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AS1387392, a novel immunosuppressive cyclic
tetrapeptide compound with inhibitory activity
against mammalian histone deacetylase

Satoshi Sasamura!, Kazutoshi Sakamoto?, Shoji Takagaki3, Toshiko Yamada!, Shigehiro Takase?,
Hiroaki Moril’, Takashi Fujii5’7, Motohiro Hino® and Michizane Hashimoto?

The novel immunosuppressant AS1387392 has been isolated from Acremonium sp. No. 27082. This compound showed a strong
inhibitory effect against mammalian histone deacetylase and T-cell proliferation. Further, AS1387392 showed a good oral absorption,
and its plasma concentration was higher than that of FR235222, an analog of AS1387392 that inhibited histone deacetylase
previously reported. Given these findings, AS1387392 may represent an important new lead in developing immunosuppressant.
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INTRODUCTION

In recent years, cyclosporin A and FK506, two calcineurin inhibitors
from microorganisms, have been developed for clinical use in organ
transplants.! However, while these compounds have proven effective in
the treatment of various autoimmune diseases, their clinical applica-
tion is limited by their side effects.”™ To overcome this problem,
a safer, more effective novel immunosuppressive agent is needed.

In 2003, Mori et al.%7 isolated the compound FR235222 (Figure 1)
from the fungus Acremonium sp. No. 27082. FR235222 showed potent
inhibitory effects on the activity of mammalian histone deacetylase
(HDAC) and marked immunosuppressive effects both in vitro and
in vivo.? However, this compound did not have a good enough
pharmacokinetic profile. In an investigation for novel analogs of
FR235222 with improved profiles, Acremonium sp. No. 27082 was
found to produce the novel immunosuppressant AS1387392 (Figure 1).

Here, we describe the fermentation, isolation, physicochemical
properties and biological activities of AS1387392.

MATERIALS AND METHODS

Producing strain

The fungal strain Acremonium sp. No. 27082 was originally isolated from a soil
sample, collected in Akita-city, Akita-prefecture, Japan, previously reported.®

Media used for seed culture and production
The seed medium consisted of sucrose 4%, glucose 2%, soluble starch
2%, pharmamedia 3% (Archer Daniels Midland, Decatur, IL, USA), soybean

flour 1.5%, KH,PO,4 1%, CaCOj3 0.2%, Adekanol 0.1% (defoaming agent; Asahi
Denka, Tokyo, Japan), and silicone 0.1% (defoaming agent, Shin-Etsu Chemical,
Tokyo, Japan). The production medium consisted of Pindex #3 6% (Matsutani
Chemical Industry, Hyogo, Japan), glycerol 0.5%, pharmamedia 6%, 1-isoleucine
0.5%, L-proline 0.3%, KNO; 1%, CoCl, 0.005%, MnSO, 0.005%, Adekanol
0.1% (Asahi Denka) and silicone 0.1% (Shin-Etsu Chemical).

Fermentation

Aqueous seed medium (100ml) was poured into a 500-ml Erlenmeyer flask
and sterilized at 121 °C for 30 min. The seed flasks were inoculated with a
loopful of the slant culture of Acremonium sp. No. 27082, and then shaken on a
rotary shaker at 250 r.p.m. at 25 °C for 5 days. After this incubation, 10 ml of
the seed culture was transferred to seven 500-ml Erlenmeyer flasks containing
100 ml of the same medium. The flasks were shaken on a rotary shaker at
220r.p.m. at 25°C for 2 days, and 700 ml of the second seed culture was
inoculated into a 200-1 jar fermentor containing 1401 of the production
medium. Fermentation was subsequently carried out at 26°C for 10 days
under aeration at 2001 min~".

HPLC analysis

AS1387392 in the fermentation broth was detected by HPLC (L-4000 UV
detector, L-6000 pump and L-7300 column oven; Hitachi High-Technologies,
Tokyo, Japan) using an ODS column (ODS-BP, 150 mmx4.6 mm ID; Daiso,
Osaka, Japan). The mobile phase was 45% aqueous acetonitrile, and the flow
rate was 1.0mlmin~!. The detection wavelength was set at 210nm, and the
column was heated at 50 °C.
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Figure 1 Structures of AS1387392 and FR235222.

Another HPLC analysis was performed using the conditions described above
except for the mobile phase, which was 35% aqueous tetrahydrofuran (THF) in
repeated ODS chromatography.

Assay for HDACs and splenocyte proliferation

In this study, the assay for HDACs and splenocyte proliferation was conducted
in accordance with the method previously proposed by Mori et al.® Human
HDACs used in this experiment represent a mixture of several isozymes.
HDAGs and [*H]-acetyl histones were prepared from human T-cell leukemia
Jurkat cells. Splenocytes harvested from female BALB/c mice (Charles River
Japan, Kanagawa, Japan) were cultured with AS1387392 or FR235222 in
medium containing 1pgml™! anti-CD3 antibody at 37 °C for 3 days. After
being cultured, proliferation was measured using alamar blue (Promega,
Fitchburg, WI, USA).

Measurement of plasma concentration in rats after oral
administration

Compounds were orally administered in triplicate to 8-week-old male Lewis rats
(Charles River Japan) at a dose of 3.2 mgkg™! dissolved in 10% NIKKOL HCO-
60 solution (Nikko Chemicals, Tokyo, Japan). After administration, blood
samples were periodically taken, and then centrifuged (10000g, 10 min, 4 °C)
to obtain plasma samples. The plasma samples were then diluted by half with
water and extracted with four volumes of ethyl acetate. Compound concentra-
tion was monitored by LC-MS/MS using an Agilent HP1100 (Hewlett-Packard,
Palo Alto, CA, USA). The column was Inertsil ODS-3 (2.1 mmx 150 mm ID.; GL
Sciences, Tokyo, Japan) and the mobile phase was 70% aqueous acetonitrile
containing 10 myM ammonium acetate. The flow rate was 0.2 mlmin~!, and the
column was heated at 50 °C. Detection was done by, selected reaction monitoring
in positive ion mode using AP12000 (Applied Biosystems, Foster City, CA, USA).

RESULTS

Fermentation and isolation

Fermentation was carried out as described above. After 10 days of
cultivation, AS1387392 was isolated according to the scheme shown in
Figure 2. The culture broth (1501) was extracted by stirring with 1501
of methanol. The methanol extract was filtered using diatomaceous
earth, and the filtrate was passed through a 35-1 Diaion HP-20 column
(Mitsubishi Chemical, Tokyo, Japan). The column was washed with
50% aqueous methanol and eluted with 40 and 50% aqueous
acetonitrile. The elution was monitored by HPLC analysis. After
dilution with 120-1 of water, the elution (1201) was applied to a 19-1
Daiso ODS-B column (Daiso) packed with water. The column was
then washed with 30% aqueous acetonitrile and further eluted with
40% aqueous acetonitrile. The active fraction was diluted with an
equal volume of water and applied to a 19-1 Daiso ODS-B column
(Daiso) packed with 20% aqueous acetonitrile. The column was then
eluted with 35% aqueous THE.
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extracted with 50% methanol (aqueous)
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eluted with 60% methanol (aqueous)
ODS-B column chromatography
eluted with 40% acetonitrile (aqueous)
concentrated in vacuo to an aqueous residue
extracted with ethyl acetate
concentrated in vacuo and dissolved in tert-butyl alcohol
lyophilization

White powder (79.49)
Figure 2 Isolation procedure for AS1387392.

The elution was then rechromatographed as above mentioned at
least three times. The end point was determined by HPLC analysis
using THF as the mobile phase. Repeated ODS chromatography using
35% aqueous THF produced AS1387392 with high purity. The active
fraction was diluted with an equal volume of water and applied to a
19-1 Daiso ODS-B column (Daiso) packed with water. The column
was then eluted with 60% aqueous methanol, after which the fraction
containing the AS1387392 was diluted with an equal volume of water
and subsequently applied to a 2-1 Daiso ODS-B column (Daiso)
column packed with water.

The column was finally eluted with 40% aqueous acetonitrile, and
the active fraction was concentrated in vacuo and extracted with ethyl
acetate. The solvent extract was concentrated under reduced pressure
and dissolved in 250 ml of tert-butyl alcohol. Lyophilization produced
79.4 g of AS1387392 as a white powder.

Physicochemical properties

The physicochemical properties of AS1387392 are described in
Table 1. AS1387392 was soluble in methanol, ethyl acetate, chloroform
and dimethyl sulfoxide, and was slightly soluble in water. Positive
color reactions were observed with iodine vapor, Ce(SO,),-H,SO,4 and
Drangendorff reagent, where results from Molish’s, Ehrlich’s, FeCls
and ninhydrin reactions were negative. The observed specific rotation
was —85° (¢ 0.2, methanol), and the exact molecular mass (as deter-
mined by ESI-TOF-MS) was 543.3184 Da ([M+H]"), corresponding
to the molecular formula CygH4N4Og (theoretical [M+H]*=
543.3182 Da). The amino-acid composition of AS1387392, as
determined by Marfey’s method, was L-phenylalanine, L-isovaline
and p-proline.’

Structure elucidation

The molecular formula of AS1387392 was a CH, less than FR235222.
The 'H NMR spectrum of AS1387392 (see Figure 3) was quite
similar to that of FR235222 except for the absence of the doublet
methyl signal (0.88 p.p.m.) due to 4-methylproline (MePro). In
the '*C NMR spectrum of AS1387392, a new methylene signal
(25.0p.p.m.) appeared at the expense of methyl (18.1p.p.m.)
and methine (32.8 p.p.m.) of FR235222. Apart from the proline
part, the 3C NMR data of AS1387392 closely matched the relevant
13C data of FR235222 (see Table 2). This information indicated
that the MePro residue of FR235222 was replaced by proline
in AS1387392. Finally, the structure was determined to be
cyclo[(2S,9R)-2-amino-9-hydroxy-8-oxodecanoyl-L-isovalyl-L-phenyl-
alanyl-p-prolyl] by a successful total synthesis of AS1387392. A full



account of the total synthesis will be reported in a separate paper. The
complete 'H and '>C assignments were made by COSY, HSQC,
HMBC and are summarized in Table 2 along with the '*C data of
FR235222.

Biological activity

AS1387392 exerted an inhibitory effect on the activity of human
partially purified HDACs, with an ICsy value of 22nm (Table 3).
Further, this compound exerted potent inhibitory activity against
splenocyte proliferation, with an ICsy value of 4.6 nM. These results

Table 1 Physicochemical properties of AS1387392

Characteristics Value
Appearance White powder
(123 —85° (¢ 0.2, MeOH)

ESI-TOF-MS (m/z)
Found
Calculated
Molecular formula
UV Amax (MeOH) nm

Color test

Positive
Negative

Solubility
Soluble

Slightly soluble
IR Vinax (KBr) cm~!

TLC (Rf value)?

543.3184 [M+H]*
543.3182 [M+H]*
CogHa2N40g

235 (sh)

I, Ce(S04)2-H2S04, Drangendorff reagent
FeCls, Molish’s reaction, ninhydrin reaction,
Ehrlich’s reaction

Methanol, chloroform, ethyl acetate,

dimethyl sulfoxide

Water

3300, 2940, 1720, 1690, 1660, 1630,

1530, 1460, 1420, 1380, 1320, 1250, 1150, 1060
0.42

2Plate, silica gel 60 Fys4 (E. Merck Co., Darmstadt, Germany), ethyl acetate.
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indicate that the inhibitory effects of AS1387392 are as potent as those
of FR235222.

Plasma concentration of AS1387392 in rats

The Cmax of AS1387392 after oral administration (3.2 mgkg™') was
0.041 pg mll, and the area under the curve from 0 to 6h after
administration (AUCy_g,) was 0.039 ugh ml™! (Table 4). These values
were approximately two to three times higher than those of FR235222,
suggesting that AS1387392 might be more potent than FR235222 in
an animal model.

DISCUSSION

In this study, we effectively isolated the novel fungal product
AS1387392 as a potent immunosuppressant from culture broth of
Acremonium sp. No. 27082 in an examination for novel analogs of
FR235222 with improved profiles. The results of our analysis showed
that AS1387392 was a novel, powerful HDAC inhibitor with a good
oral absorption profile. These characteristics suggest that the com-
pound may be a good candidate as a new immunosuppressive agent.
Further studies on AS1387392-derived compounds may provide a still
more effective and safer immunosuppressant.

Purification of AS1387392 was hampered by the difficulties encoun-
tered in separating out impurities. Given that these impurities had the
same UV and MS spectrum as AS1387392, we considered that the
impurity may be an analog of AS1387392. On changing the mobile
phase in separations, however, we found that repeated ODS chromato-
graphy using THF as the mobile phase eliminated the impurity.
As a result of this purification, the impurity was not detected in
HPLC analysis using both acetonitrile and THF as the mobile phase
(Supplementary information).

Structure elucidation of AS1387392 has shown it to have a novel
structure, in which the MePro residue of FR235222 is changed to
proline (Figure 1). Inhibition studies showed that AS1387392 pos-
sesses HDAC inhibitory effects as potent as those of FR235222, while
maintaining a higher plasma concentration in rats than FR235222.
These findings suggest that AS1387392 may be more effective than

9 8 7 6

Figure 3 'H NMR spectrum of AS1387392 in CDCl3.
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Table 2 H, 13C data of AS1387392 and !3C data of FR235222

AS1387392
FR235222
Position S 5c° 5¢°
Aoh
1 174.1 174.1
2 4.19 54.4 54.4
3 1.83,1.61 28.7 28.8
4 1.30 25.3 25.3
5 1.34 28.8 28.8
6 1.63 23.2 23.2
7 2.49, 2.44 37.3 37.2
8 212.4 212.4
9 4.22 72.6 72.6
10 1.38 19.8 19.8
11 7.10
Pro
12 171.8 171.9
13 4.67 57.8 58.0
14 2.32,1.76 24.7 33.0
15 2.18,1.79 25.0 32.8
16 3.85, 3.27 47.0 53.8
17
18 — — 18.1
Phe
19 172.8 173.1
20 5.19 53.3 53.3
21 3.23,2.96 35.8 35.7
22 137.0 137.0
23,27 7.23 129.0 129.0
24, 26 7.27 128.6 128.6
25 7.20 126.7 126.7
28 7.54
Iva
29 175.6 175.6
30 63.1 63.0
31 2.31,2.16 27.9 27.8
32 0.83 8.4 8.4
33 1.28 22.4 22.4
34 5.82

1H and 13C NMR spectra were recorded with a Bruker AVANCE 500 NMR spectrometer with
tetramethylsilane used as an internal standard.

23y 500 MHz in CDCl3.

b8c 125 MHz in CDCls.

¢8c from Mori et al.”

FR235222 in treating delayed-type hypersensitivity, adjuvant-induced
arthritis and heterotopic heart transplant.

In summary, we showed that AS1387392 was a novel and powerful
HDAC inhibitor with an excellent oral absorption profile. This
compound may be a good candidate as a new immunosuppressive

Table 3 Inhibitory effect of AS1387392 and FR235222 on activity
of human HDACs and splenocyte proliferation stimulated with anti-
CD3 antibody

/050 (HM)

Human HDACs Splenic proliferation

AS1387392 22 4.6
FR235222 17 5.0

Abbreviation: HDAC, histone deacetylase.
Values are expressed as the mean in duplicate. The data for FR235222 were generated by the
authors of this study.

Table 4 Plasma concentration of AS1387392 and FR235222

Cmax (ugmi=1) AUC o_gp, (ughmi)

AS1387392
FR235222

0.041+0.008
0.018+0.003

0.039+0.004
0.02+0.00

Abbreviation: AUC, area under the curve.

Cmax represents the maximum drug concentration (ugmI~1) in the blood. AUCo g1, represents
the integral value of the drug concentration, and the period (6 h). Values are expressed as the
mean ts.e. (n=3). The data for FR235222 were generated by the authors of this study.

agent. Subsequent studies on AS1387392-derived compounds may
provide a still more effective and safer immunosuppressant.
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