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A number of antiviral lectins, small proteins that bind carbohydrates found on viral envelopes,
are currently in pre-clinical trials as potential drugs for prevention of transmission of human im-
munodeficiency virus (HIV) and other enveloped viruses, such as the Ebola virus and the coro-
navirus responsible for severe acute respiratory syndrome (SARS). Lectins of algal origin whose
antiviral properties make them candidate agents for prevention of viral transmission through
topical applications include cyanovirin-N, Microcystis viridis lectin, scytovirin, and griffithsin.
Although all these proteins exhibit significant antiviral activity, their structures are unrelated and
their mode of binding of carbohydrates differs significantly. This review summarizes the current
state of knowledge of the structures of algal lectins, their mode of binding of carbohydrates, and
their potential medical applications.
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INTRODUCTION

Lectins are defined as proteins that bind car-
bohydrates without initiating their further modifica-
tions through associated enzymatic activity (Weis &
Drickamer, 1996). They are found in most organisms,
ranging from viruses and bacteria to plants and ani-
mals (Gabius, 1997; Lis & Sharon, 1998; De Mejia &
Prisecaru, 2005). Proteins that are classified as lectins
may have totally dissimilar structures, thus the defi-
nition is functional rather than structural. Lectins are
involved in many biological processes, among them
host-pathogen interactions, cell-cell communication,
induction of apoptosis, cancer metastasis and differ-
entiation, targeting of cells, as well as recognizing
and binding carbohydrates. Some lectins found in al-
gae, such as cyanovirin-N (CV-N) (Boyd et al., 1997;
Esser et al., 1999; Barrientos et al., 2003; O’'Keefe et
al., 2003; Helle ef al., 2006); scytovirin (SVN) (Boke-
sch et al., 2003), Microcystis viridis lectin (MVL) (Be-
wley et al., 2004), and griffithsin (GRFT) (Mori et al.,
2005; Zidtkowska et al., 2006) exhibit significant ac-
tivity against human immunodeficiency virus (HIV)

and other enveloped viruses, which makes them
particularly promising targets for the development
as novel antiviral drugs (De Clercq, 2005; Reeves &
Piefer, 2005).

The surfaces of retroviruses such as human
immunodeficiency virus (HIV) and many other en-
veloped viruses are covered by virally-encoded glyc-
oproteins. Glycoproteins gp120 and gp4l present
on the HIV envelope are heavily glycosylated, with
glycans estimated to contribute almost 50% of the
molecular weight of gpl120 (Mizuochi et al., 198§;
Ji et al., 2006). Agents that specifically and strongly
interact with the glycans may disturb interactions
between the proteins of the viral envelope and the
cells of the host (Botos & Wlodawer, 2005; Balzarini,
2006). Sugar-binding proteins can crosslink glycans
on the viral surface (Sacchettini et al., 2001; Shenoy
et al., 2002) and prevent further interactions with the
co-receptors. Unlike the majority of current antiviral
therapeutics that act through inhibition of the viral
life cycle, lectins can prevent penetration of the host
cells by the viruses. Antiviral lectins are best suited
to topical applications and can exhibit lower toxicity

Abbreviations: CV-N, cyanovirus N; GRFT, griffithsin; HCV, hepatitis C virus; HIV, human immunodeficiency virus;
MVL, Microcystis viridis lectin; SVN, scytovirin; UDA, Urtica dioica.
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than many currently used antiviral therapeutics. Ad-
ditionally, these proteins are often resistant to high
temperatures and low pH, as well as being odorless,
which are favorable properties for potential microbi-
cide drugs.

Antiviral activity of a number of lectins that
bind high-mannose carbohydrates has been de-
scribed in the past. Examples of such lectins include
jacalin (O’Keefe et al., 1997), concanavalin A (Hansen
et al., 1989), Urtica diocia agglutinin (Balzarini ef al.,
1992), Myrianthus holstii lectin (Charan et al., 2000),
P. tetragonolobus lectin (Charan et al., 2000), and Nar-
cissus pseudonarcissus lectin (Balzarini et al., 1991).
However, lectins derived from marine organisms, a
rich source of natural antiviral products (Tziveleka
et al., 2003), such as CV-N (Boyd et al., 1997), SVN
(Bokesch et al., 2003), MVL (Bewley et al., 2004) and
GRFT (Mori et al., 2005), exhibit the highest activity
among the lectins that have been investigated so far
(Table 1). Extensive structural studies on antiviral
lectins have been undertaken in the last decade, as
the knowledge of the three-dimensional structure of
putative therapeutic proteins can be very important
in their development. Some of the properties of a
variety of antiviral lectins have been reviewed re-
cently (Botos & Wlodawer, 2005; Ji et al., 2006). This
aim of this review is to provide more details of the
structural and carbohydrate-binding properties of
only a subset of antiviral lectins isolated from vari-
ous types of algae, since their potency appears to be
much higher than the potency of lectins found in
other organisms. Interestingly, the three-dimensional
structures of these proteins and their modes of car-
bohydrate binding differ very significantly among
them.

CYANOVIRIN-N

CV-N is a lectin originally isolated from blue-
green algae Nostoc ellipsosporum (Boyd et al., 1997).
This protein consists of a single chain containing 101

Table 1. Anti-HIV activity of several lectins, as summa-
rized by (Zidétkowska et al., 2006).

Lectin EC,, (nM)
Jacalin >227
Myrianthus holstii lectin 150
Urtica diocia agglutinin 105
Concanavalin A 98
N. pseudonarcissus lectin 96
P. tetragonolobus lectin 52
MVL* 30
SVN 0.3
CV-N 0.1
GRFT 0.04

*IC;, rather than EC;, was reported.

residues and its amino-acid sequence shows obvious
duplication. The primary structure of CV-N can be
divided into two very similar parts that consist of
residues 1-50 and 50-101, respectively (Fig. 1A). The
protein is highly resistant to degradation and shows
no loss of structural integrity or antiviral activity af-
ter treatment with detergents, denaturants, organic
solvents, freezing, and heating up to 100°C (Boyd et
al., 1997).

CV-N exhibits a broad range of antiviral ac-
tivities (reviewed in Barrientos & Gronenborn,
2005). It has been shown that CV-N binds with high
affinity to HIV envelope protein gp120 (Boyd et al.,
1997; Esser et al., 1999), blocking the interactions of
gp120 with the CD4 coreceptor (Dey et al., 2000).
CV-N also interacts with another surface glycopro-
tein, gp4l (O'Keefe et al., 2000; O’Keefe, 2001). The
specificity of CV-N, however, is not limited only
to different strains of HIV and related retroviruses.
CV-N inhibits the development of viral cytopathic
effects of Ebola virus, binding to its surface enve-
lope glycoprotein (Barrientos et al., 2003), blocks in-
fluenza infection by binding to the hemagglutinin
surface glycoprotein (O’Keefe et al., 2003), and also
inhibits fusion and/or infection by human herpes-
virus 6 and measles virus (Dey et al., 2000; Barrien-
tos et al., 2003). That lectin has also been shown to
exhibit significant activity against hepatitis C virus
(HCV) (Helle et al., 2006).

The properties of recombinant CV-N produced
in Escherichia coli have been shown to be virtually
identical to those of the native protein isolated from
cyanobacterium (Mori et al., 1998). The availability
of large amounts of recombinant lectin facilitated
extended biochemical, antiviral, and structural stud-
ies. The structure of CV-N was initially solved by
NMR (PDB codes 2ezn, 2ezm) (Bewley et al., 1998),
indicating that the protein exists in solution in the
form of a compact monomer. The molecule is elon-
gated, and, as predicted by analysis of the primary
structure (Fig. 1A), consists of two similar domains.
Each domain contains five B-strands and two helical
turns, with the two halves of the molecule exhibit-
ing considerable similarity (Fig. 2A). However, the
two domains of CV-N do not simply follow the du-
plication of the amino-acid sequence, but are formed
after domain swapping (Bennett et al., 1995). Domain
A is formed by residues 1-39 and 90-101, whereas
domain B consists of residues 39-90. Each domain
consists of a triple-stranded antiparallel $-sheet and
a single B-hairpin. The two domains are connected
by helical turns.

Although it was demonstrated that the mono-
mer is the predominant form of CV-N in solution,
all reported crystal structures contained domain
swapped dimers of the protein (Yang et al., 1999).
Each chain of CV-N found in the dimer (PDB code
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Figure 1. Sequences of the algal lectins
discussed in this review, emphasizing the
presence of repeats.

Residues that are strictly conserved are

Vol. 53 Algal lectins with anti-HIV activity
ERTNGGYNTS 50
51 PST%LﬂSm E 101
B EVELQV 54
53 eNtGrherTovL AGRINBHORAIC, GROHRRS oG o Mk 113
C
1 GS RKPDPG 48
49 PGB MDEANNPGGPNR SN-KQ DGART SSSCF GGEACHAn 95
I— L [

shown on red background, and those of a
similar character are highlighted in yellow.
Cysteines creating disulfide bonds in SVN
are marked in green and the disulfide

sheet 2 19 SSIA IIIDGY H LSPTFTFGSGE 56 S
Sheet 3 57 YISNMTI NISFETNM GRRFG SANTLSNVKY 100 bonds are shown as solid lines. A) CV-N;
sheet 1 101  IQINGS SLDIYYEQY 121 1 SLTHRK SPFSGL 18  B) MVL; C) SVN; D) GRFT.

3ezm) is quite extended and cannot exist in solution
by itself in that conformation (Fig. 2B). The presence
of a flexible linker consisting of residues 49-54 is cru-
cial for enabling the monomer-dimer transition. The
two domains move around the linker forming either
a monomer observed by NMR (domain A with do-
main B) or the domain-swapped dimer seen in the
crystals. In the latter, domain A from one monomer
interacts with domain B’ from the other monomer,
and domain B interacts with domain A’; the result-
ing AB” and A’B constructs resemble the monomers
seen in the NMR structures, but are formed by two
separate chains. Transition between the monomeric
and dimeric form is accomplished by a change of

Figure 2. Different structural forms reported for CV-N.

only two main-chain torsion angles in the linker re-
gion (Botos et al., 2002a).

CV-N was crystallized at both low (PDB
code 3ezm) and high pH (PDB code 115b) in differ-
ent space groups, with the domain-swapped dimer
(Fig. 2C) observed under both conditions (Yang et
al., 1999; Barrientos et al., 2002). The only difference
between the molecules present in these two crystal
forms was in the relative orientation of the two do-
mains. It was shown that in solution the dimer is a
metastable form of the protein, although it is stable
for months at neutral pH and room temperature
(Barrientos et al., 2002). However, all attempts to
crystallize monomeric CV-N, characterized as such

Domain A of each monomer is colored cyan and domain B green. A) Compact monomer observed so far only in the
NMR structures; B) Extended monomer that cannot exist by itself, but was seen in all crystal structures and in some
NMR structures as part of a dimer; C) Domain-swapped dimer made of two monomers shown in panel B; D) A com-
plex of CV-N with Man9.
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by NMR, resulted in crystals containing the dimeric
form of the protein.

Residues Pro51 and Ser52 present in the link-
er region were shown to be important for determin-
ing the oligomeric properties of CV-N (Barrientos et
al., 2002; Han et al., 2002). A double mutant P51S/
S52P was investigated in an attempt to explain the
reasons for changes in protein oligomerization state
upon crystallization. The mutant exhibits indistin-
guishable gp120-binding activity compared to the
wild type CV-N. The crystal structure of the mu-
tant (PDB code 1llom) demonstrated the difference
in orientation of the linker region in comparison to
the wild-type domain-swapped dimer (Botos et al.,
2002a). Crystals of the mutant could be grown at pH
ranging from 4.6 to 10.3, proving that domain swap-
ping is possible under a very wide range of pH val-
ues.

A number of structures of the complexes of
CV-N with different carbohydrates have been inves-
tigated by both NMR and crystallography. The lig-
ands included dimannose Manal-2Mana. (PDB code
lily) (Bewley, 2001) and oligosaccharides such as
hexamannoside (PDB code 1mb5j) or Man,GlcNAc,
(PDB code 1m5m) (Botos et al., 2002b; Shenoy et al.,
2002). These structural studies demonstrated that a
CV-N monomer could bind oligosaccharides with
different affinity in two sites, described as primary
and secondary. The high-affinity primary binding
site is located near the linker region of the protein,
and thus its shape is influenced by the relative ori-
entation of the domains, as well as by the oligomer-
ic structure of CV-N. The secondary binding site is
far from the linker region and has the same confor-
mation in the monomeric and dimeric forms of CV-
N. A dimeric form of CV-N shows the presence of
four sugar-binding sites. Crystallographic studies of
CV-N elucidated structural reasons for the higher
affinity for Man,GIcNAc, and much lower affinity
for the hexamannoside, since the lectin is able to
bind directly three mannose rings of Man,GIcNAc,,

A

but only two mannose rings of the hexamannoside
(Botos et al., 2002b), with the remaining parts of the
carbohydrates being disordered. The structure of
CV-N complexed with Man,GlcNAc, is shown in
Fig. 2D.

MICROCYSTIS VIRIDIS LECTIN

MVL is 13 kDa protein isolated from cyano-
bacterium Microcystis viridis (Yamaguchi et al., 1999).
A molecule of MVL (PDB code 1zhq) consists of a
single polypeptide that contains two highly homolo-
gous domains, each 54 amino acid long, with about
50% identity (Fig. 1B). The two domains are joined
by a linker consisting of 5 amino-acid residues.

MVL was originally shown to bind yeast
mannan (Yamaguchi et al., 1999) and its detailed
carbohydrate specificity was later determined by
NMR titration studies (Bewley et al., 2004). The pro-
tein binds oligomannosides such as Man,GlcNAc,
with sub-micromolar affinity. A number of man-
nose-containing carbohydrates were tested and it
was shown that MVL does not bind o- and p-linked
dimannosides, disaccharides Manf(1>4)GIlcNAc
and GIcNAcB(1->4)GIcNAc, or mannotriose. High-
affinity carbohydrate binding requires the presence
of both the mannose and glucosamine residues and
at least tetrasaccharide core structures, such as Man
o(26)Manf(1>4)GIcNAcB(12>4)GlcNAc, have to be
present. MVL inhibits HIV-1 cell fusion with an IC;
about 30 nM (Bewley et al., 2004).

As verified by NMR data, MVL is a monodis-
perse homodimer in solution (Bewley et al., 2004).
The crystal structure of MVL also shows that the
protein forms a stable, symmetric homodimer (Wil-
liams, Jr. et al., 2005). As expected on the basis of the
observed sequence duplication (Fig. 1B), each mono-
mer is formed by two similar domains. Each domain
contains a three-stranded antiparallel B-sheet and a
single o-helix, the latter located between strands 1

£ Figure 3. The structure of MVL.
Molecule A is colored cyan and
molecule B green. A) Boomer-
ang-shaped monomer of MVL;
B) The crystal structure of the
complex of MVL with Man,Glc-
NAc,.
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and B2. The interactions between the two domains
of the monomer are very limited. Boomerang-shaped
monomers (Fig. 3A) interlock and each domain from
one monomer contacts both domains from the sec-
ond monomer.

NMR studies demonstrated that MVL contains
two sugar-binding sites per monomer (Bewley et al.,
2004); this observation was subsequently confirmed
by X-ray analysis (Williams, Jr. et al., 2005). A crystal
structure of the complex of MVL with Man,GIcNAc,
(PDB code 1zhs) shows four independent carbohy-
drate binding sites per homodimer, two each within
a single polypeptide chain (Williams, Jr. et al., 2005)
(Fig. 3B). Binding of sugar molecules does not in-
duce any significant conformational changes to MVL.
A trisaccharide core interacts with each binding site.
The deepest part of the pocket is occupied by the
reducing GlcNAc residue of Man,GIcNAc, and this
sugar unit is essential for defining the specificity of
carbohydrate binding.

SCYTOVIRIN

SVN is a lectin isolated from cyanobacte-
rium Scytonema varium; surprisingly, a search for
expression of similar proteins in other Scytonema
species using monoclonal antibodies did not yield
any positive results (A.W., unpublished). A single
chain of SVN contains 95 amino acids; ten of them,
which are cysteines, form five intrachain disulfide
bonds. Their pattern, elucidated by mass spectrom-
etry of fragments obtained by trypsin digests, was
shown to be C7-C55, C20-C26, C32-C38, C68-C74,
and C80-C86 (Bokesch et al., 2003). Similarly to the
two other lectins discussed above, SVN also dem-
onstrates internal sequence duplication, suggesting
the presence of two functional domains linked by
the C7-C55 disulfide bond (Fig. 1C). The extent of
identity of the sequences of the N-terminal part of
the molecule (residues 1-48) and the C-terminal part
(residues 49-95) is very high (75%).

SVN binds to glycosylated gp160, gpl20,
and gp4l and interacts with oligosaccharides, spe-
cifically «al-2, al-2, al-6 linked tetrasaccharide
units, but with no reported binding to al-2, al-2
linked trisaccharides (Adams et al., 2003). Although
it does not show significant specificity for mannose
or N-acetylglucosamine, its binding to gp120 can be
inhibited by ManyGIcNAc, or ManyGlcNAc,. The
protein displays nanomolar activity against T-tropic
strains and primary isolates of HIV-1, appearing to
be a good inhibitor of HIV binding and/or fusion
(Bokesch et al., 2003).

The primary structure of SVN exhibits 55%
similarity to the chitin-binding domain of Volvox
carteri lectin and a slightly lower level of similarity

to the sequence of lectin from Urtica dioica (UDA)
(Harata & Muraki, 2000). However, SVN does not
appear to belong to the chitin-binding class of pro-
teins, since it does not bind chitin and has a differ-
ent disulfide bond pattern (Bokesch et al., 2003). Ef-
ficient recombinant production of SVN was reported
recently (Xiong ef al., 2006), facilitating further bio-
chemical and structural studies of that protein. A
synthetic gene encoding SVN was constructed and
expressed in E. coli. The recombinant protein was
found to have correct disulfide-bonding pattern
and exhibit both gpl60-binding activity and anti-
HIV activity. Although well-diffracting crystals of
SVN have been obtained (I. Botos and A.W., unpub-
lished), crystal structure of that protein has not yet
been solved. However, NMR studies of SVN have
been more successful and its structure should be-
come available in the near future (R. A. Byrd and B.
R. O’Keefe, personal communication).

GRIFFITHSIN

GRFT was isolated from the red alga Grif-
fithsia sp. collected from the waters off New Zea-
land. GRFT was shown to display picomolar activ-
ity against HIV-1 (Mori et al., 2005), moderately
interfering with the binding of gp120 to sCD4. The
binding of GRFT to soluble gp120 was inhibited by
glucose, mannose, and N-acetylglucosamine (Mori
et al.,, 2005). In addition to inhibiting HIV-1, GRFT
was shown to inhibit replication and cytopathy of
the coronavirus that causes SARS (Zioétkowska ef al.,
2006).

The gene encoding GRFT has not been iso-
lated, but the amino-acid sequence was obtained
directly from protein purified from cyanobacteria. A
GRFT molecule consists of a single 121-amino-acid
chain (Fig. 1D); residue 31 does not appear to cor-
respond to any standard amino acid and its identity
is still unknown (Mori et al., 2005). Analysis of the
sequence of GRFT (Fig. 1D) shows limited homol-
ogy (less than 30% identity) to proteins such as ja-
calin (Aucouturier et al., 1987), heltuba (Bourne et
al., 1999) or artocarpin (Jeyaprakash et al., 2004), all
members of the 3-prism-I family of lectins (Raval et
al., 2004; Chandra, 2006).

GREFT used for biological and structural stud-
ies was prepared as recombinant protein in either
E. coli (Giomarelli et al., 2006) or Nicothiana bentha-
miana (Zidtkowska et al., 2006). In both constructs
residue 31 of GRFT was replaced by an alanine; this
substitution did not seem to affect the carbohydrate-
binding properties of the lectin. GRFT expressed in
E. coli contained an N-terminal 6-His affinity tag fol-
lowed by a putative thrombin cleavage site, extend-
ing the protein sequence by 17 amino acids (Mori et
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al., 2005; Giomarelli et al., 2006); the additional se-
quence could not be removed and was present in
the crystallized protein. The plant-expressed con-
struct did not include any tags, thus resembling
more closely the authentic protein, although with
an acetylated N terminus and mutated residue 31
(Zidtkowska et al., 2006). Although both the His-
tagged and the plant-expressed GRFT crystallized
easily, crystals grown from the plant-produced ma-
terial diffracted significantly better, most likely due
to the absence of the extension of the polypeptide
chain. Crystals of the His-tagged griffithsin con-
tained only a single molecule in the asymmetric unit
(PDB code 2gux) whereas all crystal forms grown
from the plant-expressed material contained two
molecules (PDB codes 2gty, 2gue, 2guc, 2gud, 2hyr,
2hyq) (Zidtkowska et al., 2006; 2007).

The fold of GRFT corresponds to the p-prism-I
motif (Chothia & Murzin, 1993), observed in a variety
of lectins, as well as in some other proteins (Shimizu
& Morikawa, 1996). The motif consists of three repeats
of an anti-parallel four-stranded {3-sheet that form a
triangular prism (Fig. 4A). Unlike other members of
the family, GRFT forms a domain swapped dimer in
which the first two p-strands of one chain are associ-
ated with ten strands of the other chain and vice versa
(Fig. 4B) (Zidtkowska et al., 2006).

The crystal structures of GRFT complexes with
different monosaccharides and disaccharides, such as

A

mannose (PDB codes 2guc and 2gud), N-acetylglu-
cosamine (PDB code 2gue), 1->6a-mannobiose (PDB
code 2hyq), and maltose (PDB code 2hyr), were
solved and refined at high resolution (up to the
atomic resolution of 0.94 A for the complex with
mannose) (Zidtkowska et al., 2006, 2007). Very high
quality of the diffraction data made it possible to
map protein—carbohydrate interactions in consider-
able detail. In the atomic-resolution structure of the
complex with mannose even the presence of both o
and (3 anomers of the sugar bound to the protein
was detected (Ziotkowska et al., 2006).

Unlike other proteins that belong to the same
fold family, a single molecule of GRFT contains
three almost identical carbohydrate-binding sites,
each capable of binding a monosaccharide through
multiple contact points. The six principal sites in
the obligatory dimer of GRFT are very similar and
are arranged on every monomer in groups of three
(Fig. 4C). The carbohydrate-binding sites are formed
from the parts of the structure that exhibit extensive
sequence conservation, but some of the main chain
atoms are involved in specific, but sequence-inde-
pendent contacts with the carbohydrate molecules;
these contacts are very similar in all three sites.
GRFT contains three strictly conserved repeats of
a sequence GGSGG (Fig. 1D), located in loops that
connect the first and fourth strand of each {3-sheet.
The main chain amide of the last residue of each

Figure 4. The structure of
GRFT.

A) Monomer of GRFT. B)
Topology of the domain
swapped dimer in which the
first two [-strands of one
chain are associated with ten
strands of the other chain
(and vice wversa). C) A com-
plex of GRFT with mannose.
The six principal carbohy-
drate binding sites are very
similar and are arranged in
two groups of three on each
monomer; only one mono-
mer is shown here. D) Man-
nose-binding sites 1-3, cre-
ated principally by molecule
A of GRFT. Hydrogen bonds
between protein and car-
bohydrates are marked by
dashed lines.
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of these sequences participates in creation of a lig-
and-binding site and the strict conservation of this
sequence may be the most important reason for the
presence of three monosaccharide binding sites on
each molecule of GRFT.

With one known exception, each molecule
of the other lectins that are structurally closely re-
lated to GRFT contains only a single carbohydrate-
binding site. Thus the presence of binding site 1
was reported for all -prism-I lectins, binding site
2 has only been seen in banana lectin (Meagher et
al., 2005), whereas binding site 3 is unique to GRFT.
Three sugar-binding sites of GRFT form an almost
perfect equilateral triangle on the edge of the pro-
tein, with the carbohydrate molecules found about
15 A from each other (Fig. 4D). Very similar inter-
actions are also present in the complexes of GRFT
with disaccharides, where the additional sugar units
make between zero and two hydrogen bonds with
the protein (Ziétkowska et al., 2007).

The reported biological activity of GRFT
against HIV is >1000-fold higher than the activi-
ties reported for several monosaccharide-specific
lectins (Table 1) (Charan et al., 2000; Zidtkowska et
al., 2006). Since GRFT offers six separate binding
sites for mannose in a dimer, the binding potential
for the high-mannose oligosaccharides found on
the HIV gp120 is significant. Based on crystal struc-
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tures of GRFT complexed with monosaccharides
and disaccharides, it was possible to create a model
of a complex of griffithsin with Man,GlcNAc, (PDB
code 2i43), a branched carbohydrate commonly
found on the surface of viral glycoproteins (Fig. 5A)
(Zidtkowska et al., 2006). The carbohydrate could be
docked to the protein quite easily, in a conformation
resembling its experimentally-determined structures
seen in a complex with a specific antibody (Calarese
et al., 2003). In the model of the GRFT complex, the
core of the carbohydrate, including its reducing end,
points away from the protein surface (Fig. 5B). This
mode of binding can be easily reconciled with the
binding expected for similar N-linked oligosaccha-
rides bound to the viral proteins through their re-
ducing ends. The model suggests that GRFT utilizes
multivalent binding modes in order to bind carbo-
hydrates very tightly.

CONCLUSIONS

Although a number of mannose-binding
lectins have been shown to interact with the en-
velope protein of HIV and exhibit antiviral activ-
ity (Botos & Wlodawer, 2005), lectins isolated from
algae are more potent by several orders of mag-
nitude, and only they were discussed in this re-

Figure 5. A carbohydrate complex of GRFT.

A) Chemical structure of Man,GlcNAc,. The three
terminal mannose residues that make direct con-
tacts with GRFT are colored green. B) Modeling
of the interactions of Man,GlcNAc, with GRFT.
Chain tracing of a single domain of GRFT, con-
sisting of residues A1-A18 (green) and B19-B121
(blue), is shown together with the stick model of
bound Many,GlcNAc,. The carbon atoms of the car-
bohydrate are colored gray, oxygen atoms red, and
nitrogen atoms blue.
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view. However, one should keep in mind that the
definition of algae is rather broad. Whereas CV-N,
MVL, and SVN were obtained from prokaryotic cy-
anobacteria, GRFT was isolated from Griffithsia sp.,
belonging to eukaryotic Rhodophyta. The common
feature of all four lectins is an internal multiplica-
tion of the amino-acid sequence. The lectins isolat-
ed from cyanobacteria show duplication in the ami-
no-acid sequence, whereas the sequence of GRFT
contains a triple repeat. The duplicated sequences
of cyanobacteria-derived lectins lead to folds that
include two highly similar domains, observed in
the structures of CV-N and MVL, and postulated to
be present in SVN as well. On the other hand, the
structure of GRFT is described as a prism consist-
ing of three blades, each corresponding to a 3-sheet
(Fig. 1D). All three lectins with the known struc-
tures exhibit domain swapping, which complicates
their topological description. The level of structure
conservation between the domains of cyanobacte-
rial origin is much higher than in GRFT. The simi-
larity among the three blades of the latter lectin is
primarily limited to the amino acids which are en-
gaged in carbohydrate binding. Among the lectins
described here, SVN demonstrates the highest iden-
tity of the duplicated sequences, and also reveals a
very extensive disulfide bond pattern which is not
present in the other lectins.

The structures of lectins that have been dis-
cussed here consist predominantly of B-strands and
sheets, although MVL also contains a long a-helix.
Unusual domain swapping is present in the struc-
tures of both CV-N and GRFT, but the nature of the
phenomenon differs. CV-N dimers swap approxi-
mately half of the molecule and additional swap-
ping is present in each monomer as well; in GRFT,
only two p-strands out of twelve are swapped. CV-
N could be isolated in both monomeric and dimeric
form, whereas MVL and GRFT have been observed
so far only in their dimeric form. SVN appears to be
always monomeric, although the repeated structural
motif suggests the presence of two similar domains
in each molecule.

The antiviral activity of lectins appears to
depend on their ability to bind mannose-containing
oligosaccharides present on the surface of viral en-
velope glycoproteins. GRFT displays picomolar ac-
tivity against HIV-1, thus being much more potent
than CV-N, SVN, and MVL, which exhibit only na-
nomolar activity (Table 1). Four carbohydrate-bind-
ing sites are present in each dimer of CV-N and
MVL, whereas the dimer of GRFT provides six po-
tential binding sites. The mode of recognition of the
carbohydrates also varies very significantly among
these lectins. CV-N recognizes larger oligosaccha-
ride structures of the terminal branches, MVL is
specific for four-five units of the oligomannoside

core, whereas SVN binds the D3 arm of Man,Glc-
NAc,. As postulated by molecular modeling, the
unusual geometry of the binding sites of GRFT
allows tridentate binding to ManyGlcNAc, pos-
sibly explaining its much higher antiviral activity
in comparison to the activity of the other lectins. It
is clear that it is the binding of carbohydrates that
is responsible for the antiviral properties of these
lectins, but such binding can be accomplished in
a variety of ways that will be reflected in the ob-
served antiviral potency.

The observed antiviral activity of CV-N, MVL,
SVN and GRFT makes these lectins promising can-
didates for development as microbicides (Reeves &
Piefer, 2005), especially as components of antiviral
preparations that could be applied topically with the
aim of preventing infection (Turpin, 2002). Prelimi-
nary studies on CV-N have been very promising,
indicating that this lectin was highly efficient in pre-
venting infection in macaques by chimeric SIV/HIV-
1 viruses, delivered in these model systems of HIV-1
infection by either vaginal or rectal routes (Tsai et
al., 2003; Tsai et al., 2004). SVN and GREFT are also
in pre-clinical investigations, although the results
have not yet been published (B. R. O’Keefe, personal
communication). A number of modes of delivery of
lectin-based drugs are being contemplated. The most
straightforward is to include them as components of
microbicides for vaginal or rectal application, or pos-
sibly as components of multifunctional contraceptive
gels. In particular, the need for development of fe-
male-controlled microbicides as protection against
infection by HIV is now generally accepted, with
considerable interest in the subject expressed recent-
ly by the Gates Foundation, among others. Another
method of delivery of lectins, potentially even more
promising, is their in situ expression by modified
bacteria similar to those naturally found in vagina.
This concept was already proven by studies of the
delivery of CV-N in biologically active form using
human commensal bacterium Streptococcus gordonii
(Giomarelli et al., 2002). CV-N expressed as both
the soluble protein or immobilized on the surface
of the bacterium was shown to be an efficient agent
for capturing and immobilizing HIV-1, thus pre-
venting infection. Other lectins reviewed here will
most likely also be tested in similar applications,
thus contributing to the development of completely
novel ways of preventing the spread of the disease
that has already killed millions of people in the last
quarter century.
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