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1. EXECUTIVE SUMMARY
1.1. Abstract

The human immunodeficiency virus (HIV) is the retrovirus
that causes the acquired immune deficiency disease syndrome
{AIDS). This review discusses the anti-HIV activity of extracts
and compounds isolated from freshwater and marine algae, and
cyanobacteria (Tormerly called “blue-green algae™). Compounds
and extracts with anti-HIV activity are also active against other
retroviruses such as herpes simplex virus (HSV), but the amount
of antiviral activity varies with the compound and the virus. Most
of the research has focused on sulfated homopolysaccharides and
sesquiterpene hydroguinones, and other classes of compounds
with anti-HIV activity that have been isolated from algae have
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received less attention. Most studies have used in witro test
systems, but a few in vivo studies have been carried ont wsing
compoends isolated from algae or analogs produced symtheti-
cally or isolated from other natural sources. Sulfated homopoly-
saccharides are more potent than sulfated heteropolysaccharides.
The presence of the sulfate group is necessary for amti-HIV
activity, and potency increases with the degree of sulfation
Studies using nonsnifated and sulfated homo- and beteropoly-
saccharides isolated from algae or other matural sources, or
synthesized, have revealed the mechanisms of binding of drugs to
the virion, and the mechanisms of viral binding to host cells.
However, given the few classes of compounds investigated, most
of the pharmacopeia of compounds in algae and cyancbacteria
with antiretroviral activity is probably not known. ¢ 2008 Acsdesic
From

Key Words: HIV; AIDS; antiretroviral activity; algae;
seaweed; cyanobacteria; sulfated polysaccharides; fucoidan;
carrageenan; sesquiterpene hydroquinones: sulfogvicolipids.
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1.2. Introduction

In the 20 years since the “acquired immune deficiency
syndrome” (AIDS)* was first recognized, over 40 million
people have become infected by the human immunodefi-
ciency virus (HIV). UNAIDS estimates that each day 16,000
people become infecied by the HIV (Piot, 1998). The process
by which the virus evades the immune system is not fully
elucidated. Many studies have investigated the mechanism
of the virus's action, or the pharmacological activity of
compounds of diverse structures. A glycoprotein on the
virus's outer coat, gpl20, latches onto CDy receptors on the
surface of T lymphocytes, the immune cells that are the
virus's primary target. X-ray crystallography has revealed
that structural features of the gpl20-CD, complex block
antibody access (Rizzuto et al., 1998), so the “immune sys-
tem essentially cannot ‘see’ these prime targets and generate
a response to them” (Balter, 1998). A toxicological problem
is to identify compounds that target the virus but not affect
the host cell. MNatural products derived from numerous
species have been found to have antiviral activity against the
HIV. One of first sources of natural compounds with in vitro
anti-HIV activity, micro- and macroalgae, are the focus of
this review.

Algae include a2 wide variety of plants that range from
diatoms, which are microscopic, unicellular organisms, to
seaweeds extending over 30 m. Unlike land plants, algae do
not have true roots, stem, and leaves. Algae are grouped into

*Abbreviations used: AIDS, acqguired immune deficiency syndrome:
AMY, avian myeloblastosis virus (A species of avian (vpe C retroviruses.;
APTT, activated partial thromboplastin time; ARC, AIDS-related com-
plex: ATA, aunnincarboxylic acid; AZT, azidothymidine (3-ando-2 ¥ -di-
deoxythymidine), Ca-5F, calcium spirvlan; CV-N, cyanovirin-M; COSY,
correfation  spectroscopy; DEAE  dextran, diethylamincethyldextran:
DGG, digalactopyranosyl glycerols; DMA, deoxyribonucleic acd; DNTP,
deoxyribenecleoside 5-triphosphate; D5, dextran sulfate: GC, gas chromo-
tography; G5, galactan sulfate; HCM Y, human cytomegalovirus. (HCMY
is a widely occurring intracellular herpesvirus characterized by narrow host
specificily and slow reproduction (latency); that cauwses AIDS-related ocu-
lopathy in humans) HIV, human immunodeficiency virus; HSV, herpes
simplex vires. (Herpesviridae is a family of enveloped DNA viruses thar
OCEUrs in man, cn!d-b!nodr_d vertebrates, and invertebratesy HTLV, hu-
man T-cell lymphotropic virus or human T-cell leukemia vires; 1C,.,
inhibitory concentration 50%; IU, inhibitory onit; iv. intravenous; LC,
Langerhans cells; mAb, monoclonal antibedy: MGG, monogalac-
topyranosyl glyeerol M5, mass spectrometry; NCI, National Cancer Insti-
tute (U.S)Ek NMR, Nuciear magnetic resonance; PAS, polyanethole
sulfonate; PBL, peripheral blood lymphocyte; FBMC. peripheral blood
manonuclearcells; PHA, phytohemagglutinin; pol «, polvmerase alpha: pol
B, polymerase beta; PVS, polyvinyl sulfate; RNA, ribonucleic acid; RNase
H, ribonucleass H; RSV, respiratory syncytial virus; RT, reverse transerip-
tase; SAE, =22 algal extract; S1, selectivity index; sCD,_ soluble CD,; 51V,
simian immunodeficiency virus; 5P, sulfated polyanions: SQG, sul-
foquinovopyransoyl glycerols; TNF-x, tumor necrosis factor-r; TMF-2,
tumor necrosis factor-z VSV, vesicular stomatis virus.
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six main classes, mainly on the basis of their color (Fogg,
1953). Most algae are found in fresh or salt water, but a few
of the Chrysophyta and Cyanophyta® may be terrestrial.
The unicellular algae are placed in the kingdom Protista
and are classified as euglenocids (phylum Euglenophyta),
dinoflagellates (phylum Pyrrophyta), and diatoms (phylum
Chrysophyta). All have chloroplasts and carry out photo-
synthesis similar to that of plants. Multicellular green algae
(division Chlorophyta), red algae (division Rhodophyta),
and brown algae (division Phasophyta) are all seaweeds.
Seaweeds are widely distributed in the ocean, occurning
from the tide level to considerable depths, free-floating or
anchored, and include kelp, dulse, rockweed, and sea let-
tuce. Many are of economic importance as food, fertilizer,
agar, potash, or source of iodine.

The antibacterial activity of an aquatic microalgae was
fiest reported for Chlorella vulgaris (Pratt and Fong, 1940),
An early report of the antimicrobial properties of seaweed
extracts was published a decade later (Pratt et al,, 1951), and
several other papers appeared in the next two decades
(Burkholder and 3harma, 1969). The antiviral effects of
polysaccharides from marine algae toward mumps virus
and influenza B virus were reported by Gerber er al. (1958).
Subsequently, polysaccharides fractions from extracts of red
algae were found to inhibit herpes simplex virus (HSV) and
other viruses (Burkholder and Sharma, 1969; Deig, 1974;
Ehresmann et al, 1977; Richards et al,, 1978). These obser-
vations did not generate much interest becauss the antiviral
action of the compounds was considered to be largely non-
specific (Witvrouw and De Clercg, 1997).

Isolation from algae of sulfated polysaccharides and
other compounds with antiviral activity against enveloped
viruses increased the interest in algae as a source of antiviral
compounds. Enveloped viruses have nucleic acid within
either a helical or a polyhedral core surrounded by an
envelope. Enveloped viruses include HIV, herpes simplex
virus type 1 and type 2 (HSV-1 and HSV-2), influenza
A virus, RSV, simian immunodeficiency virus (SIV), pseudo-
rables virus, bovine herpes virus, and human cytomegal-
ovirus (HCMYV).

*A subgroup of the oxygenic photosynthetic bacteria comprising unicel-
lular to multicellular bacteria possessing chlorophyll 2 and carrying out
oxygenic photosynthesis. Cyanobacteriz are the only known organisms
capable of fixing both carbon dioxide (in the presence of light) 2nd nitro-
gen. Formerly called blue-green algae, cyanobacteria were traditionally
treated as algae. By the late 19th century, however, it was realized that the
blue-green algae were unique and lacked the traditional nucleus and
chloroplasts of the green and other alzze, The comparison of nucleotide
base sequence data from 165 and 35 rENA indicates that cyanchacteria
represent 2 moderately deep phylogenetic unit within the gram-negative
bacteria (Nationzl Library of Medicing, IGM Metathesaorus Informarion
Scresn).
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2 ANTI-HIV ACTIVITY OF MARINE AND FRESHWATER
MICRO- AND MACROALGAE

2.1. Scope of This Review

Compounds extracted from algae have in cifro or in rico
activity against a wide range of retroviruses, including her-
pes viruses (HSV-1, HSV-2, HCMV), togaviruses (Sindbis
virus, Semliki Forest virus), paramyxoviruses (R5V), rhab-
doviruses (vesicular stomatitis virus [VSV]), and human
immune deficiency viruses (SIV, HIV). Compounds isolated
from algae that have been tested against HIV include ster-
oids and sulfoglycolipids, but most of the research has used
natural and synthetic sulfated polysaccharides. “Since 1988,
the activity spectrum of the sulfated polysaccharides has
besn found to exiend to various enveloped viruses, includ-
ing viruses thal emerge as opportunistic pathogens [eg,
HSV and HCMV] in immunosuppressed (e.g, AIDS) pa-
tients ... [SJulfated polysaccharides...are able to block
HIV replication in cell culture at concentrations as low as
0.1 to 0.01 pg/ml without toxicity to the host cells at concen-
trations up to 2.5 pg/ml™ (Witvrouw and De Clercg, 1997).
The first step in the replicative cycle of HIV-1, the binding of
the virions to the cellular CD4 receptor, is an important
target for chemotherapeutic agents against AIDS (Schols er
al., 1989). This explains some of the molecular basis for the
anti-HIV activity of sulfated polysaccharides (Schols et al,
1989; Batinic and Robey, 1992; Jagodzinski et al, 1994;
Damonate, 1996).

This article reviews the research on the anti-HIV activity
of compounds present in marine and freshwater micro- and
macroalgae, and cyanobacteria. Studies of the anti-HIV
activity of green, red, and brown algae are summarized in
Table 1, and cyanobacteria studies are in Table 5. Research
that used purchased compounds previcusly isolated from
algae arc included in this review. Studies of the antiret-
roviral activity of algal extracts that did not include assays
against the HIV are selectively cited if they (1) expand data
or conclusions from similar studies with HIV, or (2) identify
species, extracts, or compounds that have not been tested
using HIV.

2.2 Anti-HIV Activity of Marine Algae Other Than
Cyanobacteria

Most of the research on the anti-HIV activity of marine
algae has used red and brown macroalgae. The initial stud-
ies using these algae isolated sulfated polysaccharides with
antiviral activity and later investigators continued interest
in this class of compounds. However, other classes of com-
pounds with anti-HIV activity have been identified (Table
1). The research is reviewed in this section.

221 Pa!'ysacrhm‘fdes, sulfated polysaccharides, fucoidan,
carrageenans. Polysaccharides and sulfated polysacchar-
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ides are generally extractable by hot water, dilute acid. or
dilute alkali Some natural polysulfates isolated from alsae,
as well as some synthetic polysulfates, exhibit a differential
inhibitory activity against different HIV strains, which sug-
gests differences in the target molecules with which these
compounds interact (Witvrouw and De Clercg, 1997). They
inhibit the cytopathic effect of HIV and also prevent HIV-
induced syncytium (giant cell) formation. Antiviral activity
increases with increasing molecular weight and degree of
sulfation, as indicated by using dextran sulfate* (DS) of
increasing molecular weight and sulfated cyclodextrins of
different degrees of sulfation.®

2.2.1.1. Extracts of the marine red alga, Schizymenia paci-
fica. Nakashima et al. (1987b) prepared 2 atrate bufier
extract of the marine red alga 5. pocifica. A cell-free sysiem
was used to test the effect of the extract on reverse transcrip-
tase (RT) from avian myelblastosis virus (AMV), and Raus-
cher murine leukemia virus. The extract inhibited RT from
both these retroviruses over a wide range of dilutions, down
to 1:10%. Defining an inhibitory unit (IU) of activity as the
amount inhibiting 50% of the control reverse transcriptase
of AMYV, the activity of the crude extract was 84 x
10® IU/mL. The extract had a small stimulatory effect on
the activity of cellular DNA polymerase alpha and a small
inhibitory effect on RNA polymerase I1 in rirro. The specifi-
city of extract was demonstrated by its lack of adverse affect
on [*H]thymidine and [*H]uridine incorporation into cul-
tured human T cells. The inhibitory activity of the extract
was stable over the pH range 1-11. The active principle had
a molecular weight in excess of 105 Da. Because inhibitory
activily was not lost afler pronase digestion but was lost
after boiling at 100°C in 0.67 N HCI, or treatment with
100 mM NzlO. (which breaks down carbohydrates). the
active compound was postulated to be a polysacchande.

Subsequently, Nakashima er al. (19872) purified the new
reverse transcriptase inhibitor from S. pecifica. The com-
pound, termed “sea algal extract™ (SAE), is a sulfated polysac-
charide having a molecular weight of approximately 2 x 10°.
SAE is composed to galactose (73%), sulfonate (20%), and

‘Dextran is 2 high-molecular-weight polysaccharide produced from
sucrose by several bacteria. [ts predominant backbone consists of =11 —6)

linked D-glucose units. Dextrans of differing chain length and degrez of ©

branching (at 2(] — 3} and 2| — 4) branch points) are produced. Partial
hydrolysis and sulfation produces dextran suifate fractions of diflerent
average molecular weight (Witvrouw and De Clercg. 19971 =-Dexirin is
2 short polysaccharide derived from starch 2nd s made up of =veral
glucose units joined by a8 2-1.6 hokage in 2ddition to 2-1.4 nkages More
than 85% of dextrin molecubes have moleculsr masses berween 1640 and
45,000, with = cdaimed-average molecular mass of approrzmarely 20000

*=A sugar backbone is not sirictly nocded for the anti-HIV activity of
polysulfates because sulfated polymers composed of a carbop—c=rbon
backbone have also proved 10 be highly efficent ant-HIV agents in rifro.
Other, yet to be defined, structural featurss may also play an impori=nt
role™ (Witvroow and De Clereg. 1997).
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TABLE 1

Anti-HIV Activity of Extracts of, and Compounds Isolated from, Green, Red, and Brown Algae

Reference Species”

Compounds isclated

Other compounds tested

Schizymenia pacifica (red seawe=d)
Schizymenia pacifica (red seaweed)

Makashima et al. (1987b)
Makashima er al (1987a)

Extract, polysachharide MW, 10° kDa
SAE MW, 2% 10* kD=

Chondroitin sulfate A. dermatan sulfate,

Beress et al. (1993)
Moen and Clark (1993)

Fucus vesiculosus (brown seawead)
Fucus resiculosus (brown seawesd)

Polysachharides, fucoidan, polyphenals
Fucoidan and water-soluble,

heparin sulfate, and keratan polysolfan
inhibited BT of avian mycloblastosis
virus

AZT

noncarbohydrate component
of fucodan

Hoshino er al. (1998) Sargussum horneri (brown seawesd)
Witvrouw and
De Clercg (1997) Norhogenia fastigiara, Agardhiella
tenera, Euchewma cotlonii, Gigartina
aciculaire, Gigartina pistillata
Alza
Cochladinium polykrikoides
Nothogenia fastigiara (red seaweed)
Purchased compounds

Damonte [1996)

Hasui er al_ (1995)
Damonte er al. (1994)
Baba et ol {19885, 1990)

Sugawara et al. (1989) Fucoidan
Mzumoto et al. (1958)
Parish er al. (1990) Fucoadan,

McClure er al. (1992) Fucoidan
Ohtz er al. (1998}

Loya et al. (1995)

Grigarting renella (red seaweed)
Peyssonelio sp. (red seaweed)

Sulfated polysaccharide with fucose
as the main component sugar

Marine algae (review); Red seaweeds: Xylomannan, Galactan sulfate,

k-, s-Carrageenan

Dextran sulfate (30 kDa)
Dextran sulfate, pentosan sulfate,
dermatan sulfate

Mot directly relevant
Sulfated polysachharides
Sulphated xylomannan
Fucoidan, k-, s-Carrageenan

Dextran sulfate (10° to 500 kDa), pentosar
polysulfate (3.1 kDa), dermatin sulfate
(31 kDa), heparin (30 kDa), mannan
sulfate (30 kDa), suramin (1.4 kDa),
PAA (27 kDa). COAM (130 kDa)

Dextran sulfate, DEAE dextran
[diethyla-minoethyldextran)

Chondroitin 4-sulfate, chondroitin
&-sulfate heparin, dextran sulfate
(3. 500 kDa), polyvinyl sulfate,
polyanethole sulfonate, pentosan sulfate

Dextrin sulfate, dextran suliate

-, 4=, FCArragesnan

Sulfoguinovosyldiacylglycerol
Peyssonol A. Peyssonol B (sesquiterpene

hydroguinones)

Bagasra et al. (1989)

Elizs er al. (1997)

Carrage=nan, fucoidan

Dextran sulfate, hepann, hepann sulfate,
chondriotin sulfate, pentosan
polysullate, D-glucosamine 2-sulfate,
D-glucosamine f-sulfate. D-glucosamine
2.6-disulfare, inositol hexasulfate

-Carrageenan

“When “Species” column is blank, compounds were purchased rather than isolated.

3,6-anhydrogalactose (0.65%), and its infrared spectrum
and hydrolysis products suggest that it is a -carragesnan.®
SAE selectively inhibited HIV RT and replication in vitro.
More than 92% of the RT activity of the control was

®Carrageenans are mixtures of sullated polysacchandes extracted from
different specics of red seaweed that have a common structural backbone of
D-galactose residues. The three families of carrageenans are the £ family (-,
=-. and ¢ the § family (8- and y-); and the x family (=, v-, k-, and ). “The
w-form is characterized by a repeating unit of 4-solfate-f-D-galac-
topyranosyl{l = 4}-3 6-anhydro-z-D-galactose-linked (1 = 3L The i form
is characterized by a repeating {1 — 3)-linked disaccharide of 2-sulfate-f-D-
galactopyranosyl {1 — 4)x-D-galactose-2 6-sullated. The degres of sulfa-
tion for the & and 2 form are 25% and 35%., respectively™ (Witvrouw and
De Clercq, 1997)

inhibited by 2 x 10* IU/mL of SAE. This concentration
stimulated the activity of DNA polymerase in ritro, but had
no adverse effect on the cellular incorporation of either
[*H]thymidine or [*H]thymidine or [*H]uridine into cul-
tured human T cells. Consequently, the inhibitor was deter-
mined to be specific for reverse transcriptase, and is not
likely to have adverse effects on cell growth.

Treatment of HTLV-1"-carrying MT-4 cells with 4 x 10*
and 8x10* IU of SAE per milliliter after HIV infection
with HTLV-IIIB® resulted in up to 20% inhibition of viral

"Human T-cell leukemia virus type I which cazuses adult T-cell
leukemia.

®An HIV sirain from the HIV-producing cell line Molt-4/HIVHTLV-
IIIB.
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antigen synthesis (Nakashima er al, 1987b). Most of the
MT-2 cells in the control culture died by 10 days after HIV
infection but more than 90% of cells were viable in the
cultures exposed to 4 x 10° 1o 8 x 10* U of SAE/mL. The
inhibitory effect of SAE on HIV replication was confirmed
by assays for inhibition of plaque formation by HIV in
MT-4 cells. Reverse transcription activity was immediately
inhibited when the compound was added to an assay mix-
ture. The 50% inhibitory dose (ICs) was 9.5 x 10° IU/mL.
The activity of SAE was similar to that of x-carragee-
nan (30,000 £ 7230 IU/mg) and rcarrageenan (34,600 +
8500 IU/mg). and less than that for /-carrageenan
(69,600 + 13,050 IU/mg). The sulfate residues were hy-
pothesized to play a key role in RT inhibition; this hypoihe-
sis was supported by inducing activity in polysaccharides
derivarized as the sulfate (Makashima er al., 1987b). Another
study reported an ICye of 12 pg/mL for x-carrageenan
against HIV-1 (Illy) and 19pg/ml for i-carrageenzan
against HIV-2 (ROD) (Witvrouw and De Clercg, 1997).

2.2.1.2. Exiracts of the brown seaweed Fucus rces-
iculosus. Anti-HIV-active polysaccharides and polyphenols
were isolated from the brown seaweed Fucus vesiculosus
(Beress et al., 1993; Moen and Clark, 1993). Some of the
fractions inhibited both HIV-induced syncytium formation
and HIV RT enzyme activity at concentrations that were
not cytotoxic. Beress er al. (1993) reported that most frac-
tions inhibited both. For these fractions, syncytium forma-
tion was inhibited at lower concentrations than RT enzyme
activity: e.g. fractions 57 and 58 inhibited syncytium forma-
tion at 1 and 2.0 pg/mL, respectively, but only caused “mod-
est™ RT cazyme inhbition at 50 pg/mL. The fractions that
did not inhibit HIV syncytium formation but did inhibit the
HIV RT enzyme “may have inhibited syncytium formation
by mechanisms that did not involve the virus RT enzyme™
(Beress er al. 1993; Moen and Clark, 1993).

A water-soluble, noncarbohydrale component of
fucoidan isolated from F. vesiculosus inhibits HIV RT in
vitro (Moen and Clark, 1993). Kinetic analysis of the inter-
actions of crude fucoidan with HIV RT indicated mixed
inhibition, which could be due to more than one anti-HIV
RT component in the crude fucoidan. However, kinetic
analysis of the noncarbohydrate cotnponent indicated non-
competitive inhibition with respect to nucleotide, and com-
petitive inhibition with respect to primer-templats. “The
simple inhibition patterns suggest that this component is
a single compound which inhibits HIV-RT by competing
with the nudeic acid substrate™ (Moen and Clark, 1993}

2213 Extracts of a brown alga, Sargassum horneri
(Turner) C. Agardh. A sulfated polysaccharide, with fu-
cose as the main component sugar, was isolated from the
hot water extract of 2 brown alga, S. horneri (Turner) C.
Agardh (Hoshino et al, 1998). This compound demon-
strated potent antiviral activity against HSV-1, human
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TABLE 2
Anti-HIV-1 Activity of Polysachharides Isolated from
Sargassum horneri (Hoshino ef al., 1998)

Anti-HIV activity Selectivity index
ICs* / 1Cse" CCye/MCse

Cytotoxicity
Sample (CCspl A" B A B A B
MNa-HOR 2350 12 54 40 12 1958 435
DS-HOR 2440 18 84 49 40 £71 290

*Concentration (pg mL) required to reduce the growth of MT-4 cells by

0%

*Concentration (pe 'mL) required 1o reduce viral replication by 50%
*Concentration (pg mL) required to reduce viral replication by 90%.
‘Eﬂmmm‘md&dtulhnﬁumﬂih:mlim:ﬂrh:vﬁzl

mh!hmdthmﬂnmthﬁuhaﬁmm
*Each compound was added 10 the medium immediately after viral

infection.

cytomegalovirus, and HIV-1 (Molt-4/HTLV-IIIB cells). The
anti-HIV activity of the sodium salt (Na-HOR) and the
desulfated polysaccharide (DS-HOR) are given in Table 2.
Time-of-addition experiments indicated that the com-
pound(s) inhibited both the initial stages of viral infection,
such as attachment to and penetration into host cells, and
also later replication stages after virus penetration. How-
ever, the inhibition mechanism of Na-HOR and DS-HOR
were different, at least in part. Both sulfated polysacchandes
suppressed HSV-1 replication when they were present dur-
ing infection. Neither had an antiviral effect when virus
particles were pretreated, nor when host cells were treated
with the compounds for 3 h before infection. The ICsy value
of Na-HOR against HSV-] “immediately after treatment
and 2 h afier infection was 20- [sic 2-] or 50- [sic 36-] fold
lower than for DS, respectively.” They concluded “that
binding of the polysaccharides to virion or host cells could
not be 2n inhibitory factor of virus replication™ (Hoshino er
al., 1998).

2.2.1.4. Extracts of the red seaweed Agardhiella tenera.
Galactan sulfate {GS), a polysaccharide isolated from the
red seaweed A. tenera, had an 1Cs, 0f 0.5-0.6 pg/mL against
HIV-1 (111g) and HIV-2 (ROD) (Witvrouw et al., 1994). G5
inhibited the cytopathic effect of HIV-1 and HIV-2 in MT4
cells, with ICsp values of 0.5 and 0.05 pg/L, respectively.
These 1Cs, values are 10-fold higher than those required for
inhibition by 5kDa DS. Syncytium formation between
Moli-4 cells and HIV-1- or HIV-2-infected HUT-78 celis
was inhibited at GS concentrations >5 pg/L. GS, and the
synthetic compounds DS and aurintricarboxylic acd
(ATA), inhibited the binding of HIV-1 to the cells and also
the binding of anti-gp 120 mAb to HIV-1 gpl120. GS, D5,
and ATA were active against other enveloped viruses, ie.,
herpes viruses, togaviruses, arenaviruses RSV, and others.
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2.2.1.5. Extracts of the marine microalgae Cochlodinium
polykrikoides. Extracellular sulfated polysaccharides Al
{1.3x10° Da) and A2 (6.3x10° Da) were isolated and
purified from C. polykrikoides, a marine microalgae (Hasui
et al, 1995). These polysaccharides were homogeneous us-
ing ultracentrifugal and electrophoretic analyses. They were
composed of mannose, galactose, glucose, and uronic acid,
together with sulfate proups (§ = 7-8% w/w). Al and A2
inhibited the cytopathic effect of influenza virus types A and
B grown on MDCK czlls, and RSV types A and B grown on
Hep-2 cells. Both Al and A2 had an ICsy = 1.7 pg/mL for
anti-HIV-1 activity (in MT-4 cells). However, except for Al
against HSV-1 and A2 against parainfluenza virus type
2 (both grown in HMV-2 cells), these polysaccharides had
no antiviral activity against parainfiuenza virus types 2 and
3, measles virus, mumps virus, or H3V-1 (all grown in
HMV-2 cells). Al and A2 were not cytotoxic to host cells at
a concentration of 100 pg/ml. The concentrations that in-
hibited various viruses had wealk (10%) inhibitory effects on
blood coagulation.

2.2.1.6. Extracts of the red seaweed Nothogenia fastigiara.
Polysaccharide fractions obtained from water extracts of
the red seaweed N. fastigigta had antiviral activity
(Damonte er al.,, 1994). Fraction F6, containing a sulfated
xylomann,” inhibited the antiviral activity of replication of
HSV-1. F6 was only weakly active (ICsy = 13.5 pg/ml)
compared to DS (IC;; = 0.1 pg/ml) against HIV-1 (I11g)
and HIV-2 (ROD). However, F6 selectively inhibited the
replication of several other enveloped viruses, including
HSV-2, HCMY, RSY, influenza A and B virus, Junin and
Tacaribe virus, and simian immunodeficiency virus. The
mode of action of F6 against HSV-1 and HCMY was due to
an inhibitory effect on virus adsorption. Additional studies
of anti-HIV activity have been reported for fraction Fé
(Pujol et al, 1995), fractions Fl and F7 (Damonte er al.,
1994), and for two new compounds (Kolender er al., 1997).

2.2.1.7. Anti-HIV activity of carrageenans isolated from
the red seaweeds Gigartina skotishergii and Crypropleura
ramosa. Carrageenans and their cyclized derivatives iso-
lated from the red seaweed G. skoitsbergii were potent
inhibitors of herpes viruses (Carlucci et al.,, 1997a). /-Car-
rageenans, and the partially cyclized pv-carrageenan, inhib-
ited acyclovir-resistant variants and clinical isolates of
herpes viruses (ICsp < 1 pg/mL). “Antiherpetic activity was
directly correlated to the amount of z-p-galactose 2,6-disul-

fate residues in the natural carrageenans™ (Carlueci er al, |

1997a). Cyclization of the a-p-galactose é-sulfate and 2,6-
disulfate units into 3,6-anhydro-z-p-galactose and 3,6-an-

#Structures of FI-F7 were determined by Matulewicz and Cerezo
(1987L
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hydro-a-p-galactose 2-sulfate residues lowered the antiher-
petic activity. The anticoagulant activity of some car-
rageenans was much higher than the 1C<;, and others had
no anticoagulant activity. Based on the anti-HIV activity of
other carrageenans, similar relationships are expected for
the anti-HIV activity of these compounds.

A low-molecular-weight (2800 Da) sulfated galactan iso-
lated from C. ramosa was a selective inhibitor of HSV-1
and HSV-2 replication Vero cells, with ICs, in the range
1.6-4.2 pg/mL and 50% cylulﬁxic concentration of
476 pg/mL (Carlucci er al., 1997b). The compound did not
inhibit blood coagulation at concentrations much higher
than the ICs;. The mode of action was “ascribed to an
inhibitory action on virus adsorption.” Anzlogous to Wit-
vrouw ef al. (1994), this sulfated galactan should also inhibit
HIV and other retroviruses.

2.2.2. Studies wsing purchased compounds. The alga
products fucoidan and k- and i-carrageenan were inhibit-
ory to the replication of the DNA viruses, herpes virus!?
(HSV-1, H5V-2, TK"HS-1), and human cytomegalovirus
(Baba et al., 1988b). The compounds were active against the
RMA viruses: V5V, Sinbis virus, and HIV-1. They were
inactive against coxsackievirus, poliovirus, and parain-
fluenza virus. x- and #-Carrageenan disturbed the normal
cell morphology of Vero cells'! at a concentration of
40 pg/mL, respectively. The 1C;, concentrations for these
alga compounds are compared with the ICs, for dextran
sulfate (10 kDA) in Table 3. The resulis indicate that “sul-
fated polysaccharides have a broad-specirum antiviral ac-
tivity against enveloped viruses” (Baba et al., 1988b).

A subsequent article gave [C;, data (ug/ml ) for giant cell
formation, HIV-1 replication, and host cell viability for
synthetic and natural sulfated polysaccharides: DS (1 to
300 kDa) dermatin sulfate (31 kDa), pentosan polysulfate

"Gonzalez et al. {1987) reported that carrageenan was active against
some other enveloped viruses (HSY-2, Semliki Forest, vaccinia, swine fever)
but not against others (vesicular stomatitis virus, meashes virus). Activity
against HIV was not tested. At 5 pg mL, carrageenan prevented the cell
monolayer from destruction by HSV-1 growth. At 10 pg mL. carrageenan
reduced the formation of new infectious HSV-1 virions by almost 10°. Ne
cytotoxic effects were detected with up to 200 pp'ml of carragesnan. In
these studies. The antiviral index for carrageenan against HSV-1, defined as
the 1Csq for inhibition of cell growth { > 200 pg'ml) divided by the
concentration conferring 50% protection of the cytopathic effect
{ < 2pgimL).is > [0, ¥Viral protein synthesis is prevented by carrageenan
only when the compound is present during virus entry. Studies with labeled
virion particles show that carrageenan does not inhibit virus attachment at
concentrations 10 times greater than those nesded to block viral replica-
tion.

"Vero cells are derived from the kidney of the African green (vervet)
monkey Cercopithecus aethiops and are used in vinus replication studies
and plaque assays {Mational Library of Medicne, IGM Metathesaurus
Information Screen).
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TABLE 3
Inhibitory Effect of Polysaccharides on Replication of DNA and RNA Viruses (Baba et al., 1988b)
1Csp (ue/mL)
Virus Cell cultarc Dextran sulfss Fucoedan x-Carragesnan i-Carrageensn
DNA vireses
HSV-1 PRE | L7 iz 16
H3V-2 PREK 05 il - 2 LS5
TEK"™ H5¥-1 PRK 1.3 1.5 15 45
CMY HEL 05 2 28 03
RMNA viruses
HIV-] MT-4 05 28 12 19
Sindbes virus Yero 35 7 7 2
ViV FPRK 03 03 L1
ViV Hel A as 11 7 Z

(3.1 kDa), fucoidan, heparin (11 Da), mannan sulfate!?
{30 kDa), 1-, &=, and ~-carrageenan (Baba et al., 1990). Com-
parative data were obtained for polyacrylic acid (PAA;
>27kDa), chlorite-oxidized oxyamylose (COAM;
150 kDa), suramin (1.4 kDa), and azidothymidine (267 Da).
Sulfated polysaccharides, but not azidothymidine and other
dideoxynucioside analogs, blocked giant ¢zl formation and
protected vninfected CD; Moli-4 cells against destruction
by HIV-1-infected HUT-T78 cells (Baba et al., 1990). Some of
the structural requirements that sulfated polysaccharides
have to fulfill can be deduced [rom these experiments. For
example, Fig. 1 indicates that, for dextran sulfate, the ratio
of virus replication to giant cell formation is low at low
molecular weights, rises rapidly between 3 and 40 kDa, and
15 then level For dextran sulfate “the optimal molecular size
should be in excess of 5,000 [Da]™ (Baba er al_, 1990). Other
structural features for activity include a least two sulfate
groups/monosaccharides unit and the density of sulfate
groups. Differences in the anionic groups (e.g., sulfonate vs
sulfate) might explain the activity of suramin, and the inac-
tivity of 1 kDa DS, in giant cell formation.

Giant cell formation and virus replication both depend
on the interaction between gpl20 and CD, (Baba et al.
1990). However, the gpl 20 molecules in the former are in the
viral envelope and in the latter are in the outer cell mem-
brane. The consequence is that inhibition of giant cell

Mo er al (1989) reported that mannan sulfate (4 pg/ml) completely
inhibited HIV-l-induced cell destruction and viral antigen expression in
HIV-]-infected Molt-4 iclone ) cells. The antiviral 1Cy, to Molt-4 (clone B)
cells and in MT-4 cells were 1.5 and 9.3 4 pg/mL, respectively. There was oo
toxicity for Molt-4 (clone B) cells or MT-4 cells using 4000 and 2500 pg/ml,
respectively. Mannas sulfaic mhibited other caveloped vireses, ie, HSV-1
and HSV-2. vaccinia (smallpoz) vires, and vesicular stomartits virus. [n 2o
effiort 1o devclop selective mbibitors of different classes of vinsses, De
Chmqlliﬂmﬂnpudmm:ul&le.hplmb&mdpmm
polysulfate a5 inkibitors of retroviruses.

formation is more difficult to achieve than inhibition of
virus replication, presumably because it is more difficult
block the gp120 molecules localed on the cell surface than
on the virus particle (Baba er al., 1990). The newly deter-
mined structure of the gp120-CD, complex explains the
topological features giving rise to this differeniial activity
{Balter, 1998; Rizzuto er al, 1998)

The anti-HIV-1 activities of various sulfated mono- and
polysaccharides, including fucoidan (0.5-14 kDa) and -
carrageenan (40 kDa), were measured by (1) HIV-1-induced
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formation, for dextran sulfstes of molecular weights between 1000 and
500,000 Da. The plotted ratio is the inverse of that in Baba e ol (19901
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syncytium formation; (2) infectivity of cell-free HIV-1 after
preincubation with the compound; (3) protective ability of
the agents for target CD; cells; and (4) anti-reverse tran-
scriptase activity (Bagasra et al, 1991). The toxicity of the
compounds was measured by their effects on cellular prolif-
eration, cytotoxicity and effects on coagulation processes.
Sulfated polysaccharides and significant anti-HIV-1 activ-
ity. All of the sulfated polysaccharides inhibited HIV RT
{25-99%) at 50 pg/mL. H9/HTLV-IIlz-induced syncytium
formation was inhibited by 6 pg/mL of DS, carrageenan,
fucoidan, and pentosan polysulfate. [*H]JThymidine incor-
poration into SUP-TI cells, eosin Y exclusion assays, and
preincubation studies, revealed that inhibition was not due
to killing of target cells. Preexposure of cell-free virus to
200 pg/mL of fucoidan, carrageenan, dextran sulfates, and
pentosan polysulfate caused a 100% reduction in the
amount of HIV-1 p24 antigen released. The compounds
prevented progression of syncytium formation after the in-
itial HIV-1 infection. Preincubation of target cells with
fucoidan and pentosan polysulfate, and less effectively, DS,
protecied the target cells from infection HIV-1. All of the
sulfated polysaccharides at 50 pg/mL had anti-RT activity.
All sulfated polysaccharides had significant anticoagulant
activity, but fucoidan and carrageenan were less active than
DS, heparin sulfate, and pentosan polysulfate. Fucoidan
and carrageenan “seem to have the combination of anti-
HIV-1 activitics and low anticoagulation properties that
may warrant clinical trials for their potential oral absorp-
tion™ (Bagasra et al, 1991),

The activity of fucoidan was compared with the activity of
dextran sulfate, dextrin sulfate,'® and AZT (McClure et al.,
1992). The polysaccharides were “potent inhibitors of di-
verse strains of HIV-1 in a variety of human cell lines and in
peripheral blood lymphocytes (PBL) using a range of as-
says, including cell-free and cell-to-cell spread of infection™
(McClure er al., 1992). The polysaccharides did not adverse-
ly affect cell proliferation or protein metabolism of PEL.
These compounds interact with target cells to inhibit virus
entry, but do not neutralize virions directly. The sulfated
polysaccharides inhibited infection of both CD; and CDZ
cell lines by HIV, HTLV-1 and the simian retrovirus
MPMY, which use receptors other than CD,, were also
inhibited. Radiolabeled fucoidan bound to an 18-kDa pro-
tein on the surface of human T cells, “but its significance is
not yet clear” (McClure er al., 1992).

Sulfated homopolysaccharides (fucoidan, DS, w-car-
rageenan), neuiral homopolysaccharides, and hetero-
polysaccharides (heparin, heparan sulfate) were cultivated
with Molt-4 and supernatant from human T-cell lympho-

2 Dextrin 2-sulfare (CAS RN 142985-55-5), a synthetic derivative of
dextrin, should not be confused with dextran sulfate (CAS RN 9042-14-2)
The parent compounds are dextrin (CAS RN 9004-53-9) and dextran (CAS
BN S00<-54-0)
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tropic © virus type [II (HTLV-III}infected TALL-1
(Mizumoto er al., 1988). The most potent anti-HTL-II]
activities occurred at mitogenic doses (cytopathic effect:
assay, fluorescence antibody assay, RT assay, cell prolifer-
ation assay). Neutral homopolysaccharides and sulfatec
heteropolysaccharides had little or no effect on anti-HTL V.
II1 activities. The presence of a sulfate group is important ic
inhibiting growth of HTLV-IIL, but the greater potency o
homopolysaccharides than heteropolysaccharides shows
that the structure of the polysaccharides is also important

Extending the study of Mizumoto er al. (1988), the activ-
ity against peripheral mononuclear cells of fucoidan, DS,
and diethylaminoethyldextran (DEAE dextran, as the nega-
tive control) were tested alone or in combination with AZT
(Sugawara et al,, 1989). Dextran sulfate (100 pg/mL), but no
DEAE dextran, inhibited the BT activity of a coculture of
mononuclear cells from people with AIDS and PHA-stimu-
lated lymphocytes from healthy voluntesrs. Moli-4 cells
were pretreated for 24 h with 100 pg/mL of fucoidan or DS,
Dextran sulfate, but not fucoidan, reduced survival of HIV,
which suggests that DS, but not fucoidan, was taken up in
the cytoplasm. Molt-4 cells were also cultured in the pres-
ence of HIV for 2, 6, 12, or 24 h, washed to remove the
remaining HIV, and cultured in the presence of fucoidan or
DS for 10 days. Pretreatment with either compound for up
to 12 h resulted in almost no RT activity. Evidently, HIV
invades the cytoplasm of the target cells slowly enough that
fucoidan and DS can react with the HIV in the cell mem-
branes. Additional studies suggested that the compounds
bind to the ene protein of HIV. In another series of experi-
ments, fucoidan was found to synergize with AZT (Fig. 2),
and the authors suggested that this synergism might permit
using much lower therapeutic doses of AZT.

2.2.3. Molecular mechanism of action of sulfared polysac-

charides. Parish er al. (1990) determined the effects of
T T i i i
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FIG. 1. Synergistic anti-HIV activity induced by fucoidan (0, L1, 1. or
10 pg/mL) and AZT (0, 0.005, 0.014, 0.042, 0,125, or 0.375 pM).
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TABLE 4 ' :
Effect of Natural and Synthetic Sulfated Polyanions on HIV Infection and Anti-CD, mAb Binding (Parish er al., 1990)

Inhibition of HIV infection

(pg'ml)
Inhitation of

Mass anti-CD, Dextran sulfate- CD/HIV

Compound (kDa) binding (pg/mL) MNormal serum trealed serum ratio
Compounds found in algac
k-Carrageenan 400 400 = 1000 100 4
#<Carrageenan 400 400 > 1000 > 100 <4
+Carrageenan 400 = B00 100 100 g
Focosdan 100 50 100 10 5
Compounds from other narural sources
Chondroitin—4-sulfate 40 = 1000 = [000 = 1000
Chondroitin-6-sulfate &0 > 1000 > 1000 > 1000
Heparin 10 = 1000 = 1000 100 = 10
; Synthetic sulfated polyanions

Dextran suliate, 5kDa 5 BOD 10 10 5
Dextran sulfate, 500 kD= 500 04 10 100 E
Polyviny] suiare 200 04 100 i 04
Polvanethole selonate 10 3 10 1 04
Pentosan salfate 3 = 1000 1 1 > 1000

several natural and synthetic sulfated polyanions (SP) to
inhibit HIV infection and block anti-CD; monoclonal anti-
body (mAb) binding (Table 4). Dextran sulfate (300 kDa),
polyvinyl sulfate (PV5), and polyancthole sulfonate {PAS)
strongly blocked the binding of the 11 mAb kaown to
interact with the two amino-terminal lg-like domains of
CD,. Dextran sulfate “exhibited an hierarchy of inhibition
of anti-CD; mAb which suggests that SP bind to a confor-
mational site incorporating the first two Ig-like domains of
CD,. This SP binding site is clearly distinct but closely
associated with the gp120 binding region of CD,” (Pansh ef
al, 1990). The anti-HIV activity of the SP was not at the
virion level as evidenced by the lack of binding of rgp120 to
immobilized SP and “preincubation of virions with SP did
not affect infectivity.” Based on anti-CD; mAb blocking
studies and binding of soluble CD, to immobilized SP,
many of the compounds exhibited some affinity for CD,.
The anti-HIV activity of DS and PVS, the most active
compounds, “could be entirely due to disruption of the
CD,-gp120 interaction.” However, the anti-HIV activity of
heparin, fucoidan, the carragecnans, and PAS was not en-
tirely due 1o CD, blocking and “some other anti-viral
mechanism is also operating.” Although the anti-HIV activ-
ity of pentosan sulfate was comparable to that of DS and
PVS, it indicated little or no reactivity with CD, and conse-
quently “must inhibit HIV infection by a totally CD,-
independent mechanism.”

2.2.4. Other compounds isolated from marine algae with
anti-HIV acrivity. 6-Sulfo-z-p-quinovopyranosyl{l — 3}

1',2"-diacylglycerol, a new sulfolipid from the marine red
algae Gigartina tenella, is a potent inhibitor of eukaryotic
DNA polymerases and HIV-RT-1 (Ohta er al, 1998). Inhi-
bition is dose-dependent. More than 90% mhibition of
DNA polymerase alpha (pol z), DNA polymerase beta (pol
£ and HIV RT-1 occurred at respective concentrations of
3, 10, and 30 pM; the respective 1Cs; values are 0.25, 3.6,
and 11.2 pM (Ohta er al., 1998).

Two sesquiterpene hydroquinones, peyssonol A and pe-
yssonol B, were isolated from the Red Sea algae Peyssonelia
species (Loya et al., 1995). These compounds are potent
inhibitors of the RNA-directed DNA syathesis of the RTs of
HIV-1 and HIV-2. DNA-dependent DNA polvmerase ac-
tivity is inhibited to a lesser extent, and nbonucle=se
H (RNMass H) activity 15 unaffected. The nature of the
template primers used does not affect inhibition of DNA
polymerase activity. Because the mode of inhibition by
peyssonel A is noncompetitive with respect to both
deoxyribonucleoside 5-triphosphates (dNTPs) and tem-
plate primer, peyssonol A is thought to bind the RT at a site
distinct from those occupied by the substrates of the RNA-
directed DNA synthesis. Peyssonol B is competitive with
respect to the template primers, but is noncompetitive with
respect to dNTP. Peyssonol B and the template primer bear
no apparent structural resemblance. The simplest explana-
tion of the activity of peyssonol B is that the competitive
pattern of inhibition is due to indirect steric hindrance.
Another explanation is that inhibition is due to the overlap
of distinct binding sites of the enzyme for the inhibitor and
the substrate. Last, the binding of the inhibitor to a distinct
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TABLE 5
Anti-HIV Activity of Extracts of, and Compounds Isolated from, Cyanobacteria

Reference Speices

Compounds isolated

Other compounds tested

Lyngbya lagerheimil,

Phormidium tenwe strain, CN-2-1

Phormidium cebennse, Oscillatoria
raciborskii, Scytonema bermanicum,
Calothrix elenkinii, Anabaena rariabilis

Scyronema, spp., Oscillatoria spp.

Gustafson er al. (195%)

Reshel er al_ (1997)

Extracts containing sullolipids
(sulfoquinovesyl diacylglveerols)

Sulfoglycolipids, (Scytonema), acylated

diglycolipids {Oscillaferia)

Oscillatoria raei (TAU IL-75-12),
Syctonema spp. [TAU SL-30-1-4),
Oscillatoria trichoides (TALU IL104-3-2)
Phormidium tenwe (TAU IL-144-1),
Oscillataria limeetica Lemmermann

Loya er al. (1995)

(TAU NG-4-1-2)

Ayehunie er al. (1998) Spiruling plurensis (now Arthrospira
plarensis)

Chamorro er al. (1996)  Spiruling

Hayashi er al. (1996} Spiruling plarensis (marine)

Hayashi er al. (1996) Spiruling platensis (marine)

Sulfclipids, sulfoglycolipids,
hydrolysis products, synthetic
derivative

Calcium spirulan (sulfated
polysaccharide)
Caldum spirulan, Ca-SF (sulfated

Se= Reshel er al. (1997) for previous
work from this group

Extract, activity in polysaccharide
fraction

Calcium-fres spirulan, desulfated
compound from Ca-SP
Dextran solfate

polysaccharide)

Law er al. (1993) GO0 strains
Cardellina et al. (1993)  Review of natural products
Bovd er al. (1996) Mostoc ellipsosporium

Gustakon et al. (1996)
Mowotny et al. (1997}

Nosioe ellipsosporum
Microcystis avruginoesa

Lipophilic and hydrophilic extracts
Extracts

Cyanovirin-M (11-kDa antiviral protein}
Cyanovirin-N (11-kDa antiviral protein)
Agueous extract showed antiviral activity

AZT

agzainst influsnza A virus

site might induce conformational changes that distort the
binding of the template primer. Both peyssonol A and
peyssonol B interfere with the direct binding of the RT to
the template primer, which might explain the mechanism of
the enzyme inhibition. The authors concluded that the “in-
sensitivity of DINA polymerase beta and the poor response
of DNA polymerase alpha to peyssonol A make this inhibi-
tor more attractive for the future development of a potent
anti-HIV-RT drug” (Loya e al,, 1995).

2.3. Cyanobacteria (Blue-Green Bacteria)

Several studies have used extracts of lreshwater and mar-
ine cyanobacteria. These are summarized in Table 5 and in
the following discussion.

231 Glycolipids and sulfoglycolipids. Like other algae
{Ohta er al., 1998), a number of cyanobacteria species have
been found to produce highly anti-HIV active sulfog-
lycolipids (Gustafson er al., 1989; Reshef et al, 1997; Loya er
al, 1998). In addition to their activity, the sulfoglycolipids
constitute part of the chloroplast membrane and are there-
fore abundant (Harwood, 1987). Loya er al. (1998) con-
cluded that together these facts argue “in favor of further
development of these compounds as anti-AIDS agents.”

Gustafson er al. (1989) used a tetrazolium-based micro-
culture to screen extracts of cultured marine cyanobacternia,
Lynghya lagerheimii and Phormidium tenue (strain CN-2-1),
for inhibition of HIV-1. This led to the discovery of sulfenic
acid-containing glycolipids as a new class of HIV-1-inhibit-
ory compounds. Four compounds were isolated and their
structures characterized. The compounds have an x-linked
hexapyranose backbone. The substitution pattern and rela-
tive stereochemistry were demonstrated by NMR proton
decoupling and correlation spectroscopy (COSY) experi-
ments to be similar to those of glucose. *C = NMR in-
dicated the sulfonic acid moiety on the 6" carbon of the
sugar. The optical rotation of the cyclohexylammonivm salt
from one of the deacylated compounds revealed the abso-
lute sterenchemistry of the p-sulfoquinovosyl glycerol to be
25. Mass spectral fragments from cleavage between C-1 and
C-2 of the glycerol subunit were used to assign the position
of the acyl groups. Linolenic acid was recovered from the
hydrolysate of this compound. Sulfolipids “are structural
components of chloroplast membranes and occur widely in
higher plants, algae, and photosynthetic microorganisms.”

The two active compounds isolated from L. lagerheimii
had 13:3, 16.0 or 18:2, 16:0 fatty acid side chains (Gustaf-
son ef al., 1989). The two active compounds isolated from P.
tenue had 18:1, 16:0 or 16:1, 16:0 fatty acid side chains.



