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ABSTRACT

Apicidin B Apicidin C

Isolation and structure elucidation of two novel cyclic tetrapeptides that show a variety of potent antiprotozoal activities by reversibly inhibiting
HDAC have been reported. These are the new members of a unique family of cyclic tetrapeptides that do not require the electrophilic
o-epoxyketone moiety of HC-toxin, trapoxin A, or chlamydocin for their potent activities against HDAC and the malarial parasite.

Protozoan parasites comprising the apicomplexan family arefungus collected from Costa Rica, as a potent and broad-
the causative agents of diverse diseases affecting the healtlspectrum antiprotozoal agent that exerts its biological activity
of humans and animals alike. Some of these life threateningby reversibly inhibiting histone deacetylase (HDAC) activ-
diseases include malaria, cryptosporidiosis, toxoplasmosis,ity.! HDACs are nuclear isozymes that regulate gene
sarcocystis, and coccidiosis, which are causedlagsmo- transcription via a dynamic process of acetylation and
dium sp., Cryptosporidium parum, Toxoplasma gondii deacetylation of lysine residues of histones. Blockade of the
Sarcocystis neurona, areimeria sp., respectively.There deacetylation process causes hyperacetylation of histones,
are therapies to treat a number of these diseases, butind this leads to untimely cell death. Trapoxin 2) (s a
developing resistance is cause for concern. Therefore, therenatural cyclic tetrapeptide that is an irreversible inhibitor of
may thus always be need for new therapies, particularly thoseHDAC.2 The C-8 keto group of the 2-amino-8-oxodecanoic
based on new mechanisms of action, to stay ahead ofacid (Aoda) moiety of apicidin topologically registers to the
infections caused by these parasites. C-8 keto group of the acetylated lysine residB)eof histones
Recently we reported apicidirL), a cyclic tetrapeptide  and suggests that apicidin functionally mimics the substrate
isolated from Fusarium pallidoroseum, an endophytic

(2) Singh, S. B.; Zink, D. L.; Polishook, J. D.; Dombrowski, A. W.;

*Tel: (732) 594-3222. Fax: (732) 594-6880. Darkin-Rattray, S. J.; Schmatz, D. M.; Goetz, M. Petrahedron Lett1996
(1) Darkin-Rattray, S. J.; Gurnett, A. M.; Myers, R. W.; Dulski, P. M.; 37, 8077.
Crumley, T. M.; Alloco, J. J.; Cannova, C.; Meinke, P. T.; Colletti, S. L.; (3) (a) Taunton, J.; Hassig, C. A.; Schreiber, SSciencel996,272,
Bednarek, M. A.; Singh, S. B.; Goetz, M. A.; Dombrowski, A. W.;  408. (b) Taunton, J.; Collins, J. L.; Schreiber, S.J..Am. Chem. Soc.
Polishook, J. D.; Schmatz, D. MProc. Natl. Acad. Sci. U.S.A.996,93, 1996,118, 10412. (c) Kijima, M.; Yoshida, M.; Sugita, K.; Horinouchi, S.;
13143 and references therein. Beppu, T.J. Biol. Chem.1993,268, 22429.

10.1021/0l016240g CCC: $20.00  © 2001 American Chemical Society
Published on Web 08/15/2001



for HDAC, thus causing hyperacetylatiépicidin showed molecular formula GsH47/NsOs (found 609.3525, calcd
609.3526) for apicidin B, which was supported by fié

NMR spectrum and suggested 13 degrees of unsaturation as
in apicidinl. The infrared and UV spectra dawere similar

? to those of apicidin and showed absorption bands for
Y\ )H )\ \© carbonyl, amide carbonyls, and indole moieties. The molec-
R ular formula of apicidin B indicated that it had one less

o methylene group compared to apicidinz{849NsOg), and

E\/\/\[?/\ 0 é\/\/\%"
CH,
Apicidin (1) ° Trapoxin A2)  ° |

o Table 1. 'H and3C NMR Assignments of Apicidins B4@)
5\"/ \)I\ S and C 6a) in GDsN
2\/\/\% apicidin B (4a) apicidin C (5a)
Acylated Histone Lysine (3) no. oC oH oc oH
Pro Pip
in vivo efficacy againsP. bergheimalaria in micet While L 172,04 171.86
: ) 2 . .. 2 5824 511,d,7.6 50.74 5.52,brd, 5.2
chemical modifications of Aoda and Trp residues of apicidin . > o > 2" 2555 207 m
led to a limited SAR, these modifications did not allow for " 166.m ' 149 m
amino acid substitutions in the absence of a total synthesis. 4 2502 228 m 10.88  2.34,m
Therefore, to study this aspect of the SAR, we decided to 1.78, m 1.45,m
take advantage of the biosynthetic machinery of the produc- 5 46.90 4.11,dt, 10,4 2592 125 m
ing organism for the discovery of novel apicidin analogues 3.59, appq, 8 1.50, m
6 44.03  4.36,brd, 13.6

with amino acid substitutions by targeted analytical and
biological screening of fermentation extracts. This process
led to the discovery of two novel apicidin congeners lle Vval

3.26,dt, 13.2,2.4

containing proline (Pro) and valine (Val) substitutions, named 1 174.07 174.24
herein apicidins B (4a) and G4). The isolation, structure g 22'22 ;'zé‘ ;[1'110 ggzg g'ig' :7‘110'0
elucidation, stereochemistry, and biological activities of the , .55, 1:80: m 19.33 1:02: 4,76
two compounds are described. 1.35,m
5 10.84 0.92,t,7.2 18.63 1.16,d, 6.8
6 1584 0.98,d,6.8
NH 8.33,d, 10.0 NH 8.27,d, 10
? N { ] H Trp-N-OCHs Trp-N-OCHs
)H )H 1 175.18 174.67
2 61.95 4.54,dt 9.6,6.8 61.49 4.61,1d, 10.8, 6.0
y o _ o 3 2595 4.23,dd, 14.8,10.0 25.67 4.25,dd, 14.4,10.4
= = 3.91,dd, 14.4,7.2 3.82,dd, 14.8, 6.4
\/\/\(\ \/\/\g/\ 4 108.44 108.17
4a: R = OCH; (Apicidin B) 5a: R = OCHj; (Apicidin C) 5 124.32 124.00
4b:R=H 5b:R=H 6 119.56 7.78,d,8.0 119.29  7.80,d, 8.0
7 12026 7.19,t,8.0 120.07 7.19,dt, 8.0,0.8
The fermentation broth dfusarium pallidoroseurfATCC 8 12285 733,180 122.74  7.34,dt, 80,08
. o ; . 9 108.95 7.55,d,8.0 108.74 7.55,d,8.0
74289), grown on solid or liquid media, was extracted with 10 13302 132.82
methyl ethyl ketone, and the extract was chromatographed 17 12294 7.59, s 12274 7585
on Sephadex LH 20 in methanol. This was followed by 12 6574 3.94,5s 6554 3.94,s
chromatography on silica gel and reverse-phase HPLC to NH 9.98,d, 6.4 NH 10.03, d, 6.8
yield apicidin B{1.0 mg/L, [aF*% —65.1°(c, 0.40, CH- Aoda Aoda
OH)} and apicidin G 2.5 mg/L, [p]*%, —56°(c, 0.77, CH- 1 176.06 176.44
OH)} both as amorphous powders. 2 5542 4.74,brg, 8.4 54.70  4.76,brq, 8.5
Apicidin B (4a). El mass spectral analysis 4& gave a 3 3042 1.90,m;1.65 m 30.12  1.89,m; 1.60, m
parent ion am/z609. High-resolution measurement ledtoa 4 2595 125 m 2567 122,m
5 29.06 1.10,m 28.74 1.10, m
(4) (a) Review: Pazin, M. J.; Kadonaga, J.Qell 1997,89, 325. (b) 6 2394 140,m 2367 145 m
Wolffe, A. P. Sciencel996,272, 371. 7 4214 220,176 41.86 2.18,t,7.2
B I R e
SRR P U Vs i, M >, M. Tele 9 3572 229,q,72 3546 2.28,1,7.6
Lett.2000,41, 7831. (b) Meinke, P. T.; Colletti, S. L.; Doss, G.; Myers, R. 10 809 1.0Lt 7.2 784 10Lt 7.2

W.; Gurnett, A. M.; Dulski, P. M.; Darkin-Rattray, S. J.; Allocco, J. J.;
Galuska, S.; Schmatz, D. M.; Wyvratt, M. J.; Fisher, M.JdMed. Chem. NH 7.92,d, 10.0 NH 7.32,d,10.5
2000,43, 4919.
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this was supported by the methylene carbon count in thethree aliquots. A first aliquot of the mixture was reacted with
13C NMR spectrum (Table 1). ThiH NMR spectra of the  a-methylbenzylisothiocyanate (AMBI)two other aliquots
two compounds showed differences in the regions corre- were separately reacted with andL-amino acid oxidase
sponding to the pipecolic (Pip) residue. This included upfield followed by reaction with AMBI. All three samples were
shifts of the twoa-protons ¢ 5.53 vs 5.11 and 5.18 vs analyzed by HPLC and compared with the corresponding
4.91); a downfield shift of one of the NH proton& 8.27 vs derivatives ofR (p) and S (L) amino acids. Both of these
8.33); and both up and downfield shifi$4.37, 3.27 vs 4.11,  methods indicated that lle and Trp residues were inShe
3.59) of a pair of methylene protomsto the ring nitrogen. (L)-configuration whereas Pro was in tR€D)-configuration.
This was supported by concomitant downfield shifts of the The stereochemistry of Aoda could not be determined by
corresponding two methine carbons in i€ NMR spec- this method without an authentic sample but was deduced
trum of apicidin B. 2D COSY and HMQC experiments were to beSon the basis of thé values of respective. and NH
used to deciphéiH—'H spin systems and distinguish proton- protons and analogy to apicidin.
bearing carbons, respectively. From the analysis of the COSY  Apicidin C (5a). HREI mass spectral analysis of apicidin
spectrum it was quite clear that apicidin B contained a Pro C (5a) gave a parent ion at/z609.3512, which afforded a
residue instead of pipecolic acid, which would account for molecular formula gH47/NsOg that was identical to apicidin
the lack of one methylene group. The COSY spectrum of B. The *H and *3C NMR spectra (Table 1) of apicidin C
4ashowed unambiguous correlationscof f—y—4 proline (5a) was virtually identical to the corresponding spectra of
protons, and assignments were confirmed by the requisiteapicidin except for the absence of the methyl triplet of
HMBC correlations of the proline protons. Other HMBC isoleucine (lle) and the presence of a methyl doublet,
correlations were identical to those observed in apicidin and suggesting substitution of lle with a Val. The Val substitution
were useful in deducing the amino acid sequence and thewas supported by théi—H COSY and the HMQC spectra
cyclic nature of the tetrapeptide. The structure of apicidin B and was confirmed by HMBC spectrum. The mass spectral
was further corroborated by its mass spectral fragmentationfragmentation ofsa further corroborated this substitution,
(Figure 1). The Pro residue was recognized by a characteristicche sequence of the cyclic tetrapeptide, and the structure of
apicidin C (Figure 2). Fragment ions at/z269 and 310/

miz 283 CH,

miz170 miz 269
(C47H19N205) > (C11HgNO) (CoaHiN,05) miz 170
CHj3 -OCHg, -H 1671171222 (C11H3No)
OCH = HaC CHa OCH;, -H
- > H ~
-H R -OCH, =
o H :
o]
1
ON\ O\
N
+2H
miz 70 \I(l/ +2H T miz 130
(C4HgN) miz 84 s (CoHgN)
miz 298 (CsftioN)
(C15H28N303) miz 312
iz 380 da | ™2 609 (", 9%) (C16H30N303) _
DPN— ’ /2 609 (M*, 10%)
(CasHagN303) m/z 579 (M-OCH,, 100%) miz 380 | m
20H26N303 (CosHagN3Og) 5a | ;579 (M-OCH,, 79%)

Figure 1. EIMS fragmentation of apicidin B4@). Fragment ion . . L .
intensities>5%, and all fragments were verified by high-resolution Figure 2. EIMS fragmentation of apicidin C5@). Fragment ion
measurements. intensities>15%, and all fragments were verified by high-resolution

measurements.

fragment ion atz 70 (GHgN). The corresponding fragment 312 originating from the splitting of the molecule into two

ion originating from the Pip residue appearsmafz 84  pajves, verify the lle to Val and Pro to Pip substitution in
(CsH1N), as evidenced in the mass spectrum of apicidin. apjcidin C compared to apicidin B. Apicidin C has a negative
Fragment ions am/z 283, 296/298, and 380 defined the sjgn of specific rotation like apicidin, and the identichl
connectivities Trp-lle, Pro-Aoda, and Trp-lle-Pro, respec- yajues ofa-CH and the respective NH protons suggest the
tively (Figure 1). identical stereochemistry of constituent amino acids. Hy-
Like apicidin, the hydrogenation of apicidin B using 10% drogenation oba using 10% Pd/C in a mixture of MeOH/

Pd/C produced exclusively des-methoxy apicidin 4b)( EtOAc gave des-methoxy compoubt (m/z579).
Hydrolysi$ of 4b with 6 N HCI containing 5% thioglycolic
acid after degassing in a sealed tube at 1@ @roduced the (7) Bidlingmeyer, B. A.; Cohen, S. A; Tarvin, T. L1. Chromatogr.

; ; N i+~1984,336, 93.
component amino acids. The hydrolysate was subdivided into (8) L- andp-Amino acid oxidase: Sigma A 9378 (Type IV isolated from
Crotalus adamanteusenom) and Sigma A 5418 (Type X froforcine

(6) Gehrke, C. W.; Takeda, H. Chromatogr.1973,76, 77. kidney lyophilized powder) obtained from Sigma-Aldrich Chemical Co.
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Apicidin B and apicidin C were evaluated in a variety of not require the electrophilia-epoxyketone moiety of HC-
antiprotozoal assays. Compoundis and 5a inhibited the toxin,!° trapoxin A, chlamydocin! cyl 1,2 and WF3161°
bindind® of [3H]-apicidin A to Eimeria tenella parasite to be active against HDAC and the malaria parasite. Further
HDAC with ICso values of 10 and 6 nM, respectively. studies on the apicidins may lead to better antimalarial and
Apicidin B showed 5-fold selectivity for parasite HDAC over antiprotozoal agents.
the host chick liver HDAC (I1G 50 nM), but apicidin C did
not show any selectivity. Apicidin B showed MIC valSes Acknowledgment. The authors thank Chris Cannova,
of 12.8, 411, and 189 nM again8&esnoitia jellisoni E. Tami Crumley, and Paula Dulski for technical help and
tenella, andP. falciparum, respectively, in cell culture and Instituto Nacional de Biodiversidad, Santo Domingo de
was slightly less active than apicidin. However, apicidin C Heredia, Costa Rica for providing plant materials for isolation
showed MIC values of 0.8, 101, and 69 nM in the above of fungus.
assays and was slightly more active than apicidin B and
apicidin (6.4, 100, and 201 nM). The activities of the des-
methoxy compoundgb and 5b were comparable to their (10) (a) Liesch, J. M.; Sweeley, C. C.; Staffeld, G. D.; Anderson, M. S;
respective parents. Weber, D. J.; Scheffer, R. Fetrahedron1982,38, 45. (b) Gross, M. L.;

The substitution oR-Pip toR-Pro in apicidin B caused  McCrery, D.; Crow, F.; Tomer, K. B.; Pope, M. R.; Ciuffetti, L. M.; Knoche,
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