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Diterpenoids from the Mediterranean Brown Alga Dictyota sp. Evaluated as Antifouling
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Yannick Viano, Dominique Bonhomme, Mercedes Camps, Jean-Frangois Briand, Annick Ortalo-Magné, Yves Blache,

Louis Piovetti, and Gérald Culioli*

Laboratoire MAPIEM (EA 4323), Université du Sud Toulon-Var, Avenue de I’Université, BP 20132, F-83957 La Garde Cedex, France

Received February 17, 2009

Four new cyclized diterpenes, one xenicane (1) and three dolabellanes (2—4), were isolated, along with seven previously
reported metabolites [35-hydroxydilophol (5), dictyols E (6) and C (7), hydroxycrenulide (8), 9-acetoxy-15-hydroxy-
1,6-dollabelladiene (9), hydroxyacetyldictyolal (10), and fucoxanthin], from a Mediterranean species of Dictyota sp.
collected in Le Brusc Lagoon (French Mediterranean coast). Their structures, as well as their relative configurations,
were determined through extensive spectrometric (IR, HRESIMS, 1D and 2D NMR) data analysis and molecular modeling
studies and by comparison with those reported in literature. Some of the isolated metabolites were evaluated for their
antiadhesion activity against a marine bacterial biofilm (Pseudoalteromonas sp. D41).

All surfaces immersed in the marine environment are subject to
colonization by micro- (bacteria and microalgae) and then macro-
organisms (macroalgae and invertebrates), which results in the
formation of a complex biological layer. This process is called
biofouling. Bacteria are of special importance because they are the
first colonizers of free surfaces and they are also known to be
implicated in the regulation of the subsequent settlement by
invertebrate larvae.! After an initial step of attachment to a surface,
bacteria develop into a complex, organized, three-dimensional
community.? These bacterial biofilms, which confer a high degree
of protection to the cells, are particularly resistant, and thereby new
developments in effective biocides are needed.’

Among brown algae, Dictyota species are the most significant
producers of secondary metabolites, especially diterpenoids.* These
compounds can generally be divided according to their carbon
skeleton into three groups: xenicanes, dolabellanes, and “extended
sesquiterpenes”. Biological studies have shown a great number of
these diterpenoids to possess algicidal,” antibacterial,®~ ' antifun-
gal,'" antiviral,">'? cytotoxic,'*~'” antifeedant,'®'*~2° or antifoul-
ing?'? activities.

In continuation of our project centered on the isolation of
bioactive metabolites from marine algae,>*~>° we have initiated a
study on the chemical composition of the brown alga Dictyota sp.
collected from the French Mediterranean coast (Le Brusc Lagoon,
Var), which has afforded 11 compounds. These include one novel
xenicane (1) and three novel dolabellane (2—4) diterpenoids together
with six known diterpenes (5—10) and the carotenoid fucoxanthin.
The planar structures of these metabolites were characterized by
extensive spectroscopic analysis and by comparison of the data with
those of related compounds. Assignments of relative configurations
were accomplished by extensive NOE and molecular modeling
studies. The bioactivity of metabolites isolated in sufficient amount
3, 4, 6—9, and fucoxanthin) was evaluated against a marine
bacterial biofilm (Pseudoalteromonas sp. D41) with the aim of
screening new potential natural antifoulants.

Results and Discussion

Shade-dried thalli of Dictyota sp. were extracted with a mixture
of CHCl3/MeOH. The lipophilic fraction of the crude extract was
concentrated and fractionated by gravity column chromatography.
The eluted fractions were further purified by reversed-phase HPLC
to yield four new diterpenes (1—4) in addition to seven known
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compounds [34-hydroxydilophol (5),%¢ dictyols E (6) and C (7),?’
hydroxycrenulide (8),'***%? 9-acetoxy-15-hydroxy-1,6-dollabella-
diene (9),'*33! hydroxyacetyldictyolal (10),** and fucoxanthin®?].

Compound 1 was obtained as a colorless oil and gave an [M +
H — MeOH]" ion by HRESIMS at m/z 303.2339 for a molecular
formula of CpH3,0;. '*C NMR analysis revealed the presence of
three quaternary, eight methine, five methylene, and five methyl
carbons (Table 1). The absence of absorbances in the IR spectrum
of 1 for carbonyl and the lack of signals above 150 ppm in its '*C
spectrum clearly illustrated that all oxygen functionalities within it
are in the form of hydroxy or ether groups. This deduction was
supported by (i) IR absorption bands for hydroxy (3472 cm™!) and
ether (1112 and 1076 cm™") functional groups and (ii) '*C NMR
resonances at Oc 69.8, 73.1, and 105.7. As six of the downfield
carbons (¢ 148.8, 134.8, 131.3, 126.7, 124.9, and 124.6) were
assigned as olefinic or aromatic carbons, and considering that the
molecular formula indicated the existence of five double-bond
equivalents, 1 must be bicyclic. The '"H NMR spectrum in CDCl;
(Table 2) showed again five methyl groups [three vinylic methyl
singlets (O 1.59, 1.68, and 1.86), one methyl doublet (o 1.09, J
= 7.0 Hz), and one methyl singlet attributed to a methoxy group
(0n 3.40)], five deshielded methine protons (dy 5.84, 5.34, 5.19,
5.08, and 4.26), and one oxymethylene group [0y 3.81 (1H) and
4.09 (1H)], as well as signals with complex coupling patterns
attributed to methylene and methine protons. After the unequivocal
attribution of proton and protonated carbon signals in the '*C NMR
spectra of 1 by the HSQC experiment, the results of the HMBC
and '"H—"H COSY experiments (Figure 1) allowed the structure to
be established as a nine-membered ring substituted by a typical
6-methyl-5-hepten-2-yl side-chain. Thus, the skeleton of 1 could
be deduced as that of a xenicane with an extra carbon in the form
of a methoxy group. In addition, HMBC correlations between C-4
and H-3 and H-5b, on one hand, and 'H—'H COSY cross-peaks
between H-4 and H-5a,b on the other permitted localization of the
hydroxy group at C-4 on the cyclononadiene part. Moreover, the
presence of an acetal methine group in 1 was indicated by typical
NMR signals (dy 5.19 and Oc 105.7), and specific HMBC
correlations suggested that the C-19 carbon atom was part of an
acetal ring structure with C-18, also involving the methoxy group.
The E configuration was assigned to the A® double bond on the
basis of an NOE correlation between H-7/H-5a and Hs-20/H-8b,
as well as the upfield shift of the C-20 vinyl methyl carbon at d¢
19.9.

In order to determine the configuration of the A® double bond
and the relative configuration at C-2, C-3, and C-4 of 1, molecular

© 2009 American Chemical Society and American Society of Pharmacognosy

Published on Web 06/23/2009



1300 Journal of Natural Products, 2009, Vol. 72, No. 7

Chart 1

Viano et al.

%,

10

Table 1. *C NMR Data for Compounds 1—4 (100 MHz in
CDCly)

1 2 3 4

position Oc, mult.” Oc, mult. Oc, mult. Oc, mult.
1 148.8, qC 57.8,qC 484, qC 43.7,qC
2 38.9, CH 208.7, qC 81.7,CH 41.3, CH,
3 49.7, CH 121.6, CH 66.3, CH 63.9, CH
4 73.1,CH 1544, qC 63.9, C 62.5,qC
5 49.0, CH, 32.1,CH, 39.9, CH, 38.8, CH,
6 134.8,qC 21.7, CH, 24.3, CH, 24.4, CH,
7 126.7, CH 124.2, CH 125.6, CH 125.9,CH
8 29.2, CH, 135.4,qC 133.6,qC 134.0, qC
9 124.9, CH 28.6, CH, 37.8, CH, 37.6, CH,
10 31.0, CH 28.9, CH, 33.7, CH, 32.5, CH,
11 38.4, CH, 45.6, CH 37.2,CH 41.2,CH
12 26.1, CH, 55.8, CH 61.3, CH 61.0, CH
13 124.6, CH 27.8, CH, 27.0, CH, 26.3, CH,
14 131.3qC 39.8, CH, 44.3, CH, 44.7, CH,
15 17.7, CH; 16.7, CH; 23.2, CH; 23.2,CH;
16 25.7, CH; 30.4, CH; 17.6, CH; 16.8, CH;
17 18.6, CH;3 22.6, CH; 16.5, CH; 16.2, CH;
18 69.8, CH, 73.9,qC 72.4,qC 72.4,qC
19 105.7, CH 26.6, CH; 30.1, CH; 28.0, CH;
20 19.9, CH; 29.8, CH;3 30.1, CH; 30.7, CH;
21 55.0, CH;

“ Multiplicities inferred from DEPT and HSQC experiments.

models of all the corresponding diastereoisomers were constructed
and subjected to conformational search using the molecular
dynamics procedure, and the resulting geometries were optimized
by semiempirical calculations (data shown in Table S5, Supporting
Information). The NMR data showed (i) an almost 0 Hz coupling
constant between H-2/H-3 and H-3/H-4 implying a nearly 90°
dihedral angle between protons of each pair, (ii) strong NOE
correlations between H-3/H-7 and H-2/H3-20, and (iii) a cis
relationship between H-3 and H-4 based on NOE correlations
between respectively H-4/H-5a, H-5a/H-7, and H-3/H-7. Thus, this
molecular modeling study demonstrated that only one diastereoi-
somer (25*, 35*, 4R*, 9OF) was in accordance with these selected

experimental data (Table 3). It could be pointed out that the relative
configuration obtained for these stereocenters was consistent with
those of hydroxyacetyldictyolal (10)****3> and related xenicanes
previously isolated from Dictyotaceae.®>%*” Next, the effect of the
configuration of the stereocenter at C-19 in the second ring has
been evaluated on these molecular models (Table S6, Supporting
Information). In each case, changes of configuration at C-19 did
not affect the selected data used to discriminate the different
diastereoisomers. Interestingly 1 was found to be unstable in
chloroform, leading to a significant change to the chemical shift of
H-19 (from 0y 5.19 to Oy 4.93). Further, a new NOE correlation
was observed between H-19 and H-9. An explanation of this
phenomenon may be the epimerization of 1 at C-19. To this aim,
the geometries of the two possible stereoisomers 1a and 1b were
optimized (Figure 2), and the distances between H-19 and H-9 (2.93
A for 1a vs 2.59 A for 1b) were calculated from modeling: these
data supported the configuration at C-19 for 1 to be as shown in
1a. In addition, semiempirical calculations showed that 1b appears
to be more stable than 1a (JAH®; = —11.3 kJ/mol), explaining a
slow displacement of the equilibrium from 1a to 1b. Concerning
the configuration at C-10, X-ray diffraction analyses carried out
on similar xenicanes isolated from Dictyotaceae have determined
a 10R* configuration.®*” In the case of 1, as it has not been possible
to obtain suitable crystals, there was no determination of the
configuration at this stereocenter. Therefore, the relative configu-
ration of the whole molecule was proposed to be 25%*, 35*, 4R*,
19R*. Diterpene aldehydes, such as 10, tend to form complex cyclic
hemiacetals during extraction with MeOH/CHCl;; thus 1 could be
an artifact formed from its corresponding hemiacetal (Cy com-
pound) during this process.

Compound 2 was obtained as an optically active, clear yellow
oil and displayed absorption bands for conjugated carbonyl (1671
and 1623 cm™!) and hydroxy (3483 cm™!) functionalities in its IR
spectrum. The molecular formula of 2, which was deduced as
CyoH3,0, by HRESIMS ([M + Nal*, m/z 327.2292), required five
degrees of unsaturation. As analysis of the NMR data (Tables 1
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Table 2. '"H NMR Data of Compounds 1—4 (400 MHz in CDCl;, J in Hz)
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position 1 2 3 4
2 3.02, brd (6.0) 4.08,d (2.0) 1.53, m
3 1.99, m 6.36, s 2.86,d (2.0) 2.93,dd (10.0, 3.0)
4 4.26, nr’
5a 2.14,dd (13.5, 4.0) 1.96, m 1.18, m 1.18, m
5b 2.31,dd (13.5, 2.0) 3.12,brd (11.0) 2.05, m 2.11, m
6a 1.80, m 2.11, m 2.10, m
6b 2.72,dd (12.5, 6.0) 2.38, m 2.33, m
7 5.34,dd (11.5,4.0) 4.97,brd (12.5) 5.07,d (12.0) 5.08, brd (10.0)
8a 2.74, ddd (16.0, 7.5, 4.0)
8b 3.14,ddq (16.0, 11.5, 1.5)
9a 5.84,dddd (7.5, 1.5, 1.5, 1.5) 1.62, m 2.06, m 2.07, m
9b 2.21,td (14.5,2.0) 2.41, m 2.32, m
10a 2.01, m 1.40, m 1.73, m 1.57, m
10b 2.03, m 1.73, m
11a 1.09, m 2.27,ddd (12.0, 8.0, 3.0) 1.97, m 1.54, m
11b 1.20, m
12 1.92,dt(7.5,7.5) 1.76, m 1.72, m 1.65, m
13a 5.08, thept (7.5, 1.5) 1.62, m 1.61, m 1.36, m
13b 1.95, m 1.97, m 1.55, m
14a 141, m 1.63, m 141, m
14b 2.00, m 1.90, m 1.52, m
15 1.59, brs 1.07,s 1.26,s 1.26,s
16 1.68, brs 1.81,s 1.52,s 1.27,s
17 1.09,d (7.0) 1.65, s 1.74, s 1.69, s
18a 3.81,dd (9.5, 6.0)
18b 4.09,d (9.5)
19 5.19,brd (1.5) 1.26, s 1.26, s 1.17,s
20 1.86, brs 1.27,s 1.12,s 1.24,s
21 3.40,s

“ Not resolved.

Figure 1. Key 'H—'H COSY (—) and HMBC (C to H) (—)
correlations for compound 1.

Table 3. Most Stable Conformation” of Selected Diastereoiso-
mers of Compound 1

¢ 7 ¢ 7 dym
diastereoisomer ~ (H-2, H-3) (Hz)® (H-3, H-4) (Hz)® (A)
2R, 3S, 4R, 9E 50° 4.5 —109° 2.6 1.8
2R, 38, 4R, 9Z —60° 32 76° 1.5 6.2
2R, 3R, 4S, 9E —170° 11.4 —58° 3.6 43
2R, 3R, 45, 97 154° 9.9 83° 0.6 52
28, 3S, 4R, OE —95° 1.2 —87° 0.8 1.8
28, 3S, 4R, 9Z 113° 2.7 73° 1.8 6.2
28, 3R, 45, 9E 101° 1.4 —67° 24 4.7
28, 3R, 48, 92 53° 43 —88° 0.8 4.8

“ Determined using HyperChem Release 8.05 Pro for Windows
(Hypercube, Inc., Gainesville, FL). ” Estimated using MestReJ v1.1.*

and 2) revealed the presence of a 3,4-disubstituted o, -unsaturated
ketone [0y 6.36 (s, 1H); O¢ 208.7 (s), 154.4 (s), and 121.6 (d)] and
a trisubstituted double bond [0y 4.97 (br d, 1H, J = 12.5 Hz); O¢
124.2 (d) and 135.4 (s)], 2 must be bicyclic. A careful analysis of
'H and '*C NMR, 'H—"'H COSY, HSQC, and HMBC experiments
demonstrated that 2 possessed a dolabellane carbon skeleton. The
Me-15 signal at oy 1.07 (s) showed HMBC correlations with C-1,
C-2, C-11, and C-14, which placed the ketone next to the ring
junction. The Me-16 signal at Oy 1.81 (s) correlated with C-3, C-4,
and C-5, allowing it to be placed as part of the o,fB-unsaturated
ketone group. Sequential 'H—'H COSY correlations between H-3/

Figure 2. Conformation of the two epimers at C-19 of compound
1 [1a (left) and 1b (right)].

H-5b, H-5a/H-6b, and H-6a,b/H-7 required the trisubstituted double
bond to be positioned at C-7. The HMBC correlations between the
signal of Me-17 at oy 1.65 (s) and C-7, C-8, and C-9 allowed
completion of the substitution pattern of this double bond. The
presence of an 11-membered ring was finally confirmed by HMBC
correlations from C-7 to H-9b, C-10 to H-9b, and C-11 to H-9a
and H-10a, as well as 'H—'H COSY correlations between H-9b/
H-10a,b and H-10a/H-11. The second ring was defined as a
cyclopentane moiety by long-range HMBC correlations from C-11
to H-12 and H-13a and from C-12 to H-13b and H-14a, together
with COSY correlations between H-11/H-12, H-12/H-13a,b, and
H-13a/H-14a. The connection between these two rings was
confirmed by characteristic HMBC correlations from C-1 to H-10b,
H-11, and H-14b. Thus a typical 2-(2-hydroxypropyl) side-chain
[On 1.26 (s, 3H) and 1.27 (s, 3H); dc¢ 26.6 (q), 29.8 (q), and 73.9
(s)] was localized at C-12 thanks to HMBC correlations from C-12
to H3-19 and H3-20. The geometries of the A** and A7® double
bonds were defined to be Z on the basis of (i) downfield shifts of
respectively C-16 and C-17 vinyl methyl carbons (¢ 30.4 and 22.6,
respectively) and (ii) NOE cross-peaks between respectively H-3/
H;-16 and H-7/H;-17. The relative configuration at the chiral centers
C-1, C-11, and C-12 was also deduced on the basis of NOE
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correlations between Hs-15/H-14a, H-11/H-14b, H-11/H5-19, and
H-11/H;-20. Indeed these data implied a trans fusion of the two
rings of the dolabellane and a trans orientation of H-11 with respect
to H-12. Compound 2 is thus (15%,32,7Z,115*,12R*)-18-hydroxy-
dolabella-3,7-dien-2-one.

Compound 3 was isolated as an optically active, yellow oil for
which HRESIMS established the molecular formula as C,0H3405
(345.2404 [M + Nal"), possessing four degrees of unsaturation.
IR spectroscopy indicated the presence of hydroxy functionalities
(3313 cm™), as did the '*C NMR data [O¢ 72.4 (s) and 81.7 (d)].
Two further oxygenated carbons were present in the '*C NMR
spectrum [O¢ 63.9 (s) and 66.3 (d)], and due to their shielded nature,
the presence of an epoxide function was proposed. As the
occurrence of a trisubstituted double bond was deduced by *C
NMR signals of two sp? carbons [0¢ 125.6 (d) and 133.6 (s)], the
main skeleton of 3 was defined to be bicyclic. The results of 1D
(Tables 1 and 2) and 2D (Table S3, Supporting Information) NMR
experiments permitted the carbon skeleton of 3 to be deduced as
that of a dolabellane with two hydroxy (one tertiary and one
secondary) and one epoxide function. Comparison of the NMR data
for 3 with those of 2 clearly indicated that differences between
these two compounds lay only in modifications in the 11-membered
ring. Indeed, the secondary hydroxy function was localized at C-2
due to HMBC correlations between H-2 and C-1, C-3, C-4, C-11,
C-14, and C15. Moreover, a 'H—"H COSY cross-peak between
H-2/H-3 together with HMBC correlations from C-3 to H-2, H-5a,b,
and H3-16 and from C-4 to H-3, H-5a,b, and Hs-16 allowed the
localization of the epoxide group at C-3 and C-4. Finally, as in the
case of 2, additional homonuclear and heteronuclear couplings
allowed the construction of the ring and positioned the double bond
between C-7 and C-8. Concerning the configuration of 3, the £
geometry of the A7 double bond was assigned on the basis of a
NOE correlation between H-7 and H-9b and the shielded nature of
the vinyl methyl carbon at C-17 (d¢ 16.5). Additional NOE cross-
peaks between Hj-15/H-2, H3-15/H-3, and H-2/H-3 indicated that
both H-2 and H-3 were on the same face of the compound as Me-
15, while NOE correlations between H-3/H-5a and Hs-16/H-5b
positioned Me-16 on the opposite face. As for 2, cross-peaks in
the NOESY spectrum between H-11/H3-20 were in accordance with
a trans ring junction, but overlapping of signals in the 'H spectrum
did not allow an unequivocal assignment. However, as all dola-
bellanes isolated from Dictyota species have a trans ring junction,
on the basis of biosynthetic considerations, we propose the relative
configuration of 3 to be assigned as 15%, 28%, 35*, 45%, 115%*, 12R*.

Compound 4 was isolated as a yellow oil, whose molecular
formula, C,0H340,, was revealed by HRESIMS and '*C NMR
spectroscopy. Its IR spectrum displayed absorption for a hydroxy
functionality (3444 cm™'), and its NMR features (Tables 1 and 2)
were analogous to those of 3 with the exception that the charac-
teristic resonances for the secondary alcohol group were missing.
So, 4 was assigned as the 2-deoxy derivative of 3. The relative
configuration of the stereocenters in 4 proved to be in accordance
with those depicted in 3, 1R*, 3S* 4S5* 115*% and 12R*,
respectively, according to the correlations observed in the NOESY
experiment.

The antifouling activity of compounds 3, 4, 6—9, and fucoxanthin
together with those of a standard biocide, bis(tri-n-butyltin) oxide
(TBTO), was evaluated by their capacity to inhibit biofilm formation
by Pseudoalteromonas sp. D41. This capacity was determined after
modeling of their sigmoid dose—response curves (Table 4). TBTO
is a powerful antifoulant (ECsy 10 uM in the Pseudoalteromonas
sp. D41 adhesion bioassay). Its toxicity against a wide range of
organisms, including nontargeted ones, has led to it being banned.
In the bioassays of the isolated metabolites, 4, hydroxycrenulide
(8), and 9-acetoxy-15-hydroxy-1,6-dollabelladiene (9) showed low
activity (ECsp > 200 uM). Compound 3, dictyol E (6), and
fucoxanthin exhibited a similar moderate activity, while dictyol C
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Table 4. Pseudoalteromonas sp. D41 Biofilm Inhibition by a
Standard Biocide (TBTO) and by Compounds 3, 4, 6—9, and
Fucoxanthin

compound ECso* (uM) R2?
TBTO 10 0.92
3 110 0.78
4 250 0.99
6 100 0.99
7 30 0.96
8 230 0.92
9 330 0.84
fucoxanthin 70 0.92

“ECs, expressed as the concentration corresponding to 50% of the
bacterial adhesion. ” Goodness of fit of the sigmoidal dose—response
curve.

(7) was the most potent molecule, with an ECsy of 30 uM. This
last compound, which is present in relatively high amounts in the
crude extract, may be implicated in chemical defense mechanisms.
It would be interesting to study the seasonal variations of the
chemical composition of the extracts of this Dictyota sp. and to try
to connect these data with the fouling sequence of the species.
Geographical fluctuations could also be investigated in order to
determine its specificity in term of target organisms. If the activity
of dictyol C (7) is specific to a group of foulers, this metabolite
would probably be less (or not) produced in geographical areas
where these organisms are absent from the fouling community of
Dictyota sp. Cyclic diterpenes have been investigated for their
antifouling properties, but it is difficult to compare their relative
activities, as several bioassays have been used (see Briand*® for
more information). Nevertheless, antisettlement assays with larvae
of barnacles (i.e., Balanus amphitrite) were conducted on two
families of cyclic diterpenes, renillafoulins (from Renilla reniformis,
Octocorallia)***® and kalihinenes (from Acanthella cavernosa,
Porifera).*! ~** Some of the latter showed ECsy’s lower than that
of CuSO,, a well-known biocide and positive control often used in
antifouling assays. A dolabellane diterpene isolated from Dictyota
pfaffii inhibited the settlement of Perna Perna (“mussel test”),*
and these laboratory results were consistent with field studies.
Dictyol E, dictyol B acetate, pachydictyol, and dictyodial purified
from Dictyota menstrualis and Dictyota ciliolata were also reported
as settlement inhibitors of three marine invertebrates (including the
bryozoan Bugula neritina).>" Our results showed a higher activity
for dictyol C (7) compared to dictyol E (6). All these elements
provide evidence that such cyclic diterpenes could be involved in
the prevention of fouling in Dictyota spp.

Experimental Section

General Experimental Procedures. Optical rotations were measured
on a Perkin-Elmer 343 polarimeter (10 cm microcell). Ultraviolet spectra
were recorded in MeOH on a Shimadzu UV-2501PC spectrophotometer.
IR spectra were recorded on a Jasco J-410 infrared spectrophotometer
as KBr plates (films). 1D and 2D NMR spectra were obtained at 400
and 100 MHz for 'H and '*C, respectively, on a Bruker Avance 400
MHz NMR spectrometer in CDCls. All chemical shifts were referenced
to the solvent peaks (Oy 7.26 and d¢ 77.0). High-resolution mass spectra
(ESIMS) were conducted on a LTQ/FT-Orbitrap mass spectrometer
(Thermo Fisher). A Varian model Prostar 210 pump with RI monitoring
(Varian RI-4) was used for HPLC experiments. Fluorescence measure-
ments for the bioassay were made using an Infinit 200 microplate
fluorescence reader (TECAN, Lyon, France).

Algal Material. The marine brown alga Dictyota sp. was collected
by hand (2 m depth) at the Brusc Lagoon (43°4"28” N, 5°47°41” E) on
the Mediterranean coast in July 2007 and was identified by Dr. F.
Rousseau (Muséum National d’Histoire Naturelle (MNHN), Paris,
France). A voucher specimen (no. PC0124208) has been deposited in
the Herbarium of MNHN.

Extraction and Purification. The shade-dried material (57 g dry
wt) was extracted three times with a mixture of CHCl;/MeOH (1:1; 3
x 250 mL) at room temperature. The concentrated extracts were
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combined and partitioned in a mixture of MeOH/CHCI3/H,O (4:3:1)
to yield, after solvent removal, 5.9 g of a dark brown lipophilic extract.
This extract was subjected to CC on silica gel (Si60, 40—63 um, Merck)
with a solvent gradient from n-hexane to EtOAc and then from EtOAc
to MeOH. The fraction eluting with EtOAc/n-hexane (2:3) was further
purified by repeated semipreparative HPLC (Merck Purospher Star RP-
18e 5 um; 10 x 250 mm; 3 mL/min) using H,O/MeCN (1:4) to afford
2 (1.6 mg) together with 6 (dictyol E, 62 mg) and 9 (9-acetoxy-15-
hydroxy-1,6-dollabelladiene, 2.7 mg). The fraction eluting with EtOAc/
n-hexane (1:1) was subjected to reversed-phase chromatography (H,O/
MeCN, 1:9) to yield 8 (hydroxycrenulide, 25 mg) and 7 (dictyol C, 18
mg). Three new metabolites, 3 (3.2 mg), 1 (1.3 mg), and 4 (2.2 mg),
were purified by reversed-phase HPLC [H,O/MeCN (1:9)] from the
fraction that eluted with EtOAc/n-hexane (3:2). The same fraction
afforded 10 (hydroxyacetyldictyolal, 1 mg), together with a mixture
of 3 with 5 (3-hydroxydilophol, 5 mg). A late-eluting fraction [EtOAc/
n-hexane (7:3)] was subjected to further separation on reversed-phase
HPLC (H,O/MeCN, 1:9) to afford fucoxanthin (25 mg).

Compound 1: colorless oil; [a]*p —170 (c 0.1, MeOH); IR (film)
Vinax 3472, 2959, 2914, 2854, 1456, 1188, 1112, 1076, 1031, 824 cm™;
13C and 'H NMR (400 MHz, CDCl;), see Tables 1 and 2 and Supporting
Information; HRESIMS mi/z 303.2339 [M + H — MeOH]" (calcd for
CyoH;,0,, 303.2324).

Compound 2: clear yellow oil; [0]®p +4 (¢ 0.1, MeOH); UV
(EtOH) Ajpax 242 nm (€ 4060); IR (film) vy, 3483, 2965, 2933, 1671,
1623, 1456, 1376, 1173, 1143, 1112 cm™'; 1°C and 'H NMR (400 MHz,
CDCl;), see Tables 1 and 2 and Supporting Information; HRESIMS
mlz 327.2292 [M + Na] " (calcd for CyH3,0,Na, 327.2300).

Compound 3: yellow oil; [0]*p +58 (¢ 0.1, MeOH); IR (film) vz
3313, 2966, 2926, 2853, 1457, 1385 cm™!; 1*C and 'H NMR (400 MHz,
CDCls), see Tables 1 and 2 and Supporting Information; HRESIMS
mlz 345.2404 [M + Na]™ (caled for CyHs,03Na, 345.2406).

Compound 4: yellow oil; [0]*p +45 (c 0.1, MeOH); IR (film) vz
3444, 2960, 2928, 2854, 1635, 1455, 1375, 1141, 1087, 1061 cm™;
13C and 'H NMR (400 MHz, CDCl,), see Tables 1 and 2 and Supporting
Information; HRESIMS m/z 329.2464 [M + Na]™ (caled for
C20H3402Na, 3292457)

Molecular Modeling. The initial geometry of a selected diastere-
oisomer of 1 was built in HyperChem Release 8.05 Pro for Windows
(Hypercube, Inc., Gainesville, FL). The system was optimized in
molecular mechanics (MM+) to a rms (root-mean-square) gradient of
0.01 in vacuo (Polak-Ribiere method). Length constraints (selected
interatomic distances have to be smaller than 3 A) were implemented
in order to conform with experimental NOE data (NOESY cross-peaks
between H-7/H-3, H3-17/H-4, and H3-17/H-18b). The system was then
optimized with these length constraints in molecular mechanics (MM+)
to a rms gradient of 0.01 in vacuo (Polak-Ribiere method). Length
constraints were then deleted, and a molecular dynamics program was
run for 1 ps, with 0.01 ps steps, relaxation time 0.1 ps, to a simulation
temperature of 300 K. This was followed by MM+ geometry
optimization to a rms gradient of 0.2. This protocol was repeated twice,
and finally, the geometry was optimized to a rms gradient of 0.01 in
vacuo (Polak-Ribiere method) using the semiempirical AM1 program
in singly excited configuration interaction [RHF (restricted Hartree—Fock),
charge 0, spin multiplicity 1, lowest state]. Then, configurations at C-2,
C-3, C-4, and A° were changed successively, and each stereoisomer
was modeled using the same methodology.

Bacterial Adhesion Assay (adapted from Leroy et al.**). Pseudoalter-
omonas sp. D41 was grown on VNSS (Vaatanen Nine Salt solution)
at 25 °C and sampled in the stationary phase. After centrifugation, cells
were suspended in sterile artificial seawater (ASW) until an optical
density of 0.6 at 600 nm was achieved. Then 200 uL of ASW was
inoculated on the border-row wells of the microplate (sterile black
polystyrene NUNC), and 100 uL of the bacterial suspension on other
wells using an eight-channel pipet. A 100 uL sample of diluted standard
biocide (TBTO) and purified molecules (compounds 3, 4, 6—9, and
fucoxanthin) was added in the latter wells. All the concentrations were
tested in triplicate. A 100 uL portion of ASW was added in six wells
to constitute the bacterial adhesion control. After 15 h, the nonadhered
bacteria were removed by three successive washings (36 g/L sterile
NaCl solution). The adhered bacteria were fixed for 90 min at 4 °C
with sterile NaCl solution (36 g/L) containing 2% formaldehyde; then
bacteria were stained by adding 200 4L of 4 ug/mL DAPI (4',6-
diamidino-2-phenylindole). The excess stain was removed by three
further washings (36 g/LL NaCl solution). The DAPI was then solubilized
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in 200 uL of a 95% ethanol solution, and fluorescence was measured
(Aexe = 380 nm, Aey = 495 nm). ECsy’s were determined as concentra-
tions corresponding to 50% of the bacterial adhesion control (bacterial
adhesion in ASW in six microplate wells).

Statistical Analysis. The sigmoidal dose—response curve fitting and
the determination of the ECs, for each compound were achieved using
GraphPad Prism software.
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