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Griffithsin (Grft) is a protein lectin derived from red algae that tightly binds the HIV envelope protein gp120 and effectively in-
hibits virus infection. This inhibition is due to the binding by Grft of high-mannose saccharides on the surface of gp120. Grft has
been shown to be a tight dimer, but the role of the dimer in Grft’s anti-HIV function has not been fully explored. To investigate
the role of the Grft dimer in anti-HIV function, an obligate dimer of Grft was designed by expressing the protein with a peptide
linker between the two subunits. This “Grft-linker-Grft” is a folded protein dimer, apparently nearly identical in structural
properties to the wild-type protein. A “one-armed” obligate dimer was also designed (Grft-linker-Grft OneArm), with each of
the three carbohydrate binding sites of one subunit mutated while the other subunit remained intact. While both constructed
dimers retained the ability to bind gp120 and the viral surface, Grft-linker-Grft OneArm was 84- to 1,010-fold less able to inhibit
HIV than wild-type Grft, while Grft-linker-Grft had near-wild-type antiviral potency. Furthermore, while the wild-type protein
demonstrated the ability to alter the structure of gp120 by exposing the CD4 binding site, Grft-linker-Grft OneArm largely lost
this ability. In experiments to investigate gp120 shedding, it was found that Grft has different effects on gp120 shedding for
strains from subtype B and subtype C, and this might correlate with Grft function. Evidence is provided that the dimer form of
Grft is critical to the function of this protein in HIV inhibition.

HIV is a devastating disease affecting at least 33 million people
worldwide, leading to a critical need for multiple strategies to

prevent HIV infection. One such strategy is the development of a
microbicide to prevent the sexual spread of HIV. While the
CAPRISA 004 clinical trial showed partial success for the HIV
reverse transcriptase inhibitor tenofovir in gel form, the subse-
quent VOICE trials were not successful, likely due in part to non-
compliance (1, 2). This underscores the need for a continued
study of a variety of different microbicides, and the likelihood that
most success will occur with combinations of drugs with different
mechanisms of action (and possibly different formulations) to
achieve maximal effectiveness and to avoid potential development
of drug resistance (3).

Several highly effective proteins are being studied as possible
microbicides, particularly lectins that bind the glycosylated sur-
face of gp120. Many reports confirm the importance of lectins in
binding gp120 and inhibiting HIV (4–10), and it has also been
shown that viral escape by deglycosylation leads to a higher viral
susceptibility to plasma antibodies (11). Griffithsin (Grft), a 121-
amino-acid lectin derived from red alga Griffithsia spp. (7), is
among the most promising lectins yet discovered. This protein has
a combination of (i) higher potency than other lectins (7, 12), (ii)
excellent preclinical properties, including low/no toxicity and lack
of significant activation of a variety of cell types (13, 14), (iii)
inexpensive production in gram quantities (15), and (iv) synergy
when combined with antibodies and a variety of other lectins (16).
Recently, Grft has also been shown to be active against other vi-
ruses, including the hepatitis C virus (17–20), and it is resistant to
digestion by many commercially available proteases (although it is
susceptible to elastase) (21). Recent work specifically addressing
lectin cellular toxicity showed that Grft does not activate T cells,
minimally alters gene expression, and minimally induces cytokine

secretion (14). Further, while Grft can bind some human cells, it
still retains antiviral activity (14). These positive characteristics
make Grft a very promising microbicide candidate and under-
score the importance of elucidating the biochemical details of the
role of Grft in HIV inhibition (14, 22). There is a critical gap,
however, in an understanding of how Grft functions so effectively
to inhibit HIV infection. Crystal structures of Grft showing a
dimer (10, 23, 24) and lower antiviral potential of a monomeric
variant (8) have been reported. More recently, analytical ultracen-
trifugation confirmed a tight Grft dimer (25). However, the mech-
anism of action of Grft is not fully known. In particular, no work
has yet investigated the Grft dimer itself or shown how it might
function to achieve such unusually high potency.

Figure 1A shows the structure of Grft as determined by X-ray
crystallography (23). The protein is a dimer, having three putative
carbohydrate-binding sites (CBS) per subunit. Competition data
and further structural work (7, 10) indicate that each binding site
binds one mannose monosaccharide, making it very likely that
Grft inhibits viral entry by binding mannose on the surface of
gp120. Grft has been shown to also bind gp41 (7), although it has
not been proven yet whether this binding is through N-glycan
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interaction and/or direct protein interaction. However, the gp41
glycoprotein is obscured during the first part of HIV entry, and
mutations that affect Grft sensitivity tend to occur on gp120, not
gp41 (12). The HIV envelope protein gp120 contains between 18
and 33 N-linked glycosylation sites (depending on the virus
strain), approximately a dozen of which are high-mannose sites
(26–29). These high-mannose saccharides contain several related
branched glycans, often having three terminal mannose residues
rarely found on mammalian cells (reducing the possibility of
mannose-specific lectin-host interaction), although it has been
shown that Grft can bind to peripheral blood mononuclear cells

(PBMC) but retains antiviral activity (14, 22). Other work has
demonstrated that several high-mannose glycans on the subtype C
gp120 surface, in particular those on N234 and N295, have impor-
tant roles in Grft effectiveness. HIV strains lacking both of these
glycan sites on gp120 show significantly lower sensitivity to Grft,
and introducing these two glycans by adding back the glycosyla-
tion sites at these locations on gp120 increased Grft sensitivity
(12). Similarly, glycosylation at site N448 is likely important for
Grft function (30). Interestingly, Grft has been shown to alter the
conformation of gp120 by exposing the CD4 binding site on
gp120 in both HIV-1 subtype B and C strains (31). This raises the

FIG 1 (A) The structure of griffithsin as determined by X-ray crystallography (23). Blue and red ribbons represent subunits of the Grft dimer, and green sticks
represent mannose. The structure was made with the program Chimera (95) using Protein Data Bank (PDB) structure 2gud (23). (B) The 15N HSQC spectrum
of the obligate dimer Grft-linker-Grft (red) overlaid with the spectrum of wild-type Grft (black). The obligate dimer shows a spectrum essentially identical to that
of wild-type Grft. (C and D) Analytical ultracentrifugation of Grft-linker-Grft. (C) van Holde-Weischet G(s) sedimentation coefficient distributions of Grft-
linker-Grft at 3 concentrations (OD230 of 0.3, red; OD230 of 0.6, blue; OD230 of 0.9, green). Vertical distributions indicate homogeneity. (D) Genetic algorithm
Monte Carlo analysis. Shown is a combined overlay of all samples using the same color scheme as in panel C. The density of color is proportional to the partial
concentration. A small amount of a contaminating species is apparent in the lower s-value range in panels C and D. The major species from all concentrations
appear to have a low anisotropy, consistent with the globular shape proposed by the X-ray structure, with frictional ratios in the range of 1.1 to 1.3; this agrees very
well with the linked Grft dimer molecular weight. (E) Cartoon showing color-coded Grft domains, with domain A in red and domain B in blue. Three gray crosses
indicate that the 3 carbohydrate binding sites were replaced to eliminate the carbohydrate binding ability of that domain.

The Grft Dimer Is Required for Potent HIV-1 Inhibition

August 2013 Volume 57 Number 8 aac.asm.org 3977

http://aac.asm.org


possibility that the importance of some N-glycan sites on gp120
for Grft potency is related to the ability of Grft to utilize these sites
to alter the conformation of gp120, thereby interfering with virus
entry.

Two outstanding questions regarding the mechanism of HIV
inhibition by Grft have been (i) what roles do each of the three
putative carbohydrate-binding sites play in the affinity of the pro-
tein for its mannose target and subsequent anti-HIV activity and
(ii) what is the role of the dimer in Grft’s anti-HIV activity? We
have recently shown that, while loss of an individual carbohydrate
binding site by substitution leads to only a severalfold loss of abil-
ity to bind gp120, such individual-site variants show losses of HIV
inhibitory potency of orders of magnitude (25). Therefore, there is
a clear lack of correlation between simple ability to bind gp120 and
the ability of Grft to inhibit the virus.

Since there appears to be a lack of direct correlation between
carbohydrate binding and anti-HIV activity, the question arises as
to what structural features and interactions contribute to the ef-
fectiveness of Grft. This leads to a second question: whether the
role of the dimer is critical for efficient Grft function. For the lectin
cyanovirin-N (CV-N), anti-HIV activity could be restored with
only slightly reduced activity when two nonfunctional CV-N units
(each containing only one carbohydrate binding site) were cross-
linked (32). Similarly, linking higher-order multimers of cyano-
virin could increase its anti-HIV activity (33).

To address the role of the dimer in Grft function, we have made
an obligate dimer of Grft as well as an obligate dimer with all three
CBS in one subunit intact but the three CBS on the second subunit
(“arm”) removed by substitution. In a direct comparison of the
“two-armed” dimer and the “one-armed” dimer, we show that,
while the obligate dimer behaves very similarly in all respects to
the wild-type protein, the one-armed obligate dimer has quite
different properties. The one-armed obligate dimer exhibits only a
modest loss of ability to bind gp120, yet its ability to inhibit the
virus is reduced by orders of magnitude compared to the wild-
type protein and the obligate dimer. Further, both the wild-type
Grft and the obligate dimer demonstrate the ability to alter the
conformation of gp120, while the one-armed obligate dimer is
markedly reduced in this ability. Overall, this work provides evi-
dence that the mechanism of Grft involves multiple subunits
binding to gp120 and suggests that the need for two subunits may
be related to the ability of Grft to alter the conformation of gp120,
reducing the potential of gp120 to mediate viral infection. This
mechanism may be applicable to other multisubunit lectin inhib-
itors of HIV.

MATERIALS AND METHODS
DNA construction. Genes of Grft variants were cloned into the pET-15b
expression vector (Novagen). Grft-linker-Grft was constructed using a
16-amino-acid Gly-Ser linker: SSSGGGGSGGGSSSGS. One-armed obli-
gate dimer constructs were made similarly, and all variants were con-
firmed by DNA sequencing.

Protein purification. Plasmids with a coding sequence for an N-ter-
minal histidine tag were transformed into Escherichia coli BL21(DE3)
(Novagen) competent cells and expressed in minimal media with
15NH4Cl as the sole nitrogen source. Each variant was produced using the
following procedure. Protein production was induced upon addition of
isopropyl �-D-1-thiogalactopyranoside (IPTG) with further incubation at
37°C for 6 h. Cells were harvested at 6,000 � g for 10 min, and the pellet
was resuspended in 5 M guanidine hydrochloride, 500 mM NaCl, 10 mM
benzamidine, and 20 mM Tris (pH 8); this allowed complete solubiliza-

tion of proteins from both the inclusion body and the supernatant upon
cell disruption. The solution was French pressed twice at 16,000 lb/in2 and
then centrifuged at 15,000 � g for 1 h. The soluble portion was loaded
onto a nickel chelating column (Qiagen) equilibrated with the same re-
suspension buffer. Proteins were eluted using 500 mM imidazole, 5 M
guanidine hydrochloride, 500 mM NaCl, and 20 mM Tris (pH 8) and
refolded by dropwise addition to low-salt refolding buffer (50 mM NaCl,
20 mM Tris, pH 8) over the course of 30 min. The solution was dialyzed in
the same refolding buffer at 4°C overnight. The protein solution was then
centrifuged at 15,000 � g for 1 h to remove precipitated material and
purified on a C4 reversed-phase chromatography column (Vydac, Hespe-
ria, CA). The fractions were analyzed on an SDS-PAGE gel to confirm the
size and then lyophilized in a Labconco freeze-dry system.

Nuclear magnetic resonance (NMR) spectroscopy. Grft variants
were expressed in minimal media with 15NH4Cl as the only nitrogen
source. These variants were produced and purified as described above. To
dissolve the protein powder after purification, 20 mM sodium phosphate
buffer (pH 7.0) with 5% D2O was used, and 2,2-dimethyl-2-silapentane-
5-sulfonic acid (DSS) was added for calibration. Spectra were collected at
25°C on a four-channel 600-MHz Bruker Avance III spectrometer. The
data were processed using NMRPipe (34) and analyzed using PIPP (35).
For two-dimensional heteronuclear single quantum coherence (HSQC)
spectra, sweep widths of 9,615 Hz (1H) and 1,939 Hz (15N), with 640*
points in 1H and 128* points in 15N, were used.

Analytical ultracentrifugation. To identify the oligomerization state
of the Grft-linker-Grft construct, the molecule was studied by analytical
ultracentrifugation using sedimentation velocity (SV) analysis. To deter-
mine if mass action effects could affect the oligomerization state, the ex-
periments were carried out at multiple concentrations. Enhanced van
Holde-Weischet analysis (36) resulted in vertical integral sedimentation
coefficient distribution, identifying a major species with identical sedi-
mentation coefficients for each concentration, suggesting that the major
species is homogeneous and not subject to mass action-induced oli-
gomerization (Fig. 1C). To determine the molecular mass of this major
species and ultimately identify the oligomerization state of Grft-linker-
Grft, two-dimensional spectrum analysis (37, 38) and genetic algorithm
analysis (39, 40), combined with Monte Carlo analysis (41) were used; the
resulting molecular masses were consistent only with the dimer (24.4 kDa
for the species with optical density at 230 nm [OD230] of 0.3, 27.8 kDa for
the species with OD230 of 0.6, and 26.6 kDa for the species with OD230 of
0.9) (Fig. 1D). These values are in good agreement with the theoretical
molecular mass of 28.9 kDa. All experiments were performed on a Beck-
man Optima XL-I at the Center for Analytical Ultracentrifugation of Mac-
romolecular Assemblies (CAUMA) at the University of Texas Health Sci-
ence Center at San Antonio. SV data were analyzed with the UltraScan
software (42, 43). Calculations were performed at the Texas Advanced
Computing Center at the University of Texas at Austin and at the Bioin-
formatics Core Facility at the University of Texas Health Science Center at
San Antonio as described in reference 44. All Grft samples were measured
in 20 mM sodium phosphate buffer containing 50 mM NaCl. All data
were collected at 20°C, and samples were spun at 60 krpm using standard
titanium 2-channel centerpieces (Nanolytics, Potsdam, Germany). The
protein concentrations ranged from 4.2 �M (OD230 of 0.3) to 12.6 �M
(OD230 of 0.9). The partial specific volume of the Grft-linker-Grft con-
struct was determined to be 0.711 cm3/g by protein sequence according to
the method by Durchschlag as implemented in UltraScan. All data were
first subjected to two-dimensional spectrum analysis with simultaneous
removal of time-invariant noise (45) and then to enhanced van Holde-
Weischet analysis (36) and genetic algorithm refinement (39, 40), fol-
lowed by Monte Carlo analysis (41).

Enzyme-linked immunosorbent assay (ELISA) studies of Grft obli-
gate dimer interaction with HIV gp120. To test the binding of each Grft
variant to HIV gp120, enzyme-linked immunosorbent binding assays
were used as described previously (7, 46). In brief, 100 ng HIV-1 strain
ADA gp120 (ImmunoDiagnostic) was used to coat each well of a 96-well
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plate (Maxisorp Immunoplate; Nalge Nunc) overnight at 4°C. Then the
plate was blocked with 1% bovine serum albumin for 1 h. Serial dilutions
of wild-type Grft as well as variants were added to triplicate wells and
incubated for 2 h at 37°C. After the plate was washed, a 1:1,000-fold
dilution of horseradish peroxidase (HRP)-conjugated Ni-nitrilotriacetic
acid (Ni-NTA) (Qiagen, Valencia, CA), which can detect the N-terminal
His tag on Grft, was added according to the company’s instructions. Then
the substrate for horseradish-peroxidase (2,2=-azinobis 3-ethylbenzthia-
zoline-6-sulfonic acid [ABTS]) (Thermo Fisher Scientific) was added, and
the signal was determined by measuring the absorbance at 405 nm.

Surface plasmon resonance (SPR) analysis. All interaction studies
were performed with a Biacore T200 instrument (GE Healthcare, Upp-
sala, Sweden) at 25°C in HBS-P running buffer (10 mM HEPES, 150 mM
NaCl, and 0.05% surfactant P20; pH 7.4). Recombinant gp120 proteins
from the HIV-1(IIIB) strain (referred to as strain IIIB) ImmunoDiagnos-
tics Inc., Woburn, MA) and the HIV-1 strain ADA (ImmunoDiagnostics)
and recombinant gp41 protein from the HIV-1(HxB2) strain (Acris An-
tibodies GmbH, Herford, Germany) were covalently immobilized on the
carboxymethylated dextran matrix of a CM5 sensor chip in 10 mM so-
dium acetate, pH 4.0, using standard amine coupling chemistry. A refer-
ence flow cell was used as a control for nonspecific binding and refractive
index changes. The test compounds were serially diluted in running buffer
using 2-fold dilution steps. Grft samples were injected for 2 min at a flow
rate of 45 �l/min, and the regeneration pulse was 1 injection of glycine-
HCl, pH 1.5. The experimental data were fit using the 1:1 binding model
(Biacore T200 evaluation software 1.0) to determine the binding kinetics.

Viral reagents. Viral plasmids containing the env gene from HIV-1
were obtained from the NIH AIDS Research and Reference Reagent Pro-
gram, Division of AIDS, NIAID, NIH. HIV-1 ADA (R5) was received
from Howard Gendelman. Plasmid pSV-JRFL (R5) was a kind gift from
Nathaniel Landau (47). pCAGGS-SF162-gp160 (R5) was from Leonidas
Stamatatos and Cecilia Cheng-Mayer. PVO clone 4 (PVO.4, SVPB11) and
AC10.0 clone 29 (SVPB13) were from David Montefiori and Feng Gao
(48). pWITO4160 clone 33 (SVPB 18) was from B. H. Hahn and J. F.
Salazar-Gonzalez (48). DU156 clone 12 (SVPC3) was from D. Montefiori,
F. Gao, S. Abdool Karim, and G. Ramjee. DU422 clone 1 (SVPC5) was
from D. Monteriori, F. Gao, C. Williamson, and S. Abdool Karim (49, 50).
ZM53M.PB12 (SVPC11), ZM109F.PB4 (SVPC13), and ZM135M.PL10a
(SVPC15) were from E. Hunter and C. Derdeyn (51). pSG3�env was from
John C. Kappes and Xiaoyun Wu (52, 53). Recombined human soluble
CD4 (sCD4) and HIV antibodies were obtained from the NIH AIDS Re-
search and Reference Reagent Program, Division of AIDS, NIAID, NIH,
as follows: human sCD4 from Progenics and HIV-1 gp120 monoclonal
antibody (IgG b12) from Dennis Burton and Carlos Barbas (54–57).

Virus capture ELISA. Different concentrations of Grft variants were
used to coat a 96-well plate at 4°C overnight. The wells were then washed
3 times with phosphate-buffered saline (PBS)–Tween 20 and blocked with
bovine serum albumin (BSA) for 1 h. Virus in Dulbecco’s modified Eagle’s
medium (DMEM) was added into each well and incubated at 37°C in a 5%
CO2 atmosphere for 4 h, followed by washing the wells 3 times using
DMEM. Viruses were lysed using 0.5% Triton X-100 at room temperature
for 15 min, and the supernatant containing viral lysate was transferred to
a commercial p24 capture ELISA plate (Immuno Diagnostic) and incu-
bated at 4°C overnight. The detector was added according the manufac-
turer’s instructions. The signal was determined by measuring OD450.

Single-round infection assays. TZM-bl cells stably expressing CD4,
CCR5, and CXCR4 coreceptors were maintained in DMEM with 10%
fetal bovine serum (FBS). Ten thousand cells per well were first seeded
into a 96-well plate for 1 day. The medium was then changed 3 h before the
assay and made to a volume of 50 �l per well. Then a serial dilution of Grft
variants were added from the top row to the bottom row as follows.
Twenty microliters of the Grft variant was added into the first row and
mixed with culture medium. Then 20 �l medium was removed and added
into the second row, and so on. Virus (50 to 100 ng p24) was then added
into each well containing different Grft variants. The medium was

changed after 24 h, and cells were incubated for another 24 h. PBS con-
taining 0.5% NP-40 was used to lyse the cells, and substrate chlorophenol
red-D-galactopyranoside (CPRG; Calbiochem) was added. The absor-
bance signal was measured at 570 nm and 630 nm. The ratio of the signal
at 570 nm to that at 630 nm for each well was calculated. Fifty percent
effective concentrations (EC50s) were determined using a linear equation
fitted between two data points surrounding 50% inhibition. For presen-
tation purposes, data shown in the figures were plotted and fitted as curves
using a four-parameter logistic equation in Kaleidagraph (Synergy Soft-
ware, Reading, PA).

Anti-HIV assays in CEM cell cultures. CEM cells (5 � 105 cells per
ml) were suspended in fresh culture medium and infected with HIV-1
strain IIIB at 100 times the 50% cell culture infective dose (CCID50) per ml
of cell suspension, of which 100 �l was then mixed with 100 �l of the
appropriate dilutions of the test compounds. After 4 to 5 days at 37°C,
HIV-1-induced syncytium formation was recorded microscopically in the
cell cultures. The EC50 corresponds to the compound concentration re-
quired to inihibit syncytium formation by 50% in the virus-infected CEM
cell cultures.

Grft-induced CD4 binding site exposure. CD4 binding site exposure
in gp120 was carried out as described previously (31). Briefly, anti-gp120
antibody b12, which detects the CD4 binding site on gp120, was used to
coat a 96-well plate at 4°C overnight. The next day, the plate was washed
and blocked with BSA. Different concentrations of Grft variants (3.2 nM,
16 nM, and 80 nM) were preincubated with HIV virions at 37°C for 1 h
and then added to the b12-coated plate. After 2 h of incubation, the plate
was washed, and bound virus was lysed using 0.5% Triton X-100. The
virus lysate was then transferred to a commercial p24 ELISA plate (Im-
muno Diagnostic), and p24 was measured by following the manufactur-
er’s instructions. Figure 3A and B show data from the 16 nM Grft incuba-
tion.

Cell surface gp120 shedding. Cell surface gp120 shedding was carried
out as described previously (58, 59). Briefly, 293FT cells were transfected
with the HIV JRFL, PVO.4, ZM53M.PB12, or ZM109M.PB4 plasmid us-
ing the Roche X-treme transfection reagent. Forty-eight hours posttrans-
fection, cells were collected, washed with PBS, and concentrated to 2 �
107 cells per ml. Cells were then aliquoted to microcentrifuge tubes (200
�l per tube). Cells were then centrifuged at low speed for 5 min; then 160
�l supernatant was removed. Different concentrations of soluble CD4 or
Grft variants were added and mixed gently with cells. The mixture was
then put into a 37°C incubator for 1 h and gently mixed every 20 min. The
cells were then centrifuged, and the supernatant containing shed gp120
was collected and separated using SDS-PAGE. Western blotting was car-
ried out using the mouse anti-HIV gp120 antibody (Immuno Technol-
ogy) detecting a linear epitope on gp120, followed by detection using an
anti-mouse IgG antibody–HRP conjugate (Promega). Metal-enhanced
3,3=-diaminobenzidine (DAB) substrate (Thermo Fisher) was then
added, and the resulting image was processed using a bioimaging system
(UVP).

RESULTS
Design of the obligate griffithsin dimer. To study the role of the
Grft dimer, we designed an obligate dimer in which the C termi-
nus of one monomeric subunit was covalently linked by a 16-
amino-acid (Gly-Ser) linker to the N terminus of a second sub-
unit. This “Grft-linker-Grft” was expressed and purified. The 15N
correlation spectrum (heteronuclear single quantum coherence
[HSQC]) of the protein is very similar to that of the wild-type
protein, strongly indicating that the obligate dimer has the same
structural properties (Fig. 1B). To confirm that Grft-linker-Grft is
indeed a dimer and has not associated with other units to make a
higher-order oligomer, analytical ultracentrifugation was carried
out; the results were consistent with a single dimer unit of 28.9
kDa (Fig. 1C and D). As noted above and shown in Fig. 1A, each
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Grft monomer has three carbohydrate-binding sites (CBS). Thus,
this obligate dimer has 6 CBS, 3 on each monomer, with the dis-
tance between the carbohydrate binding faces on each subunit
being around 47 Å (23).

To determine the role of two subunits in the dimer versus one,
all three carbohydrate binding sites were removed from one of the
monomers in Grft-linker-Grft by mutating the critical Asp at each
site in one of the monomers. This variant, “Grft-linker-Grft One-
Arm” has one wild-type subunit and one subunit containing the
substitutions D30A, D70A, and D112A in its CBS. We have pre-
viously shown that this triple substitution essentially removes the
ability of the subunit to bind mannose (25). In order to determine
whether substitutions on each of the two subunits of Grft dimer
are equivalent, the 3 CBS on either the N-terminal or C-terminal
subunit were triply mutated. It was found that the triple substitu-
tion on the N-terminal subunit of the Grft obligate dimer behaved
the same as the triple substitution of the C-terminal subunit of the
obligate dimer, both in pseudoviral assays and binding ELISAs
(see Fig. S3 in the supplemental material). Similarly, the NMR
characteristics of the two one-armed variants were very similar, as
judged by 15N HSQC spectra (see Fig. S1 in the supplemental
material). This indicates that the two Grft subunits are equivalent,
so we proceeded to work with the triple substitution on the C-ter-
minal domain of Grft-linker-Grft (leaving the N-terminal domain
in its wild-type form) and refer to this as Grft-linker-Grft One-
Arm. 15N correlation spectra of this one-armed variant show a
folded protein with peaks similar to those for both the wild-type
protein (likely from the wild-type subunit) and the triple variant
reported previously (from the other subunit) (25) (see Fig. S2A in
the supplemental material), indicating that this one-armed dimer
does have one subunit as a wild-type Grft subunit and the other
subunit as a triply mutated Grft subunit. As a negative control, the
three carbohydrate binding sites for each monomer of the linked
dimer were also mutated (i.e., all six sites were mutated to Ala) (see
Fig. S2B in the supplemental material), and this protein was nicely
folded. This Grft-linker-Grft with two defective functional arms
had very little function in a pseudoviral assay at the highest con-
centration tested (�1,000 nM). The HSQC spectra of this no-arm
dimer also showed spectral characteristics similar to those shown
by the unlinked Grft triple variant “Grft Triple D30A/D70A/
D112A” (see Fig. S2B in the supplemental material), so for conve-
nience of purification, the unlinked triple variant is used in this
work (except for the SPR studies) as a negative control (25).

Obligate Grft dimer binding to gp120. ELISAs were carried
out to determine the ability of the obligate Grft dimers to bind to
immobilized, recombinant gp120 (strain ADA). As shown in Fig.
S4 in the supplemental material, Grft-linker-Grft and Grft-linker-
Grft OneArm bind about as well as wild-type Grft to HIV-1 ADA,
while the triple variant, Grft Triple D30A/D70A/D112A binds
poorly, as expected. To obtain more-quantitative results, surface
plasmon resonance (SPR) analysis was carried out. These experi-
ments showed that Grft-linker-Grft binds immobilized, mono-
meric gp120 derived from strain ADA and strain IIIB quite well,
about 2- to 2.5-fold worse than wild-type Grft (Table 1 and Fig. 2A
to D; see Fig. S4 and S5 in the supplemental material). Interest-
ingly, Grft-linker-Grft OneArm also binds well to gp120 com-
pared to Grft-linker-Grft, with a dissociation constant (KD) about
2-fold higher (382 to 386 pM versus 164 to 176 pM). Also, wild-
type Grft and Grft-linker-Grft bind at equally high affinity to gp41
and to gp120, whereas Grift-linker-Grft OneArm binds gp41 T
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less well, at about 20-fold lower efficacy than wild-type Grft
(Table 1).

The above data were obtained with recombinant gp120 (which
is a monomer), whereas gp120 occurs as a trimer in the envelope
of the native virus particle (60–63). However, it was recently
shown that the kinetic interactions obtained for several carbohy-
drate binding agents (including Grft) with monomeric gp120
were similar if trimeric gp120 was used in SPR-based assays (64).
To further probe the ability of Grft variants to bind trimeric
gp120, we used virus capture ELISAs to measure the ability of the
obligate dimers to bind to trimeric gp120 (65). In these experi-
ments, the Grft variant was used to coat a plate, followed by incu-
bation with pseudovirus. The amount of virus that the Grft was
able to bind was measured by a subsequent p24 ELISA. As shown
in Fig. 2E, both Grft-linker-Grft and Grft-linker-Grft OneArm
bound well to the pseudovirus (strain ADA). The negative control
containing the triple substitution D30A/D70A/D112A (in both
arms) was found to bind poorly to trimeric gp120 by SPR as ex-
pected. Testing of the binding of some Grft variants to trimeric
gp140 by SPR analysis generated similar data as with monomeric

gp120 (64), indicating that both forms of gp120 provide relevant
results.

Anti-HIV function of the obligate dimer. Inhibition assays
were carried out with several HIV-1 strains of single-round pseu-
dovirus. As shown in Table 2, Grft-linker-Grft showed pro-
nounced inhibition of the HIV-1 strains that were tested, includ-
ing a variety of subtype B and subtype C strains. For example, the
obligate dimer inhibited HIV-1 infection by strain ADA at an EC50

of 0.012 nM (compared to 0.011 nM for the wild-type protein).
However, the one-armed obligate dimer variant was much less
potent for each strain tested, with EC50s being 84- to 609-fold
worse than those for the wild-type protein in single-round in-
fection assays for R5 strains. For strain ADA, in which SPR
showed reduced binding by Grft-linker-Grft OneArm by only
5-fold, the antiviral inhibition potency was reduced by 609-
fold (Tables 1 and 2; Fig. 2F). In replication-competent virus
assays using CEM cells, a 1,010-fold decrease in antiviral activ-
ity was observed for the Grft-linker-Grft OneArm obligate
dimer compared to the wild-type dimer with X4 strain IIIB.
Together with the binding data, these functional data strongly

FIG 2 (A to D) Surface plasmon resonance (SPR) sensorgrams of Grft variants binding to immobilized gp120ADA. Shown is kinetic analysis of the interactions
of wild-type (WT) Grft, obligate dimer Grft-linker-Grft, Grft-linker-Grft OneArm, and the negative control (obligate dimer with no functional arms, i.e., the
D30A/D70A/D112A substitutions in both subunits) with immobilized HIV-1 ADA gp120. Serial 2-fold analyte dilutions (covering a concentration range from
1.5 to 12 nM in panels A to C and 24 to 48 nM in panel D) were injected over the surface of the immobilized gp120. The experimental data (colored curves) were
fit using a 1:1 binding model (black lines) to determine the kinetic parameters. The biosensor chip density of gp120 was 90 response units (RU). (E) Virus capture
ELISA indicates the ability of Grft and its variants to bind to the viral surface. Wild-type Grft and the obligate dimer Grft-linker-Grft bind well to the HIV spike.
The one-armed obligate dimer Grft-linker-Grft OneArm also binds well to the viral spike, with very little, if any, apparent loss of binding affinity. The Grft
containing the triple substitution D30A/D70A/D112A (in both arms) shows essentially no virus binding, as expected. The experiment was repeated 3 times. Error
bars indicate the standard deviations from a triplicate experiment. (F) Inhibition of HIV-1 infection by Grft variants in single-round virus assays. Typical results
are shown from an experiment in triplicate using R5 subtype B strain ADA. Each experiment was repeated at least 3 times. Error bars indicate the standard
deviations from a triplicate experiment.
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suggest that Grft needs only one functional arm to bind with
high affinity to HIV-1 gp120 but that it requires both arms to
exert full antiviral function.

Alexandre et al. (12) have shown that the two high-mannose
glycans at N234 and N295 are important for Grft function, with
data suggesting that deletion of these two glycans could lead to
marked loss of sensitivity to Grft. Here, with largely different
HIV-1 strains, Grft and its variants were tested against a variety of
HIV strains from both subtype B and subtype C (subtype C strains
usually lack the N295 site). Table 2 shows the antiviral EC50s
against each strain in single-round viral assays, while Table 3 lists
the predicted high-mannose glycan sites for each strain. In the
HIV strains tested, there appears to be a high antiviral potency by
Grft against HIV-1 strains lacking the glycosylation site at N234,
while strains with the glycan site at N295 missing show a some-
what lower sensitivity to Grft (but still have EC50s of about 1 nM or

better). Strains lacking both sites at N234 and N295 show a loss of
sensitivity to Grft by more than 2 orders of magnitude compared
to HIV-1 strains having both N-glycan sites preserved (Tables 2
and 3).

CD4 binding site exposure on gp120 by Grft variants. A po-
tentially important aspect of the mechanism of Grft is whether the
Grft dimer is able to affect the conformation of HIV-1 gp120 and
whether this effect on the gp120 conformation is related to Grft
potency. One way to detect conformational changes is to use an-
tibodies that bind to specific sites on the surface of gp120, such as
the CD4 binding site that is accessible only at some stages during
the course of viral entry (66, 67). It has been reported that wild-
type Grft is able to affect the structure of gp120 by exposing the
CD4 binding site for 6 strains from subtype B and subtype C upon
binding (31). While the relationship between this action and in-
hibition of HIV is not yet known, the finding strongly suggests that

TABLE 2 EC50s for single-round infection assay for wild-type Grft, the obligate Grft-linker-Grft dimer, and the Grft-linker-Grft OneArm dimera

Subtype and strainb Grft EC50 (nM)

Grft-linker-Grft (obligate dimer) Grft-linker-Grft OneArm

EC50 (nM)
Fold worse
than WTc EC50 (nM)

Fold worse
than WT

Subtype B
ADA 0.0105 � 0.0084 0.0118 � 0.0046 1 6.39 � 2.5 609
JRFL* 0.0725 � 0.030 0.0533 � 0.016 0.7 8.26 � 3.7 114
SF162 0.0316 � 0.015 0.0253 � 0.030 0.8 9.63 � 4.8 305
AC10.0 0.0458 � 0.022 0.0567 � 0.050 1.2 13.1 � 3.7 286
PVO.4 0.0445 � 0.0066 0.0292 � 0.0013 0.7 6.28 � 2.5 141
pWITO4160.33* 0.0484 � 0.015 0.0509 � 0.087 1 10.9 � 2.6 225
IIIB (X4) 0.06 � 0.0 0.06 � 0.00 1 60.6 � 19 1,010

Subtype C
DU156.12� 0.276 � 0.015 0.205 � 0.010 0.7 25.8 � 8.8 93
DU422.1� 0.619 � 0.079 0.613 � 0.028 1 51.9 � 5.0 84
ZM53 M.PB12� 1.39 � 0.31 1.43 � 0.12 1.0 133 � 12 96
ZM109F.PB4�* 20.6 � 1.5 16.1 � 3.14 0.8 �1,000 �49
ZM135 M.PL10a�* 15.2 � 2.9 13.1 � 1.5 0.9 �1,000 �66

a Each experiment was independently repeated at least 3 times in triplicate, and the � values are the standard deviations of the EC50s from all experiments. The experiments were
carried out with TZM-bl target cells except for the experiments with the X4-tropic strain IIIB, which were carried out with CEM target cells. In this assay system, HIV-induced
syncytium formation was examined microscopically at day 4 postinfection.
b �, missing glycan site on N234; �, missing glycan site on N295.
c Decrease in potency compared to wild-type Grft.

TABLE 3 Predicted high-mannose glycosylation patterns of HIV-1 strainsa

Strain Clade

Predicted no. of
high-mannose
sites

Presenceb of glycosylation site:
Total no. of glycan
sites (reference)230 234 241 262 289 295 332 339 386 392 448

ADA B 9 * * 22 (92)
JRFL B 8 * * * 23 (93)
SF162 B 9 * * 21 (94)
AC10.0 B 8 * * * 24
PVO.4 B 9 * * 28
pWITO4160.33 B 9 * * 25
IIIB B 11 24
Du156.12 C 8 * * * 22
Du422.1 C 8 * * * 24
ZM53M.PB12 C 8 * * * 25
ZM109F.PB4 C 8 * * * 23
ZM135M.PL10a C 8 * * * 23
a Predicted glycosylation sites from http://www.hiv.lanl.gov/content/sequence/GLYCOSITE/glycosite.html.
b �, glycosylation site is not present.
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Grft may function not simply by binding to gp120 but also by
altering its conformation.

The ability of wild-type Grft to expose the CD4 binding site of
gp120 was examined by virus capture. Briefly, a plate was coated
with antibody b12, which binds to gp120 at the CD4 binding site
(54–57). Then single-round virus was preincubated with Grft or
its variants and then allowed to bind to the antibody on the plate.
The amount of virus bound was measured by subsequent p24
assays. As shown in Fig. 3A, wild-type Grft induced CD4 exposure
quite well in a variety of clade B strains, including ADA, JRFL,
SF162, AC10.0, and PVO.4. The Grft-linker-Grft obligate dimer
showed effects in inducing CD4 binding site exposure similar to
those of wild-type Grft on 4 strains tested (see Fig. S6A in the
supplemental material). However, Grft-linker-Grft OneArm was
significantly less effective in this property for each virus strain,
resulting in CD4 binding site exposure in the presence of this
protein similar to that of the negative control with virus alone.

This suggests that Grft requires both arms of the dimer to facilitate
CD4 binding site exposure on gp120 in clade B strains.

The present work and other investigators have shown that HIV
strains lacking glycan sites at N234 and N295 on gp120 are less
sensitive to Grft (12). Therefore, we explored whether HIV strains
lacking these glycan sites affect the ability of Grft to mediate CD4
binding site exposure on gp120. Experiments were carried out
with several strains from both subtype B and subtype C. As shown
in Fig. 3A, it appears that the lack of the glycosylation site at posi-
tion N234 of gp120 does not markedly affect the ability of Grft to
mediate CD4 exposure. However, in HIV-1 strains lacking the
glycosylation site at position 295, the ability of Grft to mediate
CD4 binding site exposure in gp120 was greatly reduced: in three
separate strains (Du156.12, DU422.1, and ZM53M.PB12), wild-
type Grft showed little or no ability to expose the CD4 binding site.
In HIV strains lacking both the N234 and N295 glycosylation sites
(ZM109F.PB4 and ZM135M.PL10a), Grft was unable to signifi-

FIG 3 (A) Bar graph showing CD4 binding site exposure in HIV-1 gp120 mediated by Grft or its dimer variants. HIV-1 capture by monoclonal antibody b12
(which binds to gp120 at the CD4 binding site) is shown for several strains that were preincubated with 16 nM Grft (striped bars) or Grft-linker-Grft OneArm
(white bars). The data are shown as a fold difference relative to the negative control, which is the amount of virus captured by the b12 antibody with no
preincubation of the virus with Grft. (B) Correlation of the antiviral EC50s of wild-type Grft and Grft-linker-Grft OneArm to the level of gp120 CD4 binding site
exposure that is induced by Grft or Grft-linker-Grft OneArm. The EC50 is plotted on a log scale. For subtype B strains ADA, JRFL, AC10.0, and PVO.4, Grft
induces a high level of CD4 binding site exposure.
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cantly mediate the exposure of the CD4 binding site in gp120, even
at the highest concentration of Grft used (80 nM) (data not
shown). In each viral strain, Grft-linker-Grft OneArm was able to
induce only very low (if any) CD4 binding site exposure in gp120
above the control (Fig. 3A).

Anti-HIV assays were carried out with single-round virus from
each of these strains to determine whether there is a correlation
between the ability of Grft to induce CD4 binding site exposure
and Grft antiviral potency. Figure 3B shows that in each case
where CD4 exposure is relatively high (i.e., more than about 2.5-
fold higher than the control), Grft was very potent (EC50 of 0.07
nM or lower). In cases where the Grft-mediated CD4 binding site
exposure was low (less than 2-fold higher than the control), the
antiviral potency of Grft was also lower, with Grft exhibiting a
marked loss of potency compared to the average potency against
the “high-CD4-exposure” HIV-1 strains. This was particularly
true for HIV-1 strains lacking both glycosylation sites at N234 and
N295, which showed the least sensitivity to Grft. However, one
notable exception was the clade B strain pWITO4160, which was
highly sensitive to Grft (EC50 	 0.048 nM) but showed only a
small amount of CD4 binding site exposure (Fig. 3B). In all cases,
as a rule, Grft-linker-Grft OneArm showed very little ability to
mediate CD4 exposure (as previously described) and also showed
reduced antiviral potency: 84- to 609-fold worse than the wild-
type inhibitor (Table 2).

The effect of Grft on gp120 shedding. It has been reported that
soluble CD4 induces dissociation of gp120 from HIV particles and
that this CD4-induced env shedding may impair the functional
trimeric spike (68), though the exact role of CD4-induced shed-
ding during viral entry is not clear (69, 70). Broadly neutralizing
antibodies have also been reported to have different effects on
gp120 shedding (59, 71, 72). Here, Western blot analysis was car-
ried out on supernatants of cells transfected with HIV-1 gp120
from both clade B and clade C and incubated with Grft variants.
Figure 4 shows that the soluble CD4 (sCD4) control is able to
induce shedding from the surface of each strain, as expected. For
clade B strains (JRFL and PVO.4), Grft also induces shedding. The
subtype B strain JRFL lacks a high-mannose glycan site at N234
but still shows large amounts of shedding in the presence of Grft.
The obligate dimer Grft-linker-Grft also induces env shedding
from the cell surface (see Fig. S6B in the supplemental material)
for strains JRFL (subtype B), PVO.4 (subtype B), ZM53M.PB12
(subtype C), and ZM109F.PB4 (subtype C). Grft-linker-Grft One-
Arm generally had less effect on shedding, particularly for the
PVO.4 strain, despite using concentrations for the one-armed
dimer that are 10-fold higher than that for wild-type Grft to ac-
count for differences in the ability to bind virus. For clade C strains
(ZM53M.PB12 and ZM109F.PB4), Grft itself induces less shed-
ding than soluble CD4, while the one-armed dimer is even less
effective at mediating gp120 shedding (Fig. 4).

DISCUSSION

Griffithsin (Grft) is a lectin with broad activity against a variety of
viruses, including HIV, hepatitis C virus, the severe acute respira-
tory syndrome (SARS) coronavirus, Japanese encephalitis virus,
and herpes simplex virus (17–20). Grft binds high-mannose struc-
tures on viral envelope surfaces, such as HIV gp120. Structural
work (23) and biochemical studies (25) confirm that the protein is
a tight dimer, with each subunit containing three mannose bind-
ing sites that are critical for function. A monomeric variant of Grft

was shown to be unable to effectively inhibit HIV, underscoring
the importance of the dimer form (8). Its high antiviral activity
against HIV in particular makes Grft a highly promising candidate
for a microbicide, which could be used to prevent the sexual
spread of the virus. The present work elucidates an important
component of the mechanism of Grft, namely, that its mode of
inhibition of HIV is not simply based on its ability to bind gp120;
it also requires two functional dimer subunits.

Investigations have been carried out on other carbohydrate-
binding HIV inhibitors. The prokaryotic lectin cyanovirin-N has
two carbohydrate binding sites per monomer and has been ob-
served as both a dimer and a monomer, both of which are appar-
ently very potent (73, 74). At least two carbohydrate binding sites
are necessary for activity because mutated monomers having only
one CBS are not functional unless two defective monomers are
cross-linked (containing in total two functional CBS) (32). More-
over, the covalent linking of the two functional monomers of cya-
novirin (giving 4 CBS) also led to a moderately increased potency
over that of the wild-type protein although higher-order oligo-
mers apparently did not have increased potency (33). The neutral-
izing antibody 2G12 binds high-mannose carbohydrates on gp120
(75–78) and has an unusual domain-swapped structure with a
shorter distance between the two primary binding sites (35 Å com-
pared to 150 Å for a typical IgG antibody); this leads to 2 addi-
tional potential CBS (79, 80). Dimeric and polymeric 2G12 has
also been reported to be more effective in neutralizing HIV (81–
83). The distance between CBS may be important in optimal HIV
inhibition because the apparently ideal distance between the 2
CBS for cyanovirin appears to be around 40 Å (32), the 2G12
primary binding sites are 35 Å apart, and the X-ray structure of
Grft shows about a 47-Å distance between the two carbohydrate
binding arms (23). Therefore, effective HIV inhibition appears in
these cases to arise from multisite carbohydrate binding of defined
(around 40-Å) distance, though these various proteins (which do
tend to effectively compete with each other [12, 16, 75, 84]) may
not always bind at the same high-mannose glycan sites.

Mechanistically, three major types of action could be envi-
sioned for Grft function against HIV. First, tight binding to the
surface of gp120 could sterically impede gp120 from binding
the host cell by blocking key interactions with CD4 and/or the
coreceptor. This could occur with Grft binding at various lo-
cations on gp120, with some mannose-containing glycan sites
being more important than others. Avidity gained from multi-
site binding could be an important factor in this. Second, Grft
could alter the conformation of gp120 so gp120 is less effective
at mediating entry by the virus. The conformational change
could affect CD4 binding, coreceptor binding, or some other
entry processes. Finally, Grft could potentially cross-link two
different gp120 subunits by binding a glycan unit on each sub-
unit. gp120 is a trimer, so this could conceivably occur with two
separate trimer spikes (less likely) or with two different gp120
monomers within a single trimer. It is likely that more than one
of these mechanisms concomitantly functions for Grft inhibi-
tion. For example, a mechanism involving a structural change
in gp120 and/or cross-linking of individual gp120 molecules
may be a major inhibitory mechanism and can function for
binding at particular glycan sites, while Grft could sometimes
simply block other necessary interactions when it is bound at
other mannose glycan sites. The relative importance of each
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mechanism for inhibition may depend on the viral strain and
its individual glycosylation pattern.

In the present work, we have examined the role of the Grft
dimer in HIV inhibition by making an obligate dimer, Grft-link-
er-Grft, and a one-armed obligate dimer, Grft-linker-Grft One-
Arm (with one functional subunit and one subunit having all
three mannose-binding sites mutated). These were tested for var-
ious aspects of function, including the ability to bind gp120, to
inhibit HIV, and to effect a structural change in gp120. It was
found that the obligate dimer Grft-linker-Grft very much resem-
bled the wild-type protein both in structure and in function, in-
dicating that, as expected, native Grft likely acts as a dimer. How-
ever, while Grft-linker-Grft OneArm was minimally reduced in
ability to bind gp120, this Grft variant showed a dramatic reduc-
tion in inhibitory functions, both in single-round and replication-
competent virus assays. While quantitative testing of Grft binding

to gp120 is presented here with two strains (either of X4 or R5
origin), other work (J. Balzarini, unpublished data) shows similar
constants for binding to gp120 from at least one other HIV-1
strain. Given that Grft binds to surface high-mannose glycans and
that known HIV-1 strains contain between 18 and 33 potential
N-glycosylation sites, it is reasonable to expect that high binding
affinity between Grft and most HIV-1 strains would be observed.
In fact, the deletion (absence) from the viral envelope of only a few
well-defined N-glycan locations on HIV-1 gp120 (viz., N234,
N295, and N448) has been shown to result in a marked decrease in
the antiviral activity of Grft (12, 33).

Our results demonstrate that both subunits of the Grft dimer
are critical for its optimal anti-HIV function, but not for gp120
binding, suggesting that inhibition is not simply a “bind and
block” phenomenon. Enhanced inhibition due to multisite
binding can often be explained by the avidity effect of the in-

FIG 4 Shedding of env from HIV-transfected cells for JRFL (subtype B), PVO.4 (subtype B), ZM53M.PB12 (subtype C), and ZM109F.PB4 (subtype C). The left
lane is the molecular mass ladder. sCD4 (25 �g/ml) was incubated with transfected 293FT cells (lane 2) and used as a positive control. Different concentrations
of wild-type Grft (0.1 nM, 1 nM, and 10 nM) or Grft-linker-Grft OneArm (1 nM, 10 nM, and 100 nM) were incubated with env-transfected 293FT cells. The
bottom of each panel shows the intensity of bands as determined by densitometry, calculated from the program ImageJ (96).
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hibitor (33, 79). This is generally due to the increased “on rate”
of the second (later) site after binding at the first site, which
leads to overall better binding and less dissociation of the lectin
from the virus (33). The present results are consistent with a
contribution of avidity to the eventual effectiveness of Grft.
Specifically, the one-armed obligate dimer has 3 fewer CBS and
much lower HIV neutralization capability. However, the on
rate for the one-armed dimer binding to gp120 is only 2- to
4-fold lower than that for the wild-type or the obligate dimer in
SPR studies with gp120 (Table 1).

In addition to avidity effects, Grft might have additional func-
tions which involve altering the conformation of gp120 to de-
crease viral entry ability. Grft may require two sites of (glycan)
binding to affect the structure of gp120, in such a way enforcing a
conformation that is somehow not competent to facilitate HIV
entry to the host cell. To probe this possibility, we examined sev-
eral possible structural conversions in gp120 and the effect of Grft
on these. When initiating infection, gp120 first binds CD4 at a site
that seems not to be fully accessible until CD4 is present, and it was
recently shown that the presence of Grft allows a higher level of
virus capture at the CD4 binding site (31). In our experiments, we
show that Grft indeed affords higher levels of virus capture by the
b12 antibody that binds gp120 at its CD4 binding site, while Grft-
linker-Grft OneArm mediates viral capture only at the level of the
negative control (Fig. 3A). In virtually every viral strain tested,
Grft’s ability to cause CD4 binding site exposure is strongly cor-
related with antiviral function. This indicates a correlation be-
tween the ability to manipulate the structure of gp120 and the
anti-HIV activity of the protein and implicates both arms of the
dimer as being necessary for these functions. While this does not
prove that mediating a conformational change in gp120 plays a
role in Grft inhibition, the data are consistent with the possibility
of such a role for Grft in addition to high-affinity binding. Further
experiments in this regard should clarify this issue.

The exposure of the CD4 binding site on gp120 is obviously
important in productive infection by HIV, but given Grft’s role as
an inhibitor, it is clear either that the exposure of the CD4 binding
site by Grft does not facilitate actual CD4 binding or that Grft
somehow blocks entry after this step. It is also possible that this
“exposure” is just part of a larger, overall conformational change
to interfere with viral entry in a manner that is not yet known.
Interestingly, different effects were observed for different HIV
strains in the CD4 exposure experiments. In general, Grft showed
higher levels of CD4 exposure in gp120 strains that retained gly-
cosylation sites at positions N234 and N295 and lower levels of
CD4 exposure relative to the negative control in gp120 strains that
lacked glycosylation at N295 or at both N234 and N295. There was
also a consistent correlation with the ability to mediate CD4 bind-
ing site exposure and the inhibition potency of Grft, with only one
exception (clade B strain pWITO4160). In all cases, the one-
armed dimer of Grft was largely unable to mediate exposure of the
CD4 binding site and was also as much as 600-fold less potent in
HIV inhibition. Therefore, it seems reasonable that this confor-
mational change of gp120 may be related, at least in part, to Grft
function.

An important question regarding an inhibitor that requires
two arms for function is whether the inhibitor is actually cross-
linking two different gp120 subunits. gp120 is a trimer on the
surface of the virus, and the distance between the two arms of Grft
(about 47 Å) could allow binding to putative glycosylation sites on

two different gp120 monomers in the trimer (23, 85, 86). The role
and importance of gp120 shedding in infection efficiency have not
been defined, although shedding can occur as part of the confor-
mational change in gp120 (69, 87, 88). Some HIV inhibitors ap-
parently impair gp120 shedding and increase gp41 exposure,
while other work indicates that CD4-induced shedding of gp120
does not correlate with subsequent membrane fusion (69, 89).
The broadly neutralizing antibody b12 was shown to increase viral
shedding (although there is some disagreement), while the re-
cently discovered broadly neutralizing antibody VRC01 could not
induce gp120 shedding (59, 72).

While it is not known whether an effect on gp120 shedding
itself is a mechanism of drug inhibition, such a function could
provide data regarding the ability of Grft to affect the gp120 con-
formation. We have measured the amount of gp120 that has been
shed in the presence or absence of Grft (and CD4, which does
induce shedding) using Western blots (58, 59). The results show
that Grft in general does induce gp120 shedding, while the one-
armed Grft dimer appears to be reduced in this ability, indicating
that two arms of the dimer are more effective in causing shedding
and suggesting that multisite binding or cross-linking by Grft may
play a role in gp120 shedding. However, different effects were
observed for different HIV strains, suggesting that Grft-induced
env shedding may correlate with different glycan patterns on the
viral surface.

Our findings that Grft is a highly active anti-HIV agent that
inhibits infection of susceptible target cells by a broad variety of X4
and R5 HIV-1 strains, blocks syncytium formation between virus-
infected and noninfected cells, prevents capture of virus particles
by DC-SIGN-expressing cells, and blocks the subsequent trans-
mission of such captured virus to CD4� T lymphocytes make it a
prime candidate drug for microbicide development (25, 90). In
addition, it has an outstanding safety profile as a potential micro-
bicide (14, 15). Indeed, recently, griffithsin has been proposed as
the first antiretroviral drug in nonclinical use to be included in a
microbicide trial for women living with HIV. This protein has
been expressed in tobacco plants using transgenic plant technol-
ogy, and it has been calculated that an environmentally controlled
greenhouse producing 3,000 kg of leaf tissue per acre could yield
�2 million doses per year, making its use as a candidate microbi-
cide realistic (91; S. Hiller, presentation at the Forum for Collab-
orative HIV Research meeting on Future of PrEP and Microbi-
cides, Washington, DC, 7 January 2013). It is therefore important
to understand the mechanism of action of this lectin, both to
further its development and to understand the properties that lead
to the most valuable inhibitors. The combination of tight binding
to gp120 and the use of multiple subunits to mediate inhibitory
changes in gp120 by griffithsin may be used by other lectins or
broadly neutralizing antibodies and may also be a desirable prop-
erty for designing future HIV inhibitors.

In conclusion, this work provides evidence that both arms of
the Grft dimer are necessary for its optimal anti-HIV function and
that, in addition to allowing an increase in avidity, their role may
be to manipulate the structure of gp120, thereby inhibiting the
process of viral entry. Grft inhibition correlates with glycan pat-
terns on the viral surface and with its ability to mediate CD4 bind-
ing site exposure in gp120. This work helps to explain previously
reported results that HIV strains lacking glycosylation at both po-
sitions N234 and N295 are less sensitive to Grft (12). While the
clade B strains (which are prevalent in North America and West-
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ern Europe) tend to retain both these sites, clade C strains (which
are prevalent in Africa and Asia [49, 51]) tend to lack the glycosy-
lation site at position N295. There may also be a relationship be-
tween Grft-mediated env shedding and viral inhibition. Our re-
sults have implications for the development of Grft as a
microbicide.
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