2 = 1:2 molar ratio).

On the basis of these experimental results, it is concluded that
enantiopure 2 could be resolved by using diacidic resolving agent
1-9 or 1-15 as a new resolving agent. However, the chiral purity
of the salt with -9 (80% de) was relatively low compared with that
with 1-15 (95% de), and therefore multiple salt recrystallization
would not be avoided. From an industrial point of view, a lesser
number of operation steps was desirable and so the resolution con-
dition using 1-15 was further optimized as shown below,

2.2. Optimization of resolution conditions for racemic 2 with
=15

In order to fairly optimize resolution condition suited for prac-
tical operation on an industrial scale, we focused on (1) solute con-
centration, (2) molar ratio of resolving agent, and (3) further
optimization based on the Pope and Peachey method.

2.2.1. Effect of solute concentration

In order to know stability of resolution reaction and to
maximize productivity (product kg/batch), the effect of
solute concentration was examined. Experimental results are
summarized in Table 2.

Table 2

Effect of solute concentration in MeOH solvent

Entry Substrate MeOH/2 X Yield (%)  de (%) E(%)
concentration X (w/w) (wiw)

1 30 72 83 »995 B3

2 40 43 87 993 86

3 50 ] 86 98.8 85

As shown in Table 2, it was found that resolution efficiency (E)
remained unchanged in a range of solute concentrations between
30% and 50% (w/w). This result suggests that the resolution system
is extremely stable. Therefore, optimization of the resolution con-
dition was performed in a range of solute concentrations between
40% and 50% (w/w).

2.2.2. Effect of molar ratio of resolving agent -15

In order to find economic conditions without any deterioration
of productivity, the effect of molar ratio of resolving agent 1-15 was
examined, Experimental results are summarized in Table 3.

Table 3
Effect of molar ratio of resolving agent 1-15 in MeOH solvent

Entry  Molar ratioof 15 Solute Salt composition  Yield de E
to racemic 2* concentration  ratio (RR)-2h-15 (%) %) (%)
limol)

% (wiw) (
1 1.0 50 11 86 988 85
2 07 43 i 35 938 34
3 0.5 45 211 56 955 54

* Scale of racemic 2: 30 mmal.

As shown in Table 3, it was found that a decrease in the molar
ratio of 1-15 leads to a decrease in the resolution yield, whereas the
chiral purity remained at a higher level (96-99%de). To our

surprise, it was also found that molar ratio of (R,R}-2[t-15 in the
salt remained at 1:1, although 1-15 is less prevalent than 2 (entry
2,1-15/2 = 0,7 (mal/mol)). On the other hand, when the molar ratio
of 1-15 decreased to 0.5 (mol/mol), neutral conditions based on
acid-base equilibrium, the molar ratio of (RR}-2/i-15 changed to
neutral 2:1 as previously reported (entry 3).'® To our surprise,
the chiral purity of the 2:1 salt remained higher than that observed
in the 1:1 salt, although the resolution efficiency (E) was insuffi-
cient for industrialization.

From these test results, it was found that the best resolution
condition was -15/2 = 1.0 (entry 1, E 88%). Moreover, the test re-
sults suggest that the composition molar ratio (1:1 or 2:1) of the
salt does not affect the chiral purity, although yield was affected
by the molar ratio of the resolving agent used. In other words,
the molar ratio of the resolving agent is not a decisive factor for
obtaining higher chiral purity. This result quickly prompted us to
apply the Pope and Peachey method'® using a supplementary acid
while decreasing the molar ratio of t-15 to racemic 2.

2.2.3. Optimization of resolution condition based on the Pope
and Peachey method

It is well known that the Pope and Peachey method can usually
give better results in the salt yield by a salt-out effect with a more
soluble salt formed between amine 2 and a supplementary acid
(5A) such as HCl or AcOH. Since the present resolution system,
composed of amine 2, resolving agent t-15, and methanol, is extre-
mely stable as described above, the resolution conditions were fur-
ther optimized based on this method. Experimental results are
summarized in Table 4.

Table 4
Optimization of resolution of racemic 2 with resolving agent 1-15 based on the Pope
and Peachey method

Entry Molar ratio of

Supplementary acid Yield de E

WStoracemic 2 L UR T Molrrte () B 3

o2
1 06 AcOH 04 52 994 52
1 0.6 HCl 0.4 a2 895 92
3 0.5 HC 05 84 988 83

* Solute concentration: S0% (w/w).
® salt compasition: 1:1 (molfmel ).

First, 0.4 M amount of HCl or AcOH was added into the resolu-
tion reaction in methanol (2/t-15/5A = 1.0/0.6/0.4 (mol/mol/mol);
Table 4, entries 1 and 2). As a result, it was found that HCl gives
a better result compared with that of using AcOH (E 92% and
51%, respectively). The result obtained by using HCl duly improved
compared to that without SA (Table 4, entry 2 and Table 3, entry 1).
On the other hand, when HCl content was increased to 2/i-15/
HCl=1.0/0.5/0.5 (mol/mol/mol) the yield decreased, whereas the
chiral purity remained in a high level (entry 3, 99.8%de, E 83%).
These test results suggest that the Pope and Peachey method using
HCI as a supplementary acid is extremely effective for obtaining
better results compared with the usual resolution process with
none of the supplementary acid (Tables 2 and 3).

3. Conclusion

A new resolution process for racemic trans-2-benzylaminocy-
clohexanol 2 was investigated. It was found that resolving agent
1-15 is quite effective as a resolving agent on the basis of stability
and productivity of the resolution system for an industrial-scale
production. The resolution conditions were optimized based on
the Pope and Peachey method, and HCl was selected as a supple-
mentary acid. The best result was obtained with racemic 2/1-15/
HCl = 1.0{0.6/0.4 (mol/mol/mol) (yield 92%, 99.5%de, E 92%).
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4. Experimental
4.1. General

Racemic 2-benzylaminocyclohexanol 2 was prepared by the
conventional method using the ring-opening reaction of cyclohex-
ene oxide with benzylamine based on the proposed procedure.'®
(R)-Mandelic acid 25 was purchased from Yamakawa Chemical
Industry Co.. Ltd (Tokyo), and was used without further purifica-
tion. The other acidic resolving agents used in the resolution exper-
iments were all made in Toray Fine Chemicals Co., Ltd (Tokyo)"'
and had high enantiomeric purities with over 99%ee. 'H NMR spec-
tra were recorded on a JEOL [NM-AL400 spectrometer (400 MHz
for a proton), using CD,0D and CDCl; as a solvent and tetrameth-
yisilane as the internal reference. Elemental analysis was per-
formed on Perkin Elmer CHNS/O 2400 Il Analyzer. IR spectra
were measured on a JASCO FT/IR-230 spectrometer in KBr pellets.
Melting points were obtained on YAMATO apparatus MLDEL MP-
21 and were uncorrected.

4.2. Determination of diastereomeric excess of 2 in the salt

The diastereomeric excess (%de) of the salt (=enantiomeric excess
(%ee) of 2) was determined by HPLC, CAPCELL PAK C18 SG120 (ID
4.6 mm = L 150 mm, Shiseido). The salt was treated with sodium
hydroxide in water and the liberated amine 2 was extracted with
CHCly. The separated organic layer was treated with GITC (2,3.4.6-
tetra-O-acetyl-o-glucopyranosylisothiocyanate) prior to HPLC anal-
ysis to give an amine-GITC derivative. Analytical conditions were as
follows: mobile phase 5 mM SDS (sodium dodecyl sulfate) aqueous
solution/MeCN = 60/40 (v/v), detector UV (243 nm), column
temperature 40 °C, elution rate 1.0 mL/min. Retention time: (R)-
enantiomer 11.9 min, (5}-enantiomer 14.0 min.

4.3. Resolution of racemic 2 with 1-15

A typical resolution pracedure is as follows (Table 2, entry 1): To
a 1L flask were added 51.3 g of racemic 2 (250 mmol), 966 g of
1-15 (250 mmol), and 345 g of methanol followed by heating under
stirring to obtain a clear solution at 65 °C. The solution was gradu-
ally cocled to 20 °C for about 3 h, and the precipitated diastereo-
meric salt was filtered off and washed with methanol (25g) to
yield wet salt crystals, followed by drying at 50 °C to afford (RR)-
2:1-15 salt (63.7 g, 103.8 mmol, yicld 83%, 99.8%de, E 83%).

Analytical data of the less-soluble diastereomeric salts obtained
by the resolution are shown below. (R.R}-2:1-15: (a3 = -1103 (¢
1.0, MeOH); 99.8%de; mp 174-175°C; IR (KBr) em™! 3440, 3166,
3068, 2946, 2926, 2862, 1725, 1612, 1541, 1404, 1338, 1266,
1240, 1178, 1111, 848, 754, 696; "H NMR (CD;0D, 400 MHz}: ¢

8.00-8.02 (m, 4H), 7.27-7.46 (m, 9H), 588 (s. 2H), 423 (dd,
J=132, 10.8Hz, 2H), 356 (br, 1H). 330 (s, 1H). 2.77 (d,
J=8.8Hz, 1H), 240 (s, 6H). 2.10 (d. J = 10.8 Hz. 1H), 1.95 (s, 1H),
1.67-1.72 (m, 2H), 1.21-1.41 (m, 4H); Anal. Calcd for C33Hz;NOy:
C, 66.99; H, 6.30; N 2.37. Found: C, 66.90; H, 6.40; N, 2.35.

A typical resolution procedure based on the Pope and Peachey
method is as follows (Table 4, entry 2): To a 100 mL flask were
added 5.91 g of racemic 2 (29 mmol), 7.28 g of +-15 (18 mmol),
1.25 g of 35% HCl aq (12 mmol), and 10.3 g of methanol followed
by heating to obtain a clear solution at 65 °C. The solution was
gradually cooled to 20 °C for about 3 h, and the precipitated diaste-
reomeric salt was filtered off and washed with methanol (5 g) to
yield wet salt crystals, which were dried at 50 °C to afford (R.R)-
2:1-15 salt (7.86 g, 13.3 mmol, yield 92%, 99.5%de, E 92%).

The less-soluble salt was treated with toluene and aqueous so-
dium hydroxide, The organic layer was separated and concentrated
to give the crystalline product (RR)-2Z with >99.5%ee. (RR)-2:
(2% = —91.2 (c 1.0, MeQH); >99.5%ee; mp 90-91 °C (li® 92 °C);
IR (KBr) em™" 3295, 3110, 3060, 3023, 2937, 2856, 2664, 2359,
2341, 1603, 1451, 1430, 1360, 1339, 1099, 1078, 972, 880, 844,
749, 699; "H NMR (CDCl;. 400 MHz): & 7.21-7.31 (m, 5H), 3.92
(d, J=13.2 Hz, 1H), 3.76 (br, TH), 3.65 (d, J= 13.0 Hz. TH). 3.18
(dt, J=14.9, 49 Hz, 1H), 225-2.31 (m, 1H), 2.11-2.15 (m, 1H),
1.97 (br, 1H), 1.68-1.71 (m, 2H), 1.17-1.29 (m, 4H). 0.94-1.03
(m, TH).
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ASEDock is a novel docking program based on a shape similarity assessment between a concave portion
(i.e., concavity) on a protein and the ligand. We have introduced two novel concepts into ASEDock. One
is an ASE model, which is defined by the combination of alpha spheres generated at a concavity in a
protein and the excluded volumes around the concavity. The other is an ASE score, which evaluates the
shape similarity between the ligand and the ASE model. The ASE score selects and refines the initial pose
by maximizing the overlap between the alpha spheres and the ligand, and minimizing the overlap between
the excluded volume and the ligand. Because the ASE score makes good use of the Gaussian-type function
for evaluating and optimizing the overlap between the ligand and the site model, it can pose a ligand onto
the docking site relatively faster and more effectively than using potential energy functions. The posing
stage through the use of the ASE score is followed by full atomistic energy minimization. Because the
posing algorithm of ASEDock is free from any bias except for shape, it is a very robust docking method.
A validation study using 59 high-quality X-ray structures of the complexes between drug-like molecules
and the target proteins has demonstrated that ASEDock can faithfully reproduce experimentally determined
docking modes of various druglike molecules in their target proteins. Almost 80% of the structures were
reconstructed within the estimated experimental error. The success rate of ~98% was attained based on the
docking criterion of the root-mean-square deviation (RMSD) of non-hydrogen atoms (<2.0 A). The markedly
high success of ASEDock in redocking experiments clearly indicates that the most important factor goveming
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the docking process is shape complementarity.

1. INTRODUCTION

Docking simulations between drug candidates and their
target proteins are now one of the essential methodologies
in many drug discovery projects. The docking simulation is
practically an in silico counterpart of high-throughput screen-
ing (HTS). The chemical space that can be surveyed by
docking simulations is significantly larger than that by HTS.
Three-dimensional structures of many biologically important
proteins are registered in the Protein Data Bank (PDB)' now,
and the number of entries is expanding recently. The
availability of reliable atomic coordinates of target proteins
is also raising great expectations for the contribution of
docking simulations to many drug discovery projects.

Many programs such as FLexX? AutoDock GOLD,*
Glide,* and Surflex® have been proposed, and some of them
are actually contributing in discovering novel drug molecules.
From this sense, the docking technology is edging close to
practical use. Nevertheless, many essential problems regard-
ing docking simulations are not solved yet and none of the
currently available programs are perfect in predicting the
correct binding modes. Therefore, the improvement of the
performance of docking simulations is one of the priority
subjects in drug discovery technologies.

d. Tel.: 481463 93 1121.

* To whom correspond should be add
E-mail address: hirayama(@is.ice.u-tokai.ac jp.

10.1021/ci700352q CCC: $40.75

We developed a docking program called Ph4Dock.” This
program exploits the pharamacophoric features both in the
ligand and the concave portions of the target protein.
Although PhdDock gave quite a good performance in the
redocking experiments of 43 quality X-ray structures of
complexes between drug-like molecules and the target
proteins, it failed to give reasonable answers to several
structures. After applications of PhdDock to many problems,
we have leamed that Ph4Dock had two important drawbacks.
First, in Ph4Dock, the pharmacophore model and the ligand
are compared. However, the pharmacophore model cannot
always accurately represent the landscape of the concavity,
and the poor concordance between the pharmacophore model
and the ligand was a reason for failure. Second, the accuracy
of pharamacophore was not necessarily adequate in some
cases, and manual intervention was required in the actual
docking simulations. We have been generally satisfied with
the docking performance by Phd4Dock, but, at the same time,
the experiences on these problems have led us to think that
we should put a high priority on the concordance of the
shapes of concavity and the ligand, In this paper, we present
a novel docking algorithm that is based on an accurate
modeling of concavity shape and a function that evaluates
the shape similarity between the model and the ligand. The
novel algorithm has proven the markedly high performance

© 2008 American Chemical Society
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of redocking experiments for 59 high-quality X-ray structures
of complexes between the drug-like molecules and the target
proteins.,

2. COMPUTATIONAL METHODS

MOE (Molecular Operating Environment)® was used as a
developing platform of ASEDock. All of the algorithms of
ASEDock were coded using MOE’s powerful vector lan-
guage SVL (Scientific Vector Language). Existing features
implemented in MOE were fully applied to realize the
functions of ASEDock.

ASEDock is mainly composed of the following five
steps: (i) generation of conformations for a ligand, (ii)
concavity search on the surface of a target protein, (iii)
generation of an ASE model at a concavity, (iv) rigid body
alignment of the ligand conformations to the ASE model,
and (v) the energy minimization of the posed conformations
of the ligand in the concavity.

2.1. Generation of Ligand Conformations. A stochastic
conformation generation method is applied, as in PhdDock.
The hydrogen atoms are added in accordance with the
standard protonation states of acids and bases in biological
molecules. The generalized Born solvation area model” is
used in the conformation energy calculations. The MMFF94x
force field was used.!” The following two selection proce-
dures are used to omit redundant conformations. First, the
conformations are clustered if the root-mean square devia-
tions (RMSDs) of the corresponding non-hydrogen atoms
are <0.5 A. Second, the most diverse conformations are
selected from the clustered conformations as follows. The
first conformer to be selected is the one with the minimum
energy, the second one is the conformer with the largest
RMSD from the first, the third one is selected to be most
distant from the previous conformers, and so on.

2.2, Concavity Search and Generation of ASE Model.
A concave portion designated as concavity at the surface of
a receptor molecule where a ligand is supposed to bind is
identified as a collection of spheres, using the modified
Delaunay triangulation.'" The sphere, which is called the
“alpha sphere”, is used to characterize the concavity as in
Phd4Dock. Surrounding a concavity where a ligand is bound,
there is a protein region where the ligand cannot access. The
volume of such region, which is called the “excluded
volume”, can be evaluated using the non-hydrogen atoms
of the protein within 5.5 A from the alpha spheres. The
excluded volume of each non-hydrogen atom is calculated
using @ sphere with the radius of 1.4 A for the lone-pair
active atoms (such as nitrogen and oxygen atoms) or 1.§ A
for the non lone-pair active atoms (such as carbon atoms).
Hereafter, the sphere is designated as an “exclusion sphere™.
An ASE model is defined by the combination of alpha
spheres and the excluded volumes around the concavity. The
ASE model is used as a guide on which various ligand
conformations treated as rigid bodies are posed.

2.3. ASE Score. Alpha spheres can be generated at the
binding site. Maximizing the overlap of the ligand atoms
with the alpha spheres and minimizing the overlap of the
ligand atoms with the exclusion spheres would yield the
optimal posing of the ligand on the ASE model. To evaluate
the goodness of fit of a pose onto the ASE model, we have
introduced a simple Gaussian overlap function:

GOTO ET AL,
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ASE Score = — Z z w,, exp(—a d,ﬁ)
LI

Here, d is the distance between a ligand atom and an alpha
sphere or an exclusion sphere in the ASE model, and @ is
an adjustable parameter to attenuate the influence of a ligand
atom when it is aligned to the alpha sphere or the exclusion
sphere. The sums are taken over the alpha spheres (a), the
exclusion spheres (¢), and the ligand atoms (1). The parameter
w is a weighting factor, being +r, and —r.n for alpha and
exclusion spheres, respectively; here, ry, re, and n are the
radii of the alpha spheres, the radii of the exclusion spheres,
and van der Waals radii of the ligand atoms, respectively.
The smaller the ASE score, the larger the overlap between
the alpha spheres and the ligand atoms, and the smaller the
overlap between the ligand atoms and the exclusion spheres.
Because this function is a simple continuous one, it is easy
to align a ligand to the ASE model and obtain reasonable
posed structures in a short time by minimizing this function.

2.4. Posing and Rigid Body Alignment of Ligand to
the ASE Model. The selected independent conformers are
posed onto the ASE model. Three non-hydrogen atoms are
sampled so that the area of the triangle becomes the largest.
On the other hand, three alpha spheres are randomly selected
to make multiple triangles. By overlapping these two types
of triangles, conformers can be posed to the alpha spheres.

The initial poses of ligands are further optimized with the
rigid-body alignment'? by minimizing the ASE score with
the Newton-Lapson method. This process converges rela-
tively faster than that with the standard interaction function.
The Gaussian function takes the finite value at the origin
and has a gentle gradient, compared to the interaction
functions. Therefore, even if the ligand overlaps with the
protein, the value of the ASE score would not soar and can
easily remove the overlap. The ASE score could be a robust
scoring function to evaluate and steadily optimize the initial
pose of the ligand at the concavity of the protein.

2.5. Energy Minimization. Posed conformations in a
higher rank in the ASE score or the interaction energies are
then subjected to be optimized by minimizing the following
function:

Uspeat = Ve + Upge + Uty + Usigana

Here, U, Usgw, and Uy, are Coulombic, van der Waals,
and generalized Born/solvent accessible solvation interac-
tions, respectively, Uligana is the internal conformation energy
of the ligand. The MMFF94x force field was used to
calculate each energy term.

Because the potential energy calculation is the most time-
consuming process in the docking calculations, we divided
this process into two steps: rough minimization with a short
cutoff distance from the alpha sites at first, and more-precise
calculation with longer cutoff distance afterward. In the first
step of rough minimization, a shorter cutoff distance of 4.5
A and a convergence criterion of the root-mean square
(RMS) gradient of 10 kcal/(mol A) are used. The interaction
energies are calculated with increasing cutoff distance to 8
A and then the five structures with the minimum interaction
energies or the maximum ASE scores are selected for the
second optimization. In the second step of fine minimization,
5—10 structures are further refined by setting the cutoff
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Figure 1. Flowchan of ASEDock.

distance and RMS gradient to be 8 A and 0.1 keal/(mol/A),
respectively,

ASEDock is mainly composed of six steps, as schemati-
cally shown in Figure 1.

2.6. Test Dataset. The best way to evaluate the potential
of docking algorithms is reconstruction of the X-ray struc-
tures between proteins and ligands. If the structure of a ligand
docked in the protein concords well with that in the crystal
structure, we can judge that the docking algorithm may work
well in a virtual screening. The precision of the atomic
coordinates, as determined by X-ray analysis, is crucial for
this evaluation. Therefore, we selected the best quality
structures from PDB. The following five criteria are used to
select the quality structure, First, the diffraction resolution
and Ry, are less than or equal to 2.5 A and 0.24, respectively.
These values guarantee that the X-ray analysis was under-
taken well, Second, the occupancy factors of all non-
hydrogen atoms in the structure are 1.0. This means that the
protein structure is reasonably rigid and the docking calcula-
tions without including the effect of induced fit should be
valid. Third, the ligand bound in the protein is drug-like.
The drug-likeness of the ligand is judged by the criteria
reported previously.” Fourth, the maximum temperature
factors of non-hydrogen atoms in the ligand is <20 A%, This
condition guarantees that the ligand molecule is tightly bound
at the concavity. Fifth, covalently bound ligands and ligands
that contain metal atoms were excluded from the scope of
the target. Only 59 independent structures that fulfill the
aforementioned criteria were screened from all PDB entries
downloaded on June 12, 2007. The PDB codes of the
structures, together with other information, are given in Table
1. The chemical names of the ligands together with a few
physicochemical properties are given in Table 2. The ligands
are sufficiently diverse. Therefore, these structures are
suitable for redocking experiments.

In 1J41 and 1010, small molecules are not bound to the
single protein; instead, they are entrapped between multiple
proteins in the crystal structures, as shown in Figure 2. Since
the small molecules contact with the multiple proteins in the
crystals, three and two proteins surrounding the small
molecules were considered for 1J41 and 1010, respectively,
in regard to calculating the concavities.

2.7. Dielectric Constants. The nonbonded interatomic
potential functions have crucial roles in molecular simula-
tions. Especially in the docking simulations between a small
molecule and a protein, the disposition and the structure of
a small molecule can be highly affected by the nonbonded
interactions with protein atoms. Therefore, the evaluation of
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Table 1. Docking Results Obtained by ASEDock for 59
Protein—Ligand Complexes

PDB  resolution DPI 2420 RMSD lowest Ukw
code (A) Reee (A (A¥ (A)  (kealmol)
lazl 1.80 0232 0245 04692 0364 173
1c83 1.80 0231 0,177 0501 0506 0.3
1c&8 1.80 0228 0,174 0491 0447 -0.6
lebk .02 0213 0252 0712 0.119 12:1
lchs 1.80 0237 0218 0615 0462 89
1dbn 240 0228 0410 1.160 0200 -10.8
lefi 1.60 0.231 0215 0609 0407 490
lefv 2.10 0.222 0343 0972 0.139 —15.5
leiz 170 0237 0202 0573 0543 185
lekx 1.95 0214 0219 0.620 0.197 = o |
15v 1.70 0.206 0.195 0552 0295 88
18y 240 0218 0365 1.033 0280 159
1ftx 2.20 0211 0342 0969 0299 =316
1g20 1.75 0212 0.184 0519 0240 4.6
lgvo 1.38 0200 0.110 0311 0432 218
Lhjz 1.70 0227 0.187 0529 0251 =26
liei 2.50 0.199 0492 1391 0.34] 28.0
1j4i 1.80 0209 0215 0608 0943 419
1ja% 1.50 0221 0121 0342 0.116 12.1
1jak 1.75 0.192 0.125 0353  0.960 —-24
1kew 1.80 0221 0.148 0417 0278 -60.7
1kkp 1.93 0206 0238 0673 0345 —-82
1kl 1.93 0.197 0226 0.638 0.275 —122
lkpg 2.00 0233 0315 08% 0554 225
1kt7 1.27 0.195 0.088 0.248 0.163 88
14g 2.10 0.226 0345 0976 0249 78
115k 2.00 0216 0262 0740 0402 =51
1151 2.00 0.197 0244 0.690 0427 -9.8
115m 2.00 0218 0275 0779 0454 =112
11cB 1.80 0229 0.199 0564 0235 -55.8
1i4 2.01 0236 0265 0749 0.200 33
i 1.73 0225 0.188 0530 0591 217
Im2g 1.70 0220 0.190 0538 0950 4.1
Imm7 1.65 0237 0.180 0509 0.354 -16.7
Img) 1.65 0.229 0.160 0453 0.166 -17.9
Imve 1.90 0228 0070 0199 0370 52.7
Inlt 1.60 0.197 0137 0388 0.643 9.6
In3i 1.90 0213 0226 0638 0229 0.1
Invr 1.80 0226 0193 0545 0223 774
1ah( 1.10 0220 0058 0.165 0557 40.1
loio 1.70 0238 0123 0349 0366 9.8
lowe 1.60 0236 0205 0579 0427 29.1
ip4i 2.00 0.198 0231 0654 0221 21.0
Ipfy 1.93 0224 0255 0721 0504 219
Ipgd 1.75 0211 0200 0565 0291 1.0
Irlp 1.80 0.197 0190 0539 0223 62.8
1sg0 1.50 0234 0141 0398 0580 19.4
1140 1.80 0.193 0,190 0536 0278 16.8
Itkg 1.50 0219 0136 0384 4019 19.6
1ufs 1.60 0.198 0,142 0403 0222 —223
lurg 1.80 0217 0202 0571 0554 41.8
IvTe 2.00 0230 0262 0740 0245 —47.1
1wap 1.80 0225 0215 0608 0,166 —-6.0
1wub 1.45 0.180 0.099 0280 0178 37.1
Ixoz 1.37 0.193 0.101 03285 0214 627
1yki 1.70 0.167 0.144 0406 0245 33
2ay3 240 0221 03506 1432 0371 17.7
2p1i 230 0237 0437 1237 0253 94
2ske 240 0217 0433 1225 0242 10.1
* 0 = 0(r,Buy).

the relevant interatomic interactions is critical in the docking
simulations. A balance between electrostatic and van der
Waals interactions is a key factor that affects the energy
minimization process.

We have studied the effect of dielectric constant (¢) on
the docking results of 59 complex structures in the test
dataset. We especially paid attention to the effect of € on
hydrogen bond distances and the RMSDs of non-hydrogen
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Table 2. Chemical Names and Some Physicochemical Properties of the Ligands
PDB
code ligand name MW+ SlogP* TPSA® Nrot!
lazl  alrestatin 2542 019 715 2
1¢83  6-{oxalyl-amino)-1H-indole-5-carboxylic acid 2462 —1.78 1252 3
1c88  2-{oxalyl-amino)-4,5,6,7-tetrahydro-thieno [2,3-c]pyridine-3-carboxylic acid 269.3 —331 1260 3
lcbk  7,8-dibydro-7,7-dimethyl-6-hydroxypterin 2092 —190 1086 0
Ichs  retinoic acid 2994 427 401 5
Idbt  uridine-5"-monophosphate 3222 -473 1595 4
lefi  4"-aminophenyl-alpha-p-galactopyranosid 2713 —155 1254 3
lefv  adenosine monophosphate 3462 -347 1829 4
leiz  S-adenosylmethionine 3995 -388 187.1 7
lekx  N-{phosph yl)-L-aspartic acid 251.1 —6.80 1606 6
1f5v ﬂwul mononucleatide 4543 =330 1953 7
I8y 5. uaeﬁl 1-2 -dmxypacu;bundmn 2822 -14 9.1 2
Ifix  {1-[(3-hydroxy-methyl-5-f honooxymeth; hyl-pyridin-4-ylmethy!l)-amino]-ethyl}-phosphonic acid 3502 -524 16l6 6
lg2o  1.A4-dideoxy-4-aza- S—(S)—{Q—dmznhypomﬂun-?—yl) -p-ribitol 2673 -279 1346 2
lgvo  2,4-dinitrophenol 1831 165 1147 2
lhjz Z{N-momholsno}—euumulfomc acid 1952 =255 649 3
liei 4406 321 808 4
1341 #mﬂhyl—!—{[&—[ I 4-sulfonyl)- thi pholine-3-carbonyl]-amino }-pentanoic acid 4135 015 1066 7
1ja9  pyroquilon 1732 1.52 203 0
ljak  (2R,3R,48,5R)-2-acetamido-3 4-dihydroxy-5-hydroxymethyl-piperidini 2052 =364 1064 2
Ikew  thymidine-5"-diphosphate 4002 -426 1858 6
Ikkp  Ser-PLP* 3312 -383 1663 7
1kl Gly-PLP* 3012 —3.19 1461 6
lkpg  S-adenosyl-L-homocysteine 3844 -3.62 1871 7
1kt7  Retinol 286.5 551 202 5
ll4g  nicotinate mmul.x:hoti.de 3332 517 15410 5
115k l-alpha-p-ribofuranosyl-benzimiazole-5'-phosphate 3292 —3.05 1292 4
1151 7-alpha-p-ribof _',,..'ml:-i' hosph 3312 —426 1550 4
sm  7-alpha-p-rit 12 purine-5'-phospk 3462 —4.68 1810 4
8 {30 hyamxy-z methyl-5-ph ,' ymethyl-pyridin-4-ylmethyl)-amino]-2-methyl-propyl}- 3812 —436 1676 8
phosphonic acid
1li4 nq}lanocm 2612 —1.09 1272 2
1ii 267.2 —1.88 1395 2
Im2g adqwsim—Sdiphosphoribou 5573 —6.59 2852 9
lmm7 quisqualate 189.1 —3.58 1264 3
Imgj  willardiine 1992 =359 1172 3
lmve 4-[2-(5,5,8,8 hyl-6,7-dihy hthalen-2-yl)- 1, 3-dioxolan-2-yl]benzoate (BMS649) 379.5 396 586 3
Inlt  2-deoxy-2, Sdehydru-ﬂ-we 1- neunlmmc acid 290.2 —4.40 1594 3
In3i  3-hydroxy-4-hydroxymethyl-1-(4-0x0-4,4a,5,Ta-tetrahydro-3H-pyrrolo[3,2-d]pyrimidin-7-ylmethyl)- 2653 =195 1022 3
pyrrolidinium
Invr  staurosporine 4675 400 7403 2
loh0  equilenin 2663 394 373 1]
loio  N-acetyl-p-glucosamine 2212 -308 1193 2
lowe  6-[(Z)-amino(imino)methyl]-N-phenyl-2-naphthamide 2003 156 807 3
Ip4j  C-(1-hydrogyl-beta- D-xlucupynnusyl) formamide 2232 -4.37 1535 2
Ipfy  5-O-[(L-methionyl)-sulfamoy!] 4785 —336 2194 9
1pgd 5" hospk yl est 3883 —2.04 1719 7
10p  methyl(5S,6R8R)-6-hydroxy-5- mclh'yl 13-0x0-5,6,7,8,14,15- hexahydro-13H-5 §-¢poxy- 4615 433 947 |
4b,8a, 14-trinzadibenzo[b.h]cycloocta[ 12,3 4-jki]cyclopenta[e] G-carboxylate (K-252A)
Isg0  resveratrol 2282 297 607 2
1140 2-[5-fluoro-2-[(4,5,7-trifluoro-1 3 hiazol-2-yl)methylcart yl]ph ylethanoic acid (IDD552) 413.3 326 914 6
likg  5-O-(N-(L-seryl)-sulfamayl)adenosine 4344 —490 2397 7
lufS  N-carbamyl-p-methionine 191.2 =170 953 3
lurg  maltose 3423 =540 189.5 4
Ivle  (2E)-2-[({3-hydroxy-2-methyl-5.[(phosphonooxy)methyl]pyridin-4-yl }methyl)amino]- 4212 —478 1973 10
5-phosphonopent-2-enoic acid
iwap  L-tryptophan 2042 -093 Bl6 3
lwué  xylobiose 2822 —4.12 149.1 2
Ixoz  tadalafil 3894 231 749 1
Iyki  nitrofurazone 198.1 0.19 1264 3
2ay3  3-(3,4-dimethoxyphenyl)propionic acid 292 039 586 S
2pr 1-N-acetyl-beta-n-gl i 2212 -3.08 1193 2
2ske  glucose 1802 =322 1104 1

* Molecular weight. ® The calculated log # value," based on an atomic contribution model, © Polar surface area,' calculated using group comtributions
to approximate the polar surface arca only from the connection table information. ¥ Number of rotatable single bonds. Conjugated single bonds are
not included. * PLP = pyridoxal phosphate.

atoms in the docked structure from the X-ray structure. For the small molecule and hydrogen atoms of the selected amino
simplicity, the amino acids located within 6.0 A from the acids were optimized. The dielectric constants were varied
non-hydrogen atoms of the small molecule were included over a range of e = 1—20. In Figure 3, the effect of € on the
in the calculations. The atomic coordinates of all atoms of N*te+O~ distance is illustrated. The mean distances in 59
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1J41 1010
Figure 2. Small molecules entrapped between multiple proteins in the crystal structures.
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Figure 3. Effect of dielectric constant (¢) on the intermolecular
N*+-+0~ distances.

complex structures calculated using different values of € were
compared with the mean distance of 2.83 A observed in 59
X-ray structures, If ¢ = 1.0, the mean distance is <2.5 A,
and it is significantly shorter than that in the X-ray structures.
The mean distance sharply increases with € and approaches
the experimental value, Above 7, it reaches a plateau. Judging
from the curve, a dielectric constant of ¢ = 3—5 is more
preferable. It clearly suggests that € values of <3 or >7 are
not suitable, as long as we use MMFF94x as a potential
function suite. We adopted a dielectric constant of € = 5.0
in this study. The balance of the absolute values of
electrostatic and van der Waals interactions is generally a
good rule of thumb to judge the validity of the nonbonded
potential functions qualitatively. In Figure 4, the electrostatic
and van der Waals interactions calculated with two different
dielectric constants of 1.0 and 5.0 are compared. This figure
shows the distribution of the values for 59 structures.
Obviously, the balance is poor when 1.0 is applied for €.
The clectrostatic interactions take mostly large negative
values, On the other hand, the estimated van der Waals
interactions are mostly positive. When 5.0 is applied for €,
however, the signs of the both interaction energy are mostly
negative. It indicates that the ¢ value of 5.0 is more
appropriate for the docking simulations. Since we apply a

interaction energy (keal/mol)
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interaction energy (keal/mol)

Figure 4. Effect of dielectric constant (¢) on the electrostatic and
van der Waals interaction energies,

common dielectric constant for all 59 docking experiments,
we thought further tuning of € is not meaningful and 5.0
was used as the value of e throughout this study. The
relevance of this value can be validated by the docking
performance.

= 88..
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Figure 5. Ligand structures of 1TKG. Conformations generated by ASEDock (lin¢) and the X-ray structure (ball-and-stick), as well as the

chemical structure, are shown.

3. RESULTS AND DISCUSSION

3.1. Docking Results, A summary of the docking results
is given in Table 1. In this study, the solution that gives the
minimum Uiy is assumed to be the best solution. The RMSD
value that was used to evaluate the docking precision is
derived from the best solution. The diffraction-component
precision index (DPI) (hereafter denoted as o) is “a good
and rough guide” to coordinate the precision of experimen-
tally obtained structures'® and can be used to evaluate the
reliability of the docking results. Suppose the standard
uncertainty of the observed and predicted molecular model
is the same in magnitude and is equal to o, the estimated
standard uncertainty of the RMSD between the corresponding
non-hydrogen atoms in the observed and predicted molecules
can be approximated to be v20.” The value of 2V20 is
given in this table as a guide of standard uncertainty of the
RMSD. The RMSD values of 46 structures, which comprise
~78% of the entire dataset, are less than twice the corre-
sponding estimated error of the observed structures. This
indicates that the level of precision of the redocking results
attained by ASEDock is mostly comparable to the expected
experimental errors of the X-ray structures. An RMSD value
of <2 A is generally used as a rough guide to judge the
correctness of the redocked structure, If we use this criterion
as a measure of successful redocking, 58 out of 59 structures
were redocked successfully. A success rate of ~98% was
attained. This markedly high success rate demonstrates that
if the high-quality X-ray structures of the complexes are
available, ASEDock can precisely predict the dispositions
and the structures of various small molecules at the concavi-
ties in the target proteins,

A dielectric constant of € = 5.0 was used in these docking
experiments, The markedly good reconstruction of the X-ray
structures strongly indicates that, in the concavities of these
59 structures, a dielectric constant of € = 5.0 is appropriate.
Moreover, the high success rate of docking for various
protein—ligand systems indicates that the dielectric constant

of 5.0 should be generally acceptable in the docking
simulation of druglike molecules at druggable concavities.

3.2. A Case of Failure, The redocking of 1TKG was in
failure, and there may be multiple reasons for this failure.
In Figure 5, the conformations of the ligand generated by
ASEDock and the X-ray structure are compared. Obviously,
ASEDock failed to generate a conformation that corresponds
to the X-ray structure. The RMSD between the best generated
conformation and the X-ray structure was 1.784 A, The
magnitude of the deviation seems to be beyond the radius
of convergence by molecular mechanics calculations. How-
ever, it is intriguing that the very similar ligand of 1PFY
was successfully redocked. In this case, an almost correct
conformation with the RMSD of 0.906 A was generated, as
shown in Figure 6, and was successfully optimized to give
the final RMSD of 0.504 A. Although the ligand in 1TKG
takes a more-folded conformation than that in 1PFY, most
of the generated conformations are relatively extended. The
generation method of conformation adopted in ASEDock is
possibly slightly biased for this particular class of structure.
It indicates that improvement of the method of conformation
generation promises further improvement of the docking
simulations.

3.3. Applications of ASEDock to the Structures for
Which Ph4Dock Failed To Give Reasonable Answers, In
our previous paper,’ after a merging of the structures in a
CCDC/Astex validation set'” and a dataset proposed by Wang
et al.,'® we selected 43 structures for evaluation of Ph4Dock.
Ph4Dock marked an appreciably good success rate of 86%,
based on an rmsd of 2.0 A, in redocking experiments.
Nevertheless, Ph4Dock failed in redocking of six complexes,
i.e, 1B9V, ICIE, 1D3D, ID3P, 1YEE, and 25C8. These
structures are not included in the 59 structures, because they
violate the criteria of the high quality used in this study. A
summary of the docking results for these structures is given
in Table 3, For all structures, the RMSDs were <2.0 A, and
the X-ray structures were reasonably reconstructed. The
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Figure 6. Ligand structures of 1PFY. Conformations generated by ASEDock (line) and the X-ray structure (ball-and-stick), as well as the

chemical structure, are shown.

Table 3. Docking Results Obtained by ASEDock for 1BIV, ICIE,
1D3D, 1D3P, 1YEE, and 25C8

PDB resolution 24/270 RMSD  lowest Ui
code  (A) Rwe DPI(A) (A¥ (A)  (kcal/mol)
1BOV 235 0271 0467 1321 0945 48.6
ICIE 190 0294 0347 0982 0223 61.4
IDID 204 0223 0288 0815 1.940 62.4
ID3P 210 0214 0295 0834 1370 66.9
IYEE 220 0260 0141 0398 0993  ~IL6
25C8 200 0292 0326 0923 1.786 13.6
“a = a(r,Buyg).

RMSDs for IB9V and 1CIE were <2 \ﬁo, and their
structures were rebuilt within experimental error. One
example of the redocking results is shown for |CI1E in Figure
7. In this case, there are no hydrogen bonds between the
ligand and the protein. This ligand is compact in shape and
has no specific directionality. Therefore, it was difficult to

pose the molecule in the concavity by PhdDock, which best
uses pharmacophores as docking guides. As shown in this
figure, the molecule well covers the portion where alpha
spheres are densely populated. This example illustrates the
crucial advantage of ASEDock that adapts the ASE score.

4. CONCLUSIONS

The successful redocking is an indispensable prerequisite
to apply a docking algorithm to virtual screening of
compounds that could specifically bind a target protein. In
addition, such docking software is usually composed of
several complex routines and a selection of appropriate
parameters is important to obtain the optimum docking
results. Therefore, the redocking experiments are essential
in determining an appropriate set of parameters adapted to
a particular problem.

Figure 7. Redocked result of |C1E. Alpha spheres calculated in the concavity are shown by small spheres. The ligand structure oblained
by X-ray analysis and ASEDock are depicted by red and green sticks, respectively.
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ASEDock is a novel docking program based on an accurate
modeling of concavity shape and an effective function that
evaluates the shape similarity between the model and the
ligand. To evaluate the docking accuracy of ASEDock,
redocking experiments for a selection of 39 highest-quality
protein—ligand complexes from PDB were undertaken.

All the current docking algorithms involve several thorny
problems, such as the quality of the potential functions, the
accuracy of atomic charge, the generation of the ligand
conformations, the effect of induced fit, and the effect of
water molecules. Despite these inherent problems, however,
the redocking performance of ASEDock is reasonably good,
as far as the high-quality crystal structures are used. The
markedly high success of ASEDock in redocking experi-
ments clearly indicates that the most important factor govemn-
ing the docking/binding process is shape complementarity.
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Single Injection of a Sustained-release Prostacyclin
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Rationale: Although prostacyclin is recognized as a therapeutic break-
through for pulmonary hypertension, it needs continuous infusion
because of its short action. Therefore, we developed a new drug
delivery system for prostacyclin. We prepared ONO-1301MS, a novel
sustained-release prostacyclin analog polymerized with poly(o,
1-lactic-co-glycolic acid) (PLGA) microspheres.

Objectives: We examined whether ONO-1301MS attenuates mono-
crotaline (MCT)-induced pulmonary hypertension in rats, and at-
tempted to elucidate the underlying mechanisms responsible for the
beneficial effects of ONO-1301MS.

Methods: After MCT injection, rats were randomized to receive asingle
subcutaneous injection of 100 mg/kg ONO-1301MS or vehicle.
Measurements and Main Results: We prepared ONO-1301MS, which
was polymerized with PLGA to release ONO-1301 for 3 weeks, A
single administration of ONO-1301MS achieved sustained elevation
of its circulating level and plasma cyclic adenosine 3',5"-monophos-
phate level for 3 weeks, and attenuated anincrease in a metabolite of
thromboxane A; level. Rats had developed pulmonary hypertension
3 weeks after MCT injection; however, treatment with ONO-1301MS
significantly attenuated the increases in right ventricular systolic
pressure and right ventricular weight to body weight ratio. ONO-
1301MS significantly inhibited hypertrophy of pulmonary arteries.
Phosphorylation of extracellular signal-regulated protein kinase
(ERK) in the lung was significantly increased in the control group,
whereas this increase was markedly attenuated by treatment.
Conclusions: We developed a new drug delivery system for prostacy-
clin using PLGA and ONO-1301, A single injection of ONO-1301M5
resulted in sustained activity for 3 weeks, and attenuated pulmonary
hypertension, partly through its antiproliferative effect on vascular
smooth musde cells via inhibition of ERK phosphorylation.

Keywords: pulmonary hypertension; prostacyclin analog; sustained-
release preparation; extracellular signal regulated kinase; poly(lactic-co-
glycolic acid)
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Pulmonary arterial hypertension is a rare but life-threatening
disease characterized by progressive pulmonary hypertension
that leads to right ventricular (RV) failure and death (1). Pro-
stacyclin, a metabolite of arachidonic acid, has vasoprotective
effects, including vasodilation, antiplatelet aggregation, and in-
hibition of smooth muscle cell (SMC) proliferation (2-4). Thus,
continuous intravenous infusion of prostacyclin (epoprostenol)
has become recognized as a therapeutic breakthrough for pul-
monary arterial hypertension (5-7). The dramatic success of long-
term intravenous prostacyclin has led to the development of
prostacyclin analogs (8-11). Nevertheless, treatment with pros-
tacyclin or its analogs has some problems in the clinical setting.
Epoprostenol therapy requires a continuous intravenous infusion
device, and is therefore more invasive and uncomfortable than
taking prostacyclin analogs. On the other hand, prostacyclin
analogs, such as subcutaneously infused treprostinil, inhaled
iloprost, and oral beraprost, need continuous infusion or frequent
administration because of their short duration of action (5-11).In
fact, epoprostenol has a very short half-life (<6 min) (12), tre-
prostinil has been reported to have a half-life of 4.6 hours alter
cessation of continuous subcutaneous infusion (13), iloprost has
a serum half-life of 20 to 25 minutes, and the elimination half-life
of beraprost is 35 to 40 minutes after oral administration (12).
Recently, we developed a new type of prostacyclin agonist,
ONO-1301 (Figure 1), which has long-lasting prostacyclin ac-
tivity and an inhibitory effect on thromboxane synthase (14).
ONO-1301 does not contain prostanoid structures, such as a
five-membered ring or allylic alcohol, which are digested by 15-
hydroxyprostaglandin dehydrogenase (Figure 1). These struc-
tures are considered to be crucial for the stable activity of
ONO-1301. This agent is metabolized by cytochrome P450, and
the half-life was about 5.6 hours in our previous study (14). In
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Figure 1. Chemical structures of ONO-1301, epoprostenol
(prostacyclin analog), and ozagrel (thromboxane synthase
inhibitor). Epoprostenol shares common characteristics
with prostanoid structures, including a five-membered ring
and an allylic alcohol (blue and yellow circles, respectively).
In contrast, ONO-1301 has a carboxylic acid and a lipid-
soluble functional group that activates the prostacyclin
receptor (green circles), but does not have prostanoid
structures, which allow long-lasting prostacyclin activity.

(Ozagrel)

addition, ONO-1301 has a 3-pyridine radical, which is known to
inhibit thromboxane synthase through interaction with carbox-
ylic acid via a hydrogen bond (Figure 1). Repeated administra-
tion of ONO-1301 attenuated monocrotaline (MCT)-induced
pulmonary hypertension and improved survival in rats. Although
the half-life of plasma ONO-1301 concentration is longer than
that of any other prostacyclin analogs, ONO-1301 still needs to
be administered twice a day subcutaneously to achieve a signif-
icant improvement in pulmonary hypertension. For patients
with pulmonary hypertension, development of a long-acting,
sustained-release prostacyclin analog would be beneficial in
terms of stable hemodynamics and quality of life. To overcome
these problems, we developed a new drug delivery system for
prostacyclin, We prepared a novel sustained-release prostacy-
clin analog polymerized with poly(p,L-lactic-co-glycolic acid)
(PLGA) microspheres (ONO-1301MS). PLGA microspheres,
which are biodegradable and biocompatible compounds, have
been used as a controlled delivery system for proteins and drugs
(15-20). The release of drug from PLGA microspheres occurs
through degradation of the polymeric matrix. Here, we showed
that a single subcutaneous administration of ONO-1301MS
achieved sustained elevation of its circulating level for 3 weeks.

Thus, the purposes of this study were as follows: (1) to inves-
tigate whether a single subcutaneous administration of ONO-
1301MS attenuates MCT-induced pulmonary hypertension in
rats and (2) to elucidate the underlying mechanisms responsible
for the beneficial effects of this compound.

METHODS

Preparation of ONO-1301MS

ONO-1301MS is polymerized ONO-1301 with PLGA microspheres.
OND-1301 and PLGA (polylactic acid to glycolic acid ratio of 50:50)
were dissolved in dichloromethane. The dissolved polymer was added

Unlike epoprostenol, ONO-1301 has thromboxane syn-
thase inhibitary activity because of a 3-pyridine radical
and carboxylic acid within its molecule (red circles), similar
to ozagrel.

to polyvinyl alcohol agueous solution to form an oil-in-water emulsion.
Then, dichloromethane was evaporated by stirring. After centrifuga-
tion and washing, ONO-1301MS was isolated by lyophilization.

Morphologic Studies by Scanning Electron Microscopy

To evaluate the shape and surface morphology of ONO-1301MS, we
used a scanning electron microscope (model $-2460N; Hitachi, Tokyo,
Japan). After lyophilization, the microspheres were mounted on an
aluminum stub and coated with a thin layer (200 A) of gold by an ion
sputter (model E-1010; Hitachi). The surface morphalogy of the
microsphere samples was then visualized under a scanning electron

microscope,

Particle Diameter

ONO-1301MS was suspended in distilled water and dispersed by
sonication. The particle diameter was measured by a laser diffraction
particle size analyzer (model SALD-210; Shimadzu, Kyoto, Japan),

Encapsulation Efficiency

Acetonitrile containing n-propyl 4-hydroxybenzoate served as an
internal control to obtain the encapsulation efficiency, and this solution
was homogenized by a sonicator. The concentration of ONO-1301 in
this solution was analyzed by high-performance liquid chromatography
(HPLC). The encapsulation efficiency was calculated as follows:

Encapsulation efficiency(%)=(measured value /theoretical value) X 100.

In Vitro Release of ONO-1301 from PLGA Microspheres

ONO-1301MS was suspended in phosphate-buffered saline (0.067 mol/L
salt concentration, pH 6.8) containing 0.2% Tween-80 to adjust the
concentration of ONO-1301 to 100 pg/ml. This solution was aliquoted
into 1 ml and incubated at 37°C. At various time intervals, one of the
aliquots was centrifuged for 5 minutes at 12,000 rpm. The supernatant
was discarded, the pellet was dissolved in acetonitrile, and the re-
maining amount of ONO-1301 was analyzed by HPLC.
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Animal Models

We used S-week-old male Wistar rats weighing 95 to 110 g. The rats
were randomly given a subcutaneous injection of either 60 mg/kg MCT
or 0.9% saline, and assigned to receive a subcutaneous injection of 100
mg/kg ONO-1301MS or 0.9% saline. This protocol resulted in the
creation of three groups: normal rats given 0.9% saline (sham group.
n = 10), MCT rats given 0.9% saline (control group, n = 11), and MCT
rats treated with ONO-1301 MS (treated group, n = 11). We chose the
maximum dose that did not induce significant hypotension (see Figure
El in the online supplement).

In Vivo Experimental Protocol

After anesthetization by an intraperitoneal injection of 30 mg/kg
pentobarbital, rats were given a subcutaneous injection of either 60
mg/kg MCT or 0.9% saline. Subsequently, rats received a single sub-
cutaneous injection of 100 mg/kg ONO-1301MS or 0.9% saline. ONO-
1301MS was suspended with 0.9% saline containing 0.2% Tween-80.
Hemodynamic measurements and histologic analyses were performed
on Day 21. For hemodynamic measurements, rats were anesthetized by
intraperitoneal injection of 20 mg/kg pentobarbital, and the following
indexes were recorded after an equilibration period. A polyethylene
catheter (model PE-50; BD Biosciences, San Jose, CA) was inserted into
the right carotid artery to measure heart rate and mean arterial pressure.
The catheter was inserted through the right jugular vein into the right
ventricle for the measurement of RV pressure. The values of heart rate,
mean arterial pressure, and systolic RV pressure were calculated from
a series of 20 consecutive heart beats in each rat. Finally, cardiac arrest
was induced by injection of 2 mmol/L potassium chloride through the
catheter. The ventricles and lungs were excised, dissected free, and
weighed. The RV weight (o body weight ratio (RV/BW), left ventricular
plus septal weight to body weight ratio (LV + S/BW), and RV weight to
left ventricular plus septal weight ratio (RV/LV + S) were calculated as
indexes of ventricular hypertrophy, as reported previously (21). All
protocols were performed in accordance with the guidelines of the
Animal Care Ethics Committee of the National Cardiovascular Center
Research Institute (Osaka, Japan).

Morphometric Analysis of Pulmonary Arteries

Paraffin sections of 4-pm thickness were obtained from the lower
region of the right lung and stained with hematoxylin and eosin. Anal-
ysis of the medial wall thickness of the pulmonary arteries was per-
formed as described previously (22). In brief, the external diameter and
the medial wall thickness were measured in 20 muscular arteries (25-
100-pm external diameter) per lung section, For each artery, the
medial wall thickness was expressed as follows:

%% wall thickness = ([medial thickness X 2] /external diameter) X 100

A lung section was obtained from individual rats for comparison among
the three groups (n = 5 in each group).

Assay of Plasma Levels of ONO-1301 and Cyclic AMP

To investigate whether a single subcutaneous administration of ONO-
1301MS produces long-lasting prostacyclin activity in rats, we measured
plasma levels of ONO-1301 and cyclic AMP (cAMP) after ONO-
1301MS injection. Fourteen rats were assigned 1o receive a single sub-
cutaneous injection of 100 mg/kg ONO-1301MS or 0.9% saline (n = 7in
each group), and blood was drawn from the tail vein on Days 0,7, 14, and
21. Blood was immediately transferred to a chilled glass tube containing
1 mg/ml disodium ethylenediaminetetraacetic acid and 500 U/ml apro-
tinin, and centrifuged immediately. Plasma ONO-1301 level was mea-
sured by liquid chromatography tandem mass spectrometry assay.
Plasma cAMP level was ed with a radioi assay kit (cAMP
assay kit; Yamasa Co., Chiba, Japan), as reported previously (23).

Assay of Urinary Level of 11-Dehydro Thromboxane B;

To investigate the effect of ONO-1301MS on thromboxane synthesis in
rats, we measured urinary level of 11-dehydro thromboxane B; (11-
DTXB,), a metabolite of thromboxane A; (TXA;), after single sub-
cutaneous injection of ONO-1301MS (100 mg/kg) or vehicle (n = 8 in
each group). Urine samples were collected for 24 hours on Day 14 by
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using metabolic cages, and urinary concentration of 11-DTXB, was
measured with an enzyme immunoassay kit (11-DTXB; assay kit;
Cayman Chemical Co., Ann Arbor, MI). The urinary level of 11-
DTXB, was expressed as the ratio of urinary 11-DTXB: concentration
to that of creatinine, as reported previously (24).

Waestern Blot Analysis

To investigale the effect of ONO-1301MS on proliferative signaling
pathways in homogenized lung tissue, the protein expression of extra-
cellular signal-regulated protein kinase (ERK) 122 and phospho-ERK1/
2 was determined by Western blotting. Western blotting was performed
using rabbit monoclonal antibodies raised against ERK1/2 and phospho-
ERKI1/2 (Cell Signaling Technology, Danvers, MA). Peripheral samples
of lung tissue were obtained on Day 21 from individual rats for com-
parison among the three groups (n = 6 in each group). Positive
protein bands were visualized by means of chemiluminescence (en-
hanced chemiluminescence kit; Amersham Biosciences, Little Chalfont,
UK). Western blot analysis using a mouse polyclonal antibody raised
against B-actin (Sigma Chemical Corp., St. Louis, MO) was used as
a protein loading control. The resultant bands were quantified using
Image J 1.36 imaging software (National Institutes of Health; hup/
rsh.info.nih.goviij/).

Statistical Analysis

All data were expressed as mean = SEM. Comparisons of parameters
among the three groups were made by one-way analysis of variance
(ANOVA), followed by Newman-Keuls test. Comparisons of the time
course of parameters between the two groups were made by two-way
ANOVA for repeated measures, followed by Newman-Keuls test. A
value of P < 0,05 was considered statistically significant.

RESULTS

Characterization of ONO-1301MS

We prepared three kinds of ONO-130IMS (samples 1, 2, and 3).
The external surface morphology of ONO-1301MS (sample 2 as
a representative sample) exhibited a spherical shape with a
smooth and uniform surface (Figure 2A). The particle size in
samples 1, 2, and 3 was 21.2, 42.0, and 71.1 pm, respectively
(Figure 2B; sample 2 as a representative sample). Encapsulation
efficiency in each sample was 5.1, 21.8, and 17.4%, respectively.
In vitro, each sample had different time periods of ONO-1301
release at 2, 3, and 4 weeks, respectively (Figure 2C). These data
suggest that we were able to vary the release period of ONO-1301.

Long-lasting Activity of ONO-1301MS

To investigate the pharmacokinetics in vivo, we measured
plasma ONO-1301 level after a single subcutaneous administra-
tion of ONO-1301MS, which was designed to release ONO-1301
for 3 weeks (sample 2). ONO-1301 was detected in plasma for
3 weeks, whereas plasma ONO-1301 level at baseline in the ONO-
1301MS group and at all times in the vehicle group was below the
detection limit (Figure 3A). In addition, plasma cAMP level after
a single subcutaneous administration of ONO-130IMS was
significantly higher than that in the control group (Figure 3B).
Interestingly, the increase in plasma cAMP level lasted for over
2 weeks in parallel with the change in plasma ONO-1301MS level
(Figure 3). These results suggest that subcutaneous administra-
tion of ONO-1301MS achieves long-lasting activity in rats,

Inhibitory Effect of ONO-1301MS on Thromboxane Synthase

Urinary level of 11-DTXB, was markedly elevated 14 days after
MCT injection (Figure 4). However, treatment with ONO-
1301MS significantly decreased urinary level of 11-DTXB; in
MCT rats. These results suggest that ONO-1301MS has a sus-
tained inhibitory effect on thromboxane synthase activity.
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Figure 2. Physicochemical characteristics and in vitro release of ONO-
1301. (A) Morphology of ONO-1301MS (sample 2) studied by
scanning electron microscopy. Scale bar = 50 um. () Particle diameter
of ONO-1301MS (sample 2) obtained by a laser diffraction particle size
analyzer. (C) Release profiles of OMO-1301MS in each sample.

Effects of ONO-1301MS on Pulmonary Hemodynamics and
Vascular Remodeling

Three weeks after MCT injection, RV systolic pressure was
markedly increased (Figure 5). However, the increase in RV
systolic pressure was significantly attenuated in the treated
group. Similarly, the increases in RV/BW and RV/LV + S in
MCT rats were significantly attenuated by treatment with ONO-
1301MS (Figure S). There were no significant differences in heart
rate or mean arterial pressure among the three groups (Table 1).
Histologic examination demonstrated that hypertrophy of the
pulmonary vascular wall was attenuated in the treated group
compared with that in the control group (Figure 6).

No adverse reactions, such as flushing, diarrhea, or hypoten-
sion, were observed in the treated group, and there were no
significant differences in blood biochemical markers of liver and
renal function among the three groups (mean value = SEM in
sham, control, and treated group were, respectively: 139 = 14,
145 = 20, and 102 = 12 IU/L in aspartate aminotransferase; 53 *
3,54 + 5, and 45 = 3 [U/L in alanine aminotransferase; 0.1 = 0,
0.1 + 0, and 0.1 = 0 mg/dl in total bilirubin; 16.2 = 1.1, 16.2 =
0.4, and 15.4 = 1.2 mg/dl in urea nitrogen; 0.22 + 0.01, 021 *
0.01, and 0.21 = 0.01 mg/d! in creatinine; n = 5 in each group.).
Moreover, no abnormality was observed at the injection site.
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Figure 3. Time course changes in plasma ONO-1301 and cAMP. (A)
Plasma ONO-1301 concentration after a single subcutaneous admin-
istration of ONO-1301MS or vehicle, The shaded area indicates below
the lower limit of quantification (0.025 ng/ml) and is treated as 0 in the
statistical analysis. (B) Changes in plasma cAMP level after a single
subcutaneous administration of ONO-1301 MS or vehicle. Data are
mean = SEM. *P < 0,05 versus vehicle.

Inhibitory Effect of ONO1301-MS on Proliferative Signals

To investigate the effect of ONOI1301-MS on proliferative
signals in the lung, Western blot analyses were performed.
There were no significant differences in the expression of ERK1
and ERK2 among the three groups (Figure 7). However, phos-
phorylation of ERK1 and ERK2 was significantly increased in
the control group, whereas these increases were markedly atten-
uated in the treatment group (Figure 7).

DISCUSSION

In the present study, we demonstrated that (/) a novel sus-
tained-release prostacyclin analog polymerized with PLGA

Figure 4. Effect of ONO-
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0.05 versus sham; P <
0.05 versus control.
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Figure 5. Effects of ONO-1301MS on pulmonary hemodynamics. (4)
Effects of ONO-1301MS on right ventricular (RV) systolic pressure, (B)
RV weight to body weight (RV/BW), and (C) RV weight to left
ventricular plus septal weight (RV/LV + S). Sham = sham rats given
vehicle; control = monocrotaline (MCT)-treated rats given vehicle;
treated = MCT rats treated with ONO-1301MS. Data are mean + SEM.
*P < 0.05 versus sham; TP < 0.05 versus cantrol.

microspheres (ONO-1301MS) allowed a 3-week elevation of its
circulating level, (2) ONO-1301MS had a sustained inhibitory
effect on thromboxane synthase activity, and (3) a single sub-
cutaneous administration of ONO-130IMS attenuated MCT-
induced pulmonary hypertension in rats,

TABLE 1. PHYSIOLOGIC PROFILES OF THREE
EXPERIMENTAL GROUPS

Treated®

Sham* Cantrol'
No. of rats 10 mn 11
BW, g 203 = 4 165 = 7% 1725= 3
Heart rate, beats/min 454 = 7 441 = 10 445> 6
Mean arterial pressure, mmHg 110 = 2 =3 107 = 2
LV + S/BW, mglg 223 =002 234=0020 234004

Definition of abbreviations: BW = body weight; LV = left ventricle; LV + S/BW =
LV plus septal weight to body weight ratio,

Dlata are mean = SEM, These measurements were performed on Day 21.

* Sham = rats given vehicle,

' Control = MCT rats given vehicle,

* Treated = MCT rats treated with ONO-130TM5

¥ p < 0.05 versus sham.
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Figure 6. Effect of ONO-1301MS on vascular remodeling. (4) Repre-
sentative photomicrographs of peripheral pulmonary arteries on Day
21. Scale bars = 50 pm. (B) Quantitative analysis of percentage of wall
thickness in peripheral pulmonary arteries. Data are mean = SEM, *F <
0.05 versus sham; TP < 0.05 versus control.

Conventional prostacyclin and its analogs need continuous
infusion or frequent administration because of their short du-
ration of action. Previously, we reported a new type of prosta-
cyclin agonist, ONO-1301, which has long-lasting prostacyclin
activity and an inhibitory effect on thromboxane synthase (14).
Although ONO-1301 has such interesting features, it still needs
to be administered twice a day to achieve a significant improve-
ment in pulmonary hypertension. To overcome this problem,
we developed a new drug delivery system for prostacyclin. We
polymerized ONO-1301 with PLGA microspheres to develop
a novel sustained-release prostacyclin analog.

PLGA microspheres have been used as a controlled delivery
system for bioactive agents (25). The release of bioactive agents
from PLGA microspheres occurs through hydrolytic degradation
of the polymeric matrix. Importantly, PLGA has already been
used in humans. PLGA microspheres containing leuprorelin,
a potent luteinizing hormone-releasing hormone analog, have
been administered to patients with prostate and breast cancer by
subcutaneous injection (26, 27). The rate of release of contents of
PLGA microspheres can be changed by varying the factors
affecting the hydrolytic degradation behavior of PLGA, such as
lactate acid to glycolic acid ratio, average molecular weight of
PLGA, and particle size (25). In the present study, we could
control the degradation rate of ONO-1301MS. ONO-1301MS
was designed to release ONO-1301 for 3 weeks, because it takes
3 weeks to induce pulmonary hypertension in rats after MCT
injection, The present study demonstrated that the contained
ONO-1301 was released for 3 weeks in vitro, producing a 3-week
elevation of its circulating level after a single administration
in vivo. It should be noted that only a single subcutaneous
administration of ONO-1301MS attenuated MCT-induced pul-
monary hypertension in rats. Thus, it might be possible to extend
the administration interval for ONO-1301MS considerably lon-
ger than that with current prostacyclin analogs, and this could
improve the quality of life in patients with pulmonary hypertension.
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Figure 7. Effect of ONO-1301MS on extracellular signal-regulated
protein kinase (ERK) phosphorylation. (A) Representative Western
blotting for ERK, phospho-ERK (P-ERK) and B-actin (protein loading
control) in lungs on Day 21 (n = 6 in each group). (B and C) Scatter
plot of quantitative analysis of P-ERK expression in lung tissue. Horizontal
lines in this figure show the mean value. *P < 0.05 versus sham; 17 < 0.05
versus control.

With regard to cAMP, which is a second messenger of pros-
tacyclin and its analogs, it has been reported that plasma cAMP
level remained increased after administration of prostacyclin
analogs (23, 28). In our results, administration of ONO-1301MS
increased the plasma cAMP level for over 2 weeks. This in-
crease in plasma cAMP level was parallel to the change in
plasma ONO-1301 level. In addition, ONO-1301MS attenuated
the increase in urinary 11-DTXB; level in MCT rats 14 days
after single administration. These results support that a single
administration of ONO-1301MS produced a sustained benefi-
cial effect for 3 weeks.

In the present study, we chose the maximum dose that did
not induce significant hypotension. We did dose-response
studies using ONO-1301MS (30, 100, and 300 mg/kg, respec-
tively) (see Figure E1). ONO-1301MS at 300 mg/kg has induced
significant hypotension. In addition, ONO-1301MS at 30 mg/kg
did not significantly decrease RV systolic pressure (see Figure
E3). On the other hand, ONO-1301MS at 100 mg/kg signifi-
cantly decreased RV systolic pressure without significant hypo-
tension. Furthermore, a single injection of 100 mg/kg ONO-
1301 without PLGA or PLGA without ONO-1301 to MCT rats
did not influence hemodynamics and vascular remodeling (see
Figures E1-E3). These results suggest that a single injection of
ONO-1301MS ameliorates MCT-induced pulmonary hyperten-
sion. Consistent with these hemodynamic data, RV/BW and

medial wall thickness of pulmonary arteries, as indexes of RV
hypertrophy and elevation of pulmonary arteriolar resistance,
respectively, were significantly attenuated by the treatment with
ONO-1301MS.

In histologic analysis, hypertrophy of pulmonary vessels after
MCT injection was significantly attenuated by treatment with
ONO-1301MS. An earlier clinical trial has shown that long-term
therapy with epoprostenol significantly reduces pulmonary vas-
cular resistance in patients who have no short-term response to
vasodilators (5). It is speculated that such a beneficial effect of
epoprostenol is caused not only by vasodilatation and antiplate-
let aggregation but also by an antiproliferative effect on SMCs
and reverse remodeling of pulmonary arteries. In the present
study, phosphorylated ERK1/2 in the lung tissue was significantly
increased after MCT injection. However, this increase was
markedly attenuated by treatment with ONO-1301MS. ERK is
the final component of the mitogen-activated protein kinase
cascade, Prostacyclin has been shown to inhibit phosphorylation
of ERK1/2 through the activation of cAMP (29). With respect to
this signaling, protein kinase A (PKA), an intracellular effector
of cAMP. has been shown to negatively regulate the Ras-ERK
cascade by phosphorylating Raf and by preventing its association
with active Ras (30). Furthermore, we previously reported that
ONO-1301 inhibited pulmonary fibroblast proliferation through
activation of the cAMP/PKA pathway (31). Therefore, it is
interesting to speculate that ONO-1301MS may have antiproli-
ferative effects on pulmonary vascular SMCs at least in part
through inhibition of ERK via a cAMP-dependent pathway,
although the precise mechanism remains to be elucidated.

ONO-1301MS significantly decreased urinary level of 11-
DTXB,, a metabolite of TXA;. TXA; is a vasoconstrictor and
a potent stimulator of platelet aggregation (32, 33). Moreover, it
has been demonstrated that TXA; induces mitosis in vascular
SMCs through activation of ERK (34, 35). It has been suggested
that imbalance of thromboxane and prostacyclin plays an
important role in the development of pulmonary hypertension
(36). Previous reports showed that administration of thrombox-
ane synthase inhibitor modestly attenuated pulmonary hyper-
tension (37, 38). Thus, an inhibitory effect of ONO-1301MS on
thromboxane synthase may also contribute to improvement in
pulmonary hypertension.

In the present study, no adverse reactions, such as flushing,
diarrhea, hypotension, renal dysfunction, or hepatic dysfunc-
tion, were observed in the treated group. However, further
preclinical studies are necessary to confirm the safety and
efficacy of ONO-1301MS before clinical trials start in patients
with pulmonary arterial hypertension.

We did not measure cardiac output because of technical and
mechanical problems. To support our hemodynamic data, we
evaluated a variety of indexes, such as RV/BW and medial wall
thickness of pulmonary arteries. These physiologic and histo-
logic findings have been consistent with data on RV systolic
pressure. Therefore, it is unlikely that the reduction in RV sys-
tolic pressure observed in the present study was related to the
reduced cardiac output.

In conclusion, we developed a novel sustained-release pros-
tacyclin analog polymerized with PLGA microspheres (ONO-
1301MS), which achieved a 3-week elevation of its circulating
level and simultaneously increased plasma cAMP levels for
over 2 weeks, and had an inhibitory effect on thromboxane syn-
thase. A single subcutaneous administration of ONO-1301MS
attenuated MCT-induced pulmonary hypertension in rats. ONO-
1301MS may have an antiproliferative effect through inhibition
of ERK phosphorylation. This drug delivery system for a prosta-
cyclin analog may be a new therapeutic strategy for the treatment
of pulmonary arterial hypertension.
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