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    Abstract     Carbohydrate-binding proteins constitute a growing class of antiviral 
agents. They prevent infection by blocking virus entry into the host target cells and 
also block virus transmission from virus-infected cells to non-infected cells. In 
order to illustrate the molecular basis of their antiviral activity towards human 
immunodefi ciency virus (HIV), a comprehensive review of the three-dimensional 
structures of various antiviral lectins, as well as modes and atomic determinants of 
their high-affi nity oligosaccharide recognition, is presented here. The collective 
information derived from these studies aids in the understanding of carbohydrate 
recognition of the gp120 envelope protein by these antiviral lectins and may lead to 
novel directions in the development of alternative drug-leads for the prevention of 
HIV transmission.  

  Keywords     Lectins   •   Antivirals   •   Cyanovirin-N (CV-N)   •    Oscillatoria agardhii  
agglutinin (OAA)   •   Griffi thsin (GRFT)   •   Scytovirin (SVN)   •    Microcystis viridis  
lectin (MVL)   •   Actinohivin (AH)   •   Banana lectin (BanLec)   •   High mannose glycan   
•   X-ray crystallography   •   NMR spectroscopy  

7.1         Introduction 

 Human immunodefi ciency virus (HIV) is a lentivirus that causes acquired immuno-
defi ciency syndrome (AIDS), a progressive breakdown of the human immune sys-
tem that eventually leads to life-threatening infection or death. Over the last 30 
years, extensive and comprehensive research efforts have been directed at under-
standing the HIV life cycle in the fi ght against AIDS. As a result, several effective 
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therapies and drugs that target different stages of the viral life cycle have become 
available. However, there is still no cure for HIV/AIDS to date, although valuable 
treatment options exist. The latter generally involves a combination, or “cocktails,” 
of several classes of drugs, directed predominantly against the key HIV enzymes. 
Highly Active Antiretroviral Therapy (HAART) has proved highly successful and 
has drastically reduced both new HIV infections and mortality (Pirrone et al.  2011 ; 
NIAID National Institute of Allergy and Infectious Diseases—Antiretroviral 
Therapy to Reduce the Transmission of HIV). Unfortunately, despite these major 
advances, the AIDS pandemic continues to pose a signifi cant public health concern, 
as several million people worldwide are still infected with the virus (WHO World 
Health Organization—Data and Statistics). 

 New initiatives for preventing sexual transmission of HIV have been promoted 
and the development of microbicides for topical or ex-vivo use is one possible ave-
nue (Chirenje et al.  2010 ; D’Cruz and Uckun  2004 ; Hladik and Doncel  2010 ; Minces 
and McGowan  2010 ; Turpin  2002 ; NIAID National Institute of Allergy and Infectious 
Diseases—Topical Microbicides; WHO World Health Organization—Microbicides). 
This approach will be particularly useful for curbing the escalating rate of HIV infec-
tion in women, notably in those regions of the world where social and psychological 
barriers are substantial and diffi cult to overcome (Turpin  2002 ; Team  2010 ; Minces 
and McGowan  2010 ; D’Cruz and Uckun  2004 ; Chirenje et al.  2010 ). For example, 
owing to economic and societal pressures, diagnosis and treatment of HIV infections 
may not be readily available or are stigmatized. Therefore, the potential use of micro-
bicides when applied topically to genital mucosal surfaces is potentially a powerful 
strategy to signifi cantly reduce transmission of sexually transmitted viral pathogens, 
given that application in cream form is discreet and can be completely controlled by 
women. Several candidates for use as such barrier applications include substances 
that directly interact with HIV virions, thus preventing viral entry into and fusion 
with the target cells, such as Carraguard ® , cellulose sulfate, or PRO 2000 ® , tenofovir 
gel, or substances that enhance the natural vaginal defense mechanisms by maintain-
ing an acidic pH, thereby protecting the vagina, such as Acidform ® , BufferGel ® , or 
 Lactobacillus crispatus  (Team  2010 ; Turpin  2002 ; D’Cruz and Uckun  2004 ; Hladik 
and Doncel  2010 ; Minces and McGowan  2010 ; Morrow and Hendrix  2010 ). Due to 
disappointing clinical trial outcomes for some of these candidates, new candidates, 
such as vaginal rings loaded with davifi rine, maraviroc, or a combination of both, 
have been developed and are now undergoing active testing in ongoing clinical trials 
(IPM, International Partnership of Microbicides). 

 Carbohydrate-binding proteins (lectins) represent a novel therapeutic class of 
substances for the development of microbicides (Ziolkowska and Wlodawer  2006 ; 
Botos and Wlodawer  2005 ; Barrientos and Gronenborn  2005 ; Balzarini  2006 ). 
They block infection by binding to the sugars that decorate the surface of the HIV 
envelope (Env) glycoprotein gp120, cross-linking the trimeric Env in the closed 
non-fusogenic structure and thus rendering the virus unable to enter the host target 
cell, as well as blocking direct cell-to-cell transmission between virus-infected 
and non-infected cells. Lectins can also effi ciently abrogate DC-SIGN-directed 
HIV-1 capture and subsequent transmission to T lymphocytes (Balzarini et al.  2007 ). 
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In order to provide a comprehensive view of the molecular basis of the anti-HIV 
properties of lectins, we describe here their atomic structures, distinct modes of 
glycan recognition, and binding epitopes on the oligosaccharide. The combined 
body of knowledge on these interactions may be leveraged for creating candidates 
as protein- based microbicides and may lead to novel directions in the development 
of alternative drug-leads for the prevention of HIV transmission.  

7.2     Cyanovirin-N 

 Cyanovirin-N (CV-N) is a small (11 kDa) virucidal lectin originally identifi ed in 
aqueous extracts from the cyanobacterium  Nostoc ellipsosporum  in a screen 
designed to discover anti-HIV compounds (Boyd et al.  1997 ). The amino acid 
sequence of CV-N comprises two tandem repeats, residues 1–50 (sequence repeat 1; 
SR1) and residues 51–101 (sequence repeat 2; SR2) (Gustafson et al.  1997 ). A pair 
of disulphide-bonded cysteines is present in each repeat, linking C8 to C22 in SR1 
and C58 to C73 in SR2 (Fig.  7.1a ) (Yang et al.  1999 ; Bewley et al.  1998 ; Gustafson 
et al.  1997 ). A monomeric structure of the native protein is only observed in solu-
tion, exhibiting a globular fold with an ellipsoidal shape, comprises two pseudo- 
symmetrical halves, termed domains A and B, respectively (Fig.  7.1b ) (Bewley 
et al.  1998 ). Note that each tandem sequence repeats does not constitute an indi-
vidual domain; instead, each domain is formed by strand exchange between the two 
repeats. The secondary structure elements in domain A are formed by a triple- 
stranded β-sheet (β1, β2, and β3), a β-hairpin (β9 and β10), and two 3 10 -helical turns 
(α1 and α2), encompassing residues 1–38 and residues 90–101 (Fig.  7.1b ). Likewise, 
domain B is composed of a triple-stranded β-sheet (β6, β7, and β8), a β-hairpin (β4 
and β5), and two 3 10 -helical turns (α3 and α4), comprising residues 39–89 (Fig.  7.1b ).

   CV-N was also found as a 3D domain-swapped dimer both in solution and 
crystal states (Fig.  7.1c ) (Botos et al.  2002 ; Barrientos et al.  2004 ; Yang et al. 
 1999 ). High protein concentration is a major contributory factor for domain swap-
ping of CV-N and the kinetic barrier between the domain-swapped dimer and the 
monomer can be overcome by increasing the temperature; thus for wild-type 
CV-N the domain swapped dimer is a trapped folding intermediate (Barrientos 
et al.  2004 ). Since half of one polypeptide chain is swapped between the two 
dimer halves, a “pseudomonomer” can be defi ned and this is formed by residues 
1–50 of one chain and 51–101 of the other chain. Therefore, each pseudomonomer 
exhibits the same fold as the native monomer. Indeed all phi/psi angles outside the 
hinge/loop region are within experimental error for the monomer and pseudo-
monomer and identical hydrophobic and charge interactions are present. It was 
also shown that the amino acid composition of the hinge-loop region that com-
prises residues Q50-N53 (Fig.  7.1a ) plays a key role in domain swapping 
(Barrientos et al.  2002 ; Yang et al.  1999 ). 

 The solution NMR, crystal structures of CV-N, and a number of mutant variants 
have shed light on the molecular basis of CV-N antiviral activity. The protein binds 
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  Fig. 7.1    Structure and carbohydrate specifi city of CV-N. ( a ) Sequence alignment of the fi rst and 
second repeats of CV-N. ( b ) The overall structure of monomeric CV-N drawn in ribbon representa-
tion. ( c ) The structure of domain-swapped CV-N dimer in ribbon representation. ( d ) Chemical 
structure of Man-9. ( e ) Surface representation illustrating the interactions between CV-N and 
Manα1–2Manα in both domains A and B, and between CV-N and synthetic hexamannose in 
domain A (zoom-in panel). ( f ) Schematic depiction of Man-9 binding by monomeric CV-N, illus-
trating the multisite and multivalent binding       
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readily to high mannose glycans via the reducing Manα(1–2)Man ends of the D1 or 
D3 arms of Man-8 and Man-9 on the viral envelope glycoprotein gp120 (Fig.  7.1d ) 
(Botos et al.  2002 ; Shenoy et al.  2001 ,  2002 ; Bewley  2001 ). It is this interaction 
with the glycans on HIV’s gp120 and other mannosylated viral surface proteins that 
lies at the core of CV-N’s inactivation of a wide range of enveloped viruses such as 
SIV, Ebola, infl uenza and hepatitis C, in addition to HIV (Ziolkowska and Wlodawer 
 2006 ; Barrientos et al.  2003 ,  2004 ; Barrientos and Gronenborn  2005 ; O’Keefe et al. 
 2003 ; Helle et al.  2006 ). 

 Two carbohydrate-binding sites, separated by ~35 Å, are present on CV-N 
(Bewley  2001 ; Botos et al.  2002 ). Mapping these binding sites by NMR located the 
fi rst binding site on domain A, comprising residues 1–7, 22–26, and 92–95. The 
second binding site is found on domain B and involves residues 41–44, 50–56, and 
74–78 (Bewley  2001 ; Botos et al.  2002 ). The interaction mode of a disaccharide 
with the protein was revealed by the structure of CV-N in complex with Manα(1–2)
Man, determined in solution by NMR spectroscopy (Fig.  7.1e ) (Bewley  2001 ). The 
disaccharide binds in a deep pocket on each domain in a stacked conformation. 
Hydrogen bonds with residues Lys3, Gln6, Thr7, Glu23, Thr25, Asn93, and Ile94 
on domain A and with residues Glu41, Asp44, Ser52, Glu56, Thr57, Thr75, Arg76, 
and Gln78 on domain B appear to stabilize the interaction between the protein and 
the disaccharide (Bewley  2001 ). 

 The interactions of CV-N with the relevant high mannose glycans of gp120 were 
probed by solving X-ray structures of CV-N in complex with Man-9 (Fig.  7.1d ) and 
a synthetic hexamannose (enclosed by blue dashed lines in Fig.  7.1d ) (Botos et al. 
 2002 ). Since CV-N in the crystal is a domain-swapped dimer, four sugar-binding 
sites are present (Barrientos and Gronenborn  2002 ). In the two complex structures, 
only one sugar molecule was found interacting with domain A of the fi rst pseudo-
monomer in the CV-N-Man-9 complex, while two sugars were bound to both A 
domains in the two pseudomonomers in the CV-N-hexamannose complex (Botos 
et al.  2002 ). No sugar was seen to interact with domain B in any pseudomonomer in 
either of the complexes. Instead, a well-defi ned, tightly bound buffer molecule 
(CHES) from the crystallization solution occupied the sugar-binding site on domain 
B in one of the two pseudomonomers (Botos et al.  2002 ). 

 The absence of any glycans in domain B in the domain-swapped crystal structures 
was explained by the different geometry of the sugar-binding site after domain swap-
ping (Botos et al.  2002 ). Unlike in the monomer, where the binding pocket is intact 
on domain B and can accommodate a disaccharide in a stacked conformation (Bewley 
 2001 ), the position of the hinge and the relative orientation of the domains are altered 
upon domain swapping, and the close proximity of the hinge region to the binding 
site results in a slightly altered shape of the sugar-binding pocket (Botos et al.  2002 ). 
As a result, some of the essential protein–oligosaccharide hydrogen bonds may not 
be formed (Botos et al.  2002 ). For example, different positioning of the Ser52 Oγ 
atom interferes with its potential hydrogen-bonding to a mannose ring and perturba-
tion of the side chain geometry of Asn53 in the hinge induces some steric hindrance, 
rendering sugar binding in the site on domain B unfavorable (Botos et al.  2002 ). 
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 Unlike domain B, the binding site on domain A is located far away from the 
hinge region, and therefore is not affected by the geometry of the hinge-loop. 
It exhibits the same conformation in both the CV-N monomer and the 3D domain- 
swapped dimer (Botos et al.  2002 ). The very similar conformation of the sugar 
conformation when bound in domain A for Manα(1–2)Man in the solution structure 
and the mannose rings M2 and M3 of the D1 arm of hexamannose (see zoom-in 
panel of Fig.  7.1e ) in the crystal structures is therefore not surprising. 

 CV-N has been reported to bind Man-9 with nanomolar affi nity (Bewley and 
Otero-Quintero  2001 ), while binding to a hexamannoside was found to be signifi -
cantly weaker, with affi nities in the low micromolar range (Botos et al.  2002 ). The 
latter is comparable to the affi nity for Manα(1–2)Man (Matei et al.  2008 ; Bewley 
 2001 ; Bewley et al.  2002 ). The much tighter apparent binding to Man-9 (or Man-8) 
is explained with CV-N’s multisite binding to both the D1 and D3 arms of Man-9 
(or Man-8) that facilitates cross-linking (Fig.  7.1f ). Indeed it was unambiguously 
demonstrated that CV-N interacts with the individual arms of Man-9 with very simi-
lar binding strength (Shenoy et al.  2002 ) and a CV-N protein that possesses only a 
single binding site binds Man-3 and Man-9 with identical affi nity (Matei et al. 
 2008 ). Therefore, it is the formation of multivalent, multisite interactions between 
CV-N and oligosaccharides on gp120 that explains its unusually potent activity and 
makes CV-N a promising potential candidate for development as a future pharma-
ceutical agent.  

7.3      Oscillatoria agardhii  Agglutinin 

 The  Oscillatoria agardhii  agglutinin (OAA) was isolated from the cyanobacterial 
 Oscillatoria agardhii  strain NIES-204 and is a protein of molecular mass of 
13.9 kDa (Sato and Hori  2009 ; Sato et al.  2000 ). The amino acid sequence of OAA 
comprises 132 amino acids, arranged as two sequence repeats (Sato et al.  2007 ; Sato 
and Hori  2009 ). Residues 1–66 and residues 67–132 belong to sequence repeat 1 
(SR1) and sequence repeat 2 (SR2), respectively. They are highly homologous with 
~77 % sequence identity (51/66 residues) and ~86 % sequence similarity (57/66 
residues) between SR1 and SR2 (Fig.  7.2a ) (Koharudin et al.  2011 ; Sato et al.  2007 ).

   The atomic structure of OAA was determined by X-ray crystallography 
(Koharudin and Gronenborn  2011 ; Koharudin et al.  2011 ). The overall architecture 
of OAA is a compact β-barrel that contains a continuous ten-stranded antiparallel 
β-sheet (Fig.  7.2a, b ). Each of the amino acid sequence repeats folds into fi ve 
β-strands, denoted as β1–β5 and β6–β10, for the fi rst and second repeats, respec-
tively (Fig.  7.2a ). The two-sequence repeats are connected by a very short linker, 
comprising residues G67-N69. 

 The fi rst two β-strands of each sequence repeat (β1–β2 and β6–β7) and the next 
three β-strands (β3–β4–β5 and β8–β9–β10) are positioned on opposite sides of the 
barrel (Fig.  7.2b ), and the linkers connecting strands β2 and β3, and β7 and β8, 
respectively, cross at the top or the bottom of the barrel (Fig.  7.2b ). As a result, the 
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fi rst two β-strands (β1–β2) in the fi rst sequence repeat are located in the barrel 
between the β-strands from the second repeat, namely strands β7 and β6 on one side 
and strands β10, β9, and β8 on the other side (Fig.  7.2b ). Similarly, strands β3, β4, 
and β5 of the fi rst repeat are fl anked either side by β8 and β6, of the other sequence 
repeat (Fig.  7.2b ). The swap of β-strands between the two sequence repeats creates 
an almost perfect C2 symmetric arrangement, rendering the conformation of the 
fi ve β strands in each sequence repeat extremely similar (backbone atomic r.m.s.d. 
value of 0.66 Å). 
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  Fig. 7.2    Structure and carbohydrate specifi city of OAA. ( a ) Sequence alignment of the fi rst and 
second repeats of OAA. ( b ) The overall structure of OAA drawn in ribbon representation. ( c ) 
Chemical structure of Man-9. ( d ) Surface representation illustrating the interactions between OAA 
and α3,α6-mannopentaose in sites 1 and 2. ( e ) Schematic depiction of Man-9 binding by OAA in 
both sites 1 and 2       
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 The carbohydrate specifi city of OAA for Man-9 was initially delineated in solution 
by NMR spectroscopy (Koharudin et al.  2011 ). Chemical shift mapping of  1 H and 
 15 N resonances for free and Man-9-bound OAA revealed that Man-9 binding to 
OAA is in slow exchange on the chemical shift scale (new bound resonances appear), 
suggesting relatively tight binding. The NMR titrations also revealed that OAA pos-
sesses two sugar-binding sites and that the Man-9 affi nities for the two binding sites 
on OAA are distinct: the lower affi nity site, site 1 (affected only at >1.1 Man-9/
protein molar ratio), comprises the loops connecting strands β1–β2, β7–β8, and β9–
β10, and the higher affi nity site (site 2) is located at the symmetrically related posi-
tion and is made up by the loops connecting strands β6–β7, β2–β3, and β4–β5. 

 To further delineate the atomic details of the binding interface, OAA was co- 
crystallized with α3,α6-mannopentaose, the minimal unit of Man-9 recognized by 
OAA (enclosed by blue dashed lines and shaded in light blue in Fig.  7.2c ) (Koharudin 
and Gronenborn  2011 ). Note that the binding between OAA and α3,α6- 
mannopentaose is in slow exchange on the NMR chemical shift scale, suggesting a 
relatively tight interaction, and that both binding sites demonstrated a very similar 
affi nity for this sugar. The structure of α3,α6-mannopentaose-bound OAA was 
refi ned to 1.65 Å resolution, comparable to that of the apo OAA structure deter-
mined at 1.55 Å. A comparison between the apo- and α3,α6-mannopentaose-bound 
OAA structures reveals that they are very similar, with the compact ten-stranded 
antiparallel β-sheet barrel essentially identical. Only minor conformational differ-
ences, especially in the loops that are part of the two carbohydrate-binding sites, can 
be discerned. Note that clear additional electron density at opposite ends of the 
protein molecule permits the placement of a α3,α6-mannopentaose molecule into 
each site, and in the fi nal density, an excellent fi t of the atomic structure of two 
bound α3,α6-mannopentaose molecules, one per carbohydrate-binding site of OAA, 
into the density is noted (Fig.  7.2d ). 

 The sugar-binding pockets of site 1 and site 2 on OAA are very similar (Fig.  7.2d ) 
(Koharudin and Gronenborn  2011 ). OAA’s carbohydrate recognition sites comprise 
short clefts, residing between the loops on the surface of the protein. Each binding 
site is formed primarily by residues in two loops that connect strands β1–β2 and 
β9–β10 and those connecting strands β4–β5 and β6–β7 for sites 1 and 2, respec-
tively. These two loops contact the carbohydrate directly, in particular residues 
W10-G12 located in the loop that connects strands β1–β2 and E123-G124 in the 
connection between strands β9–β10 in binding site 1, and residues E56-G57 between 
strands β4 and β5 and W77-G79 in the loop between β6–β7 in binding site 2. The 
loops connecting strands β7–β8 in site 1 or strands β2–β3 in site 2 are slightly more 
remote, and contain amino acids with long side chains that can reach the carbohy-
drate, such as R95 in site 1 or R28 in site 2. 

 The zoom-in panel in Fig.  7.2d  illustrates the interactions between OAA and 
α3,α6-mannopentaose in detail. The M5α(1–6)M1 disaccharide unit of the α3,α6- 
mannopentaose is positioned most closely to the protein, and of the fi ve-mannose 
carbohydrate moieties, the M2α(1–3)M1 disaccharide is located deep inside the 
binding pocket while the M8α(1–3)[M6α(1–6)]M5 trisaccharide unit is pointing 
outwards. Overall, the branch point sits in the center of the binding site and all 
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mannose units are splayed out from the center. For the M2α(1–3)M1 unit, the 
pyranose ring of M1 is stacked on top of the indole ring of the W10 or W77 side 
chains in site 1 or site 2, respectively. The pyranose ring of M2 is fl anked by the long 
side chains of residues R95 or R28 in site 1 or site 2, respectively. On the other side 
of the cleft, where the M8α(1–3)[M6α(1–6)]M5 trisaccharide is located, the pyra-
nose ring of M8 is fl anked by residues in the loops connecting strands β1–β2 and 
β6–β7 in site 1 and 2, respectively, while the pyranose rings of M6 and M5 are 
fl anked by residues in the β9–β10 and β4–β5 loops for site 1 and 2, respectively. 

 Of all the contacts in the binding sites it appears that the hydrophobic interaction 
between the aromatic side chain of W10 in site 1 and W77 in site 2 with the pyra-
nose ring of M1 plays a critical role (Koharudin and Gronenborn  2011 ). In addition, 
several polar interactions are also observed. In particular, hydrogen bonds between 
the hydroxyl groups of the carbohydrate and main chain amide groups are present, 
augmented by several contacts with side chains (Koharudin and Gronenborn  2011 ). 
In binding site 1, hydrogen bonds are formed between the backbone amide of G11 
and the C5 hydroxyl group of M8 (2.86 Å), the backbone amide of G12 and the C6 
hydroxyl group of M8 (2.87 Å), the backbone amide of G124 and the C5 hydroxyl 
group of M5 (3.00 Å), and the backbone amide of G124 and the C6 hydroxyl group 
of M5 (3.15 Å). Side chain interactions in binding site 1 include hydrogen bonds 
between the C4 hydroxyl group of M1 and the side chain carboxyl group of E123 
(2.81 Å) and between the C4 hydroxyl group of M1 and the terminal guanidinium 
group of R95 (2.89 Å). 

 Similarly, equivalent hydrogen bonds are found in binding site 2. Hydrogen 
bonds between the backbone amide of G78 and the C5 hydroxyl group of M8 
(2.93 Å), the backbone amide of G79 and the C6 hydroxyl group of M8 (2.83 Å), 
the backbone amide of G57 and the C5 hydroxyl group of M5 (2.92 Å), and the 
backbone amide of G57 and the C6 hydroxyl group of M5 (3.20 Å) are present. Side 
chain hydrogen bonding is observed between the C4 hydroxyl group of M1 and the 
side chain carboxyl group of E56 (2.73 Å) and between the C4 hydroxyl group of 
M1 and the terminal guanidinium group of R28 (2.84 Å). Therefore, it can be con-
cluded that the conformation of the two binding sites in the α3,α6-mannopentaose- 
bound OAA structure is extremely similar. 

 In contrast to the low nanomolar activity of CV-N, OAA’s antiviral potency is 
~30-fold less (Koharudin et al.  2012 ). If a single binding contact between protein 
and sugar would be responsible for the activity, one would expect comparable inhi-
bition with similar IC 50  values for CV-N and OAA, since they possess the same 
number of binding sites for carbohydrate. This clearly is not the case. This differ-
ence is caused by the fact that OAA can only recognize a single epitope of Man-8/9, 
namely the branched core mannose unit (Fig.  7.2e ) (Koharudin and Gronenborn 
 2011 ), while CV-N binds to two epitopes, the Manα(1–2)Man units of the D1 or D3 
arms (Botos et al.  2002 ; Bewley  2001 ) of the glycan (Fig.  7.1f ). The multisite and 
multi-epitope interaction that CV-N can engage in is clearly not possible for OAA. 
On the other hand, the presence of distinctively different recognition epitopes on the 
glycan for OAA and CV-N may possibly be explored in a synergistic fashion when 
these core and terminal mannose-recognizing lectins are combined in targeting 
gp120 and blocking HIV infectivity.  
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7.4      Oscillatoria agardhii  Agglutinin Homolog Proteins 

 The compact, β-barrel-like architecture of the cyanobacterial OAA is very different 
from previously characterized lectin structures and unique among all available pro-
tein structures in the protein data bank (Koharudin et al.  2011 ). Most importantly, so 
far OAA’s carbohydrate recognition of Man-9 is also unique, compared to all other 
antiviral lectins. While most of the known lectins that block HIV infectivity recog-
nize the reducing or nonreducing end mannoses of Man-8/9, OAA recognizes the 
branched core unit of Man-8/9. These properties make OAA distinct and rare among 
all antiviral lectins (Koharudin and Gronenborn  2011 ; Koharudin et al.  2011 ). 

 Recently, genes coding for OAA homologs were discovered in a number of other 
prokaryotic microorganisms, including cyanobacteria, proteobacteria, and chloro-
bacteria, as well as in a eukaryotic marine red alga (Koharudin et al.  2012 ; Sato and 
Hori  2009 ). Similar to OAA, these proteins, henceforth termed  Oscillatoria agard-
hii  agglutinin homologs (OAAHs), contain a sequence repeat of ~66 amino acids, 
with the number of repeats varying for different family members. For example, the 
133-residue  Pseudomonas fl uorescens  homolog,  Pseudomonas fl uorescens  aggluti-
nin (PFA), contains two sequence repeats, like OAA, while the  Myxococcus xanthus  
homolog,  Myxococcus xanthus  hemagglutinin (MBHA), contains four sequence 
repeats over a length of 268 residues (Sato and Hori  2009 ; Koharudin et al.  2012 ). 
Apart from data for the founding member OAA, neither three-dimensional struc-
tures nor information about carbohydrate-binding specifi cities and antiviral activity 
is available up to now for any other member of the OAAH family. In order to further 
characterize this important lectin family, structural and carbohydrate specifi city 
analyses for these two additional members of the OAAH family, PFA and MBHA, 
will be discussed in this chapter. 

 The amino acid sequences of PFA and MBHA share extensive sequence similar-
ity to OAA, with ~62 % identity for pairwise alignment (Fig.  7.3a ) (Koharudin et al. 
 2012 ; Sato and Hori  2009 ). Interestingly, the majority of the amino acid conserva-
tion is seen in the carbohydrate-binding regions, delineated previously in OAA 
(Fig.  7.2 ). This region encompasses the loops between β1–β2, β7–β8, and β9–β10 
in the fi rst binding site and between β6–β7, β2–β3, and β4–β5 in the second binding 
site. In addition, notable sequence conservation is seen throughout the secondary 
structure elements.

   PFA assembles into a single, compact, β-barrel-like domain (Fig.  7.3b ) as previ-
ously observed for OAA (Fig.  7.2b ) (Koharudin et al.  2012 ). Each sequence repeat 
folds up into fi ve β-strands, denoted as β1–β5 (colored in white) and β6–β10 (col-
ored in green) for the fi rst and second repeats, respectively. Different from OAA or 
PFA, MBHA contains four sequence repeats and in its crystal structure each two- 
sequence repeat folds into a β-barrel, resulting in a tandem arrangement of two bar-
rels (Fig.  7.3c ). The fi rst barrel is composed of the fi rst ten β-strands, colored in grey 
and purple, and the second barrel is made up by the second ten β-strands, also col-
ored in grey and purple, respectively. A short linker comprising residues T133-G135 
connects the fi rst and second barrel (colored in orange). The structures of the fi rst 
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(residues A2 to V132) and second (residues D136 to L266) barrel of MBHA are 
very similar, with a backbone atom r.m.s.d value of 0.63 Å. 

 The overall structures of these new family members closely resemble that of the 
founding member, OAA (Koharudin et al.  2012 ). The overall r.m.s.d values for 
backbone atoms between OAA (residues A2 to L132) and PFA (residues S2 to I132) 
is 0.50 Å, between OAA (residues A2 to L132) and the fi rst domain of MBHA (resi-
dues A2 to V132) is 0.79 Å, and between OAA (residues A2 to L132) and the sec-
ond domain of MBHA (residues D136 to L266) is 0.70 Å. Similarly, PFA is close 
in structure to each of the MBHA domains, with backbone atom r.m.s.d. values of 
0.74 Å between PFA and the fi rst domain (residues S2 to I132 of PFA and residues 
A2 to V132 of MBHA) and 0.60 Å between PFA and the second domain of MBHA 
(residues S2 to I132 of PFA and residues D136 to L266 of MBHA). This extensive 
structural similarity parallels the signifi cant degree of amino acid identity through-
out the protein sequences (Fig.  7.3a ). 

 As discussed above, OAA’s anti-HIV activity is associated with its binding to 
N-linked high mannose glycans on the viral envelope glycoprotein gp120 (Sato 

  Fig. 7.3    Structure and carbohydrate specifi city of PFA and MBHA. ( a ) Sequence alignment of 
OAA, PFA, and MBHA. ( b ) The overall structure of PFA drawn in ribbon representation. ( c ) The 
overall structure of MBHA drawn in ribbon representation. ( d ) Superposition of the two- 
dimensional  1 H- 15 N HSQC spectra of free ( black ) and α3,α6-mannopentaose-bound ( light green ) 
PFA at 1:3 molar ratio of PFA to sugar. ( e ) Superposition of the two-dimensional  1 H- 15 N HSQC 
spectra of free ( black ) and α3,α6-mannopentaose-bound ( magenta ) MBHA at 1:6 molar ratio of 
MBHA to sugar. ( f ) Surface representation illustrating the interactions between one of the binding 
sites of MBHA and α3,α6-mannopentaose. ( g ) Anti-HIV activity assays for CV-N, OAA, PFA, and 
MBHA       
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et al.  2007 ; Koharudin et al.  2011 ). The epitope that is recognized by OAA on Man- 
8/9 is α3,α6-mannopentaose (Manα(1–3)[Manα(1–3)[Manα(1–6)]Manα(1–6)]
Man), the branched core unit of the triantennary high mannose structures (Koharudin 
and Gronenborn  2011 ). As expected from the sequence and structural conservation 
seen for PFA, MBHA and OAA, the two new OAAH members also share the carbo-
hydrate specifi city of OAA (Koharudin et al.  2011 ,  2012 ; Koharudin and Gronenborn 
 2011 ). Titrations of the proteins with α3,α6-mannopentaose and monitoring the 
chemical shift changes by  1 H- 15 N HSQC spectroscopy confi rmed that both PFA and 
MBHA specifi cally and tightly interact with α3,α6-mannopentaose (Fig.  7.3d, e , 
respectively) (Koharudin et al.  2012 ). Here again, similar to OAA, α3,α6- 
mannopentaose binding to PFA and MBHA is in slow exchange on the NMR chem-
ical shift scale, suggesting a relatively tight interaction. 

 Chemical shift differences between free PFA (black) and sugar-bound reso-
nances at saturation (sugar:protein molar ratio of 3:1; green) (Fig.  7.3d ) show that 
the most strongly perturbed resonances belong to residues in the loops, connecting 
strands β1–β2 and β9–β10 and between strands β4–β5 and β6–β7. Smaller changes 
are observed for residues in the loops connecting β7–β8 and β2–β3. Those reso-
nances of PFA that were perturbed include residues N8-S14, W17-H18, I101, 
N118-Y120, E123-G124, I126-G127, and G130 in the fi rst binding site and resi-
dues M51, Y53, E56-G57, I59-G60, Q76-A82, and W84-H85 in the second binding 
site, essentially equivalent to those in OAA (Koharudin and Gronenborn  2011 ; 
Koharudin et al.  2012 ). Therefore, the binding sites in both proteins are located in 
corresponding regions of the structures, consistent with the extensive sequence con-
servation in these sites. 

 NMR titration experiments were also used to determine which residues of 
MBHA interact with α3,α6-mannopentaose. Based on the superposition of 2D  1 H- 15 N  
HSQC spectra of apo (black) and α3,α6-mannopentaose-bound (magenta) MBHA 
(Fig.  7.3e ), it is clear that the affected MBHA residues are, not surprisingly, equiva-
lent to those in OAA or PFA (Koharudin et al.  2012 ; Koharudin and Gronenborn 
 2011 ). However, for MBHA, complete saturation for all resonances was only 
achieved at a sugar:protein molar ratio of 6:1 (Fig.  7.3e ), consistent with four sugar 
binding sites per polypeptide chain. 

 From the structure of the MBHA-α3,α6-mannopentaose complex specifi c con-
tacts between MBHA side chains and the carbohydrate can be discerned (Koharudin 
et al.  2012 ). As shown in Fig.  7.3f , the aromatic side chain of W144 in site 3 (or 
W211 in site 4) plays a critical role, providing hydrophobic contacts for the pyranose 
ring of M1. In addition, several hydrogen bond contacts are also observed (Fig.  7.3f ). 
Given the high sequence conservation in the carbohydrate-binding regions between 
MBHA and OAA (Fig.  7.3a ), all specifi c contacts that are observed in the MBHA-
α3,α6-mannopentaose complex are unsurprisingly identical to those observed previ-
ously in the OAA-α3,α6-mannopentaose complex (Koharudin et al.  2012 ). Note that 
in the structure of α3,α6-mannopentaose-bound MBHA, only the two higher affi nity 
sites, i.e., binding sites 3 and 4 that are both located in the second barrel of MBHA, 
are occupied by the glycan (Koharudin et al.  2012 ). No equivalent density was 
observed in the other two binding sites in the fi rst barrel. However, it is well 
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established from NMR titration data that sites 1 and 2 can bind α3,α6- mannopentaose 
similar to binding sites 3 and 4, albeit with slightly reduced affi nity. 

 OAA’s anti-HIV activity is mediated by the specifi c recognition of α3,α6- 
mannopentaose, the branched core unit of Man-8 and Man-9 (Koharudin and 
Gronenborn  2011 ), sugars on the HIV-1 envelope glycoprotein gp120. Similarly, it 
was shown that both PFA and MBHA also interact with this glycan, suggesting pos-
sible similar activities for these lectins (Koharudin et al.  2012 ). Indeed, the HIV 
assay data (Fig.  7.3g ) clearly reveals that PFA and MBHA possess anti-HIV activity 
(Koharudin et al.  2012 ). All three OAAHs display very similar IC 50  values, ranging 
from 12 ± 1 nM for OAA and MBHA to 15 ± 1 nM for PFA (Koharudin et al.  2012 ). 
As discussed above, these values are approximately 30-fold higher than that 
obtained for CV-N in the same experiment (0.4 ± 0.1 nM) (Koharudin et al.  2012 ). 
Again, it is interesting to note that, if solely avidity considerations on the protein 
were signifi cant, one would expect MBHA to exhibit higher anti-HIV activity than 
OAA and PFA, given that it possesses four sugar-binding sites, compared to only 
two sites in latter lectins. However, the available data suggests that only two binding 
sites on the protein are required for any OAAH lectin family member to display 
anti-HIV activity and that the additional binding sites in some members merely 
increase the probability to engage the sugars of gp120.  

7.5     Griffi thsin 

 Griffi thsin (GRFT), a lectin isolated from the red alga  Griffi thsia  sp. that was col-
lected from the waters off New Zealand, also belongs to those lectins that possess 
potent anti-HIV activity (Mori et al.  2005 ). The gene-encoding GRFT has not been 
isolated, but the amino acid sequence was obtained directly from protein purifi ed 
from the cyanobacterium. The protein contains a single 121-amino acid chain 
(Fig.  7.4a ), of which 120 residues are common amino acids while, surprisingly, the 
31st residue (151 Da) does not appear to correspond to any standard amino acid and 
its identity is still unknown (Mori et al.  2005 ). Analysis of GRFT’s sequence indi-
cates the presence of three sequence repeats with residues 1–18 and residues 101–
121 assigned to sequence repeat 1 (SR1), residues 19–56 to sequence repeat 2 
(SR2), and residues 57–120 to sequence repeat 2 (SR3) (Fig.  7.4a ). Two conserved 
regions are present; the GxYxD and the GGSGG motifs that are located in two dis-
tinct loop regions (Fig.  7.4a ). Note that, like the OAAH lectin family members, 
there are no cysteine residues among its 121 amino acids.

   The structure of GRFT was determined using recombinant proteins expressed in 
 E. coli  (Giomarelli et al.  2006 ) and  Nicothiana benthamiana  (Ziolkowska et al. 
 2006 ; O’Keefe et al.  2009 ). In both constructs residue 31 of GRFT was replaced by 
an alanine and this substitution did not seem to affect the carbohydrate-binding 
properties of the lectin. For the  E. coli  construct, the protein contains an N-terminal 
6-His affi nity tag followed by a thrombin cleavage site, extending the protein 
sequence by 17 amino acids (Giomarelli et al.  2006 ). Since the additional sequence 
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could not be removed, these cloning artifact residues are present in the crystallized 
protein. On the other hand, the plant-expressed protein is a “native” construct, 
resembling more closely the authentic protein, although with an acetylated N termi-
nus and mutated residue 31 (Ziolkowska et al.  2006 ; O’Keefe et al.  2009 ). Both 
constructs were crystallized and their structures determined. Interestingly, however, 
only a single molecule is present in the asymmetric unit of crystals of the His- 
tagged GRFT, whereas all crystal forms grown from the plant-expressed protein 
contain two molecules and diffract signifi cantly better than the His-tagged crystals, 
most likely due to the absence of the N-terminal extension (Ziolkowska et al.  2006 ). 
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 The GRFT fold is a β-prism-I motif (Ziolkowska et al.  2006 ) that consists of 
three repeats of an antiparallel four-stranded β-sheet (Fig.  7.4a ) that form a triangu-
lar prism (Fig.  7.4b ). Surprisingly, GRFT forms a domain-swapped dimer in which 
the fi rst two β-strands of one chain are associated with ten strands of the other chain 
and vice versa (Fig.  7.4b ), completely distinct from other β-prism-I lectins (Chandra 
et al.  2006 ; Raval et al.  2004 ). 

 The carbohydrate specifi city of GRFT was initially probed using soluble gp120 
in an inhibition-binding assay with monosaccharide glucose, mannose, and 
 N -acetylglucosamine (Mori et al.  2005 ). The detailed contacts between the protein 
and mannose were later elucidated in the crystal structure of GRFT-mannose com-
plex determined at a resolution of 1.8 Å (Ziolkowska et al.  2006 ). A comparison 
between apo- and mannose-bound GRFT structures yields very similar protein con-
formations with an r.m.s.d value of 0.46 Å, indicating that sugar binding does not 
induce any large conformational changes in the protein. Six mannose molecules 
were found bound in two groups of three mannoses. Each mannose group engages 
in direct intermolecular contacts with each monomer of the GRFT domain-swapped 
dimer. Therefore, it appears that a GRFT-swapped dimer contains a total of six 
nearly identical carbohydrate-binding sites, i.e., three sites per GRFT pseudomono-
mer. Further interaction studies with various mannose disaccharides confi rmed that, 
unlike CV-N or the OAAH lectin family members, each GRFT-binding site indeed 
can bind an individual mannose monosaccharide located at each reducing end of 
Man-8/9 oligosaccharides (enclosed by magenta dashed lines and shaded in light 
magenta in Fig.  7.4c ) (Ziolkowska et al.  2006 ,  2007 ). 

 The detailed atomic interactions between GRFT and Man-9 are seen in the crys-
tal structure of an engineered monomeric GRFT (mGRFT) in complex with syn-
thetic nanomannoside oligosaccharides (Moulaei et al.  2010a ). This mGRFT was 
generated by inserting two or four amino acids at the dimerization interface and, 
different from the GRFT-swapped dimer, the mGRFT contains only three sugar- 
binding sites (Moulaei et al.  2010a ). Similar to the mannose bound GRFT complex 
structure, all three binding sites are occupied. Binding sites 1 and 3 are occupied by 
mannoses M4 and M7 from the D1 and D2 arms of a single nanomannoside in the 
asymmetric unit, respectively (Fig.  7.4d ), whereas site 2 is occupied by mannose 
M6 from the D2 arm of another nanomannoside in the symmetrically related mol-
ecule (Fig.  7.4c ). Note that all three binding sites are created by the equivalent 
loops, connecting the fi rst and fourth strand of each β-sheet, containing strictly con-
served GGSGG sequences (Fig.  7.4a ). This positions the three sugar-binding sites 
in an almost perfect equilateral triangle at the edges of the protein, with the carbo-
hydrate molecules separated by about 15 Å from each other (Fig.  7.4d ) (Moulaei 
et al.  2010a ). 

 The antiviral activity of GRFT has been tested on T-lymphoblastic cells and anti-
viral activity was found at picomolar concentrations, rendering GRFT the most potent 
antiviral lectin to date (Ziolkowska et al.  2006 ; Moulaei et al.  2010a ; Mori et al.  2005 ). 
While both dimer and monomer forms of GRFT are active against HIV, the dimeric 
protein possesses higher potency than mGRFT. The binding of GRFT and mGRFT 
to the viral envelope protein gp120 is also different, with mGRFT displaying 
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approximately 50-fold lower avidity (Moulaei et al.  2010a ), despite similar enthalpies 
and dissociation constants of both GRFT and mGRFT for binding nonamannoside. 
Therefore, it seems that interactions between individual high mannose oligosaccha-
rides and individual monomeric units of GRFT do not suffi ce to create potent antiviral 
activity. Thus, only when cross-linking of multiple high mannose oligosaccharides 
on gp120 is induced can signifi cant antiviral potency of GRFT be shown (Fig.  7.4e ), 
similarly to the original observation for CV-N (Fig.  7.1f ). Interestingly, in a recent 
study in which a single or all three binding sites of the GRFT were destroyed was 
interpreted such that GRFT’s activity is not caused by simply binding to gp120, but 
that the structure of gp120 or its oligomeric state is affected (Xue et al.  2012 ).  

7.6     Scytovirin 

 The antiviral lectin scytovirin (SVN) was isolated from aqueous extracts of the cya-
nobacterium  Scytonema varium  as part of a program investigating anti-HIV activity 
in natural product extracts (Bokesch et al.  2003 ). A single chain of SVN contains 95 
amino acids, with a molecular mass of 9713 Da (Bokesch et al.  2003 ; Xiong et al. 
 2006a ). Similar to the CV-N or OAA discussed above, SVN also displays an internal 
sequence duplication (Fig.  7.5a ) (Bokesch et al.  2003 ), with high (~75 %) sequence 
identity between the N-terminal sequence (residues 1–48) and its C-terminal coun-
terpart (residues 49–95). The sequence contains a large number of cysteine residues, 
ten in total (Bokesch et al.  2003 ) and, as seen in the crystal structures of natural and 
recombinant SVN, fi ve disulfi de bond are formed between C7–C55, C20–C32, 
C26–C38, C68–C80, and C74–C86 (Fig.  7.5a ) (Moulaei et al.  2007 ,  2010b ).

   The crystal structures of this antiviral lectin were solved at 1.3 and 1.0 Å resolution 
for the natural and recombinant proteins, respectively (Moulaei et al.  2007 ). Unlike 
CV-N or GRFT, SVN is strictly monomeric (Fig.  7.5b ), with no indication of oligo-
merization under any conditions (Moulaei et al.  2007 ). However, similar to OAA or 
PFA or the monomer of CV-N, the SVN structure revealed two highly symmetric 
domains, domain 1 (D1) and domain 2 (D2) (Fig.  7.5b ). The structures of the two 
domains are virtually identical with an r.m.s.d value of 0.25 Å (Moulaei et al.  2007 ) 
and the fold of SVN is novel, compared to other proteins in the database up to now. 

 SVN has been shown to bind specifi c oligosaccharides on gp41 and gp120 
(Bokesch et al.  2003 ). In particular, it was shown to bind to a tetrasaccharide sub-
structure of the high mannose oligosaccharides that decorate these HIV-1 envelope 
glycoproteins (McFeeters et al.  2007 ; Adams et al.  2004 ). In order to demonstrate 
carbohydrate binding of the protein, NMR titration experiments were used to moni-
tor the chemical shift perturbation of SVN using the Manα(1 → 2)Manα(1 → 6) 
Manα(1 → 6)Man tetrasaccharide (enclosed by magenta dashed lines and shaded in 
light magenta in Fig.  7.5c ) (McFeeters et al.  2007 ). The results indicated that one 
binding site was observed in each domain of SVN and that the two sites interact 
differently with the same tetrasaccharide (McFeeters et al.  2007 ). At low NMR 
magnetic fi eld (500 MHz), residues in D1 exhibit intermediate exchange whereas 
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residues in D2 exhibit fast exchange. However, when the titrations were conducted 
at high NMR magnetic fi eld (800 MHz), the intermediate exchange becomes slow 
and the fast exchange becomes intermediate, suggesting that the carbohydrate affi n-
ity of D1 is slightly tighter than that of D2. Using a two-site model fi tting, dissocia-
tion constant values were calculated as ~30 μM for D1 and ~160 μM for D2 
(McFeeters et al.  2007 ). 
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 Residues whose resonances exhibit backbone amide chemical shift changes 
upon addition of tetrasaccharide are almost identical for the two domains (Fig.  7.5d ) 
(McFeeters et al.  2007 ) and mapping of the affected residues onto the protein struc-
ture reveals very similar binding grooves on the surface of each domain of SVN. 
Three aromatic residues (residues Y6, W8, F37 in D1 and the corresponding resi-
dues Y54, W56, F85 in D2) in the two domains are all clustered near the binding 
sites and experience chemical shift perturbations, suggesting tetrasaccharide bind-
ing (McFeeters et al.  2007 ). As to the differences, it was speculated that they may 
partially be explained by the differences in residue composition in the two domains 
of SVN that are involved in glycan binding (McFeeters et al.  2007 ). For example, 
residue N9 that is located in D1 shows large backbone amide chemical shift changes 
in the presence of tetrasaccharide while the corresponding residue D57 in D2 only 
exhibited minor chemical shift perturbations upon binding. Similarly, no chemical 
shift perturbations are seen for G76 in D2, different from the signifi cant change 
observed for the equivalent G28 in D1. Since G1 and S2 are close to residues with 
the largest chemical shift perturbations in D1, this suggests that an ordered 
N-terminus is necessary for tight binding. Since SVN does not bind to the 
Manα(1 → 6)Manα(1 → 6)Man trisaccharide (Adams et al.  2004 ; McFeeters et al. 
 2007 ), it seems that the reducing end Manα(1 → 2)Man in the tetrasaccharide is 
required in the interaction. 

 SVN is capable to interact with a single epitope of Man-8/9 (Fig.  7.5e ), similar 
to that of OAA (Fig.  7.2e ). Interestingly, however, SVN is active at low nanomolar 
concentrations against T-tropic strains and primary isolates of HIV-1, but is 300- 
fold less effective against M-tropic strains (Bokesch et al.  2003 ). Also, unlike CV-N 
that inactivates the virus on contact (Boyd et al.  1997 ), the viral inhibition by SVN 
is reversible (Bokesch et al.  2003 ). Pretreatment and removal of SVN caused nor-
mal susceptibility to HIV infection in uninfected CEM-SS cells and a normal infec-
tivity in cell-free virus (Bokesch et al.  2003 ). It is also worth pointing out (1) that an 
individual domain of SVN has been reported to possess anti-HIV activity, with 
Domain 1 exhibiting similar activity as the full-length protein, while Domain 2 was 
much less active (Xiong et al.  2006b ), and (2) that the truncated individual domain 
of SVN loses activity when its N-terminus is changed (Xiong et al.  2006b ). Although 
there is no doubt that SVN binds to oligosaccharides and thereby inhibits HIV 
infection, no crystal structure is available at present of a complex between the pro-
tein and its carbohydrate ligand.  

7.7      Microcystis viridis  Lectin 

  Microcystis viridis  lectin (MVL) is a 113 amino acid protein (~13 kDa) that was 
isolated from the freshwater bloom-forming cyanobacterium  Microcystis viridis  
NIES-102 (Yamaguchi et al.  1999 ). The amino acid sequence of MVL comprises 
two highly homologous sequence repeats, SR1 and SR2, each containing 54 amino 
acids with about 50 % identity (Fig.  7.6a ) (Yamaguchi et al.  1999 ). The two sequence 
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  Fig. 7.6    Structure and carbohydrate specifi city of MLV. ( a ) Sequence alignment of the fi rst and 
second repeats of MLV. ( b ) The overall structure of SVN homodimer, drawn in ribbon representa-
tion. ( c ) Chemical structure of Man-9. ( d ) Surface representation illustrating the interactions 
between MLV homodimer and the Manα(1–6)Manβ(1–4)GlcNAcβ(1–4)GlcNAc tetrasaccharide 
in sites 1 and 2. ( e ) Detailed interactions between MLV and the Manα(1–6)Manβ(1–4)
GlcNAcβ(1–4)GlcNAc tetrasaccharide    in one of the four binding sites. ( f ) Schematic depiction of 
Man-9 binding by MLV       
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repeats are joined by a fi ve residue-linker (Fig.  7.6a ). Up to now, the MVL protein 
sequence remains unique, as there is no signifi cant similarity or homology to any 
reported protein sequences in the database.

   The crystal structure of MVL shows that the protein forms a stable, symmetric 
homodimer (Fig.  7.6b ) (Williams et al.  2005 ). As expected on the basis of the 
observed sequence duplication (Fig.  7.6a ), each monomer is formed by two similar 
domains, domains A and B. Each domain contains a three-stranded antiparallel 
β-sheet (formed by strands β1, β2, and β3 in domain A and strands β4, β5, and β6 in 
domain B) and a single α-helix that is packed against one face of the sheet (α1 and 
α2 located between strands β1 and β2 and between strands β4 and β5 in domains A 
and B, respectively) (Fig.  7.6a, b ) (Williams et al.  2005 ). Three bulges in the 
β-strands, between residues 34–35, 40–41, and 44–45 in domain A and residues 
93–94, 99–100, and 103–104 in domain B distort the normal twist of the β-sheet, 
such that it wraps around the α-helix. The interactions between domains A and B of 
a single monomer are very limited as the domain is boomerang-shaped, connected 
by residues 55–59 (Williams et al.  2005 ). Indeed, the long axes of the two domains 
are oriented approximately orthogonal to each other; and the C-domain can be 
superimposed on the N-domain by an ~180° rotation about an axis that bisects the 
angle between the two domains. In the dimer, two boomerang-shaped monomers 
interlock and each domain from one monomer contacts both domains from the sec-
ond monomer (Fig.  7.6b ). 

 Two sugar-binding sites per monomer were identifi ed on MVL using NMR titra-
tions (Bewley et al.  2004 ). A number of other mannose-containing carbohydrates 
were tested for binding and it was shown that MVL does bind Man 6 GlcNAc 2  with 
low micromolar affi nity, but not α- and β-linked dimannosides, disaccharides 
Manβ(1–4)GlcNAc and GlcNAcβ(1–4)GlcNAc, or mannotriose (Bewley et al. 
 2004 ). It was therefore suggested that high-affi nity carbohydrate binding requires 
the presence of mannose and glucosamine residues and at least a tetrasaccharide 
core structures, such as Manα(1–6)Manβ(1–4)GlcNAcβ(1–4)GlcNAc (enclosed by 
blue dashed lines and shaded in light blue in Fig.  7.6c ). 

 The carbohydrate specifi city of MVL was later confi rmed by X-ray analysis 
(Williams et al.  2005 ). A crystal structure of the complex of MVL with Man 3 GlcNAc 2  
shows four independent carbohydrate-binding sites per homodimer, two each within 
a single polypeptide chain (Fig.  7.6d ) (Williams et al.  2005 ). No signifi cant confor-
mational changes in MVL are induced by sugar binding. The Manβ(1–4)
GlcNAcβ(1–4)GlcNAc (M1-G2-G1) trisaccharide core sits tightly in each binding 
site and the reducing GlcNAc residue (G1) sugar unit is clearly essential for defi n-
ing the specifi city of carbohydrate binding as it is buried deep inside the binding 
pocket (Fig.  7.6e ). 

 The details of the interaction between MVL and the carbohydrate are provided 
by the X-ray structure: In the G1 sugar unit, the acetyl methyl group fi ts into a deep 
hole and is in van der Waals contact with the side chains of Pro-11, Trp-13, the 
methyl groups of Leu-12 and Thr-39 in domain A (Fig.  7.6e ) or of Pro-70, Trp-72, 
the methyl groups of Leu-71 and Thr-98 in domain B (not shown), whereas the 
acetyl oxygen atom is hydrogen-bonded to the backbone amide of Ser-43 in domain 
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A (Fig.  7.6e ) and that of Gly-102 in domain B (not shown). The acetyl NH group of 
the G1 sugar unit is hydrogen-bonded to the backbone oxygen atom of Leu-12 in 
domain A (Fig.  7.6e ) and of Leu-71 in domain B (not shown), and the O3 atom of 
the G1 pyranose ring is hydrogen-bonded to the side-chain hydroxyl group of Thr- 
39 in domain A (Fig.  7.6e ) and of Thr-98 (not shown) in domain B. The reducing 
hydroxyl group (O1) from the G1 unit protrudes away from the binding site and 
remains solvent-accessible such that an N-linked Asn would not disrupt binding. 

 For the G2 sugar unit, the acetyl oxygen and O6 atoms of the subsequent 
GlcNAc2 unit are hydrogen-bonded to the backbone amide groups of Asn-15 and 
Thr-39 in domain A (Fig.  7.6e ) and of Asn-74 and Thr-98 in domain B (not shown), 
respectively. In addition, the pyranose ring of the G2 unit is stacked on top of the 
six-membered ring of Trp-37 in domain A (Fig.  7.6e ) and of Trp-96 in domain B 
(not shown). For the M1 unit, the pyranose ring of M1 is stacked on top of the fi ve 
membered ring of Trp-37 in domain A (Fig.  7.6e ) and of Trp-96 in domain B (not 
shown) while the O4 atom of M1 forms a hydrogen bond with the side-chain amide 
group of Gln-36 in domain A (Fig.  7.6e ) or Gln-95 in domain B (not shown), stabi-
lizing the protein interaction with the M1-G2-G1 reducing end trisaccharide core. 

 The branched mannose residues, Man2 and Man5, extend up and away from the 
binding cleft. They, however, still form hydrogen bonds with MVL. In the M2 sugar 
unit, a hydrogen bond is formed between the side chain of Thr-38 and the O6 
hydroxyl group of M2 in domain A. Since the corresponding residue in domain B is 
Arg-97, no equivalent hydrogen bond is possible. Finally, for the M5 sugar unit, a 
hydrogen bond is present between the O4 atom and the side chain of Gln-36 in 
domain A (Fig.  7.6e ) and of Gln-95 in domain B, as well as a water-bridged hydro-
gen bond between the O5 atom and the side-chain amide of Asn-15 in domain A 
(Fig.  7.6e ) and of Asn-74. 

 In summary, MVL uniquely recognizes the Manα(1 → 6)Manβ(1 → 4)-
GlcNAcβ(1 → 4)GlcNAc tetrasaccharide core structure of high mannose oligosac-
charides (Bewley et al.  2004 ; Williams et al.  2005 ) and inhibits HIV-1 cell fusion 
with an IC 50  value of 30–40 nM, depending on the HIV-1 strain (Bewley et al.  2004 ). 
Similar to OAA or SVN, MVL does not precipitate when it interacts with Man9, 
indicating that no cross-linking occurs (Fig.  7.6f ) as was observed with CV-N or 
GRFT (Figs.  7.1f  and  7.4e ). However, the question still remains as to whether all 
four binding sites are required for antiviral potency since no mutagenesis studies 
deleting individual binding sites on MVL have been reported.  

7.8     Actinohivin (AH) 

 AH is an anti-HIV lectin from the actinomycete  Longisporum Albid  (actinomycete 
strain K97-0003) (Inokoshi et al.  2001 ; Chiba et al.  2001 ). It contains a 114-residue 
chain of molecular mass ~12.5 kDa and its amino acid sequence was determined by 
Edman degradation (Chiba et al.  2001 ). Like GRFT, three highly conserved internal 
sequence repeats are present, comprising residues 1–38, 39–77, and 78–114 desig-
nated as SR1, SR2, and SR3, respectively (Fig.  7.7a ) (Chiba et al.  2001 ).
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   The crystal structure of AH was determined by X-ray crystallography at 1.2 Å 
resolution (Tanaka et al.  2009 ). Two protein molecules are present per asymmetric 
unit with both chains adopting very similar conformations with a pairwise C α  atom 
r.m.s.d value of 0.17 Å (Tanaka et al.  2009 ). The overall structure of AH is com-
posed of three domains that are very similar to each other (Fig.  7.7b ). Each domain 
contains a four-stranded antiparallel β-sheet and a short 3 10  helix (Tanaka et al. 
 2009 ). Three β-strands (β 1 , β 2 , and β 3 ), the fi rst long loop, the fi rst short 3 10 -helix, 
and the last β-strand (β 12 ) form domain 1. The second and third domains are then 
formed by a stretch of continuous amino acids that make up the next four β-strands 
(β 4 , β 5 , β 6 , and β 7 ), the second long loop and the second short 3 10 -helix for domain 2 
and domain 3 contains the next four β-strands (β 8 , β 9 , β 10 , and β 11 ), the third long 
loop, and the third short 3 10 -helix. AH can be regarded as a cyclic assembly given 
that the last β-strand is a component of the fi rst domain. All three domains exhibit 
pseudo threefold symmetry, in which the three β-sheets form a triangular barrel. 
Note that, like CV-N, where each domain is formed by strand exchange between the 
two sequence repeats, each domain of AH also exhibits strand exchange between 
two sequence repeats within AH (domains 1, 2, and 3 being composed of SR3 and 
SR1, SR1 and SR2, and SR2 and SR3, respectively) (Fig.  7.7a ). 

 The carbohydrate specifi city of AH was established using frontal affi nity chro-
matography (FAC) (Tanaka et al.  2009 ). Various types of glycans were tested with 
an AH-immobilized column. Relatively tight affi nities were obtained for Man9 and 
Man8 with  K  d  values of 2.9 × 10 −4  and 2.1 × 10 −4  M, respectively, and it was shown 
that AH recognizes the Manα(1–2)Man disaccharide epitope of these high mannose 
oligosaccharides (Tanaka et al.  2009 ). The Μanα(1–2)Man epitope located in the 
D1 arm is most effectively bound, followed by the Manα(1–2)Man epitope in the 
D3 and D2 arms. It was also shown that the presence of both Manα(1–2)Man epit-
opes on the D1 and D3 arms in Man-8/9 are essential for the high affi nity binding to 
AH (Fig.  7.7c ) (Tanaka et al.  2009 ), similar to the fi ndings with CV-N (Fig.  7.1d ) 
(Bewley and Otero-Quintero  2001 ; Botos et al.  2002 ). A binding study between AH 
and glycosylated gp120 by surface plasmon resonance resulted in similar conclu-
sions (Hoorelbeke et al.  2010 ). 

 Structures of AH alone and in complex with Manα(1–2)Man disaccharides were 
determined (Hoque et al.  2012 ). A superposition between the apo and Manα(1–2)
Man-bound AH yielded backbone and all heavy atom r.m.s.d. values of ~0.3 and 
~0.8 Å, respectively, suggesting that no large conformation changes occurred upon 
Manα(1–2)Man binding (Hoque et al.  2012 ). Three Manα(1–2)Man molecules 
found bound to an AH molecule (Fig.  7.7d ), each in a stacked conformation and 
buried in a shallow pocket made up by the three β-strands and a long loop (Fig.  7.7d ) 
(Hoque et al.  2012 ), similar to what was previously observed in the complex 
between CV-N and Manα(1–2)Man (Bewley  2001 ). 

 The detailed atomic interactions in each binding pocket in AH are depicted in 
Fig.  7.7e . Given the pseudo-symmetry of protein, identical conformations of 
Manα(1–2)Man are seen in all three domains of AH. Therefore, only the interactions 
between Manα(1–2)Man in the fi rst domain of AH are described here. The fi rst man-
nose residue (M1) of Manα(1–2)Man sits at the edge of the rim and does not form 
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hydrogen bonds to the protein (Fig.  7.7d, e ) (Hoque et al.  2012 ), while the second 
mannose residue (M2) is buried and interacts closely with the protein via four hydro-
gen bonds (Hoque et al.  2012 ). These hydrogen bonds are between one of the two 
carboxyl O atoms of the Asp15 side chain and the hydroxyl group attached to the C3 
atom of M2 (2.5 Å) and between the other Asp15 carboxyl O and the hydroxyl group 
attached to the C4 atom of M2 (2.7 Å). Hydrogen bonds are also present between the 
amino nitrogen of the Asn28 side chain and the hydroxyl group attached to the C3 
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  Fig. 7.7    Structure and carbohydrate specifi city of AH. ( a ) Sequence alignment of the three repeats 
of AH. ( b ) The overall structure of AH, drawn in ribbon representation. ( c ) Chemical structure of 
Man-9. ( d ) Surface representation illustrating the interactions between AH and the Manα1–2Manα 
disaccharides in the three available binding sites. ( e ) Detailed interactions between AH and 
Manα1–2Manα disaccharide in one of the three available binding sites       
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atom of M2 (2.9 Å) and between the hydroxyl group of the Tyr23 side chain and the 
hydroxyl group attached to the C4 atom of M2 (2.8 Å). In addition, the Tyr32 side 
chain is wedged between Manα(1–2)Man, engaged in hydrophobic contacts with the 
C5 and C6 atoms. 

 Like for the other antiviral lectins described above, the antiviral activity of AH is 
associated with binding to gp120-attached high mannose oligosaccharides (Chiba 
et al.  2001 ; Takahashi et al.  2005 ,  2011 ). Like seen with CV-N, it is very likely that 
AH also induces cross-linking, given that AH has three binding sites and recognizes 
two epitopes on the D1 or D3 arms of Man-8/9. With an IC 50  of 60–700 nM and 
relatively low toxicity to MT-4 cells, this lectin warrants further investigation and 
possible development as a microbicide.  

7.9     Banana Lectin (BanLec) 

 Banlec is a lectin isolated from the ripened fruit of the banana,  Musa acuminata  or 
 Musa paradisiac  (Koshte et al.  1990 ; Peumans et al.  2000 ). It is a ~30 kDa homodi-
meric lectin with each monomer containing 141 residues. Like in GRFT, three inter-
nal amino acid sequence repeats are present, comprising residues 1–20 and 119–141 
as SR1, 21–69 as SR2, and 70–118 as SR3 (Fig.  7.8a ) (Singh et al.  2005 ). A con-
served GxxGG motif is also present in a distinct loop region (Fig.  7.8a ).

   The crystal structure of BanLec was solved at ~2.5 Å resolution for the 
carbohydrate- free protein (Singh et al.  2004 ). It crystallized with two molecules in 
the asymmetric unit (Fig.  7.8b ), consistent with the solution dimer state (Peumans 
et al.  2000 ). The monomer contains three four-stranded antiparallel β-sheets shaped 
like a prism with pseudo threefold symmetry, similar to other jacalin-like lectins 
(Fig.  7.8c ). The fi rst SR, consisting of strands 1, 12, 11, and 2, makes up one face of 
the prism in a pseudo Greek key motif. The second and third faces of the prism are 
also Greek key motifs containing strands 5, 4, 3, and 6 and strands 9, 8, 7, and 10, 
respectively (Fig.  7.8a, c ). 

 Unlike GRFT or AH that possess 3 SRs and 3 carbohydrate-binding sites in each 
monomer, BanLec has only two primary binding sites based on the crystal structure 
of BanLec in complex with methyl-α- d -mannoside (Singh et al.  2005 ). In the fi rst 
site, the interactions involve hydrogen bonds between the O3 hydroxyl group and 
the amide nitrogen of G15, between the O4 hydroxyl group and the amide nitrogen 
of G15, between the O4 hydroxyl group and the carboxyl group of D133, between 
the O5 hydroxyl group and the amide nitrogen of D130, between the O6 hydroxyl 
group and the amide nitrogen of D130, between the O6 hydroxyl group and the 
amide nitrogen of F131, between the O6 hydroxyl group and the carbonyl oxygen 
of F131, and between the O6 hydroxyl group and the carboxyl group of D133. In 
the second site, hydrogen bonds are formed between the O3 hydroxyl group and the 
amide nitrogen of G60, between the O4 hydroxyl group and the carboxyl group of 
D38, between the O5 hydroxyl group and the amide nitrogen of D35, between the 
O6 hydroxyl group and the amide nitrogen of G34, between the O6 hydroxyl group 
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and the amide nitrogen of V36, between the O6 hydroxyl group and the carbonyl 
oxygen of V36, and between the O6 hydroxyl group and the carboxyl group of D38. 
In addition to the interacting residues specifi ed above, V86 makes a hydrophobic 
contact with the sugar in the fi rst site. The presence of two binding sites in BanLec 
was confi rmed by the structure of BanLec from a different species bound to two 
different ligands (Meagher et al.  2005 ). In this report, the authors also suggest that 
there is a preference in the primary binding site for the reducing ends of the disac-
charides (Meagher et al.  2005 ). 

  Fig. 7.8    Structure and carbohydrate specifi city of BanLec. ( a ) Sequence alignment of the three 
repeats of BanLec. ( b ) The overall structure of BanLec homodimer, drawn in ribbon representa-
tion. ( c ) The structure of a BanLec monomer showing the presence of three β-strand sheets, drawn 
in ribbon representation and colored in  light grey ,  light blue , and  light green , corresponding to 
SR1, SR2, and SR3, respectively. ( d ) Surface representation and detailed interactions between 
BanLec monomer and methyl-α- d -mannoside monosaccharides in the two available binding sites       
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 The anti-HIV activity of BanLec arises, as with the other lectins mentioned 
above, through interactions with high mannose sugars present on HIV gp120. Using 
temperature-sensitive viral entry studies (Swanson et al.  2010 ), it was shown that 
BanLec blocks HIV-1 cellular entry with comparable potency as other anti-HIV 
lectins, such as Griffi thsin. Based on these results, BanLec also has potential for use 
as an antiviral microbicide.  

7.10     Other Antiviral Lectins 

 In general, lectins are capable of reversibly binding to carbohydrate moieties of 
complex sugars without altering their covalent structure. They are found in a wide 
variety of species, including prokaryotes, sea corals, algae, fungi, higher plants, 
invertebrates, and vertebrates. Their functions involve in many biological processes, 
including host–pathogen interactions, cell–cell communication, induction of apop-
tosis, cancer metastasis and differentiation, targeting of cells, in addition to binding 
carbohydrates (Sharon  2008 ; Sharon and Lis  1989 ,  2004 ). While this chapter mainly 
focuses on the structures and carbohydrate specifi cities of nine lectins that are well 
characterized, any lectins that can interact with oligosaccharides on gp120 may pos-
sess antiviral activity and can potentially be developed as an HIV microbicide. 

 Examples of such lectins are proteins from the sea coral  Gerardia savaglia  
(named  Gerardia savaglia  agglutinin; GSA) (Kljajic et al.  1987 ), mannose-spe-
cifi c plant lectins from the Amaryllidaceae family, such as  Narcissus pseudonar-
cissus  agglutinin (NPA) (Balzarini et al.  1991 ),  Galanthus nivalis  agglutinin 
(GNA) (Hester and Wright  1996 ; Wright and Hester  1996 ) and the  Hippeastrum  
hybrid agglutinin (HHA) (Van Damme et al.  1988 ),  Listera ovata  agglutinin 
(LOA) from the Orchidaceae family (Van Damme et al.  1987 ,  1994 ),  Epipactis 
helleborine  agglutinin (EHA) (Van Damme et al.  1987 ,  1994 ),  Cymbidium  hybrid 
agglutinin (CHA) (Van Damme et al.  1987 ,  1994 ),  Allium porrum  agglutinin 
(APA) from the Alliaceae family (Balzarini et al.  1992 ), plant lectins derived from 
the Moraceae  dicot  family, such as jacalin (Bourne et al.  2002 ) or from the 
 Cecropiaceae dicot  family, such as  Myrianthus holstii  lectin (Charan et al.  2000 ), 
concanavalin A (ConA) derived from the jack bean ( Canavalia ensiformis ) 
(Edelman et al.  1972 ),  Urtica diocia  agglutinin (UDA) derived from rhizomes 
(Balzarini et al.  1992 ), or mammalian lectins such as DC-SIGN (Geijtenbeek 
et al.  2000 ; Feinberg et al.  2001 ). 

 Among these additional lectins, some require a metal ion for sugar binding, such 
as the C-type lectins that use a Ca 2+  atom. Additionally, some lectins recognize a 
particular glycosidic linkage between the different carbohydrate units. For example, 
UDA and monocot lectins interact with terminal carbohydrates (Mannose or 
GlcNAc), while others preferentially bind to oligosaccharide cores, such as 
DC-SIGN or ConA. Similarly, some lectins interact with a single terminal carbohy-
drate unit, while others engage with several units of the oligosaccharide. Since the 
carbohydrate specifi city for some of these lectins has not yet been elucidated, future 
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structural studies will undoubtedly yield important new insights that may further 
our understanding of carbohydrate–protein interactions. 

 As a general rule, the affi nities of these lectins for monosaccharides are relatively 
weak, exhibiting  K  d  values in the millimolar range. In addition, for some lectins, 
binding is promiscuous, and multiple specifi cities for Man, GlcNAc, and Fuc on the 
same site have been observed. This can be explained by the limited ways in which 
the few hydroxyl groups, the only common feature of these carbohydrates, can be 
positioned in space (Drickamer  1995 ). Even slight changes in the sugar-binding 
sites can dramatically change their binding selectivity. Thus, one may wonder where 
the selectivity in these proteins originates from. To some degree, the abundance of 
extended, sugar-binding sites that can accommodate more than one type of carbohy-
drate and multiple binding sites may play a role. In an extended binding site, several 
sugar residues of an oligosaccharide can be positioned within the protein, thereby 
signifi cantly increasing the affi nity, when compared to the binding of an individual 
monosaccharide. Similarly, multiple binding sites per molecule can compensate for 
the weak affi nity of individual sites and can be involved in binding terminal sugars 
of multi-antennary oligosaccharides, thereby creating multivalent contacts. 

 At this juncture it seems prudent to ask the question why these lectins are not 
considered as candidates in the development of protein-based microbicides. The 
reasons are not altogether clear, but some possibilities can be suggested: First, these 
“orphan” lectins are generally fairly large, especially if they dimerize or multimer-
ize; they also possess relatively weak affi nity towards high mannose oligosaccha-
rides, compared to the most potent antiviral lectins that were discussed above. 
Third, and most importantly, most of these lectins interfere with normal cellular 
activities, and, therefore exhibit mild to severe toxicity, making them undesirable.  

7.11     Conclusion and Future Strategy 

 This chapter aimed to provide a comprehensive review of the structures, the distinct 
modes of glycan recognition, and the atomic details of the protein–glycan interac-
tions for nine different antiviral lectins. These lectins are candidates for develop-
ment as protein-based microbicides. The sole common feature of these eight 
proteins is the presence of internal sequence repeats. For example, CV-N, OAA, 
PFA, SVN, and MVL possess two sequence repeats, while GRFT, AH, and BanLec 
contain three sequence repeats and MBHA encompasses four sequence repeats. 
Interestingly, the number of sequence repeat often corresponds to the number of 
binding sites and domains that are observed in each lectin. However, the sequence 
repeats are not equivalent to the domains, since the individual domains in these 
lectins involve strand exchange between sequence repeats. The extensive sequence 
similarity of the repeats, ranging from ~32 % in CV-N to ~86 % in OAA, goes hand-
in- hand with structural similarity between the individual domains, with the excep-
tion of GRFT, where the three repeats result in three binding sites, but not three 
individual domains. 
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 Everything else about these lectins is unique. Some lectins exhibit domain 
swapping and multimerization, while others exist solely as monomers. Although 
CV-N and GRFT can domain swap, they are either found naturally as a monomer in 
solution or can be engineered into a monomer, as in the case of GRFT. The nature of 
domain swapping in CV-N and GRFT, however, is distinctly different; in CV-N, half 
of the protein chain swaps while in GRFT only the fi rst two β-strands, out of twelve 
in total, are involved in the swap. MVL and BanLec, on the other hand, do not 
domain swap, but instead are homodimerizing. The remaining fi ve lectins (OAA, 
PFA, MBHA, SVN, and AH) are all monomers. For OAA and PFA no indication of 
dimerization was noted, even at very high protein concentration (~200 mg/mL). 

 As mentioned above, the number of sequence repeats directly translates into the 
number of sugar-binding sites. Lectins with two sequence repeats contain two bind-
ing sites, such as monomeric CV-N, OAA, PFA, and SVN. mGRFT and AH possess 
three sequence repeats and therefore three sugar-binding sites. MBHA and the 
CV-N domain-swapped dimer contain four sequence repeats and, therefore, four 
sugar-binding sites. Finally, the lectin with the highest number of binding sites is 
GRFT, which has a triple sequence repeat and in the domain-swapped dimer conse-
quently six binding sites. An exception to this rule is BanLec, which possesses three 
sequence repeats but only two sugar-binding sites. 

 The most interesting difference between all these lectins is their carbohydrate 
specifi city: each lectin recognizes a distinct epitope of Man-8/9. For example, CV-N 
binds to the terminal Manα(1–2)Man di- and tri-mannosides in the D1 or D3 arms 
(Fig.  7.1d ). Interestingly, while AH also recognizes this epitope, the conformation 
of the bound Manα(1–2)Man disaccharide is different in the two lectins (Figs.  7.1e  
and  7.7d ); Both mannoses are tightly bound, forming a total of nine hydrogen bonds 
with CV-N, while only one of the two mannoses is buried in AH, with a total of four 
hydrogen bonds. This may explain the higher potency of CV-N, compared to AH. 
The specifi city of all the other lectins is signifi cantly different. For example, all 
OAAH members recognize the branched mannose core of Man-8/9 (Fig.  7.2c ), 
GRFT recognizes any of the terminal mannoses on the D1, D2, or D3 arms of Man- 
8/9 (Fig.  7.4c ), SVN binds only to the Manα(1 → 2) Manα(1 → 6)Manα(1 → 6)Man 
tetrasaccharide (Fig.  7.5c ), and MVL to the Manα(1 → 6) Manβ(1 → 4)
GlcNAcβ(1 → 4)GlcNAc tetrasaccharide (Fig.  7.6c ). While the X-ray structure of 
BanLec complexed with a methyl-α- d -mannoside has been solved, it is not clear 
whether its mode of Man-9 binding is similar to that of GRFT. 

 The difference in their carbohydrate specifi city can be related to the number of 
epitopes available on Man-8/9 for each lectin. Thus, a single epitope is available for 
OAA, PFA, MBHA, SVN, and MVL, two epitopes for CV-N and AH, and three 
epitopes for GRFT. 

 There also appears to be a correlation between the number of binding sites on the 
protein, the number of epitopes recognized on Man-8/9 and antiviral potency. GRFT 
and BanLec are active against HIV-1 at picomolar concentrations, thus more potent 
than CV-N. CV-N, which is active at sub-nanomolar concentrations, is more potent 
than OAA, PFA, MBHA, SVN, MVL, and AH. The latter all display IC 50  values in 
the low to medium nanomolar ranges. It appears that the number of bound epitopes 
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on the high mannose oligosaccharides is more critical for potency than the number 
of binding sites on the protein. This is derived from the comparison between mono-
meric and dimeric CVN, or between OAA (or PFA) and MBHA, with two and four 
binding sites, respectively. In both cases, no or very little difference in antiviral 
activity was observed. On the other hand, comparing CV-N and OAA, both of which 
possess two binding sites on the protein and interact with two sugar epitopes in the 
case of CV-N and only one in the case of OAA reveals that CV-N exhibits higher 
potency than OAA. Likewise, CV-N is also more potent than the other lectins, such 
as PFA and SVN, each with two binding sites but interacting with only one sugar 
epitope, or MBHA and MVL, each with four binding sites but again, contacting 
only one epitope. Comparing CV-N and AH, both of which can recognize the same 
number epitopes on Man-8/9, with AH possessing three binding sites and CV-N 
only two, CV-N is the more potent of the two. 

 In summary, the intrinsic antiviral activities of CV-N, OAA, PFA, MBHA, 
GRFT, SVN, MVL, AH, and BanLec render all of these lectins promising candi-
dates for microbicide development, especially as components in antiviral prepara-
tions that can be applied topically. They specifi cally target the high mannose sugars 
that decorate the major envelope glyprotein gp120 of HIV (Fig.  7.9 ). Indeed, pre-
liminary studies on CV-N have been very promising, with results showing that this 
lectin was highly effi cient in preventing infection by chimeric SIV/HIV-1 viruses 
in macaques, when delivered by either vaginal or rectal routes (Tsai et al.  2003 , 
 2004 ). Safety concerns, however, remain as lectins can induce mitogenic activity in 
PBMC cultures, notably when exposed over a period of several days (Huskens 
et al.  2008 ; Buffa et al.  2009 ). Interestingly, attachment of CV-N to polyethylene 
glycol (PEG) polymer chains appears to be effective in reducing mitogenic activity 
in vitro (Zappe et al.  2008 ). GRFT, on the other hand, seems to be devoid of mito-
genic activity (O’Keefe et al.  2009 ). The other lectins are presently being investi-
gated for such effects. Given the differences in binding, toxicity, and anti-HIV 
activity, it is prudent to consider more than one lectin in the development of a lec-
tin-based anti-HIV microbicide. This surely should increase the chance for success 
in this endeavor.

   What then would be the best way for delivering these lectins? A number of 
modes are being considered. The most straightforward is to include them as compo-
nents in microbicidal preparations for vaginal or rectal application, or possibly as 
components in multifunctional contraceptive gels. Another method of delivery of 
lectins, potentially even more promising, is their in situ expression by modifi ed 
bacteria, similar to those naturally found in the vagina. This concept has already 
been explored for CV-N, using the human commensal bacterium  Streptococcus gor-
donii  (Giomarelli et al.  2002 ) or the engineered strain of the natural vaginal 
 Lactobacillus jensenii  (Liu et al.  2006 ). Therefore, we are confi dent that the other 
lectins discussed above will also be tested in similar ways. They should be comple-
mentary to CV-N, given their differences in sugar epitope specifi cities. Further 
developments of these antiviral lectins as pharmacological agents will contribute to 
fi nd novel avenues to interfere with HIV transmission, still an urgent need to pre-
vent suffering and deaths of vulnerable populations worldwide.     
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