1496 J. Nat. Prod.2006, 69, 1496-1499

Indoleamine 2,3-Dioxygenase Inhibitors from the Northeastern Pacific Marine Hydroid
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Crude extracts of the marine hydra@hrveia annulatashow potent inhibition of indoleamine 2,3-dioxygenase (IDO).
Fractionation of the extract led to the identification of the new polyketides annuli),2{hydroxygarveatin E4),
garveatin E%), and garvin C9). Annulins A (2), B (3), and C () were found to be submicromolar inhibitors of IDO.

Immune escape plays an important role in cancer progréssion Samples ofG. annulatawere collected by hand using scuba in
and fetal developmefit.Although the mechanism is still not  Barkley Sound, British Columbia. Freshly collected animals were
completely understood, it has been proposed that indoleamine 2,3-exhaustively extracted with MeOH, and the combined extracts were
dioxygenase (IDO) plays a central role in evasion of T-cell-mediated concentrated in vacuo to give a deep orange, gummy residue. The
immune rejectiort.IDO catalyzes the oxidative cleavage of the 2,3 residue was added to water, and the resulting suspension was
bond of tryptophan, which is the first and rate-limiting step in the sequentially extracted with hexanes, £H, and EtOAc. Only the
kynurenine pathway of tryptophan catabolism in mammalian €ells. CH,Cl,-soluble material inhibited IDO. Silica gel flash chroma-
T-cell lymphocytes are extremely sensitive to tryptophan shortage, tography followed by both normal- and reversed-phase HPLC was
which causes them to undergo cell cycle arrest in G1. Degradationused to generate pure samples of annulin®)AB (3), and C (),
of tryptophan by IDO expressed by tumors or by the placenta garveatins A §), C (7), and E §), 2-hydroxygarveatin E4),
inhibits T-cell proliferation and, as a result, prevents immunological 2-hydroxygarvin A 8), and garvin C ). The known compounds
rejection of the tumor or fetus. Expression of IDO is known to be annulin A )3 annulin B @),'3 garveatin A 6),11 garveatin C),12
constitutively activated in a large number of human cangéts.  and 2-hydroxygarvin Ag)2 were identified by comparison of their
has recently been shown that the IDO inhibitor 1-methyltryptophan spectroscopic data with the literature values.
potentiates the efficacy of DNA-damaging chemotherapeutic agents  apnulin C (1) was isolated as a yellow oil that gave an [M]
in the inhibition of tumor growth in mouse modél$n addition, ion atm/z 374.1367 in the HREIMS, appropriate for a molecular
IDO present in the ocular lens has been implicated as a key factor¢yrmula of GH2:0;. The 1D and 2D NMR data obtained for
in the development of senile catara&8pecifically, the long-term annulin C () showed a strong resemblance to the data obtained
accumulation of tryptophan degradation products and the ability o, annulin A ©),1* indicating that the molecules were closely
of these compounds to modify the major lens protein, crystallin, (qated. The major difference in tHel NMR spectra of the two
have bgen identified by_ Trl_Jscott and colleagues as a major compounds was the absence in the spectrum of annull) 6f@
mechanism of lens opacificatidn. resonance that could be assigned to the hemiketal OH present in

Most of the known IDO inhibitors are tryptophan analogues, the spectrum o (6 4.85) and its replacement by a methyl singlet
which are active only at concentrations o0 uM and greater, 4t 3.45. This methyl resonance showed an HMBC correlation to
making them marginal drug candidate’$.As part of a program 4 carhon resonance &t106.8, assigned to a ketal, suggesting that
designed to find more potent IDO inhibitors belonging to NeW ina hemiketal at C-2 in annulin /) had been replaced by a methyl
structural classes, we have screened a library of marine invertebratg a4 in annulin C 1). The MS data and the remainder of the NMR
extracts for their ability to inhibit human IDO in vitro. A crude  4ata were consistent with the structdréor annulin C. Annulin C
MeOH extract of the Northeastern Pacific hydr@dr.eia annulata (1) may be an isolation artifact in which the C-8 methyl ketal has
showed promising inhibitory activity in the IDO ass&. annulata been formed by reaction of the co-occurring metabolite annulin A
has previously been shown to be an extremely rich source of highly (2) with the MeOH extraction solvent.
functionalized anthracene- and naphthalene-based polykétidés.
IDO assay® guided fractionation identified the new polyketide
annulin C () and the known compounds annulin 2 @nd annulin
B (3) as the most potent IDO inhibitors in tl&. annulatacrude
extract. A second group of compounds that included the new
compounds 2-hydroxygarveatin B)(and garveatin E5) as well
as the known compounds garveatin 8),(garveatin C T), and
2-hydroxygarvin A 8) were found to be less potent IDO inhibitors.
Garvin C Q), an inactiveG. annulatametabolite with a new carbon
framework, was isolated during the course of this investigation.
Details of the isolation and structure elucidation of the new metab-
olites 1, 4, 5, and9 along with a discussion of the IDO inhibitory
activities of theGarveia polyketides are presented below.

2-Hydroxygarveatin E4), isolated as a yellow oil, gave a [M
+ Na]* ion atm/z 379.1160 in the positive ion HRESIMS, con-
sistent with a molecular formula of,gH,00s (calcd for GoH2006-
Na, 379.1158), requiring 11 sites of unsaturation. THeNMR
spectrum of4 contained resonances that could be assigned to an
ethyl fragment§ 1.12, t,J = 7.7 Hz, Me-1; 2.67, q) = 7.7 Hz,
H-2/H-2), four methyl groupsd 1.44, s, Me-19; 1.56, s, Me-18;
1.76, s, Me-20; 2.21, s, Mel7), an aromatic methider (72, s,
H-13), and a phenol OH)(13.37, s, OH-6), accounting for 19 of
the 20 protons in the molecule. HMBC correlations observed
between the methyl resonance @tl1.13 (Me-1) and a carbon
resonance ai 149.2 (C-3); between the methylene resonance at
2.67 (H-2/H-2) and carbon resonances @tl44.3 (C-16), 149.2
- X . (C-3) and 188.6 (C-4); and between the methyl resonané@ 1
E-mgi(l):rrf;npc?;glr?g@iﬁ?é?gr:énzgéggé. 02?4 822 4511. Fax 604 822 6091. (\10.17) and carbon resonancesdat44.3 (C-16), 149.2 (C-3),

t Chemistry and EOS. and 183.5 (C-15) suggested that the methyl and ethyl residues were

* Biochemistry and Molecular Biology. vicinal substituents on para quinone substructure. The aromatic
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methine resonance ét7.72 (H-13) showed an HMBC correlation  of one oxygen atom. Analysis of the NMR data obtained Sor
to the quinone carbonyl resonanc&dt83.5 (C-15), which situated  indicated that it differed from 2-hydroxygarveatin & €imply by

the aromatic methine carbon vicinal to the carbonyl. Additional loss of the hydroxyl functionality at C-9. Thiél NMR spectrum
HMBC correlations between the aromatic methide7(72) and of 5 contained resonances that could be assigned to an ethyl (
carbon resonances @t114.5 (C-5) and 122.3 (C-14) and between 1.14,t,J = 7.6 Hz, Me-1; 2.66, ¢J = 7.6 Hz; H-2/H-2) and two

the phenolic OH resonance at 13.27 (OH-6) and carbon  olefinic methyl ¢ 2.21, s, Me-17; 1.95, s, Me-18) groups, an
resonances at 114.5 (C-5), 122.3 (C-14), and 160.4 (C-6) were aromatic methined 7.76, s, H-13), and a pair of geminal methyls
consistent with placement of the phenol-bearing carbon (C-6) vicinal (6 1.46, s, Me19/Me-20). HMBC correlations between the meth-
to the second quinone carbonyl (C-4). The two methyl resonancesylene proton resonance at 2.66 (H-2/H-2) and a carbonyl
ato 1.44 (Me-19) and 1.76 (Me-20) showed HMBC correlations resonance ai 188.9 (C-4) and between the methyl resonanak at
to carbon resonances at48.4 (C-11), 154.5 (C-12), and 207.0 2.21 (Me-17) and a carbonyl resonancé 483.3 (C-15) confirmed
(C-10), which demonstrated the methyls were geminal substitutentsthat the ethyl and one of the methyl residue$ iwere also vicinal

on a quaternary carbon (C-11) attached on one side to an aromaticsubstituents on gara quinoine, as in4. The olefinic methyl
ring and on the other side to a saturated ketone. HMBC correlationsresonance at 1.95 (Me-18) showed HMBC correlations to carbon
from the methyl resonance atl.56 (Me-18) to carbon resonances resonances ai 200.0 (C-8), 113.3 (C-9), and 160.6 (C-10), and
at 0 83.9 (C-9), 194.3 (C-8), and 207.0 (C-10) showed that the the aromatic methine @t7.76 (H-13) showed an HMBC correlation
methyl was attached to a nonprotonated carbon (C-9) bearing anto the quaternary carbon at48.3 (C-11), all in agreement with
oxygen, which was in turn flanked by two ketones. The oxygen the proposed structurg

atom on C-9 had to be part of a hydroxyl functionality to account  Garvin C Q) was isolated as a pale yellow solid that gave a [M
for the molecular formula oft. There were two possible ways to — H]~ ion at m/z 327.0866 in the negative ion HRESIMS,
attach theggemdimethyl-bearing carbon (C-11) and ketone termini  appropriate for a molecular formula ofgEl:60s (calcd for GgH150s
(C-8) of the aliphatic fragment to the unsatisfied valences of the 327.0869), requiring 11 sites of unsaturation. Detailed analysis of
napthaquinone fragment (C-7 and C-12). The HMBC data had the NMR data collected fd® showed that it was closely related to
shown that thgeemdimethyl-bearing carbon was linked to a carbon the known metabolite garvin B1Q). In particular, the COSY,
with a chemical shift ofd 154.5. This deshielded carbon (C-12) HMQC, and HMBC data (Figure 1) confirmed the presence of
could only bemetato the phenol (C-6), leading to the structuére d-lactone (C-1 to C-4, C-15, and C-16) and dihydroxy naphthalene
for 2-hydroxygarveatin E, which is a C-4/C-I%ara quinone (C-4to C-6 and C-11 to C-15) substructure9ithat were identical
analogue of the previously described metabolite 2-hydoxygarveatin to the corresponding substructureslih Two long-range HMBC

B (10). correlations not shown in Figure 1, between the aromatic methine
Garveatin E ), a very minor component of the extract, was atd 7.15 (H-13) and the ester carbonyl resonancé 469.9 (C-
obtained as a pale yellow oil that gave an fMNa]t ion at m/z 16) and between the 14-OH resonancé &0.94 and the aromatic

363.1200 in the HRESIMS, consistent with a molecular formula carbon resonance at136.8 (C-12), both ascribed & coupling
of CoH200s (caled for GoHo00sNa, 363.1208), which differed from  pathways, provided additional support for the substitution pattern
the molecular formula of 2-hydroxygarveatin & €imply by loss on the naphthalenic substructure. HMBC correlations observed
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150 Table 1. In Vitro Inhibition of IDO by G. annulataMetabolites
Ki (uM)
3-39/(( annulin C () 0.14
3, 4_71\0 annulin A @) 0.69
75.4 -~ HMBC annulin B @) 0.12
, /gﬁ% 2-hydroxygarveatin E4) 14
garveatin E ) 3.1
61 O m— COSY garveatin A 6) 3.2
155.7 garveatin C7) 1.2
NS 2-hydroxygarvin A 8) 2.3
OH 1004 1-methyltryptophat 6.6
157 Tiae 111.2
Figure 1. Selected COSY and HMBC correlations observed for Suggesting that they may not pass through the yeast cell wall. The
garvin C Q). potency of the annulins should make them useful tools to investigate

the mechanism of action of IDO in vitro, but further studies on
human cells will be required to determine if the annulins have
potential as drug leads or cell biology tools.

Experimental Section

General Experimental Procedures.NMR spectra were recorded
on a Bruker Avance 400 and a Bruker Avance 600 equipped with a
Cryoprobe, at 400 and 600 MHz, respectively, in CB€I NMR
o spectra were referenced to CR@H & 7.24 ppm;*3C 6 77.0 ppm).
OH EIMS spectra were obtained with Kratos MS-50, Micromass LCT, and
O o Bruker Esquire-LC mass spectrometers. Silica gel (Silicycle;- 28D
0 oH mesh) was used for column chromatography; precoated Si gel plates
(Merck, Kieselgel 60 Fs4, 0.25 mm) were used for TLC analysis. A
9 Waters 1500 Series pump system, equipped with a Waters 2487 dual
Figure 2. Possible biogenesis of garvin @)(from an octaketide 3 absorbance detector and an Alitech Econosil siliganbor a C18
precursor. 5 um column, was used for HPLC.

Animal Material. The hydroidGarveia annulata(Nuttig, 1901,
between methyl resonances@il.57 (Me-17) and 1.58 (Me-18)  phylum Cnidaria; class Hydrozoa; order Anthomedusae; suborder
and carbon resonances @#3.9 (C-9), 137.8 (C-10), and 178.5 Filifera; family Bougainvillidae) was collected by hand using scuba
(C-8) identified a quaternary carbon bearing a pair of geminal in Barkley Sound, British Columbia, at a depth o120 m. Samples
methyl groups that was linked to an ester/acid carbonyl as one of Were stored in a freezer for 3 days until extraction. _
the two remaining substituents at C-7 or C-10 of the naphthalenic _ EXtraction and Isolation. Collected animals were extracted with
fragment in9. In order to account for the molecular formula®f MeOH, and the combined extracts concentrated in vacuo to give an

- - orange residue (0.36 g). The residue was added@aihd partitioned
the carbonyl functionality had to be part ofyalactone fused to with hexanes, CbCl,, and EtOAc. The ChCl-soluble IDO-active

the naphthalemc fragment. An HMBC correlation between the ¢action (0.13 g) was subjected to Si gel CC (20% EtOAc/hexanes),
aromatic methine ap 7.07 (H-11) and the quaternary carbon followed by normal phase HPLC (15% EtOAc/hexanes), to afford the
resonance ai 43.9 (C-9) demonstrated that the quaternary carbon new analogue annulin @) (0.3 mg) and the known metabolite annulin
wasortho to H-11, as shown i®, which was consistent with the B (3) (0.6 mg). A second batch &. annulataspecimens was processed
relatively shielded chemical shift observed for the oxygenated as above to generate 2.5 g of active CH extract. Si gel gradient
aromatic carbon C-70(134.1), which was part of the-lactone. CC, followed by gradient (20% GI&N/H,O to 83% CHCN/HO) or

. - ) ) isocratic (70% CHCN/HO) reversed-phase HPLC, yielded the new
The new metabolites annulin Ay 2-hydroxygarveatin E4), garveatin E$) (0.5 mg) and the previously reported 2-hydroxygarveatin

and garveation E5) repre;ent minor structlural varia?ions of the g (10) (1.1 mg), annulin A2) (0.5 mg), garveatins Ag) (34 mg) and
known compounds annulin ) and garveatin B. Garvin GJ on C (7) (0.5 mg), and 2-hydroxygarvin A8 (3.7 mg). Additional
the other hand, while obviously related to garvinB)( has anew purification of IDO-active fractions by reversed-phase HPLC (70%-CH
carbon framework not previously found amoBgrueia polyketides. OH/H;0) yielded the new compounds 2-hydroxygarveatird(Q.4
The garvin C skeleton might arise from degradation of garvin B mg) and garvin C¥) (0.3 mg). Due to limited amounts of compounds
(12), which requires excision of the equivalent of one polyketide isolated, all*®C NMR data were derived from HMQC and HMBC
residue comprising C-8/C-9 along with the associated subsituents.SPectra. o -
Alternatively, as shown in Figure 2, garvin 8)(might arise from Enzyme Activity Assays.The effect of extracts and purified com-

a dimethylated octaketide instead of the putative nonaketide ~POUNds on IDO activity was determined with the use of recombinant
precursor to garvin B. Cyclization of the octaketitido give a human IDO expressed i&. colit” and purified by a method similar to

hthaleni fused to &l 4 and | that used by other$:*® Assays of IDO activity used for screening
naphthalenic core fused toa&lactone on one end and a cyclo- inhibitory capability of extracts were performed by the end-point method

butanone on the other (i.gll,), followed by a biological Baeyer — of Takikawa et ats Inhibitory constantsk; values) were determined

Villager reaction on the cyclobutanone, would lead directly to garvin with a continuous spectrophotometric activity aséayerformed in

C (9. sodium phosphate buffer (100 mM, pH 6.5, Z5) with [IDO] of 50
Table 1 lists theK; values for in vitro inhibition of IDO by the ~ NM and [-Trp] of 0.1 mM. The uncertainty if; values determined

G. annulatapolyketides as determined by continuous spectro- [N this work is 10%. _

photometric analysi¥ The most active compounds are annulin 8 Annulin € (1): yellow oil; *H NMR (CDCl;, 400 MHz)0 12.2 (1H,

(3), annulin C (), and annulin A 2), which have a common 3’70""4)’ 7'441(1"" s, H-15), 3.82 (3H, 5, H-10), 3.45 (3H, s, H-18),

. .75 (2H, qJ = 7.5 Hz, H-2), 2.41 (3H, s, H-17), 1.68 (3H, s, H-19),

5-hydroxy-6-ethyl-7-methyl-1,4-naphthoquinone core substructure. 1.62 (3H. s, H-20), 1.12 (3H, | = 7.5 Hz, H-1):3C NMR (CDCl)

The annulins are all significantly more active than 1-methyltrypto- 5157 2 (’C-’9), 160.3 (C-4), 154.3 (C-12)’, 1453 (C-16), 140.0 (C-3),

phan K; ~ 6.6uM), which is one of the most potent IDO inhibitors 121 5 (C-15), 106.8 (C-8), 88.3 (C-11), 52.5 (C-10), 51.7 (C-18), 26.4

reported to date in the literatutf Annulins A, B, and C were all (C-19), 26.4 (C-20), 19.7 (C-17), 19.4 (C-2), 12.8 (C-1); HREIMZ

inactive in a recently developed yeast-based IDO inhibition aSsay, 374.1367 (calcd for &H2,0;, 374.1366).




Notes

Garveatin E (5): pale yellow oil;*H NMR (CDCl;, 400 MHz) 6
14.6 (1H, s, OH-10), 10.15 (1H, s, OH-5), 7.76 (1H, s, H-13), 2.66
(2H, q,d = 7.6 Hz, H-2), 2.21 (3H, s, H-17), 1.95 (3H, s, H-18), 1.46
(3H, s, H-19), 1.46 (3H, s, H-20), 1.14 (3H,X= 7.6 Hz, H-1);*C
NMR (CDCl) 6 200.0 (C-8), 188.9 (C-4), 183.3 (C-15), 160.6 (C-
10), 148.9 (C-3), 145.3 (C-16), 122.2 (C-14), 117.5 (C-13), 114.4 (C-
12), 113.3 (C-9), 48.3 (C-11), 30.0 (C-19), 27.7 (C-20), 19.5 (C-2),
12.5 (C-1), 12.2 (C-17); HRESIMBVz 363.1200 (calcd for &H2oO0s-

Na, 363.1208).

2-Hydroxygarvin E (4): yellow oil; *H NMR (CDCls, 600 MHz)6
13.3 (1H, s, OH-6), 7.72 (1H, s, H-13), 2.67 (2HJo5= 7.7 Hz, H-2),
2.21 (3H, s, H-17), 1.76 (3H, s, H-20), 1.56 (3H, s, H-18), 1.44 (3H,
s, H-19), 1.12 (3H, tJ = 7.7 Hz, H-1);*3C NMR (CDCk) 6 207.0
(C-10), 194.3 (C-8), 188.6 (C-4), 183.5 (C-15), 160.4 (C-6), 154.5 (C-
12), 149.2 (C-3), 144.3 (C-16), 122.3 (C-14), 115.2 (C-13), 114.5 (C-
5), 83.9 (C-9), 48.4 (C-11), 30.0 (C-19), 26.4 (C-18), 26.2 (C-20), 19.8
(C-2), 12.7 (C-1), 12.3 (C-17); HRESIM8vz 379.1160 (calcd for
CooH2006Na, 379.1158).

Garvin C (9): pale yellow oil;*H NMR (CDCls, 600 MHz)6 10.94
(1H, s, OH-14), 7.15 (1H, s, H-13), 7.07 (1H, s, H-11), 4.71 (1H, m,
H-2), 4.31 (1H, ddJ = 17.9, 4.3 Hz, H-3a), 3.39 (1H, dd,= 18.2,

3.4, H-3b), 1.59 (3H, dJ = 6.36 Hz, H-1), 1.57 (3H, s, H-17), 1.58
(3H, s, H-18);%C NMR (CDCk) 6 178.5 (C-8), 169.9 (C-16), 155.7
(C-14), 140.3 (C-4), 137.8 (C-10), 136.8 (C-12), 134.1 (C-7), 116.1
(C-15), 112.6 (C-11), 111.2 (C-13), 75.4 (C-2), 43.9 (C-9), 33.7 (C-
3), 25.1 (C-17), 25.1 (C-18), 20.6 (C-1); HRESIM®z 327.0866 (calcd
for C18H1505Na, 3270869)

Acknowledgment. Financial support was provided by the National
Cancer Institute of Canada (R.J.A.), CIHR grant MOP-7182 (A.G.M.),
CIHR grant MOP-64340 (M.R.), and a Canada Research Chair
(A.G.M.). We thank M. LeBlanc and the staff of the Bamfield Marine
Station for assisting the collection &. annulataand A. Balgi for
technical assistance.

References and Notes
(1) Dranoff, G.Nat. Re.. Cancer2004 4, 11—-22.

Journal of Natural Products, 2006, Vol. 69, No. 10499

(2) Friberg, M.; Jennings, R.; Alsarraj, M.; Dessureault, S.; Cantor, A.;
Extermann, M.; Mellor, A. L.; Munn, D. H.; Antonia, S. Int. J.
Cancer2002 101, 151-155.

(3) Uyttenhove, C.; Pilotte, L.; Theate, |.; Stroobant, V.; Colau, D.;
Parmentier, N.; Boon, T.; Van den Eynde, BNat. Med.2003 9,
1269-274.

(4) Muller, A. J.; DuHadaway, J. B.; Donover, P. S.; Sutano-Ward, E.;
Prendergast, G. Q(Nat. Med.2005 11, 312-319.

(5) Grohmann, U.; Fallarino, F.; Pucetti, Prends Immunol2003 24,
242-248.

(6) Munn, D. H.; Zhou, M.; Attwood, J. T.; Bondarev, |.; Conway, S.
J.; Marshall, B.; Mellor, A. L.Sciencel998 281, 1191-1193.

(7) Muller, A. J.; Prendergast, G. Cancer Res2005 65, 8065
8068.

(8) Takikawa, O.; Truscott, R. J.; Fukao, M.; Miwa, &dv. Exp. Med.
Biol. 2003 527, 277—285.

(9) (a) Korlimbinis, A.; Hains, P. G.; Truscott, R. J. W.; Aquilina, J. A.
Biochemistry2006 45, 1852-1860. (b) Korlimbinis, A.; Truscott,
R. J.Biochemistry2006 45, 1950-1960.

(10) Muller, A. J.; Malachowski, W. P.; Prendergast, G EZpert Opin.
Ther. Target2005 9, 831—-849.

(11) Fahy, E.; Andersen, R. J.; Cun-heng, H.; Clardy].Org. Chem.
1985 50, 1149-1150.

(12) Fahy, E.; Andersen, R. J.; Van Duyne, G. D.H.; Clardy. Org.
Chem.1986 51, 57-61.

(13) Fahy, E.; Andersen, R. J.; Xu, C.; Clardy,JJ.Org. Chem1986
51, 5145-5148.

(14) Fahy, E.; Andersen, R. J. Can. J. Chem1987, 65, 376-383.

(15) Takikawa, O.; Kuroiwa, T.; Yamazaki, F.; Kido, R. Biol. Chem.
1988 263 2041-2048.

(16) Sono, M.; Cady, S. (Biochemistryl1989 28, 5392-5329.

(17) Vottero, E.; Balgi, A.; Woods, K.; Tugendreich, S.; Melese, T
Andersen, R. J.; Mauk, A. G.; Roberge, Biotechnol. J2006 1,
282-288.

(18) Papadopoulou, N. D.; Mewies, M.; McLean, K. J.; Seward, H. E.;
Svistunenko, D. A.; Munro, A. W.; Raven, E. Biochemistry2005
44, 14318-14328.

(19) Sugimoto, H.; Oda, S. I.; Otsuki, T.; Hino, T.; Yoshida. T.; Shiro,
Y. Proc. Natl. Acad. Sci. U.S./2006 103 2611-2616.

NP060111X



