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Twenty-five natural products, mainly halogenated furanones, isolated from the temperate reDellgaa pulchra

were investigated for their cytotoxic, antimicrobial, and antiplasmodial effects, their inhibition of the activity of the
enzymes HIV-1-RT (HIV-1-reverse transcriptase), PKC (protein kinase C), and TK (tyrosine kinase), and their inhibition
of the biosynthesis of IL-1 (interleukin-1). All were found to mediate a positive response in one or more of these test
systems. In particular, compounfélsll, 12, 14, 16, 17, 19, and20 demonstrated cytotoxic activity in all of the assays

they were tested in; compoundg, 12, 17, 19, and20 were also active in the majority of the anti-infective screens. In

the antimalarial and tyrosine kinase assays, compod@d49, and 20 were all active. Molecular modeling studies
employing 3D QSAR with receptor modeling methodologies performed with 16 halogenated furanones generated a
pharmacophore hypothesis consistent with the experimentally derived cytotoxicity data. This hypothesis is developed
around an active molecule having a framework based on compblmith an OH function or OAc (assay dependent)

at C-7 and bulky electron-rich groups at C-6, such as Cl and Br but not I.

Delisea pulchra(cf. fimbriata)! (Greville) Montage (Bonnemai-  are halogenated furanor&sBiological testing of these compounds
sonales, Bonnemaisoniaceae) is a common subtidal red alga in Southoward pharmacologically relevant targets was undertaken using
Eastern Australia. It has been the focus of early pharmacological in vitro bioassays. These studies targeted cytotoxic, antimicrobial,

studies based on its strong antimicrobial acti¢iti. pulchra
produces a series of halogenated furandritdhkat play an important
role in the ecology of the pla§t’ Furanones have strong feeding
deterrent properties against generalist herbivoagsl are bioac-

cumulated by more specialized predators, possibly as a chemical

and antimalarial activities, enzyme inhibition for HIV-1-RT, PKC
and TK, and the inhibition of IL-1 and protein biosynthesis.
Compounds were limited in availability, and therefore not all
compounds were used in all assays.

Evaluation of Cytotoxic Potential with Cultured Cancer Cell

defensé. They are also natural antifouling agents located at the Lines. To determine the antineoplastic potential of the natural
surface of the plarft where they deter the settlement and growth products, cytotoxic effects were evaluated with a battery of cultured
of epiphytic bacteridand macrofouling organism&Further studies tumor cells (Table 1). Of the 19 compounds that were tested (Table
based on the potent biological activity of furanones against epiphytic 1), 13 demonstrated Epvalues of<4 ug/mL in one or more
bacteria have led to the elucidation of the mechanism of action of human cancer cell test systems and were classified as agtive.
these compounds in inhibiting the growth and biofilm development Compoundsl1, 12, 14, 16, 17, and20 demonstrated the broadest
of Gram-negative bacteria. Furanones specifically interfere with spectrum of activity. Five compounds, (8, 13, 21, and 25) had

the acylated homoserine lactone (AHL) genetic regulatory system weak activity (20= EDso > 4 ug/mL), while only one, an acyclic
that controls the expression of density-dependent phenotypes inmolecule 23), was completely inactive (Efg = 20 ug/mL). Of
many bacteri#t*2and also affect the alternative autoinducer 2 (Al- the 13 active compoundg,1, 14, and 16 reversed vinblastine

2) signaling systems in both Gram-negative and Gram-positive resistance in KB-V1 cells to some extent, demonstrating greater
bacteriat*14They have been demonstrated to inhibit AHL regulated activity toward “drug-resistant” KBV1 cells treated with vinblas-
phenotypes in a diversity of bacteria including clinically important tine, compared to the cells without vinblastine treatment. Some
pathogeng?16 selective cytotoxicity was also observed for compoub@land21.

While the natural products chemistry and function of furanones They were inactive toward the sensitive KB'1 cells but mod-
have been well studied, there is less information on the pharma- erately toxic toward human melanoma cells (Mel2).
cological activity of these compounds. The present study was  Antimicrobial Activity. Furanones have strong antimicrobial
undertaken to establish the potential of furanones as chemical leadsactivity; however, testing has been limited to the four major
that could be useful in the development of new therapeutic agents. metabolites oD. pulchra? A larger array of furanones and other
To do this, a 3D QSAR molecular modeling study was performed metabolites fronD. pulchrawere tested using bioautographic assays
with biologically active molecules to develop a pharmacophore that are efficient at detecting antimicrobial compoutfdsocaliza-
hypothesis for cytotoxicity. tion of activities on developed TLC plates is useful for testing crude
extracts and directing isolation procedures. The current study
employed a direct bioautographic technique with microorganisms
grown directly on TLC plate® Twenty-four compounds were
evaluated using the fung&enicillium oxalicumthe Gram-positive
bacteriaBacillus subtilisand Micrococcus luteusand the Gram-
negative bacteriunkscherichia colias test organisms.

Furanones were significantly more active than the acyclic
compoundsZ2—24) in all assays. There was a marked distinction
between the antimicrobial effects of furanones against Gram-
positive and Gram-negative bacteria, with more compounds having

Results and Discussion

D. pulchrawas collected from Cape Banks, New South Wales,
Australia, and yielded 25 natural products, the majority of which
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Table 1. EDs, Values ftg/mL) of Delisea pulchraDerived Natural Products Observed with Cancer Cell Lines in Culture

compound BCA%  HT-1080 Lul Mel2  Coll KB KB-V1P  KB+Vi¢ P-388 A431 LNCaP ZR-75-1 U-373
1 NT NT >20 NT NT 2.4 4.1 7.1 NT NT 12.9 7.9 NT
NT NT >20 NT NT >20 >20 >20 NT NT 9.1 6.4 NT
4 NT NT >20 NT NT 5.4 10.7 2.8 NT NT 1.7 2.4 NT
5 NT NT >20 NT NT 3.9 5.6 4.7 NT NT 3.6 4.0 NT
6 NT NT >20 NT NT 6.1 53 6.1 NT NT 4.5 3.8 NT
7 NT NT >20 NT NT 4.1 3.9 6.2 NT NT 3.6 2.8 NT
8 NT NT >20 NT NT 7.6 10.5 8.0 NT NT 6.6 6.7 NT
9 NT NT 17 NT NT 0.8 2.1 1.0 NT NT 0.5 1.6 NT
11 NT NT 0.3 NT NT 0.4 3.4 0.1 NT NT 0.2 <0.1 NT
12 NT NT 0.6 NT NT 0.5 0.2 11 NT NT <0.1 0.3 NT
13 9.8 2.2 >20 5.3 >20 >20 >20 >20 >5 >20 7.3 10.2 10.0
14 NT NT 1.3 NT NT 0.4 4.1 0.3 NT NT <0.1 0.3 NT
16 NT NT 15 NT NT 0.1 3.6 0.2 NT NT 2.0 <0.1 NT
17 NT NT 1.0 NT NT 0.4 1.2 1.4 NT NT 3.0 0.4 NT
19 NT NT 17 NT NT 0.5 0.6 9.5 NT NT 6.7 0.3 NT
20 NT NT 11 NT NT 0.3 0.5 35 NT NT 2.1 <0.1 NT
21 6.4 >20 10.3 4.2 124 >20 >20 >20 >5 10.5 9.3 8.6 >20
23 >20 >20 >20 >20 >20 >20 >20 >20 >5 >20 >20 >20 >20
25 NT NT >20 NT NT 6.9 5.0 5.8 NT NT 6.9 53 NT

a Abbreviations of cell lines: BCA1 (human breast cancer), HT-1080 (human fibrosarcoma), Lul (human lung cancer), Mel2 (human melanoma),
Coll (human colon cancer), KB (human epidermoid carcinoma of the moutkyMRvinblastine-resistant KB), P-388 (mouse lymphoid neoplasm),
A431 (human epidermoid carcinoma), LNCap (hormone-dependent human prostate cancer), ZR-75-1 (hormone-dependent human breast cancer),
U-373 (human glioblastoma).(—VLB) without vinblastine.¢ (+VLB) with vinblastine.? NT = not tested.

Table 2. Antibacterial and Antifungal (Antimicrobial) Activities dDelisea pulchraDerived Natural Products

E. colid M. luteust B. subtilig? P. oxalig
compound 1@Qg 5ug 1pg O0.1pg 10ug 5Sug 1pg 0.1ug 10ug 5Sug 1pg 0.1ug 10ug 5ug 1lug 0.1ug 0.0lug

1 —c - - - + + - - - - - - - - - - NT
2 + + - - + + - - + + - - 14 16 10 - NT
3 + + - - + + - - + - - - 6 6 2 - NT
4 - - - - + + + - - - - - 8 6 3 - NT
5 - - - - + + - - + + - - 16 12 8 - NT
6 - - - - - - - - - - - - 9 8 4 - NT
7 - - - - + + - - + + - - 16 14 6 - NT
8 +d + + - ++  ++ + - - - - - - - - - NT
9 + - - - ++  ++ 4+ - ++ 4+ 4+ NT 16 15 11 7 -
10 - - - - ++  ++ o+ + ++ 4+ - 18 22 14 6 -
11 ++  ++ 4+ NTT - ++ 4+ A+ + 27 26 20 6 -
12 ++ 4+  ++  NT ++ 4+ o+ - ++ 4+ + 28 31 21 6 -
13 + - - - e - + - - NT 3 3 - NT NT
14 + + + - ++  ++ o+ - ++  ++ - - 20 18 12 4 NT
16 + + - - ++  ++ + + ++  ++ - 17 21 9 6 -
17 4+ 4+ 4+ + ++  ++ 4+ - ++ -+ 4+ - 22 18 14 6 NT
19 + + - - ++  ++ + ++ ++ ++  NT 20 23 17 NT 4
20 + + - - + + + + ++  ++ ++ NT 12 14 10 6 3
21 + + - - ++ A+ - NT ++  ++ - NT 11 13 8 1 -
22 + + - - - - - NT + + - NT 8 9 6 - -
23 - - - - + + - NT - - - NT 10 5 - NT NT
24 + - - - + + - NT + + - NT 8 8 5 - -
25 + + + - + + + - + + - - 12 10 6 4 NT

a Control was tetracycline-HCI, which was still active at @d againstE. coli and active at kg againstB. subtilisand M. luteusbut inactive
against the latter two at 0/g. ® Control was miconazole, which gave 3 and 5 mm inhibition zones at levels of 0.8 apg,lréspectively® —
= inactive; compound does not inhibit microorganism growth in any Waly = active; compound inhibits growth of microorganism in region on
TLC plate where it was spottefl++ = very active; compound inhibits growth of microorganism in region on TLC plate where it was spotted and
for at least another 5 mmMNT = not tested? Number indicates radius of zone of inhibition in mm around point where compound was spotted on

TLC plate.

stronger inhibition against Gram-positive bacteria. Nearly all of the (17) inhibited the growth ofE. coli at a concentration of 0.4g,
compounds showed at least moderate in vitro activity against the that is, equivalent to the positive control (tetracycline-HCI).

The activity of the isolated compounds was also very strong
tested, 10 and zg (Table 2). The most active compounds were against the funguB. oxalis Activity was detected for all but two

Gram-positive bacteriB. subtilisandM. luteusat the highest levels

further tested at 1.0 and Oug, and four furanonesl(, 16, 19,
20) were active againsM. luteus at 0.1 ug, while two other
compounds 11, 12) were active againd®. subtilisat 0.1ug. This

Gram-positive bacteria.

negative bacteriuri. coli was inhibited by approximately half of

the compounds at the 10 andu® levels. Fewer compounds,(

11, 12, 14, 17, 25) were active at 1.xg, and only one compound

compounds 1, 8) at the highest concentration (10g). Ten
compounds9, 10—12, 14, 16, 17, 20, 21, and25) maintained strong
activity at 0.1ug, while two compoundsl9 and20, demonstrated
activity is greater than that of the positive control (tetracycline- strong antifungal effects at a concentration of Q@1 This activity
HCI), highlighting the potent activity of these compounds against is equivalent to that of the positive control miconazole when tested
at a concentration approximately 2 orders of magnitude higher than
In contrast to the Gram-positive bacteria the growth of the Gram- the furanones (0.2g, 3 mm inhibition zone). This demonstrates
the potency of these compounds as antifungal agents and is
consistent with the earlier study of using a restricted subset of
furanoneg.
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In Vitro Antimalarial Activity (or Antiplasmodial Activity).
Nineteen compounds were tested for their antiplasmodial activity
toward two clones oPlasmodium falciparuniTable 3). Of these,
seven 6, 7, 14, 16, 17, 19, and20) exhibited weak antiplasmodial
activity but with no selectivity’® The remainder were all classified
as inactive, with an 1§ > 1000 ng/mL &1 uM).?°

HIV-1 RT Inhibition Activity. The HIV-1 RT inhibition activity
was assessed for 16 compounds3—9, 11, 12, 14, 16, 17, 19,
20, and 25). All compounds were inactive at 2Q@y/mL (~700
uM).2t

Protein Kinase C Inhibition Activity. Six compoundsq, 11,
and 21—24) were tested for the inhibition of the enzyme protein
kinase C. The two most active compoun@isnd11, had 1Gg's of
67 and 7&M, respectively. The remaining compounds hagyl<C
> 200uM and were inactivé?

Tyrosine Kinase Inhibition Activity. Thirteen compounds were
assayed for tyrosine kinase inhibition at 20/mL (~700 uM).

Wright et al.

Table 3. Antimalarial Activity of Delisea pulchraDerived
Natural Products Determined wifh. falciparumClones

KB cells clone D& clone W2
compound ICso 1Cs? Sie ICso Sl
6 6.1 3.8 ~2 >10 -
7 4.1 5.0 ~1 >10 -
14 0.4 6.8 <1 >10 -
16 0.1 4.6 <1 >10 -
17 0.4 5.9 <1 >10 -
19 0.5 2.8 <1 >10 -

20 0.3 2.2 <1 9.1 <1
chloroquine 17.4 0.003 6210 0.033 530
quinine >20 0.011 >1830 0.029 >700
mefloquine 3.5 0.005 710 0.001 4380

artemisinin >20 0.001 >18 200 0.006 >3280

aClone D6: chloroquine sensitive, clone W2: chloroquine resistant.
b1Cso values inug/mL. ¢ Selectivity index (SI) is defined as the ratio
of antimalarial over cytotoxicity activity. Compounds 3-5, 8, 9,
11-13, 21, 23, and25 were also tested and found to be inactive (at 10
ug/mL parasite viability was>50%).

Table 4. Tyrosine Kinase (TK) Inhibition Activity ofDelisea
pulchra Derived Natural Products

compound % residual enzyme activity
2 77.2
3 55.7
5 86.0
6 87.5
7 22.7
11 3.4
14 4.2
15 5.8
17 1.9
18 16
19 45
20 1.9
22 317

aTest substance concentration is 209/mL.

Table 5. Inhibition of Interleukin-1 (IL-1) Induction and
Protein Biosynthesis bfpelisea pulchraDerived Natural
Products

compound 1Go IL-1 (uM) ICsp protein biosynthesig{M)
9 1.3 3.0
11 0.6 1.5
21 1.8 3.0
22 2.0 2.0

Of these, seven were activel( 14, 15, and17—20, see Table 4),
but not at a level warranting determination ofs}@alues?
Interleukin-1 Inhibition Activity and Protein Biosynthesis.
The production of interleukin-1 was inhibited by all four compounds
used in this assay9( 11, 21, and22), all with ICsy's < 2.0 uM
(see Table 5). However, this activity was unspecific, as the
compounds also inhibited protein biosynthesis at similar concentra-
tions (see Table 5
Antitubercular Activity. The three compounds testeld 9, and
11) for their abilities to inhibitMycobacterium tuberculosiand
M. avium were ineffective at 12@&g/mL (~350 uM).?4
Pseudoreceptor ModelingA quasi-atomistic receptor modeling
strategy aimed at creating a 3D pseudoreceptor envelope accom-
modating the molecular ensemble of interest was applied to
elucidate the differential cytotoxicity (anticancer activity) toward
KB—V1 (Vinblastine-resistant KB cells) cells, in the absence of
vinblastine, for 16 furanones (see Table 6). This study simulta-
neously provides detailed structaractivity relationships for these
16 biologically active compound8.The concept of quasi-atomistic
receptor surface surrogates was used in a pseudoreceptor modeling
study?®in which virtual particles with associated physicochemical
properties, such as hydrophobicity, partial charge, electrostatic
potential, and hydrogen-bonding propensities, were employed for
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Table 6. Compounds Used for Pseudoreceptor Modeling and Their Associated Biological Activities

Compound CDS® template EDs, [uM]° Set Type® Compound CSD® template EDs, [uM]° Set Type®
0:< OH
4 Br
Br —
’\/i:SAO/ ZAQTOA® 9.17 Test o B  GAIWET' 0.61 Training
0PN 12o
1
OH
Br Br
_ 1 — e
044 TAGGIR® >49.38 Training 0PN GAJWET' >64.52 Test
0 ‘o

Br
. L
ZAQTOA! 33.32 [

=\_J Training oA GAJWET' 10.99 Training
0Py T L
4 14
o={ o=
O O
Br ’\/Q_<Br
= TAGGIR® 17.44 Trainin, = GAJWET' 8.67 Trainin
oHgr ¢ o ¢
5 1

J ZAQTOA® 11.07 Training ;\;g GAJWET' 426 Test

/)\B' TAGGIR® 8.14 Training oAl < B GAIWET' 1.48 Test
0" "o Br O
! 19
7
0::<O Oj<0
Br Br
= GAJWET' 5.71 Training =\_ & GAJWET' 1.12 Training
0= N
Br Br
9 20
OH
Br Br
o I GAIWET' 10.43 Test oFh =" GAIWET' >54.43 Training
© Br Br
1 21

aCSD: Cambridge Structural Databa8€&Dso values ofD. pulchraderived natural products observed with cancer cell lines{K®) in culture.
¢ Set type refers to whether the molecule was used for receptor surface construction (training) or for testing its validtyC@&sntry code:
ZAQTOA. €CSD entry code: TAGGIR.CSD entry code: GAJWET.

the 16 closely related furanones, which have a well-differentiated surface particle was weakly restrained to the initial position
in vitro activity profile on cancer cell lines (see Tables 1 and 6). represented by the mean receptor envelope. For the training set
Since the corresponding proteinogenic molecular target for this classcompounds an initial population of 200 receptor models was
of natural products is unknown, it is presumed that all compounds evolved for 5000 crossover cycles applying the genetic algorithm
of the ensemble (i) bind to a common molecular target and (ii) technology developed by Rogers and Hopfinger.
share a comparable binding mode. The upper threshold value for the cross-validagédvas set to
According to the method of Marengo and Todeschini for an 0.9. The best individual model (model 145) within the ensemble
unbiased selection of a structurally and topologically diverse training of 200 generated models is characterized by a cross-validgted

set based on the minimum-distance apprdadid, compounds from = 0.929 and a classicalvalue for the linear regression analysis
the data set were chosen as a training 3ef7( 9, 12, 14, 16, 20, of 0.968. The five test set molecules were then evaluated in light
21) in the model-building process. Moleculgsl1, 13, 17, and19 of the generated pseudoreceptor models in order to validate the

served as a test set for validation after model refinement (Table 6). model family. The predictive power for the best receptor model
Both 3D structure information on the investigated ligand molecules that is expressed as the rms (root mean square) deviation of the
and their associated biological activities were translated into relative experimental and predicted free energies of the ligand binding
free energies of bindingG = —RTIn(EDsg)] and further corrected resulted in 0.197 kcaiol™! for the training set, corresponding to
for desolvation effectsAGsqn), l0ss of conformational entropy  a mean uncertainty factor of 1.4 in the binding constant and 0.888
(TAS), and internal conformational straithEgain).28 30 After the kcalmol~! for the test set, corresponding to a mean uncertainty
definition of the training set, a primordial receptor surface was factor of 4.6 in the binding constant, respectively. The details of
generated around the ligands. This preliminary envelope, consistingthe energetic analysis for all individual training and test set ligands
of 207 pseudoparticles with a radius of 0.8 A, was subsequently are summarized in Table 7.

employed as starting configuration for relaxation and adjustment  The largest individual deviation between predicted and experi-
to the topology of every ligand molecule. During this process every mental free energies of binding is observed for compotBd
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Table 7. Comparison of Experimental and Predicted Relative
Free Energies (kcahol™1) for the Best Model and the Average

Model Taken over 200 Distinct Models
compound AGex AG°ped AAG°exppref  factor inkd
Best Model
Training Set
3 —-5.771 —5.818 -0.047 1.1
4 —6.000 —5.921 0.079 1.1
5 —6.376 —6.159 0.217 1.5
6 —6.641 —6.891 —0.250 15
7 —6.820 —6.611 0.209 1.4
9 —7.026 —6.747 0.279 1.6
12 —8.328 —8.106 0.222 1.5
14 —6.645 —6.905 —0.260 1.6
16 —6.783 —6.959 -0.176 1.4
20 —7.974 —8.084 -0.110 1.2
21 —5.747 -5.912 —0.165 1.3
Test Set

1 —6.750 —5.816 0.934 5.0
11 —6.675 —6.688 -0.013 1.0
13 —5.615 —4.295 1.320 9.7
17 -7.197 —6.350 0.847 4.3
19 —7.812 —8.592 —0.780 3.8

Average over 200 Models

Training Set
3 —5.771 —5.817 —0.046 1.1
4 —6.000 —5.823 0.177 1.4
5 —6.376 —6.241 0.135 1.3
6 —6.641 —6.774 -0.133 1.3
7 —6.820 —6.688 0.132 1.3
9 —7.026 —6.720 0.306 1.7
12 —8.328 —7.984 0.344 1.8
14 —6.645 —6.745 —0.100 1.2
16 —6.783 —7.083 —0.300 1.7
20 —7.974 —-8.127 —0.153 1.3
21 —5.747 -6.111 —0.364 1.9
Test Set

1 —6.750 —5.864 0.886 4.6
11 —6.675 —6.558 0.117 1.2
13 —5.615 —4.487 1.128 6.9
17 —7.197 —6.265 0.932 5.0
19 —7.812 —8.434 —0.622 2.9

2 Experimental free energy of ligand bindinmyPredicted free energy
of ligand binding.¢ Difference between experimental and predicted free
energies of ligand binding.Uncertainty factor in the E value.

(AAG’exppred = 1.320 kcaimol™?), which corresponds to an

Wright et al.
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Figure 1. Correlation betweeAG’e, andAG®peqfor the averaged
pseudoreceptor model, characterized by a cross-validated.884
and a classical value for linear regression of 0.947.

hydroxyl, may function as hydrogen-bond acceptors or hydrogen-
bond donors, respectively. A correlation of structure and activity
in terms of the constitution of the involved molecules seems to be
rather speculative, as active molecules are found in the group of
furanones with an Seconfigured C-5 atom, e.g., compouriand

7, both ranging in the single digit molar range, as well as in the
group of compounds exhibiting an exocyclic double bond in that
position, e.g., the most active compourd@®)(showing activity in

the submicromolar range (0.1M). Considering R, the SAR
shows a slight preference for the acetylated derivative to be the
more active compound, which is demonstrated by the biological
profile of compound49 (1.48uM) and 20 (1.12uM). In general,

the acetylation seems to result in a slightly enhanced activity, which
is also demonstrated by the structural p&if$1 (5.71xM/10.43

uM) and14/16(10.99uM/8.67 uM) for the acetylated/nonacetylated
compound, respectively. On the other hand the lack of functionality
at that position 13, 21) leads to a loss in activity. With respect to

uncertainty factor of 9.7 in the binding constant (Table 7). When the configuration of C-5, a tendency for Rrconfigured C-5 atom
analyzing the average over the entire ensemble of the 200 receptoiseems to be a prerequisite for enhanced activity compared to the

models, a cross-validateyt of 0.884 together with the classical

S-isomers. Compound pa#/5 (33.32uM/17.44 uM), as well as

value for linear regression of 0.947 is obtained (Figure 1). The rms 6/7 (11.07:4M/8.14 uM), show theR-configured isomer to be the
deviation of predicted and experimental free energies of ligand slightly more active compound. In the series of furanones with an

binding is calculated to be 0.225 kealol~ (uncertainty factor of
1.5 in the binding constant) for the training set and 0.816-kualf*

(uncertainty factor of 4.1 in the binding constant) for the test set.

Again, compound.3 shows WithAAG®eyp—prea = 1.128 kcaimol™t

exocyclic double bond the activity profile of compountis and
12 accounts for anE-configured exocyclic double bond as
prerequisite for higher activity. While th&configured isomerl1,
shows activity within the double-digit range (10,481), compound

the largest deviation energy, corresponding to an uncertainty factor 12 exhibits the highest activity within the entire ensemble (0.61
of less than 7 in the binding constant. In Figure 2 the averaged uM).

model accommodating the superimposed test and training set

Although no dramatic changes within activity could be observed

compounds is depicted. The 207 virtual particles form a coherent for the ensemble of 16 molecules, it was possible to obtain a
pseudoreceptor surface with associated physicochemical propertieglifferentiated 3D QSAR pursuing a pseudoreceptor modeling
that account for mutual physicochemical complementarity. The fact approach with the program Quasar. To prove the validity of the
that the construction of the pseudoreceptor family for the furanones generated pseudoreceptor model, a scramble test was performed,
with anticancer activities yielded a model that has a relatively high which resulted in a classicgf value of—0.211 and am value of

predictive power @ = 0.929;r = 0.968) supports the assumption

—0.083, demonstrating that the obtained pseudoreceptor model for

that the molecules described in this study are targeted against ahe ensemble is not generated accidentally. Within the training set
common receptor, probably a protein, and utilize a similar mode the accuracy of predicting the biological activity is shown by low

of binding.

uncertainty factors ranging from 1.1 to 1.6 in the best model and

With 193 out of 207 pseudoreceptor particles being hydrophobic 1.1 to 1.9 within the averaged model. The highest uncertainty factor
and/or uncharged, the generated hypothetical binding surface reflectss produced by compount3, a fact that may be explained by the

the overall lipophilic nature of the potential ligand compounds

absence of functionality at ;R even though the corresponding

(Figure 2). Polar groups within side-chains, i.e., acetoxyl or compound in the training se2{) could be well predicted.
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Figure 2. Stereoview of the superimposed training and test set molecules within the constructed pseudoreceptor surface. The surface
engages the layer of virtual particles between the inner and outer surfaces. Areas populated by hydrophobic virtual particles are shown in
green, while spatial areas with positively and negatively charged properties together with hydrogen-bond donor capacities are colored cyan.

Compound  Dihedral angle C-2->C-3->C-7->C-8

Family A
. me
6 90 46° \s—‘?1 Pt
Family B 3=
3 -74.66° o= SR
5 -19.91° 0 'R,
7 -20.73
Family C
9 81.49°
1 7321°
12 75.39° '°——{ 1
13 55.35° s 4Br
14 74.14° 35— .
16 77.22° 2 s R
17 73.13° O’j\o)\ﬁ)
19 76.62° Rs
20 79.80°
21 55.19°

Figure 3. Superposition of the furanones used for pseudoreceptor modeling (left). According to their flexibility around th€-TC-3
bond, three families differing in side-chain conformation described by the dihedral angteG=32-C-7—C8 are formed (right). Family
A is composed of compounds 4, and6 (white), family B of compound$, 5, and7 (gray), and family C of compound 11, 12, 13, 14,
16, 17, 19, 20, and21 (black).

Prior to discussions of potential interactions of functional groups respectively. Hence, those VPs show positive salt-bridge charac-
of the ligand molecules and the created receptor surface composederistics. While the acetoxyl group of compoudis oriented toward
of virtual particles with associated physicochemical properties, one the “northwest” part within the pseudoreceptor envelope, the
has to consider flexibility within the ligand compounds. To take acetoxyl groups of compoundss and 20 are positioned toward
account of different possible side-chain conformations, especially the “northeast” compartment. Interaction points are disposed by
concerning the torsion around the bond between C-3 and C-7, whichthe VPs 46 and 66 for compoudand VPs 153, 178, and 180 for
is described by the dihedral angle of €+£-3—C-7—C-8, different compounddl6 and20. The distance between the carbonyl oxygen
substituted furanones were chosen from CSD (Cambridge Structureof 9 and VP 46 is measured at 2.9 A, and the distance to VP 66 is
Databasé}f-35 as template molecules for the construction of the 2.6 A. The corresponding interaction between the carbonyl oxygen
training and test set compounds (Table 6, Figure 3). While of the acetoxyl group in compound$ and20is found at 2.6 and
compounds belonging to family A are characterized by a dihedral 2.7 A to VP 153, approximately 2.5 A to VP 178, and 2.7 or 2.9
angle of approximately-90°, those in family B display a dihedral A to VP 180, respectively. The hydroxyl functionality {Rin
angle between-20° and—75°. In contrast to compounds belonging compounddl, 12, 14, 17, and19serves as a hydrogen-bond donor
to families A and B, those of family C exhibit an exocyclic double to the acceptor particle 115 at a distance of approximately 1.5 A.
bond (C-5/C-6). According to that constitutional difference, a further As all compounds are superimposed with respect to the furanone
template was chosen from CSD, compared to families A and B ring, the general interaction point of the lactone carbonyl oxygen
compounds, which resulted in dihedral angles ranging frebb° is found to be the same virtual particle, VP 52, at a distance of
to +80°. Consequently, functional groups within the side-chain R about 2.3 A.
are oriented in the “southwestern” portion within the pseudoreceptor ~ Concluding, the molecular modeling study, i.e., the pseudorecep-
cavity, while for compoundS8—21the side-chain Rprotrudes into tor modeling approach applying a 3D QSAR technique, results in
the “northwestern” portion of the pseudoreceptor envelope (Figures a correlation of experimental and predicted free ligand binding
2 and 3). Correspondingly, the carbonyl-oxygen of the acetoxyl energies characterized by a high cross-validafedalue (0.88,
group within R in compoundsl, 4, and 6 interacts with virtual averaged model). The generated overall hydrophobic pseudoreceptor
particles (VPs) 56 and 58 (Figure 4). Both patrticles are characterizedsurface accounts for the mainly hydrophobic nature of the super-
as H-bond donors at distances of approximately 2.3 A or ap- imposed ensemble of 16 selected furanone entities. Corresponding
proximately 2.7 A, respectively. The corresponding interaction for interactions between functional groups within the ligands and
compounds$ and7 between the carbonyl oxygen and VPs 68 and pseudoreceptor particles with associated physicochemical properties
69 is found at approximately 2.3 A and approximately 2.5 A, account for the complementarity generated by the receptor envelope.
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Figure 4. Averaged pseudoreceptor model composed of virtual
particles accommodating compouhdT he distribution for the 207
various virtual particles (VPs) is as follows: 7 uncharged H-bond
donor VPs (green), 37 slightly positively chargetiO(1) hydro-
phobic VPs (orange), 40 slightly negatively charged0(l)
hydrophobic VPs (pink), 109 uncharged hydrophobic VPs (cyan),
and 12 positively chargedH0.25) VPs (red) as well as 2 negatively
charged {0.25) VPs (blue). Selected VPs that are interacting with
ligand entities are numbered.

The analysis of SAR suggests that (i) acetylation within side-chain
Ry, (i) R-configuration of C-5 within the spconfigured series of
furanones, and (iii) anE-configured double bond within the
furanone series with the exocyclic double bond might be crucial
determinants for the observed activities.

Structure —Activity Relationships. Of the 25 D. pulchra
compounds tested in this study, all compounds, including linear
structures, exhibited biological activity in at least one of the test
systems employed. The similarity of the majority of the structures
as furanones provides an opportunity to analyze for any structure
activity relationships these compounds may show in the assay
systems.

In the cytotoxicity assays (Table 1) all of the furanones had either
moderate (+8 ug/mL) or significant activity €1 ug/mL) in at
least one of the employed cell lines. The only compound to show
no activity was the one acyclic compound test28)(From these
results it may reasonably be concluded that the lactone moiety is
responsible, at least to some extent, for the observed activity. It is
also evident from the data in Table 1 that the compounds having
the A58 double bond (e.g.9, 11, and 14) are more active than
those without it (e.g.l, 3, and 4). Further, the presence of an
acetoxyl or hydroxyl function at C-7 (e.g9, 11, and 14) also
enhances the activity of the molecule relative to those without this
functionality (e.g.,13 and21).

These structureactivity relationships also hold true for the
antimicrobial, antifungal, and tyrosine kinase inhibition activity.
The most active metabolites in the antibacterial assays Were
and12 against Gram-negative anid, 12, 19, and20 against Gram-
positive. Similarly for the antifungal activity, compound$ and
20 had the most pronounced effects, withand12, and a number
of other compounds9( 10, 14, 16, 17, 20, 21, 25), an order of
magnitude less active. In the tyrosine kinase inhibition activity seven
compounds 11, 14, 15, 17—20), of the 13 tested, inhibited this
enzyme to 96% of its activity or greater at 209/mL.

In the antimalarial testing, even though less than half of the
substances were tested, a trend is discernible. Compdignaisd
20 had the best activity out of the seven compour@ls/( 14, 16,

17, 19, 20) that showed activity at lower thanug/mL. Aside from

Wright et al.

the data for acycli23, the only two other compounds that are
inactive are those that lack a functionality at C18 and 21. It
should also be noted that these compounds were inactive in many
of the cytotoxicity assays as well, indicating the functionality (OH
or OAc) at C-7 to be an important prerequisite for activity. Although
only six compounds were tested for PKC inhibition activity, the
results obtained support the previous structiaetivity correlations.

The results of this study concur with other data reported for
secondary metabolites frob pulchrain independent test systerhs.
Although previous studies have used a much narrower range of
compounds, the trends in structutactivity relationships are the
same. In a study on the effects of furanones on the settlement of
fouling organismg? the presence of an acetoxyl or hydroxyl
function at C-7 increased the activity of these compounds relative
to those without this functionality. This structuractivity relation-
ship was consistent for tests against a marine bacterium and the
epiphytic algaUlva spl® Mechanistic assays to determine the
activity of furanones as inhibitors of AHL quorum sensing systems
in Gram-negative bacteria have also demonstrated the samé4rend.
Furanones with an OH or OAc at C-7 are significantly more active
in the inhibition of AHL regulated bioluminescence and have
significantly stronger displacement of radiolabeled native AHL
signals $H-OHHL) than the equivalent furanone lacking a func-
tional group (OH or OAc) at C-7¢ Therefore, a consistent pattern
in the structure-activity relationship of these compounds is found
in whole organism prokaryote- and eukaryote-based assays and in
molecular-based mechanistic assays.

Conclusions

Of the compounds tested and modeled in the current stiily,
and12, closely followed byl9 and 20, are the most active in the
applied test systems. It might be reasonably concluded that for a
molecule to be active in the test systems applied in this study it
must have structural and the implied physiochemical features (e.g.,
electron density maps) in common with this group. If the basic
framework of compound1 is taken as a basis for activity, it is
clear that within this class of compound an OH function (sometimes
an OAc; assay dependent) at C-7 and bulky electron-rich groups
at C-6 are essential for the measured activities. As these molecules
are rather small and somewhat rigid and their activities so well
defined, it seems unlikely that their observed activities could be
greatly enhanced by altering the functionalities at C-4 and C-6.
There does however seem to be a good chance to improve activity,
and possibly selectivity, by modifying the basic framework in the
C-7 region of the molecule. Possible obvious modifications would
be ones that introduce groups similar in physical and chemical
properties to the OH and OAc functionalities already found at this
location and apparently essential for the observed activity. A number
of possibilities might be the ethers represented by theoretical
compound®6—28or the lactones represented by compou2@ts
30. Evident from the research undertaken to date is the fact that
the natural compounds discussed in this work, if not directly useful
in a given application where they have been found to have activity,
will certainly be extremely useful as lead structures for further
medicinal chemistry.

Experimental Section

General Experimental Procedures.As previously describe#.

Materials. Compoundsl—25 were derived from previous studies
made with D. pulchra*® Remaining materials are as previously
described®

Bioassays.The cytotoxic activity of 19 compound4,(3—9, 11—
14, 16, 17, 19-21, 23, and25) was evaluated against a panel of 12
different cell linest” Antimicrobial activity of Deliseametabolites was
established using direct bioautographic assays as deséfilizam-
pounds were spotted on TLC plates, the solvent was evaporated, and
the plates were used directly for the antimicrobial testing. Antimalarial
assays were performed in vitro wifPflasmodium falciparuntlones
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D6 (chloroquine-sensitive) and W2 (chloroquine-resistahhibition (7) Wright, J. T.; de Nys, R.; Poore, A. G. B.; Steinberg, PEdology

of reverse transcriptase activity of human immunodeficiency virus 2004 85, 2946-2959.

type-1 (RT HIV-1) was assayed in an ELISA-based systeimhibition (8) de Nys, R.; Steinberg, P. D.; Rogers, C. R.; Charlton, T. S.; Duncan,
of protein kinase C (PKC) was measured according to the methods M. W. Mar. Ecol. Prog. Ser1996 130 135-146.

employed by Meyer et & Inhibition of tyrosine kinase (TK p5®) (9) de Nys, R.; Dworjanyn, S. A.; Steinberg, P. Mar. Ecol. Prog.
was assessed as described by Kirsch &tlahibition of interleukin-1 Ser.1998 162, 79-87.

and protein biosynthesis was investigated according to the methods of (10) de Nys, R.; Steinberg, P. D.; Willemsen, P.; Dworjanyn, S. A.;
Rordorf-Adam et af? Activity againstMycobacterium tuberculosind Gabelish, C. L.; King, R. JBiofouling 1995 8, 259-271.

M. aziumwas established according to the protocol described by Collins  (11) Givskov, M.; de Nys, R.; Manefield, M.; Gram, L.; Maximilien, R ;
and Franzbla@* Eberl, L.; Molin, S.; Steinberg, P. D.; Kjelleberg, $. Bacteriol.

1996 178 6618-6622.

(12) Kjelleberg, S.; Steinberg, P. D.; Givskov, M.; Gram, L.; Manefield
M.; de Nys, R.Aquat. Microb. Ecal1997 13, 85-93.

(13) Ren, D.; Bedzyk, L. A.;; Ye, R. W.; Thomas, S. M.; Wood, T. K
Biotechnol. Bioeng2004 88, 630-642.

(14) Rice, S. A.; McDougald, D.; Kumar, N.; Kjelleberg, Surr. Opin.
Invest. Drugs2005 6, 178-184.

(15) Hentzer, M.; Wu, H.; Anderson, J. B.; Riedel, K.; Rasmussen, T.

Pseudoreceptor Modeling.All simulations were performed on a
Silicon Graphics Indigo 2 workstation (R10000). The program IN-
SIGHT Il, version 98.G¢ was used for model-building procedures and
as graphical interface. For the purpose of this study, 16 furanones were
selected. All of these furanones possess a common underlying
framework, which corroborates the working hypothesis that these
compounds address a common receptor-type target molecule and utilize
a similar binding mode. This hypothesis is the basic assumption B.. Bagge, N.; Kumar, N.; Schembri, M. A.; Song, Z.; Kristoffersen
underlying all types of comparative molecular modeling approaches P.: Manefi'eld” M.: Co’ste.r‘ton I W "Mo.lin.’S . Eb‘erlﬂ L Steinberg'
such as 3D QSAR and pseudoreceptor modeling techniques. According P Kjelleberg,’ S.;YHoiby, N.: ('Bi\}skc');/, NEM’Bd’J.ZOOé 22 3803 '

to this assumption, a molecular superposition of the 3D structures of 3815,

the selected molecules, reflecting the common binding mode for the (16) Hentzer, M.; Riedel, K.; Rasmussen, T. B.; Heydorn, A.; Anderson
core structure (lactone ring), should enable the steric and physico- J. B pa’rse’k' M. R’.; R’ice, S. A Efgerl, |_,_; Molin, S Hoiby, N.; ’
chemical characteristics responsible for the distinctive biological Kijelleberg, S.: Givskov, MMicrobiology 2002 148 87—102.
activities to be deduced. To generate the superimposed ensemble of (17) Likhitwitayawuid, K.; Angerhofer, C. K.; Ruangrungsi, N.; Cordell,
compounds, the experimentally derived 3D structures of three template G. A.: Pezzuto, J. MJ. Nat. Prod 1993 56, 30—38.

molecules were retrieved from the Cambridge Structure Database (18) Hamburger, M. O.; Cordell, G. Al. Nat. Prod 1987, 50, 19-22.
(CSD)?>% All compounds were manually constructed according to  (19) Baumgartner, B.; Erdelmeier, C. A. J.; Wright, A. D.; Rali, T.; Sticher,

those template structures of closely related compounds (for details see O. Phytochemistry199q 29, 3327-3330.

Table 6) USIng the DISCOVER S|mu|at|on paCkage Implemented |n (20) Angerhofer, C. K’ Kor"g, G. M’ anht, A. D, Sncher’ O’ M||hous'
INSIGHT II. All compounds were then submitted to an energy W. K.; Cordell, G. A.; Farnsworth, N. R.; Pezzuto, J. MAdvances
minimization over 100 steps using the steepest descent algorithm within in Natural Product Chemistry Atta-ur-Rahman, Ed.; Harwood
cvff (consistent valence force field), except for I-containing ligands, Academic Publishers: Chur, Switzerland, 1992; pp-3329.

which were minimized under the same conditions within the force field  (21) Kirsch, G.; Wright, A. D.; Kaig, G. M. J. Nat. Prod 200Q 63,
cff91. All compounds were then subjected to an energy minimization 825-829.

using the AM1 Hamiltonian within MOPAC 6.9.The atomic potential (22) Meyer, T.; Regenass, U.; Fabbro, D.; Alter, E::sBlo J.; Mier,
charge model (ESP charges) was obtained by using MOPAC 6.0 also. M.; Caravatti, G.; Matter, Alnt. J. Cancer1989 43, 851-856.

The individually geometry-optimized compounds were overlaid fol-  (23) Rordorf-Adam, C.; Geiger, T.; Henn, R.; Arnold, J.; Solf, R,;
lowing an atom-based rigid body superposition. Within the subsequent Wiesenberg, |.; Ferrini, P. G.; Vosbeck, Kgents Actionsl994
pseudoreceptor modeling approach the ligands were kept fixed while 43, 53-59.

the mean envelope was adjusted to the superimposed ligands by (24) Collins, L. S.; Franzblau, S. Gntimicrob. Agents Chemotheir997,
minimization within the software package PrGen £:% The initial 41, 1004-10009.

alignment of the 16 furanones served as input data for the quasi- (25) Vedani, A.; Dobler, M.; Zbinden, R. Am. Chem. S0d.998 120,
atomistic receptor modeling approach. The superimposed ensemble of 4471-4477.

compounds was subjected to the program Quésagersion 1.6, as (26) Gurrath, M.; Mlier, G.; Hdtje, H.-D. In 3D QSAR in Drug Design
implemented on the PrGen 2.1 platform. Quasar can be used to engage Kubinyi, H., Martin, J., Folkers, G., Eds.; Perspetives in Drug
biologically active ligand molecules in specific intermolecular interac- Discovery and Design; Kluwer Academic Publishers: Lancaster,
tions with a sterically complementary receptor surface, to mimic 1998; 12/13/14, pp 135157.

macromolecular environments of low molecular weight compounds in  (27) Blaney, J. M.; Weiner, P. K.; Dearing, A.; Kollman, P. A.; Jorgensen,
their target-bound state. Quasar generates a family of receptor surface E. C.; Oatley, S. L.; Burridge, J. M.; Blake, J. F.Am. Chem. Soc.

models in light of molecular structures and biological activities of the 1982 104, 6424-6434.
ligand set by means of a genetic algorithm combined with cross- (28) Marengo, E.; Todeschini, Rthemomet. Intell. Lab. Sysi992 16,
validation. This approach was discussed in more detail previgbsly. 37—44.

(29) still, W. C.; Temczyk, A.; Hawley, R. C.; Hendrickson, J.. Am.

: Chem. Soc199Q 112 61276129.
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