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Abstract: Axinelloside A was isolated from the lipophilic
infundibula as a strong human telomerase inhibitor (ICso

extract of the Japanease marine sponge Axinella
2.0 ug/mL). It has the molecular weight of 4780.4

as the monoisotopic mass of the 19 sodium salt. The chemical structure was elucidated mainly by
spectroscopic methods (2D NMR and MS). Axinelloside A consists of twelve sugars, e.g., a scyllo-inositol,
a p-arabinose, 5 p-galactoses, and 5 L-fucoses, together with an (R)-3-hydroxy-octadecanoic acid, 3 (E)-

2-hexadecenoic acids, and 19 sulfates.

Introduction

Telomerase is a ribonucleoprotein enzyme complex that
extends telomere length by adding hexameric (TTAGGG)
repeats onto the telomeric ends of chromosofrieslomerase
activity is essential for the sustained proliferation of most
immortal cells, including cancer cefidts activity is found in
more than 90% of cancer cells, but not in most normal dells.
Thus, inhibitors of telomerase are a target for anticancer drug
discovery? In fact, some synthetic inhibitors based on the
function of telomerase have been successful in clinical tfials,
while some natural products have been reported to inhibit
telomerasé.In the course of our continuing search for potential
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antitumor leads from Japanese marine invertebrates, we recently
reported the isolation of the first telomerase-inhibitory marine
natural products, dictyodendrines- from the marine sponge
Dyctyodendrillaverongiformis® which are sulfated alkaloids
and completely inhibited the human telomerase activity at 50
ug/mL. Subsequently, we found significant telomerase-inhibitory
activity in the lipophilic extract of the marine spongeinella
infundibula and bioassay-guided isolation afforded an unprec-
edented highly sulfated lipopolysaccharide named axinelloside
A. This paper describes the isolation and structure elucidation
of this novel metabolite.

Results and Discussion

Isolation and Characterization. The ether soluble portion
of the extract ofA. infundibula was subjected to solvent
partitioning between 90% MeOH angthexane. The active

DPresent address: Graduate School of Fisheries Sciences, Hokkaidon-hexane phase was fractionated by silica gel chromatography,

University, 3-1-1 Minato-cho, Hakodate 041-8611, Japan.
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followed by Gg reversed-phase HPLC. The final purification
was carried out by recycling HPLC on adXeversed-phase
column to yield axinelloside A (1.k 10-3% of wet weight).
Axinelloside A inhibited human telomerase with ansd@alue

of 2.0 ug/mL.

Axinelloside A had a large molecular weight (more than 4
kDa) as suggested by NMR and MS data. The presence of a
large number of sulfate groups was evident not only from frag-
ment ion peaks of 80 mass units ($Papart in the electrospray-
ionization time-of-flight mass spectrometry (ESI-TOF-MS) but
also those of 102 mass units (Nass© H) apart in the matrix-
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2003 68, 2765-2770.
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B-hydroxy fatty acid. ThéJy, 3 values of 15.4, 15.4, and 15.6
Hz for o,f-unsaturated fatty acids readily indicated tBe
geometry of all double bonds.

The alkali hydrolysates of axinelloside A were separated by
solvent partitioning, followed by ¢ reversed-phase HPLC to

| | furnish ana,S-unsaturated fatty acid. Its negative mode FABMS

- - I‘” ‘ : "I "”1‘ : : "} - ‘ spectrum exhibited an intense ion peakrét 253 [M — H] -,
180 160 140 120 100 80 60 40 20 ppm while 'TH NMR data unambiguously assigned it ai)-@-
hexadecenoic acid. On the other hand, the acid hydrolysates of
axinelloside A afforded a mixture of fatty acids which exhibited
two intense [M— H]~ ion peaks atr/z 253 and 299. Since the
ion peak at/z 253 [M — H]~ was assignable to that oE)-
2-hexadecenoic acid, the other ion peakn&t 299 [M — H]~
was considered to be derived frofthydroxy fatty acid.

— "‘f ‘ : [ ] : l‘—*‘ Therefore, the hydrolysates were methylated withhy IEHN,
8 7 6 5 4 3 2 1 ppm and separated by silica gel chromatography to afford the methyl
Figure 1. 'H and3C NMR of axinelloside A. ester of g-hydroxy fatty acid; the positive mode FABMS

spectrum exhibited two prominent ion peaksvér 315 [M +

assisted laser desorption ionization mass spectrometry (MALDI- H] ™ and 337 [M+ NaJ". FABMS data and interpretation of
TOF-MS)? which was also supported by an IR band at 1224 the COSY spectrum were consistent with methyl 3-hydroxy-
cmL. In fact, the acid hydrolysates of axinelloside A exhibited octadecanoate. The absolute configuration at C3 was determined
an intense sulfate ion peak as analyzed by ion chromatographyt© beR by the modified Mosher’s methdd.
on a Shim-pack IC-A3 (S) column, suggesting the presence of ldentification of Sugar Units. Analyses of the DQF-COSY,
10—20 sulfate groups in axinelloside ‘A. HOHAHA, HMQC, and HSQC-HOHAHA spectra of axinel-
NMR data showed many anomeric protons and carbons at!oside A measured in CIDD/D,O (9:1) led to one inositol
dn 5.0-5.5 anddc 100.0, respectively (Figure 1). In fact, 11 (& sugarA) and twenty-nine partial structurels-¢, b'-k’, and
anomeric signals were assigned from HMQC cross-pe&ks, m'-0') as shown in Figure 2. The connectivities of these partial
5.196¢ 101.5,04 5.096¢ 104.8,04 5.336¢ 102.8,04 5.206¢ structures were deduced by interpretation of HMBC and NOESY
100.3,0n 5.276¢ 101.4,64 5.126¢ 101.9,0n 5.156¢ 103.9, data, thereby identifying eleven sugars. NOESY cross-peaks,
On 5.316¢ 102.5,04 5.396¢ 98.1, 0 5.408¢ 100.2, anddy 0w 5.19by 3.88, o 3.78bn 3.88, andon 4.07bn 4.27,
5.44H¢ 97.7. In addition, théH and*3C NMR spectra exhibited ~ connected partial structurésandb’ to construct sugaB (p-
signals reminiscent of fatty acid residues (Figure 1). This was 9alactopyranose), while connectivity of the partial structures
also supported by tH8C NMR signals at aroundc 170.0 and ~ andc’ was derived by HMBC cross-peal; 5.096¢ 69.7,0n
IR absorptions at 1711 and 1643 thThese results readily ~ 4-756c 69.7, anddy 1.286¢ 83.0, and NOESY cross-peaks,
suggested that axinelloside A was a highly sulfated lipopoly- Ox 4.166n 4.40, 0y 4.75b4 4.40, andoy 4.75bn 1.28, thus
saccharide. Due to the limited amount of sample, we carried completing sugaC (L-fucose). The partial structuresandd
out the structural study of axinelloside A by NMR and MS Were connected by an HMBC cross-peak,5.336¢ 72.0, and
experiments, especially extensive 2D NMR. NOESY cross-peakﬁ,H 5.066y 4.67,04 5.066y 3.54, andy
Composition of SugarsTo determine sugar composition and  2-060+ 3.98, resulting in sugb (p-galactopyranose). HMBC
the absolute stereochemistry of sugars, the acid hydrolysatescr0SS-peaksy 5.206¢ 68.6 andjy 1.286¢ 83.6, and NOESY
of axinelloside A were converted into alditol acetates, which Cross-peakson 4.78by 4.31 andoy 4.78by 1.28, connected
were analyzed by both GC and GC/NiSThe peaks due to ~ Partial structurese and €, thereby constructing suga
heptaacetyl fucitol, heptaacetyl arabinitol, hexaacetyl galactitol, (L-fucose). Partial structuresand f* were linked by HMBC
and hexaacetylscylloinositol were observed in the ratio  Cross-peaks)y 5.200¢ 68.6 anddy 4.786¢ 68.6, and NOESY
5:1:5:1 in both GC and GC/MS analyses. These alditol acetatesCT0SS-Peaks)y 4.246y 4.31,014 4.780y 4.31, andy 4.310n
were identified by coinjection with authentic samples. 1.28, which completed sug&r(p-galactopyranose). Connectiv-
The absolute configuration of sugars was determined by 'ty Of partial structuregy andg’ established by HMBC cross-
Hara’s method? The sugars obtained by acid hydrolysis of P&aksdw 5.126c 68.6 andy 1.176¢ 82.6, and NOESY cross-

axinelloside A were converted into the methyRjdhiazolidine- ~ PeaksOn 3.880y 4.11,0 4.500y 4.11, anddy 4.506 1.17,

4-carboxylate derivatives and analyzed by GC, which resulted constructed sugas (L-fucose). Similarly, HMBC cross-peaks,
in L-fucose,D-arabinose, and—galactose. 5H 5.156c 69.7,5H 4.556(; 84.3, anchH 1.296c 84.3, and a

Identification and Stereochemistry of Fatty Acids.Analy- NOESY cross-peakyy 4.73by 4.55, correlated partial structures
ses of DQF-COSY, HOHAHA, HMQC, HMBC, NOESY, and handh’, completing sugaH (L-fucose). An HMBC cross-peak,
HSQC-HOHAHA data of intact axinelloside A led to the 0w 5.318¢ 73.8, and NOESY cross-peakis; 4.700w 4.44,0n
identification of threea,S-unsaturated fatty acids and one .4'486.H 3.68, ancﬁH 4.48by 3.78, connected partial .structures

i andi’, completing sugat (p-galactopyranose). Linkage of
(9) These fragment ion peaks were also consistent with the presence of partial StrUCturejsandj' was implied from HMBC correlations,

phosphate groups, which were excluded by the abseriée dfMR signals. On 5.396¢ 69.9 anddy 1.376¢ 81.3, and NOESY cross-peaks,
(10) lon chromatography showed 24% (w/w) of SOpresent in axinelloside
A

(11) Lévery, S. B.; Hakomori, S\ethods Enzymoll987, 138 13—25. (13) Kusumi, T.; Fukushima, T.; Ohtani, |.; Kakisawa, Fetrahedron Lett.
(12) Hara, S.; Okabe, H.; Mihashi, iChem. Pharm. Bull1987, 35, 501-506. 1991, 32, 2939-2942.
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Figure 2. Partial structure and key HMBC and NOE correlations.

On 4.536y 4.44 anddy 4.606y 4.44, resulting in sugal (L-
fucose). Similarly, HMBC cross-peakéy 5.406¢ 70.6, oy
4.586c 78.2,5}4 4.406C 78.2, ancBH 4.6260 78.2, and NOESY
cross-peaksyy 5.136 4.58 anddy 5.196y 4.58, established
the connection of partial structurksandk’, constructing sugar
K (p-galactopyranose). Finally, sudar(p-arabinopyranose) was
established by intramolecular HMBC cross-peaks5.446¢
63.6, Oy 3.846¢ 97.7, andoy 4.026c 97.7, within partial
structurel.

The configuration of anomeric protons was determined from
the three-bond coupling constant values between H1 and H2
(®Jn1H2), Which were obtained either by the 1B4 NMR
spectrum or by the DQF-COSY spectrum (Table 1). 3he 2
value of 7.7 Hz of the anomeric proton@j 5.19 in the sugar
B indicated its3-anomeric nature, while the smaly; 1, values
(ca. 4 Hz) for sugar€ to L, the o-anomeric protons in these
sugars. OtherfJyy coupling constant values and NOESY
correlation of each sugar further supported these results.

Glycosyl Sequence Analysislnterpretation of the HMBC
and NOESY spectra could determine not only the sequence of
sugars but also the position of fatty acids as depicted in Figure
3A. Sequencing of sugars was started from ségarhich was
located at a terminus of axinelloside A. The sequence of sugars,
A, B, C, and D, was deduced from a series of HMBC
correlations betweeA-H5 andB-C1, B-H3 andC-C1, C-H1
andB-C3, andC-H3 andD-C1. NOESY correlationd)-H6s/
E-H1 andD-H6sE-H5, connected sugaid andE, while the
connection of sugarE and F was established by an HMBC
cross-peak betweeB-H3 andF-C1. A NOESY correlation,
F-H6s/G-H1, linked sugard- andG. The sequence of sugars
G, H, I, J, andK was established by a series of HMBC cross-
peaks,G-H3/H-C1, H-H1/G-C3, H-H3/I-C1, I-H2/J-C1, and
J-H3/K-C1. A NOESY correlation betweed+H2 andL-H1
connected sugard and L, thereby completing the full sugar
sequence of axinelloside A.

Positions of Fatty Acids.HMBC correlations (Figure 3B)
betweenA-H1 anddc 170.0,04 5.88, anddc 170.0, andoy
6.95 andd¢ 170.0 placed arH)-2-hexadecenoic acid at position
C1 of sugarA, while those oK-H2/6¢ 169.8,01 5.886¢ 169.8,
andoy 7.186¢ 169.8 linked the second unsaturated fatty acid
at C2 of sugaK. The position of 3-hydroxyoctadecanoic acid
at C2 of sugaF was disclosed by HMBC cross-pealksH?2/

13264 J. AM. CHEM. SOC. = VOL. 127, NO. 38, 2005
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Figure 3. Parts of HMBC spectra of axinelloside A for glycosyl sequence
analysis (A) and for fatty ester linkages (B).

0¢c 175.7,04 2.676¢c 175.7, anddy 2.876Hc 175.7. The position
of the remaining E)-2-hexadecenoic acid could not be deter-
mined due to lack of informative HMBC and NOESY cross-
peaks. However, the downfield shifts Kf-H6s @n 4.40 and
oy 4.62) indicated the linkage oEj-2-hexadecenoic acid to
C6 of sugarK, thus completing determination of the sugar
sequence and position of fatty acids in axinelloside A as shown
in Figure 4.

Positions of Sulfate Groups.To determine the position of
sulfate groups, the deuterium isotope shift experiment was
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Table 1. H and 13C NMR Data of Axinelloside A in CD30D/D,0 (9:1) at 300 K2
H multiplicity BC H multiplicity BC
ring A (scyllo-inositol) ring G @-L-fucose)
1 5.23 ddJ=9.7,9.8 73.7 1 5.12 d=4.0 101.9
2 4.17 ddJ=94,98 81.8 2 3.98 dd,=4.0,10.5 70.0
3 3.71 ddJ=9.4,9.9 75.3 3 3.88 dd,=3.9,10.5 81.4
4 3.61 ddJ=9.4,9.9 74.5 4 4.50 brd,= 3.9 82.6
5 4.15 ddJ=9.1,94 78.0 5 411 brd,= 6.5 68.6
6 4.71 ddJ=9.1,9.7 82.3 6 1.17 d=6.5 18.6
ring B (3-p-galactose) ring H{-L-fucose)
1 5.19 dJ=77 101.5 1 5.15 dj=4.2 103.9
2 441 ddJ=7.7,10.0 79.1 2 3.81 dd,=4.2,10.6 71.1
3 3.78 ddJ=3.1,10.0 83.8 3 4.25 dd,=4.2,10.6 77.8
4 4.07 brdJ=3.1 72.3 4 4.73 brd] = 4.2 84.3
5 3.88 brtJ=7.2 76.0 5 4.55 brg] = 6.8 69.7
6 4.27 b 70.0 6 1.29 dJ=6.8 18.8
ring C (a-L-fucose) ring | &-p-galactose)
1 5.09 dJ=4.2 104.8 1 5.31 d=44 102.5
2 3.90 ddJ=4.2,10.5 71.9 2 4.32 dd,=4.4,10.5 71.7
3 4.16 ddJ=3.2,10.5 76.9 3 4.70 dd,=4.0,10.5 80.7
4 4.75 brdJ=3.2 83.0 4 4.48 brd] = 4.0 70.4
5 4.40 brqJ=16.6 69.7 5 4.44 brdd]=4.2,9.5 73.8
6 1.28 dJ=6.6 19.1 6 3.68 dd,J=4.2,12.2 64.4
3.78 dd,J=9.5,12.2
ring D (a-D-galactose) ring Jo(-L-fucose)
1 5.33 dJ=4.2 102.8 1 5.39 d]=4.0 98.1
2 3.97 ddJ=4.2,105 69.7 2 4.25 dd,= 4.0, 10.0 73.6
3 4.76 ddJ=3.2,10.5 775 3 4.53 b 71.3
4 5.06 brdJ=3.2 79.2 4 4.60 b 81.3
5 4.67 brtJ=16.6 72.0 5 4.44 brql=7.2 69.9
6 3.54 dd,J=6.6,12.1 70.3 6 1.37 d)=7.2 19.0
3.98 dd,J=16.6,12.1
ring E (a-L-fucose) ring K (-p-galactose)
1 5.20 dJ=4.0 100.3 1 5.40 d)j=3.9* 100.2
2 452 ddJ=4.0,10.0 76.9 2 5.48 dd,= 3.9, 10.4* 70.4
3 4.24 ddJ=4.2,10.0 75.4 3 5.13 dd,=4.2,10.4 75.7
4 4.78 brdJ=4.2 83.6 4 5.19 brd] = 4.2 78.2
5 4.31 brqJ=6.5 68.6 5 4.58 b 70.6
6 1.28 dJ=6.5 18.7 6 4.40 b 63.9
4.62 b
ring F (a-p-galactose) ring Ld-p-arabinose)
1 5.27 dJ=3.3 101.4 1 5.44 d]=3.9* 97.7
2 5.25 ddJ=3.3,10.6 70.7 2 4.09 dd,=3.9,10.5 69.0
3 4.93 ddJ=3.2,10.6 74.5 3 4.35 dd,=4.1,10.5 76.3
4 5.06 brdJ=3.2 79.2 4 4.71 c 77.5
5 4.85 brtJ=7.1 73.4 5 3.84 c 63.6
6 3.85 dd,J=7.1,12.8 67.5 4.02 c
3.98 dd,J=7.1,12.8
R (2-hexadecenoic acid) 3R2-hexadecenoic acid)
1 170.0 169.8
2 5.88 dJ=15.6* 123.8 5.88 d)=15.4* 122.2
3 6.95 td,J = 6.8, 15.6* 152.3 7.18 td,= 6.8, 15.4* 156.6
4 2.18 m 34.8 2.25 m 35.0
2.33 m
5 1.45 m 30.6 1.48 m 30.3
6—13 1.371.25 b 32.9-245 1.371.25 b 32.9-245
14 1.26 m 34.5 1.26 m 34.5
15 1.29 m 25.0 1.29 m 25.0
16 0.88 tJ=7.1* 15.8 0.88 t)=7.1* 15.8
Rz (2-hexadecenoic acid) 4R3R-hydroxy-octadecanoic acid)
1 175.7 170.6
2 2.67 dd,J=9.8, 14.2* 454 5.93 dJ = 15.4* 122.9
2.87 dd,J=2.9, 14.2*
3 4.09 m 71.2 7.13 td,= 6.8, 15.4* 153.9
4 1.50 m 39.7 2.23 m 349
5 1.32 m 28.4 1.49 m 30.5
6—15 1.371.25 b 32.9-245 1.371.25 b 32.9-245
16 1.26 m 34.5 14 1.26 m 34.5
17 1.29 m 25.0 15 1.29 m 25.0
18 0.88 tJ=7.1* 15.8 16 0.88 t)=7.1* 15.8

aThe coupling constant values marked with an asterisk were determined frdh gfizctrum, and others were determined from the DQF-COSY spectrum.
bThe coupling constant values could not be determined due to the signal overlaghingsoss-peaks between H4 and H5s for ring L are observed in the
DQF-COSY spectrum.

J. AM. CHEM. SOC. = VOL. 127, NO. 38, 2005 13265
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Figure 4. Chemical structure of axinelloside A.
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Figure 5. HMQC spectra of axinelloside A in GOD/D,O (9:1) (red)
and in CB3OH/H,0 (9:1) (black).

carried out. In case of carbohydraté%; chemical shift values

RS

=
Me o Me. E D Ho X X [o]
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o L X0 X0 X0 A= 0 ) 2 o O o OH
0
o G OH o ox xoo ox HO A
oo X0 C OH B
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ring E, C3 and C4 of the ring-, C4 of the ringG, C4 of the

ring H, C3 of the ringl, C4 of the ringJ, C3 and C4 of the
ring K, and C3 and C4 of the ring were found to be sulfated.
C4 positions in all fivea-L-fucose residues, C3 positions in all
four a-p-galactose residues, and C4 positions in three out of
four a-p-galactose residues were sulfated, while several other
positions in the sugar units were irregularly sulfated, which
makes the chemical structure very complex. The lowfigid
and 13C chemical shifts of carbons possessing sulfate groups
also supported the assignment made by the deuterium isotope
shift experiment of axinelloside A.

Molecular Weight and Structural Determination by MS
Analyses.Although the complete structure could be proposed
by extensive 2D-NMR analyses, the exact molecular weight
remained to be determined. In the case of highly sulfated
polysaccharides, it is difficult to obtain their molecular ion peaks
due to the labile nature of sulfate grousTo overcome this
problem, various attempts have been made; particularly effective
is ESI mass measurements with excess quaternary ammonium
salts!® In fact, we could observe a molecular ion peak of
axinelloside A in the electrospray-ionization quadrupole ion trap
mass spectrum (ESI-QIT-MS) when measured with excess
ammonium counterions. To ensure the quality of mass spec-
troscopy, metal cation contaminants, such as,Ma’, and C&",
were removed by treatment with Dowex 50WX8 resin, followed

of carbons possessing free hydroxyl groups are downfield shifted by neutralization with ammonium hydroxide. The negative ion

in the range—0.2 to —0.1 ppm when measured in,0,
comparing with those measured in®** The isotope shift
experiment of axisinelloside A revealed several significant
isotope shifts as determined by HMQC data measured igt CD
OD/D,0 (9:1) and in CRROH/H,0 (9:1), revealing the presence
of 11 carbons bearing hydroxyl groups (Figure B):C3 (Adc

= 0cop — Ocon= —0.17),A-C4 (-0.17),B-C4 (—0.15),C-C2
(—0.16), D-C2 (—0.14), G-C2 (—0.14),H-C2 (—0.14),1-C4
(—0.14),1-C6 (—0.17),L-C2 (-0.14), andR2—C3 (—0.17).
Although the glycosylated carbon 6-C3 also showed down-
field shift (Adc = —0.12), the small value for positivAdy

(0p — oOp) for C-H3 proton (<+0.01) indicated that this was
not a result of deuterium isotope effects. Therefore, the
remaining 19 oxygen-linked carbons which were neither gly-
cosylated nor esterified by fatty acids were concluded to be
sulfated; e.g., C2 and C6 of the ridg C2 and C6 of the ring

B, C4 of the ringC, C3 and C4 of the rin@®, C2 and C4 of the

mode ESI-MS spectra of axinelloside A tetramethylammonium
salt (Figure 6A) showed average mass signals in the triple (
1844), quadruplenf/z 1365), pentuplentyz1077), and hextuple
charge states§z 885), corresponding to the molecular ion at
m/z 5755 (molecular weight 5756.13 calcd from;@4470117
Si1oN1g), which was consistent with the presence 19 sulfate
groups in axinelloside A as established by the deuterium shift
experiment. This was also supported by the negative ion mode
MALDI-TOF-MS (Figure 6B) measured with 6-aza-2-thio-
thymine (ATT) as a matrix and sodium counterions, which
revealed a weak peak due to a molecular iom/at4761 (M —
Na)~, consistent with the molecular weight of 4780.4 as the
monoisotopic mass of the 19 sodium salt. Thus, the molecular
formula of axinelloside A is GH2180117S19Nago.

Furthermore, mass fragmentation analysis of axinelloside A
was carried out using MALDI-TOF-MS method to substantiate
the molecular structure assigned. Several MS/MS experiments

(14) (a) Pfeffer, P. E.; Valentine, K. M.; Parrish, \&.. Am. Chem. S0d.979
101, 1265-1274. (b) Reuben, 1. Am. Chem. Sod985 107, 1747
1755.
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(15) Harvey, D. JMass Spectrom. Re1999 18, 349-451.
(16) Gunay, N. S.; Tadano-Aritomi, K.; Toida, T.; Ishizuka, I.; Linhardt, R. J.
Anal. Chem2003 75, 3226-3231.
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Figure 6. Negative-ion mode mass spectra of axinelloside A. (A) ESI-QIT mass spectrum obtained with excess tetramethylammonium salt, where M is the
molecular weight of axinelloside A 19 tetramethylammonium sap4d4470117S19N1g) and R is the mass of the tetramethylammonium (MMen. (B)
MALDI-TOF mass spectrum obtained using 6-aza-2-thiothymine as a matrix in the presence of NaCl.
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Figure 7. Negative-ion mode MALDI-TOF mass spectrum of the H-exchanged axinelloside A obtained using DHBAd B-Cleavages of M (M —
18NaSQ + 18H — Na)~ were assigned in the spectrum, where M is the molecular weight of axinelloside A 19 sodium;satb{§0117S10Nayg). Peaks
with an asterisk in the spectrum correspond to the fragment peaks ¢MM- 17NaSQ + 17H — Na) ™.

and in-source decay fragmentation of intact axinelloside A were at m/z 2922 (G3H23/063S), corresponding to the monosulfate

unsuccessful due to poor fragmentation. The mass spectrum offragment of axinelloside A,

in addition to several major

the proton-exchanged sample obtained by treatment with Dowexprominent signals betweem/z 600 and 2800, presumably
50WX8 resin showed a strong fragment peak (M Figure 7)

generated by glycosyl linkage cleavages of Ya@ndB-types
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from the M ion (Figure 7). All theseY- andB-cleavages were  dimensionalH and*C spectra were recorded at 300 K with 32K and
observed at most of the glycosyl linkages, which unambiguously 64K data points, respectively. The DQF-COSY spectra were measured
supported the glycosyl sequence. Interestingly, each prominentin Phase-sensitive mode using 8K (t2) by 1K (t1) data points. The
peak was observed as an adduct with one sulfate group, Whichmixing time in NOESY experiments was 300 ms, and the spin-locking
suggested that the sulfate group was localized randomly at one!'™e I HOHAHA was 80 ms. HMBC and HMQC spectra were

" o . . .~ recorded essentially as described in the literature. For the deuterium
of the sulfated positions in intact axinelloside A, thereby causing . . . . . ) )
. .. isotope shift experiment, 1 mM of axinelloside A in gDH/H,O (9:
the fragmentations from both termini of the molecule.

. i ) 1) was used for HMQC experiment. HOHAHA-HSQC spectra were
Concluding Remarks. In this paper, we show that axinel- 450 measured with the mixing time of 60 ms. A usual data size for

loside A, a potent telomerase inhibitor from the marine sponge 2p measurements was 2K (t2) by 1K points (t1) with a phase sensitive
A. infundibulg is a highly sulfated, unusual lipopolysaccharide mode except for those of DQF-COSY. FABMS spectra were acquired
of the molecular weight 4780.4. The sugar backbone was on a JEOL JMX-SX102/SX102 tandem mass spectrometer at an
comprised of 12 sugars, e.g.seylloinositol, ap-arabinose, 5 accelerating voltage of 10 kV. After the sample dissolved-iarOH/
p-galactoses, and 5fucoses, to which oneRj-3-hydroxyoc- MeCN/H,O (2:3:3) and 5 mM ammonium acetate, ESI-MS analysis
tadecanoic acid, 3H)-2-hexadecenoic acids, and 19 sulfates Was performed in a negative ionization mode, using a Q-Tof2 mass
were attached. It should be noted that axinelloside A shows SPectrometer equipped with a nanospray ionization source (Micromass
some similar structural features to sulfate polysaccharides from UK Limited, Manchester, UK). The negative and linear or reflector

the marine spong€hondrilla nuculaand Dysidea fragilis'” mOde. MALDI-TOF-MS was pe_rformed using an Ultraflex I T.OF/
TOF instrument (Bruker Daltonik GmbH, Bremen, Germany) with 1

W!’llCh are composed (_)f fuc_ose, arabm_ose, and galactose, togeth%_ of a 9:1 (v/v) mixture of a matrix ¢-cyano-4-hydroxy cinnamic
with sulfated hexuronic acids (approximately two sulfate groups acid, sinapic acid, 2,5-dihydroxybenzoic acid, or 6-aza-2-thiothymine)
per sugar residue). and a counterion (0.1% TFA or 0.2 M NaCl). The negative ion mode
Scylleinositol is a rare polyol in natural products; phospha- ESI-MS analysis of the tetramethylammonium salt of the sample was
tidyl scyllo-inositols and a sialylatescyllo-inositol galactoside performed using an LTQ mass spectrometer (Thermo Electron, San
were reported from plant seé@sand normal human urin€, Jose, CA) fitted with a nano-ESI probe. IR spectrum was recorded on
respectively, althougrscyllo-inositol is widely contained in a JASCO FT/IR-5300 spe_ct_rophoton_weter. Optical rotation was measured
human brains.R)-3-Hydroxy fatty acids are typically found in ona JA_SCO DIP-_lOOO digital polarimeter. UV spectra were recorded
bacterial lipopolysaccharicé: in fact, (R)-3-hydroxyoctade- ~ ©n @ Shimadzu Bio Spc-1600 spectrophotometer. _
canoic acid was contained iHelicobacter pylorilipid A.2 _Animal Material. The sponge was collected by hand using Scuba
: : diving at 15-20 m depths off Shikine-jima Island (328 N, 13912
Although E)-2-hexadecenoic acid was not reported from natural . . oo
N . E), the Izu Islands, and kept frozen until extraction. It was identified
sources, '_t |s_a_nalogous to the most common fatty aCI(_js_(us’u""”yasAxinella infundibula and the voucher specimen was deposited at
C10—Cye) in lipid A. To the best of our knowledge, this is the e zoological Museum of University of Amsterdam (ZMA POR
first report of a fatty acid-contained sulfated polysaccharide from 15731).
a marine sponge. It is likely that axinelloside A is produced by  Tejomerase Inhibition Assay. A pellet of 2 x 1C° cells of
symbiotic bacteria, and its function in the sponge is an telomerase positive HeLa cells was extracted with 20@f CHAPS
interesting subject. buffer (L mM MgCh, 1 mM EGTA, 10 mM Tris-HCI, pH 7.5, 0.1
Axinelloside A strongly inhibited the activity of human mM benzamidine, 5 mMs-mercaptoethanol, 0.5% CHAPS, and 10%
telomerase with an 1§ value of 0.4uM (2.0 ug/mL). Perhaps glycerol). Telomerase activity was measured by the telomeric repeat
the sulfate groups in axinelloside A play an important role for amplification_protocol (TRAP) method with a slight modificatib?ﬁ
the activity, since the dictyodendrins lost all telomerase inhibi- A -5 4L portion of the test solution was added to a mixture of/@.3

. ) of TRAP buffer solutiodand 0.5«L of the cell extract, and the mixture
Loarz dacﬂvt\)//avs\/hreer;)zzgztetﬁz:UOFTZizve;;(;er(?g Gr;ttg/e ;(t:r de)r was preincubated on ice for 20 min. After addition @L7of a solution
) -€.18

.. L. .. that contained 25 ng of TS primer and 0.5 nmol of dNTP mixfittes
competitively 'nh'b'te_‘d the aCt'\_/'ty of tqumeras_Ki (= 3_'1 reaction mixture was incubated at 30 for 40 min and then heated at
:_“M)-zz The mechanism of action of axinelloside A is an  goec for 10 min in order to inactivate telomerase. After the reaction
interesting subject. mixture was cooled to room temperature, additions of 0.15 U of TaKaRa
Ex Taq (Takara Bio Inc., Japan) and 20 of a solution prepared by
mixing 96 uL of TaKaRa Ex Taq buffer, 19.2L of dNTP solution

General ProceduresFor NMR spectroscopy, a sample is dissolved (2.5 mM), 2.59uL of TS primer solution (lug/uL), 2.59uL of ACX
at the concentration of 1 mM in GDD/D,0 (9:1). NMR spectra were primer solution (lug/uL), 1.20uL of NT primer solution (0.5:g/uL),
recorded on a Bruker Avance 600 or an Avance 800 spectrometer, and12.0uL of TSNT solution (0.0lumol),? and 826.%L of water were
data processing was performed with XWINNMR software (Bruker) made; PCR was then conducted for 30 cycles consisting of 3 cycles
running on Silicon Graphics Qvorkstations!H and'3C chemical shifts (94 °C for 30 s, 66°C for 30 s, and 72C for 30 s), 3 cycles (94C
were referenced to solvent peaksiat3.302 anddc 50.695 for CR- for 30 s, 62°C for 30 s, and 72C for 30 s), and 24 cycles (94 for
OD/D,;0O (9:1) and aty 3.310 anddc 50.806 for CROH/H,O (9:1) 30 s, 58°C for 30 s, and 72C for 30 s). The PCR products were
related to DSS (2,2-dimethyl-2-silapentane-5-sulfonic acid)-trimethyl analyzed by SDS PAGE on a 7%/15% polyacrylamide gel in Tris-
singlet resonance (0 ppm for proton and carbon) as the standard. Oneborate buffer (2.22 mM Tris-HCI, 2.22 mM 4803, and 0.055 mM
EDTANg&) at 150 V for 90 min. The gel was stained with Gel Star

Experimental Section

(17) Zierer, M. S.; Mouite, P. A. S.Carbohydr. Res200Q 328 209-216.
(18) Kinnard, R. L.; Narasimhan, B.; Pliska-Matyshak, G.; Murthy, P. P. N. and phqtograph(e.d und?r a uv lamp. .
Biochem. Biophys. Res. Comi®95 210, 549-555. Isolation of Axinelloside A. A 1.2 kg portion of the frozen sponge
(19) Parkkinen, JFEBS Lett.1983 163 10—13. . i i . )
(20) Caroff, M.; Karibian, D.Carbohydr. Res2003 338 2431-2447. (3.9 kg) was successively gxtracted with MEOH (4.4 L), EtOH (.2 9
(21) Moran, A. P.; Lindner, B.; Walsh, E. J. Bacteriol. 1997, 179, 6453- L), and acetone (3.0 L), while a 2.7 kg portion was also successively
6463. extracted with MeOH (6.0 L), EtOH (3.3 L), and acetone (3.0 L). The

(22) Oda, M.; Ueno, T.; Kasai, N.; Takahashi, H.; Yoshida, H.; Sugawara, F.;
Sakaguchi, K.; Hayashi, H.; Mizushina, Biochem. J2002 367, 329—
334. (23) Kim, N. W.; Wu, F.Nucleic Acids Resl997 25, 2595-2597.
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extracts were combined and partitioned between water (2.0 L) a@d Et
(4.0 L). The EtO layer was partitioned between 90% aqueous MeOH
(1.0 L) andn-hexane (2.1 L). A 7.2 g portion of the activehexane
fraction (12.2 g) was separated by silica gel column chromatography
using stepwise elution with CHEICHCL/MeOH (9:1), CHCYMeOH/

H,O (9:1:0.1), CHCY/MeOH/H,O (3:2:0.5), MeOH, anch-BuOH/
AcOH/H,0 (4:1:2), while the remaining portion of timehexane fraction

centrifugal evaporation. The hydrolysates were partitioned between
water (1 mL) and AcOEt (1 mlx 4). The organic layer was dried
over anhydrous N8O, and concentrated to afford 0.6 mg of fatty acids.
A 5.2 mg portion of axinelloside A was hydrolyzed in a mixture of
MeOH (675uL) and 4 N aqueous LiOH (225L) at room temperature

for 17 h. The reaction mixture was diluted with MeOH (1 mL) and
then was neutralized witl N aqueous HCI. After dilution with water

was separated by silica gel column chromatography using stepwise (2 mL), the mixture was dried by centrifugal evaporation and then

elution of CHC}, CHCl/MeOH (9:1), CHCYMeOH (7:3), CHCY
MeOH (3:2), CHCYMeOH/H,O (3:2:0.5), CHGY/MeOH/H,O (3:2:
0.75), MeOH, ton-BuOH/AcOH/H0O (4:1:2). A 696.1 mg portion of
the active fraction (1035.6 mg) was separated hyréversed-phase
HPLC on COSMOSIL AR-Il (Nacalai Tesque) using a gradient elution
from 40% MeCN containing 50 mM AcONHto 60% MeCN
containing 50 mM AcONH The active fraction (129.1 mg) was
purified by reversed-phase HPLC on Develosil C30-UG-5 (Nomura
Chemical Co.) withn-PrOH/MeCN/HO (3:1:2) containing 100 mM
AcONH,. The active fraction (95.0 mg) was further purified by
recycling re-
versed-phase HPLC on Develosil C30 eluted witAirOH/MeCN/HO
(3:1:2) containing 100 mM AcONMHto afford axinelloside A (27.6
mg, 0.0011% based on wet weight).

Axinelloside A: Colorless amorphous solidy[*, —10.C° (¢ 0.10,
MeOH); UV (MeOH) Amax 210 nm; IR (film) vmax 3464, 3144, 3045,
2926, 2847, 1711, 1643, 1406, 1224, 1049tm

Alditol Acetate Analysis of Axinelloside A** A 0.1 mg portion of
axinelloside A was hydrolyzed with 90% aqueous HCOOH/10%
aqueous TFA (1:1, 0.5 mL) at 7@ for 18 h. The hydrolysates were
dried by centrifugal evaporation and then in vacuo. The hydrolysates
were partitioned between water (300) andn-hexane (30QL x 3).

To the aqueous layer were addedd00f 1 M aqueous NHand 300
uL of DMSO solution of NaBH (20 mg/mL). After being kept at 40
°C for 90 min, the reaction was quenched by addition ofi#0of
AcOH in an ice bath. The reaction mixture was dried by centrifugal

lyophilized. The hydrolysate was partitioned between water (1.5 mL)
and AcOEt (1.5 mLx 4). The organic layer was dried over anhydrous
N&aSO, and concentrated to yield 1.1 mg of fatty acids. The AcOEt-
soluble fractions were combined and purified by @&versed-phase
HPLC on COSMOSIL AR-Il using a gradient elution from 90%
aqueous MeOH containing 200 mM NaGl@ 97% aqueous MeOH
containing 200 mM NaClI@to afford 1.0 mg of E)-2-hexadecenoic
acid. FABMS (matrix: triethanolaminaz 253 [M — H]~; 'H NMR
(600 MHz, CQxOD) 6 6.91 (1H, dtJ = 6.9, 15.6 Hz), 5.78 (1H, d
=1.5, 15.6 Hz), 2.20 (2H, ddg, = 1.5, 6.9, 7.1 Hz), 1.46 (2H, t§,=
7.1, 7.3 Hz), 1.28 (20H, m), 0.98 (3H,,= 6.9 Hz).

Isolation of 3-Hydroxyoctadecanoic Acid Methyl Ester from
Axinelloside A. A 0.5 mg portion of axinelloside A was hydrolyzed
with 90% aqueous HCOOH/10% aqueous TFA (1:1, Q). The
mixture was heated at 7@ overnight, and the reaction mixture was
dried by centrifugal evaporation. The hydrolysate was partitioned
between water (40@L) and n-hexane (40QuL x 3). The aqueous
layer was further extracted with CH{C(400 uL). The n-hexane and
the CHC} layers were combined to yield 0.1 mg of a mixture of fatty
acids. Additionally, a 1.5 mg portion of axinelloside A was hydrolyzed
in a similar manner to that mentioned above. The hydrolysate was
partitioned between water (3Q.) and n-hexane (30Q:L x 3). The
aqueous layer was further extracted with ACOEt (3@0x 2). The
n-hexane and AcOEt layers were combined to furnish 0.3 mg of a
mixture of fatty acids. The two fatty acids-containing preparations were
combined and then dissolved in a mixture of Q0of toluene/MeOH

evaporation and then in vacuo. To the residue was added AcOH/dry (7:2) and 6uL of 2 N aqueous HCI. To this solution were added 50
MeOH (1:99, 50quL x 5), and then the solvents were removed in a #L 0f 2 M trimethylsilyl diazomethane im-hexane. The mixture was

stream of N gas in order to blow boric acid away as methyl borate.
200uL of dry pyridine and 20Q:L of Ac,O were added to the mixture.
After being kept at 100C for 50 min, the reaction mixture was cooled
to room temperature and then dried in a stream 9§&k. The alditol

kept at room temperaturerfd h and concentrated in a stream of N
gas to yield 0.6 mg of the crude methyl esters, which was purified by
silica gel chromatography using stepwise elution witthexane,
n-hexane/AcOEt (95:5)n-hexane/AcOEt (9:1)n-hexane/AcOEt (8:

acetates were dissolved in acetone, and aliquots of the solution were2), andn-hexane/AcOEt (7:3) to afford 0.1 mg of the methyl ester of

applied to GC on DB-1701)(& W SCIENTIFIC,¢ 0.25 mmx 30 m)
using the temperature program from 150 to 2%D at a rate of 3
°C/min. Retention times (min): fucose (21.1), arabinose (22.2),
galactose (30.4)scylloinositol (32.5). Fucose, arabinose, galactose,
andscylloinositol were detected in the ratio of 5:1:5:1.
Determination of the Absolute Configurations of Sugars'? A 0.5
mg portion of axinelloside A was hydrolyzed in 90% aqueous HCOOH/
10% aqueous TFA (1:1, 5Qd.) at 70°C overnight. The hydrolysates
were dried by centrifugal evaporation and then in vacuo. The reaction
mixture was partitioned between water (400) and n-hexane (400
uL). The aqueous layer was further extracted with CH@DO uL).
To the water-soluble fraction was added 0.9 mg-@fysteine methyl
ester hydrochloride in 10QL of dry pyridine, and the mixture was
kept at 60°C for 1 h. After cooled to room temperature, 100 of
trimethylsilyl imidazole were added to the reaction mixture, which was
warmed at 60°C for 30 min. The trimethylsilyl ethers of the methyl
(4R)-thiazolidine-4-carboxylate derivatives were analyzed by GC on
DB-1701 using the temperature program from 180 to 25@t a rate
of 3°C/min. Retention times (min)o-arabinose (23.4),-fucose (26.2),
D-galactose (36.5).
Isolation of (E)-2-Hexadecenoic Acid from Axinelloside AA 2.2
mg portion of axinelloside A was hydrolyzed in a mixture of MeOH
(300uL) and of 4 N aqueous LIOH (98L) at room temperature for
12 h. The reaction mixture was diluted with MeOH (1 mL) and then
was neutralized with 1 N aqueous HCI. The mixture was dried by

3-hydroxyoctadecanoic acid. FABMS (matrix: NBAYz 315 [M +
H]* and 337 [M+ NaJ*; IH NMR (CD:OD, 600 MHz)6 3.96 (1H,
m), 3.66 (3H, s), 2.47 (1H, dd, = 4.2, 15.0 Hz), 2.38 (1H, dd] =
8.5, 15.0 Hz), 1.45 (2H, m), 1.28 (26H, m), 0.89 (3HJ & 6.9 Hz).
Determination of the Absolute Configuration of Methyl 3-Hy-
droxyoctadecanoate’® To a 50ug portion of methyl 3-hydroxyocta-
decanoate, a 10@L portion of a mixture composed of pyridine (250

uL), CH.Cl, (250 uL), DMAP/pyridine (5uL, 2.3 mg/mL), and {)-

MTPACI (5 uL) was added. The mixture was kept at room temperature
for 2 h. The reaction was quenched by addition of saturated aqueous
NaHCQ; (200 uL), and the mixture was extracted with AcOEt (200

uL x 3). The AcOEt layer was dried over anhydrous,8la:. After

filtration, the AcOEt layer was concentrated in a stream efgis.

The residue was separated by silica gel column chromatography using
stepwise elution withn-hexane,n-hexane/AcOEt (95:5)n-hexane/
AcOEt (9:1), andn-hexane/AcOEt (8:2) to yield theS|-MTPA ester

of methyl 3-hydroxyoctadecanoate.

A 50 ug portion of methyl 3-hydroxyoctadecanoate was similarly
reacted with 4)-MTPACI to yield the R-MTPA ester of methyl
3-hydroxyoctadecanoatdo values of H2, H3, and H4 were obtained
from both'H NMR and COSY spectra.

Determination of Sulfate Contents by lon Chromatography.A
55 ug portion of axinelloside A was hydrolyzed at 7C overnight
with 90% aqueous HCOOH/10% aqueous TFA (1:1, Q). The
reaction mixture was concentrated by centrifugal evaporation. The
residue was resolved in 4Q@ of water, and 1QuL aliquots of the
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solution were analyzed by ion chromatography on a Shim-pack IC-A3
(S) (Shimadzu Co., Kyoto, Japan) with IC-MA3-1 (Shimadzu Co.).

The quantity of sulfate ion was estimated from the calibration curve
using an authentic sample.
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