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Three new sesquiterpene quinols (1, 2, and 5) and two known ones (3 and 4) were isolated along with
halistanol sulfate (6) from a marine sponge of the genus Aka collected from Yap Island, Federated States
of Micronesia. Their structures were determined from spectral data, and the structure of siphonodictyal
C (3) was revised. Sulfates 3 and 6 inhibit CDK4/cyclin D1 complexation, whereas 1 and 4 do not.

Cyclin-dependent kinase 4 (CDK4) plays an important
role in the G1/S transition phase in the cell cycle.1 It is
inactive in its native form and requires activation by
complexation with cyclin D1. The CDK4/cyclin D1 complex
phosphorylates the retinoblastoma protein (pRb), which
then releases the transcription factors (E2F) that are
essential for DNA synthesis. In healthy cells this process
is negatively regulated by a family of proteins designated
the p16INK proteins. It has been observed that in about 60%
of cancers one of these p16 proteins, INK4, is either
inactivated or absent, resulting in unregulated phospho-
rylation of pRb and consequent uncontrolled cell growth.
In such p16-deficient, but pRb positive cells, it should be
possible to stop the cell cycle by blocking the CDK4/cyclin
D1 complex with a small molecule; this constitutes a
potential target for drug discovery.

There have been a few reports of natural products
exhibiting CDK4/cyclin D1 complex inhibitory activity.2
Fascaplysin, a marine natural product isolated from a
Didemnum tunicate, showed significant and selective in
vitro inhibition of CDK4/cyclin D1 activity.3 Using a high
throughput screening assay to search for additional inhibi-
tors of CDK4/cyclin D1 phosphorylation, we found that the
butanol solubles from a solvent partition of the methanolic
extract of a sponge, Aka sp. (syn Siphonodictyon), showed
significant inhibitory activity. A literature search revealed
that several groups have studied a related sponge, Sipho-
nodictyon coralliphagum,4 and reported the isolation of a
variety of sesquiterpene quinols. An examination of the 1H
NMR spectrum of the crude active fraction from the Aka
sp. indicated the presence of similar compounds. We
describe herein the isolation and characterization of three
new sesquiterpene quinols (1, 2, 5). Also isolated were the
known quinol siphonodictyal C, for which the revised
structure 3 is proposed, siphonodictyal A (4), and halistanol
sulfate (6). The results of testing of four of the compounds
for inhibiting CDK4/cyclin D1 activity are also reported.

The molecular formula of compound 1, designated akaol
A, was fixed as C23H34O3 on the basis of HRESIMS and
13C NMR data, revealing seven degrees of unsaturation.
Its 1H NMR spectrum in CD3OD showed signals for the
following groups: four tertiary methyls (δ 0.38, 0.78, 0.88,
and 1.14), a benzylic methylene [δ 2.67 (1H, d, J ) 16 Hz)

and 2.80 (1H, dd, J ) 16, 7.5 Hz)] adjacent to a methine (δ
1.61), an isolated, deshielded methylene [AB quartet (δ 4.27
and 4.40, J ) 11 Hz)], and an aromatic proton (δ 6.51, s).
The 13C NMR data (Table 1) of 1, including DEPT and
HMQC results, revealed the presence of a pentasubstituted
aromatic ring, four tertiary methyls, a methoxyl (δ 57.5),
seven methylene, and two aliphatic methine groups. The
1H NMR signal corresponding to the methoxyl group
inferred from 13C NMR data was not readily observed, as
it was masked by the residual solvent signal. However, an
1H NMR spectrum taken in pyridine-d5 confirmed the
presence of the methoxyl group.

The aromatic ring accounts for four of the seven degress
of unsaturation, suggesting that the sesquiterpene unit is
tricyclic. Owing to the nature of the co-occurring metabo-
lites, a decalin system was suspected, and this suspicion
was supported by comparison of the 13C NMR data with
that of 3 and 4. Although limited structural sequence

* To whom correspondence should be addressed. Tel: (405) 325-5581.
Fax: (405) 325-6111. E-mail: fjschmitz@ou.edu.

† University of Oklahoma.
‡ National Institute of Water and Atmospheric Research.
§ Novartis Pharmaceuticals.

Table 1. 13C NMR Data for Compounds 1-3, 5, and 9a

C no. 1b,c 2b,c 3c,e 5c,e,f 913

1 42.1 (t) 41.9 (t) 40.9 (t) 40.7 (t) 39.5
2 19.5 (t) 19.5 (t) 19.9 (t) 20.0 (t) 18.9
3 43.2 (t) 43.3 (t) 43.5 (t) 43.6 (t) 42.2
4 34.0 (s) 34.0 (s) 33.9 (s) 34.0 (s) 33.0
5 54.9 (d) 54.4 (d) 51.7 (d) 51.8 (d) 50.2
6 21.0 (t) 20.9 (t) 24.8 (t) 24.8(t) 23.8
7 36.6 (t) 36.6 (t) 122.9 (d) 122.5 (d) 122.4
8 50.0 (s) 50.3 (s) 136.6 (s) 137.2 (s) 135.4
9 64.4 (d) 64.3 (d) 56.5 (d) 55.7 (d) 55.4

10 38.6 (s) 38.9 (s) 38.0 (s) 37.9 (s) 36.9
11 22.5 (q) 22.4 (q) 22.4 (q) 22.4 (q) 21.9
12 34.1 (q) 34.1 (q) 33.8 (q) 33.9 (q) 33.2
13 33.3 (q) 32.7 (q) 22.7 (q) 22.7 (q) 22.2
14 15.8 (q) 15.9 (q) 14.4 (q) 14.4 (q) 13.8
15 28.8 (t) 29.9 (t) 27.3 (t) 27.4 (t) 25.9
16 132.1 (s) 134.8 (s)d 130.5 (s) 129.8 130.3
17 143.9 (s)d 140.5 (s)d 149.3 (s) 144.2 124.1
18 141.8 (s)d 148.8 (s) 116.6 (s) 133.2 122.6
19 117.3 (d) 117.1 (d) 144.8 (s) 107.4 111.7
20 124.0 (s) 136.6 (s) 143.8 (s) g 142.5
21 142.5 (s) 142.1 (s) 123.4 (d) 133.4 147.2
22 73.7 (t) 62.4 (t) 198.1 (d) 169.5
23 57.5 (q)
a Spectra were recorded in CD3OD at 125 MHz, reference to

CD3OD (δ 49.0). b Assignments made by HMQC and HMBC
experiments. c Multiplicities were implied from DEPT experiments
(C ) s, CH ) d, CH2 ) t, CH3 ) q). d May be interchanged.
e Assignments are by analogy only, due to lack of sample for
assignment experiments. f Assignments of the aromatic carbons
are based on calculations.9,10 g Not observed.
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information could be gleaned from the COSY spectrum due
to minimal signal dispersion, a large portion of the carbon
skeleton could be confidently deduced from HMBC data
(Figure 1). Those elements of rings A, B, and C not
established directly from HMBC data were identified as
follows. First, the H-1 and H-5 1H NMR signals were each
identified through their HMQC correlations to carbons that
in turn were assigned from HMBC data. COSY correlations
discerned for each of these proton signals enabled us to in
turn identify C-2 and C-6 from the HMQC spectrum. This
enabled us to account for all the carbons comprising rings
A, B, and C. Closure of the bonds between C-2/C-3 and C-6/
C-7 was made on biogenetic grounds and by analogy to 3
and 4. The C-9/C-15 connection was established from the
H-9/H-15 coupling seen in the COSY spectrum. Connection
of the sesquiterpene skeleton to the aromatic ring to form
a five-membered ring was deduced from the HMBC data
(Figure 1), in particular the H-13/C-21 correlation. The
locations of the methoxymethylene group and the sole
aromatic proton were also revealed by HMBC data, espe-
cially the H-13 and H-22 correlations to a common aromatic
carbon signal at δ 142.5 (C-21) and H-19 to C-22. By
default, the hydroxyl groups were assigned to C-17 and
C-18, thus completing the planar structure of 1. The carbon
skeleton of 1 is the same as that of pelorol (7), which was
recently reported by Konig and Wright5a and ourselves5b

and was the first compound reported to have this skeleton.
The stereochemisty of 1 was determined as follows. An A/B
trans arrangement was assigned due to the general agree-
ment of the 13C NMR chemical shifts for the A/B rings of
1 with those of 7 and 4 and the C-10 methyl shift of δ 15.8,
which is characteristic of trans 10-methyl decalins.6 The
B/C ring junction was assigned as cis with an 8R-methyl
group on the basis of the following NMR data. The 13C
NMR chemical shift of the C-8 methyl (δ 34.1) is consistent
with an equatorial methyl group attached to a cyclohexane
ring.7 The proton chemical shift of the C-10 methyl group
is δ 0.38, noticeably upfield from the corresponding methyl
of pelorol, but is consistent with that expected8 for an axial
methyl shielded by an axial phenyl group. The 8R, 9R
stereochemistry is the only B/C ring fusion arrangement
that accounts for these data.

Compound 2, akaol B, has the molecular formula
C22H31O6SNa, which was derived from a combination of
HRESIMS and 13C NMR data. A difference of 46 mass units
between the pseudo molecular ions in the positive and
negative ESIMS spectra strongly suggested the presence
of a sodium atom in the molecule and a sulfate group was
inferred. The 13C NMR spectrum showed all 22 carbons,
and a DEPT spectrum established their multiplicities
(4CH3, 7CH2, 3CH, and 8C).

The 1H NMR spectrum of 2 was similar to that of 1
except for the following differences. The methoxymethylene
group signals in 1 were replaced by those of a hydroxyl-
methylene group (δ 4.62 and 4.68, J ) 13 Hz). Signals for
the benzylic methylene and the aromatic proton appeared
slightly farther downfield (δ 2.95, d, J ) 16 Hz and 3.01,
dd, J ) 16, 10 Hz) and at δ 6.76, respectively). The chemical
shifts of the sesquiterpene part of the molecule were
identical with those of compound 1, suggesting identical
skeletons and stereochemistry. However, the 13C chemical
shifts of the aromatic carbons of 2 differed from those of 1
owing to the absence of the methoxyl group and the
presence of the sulfate. HMBC correlations (see Experi-
mental Section) confirmed most of the same connectivities
seen in compound 1, and hence the same relative placement
of the substituents was implied. An HMBC correlation was
observed between one of the H-15 resonances and the
carbon signal at δ 140.5 (C-17).

The remaining problem was to locate the sulfate group
on one of the three oxygen atoms. Placement of the sulfate
group at C-22 was ruled out because the C-22 chemical
shift of 2 (δ 62.4) was very similar to that of the corre-
sponding benzylic methylene group of siphonodictyal H (8,
δ 65.2) and quite different from that of C-22 in 1 (δ 73.7),
where the benzylic oxygen is substituted. Of the remaining
two possible sites, C-17 is preferred over C-18, because if
it were to be situated at C-18, a large chemical shift
difference (about -6.8 ppm) would have been expected9 for
C-19 relative to that observed for 1, but a difference of only
0.02 ppm is observed between these carbon chemical shifts
in 1 and 2. Also, the calculated chemical shifts9,10 for all
the aromatic carbons fit better for the location of the sulfate
group at C-17 rather than C-18.11

The molecular formula for compound 3 was established
as C22H29O7SNa by a combination of HRESIMS and 13C
NMR data. The presence of a sulfate group and the
counterion was determined as for compound 2. The 13C
NMR spectrum showed all the carbons and the multiplici-
ties were determined by a DEPT spectrum (4CH3, 5CH2,
5CH, and 8C). The 1H NMR spectrum exhibited signals
for three tertiary methyl groups (δ 0.88, 0.92, and 0.92),
an olefinic methyl (δ 1.42), a benzylic methylene [δ 2.47
(1H, d, J ) 14 Hz) and δ 2.73 (1H, dd, J ) 16, 7 Hz)], a
proton on a trisubstituted double bond [δ 5.22 (1H, d, J )
4 Hz)], an aromatic proton (δ 6.94), and an aldehyde proton
(δ 10.1, s). Five of the oxygen atoms were thus accounted
for, one in the aldehyde function and four in the sulfate
group. As no signals attributable to oxygen-deshielded
aliphatic carbons were observed in the 13C NMR spectrum,
the remaining two oxygen atoms were assumed to be
present as phenolic OH groups, and this was consistent
with the occurrence of 13C NMR signals (δ 144.8, 143.8)
attributable to oxygenated aromatic carbons.

A desulfated, but otherwise identical compound, sipho-
nodictyal C (10), was reported by Sullivan et al. from
Siphonodictyon coralliphagum.4a The 1H and 13C NMR data
of compound 3 and siphonodictyal C are nearly identical,
a fact that is inconsistent for a free phenol and a sulfated
analogue. In an effort to resolve this inconsistency, we
recorded the mass spectrum using ESI, FAB, and EI modes
and observed that the sulfate group is lost during the
ionization process using EI, but not using the other analysis
modes. Since Sullivan et al. reported EIMS data for 10,
we assume that they inadvertently missed the presence of
the sulfate moiety in 10. The location of the sulfate in 3
could not be ascertained with the available spectral data.
Therefore expected chemical shifts of the aromatic carbons

Figure 1. HMBC (curved arrows) and 1H-1H COSY (solid bold lines)
correlations for 1.
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were calculated for all three possible structures, 3, 11, and
12. The calculated shifts9,10,12 for the isomer with the
sulfate group located at C-17 fit the observed values best
and are also consistent with the location of the sulfate
group in related sesquiterpene quinols.4a We propose that
the structure of siphonodictyal C be revised from 10 to 3.
The 13C NMR shifts of the sesquiterpene part were as-
signed by comparing the chemical shifts observed for 3 with
those assigned for 9.13 The stereochemistry remains as
assigned earlier.4a

The molecular formula for compound 4 was established
as C22H32O4 by HRESIMS (positive mode). The1H NMR
spectrum showed signals for four tertiary methyl groups
(δ 0.81, 0.83, 1.04, and 1.20). The lowest field of these was
indicative of a methyl group geminal to a hydroxyl (δ 1.20).
Two mutually coupled doublets at δ 6.62 and 6.98 (J ) 9
Hz) suggested the presence of two ortho protons on a
benzene ring. A singlet at δ 10.6 was assigned to an
aldehyde proton, and a corresponding carbon signal was
present in the 13C NMR spectrum (see Experimental
Section). The 13C NMR spectrum was weak due to the small
amount of sample available, and signals for only 19 carbons
were observed. However, most of these could be assigned

(see Experimental Section) from HMQC and HMBC data,
and a comparison of the 1H NMR and observable 13C NMR
data of 4 with those reported for siphonodictyal A4d isolated
from Siphonodictyon coralliphagum strongly indicates that
4 is siphonodictyal A.

The molecular formula of compound 5 was determined
to be C21H29O7SNa by HRESIMS and NMR data. The
sulfate nature of the compound was determined as before.
The 13C NMR spectrum showed signals for 20 carbons
instead of 21, and seven of these are in the olefinic and
aromatic region. We conclude that one of the aromatic
quaternary carbons could not be detected owing to the
small amount of sample. Its 1H NMR spectrum possessed
signals for three tertiary methyls (δ 0.92, 0.89, and 0.87)
and an olefinic methyl (δ 1.42) similar to compound 3. One
signal was observed at δ 5.31 (br s), which was assigned
to a proton on a trisubstituted double bond. In addition, a
signal observed at δ 6.31 was reminiscent of an aromatic
proton flanked by two phenolic groups. Benzylic methylene
protons were observed at δ 2.75 (1H, dd, J ) 16, 9 Hz) and
2.58 (1H, dd, J ) 16, 2.5 Hz).

The 13C data of the sesquiterpene part of 5 matched that
of compound 3 very well and suggested that all the oxygen
atoms are directly or indirectly attached to the aromatic
group. The sulfate group accounts for four oxygens, and
the remaining three were present in three phenolic hy-
droxyls. Thus the benzene ring bears a methylene, a proton,
a sulfate group, and three hydroxyl groups. The substitu-
tion pattern could not be ascertained from the available
spectroscopic data. 2D NMR data could not be obtained,
as the compound was unstable. The probable substitution
pattern was determined by calculation9,10,14 (for 10 possible
substitution patterns) assuming that the proton is situated
between two hydroxyl groups because of its chemical shift.
This resulted in the tentative assignment of structure 5
for this compound, for which we suggest the name sipho-
nodictyol I.

Compound 6 was identified as halistanol sulfate on the
basis of comparison of its characteristic 1H and 13C NMR
spectral data with that reported in the literature.15

Of the six compounds isolated, 1, 3, 4, and 6 were tested
in the CDK4/cyclin D1 assay. The nonsulfated compounds
1 and 4 did not inhibit complex formation at a concentra-
tion of 10 µg/mL, whereas the sulfated ones, 3 and 6,
inhibited complexation with IC50’s of 9 and 9.5 µg/mL,
respectively. The sulfate group may be acting as a phos-
phate mimic for binding to the cyclin complex.

Experimental Section

General Experimental Procedures. Optical rotations
were measured on a Rudolph Autopol III automatic polarim-
eter. All NMR spectra were recorded on a Varian VXR-500
MHz spectrometer with a switchable 3 mm probe. FABMS and
ESIMS were measured on VG ZAB-E and Micromass Q-TOF
mass spectrometers, respectively. EIMS was measured on a
Finnigan Polaris/GCQ plus spectrometer. RP VLC was carried
out using LRP-2 C18 gel (Whatman Inc.). Preparative HPLC
was performed using an RI detector and a Phenomenex ODS
column (250 × 10 mm).

Animal Material. The sponge was collected at depths of
∼10-20 m in Yap Archipelago, Micronesia, in 1995 and frozen
for shipment and storage. It forms firm, relatively thick-walled
tubes above coral, the base of which is inside cavities in living
coral. The oscular tubes are often multiple, having two or more
smooth branches, and are blunt at the apex. The parts of the
sponge that are visible are bright, dark yellow; the interior is
a duller yellow. The choanosome interior of the sponge emits
copious amounts of mucus. The sponge exterior is tough, the
interior softer. The ectosomal skeleton is tangential, forming
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a regular round-meshed reticulation of angular hastate oxeas,
and the choanosome is mushy and pulpy with scattered oxeas.
The sponge is an undescribed species of Aka de Laubenfels
(order Haplosclerida, family Niphatidae). A voucher is retained
at the University of Oklahoma (34YA95), and a part of this
has been deposited at the Natural History Museum, London,
United Kingdom (BMNH 2001.19.7.1).

Extraction and Isolation. Frozen specimens were cut into
small pieces and freeze-dried. The dry specimen (19.2 g) was
extracted with MeOH (300 mL × 2) followed by DCM-MeOH
(300 mL × 2). Combined extracts were concentrated to dryness
and subjected to Kupchan partitioning.16 The butanol extract
(1.09 g) from the Kupchan partition showed activity and was
chromatographed on a RP C18 VLC column using a step
gradient beginning with H2O and progressing in 20% incre-
ments to MeOH (100%), and the fractions were coded F008
(767 mg), F009 (56 mg), F010 (37 mg), F011 (25 mg), F012
(78 mg), and F013 (14 mg), respectively. Activity was detected
in a variety of fractions. Fractions F009-F012 were chosen
for further study based on 1H NMR spectra.

Each of the four fractions was first separated on RP HPLC
using MeOH-0.01 M Na2SO4 (8:2), and the subfractions were
subsequently purified using different MeOH-H2O mixtures
to obtain compounds 2-4.

Compounds 1, 2, 5, and 6 were obtained from another
portion of the butanol extract by chromatography over Sepha-
dex LH-20, followed by preparative RP HPLC using various
MeOH-H2O ratios.

Akaol (1): [R]D -12 (c 0.15, MeOH); 1H NMR (CD3OD) δ
6.51 (1H, s, H-19), 4.40 (1H, d, J ) 11 Hz, H-22), 4.27 (1H, d,
J ) 11 Hz, H-22′), 3.32 (3H, s, OCH3), 2.80 (1H, dd, J ) 16,
7.5 Hz, H-15), 2.67 (1H, d, J ) 16 Hz, H-15′), 2.60, 1.56 (2H,
m, H-7), 1.77, 0.94 (2H, m, H-1), 1.61 (1H, m, H-9), 1.58, 1.39,
1.32 (4H, m, H-2, H-6), 1.42, 1.19 (2H, m, H-3), 1.14 (3H, s,
13-CH3), 1.00 (1H, m, H-5), 0.88 (3H, s, 12-CH3) 0.78 (3H, s,
11-CH3), 0.38 (3H, s, 14-CH3); 13C NMR, see Table 1; HRES-
IMS m/z 357.2430 [M - H]- (calcd for C23H33O3, 357.2430).

Akaol (2): [R]D -36.0 (c 0.05, MeOH); 1H NMR (CD3OD) δ
6.76 (1H, s, H-19), 4.68 (1H, d, J ) 13 Hz, H-22), 4.62 (1H, d,
J ) 13 Hz, H-22′), 3.01 (1H, dd, J ) 16, 10 Hz, H-15), 2.95
(1H, d, J ) 16 Hz, H-15′), 2.63 (1H, m, H-7), 1.80, 0.93 (2H,
m, H-1), 1.62 (1H, m, H-9), 1.18 (3H, s, 13- CH3), 0.88 (3H, s,
12-CH3), 0.80 (3H, s, 11-CH3), 0.42 (3H, s, 14-CH3); 13C NMR,
see Table 1; HMBC H11/C-3,C-4,C-5; H-12/C-3,C-4,C-5; H13/
C-7,C-8,C-9,C-21; H14/C-1,C-5,C-9,C-10; H15/C-17; H19/C-
20,C-21; HRESIMS m/z 423.1812 [M - Na]- (calcd for C22H31O6-
SNa, 423.1841).

Siphonodictyal C (3): [R]D -13.1 (c 0.19, MeOH); 1H NMR
(CDCl3+CD3OD) δ 10.1 (1H, s, -CHO), 6.94 (1H, s, H-21), 5.17
(1H, d, J ) 4 Hz, H-7), 2.73 (1H, dd, J ) 16, 7 Hz), 2.47 (1H,
d, J ) 14 Hz), 1.42 (3H, s, 13-CH3), 0.92 (3H, s), 0.92 (3H, s),
088 (3H, s); 13C NMR, see Table 1; HRESIMS m/z 437.1629
[M - Na]- (calcd for C22H29O7S, 437.1634).

Siphonodictyal A (4): 1H NMR (CD3OD) δ 10.6 (1H, s,
-CHO), 6.95 (1H, d, J ) 9 Hz, H-19), 6.62 (1H, d, J ) 9 Hz,
H-20), 3.35, 3.07, 1.90, 1.28, 1.08, 0.85, 0.82; 13C NMR (CD3-
OD) (assigned signals are based on HMQC and/or HMBC data;
a few signals were not detected in any spectra due to small
sample size) δ 196.0 (C-22), 145.9, 126.6 (C-20), 116.2 (C-19),

74.2 (C-8; observed only in HMBC spectrum), 64.6 (C-9), 57.6
(C-5), 45.2 (C-7), 42.8 (C-3), 41.6 (C-1), 41.3, 34.1 (C-12), 34.0,
24.2 (C-13), 20.8 (C-15), 19.4 (C-11), 15.9 (C-14); HRESIMS
m/z 383.2245 [M + Na]+ (calcd for C22H34O4Na, 383.2198).

Siphonodictyol I (5): 1H NMR (CD3OD) δ 6. 31 (1H, s,
H-18), 5.31 (1H, br s, H-7), 2.75 (1H, dd, J ) 16, 9 Hz, H-15),
2.58 (1H, dd, J ) 16, 2.5 Hz, H-15), 1.42 (3H, s, H-13), 0.92
(3H, s), 0.89 (3H, s), 0.87 (3H, s); 13C NMR (see Table 1);
HRESIMS m/z 425.1699 [M - Na]- (calcd for C21H29O7S,
425.1634).
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