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Abstract Cyclosporins are a family of clinically-important
immunosuppressive cyclic peptides produced by Tolypocladium
inflatum. The structural modification of cyclosporins via
hydroxylation at various positions of N-methyl leucines in
cyclosporin A leads to a dramatic change of their bioactive
spectra. Among over 100 soil actinomycetes screened, two
actinomycetes species, Sebekia benihana and Pseudonocardia
autotrophica, were identified to contain superior cyclosporin
A hydroxylation activities. A HPLC-based cyclosporin A
hydroxylation assay revealed that each strain possesses distinctive
hydroxylation specificity and regiospecificity; mono-hydroxylation
at the 4th N-methyl leucine of cyclosporin A by S. benihana,
and di-hydroxylations at both 4th and 9th N-methyl leucines
of cyclosporin A by P. autotrophica. The conversion yields
for cyclosporin A hydroxylation by both S. benihana and F.
autotrophica were significantly improved from less than 10%
and 18% up to 58% and 45%, respectively, in the optimized
culture containing molybdenum with 0.05 g/1 of cyclosporin
A concentration. An ancymidol-specific inhibition of cyclosporin
hydroxylation also suggested that the regiospecific cyclosporin
hydroxylation might be catalyzed by a putative cytochrome
P450 mono-oxygenase enzyme.
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Cyclosporins, typically produced by Tolypocladium inflatum,
are a family of cyclic peptides consisting of 11 amino
acids; four N-methyl leucines, two alanines, N-methyl-4-
(2-butenyl)-4-methy! threonine, sarcosine, valine, N-methyl-
valine, and one of various amino acids (aminobutyric acid
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Fig. 1. Chemical structures of cyclosprin A and its hydroxylated
forms; cyclosporine (R1-H, R2-H), mono-hydroxylated cyclosporin
A at 4th N-methyl leucine (R1-OH, R2-H), di-hydroxylated
cyclosporin A at both 4th and 9th N-methyl leucines (R1-OH,
R2-OH).

in cyclosporine A) (Fig. 1) [12, 19, 22]. Cyclosporins have
been known to possess various biological activities including
antiviral, antifungal, and antiprotozoan activities, and are
currently used as a very potent immunosuppressor drug
[13, 14, 17, 20], even though patients administrated with
cyclosporins show the symptoms of various side effects
including kidney and liver toxicity, hypertension, and hirsutism
[1,2,3,13, 21]. Recently, it has been suggested that the
structural modification of cyclosporins via hydroxylation
at various positions of N-methyl leucines in cyclosporin A
leads to a dramatic change of their bioactive spectra [16].
Specifically, the regiospecific hydroxylation at the gamma



position of 4th and/or 9th N-methyl leucine leads to
significant loss of the immunosuppressor activity, while
maintaining the hair-growth stimulating effect [8, 9], implying
the possibility of developing a novel hair-growth stimulating
substance using hydroxylated cyclosporins [8, 9]. Traditional
chemical modification of structurally complex compounds
like cyclosporins has been previously reported to result in a
non-regiospecific modification as well as inefficient conversion
yield [11]. Unlike chemical modification, a bioconversion
approach using a specific enzyme or microorganism should
generate a highly regioselective product in a more environment-
friendly process. One of the most challenging tasks in a
bioconversion system including cyclosporin hydroxylation
using a biological system is, however, to isolate and
optimize a specific enzyme or microorganism suitable for
a high efficiency bioconversion process [10]. In this short
communication, we report the isolation, characterization,
and culture optimization of potentially important rare
actinomycetes strains that possess the cyclosporin hydroxylation
activity, which might be catalyzed by a putative cytochrome
P450 mono-oxygenase enzyme.

To isolate the microorganisms possessing cyclosporin
hydroxylation activity, over 100 actinomycetes species were
screened, some of which were purchased from the Korean
Cell Type Collection (KCTC) and others isolated from
various soil samples. Each actinomycetes strain was
inoculated into 25 ml of GSMY (glucose 0.7%, yeast
extract 0.45%, malt extract 0.5%, soluble starch 1.0%, and
calcium carbonate 0.005%) medium and cultured for 24 h
at 26°C, 200 rpm [4, 6, 7]. The cyclosporin A was then
added into each culture at the final concentration of 0.1 g/1.
Each culture was further incubated at the same condition
as described above for 5 more days, followed by equal
volume extraction with ethyl acetate. A HPLC assay for
cyclosporin A hydroxylation was performed using a
reverse-phase C,, column (4.6x250 mm, 5 jim, Symmetry,
Milford, U.S.A.) with a two-buffer gradient system; 25%
methanol (buffer A) and 100% acetonitrile (buffer B). One
cycle of buffer B gradient was programmed to start 40%
for 4 min, 61% for 20 min, 100% buffer B for 40 min, and
40% for 45 min. The column temperature was maintained at
70°C, and the cyclosporin and its derivatives were monitored
at 210 nm. The flow rate was kept constant at 1 ml/min
during the entire HPLC assay. The standards of cyclosporin
A and its hydroxylated form (hydroxylation at the gamma
position of 4th N-methyl leucine of cyclosporin A which
was kindly provided by LG Household & HealthCare) were
confirmed to be eluted at 30 min and 25 min, respectively
(Fig. 2A).

Among over 100 actinomycetes samples tested, two rare
actinomycetes species, Sebekia benihana (KCTC 9610) and
Pseudonocardia autotrophica (KCTC 9441), were identified
to possess cyclosporin A hydroxylation activities. As shown
in Fig. 2, S. benihana was able to convert about 10% of
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cyclosporin A to thie hydroxylated form in a 5-day culture.
The hydroxylated form of cyclosporin A in S. benihana
culture, which was eluted as a single peak at approximately
25 min, was determined to be exactly the same as the standard
form of the 4-gamma-hydroxylated cyclosporin A (Fig. 2B).
In the case of the P. autotrophica culture, unlike S. benihana,
about 18% of cyclosporin A was converted to the two
hydroxylated forms, eluted at approximately 25 min and
23 min, respectively. They were determined to be mono-
and di-hydroxylated forms of cyclosporin A; 4-methyl leucine-
gamma-hydroxylated cyclosporin A and 4, 9-methyl leucine-
gamma-di-hydroxylated cyclosporin A, respectively (Fig. 1).
Although both rare actinomycetes strains were proved to
possess cyclosporin hydroxylation activities, the in vivo
cyclosporin A conversion yield was less than 18% (Fig. 2C).
To improve the conversion yield for cyclosporin A
hydroxylation, both the culture condition and the cyclosporin
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Fig. 2. HPLC chromatograms of cyclosporin A conversions by
standard (A), S. benihana (B), and P. autotrophica (C): Peak #1,
Cyclosporin A (CyA); peak #2, 4-mleu-y-Hydroxy CyA; peak
#3, 4, 9-y-Dihydroxy CyA.
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Fig. 3. Optimization of medium composition with molybdenum
and cyclosporin A concentration.

Symbols: [J, culture without molybdenum and with cyclosporin A
concentration of 0.1 g/l; &, seed culture with molybdenum of 0.2 mg/l
and cyclosporin A concentration of 0.1 g/l; B, seed culture with
molybdenum of 0.2 mg/l and cyclosporin A concentration of 0.05 g/l;
72, seed culture with molybdenum of 0.2mg/l and cyclosporin A
concentration of 0.01 g/l.

A concentration were further optimized. Each of S. benihana
or P. autotrophica was cultured first in GSMY medium
without cyclosporin A for 48 h as a seed culture to maximize
the cell growth. The seed culture (10%) was then transferred
to the modified GSMY medium containing 0.2 mg/l of
(NH,);Mo,Q,, as a conversion culture. After 48 h of incubation,
the cyclosporin A was then added as a substrate into a
conversion medium at the cyclosporin A concentration
of 0.1, 0.05, or 0.01 g/l. After 5 more days of incubation,
each culture was analyzed for cyclosporin A hydroxylation
using HPLC. In both S. benihana and P. autotrophica
cultures, the highest cyclosporin A conversion yields were
achieved with the 0.05 g/l of cyclosporin A concentration,
generating more than 45% of hydroxylated forms of
cyclosporin A (Fig. 3). These results suggest that some key
factors such as well-grown actinomycetes seed culture,
appropriate medium composition, and optimum concentration
of cyclosporin A are very critical to optimize the in vivo
cyclosporin hydroxylation process.

Based on the recent genome sequencing analysis of
several actinomycetes species, there are multiple cytochrome
P450 mono-oxygenase genes present in the chromosome,
some of which are involved in the hydroxylation of various
secondary metabolites with unique substrate specificities [4].
Considering the complex chemical structure of cyclosporin
and regiospecific hydroxylation pattern, it is very likely
that cyclosporin A hydroxylation may be catalyzed by a
novel type of cytochrome P450 mono-oxygenase enzyme
only present in S. benihana or P. autotrophica. To test this
hypothesis, a well-known cytochrome P450 mono-oxygenase
inhibitor, ancymidol [18], was added into the cyclosporin
conversion culture of S. benihana or P. autotrophica. As
shown in the Fig. 4, the cyclosporin A conversion was
significantly inhibited by ancymidol in each culture, implying
that the cyclosporin A hydroxylation might be carried out
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Fig. 4. Inhibition of cyclosporin A conversion by cytochrome
P450 inhibitor, ancymidol, in S. benihana (A) and P. autotrophica
(B).

by a novel type of cytochrome P450 mono-oxygenase enzyme
only present in either S. benihana or P. autotropica.

Acknowledgments

N. S. Park and J. S. Myeong equally contributed to this
work. The authors are very grateful to the technical supports
provided by the ERC in Inha University. This work was
financially supported by a 21C Frontier R&D program
MG 3-1 grant from the Korean Ministry of Science and
Technology.

REFERENCES

1. Cifkova, R. and H. Hallen. 2001. Cyclosporin-induced
hypertension. J. Hypertens. 19: 2283-2285.

2. Copeland, K. R., J. A. Thliveris, and R. W. Yatscoff. 1990.
Toxicity of cyclosporine metabolites. Ther. Drug Monit. 12:
525-532.

3. Hozumi, Y., T. Imaizumi, and S. Kondo. 1994, Effect of
cyclosporin on hair-existing area of nude mice. J. Dermatol.
Sci. 7: 33-38.

4. Jung, W.-S., E.-S. Kim, H.-Y. Kang, C.-Y. Choi, D. H.
Sherman, and Y. J. Yoon. 2003. Site-directed mutagenesis
on putative macrolactone ring size determinant in the
hybrid pikromycin-tylosin polyketide synthase. J. Microbiol.
Biotechnol. 13: 823-827.

5. Kendrew, S. G., D. A. Hopwood, and E. N. Marsh. 1997.
Identification of a monooxygenase from Strepromyces
coelicolor A3(2) involved in biosynthesis of actinorhodin:
Purification and characterization of the recombinant enzyme.
J. Bacteriol. 179: 4305- 4310.

6. Kim, C.-Y.,, H.-J. Park, and E.-S. Kim. 2003. Heterologous
expression of hybrid type II polyketide synthase system in
Streptomyces species. J. Microbiol. Biotechnol. 13: 819-
822.

7. Kim, C.-Y., H.-J. Park, Y. J. Yoon, H.-Y. Kang, and
E.-S. Kim. 2004. Stimulation of actinorhodin production
by Streptomyces lividans with a chromosomally-integrated



12.

15.

antibiotic regulatory gene afsR2. J. Microbiol. Biotechnol.
14: 1089- 1092,

. Kim, S-N., H-J. Ahn, M.-K. Kim, J.-1. Kim, J.-H. Kim,

C.-W. Lee, M.-H. Lee, C.-D. Kim, H.-S. Cho, H.-S. Kim,
M.-H. Jung, and S.-J. Kim. 2003. Nonimmunosuppressive
[gamma-hydroxy-methyl leucine4] cyclosporin A, hair growth
stimulator and external composition for skin using the same
USP 6521595.

. Korea Patent 10-2000-0067585.
. Kuhnt, M., F. Bitsch, J. France, H. Hofmann, J. J. Sanglier,

and R. Traber. 1996. Microbial biotransformation products
of cyclosporin A. J. Antibior. 49: 781-787.

. Lin, W. T, K. Marat, Y. Ren, R. T. Eng, and P. Y. Wong.

1998. Structural characterization of two novel oxidative
derivatives of cyclosporine generated by a chemical method.
Clin. Biochem. 31: 173-180.

Maurer, G., H. R. Loosli, E. Schreier, and B. Keller, 1984.
Disposition of cyclosporine in several animal species and
man. 1. Structural elucidation of its metabolites. Drug. Metab.
Dispos. 12: 120~ 126.

. Moussaif, M., P. Jacques, P. Schaarwachter, H. Budzikiewicz,

and P. Thonart. 1997. Cyclosporin C is the main antifungal
compound produced by Acremonium luzulae. Appl. Environ.
Microbiol. 63: 1739- 1743.

. Perkins, M. E,, T. W. Wy, and S. M. Le Blancg. 1998.

Cyclosporin analogs inhibit in vitro growth of Cryptosporidium
parvum. Antimicrob. Agents Chemother. 42: 843- 848

Settaf, A., J. Gugenheim, M. K. Lahlou, M. Gigou, M.
Capron-Laudereau, B. Charpentier, M. Reynes, F. Lokiec,

REGIOSPECIFIC CYCLOSPORIN HYDROXYLATION IN ACTINOMYCETES

l6.

18.

19.

20.

21.

22.

191

and H. Bismuth. 1989. Cyclosporin, toxicity and efficacy in
rejection of liver allografts in the rat. J. Chir. 126: 431- 437,
Sewing, K. F, U. Christians, K. Kohlhaw, H. Radeke,
S. Strohmeyer, R. Kownatzki, J. Budniak, R. Schottmann,
J. 8. Bleck, V. M. Almeida, et al. 1990. Biologic activity of
cyclosporine metabolites. Transplant. Proc. 22: 1129- 1134,

. Streblow, D. N., M. Kitabwalla, M. Malkovsky, and C. D.

Pauza. 1998. Cyclophilin a modulates processing of human
immunodeficiency virus type 1 p55Gag: Mechanism for
antiviral effects of cyclosporin A. Virology 245: 197-202.
Tongpim, S. and M. A. Pickard. 1999. Cometabolic oxidation
of phenanthrene to phenanthrene trans-9, 10-dihydrodiol by
Mycobacterium strain S1 growing on anthracene in the
presence of phenanthrene. Can. J. Microbiol. 45: 369~ 376.
Wenger, R. M. 1990. Structures of cyclosporine and its
metabolites. Transplant. Proc. 22; 1104~ 1108.

White, D. J., A. M. Plumb, G. Pawelec, and G. Brons. 1979.
Cyclosporin A: An immunosuppressive agent preferentially
active against proliferating T cells. Transplantation 27: 55-
58.

Yamamoto, S. and R. Kato. 1994. Hair growth-stimulating
effects of cyclosporin A and FK506, potent immunosuppressants.
J. Dermatol. Sci. 7: 47- 54,

Zhao, D. X., M. Beran, J. Kozova, and Z. Rehacek. 1991.
Formation of cyclosporins by Tolypocladium inflatum. Folia
Microbiol. 36: 549- 556.



