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Human immunodeficiency virus (HIV) infections continue to exert an enormous toll on global human health.
Advances in drug therapies can extend life expectancies of
HIV-infected patients to be comparable with noninfected
individuals, but their outcome can nevertheless be compromised by disparate access to antiretrovirals and resistance to
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approved anti-HIV drugs (1). These circumstances have led
experts to emphasize the importance of developing new
measures for preventing HIV infections (2). In addition to
vaccine development, an approach that shows exceptional
promise involves targeting the “glycan shield” of surface
envelope proteins for HIV to inhibit membrane fusion and
infection (3).
The initial steps leading to viral entry include binding of
the HIV surface envelope glycoprotein gp120 to cellular
receptors CD4 and CXCR4 or CCR5, followed by gp41-mediated membrane fusion (4). Although gp120 is largely
responsible for target cell engagement through several
highly conserved epitopes, a large portion of its surface is
masked by complex-type and high mannose-type carbohydrate structures. Across clades, gp120 contains on average
more than 20 N- and O-linked glycosylation sites that
account for ⬃50% of its molecular mass (5–7). This dense
display of host-processed glycans functions as a barrier to
protect the virus from recognition by the human immune
system (8). To exploit this barrier as a therapeutic target,
carbohydrate-binding proteins, known as lectins, have
emerged as promising anti-HIV agents (3, 9, 10). A number
of lectins and at least one monoclonal antibody, 2G12,
potently block HIV infection at the initial stage of membrane
fusion by binding carbohydrate structures present on gp120
(11–14), providing support for this approach.
The avidity of carbohydrate-mediated interactions increases
through multivalent binding (15, 16). Engendered in their tertiary or quaternary structures, lectins often contain two or
more carbohydrate recognition sites that might allow for simultaneous binding to multiple arms of a branched carbohydrate
and/or to separate proximal carbohydrates present on cell surfaces (11, 17, 18). Alternatively, recent studies revealing the
basis for high avidity single site interactions through a “bindand-hop” mechanism occurring with clustered glycan epitopes
explain a separate mechanism for carbohydrate-mediated
interactions (19, 20).
Within the past decade, a number of new plant and bacterial
lectins have been described that are capable of inhibiting HIV
entry with potencies at low to subnanomolar ranges. Several are
under preclinical development as topical microbicides to prevent sexual transmission of HIV and to show efficacy in primate
challenge models (9, 10). Challenges to developing lectins for
clinical use include large scale production and demonstration
of a lack of toxicity and immunogenicity. The cyanobacterial
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Lectins that bind surface envelope glycoprotein gp120 of HIV
with high avidity can potently inhibit viral entry. Yet properties
such as multivalency that facilitate strong interactions can also
cause nonspecific binding and toxicity. The cyanobacterial lectin microvirin (MVN) is unusual as it potently inhibits HIV-1
with negligible toxicity compared with cyanovirin-N (CVN), its
well studied antiviral homolog. To understand the structural
and mechanistic basis for these differences, we solved the solution structure of MVN free and in complex with its ligand
Man␣(1–2)Man, and we compared specificity and time windows of inhibition with CVN and Man␣(1–2)Man-specific mAb
2G12. We show by NMR and analytical ultracentrifugation that
MVN is monomeric in solution, and we demonstrate by NMR
that Man␣(1–2)Man-terminating carbohydrates interact
with a single carbohydrate-binding site. Synchronized infectivity assays show that 2G12, MVN, and CVN inhibit entry
with distinct kinetics. Despite shared specificity for Man␣(1–
2)Man termini, combinations of the inhibitors are synergistic
suggesting they recognize discrete glycans and/or dynamic
glycan conformations on gp120. Entry assays employing
amphotropic viruses show that MVN is inactive, whereas
CVN potently inhibits both. In addition to demonstrating
that HIV-1 can be inhibited through monovalent interactions, given the similarity of the carbohydrate-binding site
common to MVN and CVN, these data suggest that gp120
behaves as a clustered glycan epitope and that multivalentprotein interactions achievable with CVN but not MVN are
required for inhibition of some viruses.

Solution Structure of Microvirin
protein microvirin (MVN)2 (21) is an attractive candidate for
microbicide development; when compared with its well studied
homolog cyanovirin-N (CVN), it is reported to show comparable potency in HIV-1 neutralization assays but with notably
reduced toxicity profiles (22). To determine the molecular basis
for antiviral activity, carbohydrate specificity, and low toxicity,
we have characterized the biophysical properties of MVN and
solved the solution structure of MVN free and in complex with
Man␣(1–2)Man. These studies demonstrate that recombinant
MVN is monovalent with respect to oligomannose binding,
which precludes intermolecular oligomerization or cross-linking in the presence of these branched carbohydrates. Neutralization studies with MVN, CVN, and 2G12, all of which bind
Man␣(1–2)Man, reveal new insights into carbohydrate-mediated inhibition of HIV-1 entry.

2

The abbreviations used are: MVN, microvirin; CVN, cyanovirin-N; DRI, dose
reduction index; CI, combination index; ITC, isothermal titration calorimetry; RDC, residual dipolar coupling; DRI, dose reduction index; MLV, murine
leukemia virus; VSV, vesicular stomatitis virus.
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EXPERIMENTAL PROCEDURES
Production and Biophysical Characterization of Recombinant Proteins—A synthetic gene encoding MVN (GeneArt) was
cloned into pET-15b and 15N- or 15N/13C-uniformly labeled
recombinant protein expressed in M9 media using standard
methods. CVN was expressed and purified as described previously (23). All protein samples used in NMR and microcalorimetry experiments or infectivity assays were subjected to a final
purification step by size exclusion chromatography eluting with
20 mM NaPO4, 50 mM NaCl, pH 6.85 (NMR buffer), and the
oligomeric state of each sample was confirmed by analytical
ultracentrifugation and NMR relaxation experiments prior to
use. Protein concentrations were quantified by absorbance at
280 nm using a molar extinction coefficient of 18,000 M⫺1
cm⫺1. Monoclonal antibodies 2G12 and C34 were purchased
from Polymun and American Peptide, respectively. Isothermal
titration calorimetry (ITC) experiments were performed as
described previously (24).
Analytical Ultracentrifugation of MVN—Sedimentation
velocity experiments were conducted at 20.0 °C on a Beckman
Optima XL-A analytical ultracentrifuge. Samples of 15Nlabeled MVN dissolved in NMR buffer, purified by size exclusion chromatography, were loaded at 15, 30, and 60 M into
two-channel, 12-mm path length sector-shaped cells (400 l).
220 scans were acquired at 3.5-min intervals and rotor speeds of
50,000 rpm with data collected as single absorbance measurements at 280 nm using a radial spacing of 0.003 cm. Data were
analyzed in SEDFIT 12.1 (25) in terms of a continuous c(s) distribution. The solution density, , and viscosity, , were calculated using SEDNTERP 1.09 (26). The protein partial specific
volume was determined using SEDNTERP 1.09 and corrected
for the 15N isotopic substitution. The c(s) analyses were carried
out using an s range of 0.0 to 5.0 with a linear resolution of 100
and a confidence level (F ratio) of 0.68. In all cases, excellent fits
were observed with root mean square deviations ranging from
0.0028 to 0.0066 absorbance units. Equally good fits were
obtained when data were analyzed in terms of a single nonin-

teracting species, returning identical values for the sedimentation coefficient (1.77 ⫾ 0.01 S) and molecular mass (12.8 ⫾ 0.1
kDa). Sedimentation coefficients were corrected to standard
conditions at 20.0 °C in water, s20,w.
NMR Spectroscopy and Structure Calculations—NMR data
were recorded at 300 K on 500 or 600 MHz spectrometers
equipped with z gradient triple resonance cryoprobes. Data
were processed using NMRPipe (27). Spectra used for chemical
shift and NOE assignments were analyzed with the programs
Sparky and PIPP (28), respectively, and structures were calculated with Xplor-NIH (29) Backbone  and  torsion angles
were derived from 3JHN␣ values and the program Talos⫹ (30).
1
DNH residual dipolar couplings (RDCs) for free and bound
MVN were obtained by taking the difference in 1JNH couplings
in a dilute liquid crystalline medium (5% PEG (C12E5)/nhexanol (31)) and isotropic medium (NMR buffer) as measured
using the in-phase/anti-phase scheme (32). c was determined
from the average ⌻1/⌻2 ratio as described previously (33, 34).
The structure of a 1:1 complex of MVN:Man␣(1–2)Man was
determined by conjoined rigid body/torsion angle-simulated
annealing (35) using Xplor-NIH (29). In this method, the protein backbone along with side chains of residues not involved in
carbohydrate binding are held rigid, whereas the side chains of
residues involved in carbohydrate binding are given torsional
degrees of freedom, and the carbohydrate is given torsional,
translational, and rotational degrees of freedom during the calculations (11, 36).
Virus Neutralization and Synchronized Time-of-Addition
Neutralization Assays—Env-pseudotyped HIV neutralization
assays were performed as described previously (37) using viral
particles pseudotyped with HIV-1 envelopes (38). Serial dilutions of inhibitors were added to the pseudovirus, followed by
TZM-bl (CXCR4- and CCR5-expressing cells) target cells at
37 °C. 48 h post-infection, cells were lysed, and luciferase activity was measured. A full list of reagents and cell lines appears in
the supplemental material.
Synchronized viral infection assays were performed by spinoculation (39, 40) with HIV-1 strain HXB2. Luminescence
intensity corresponding to % infection at different time points
was converted to percentage of infection relative to positive
controls (Ymax). Data were fit to the sigmoidal equation Y ⫽
Ymax/(1 ⫹ exp(⫺(t ⫺ t1⁄2)/k)), where t1⁄2 is the half-life for the
inhibitor-sensitive states of HIV envelope, and k is the exponential rate constant.
Synergy Experiments—Neutralizing activities of multiple
constant ratio combinations of MVN and CVN or 2G12 were
tested in serial dilutions in HXB2 Env-pseudotyped HIV neutralization assays. Combination effects were analyzed as
described (41, 42). The dose reduction index (DRI) of inhibitor
x in combination with inhibitor y is given by DRIx ⫽ (IC50)x/
(IC50)x,y, where (IC50)x and (IC50)x,y are the IC50 values of x
alone and in combination with y, respectively. The combination
index (CI) describing the summation of effects of two inhibitors
is given by CI ⫽ (DRIx)⫺1 ⫹ (DRIy)⫺1 ⫹ (DRIxDRIy)⫺1, where
the last term, which makes a small contribution to CI, accounts
for the state where both inhibitors are bound.

Solution Structure of Microvirin

FIGURE 1. Analytical ultracentrifugation and NMR relaxation measurements. A, sedimentation velocity data performed with solutions of uniformly
labeled 15N-MVN at 60 (red), 30 (blue), and 15 (green) M. Best fits of the data
yield a molecular mass of 12.7 kDa consistent with a monomer. B, longitudinal
(⌻1) and transverse (⌻2) relaxation data as a function of residue. The rotational
correlation time, calculated from the average 15N ⌻1/⌻2 ratio (excluding the
C-terminal mobile residues), is 6.7 ⫾ 0.3 ns.
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FIGURE 2. Solution structure of MVN. A, superposition of the final ensemble
of 40 simulated annealing structures. None exhibited distance or dihedral
angle violations greater than 0.2 Å and 5°, respectively (Table 1). B, ribbon
diagram of the restrained minimized mean structure of MVN with domain A
colored white (␤-strands ␤4 – 8) and domain B blue (␤-strands ␤1–3 and
␤9 –10). Disulfide bonds are rendered as gold sticks. Alignment of domains A
and B appears below. Coordinates have been deposited to the Protein Data
Bank, accession ID 2y1s.

dynamics/simulated annealing (35) to determine the high resolution solution structure of MVN on the basis of 1,367 experimental restraints, including 986 NOE-derived interproton distances, 326 torsion angles, 40 3JHN␣ couplings, and 55 1DNH
residual dipolar couplings. An ensemble of the final 40 structures is shown in Fig. 2A, and structural statistics appear in
Table 1. The amino acid sequence of MVN contains two tandem repeats (residues 1–54 and 55–108) that are 35% identical
in sequence; and its three-dimensional structure exhibits a
CVN family fold (44, 45) as expected from its sequence homology to CVN. The structure includes two homologous domains
referred to as domains A and B (Fig. 2B), each consisting of a
triple stranded, anti-parallel ␤-sheet (strands ␤1–␤3 and
␤6 –␤8) and an opposing ␤-hairpin (strands ␤4 –␤5 and
␤9 –␤10). Separating the first three ␤-sheets or ␤-strands is a
single 310 helical turn (helices 1–3), and an ordered ␤-bend
exists between strands ␤8 and ␤9.
MVN is a globular and elongated protein, ⬃52 Å in length
and ⬃27 Å at its widest point. Characteristic of the CVN fold,
the sequential repeats do not correspond to the structural
domains due to swapping of the ␤-hairpins between domains.
Thus, domain A is formed by residues 38 –93 and is stabilized
VOLUME 286 • NUMBER 23 • JUNE 10, 2011
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RESULTS
Biophysical Characterization of MVN—Lectins often exist as
multimeric species, and their oligomeric state must be determined before carbohydrate binding can be characterized.
Because molecular weight determinations using techniques
such as size exclusion chromatography and SDS-PAGE can give
anomalous results, we sought to establish the oligomeric state
of recombinant MVN in solution using unbiased approaches,
including analytical ultracentrifugation and NMR relaxation
experiments. Sedimentation velocity analytical ultracentrifugation experiments were performed on samples containing 15, 30,
and 60 M 15N-MVN and showed the presence of a single species (Fig. 1A) representing ⬎99% of the absorbance with a sedimentation coefficient of 1.77 S when extrapolated to zero concentration. An average molecular mass of 12.7 kDa, in close
agreement with the theoretical mass of 12,587 Da, was calculated showing MVN to be a monodisperse monomer in
solution.
As a second independent measure, we used NMR relaxation
measurements to obtain the rotational correlation time c of
MVN, a parameter that is dependent on particle size and therefore correlated to molecular weight. 15N longitudinal (T1) and
transverse (T2) relaxation times of U-[15N]MVN were measured at 500 MHz and 300 K (supplemental material). From the
T1/T2 ratios (Fig. 1B) (33, 34), a c of 6.7 ⫾ 0.3 ns was calculated
confirming MVN to be a monomer. For comparison, an extrapolated correlation time of 12–13 ns was calculated for a 25-kDa
protein under the same experimental conditions (34). Thus
biophysical data demonstrate conclusively that MVN is monomeric in solution.
We note that a recombinant MVN was originally proposed to
exist as a dimer on the basis of reduced electrophoretic mobility
of the oxidized versus reduced form by denaturing PAGE (21).
In that study, however, the presence of the three disulfide bonds
of MVN that stabilize the protein into a compact structure (see
below) were not considered. As seen in supplemental Fig. S1,
reduced (⫹DTT) and therefore unfolded samples of the same
solution of MVN used for analytical ultracentrifugation and
NMR relaxation experiments indeed shows a marked reduction
in mobility relative to oxidized MVN, as would be expected
from the less compact nature of the reduced form (43).
Solution Structure of MVN—We used multidimensional,
heteronuclear NMR techniques together with torsion angle

Solution Structure of Microvirin
TABLE 1
Structural statistics for MVN
具SA典 are the final 40 simulated annealing structures. SAr is the restrained regularized mean structure derived from the mean coordinates obtained by averaging the
coordinates of the 40 simulated annealing structures best fitted to each other. The number of terms for the various restraints is given in parentheses. r.m.s. indicates root
mean square.
具SA典

SAr

r.m.s. deviations from experimental restraints
Distancesa (986)
Torsion anglesa (326)
3
JHN␣ coupling constantsa (40)
1
DNH residual dipolar coupling R factorb (55)

0.018 ⫾ 0.002 Å
0.65 ⫾ 0.00°
0.97 ⫾ 0.02 Hz
1.53 ⫾ 0.07%

0.015 Å
0.25°
0.93 Hz
1.1%

r.m.s. deviations from idealized covalent geometry
Bonds
Angles
Impropers

0.005 ⫾ 0.000 Å
0.645 ⫾ 0.002°
0.654 ⫾ 0.034°

0.002 Å
0.358°
0.366°

⫺687.6 ⫾ 17.0

⫺687

Coordinate precision (Å)e
Backbone (N, C␣, C⬘, O)
All non-hydrogen atoms

89%
5
0.22 ⫾ 0.05
0.49 ⫾ 0.07

None of the structures exhibited interproton distance violations greater than 0.2 Å, dihedral angle violations greater than 5°, or 3JHN␣ coupling constant violations greater
than 2 Hz. Interproton distance restraints included 148 intraresidue, 321 sequential (兩i ⫺ j兩 ⫽ 1), 138 medium range (1 具兩i ⫺ j兩典 5), and 379 long range (兩i ⫺ j兩 ⬎ 5) restraints.
Thirty six of these (8 medium range and 28 long range) represent backbone hydrogen bonding restraints for 18 residues (two per hydrogen bond, rNH–O ⫽ 1.5–2.8 Å,
rN–O ⫽ 2.4 –3.5 Å) and were introduced during the final stages of refinement on the basis of backbone three-bond couplings.
b
The RDC R-factor (47), which scales between 0 and 100%, is defined as the ratio of the root mean square deviation between observed and calculated values to the expected
root mean square deviation if the vectors were randomly distributed, given by 关2Da2(4 ⫹ 32)/5兴1/2, where Da is the magnitude of the principal component of the alignment tensor, and  is the rhombicity (59). The values of DaNH and , derived from the distribution of normalized RDCs, are ⫺17.9 Hz and 0.45, respectively, for the data
recorded in PEG/hexanol (31).
c
The Lennard-Jones van der Waals energy was calculated with the CHARMM PARAM19/20 parameters and is not included in the target function for simulated annealing or
restrained minimization.
d
The overall quality of the structure was assessed using the program PROCHECK (60). There were no / angles in the disallowed region of the Ramachandran plot.
e
This is defined as the average root mean square difference (residues 4 –104) between the final 40 simulated annealing structures and the mean coordinates.
a

by two disulfide bonds between Cys-63 and Cys-78 and Cys-60
and Cys-80, and domain B consists of residues 1–37 and
94 –108, with one disulfide bond between Cys-8 and Cys-24
(Fig. 2B). At the structural level, MVN differs from CVN in
several respects. A two-amino acid insertion in strand ␤1 of
MVN is propagated through strands ␤1 and ␤2, making each of
the strands in the first ␤-sheet one residue longer than their
equivalents in CVN. In domain A, a four-amino acid insert
within the second ␤-sheet introduces a long, flexible loop
between strands ␤6 and ␤7. Interestingly, the additional disulfide bond relative to CVN occurs between Cys-63/Cys-78 to
covalently stabilize strands ␤6 and ␤7 (44).
Carbohydrate Specificity of MVN—We used a combination
of glycan array profiling and NMR spectroscopy to investigate
the specificity of MVN for carbohydrates. MVN was initially
shown to bind to high mannose-type oligosaccharides using a
printed glass slide on which synthetic mannose structures were
arrayed (21). Here, fluorescently labeled MVN was screened for
carbohydrate binding to a glycan microarray containing nearly
400 diverse carbohydrates, including natural high mannosetype oligosaccharides (46). The profile is shown in supplemental Fig. S2. Although this microarray contains numerous oligomannosides, MVN showed an extremely narrow profile
binding to only five glycans on the array. These are characterized by the presence of accessible Man␣(1–2)Man␣ units,
structures that terminate the arms of N-linked high mannose
oligosaccharides such as Man9GlcNAc2 and some isomers of
Man8GlcNAc2.
Specificity was further investigated by NMR titration experiments. Because 1H and 15N chemical shifts of backbone amide
resonances are sensitive to changes in a chemical environment,
JUNE 10, 2011 • VOLUME 286 • NUMBER 23

ligand binding can be detected in 1H-15N-correlation (HSQC)
spectra, and chemical shift perturbations can be mapped
directly onto the protein structure to identify the ligand binding
site(s). 1H-15N HSQC spectra of 15N-MVN in the presence of
increasing amounts of 14 different carbohydrate fragments
(supplemental Table S1) present in Man9GlcNAc2 were recorded and changes in backbone amide resonances measured.
Chemical shift perturbations were observed only with carbohydrates containing a terminal Man␣(1–2)Man disaccharide
unit (Fig. 3A). 1H-15N HSQC spectra of MVN titrated
with Man␣(1–2)Man-terminating trisaccharides, including
Man␣(1–2)Man␣(1–2)Man, Man␣(1–2)Man␣(1–3)Man, and
Man␣(1–2)Man␣(1– 6)Man (4 – 6 in supplemental Table S1),
were indistinguishable from those with the disaccharide
Man␣(1–2)Man, indicating specificity for the disaccharide
unit.
Mode of Carbohydrate Recognition by MVN—NMR titrations showed MVN binds Man␣(1–2)Man in slow exchange on
the NMR time scale and that the protein is saturated upon
addition of 1 eq of carbohydrate, as the spectra remain
unchanged upon addition of stoichiometric excess of ligand.
Residues displaying chemical shift perturbations upon binding
Man␣(1–2)Man were mapped onto the three-dimensional
structure of MVN. Surprisingly, these residues were located
within a single domain (domain A) of the protein (Fig. 3, B and
C). To determine whether other weaker binding sites were
present, 1H-15N HSQC spectra were recorded on 100 M samples titrated with up to a 25-fold stoichiometric excess (2.5 mM)
of Man␣(1–2)Man or Man␣(1–2)Man␣(1–2)Man (supplemental Fig. S3). These spectra appeared identical to those
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Measures of structure quality
ELJ (kcal mol⫺1)c
PROCHECKd
Residues in most favorable region of Ramachandran plot
No of bad contacts per 100 residues

Solution Structure of Microvirin

recorded on stoichiometric complexes with perturbations
occurring only in domain A.
ITC was performed to determine the stoichiometry of binding for four relevant carbohydrates (Table 2 and supplemental
Fig. S4). Each of the Man␣(1–2)Man-terminating glycans
bound MVN with negative enthalpies, and the binding isotherms fit a single-site model. ITC showed that MVN binds the
branched oligomannoside Man9GlcNAc2 with a stoichiometry
of 1, with an ⬃10-fold decrease in the equilibrium dissociation
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FIGURE 3. Carbohydrate recognition by MVN. A, superimposed 1H-15N
HSQC spectra of free MVN (black) and a 1:1 complex of MVN:Man␣(1–2)Man
(red). Residues undergoing chemical shift perturbations upon carbohydrate
binding are labeled. B, magnitude of the ⌬␦H/N values as a function of residue
showing all resonances to be located in domain A of MVN. ⌬␦H/N ⫽ [(⌬15N2 ⫹
⌬1HN2)/2]1/2 in Hz. Sequence alignment by domains appears below, with no
perturbations observed for domain B. C, surface representation of MVN with
regions colored as in B. D, chemical structure of Man9GlcNAc2. The D1 arm,
colored red, includes the model di- and trisaccharides Man␣(1–2)Man and
Man␣(1–2)Man␣(1–2)Man.

constant, KD, and favorable entropy relative to the smaller fragments. The combined NMR and ITC data demonstrate that if a
secondary site were present, it must bind with a KD ⬎⬎5 mM.
In previous studies we showed by NMR and native gel electrophoresis that binding of Man8GlcNAc2 and Man9GlcNAc2
by CVN, which contains two symmetrically related carbohydrate-binding sites per monomer, leads to polymerization as a
result of intermolecular cross-linking (11, 23) To further examine binding to branched mannosides by MVN, we monitored
binding to Man8GlcNAc2 by NMR and Man9GlcNAc2 by
native gel electrophoresis. As seen in the 1H-15N HSQC spectrum of a 1:1 complex of MVN:Man8GlcNAc2 (supplemental
Fig. S5), neither line broadening nor aggregation was detected,
and the solutions remained clear, and every peak could be
accounted for over the course of the titration. Moreover, no
further changes in chemical shift were observed after addition
of 1 eq of oligomannose, in agreement with the stoichiometry
measured by ITC for Man9GlcNAc2. Similarly, native gel electrophoresis of samples of MVN in the presence of increasing
amounts of Man9GlcNAc2 (supplemental Fig. S6) show no sign
of polymerization even at concentrations exceeding the measured KD value consistent with MVN binding oligomannosides
through a single carbohydrate-binding site.
Solution Structure of a 1:1 Complex of MVN:Man␣(1–2)Man—
To determine the structural basis for specificity toward
Man␣(1–2)Man-terminating glycans and monovalent binding
of MVN, we solved the solution structure of a 1:1 complex of
MVN:Man␣(1–2)Man using conjoined rigid body/torsion
angle-simulated annealing (35) on the basis of 144 distance and
58 torsion angle restraints as described previously (23, 36). In
particular, analysis of three-dimensional 15N- and 13C-separated NOE spectra for the complex showed no difference in
backbone intramolecular NOEs nor in NOEs involving side
chains of residues outside the binding site when compared with
NOE spectra of free MVN. Furthermore, 1DNH RDCs for the
complex fit the structure of free MVN with a dipolar coupling
R-factor of 14.0% (47). Together, these data demonstrate that
structural changes do not occur for residues outside the binding
site. Intermolecular interproton distance restraints between
MVN and mannobiose used in the calculations were derived
from three-dimensional 12C-filtered/13C-separated intermolecular NOE experiments (Fig. 4A). Superpositions of the final
ensemble and structure statistics are shown in supplemental
Fig. S7 and supplemental Table S2.
MVN binds Man␣(1–2)Man through a single binding site
located in domain A (Fig. 4, B and C). The reducing mannopyranose ring is positioned in a deep pocket formed by two
␤-turns, one connecting strands ␤7 and ␤8 (residues 81– 84)
and the other connecting ␤-strands ␤4 and ␤5 (residues
44 – 47). Hydrophobic interactions govern binding to this site
with the methyl group of Met-83 making van der Waals contacts with the H-2, H-3, and H-5 protons of ring A. The terminal mannose lies in a relatively shallow and wider cleft formed
by residues in the hinge linker and helix 3. The methyl group of
Thr-59 is positioned between the two rings making van der
Waals contacts with H-4 and H-6 of ring A and H-5⬘ of ring B
(Fig. 4C). A total of six hydroxyl groups are within hydrogen
bonding distance of residues in the protein (Fig. 4C, black dot-

Solution Structure of Microvirin
TABLE 2
Binding constants and stoichiometry measured by isothermal titration calorimetry
Glycans

Stoichiometry

Ka
M

Man␣1–2Man
Man␣1–2Man␣1–2Man␣Me
Man␣1–2Man␣1–6Man␣Me
Man9GlcNAc2

0.99
0.92
0.92
0.91

⫺1

2.1 (⫾ 0.2) ⫻ 104
4.1 (⫾ 0.3) ⫻ 104
2.4 (⫾ 0.2) ⫻ 104
1.6 (⫾ 0.3) ⫻ 105

⌬H

⌬S

kcal mol⫺1

cal mol⫺1

⫺7.3 ⫾ 0.3
⫺8.2 ⫾ 0.2
⫺7.5 ⫾ 0.3
⫺6.3 ⫾ 0.4

⫺4.7
⫺6.5
⫺5.2
2.9

ted lines). When bound, both pyranose rings are in a chair conformation and stack over one another to give favorable  and 
glycosidic bond angles of 110° and ⫺75°, respectively (48).
When the two domains are superimposed, the inability of
Man␣(1–2)Man to bind through domain B is apparent. Key
differences detrimental to ligand binding include substitution
of Gln-54 and Glu-58 in domain A with Pro-2 and His-6 in
domain B. The proline residue introduces steric clash with the
disaccharide and is positioned on the polar face of the mannopyranose ring, and the side chain of histidine is directed away
from the binding site removing hydrogen bonding interactions
with the terminal ring (supplemental Fig. S8). In addition,
␤-hairpin connecting strands ␤9 and ␤10 in domain B is
directed toward the core of the protein, whereas the equivalent
in domain A curls away. Thus, residues 101–104 of domain B
occlude the space that is used for carbohydrate binding in
domain A.
MVN Inhibits HIV Entry through Carbohydrate-mediated
Interactions with gp120—MVN was tested for its ability to
inhibit HIV-1 entry in single round HIV-1 infectivity assays
using a panel of CXCR4- and CCR5-using strains, and one dual
tropic strain. For comparison with other known entry inhibitors, assays were run in parallel with the well characterized
lectin CVN, the carbohydrate-specific monoclonal antibody
2G12 (49), and the gp41-derived peptide inhibitor C34 (50). We
found MVN to potently inhibit HIV-1 entry for all strains (Fig.
5A), with IC50 values of 2–12 nM (Table 3). Consistent with a
recent study, MVN is slightly less potent than CVN against
most strains tested and used here. In addition, MVN has comparable potency to 2G12 against all strains tested and in contrast to mAb 2G12 can inhibit strain YU2. HIV-1 strain YU2 is
JUNE 10, 2011 • VOLUME 286 • NUMBER 23

FIGURE 5. Antiviral activity of MVN in an Env-pseudotyped HIV neutralization assay. A, representative dose-response curves for antiviral activity of
MVN against HIV pseudotyped with Env of diverse laboratory-adapted subtype B HIV strains (Table 3). B, infectivity as a function of time of addition of
fusion inhibitors in a synchronized HXB2 Env-pseudotyped HIV infection
assay. Fully inhibitory concentrations of MVN, CVN, 2G12, and C34 were
added at the indicated time points. The experimental data (average of a minimum of four experiments) were fit to a sigmoidal curve (see “Experimental
Procedures”). t1⁄2 values of the inhibitor-sensitive state are as follows: 2G12
ⱕ1 min, MVN 8.4 ⫾ 1.6 min, CVN 15.7 ⫾ 1.0 min, C34 21.7 ⫾ 0.6 min.
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FIGURE 4. Solution structure of MVN in complex with Man␣(1–2)Man. A, sample planes from a three-dimensional 12C-filtered/13C-separated NOE spectrum
showing strong intermolecular NOEs between 13C-attached Asn-55 H␤ and Met-83 H⑀ protons in MVN and 12C-attached protons of ␣-mannobiose. B, close up
of the carbohydrate-binding site with MVN shown as a surface representation and the ligand as sticks. Acidic, polar, and hydrophobic residues comprising the
binding site on MVN are colored red, sky blue, and green, respectively. The reducing and terminal mannopyranose rings are labeled A and B, respectively.
C, bond rendering showing detailed interactions between MVN and ␣-mannobiose. Black dotted lines connect atoms located within hydrogen bonding
distance; green dashed lines denote van der Waals surfaces. See supplemental Table S2 for structure statistics of complex. Coordinates have been deposited to
the Protein Data Bank, accession no. ID 2yhh.
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TABLE 3
Inhibition of HIV-1 by MVN, CVN, 2G12, and C34
HIV neutralization, IC50 (nM )a
Env
MVN
CVN
2G12
C34
a

HXB2
6.0 ⫾ 0.6
0.1 ⫾ 0.03
2.1 ⫾ 0.3
6.3 ⫾ 1.8

NL4–3
1.8 ⫾ 0.6
2.2 ⫾ 1.5
5.5 ⫾ 2.9
4.0 ⫾ 0.8

SF162
2.2 ⫾ 1.0
0.5 ⫾ 0.1
4.2 ⫾ 2.6
60 ⫾ 16

YU2
9.9 ⫾ 2.0
1.5 ⫾ 0.1
No activity
98 ⫾ 25

JRCSF
6.1 ⫾ 1.1
1.1 ⫾ 0.3
6.6 ⫾ 3.4
28.2 ⫾ 9.1

89.6
11.6 ⫾ 3.3
0.5 ⫾ 0.2
24.3 ⫾ 16.7
26.0 ⫾ 6.3

IC50 values were obtained by least squares best fitting to the general equation: % infection ⫽ 100/(1 ⫹ 关inhibitor兴/K).
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FIGURE 6. MVN is synergistic with 2G12 (A) and CVN (B). Combination
ratios are shown in the figure and listed in Table 3, and combination indices
are summarized in Table 4 and supplemental Table S3.

of MVN and CVN. For all combinations, mildly synergistic
inhibition occurs with CIs ranging from 0.6 to 0.8 (Table 4 and
supplemental Table S3). The mean CI value obtained for all
assays is 0.7 ⫾ 0.1. If each of these inhibitors were acting by
binding to the same carbohydrates, antagonistic effects would
be expected to occur, in contrast with these data.
Effects of MVN and CVN on Other Enveloped Viruses—Neutralization assays using two amphotropic enveloped viruses,
murine leukemia virus (MLV) and vesicular stomatitis virus
(VSV), were performed as controls to test the specificity of
MVN and CVN toward viral entry. Both MLV and VSV possess
glycosylated envelope proteins yet contain many fewer glycosylation sites than gp120 (52, 53). Dramatically different effects
were observed for the two lectins; and although MVN had no
effect on entry for either virus at concentrations as high as 10
M, CVN inhibited entry for both in a dose-dependent manner
with IC50 values of 21 ⫾ 3 nM for MLV and 190 ⫾ 80 nM for VSV
(supplemental Fig. S10). Because the carbohydrate-binding site
of MVN is very similar to its equivalent in domain A of CVN,
these results suggest that the difference in activity toward these
enveloped viruses may be attributed to the lack of the second
carbohydrate-binding site in MVN.
VOLUME 286 • NUMBER 23 • JUNE 10, 2011
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known to be resistant to mAb 2G12 because it lacks an Asn at
position 295 of gp120, a glycosylation site involved in 2G12
binding (49).
Huskens et al. (22) recently showed that MVN can inhibit the
binding of 2G12 to gp120 through in vitro binding assays. We
sought to test directly whether MVN inhibits HIV-1 entry
through carbohydrate-mediated interactions with gp120.
Thus, competition experiments using infectivity assays were
performed wherein we competed MVN with increasing
amounts of Man9GlcNAc2 prior to combining with virus and
target cells. We found that treatment with Man9GlcNAc2 alone
had no effect on entry, but addition of excess Man9GlcNAc2 to
MVN reduced its inhibitory effect by 20 –30% (supplemental
Fig. S9). Thus, Man9GlcNAc2 competes with gp120 for MVN
binding and inhibition, demonstrating fusion-blocking activity
occurs through carbohydrate-mediated interactions.
Carbohydrate-targeting Inhibitors Act at Different Stages of
the HIV Entry Process—Binding of HIV gp120 to CD4 on target
cells followed by gp120 binding to coreceptor(s) CXCR4 or
CCR5 via a CD4-induced coreceptor-binding site leads to
HIV-1 entry. Conformational changes occurring at each of
these steps trigger HIV gp41 to its fusogenic state and drive
membrane fusion. To compare the time window of inhibition
of HIV-1 entry for MVN, CVN, 2G12, and C34, we performed
synchronized viral entry assays using HIV-1 strain HXB2. Percent inhibition as a function of time of addition was measured
to give a half-life of the inhibitor-sensitive state (t1⁄2) for each of
the four inhibitors (Fig. 5B). 2G12 was found to have an immeasurably short t1⁄2, consistent with its high dependence on gp120
conformation (49). C34 had the longest t1⁄2, as it targets the gp41
pre-hairpin intermediate that persists until the late stages of
entry (4, 51). Although both target high mannose oligosaccharides on gp120, MVN and CVN showed distinctly different
half-lives, with values of ⬃8 and ⬃16 min, respectively. These
data show that MVN and CVN inhibit entry with different
kinetics, suggesting that the two lectins may target different
glycans on gp120, that the architecture or accessibility of each
of their carbohydrate epitope(s) changes over the course of the
entry process, or some combination of each.
MVN, CVN, and 2G12 Can Target Different Carbohydrates
on gp120—To further probe whether MVN, CVN, and 2G12
recognize the same or distinct glycosylation sites on gp120, we
tested the inhibitors individually and in constant ratio combinations for their effects on HIV-1 strain HXB2. The data were
quantitatively analyzed using the formalism of Chou and Talalay (41) where combination indices (CI) equal to, greater than,
or less than 1 are indicative of additive, antagonistic, and synergistic effects, respectively. Fig. 6A displays the results of testing combinations of MVN and 2G12 and Fig. 6B combinations
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TABLE 4
Synergistic activity of MVN in combination with CVN, 2G12
All experiments were performed as described previously (42) using HXB2 Envpseudotyped HIV.
DRIa
MVN

CVN

CIb

MVN:CVN
1
10
100

85.7 ⫾ 25.9
9.4 ⫾ 2.0
2.5 ⫾ 0.4

1.7 ⫾ 0.5
2.0 ⫾ 0.4
6.0 ⫾ 1.1

0.6 ⫾ 0.3
0.7 ⫾ 0.2
0.6 ⫾ 0.2

MVN:2G12
10
1
0.1

1.5 ⫾ 0.3
5.0 ⫾ 1.3
28.6 ⫾ 6.1

9.5 ⫾ 1.9
3.2 ⫾ 0.9
1.8 ⫾ 0.4

0.8 ⫾ 0.3
0.6 ⫾ 0.2
0.6 ⫾ 0.2

Concentration ratios

a

DISCUSSION
In this study, we used NMR, biophysical techniques, and
HIV-1 infectivity assays to determine the structural and mechanistic basis for the antiviral activity of MVN. This cyanobacterial lectin has been proposed as a candidate for development
as a topical microbicide because of its ability to potently inhibit
HIV-1 entry with negligible toxicity. Although MVN is a member of the CVN family of lectins, it possesses distinct structural
characteristics compared with CVN that we propose account
for its low toxicity and narrow antiviral profile.
As shown by complementary biophysical measurements,
MVN exists as a monodisperse monomer in solution with no
trace of dimeric protein present. MVN contains only one carbohydrate recognition site, and it is specific for Man␣(1–
2)Man, the disaccharide unit that terminates the arms of high
mannose N-linked oligosaccharides. Unlike its homolog CVN,
which contains two Man␣(1–2)Man recognition sites on symmetrically opposed domains of the protein, MVN is unable to
cross-link branched oligomannosides to form higher order
structures. Indeed, we were able to monitor the binding of
MVN to the branched oligomannoside Man8GlcNAc2 by NMR
due to the absence of polymerization. Together, these data are
consistent only with monovalent binding. In addition, because
MVN binds the HIV surface envelope glycoprotein gp120, and
its antiviral activity can be competed with Man9GlcNAc2, these
data demonstrate that HIV-1 entry can be inhibited through
monovalent interactions with carbohydrates on gp120.
Our time of addition studies show that different carbohydrate-binding agents can interact with the HIV viral envelope at
different stages of the entry process. Once CD4 is engaged,
2G12, known to recognize a specific architecture of clustered
glycans displayed on one face of gp120, has an immeasurably
short window of time in which it can inhibit entry. Thus, conformational changes associated with CD4 binding must immediately disrupt the carbohydrate epitope of 2G12 on fusogenic
gp120. MVN and CVN can inhibit virus entry up to substantially longer periods of time, but the shorter inhibitor-sensitive
state observed for MVN suggests its carbohydrate epitopes are
shorter lived than those of CVN.
On a molecular level, nonequivalent modes of binding and or
mechanisms of inhibition must be occurring to explain the disJUNE 10, 2011 • VOLUME 286 • NUMBER 23
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The DRI is the ratio of the IC50 in the absence and presence of the second inhibitor. The IC50 values for MVN, CVN, 2G12 alone are 6.0 ⫾ 0.6, 0.1 ⫾ 0.01, and
3.8 ⫾ 0.4, respectively.
b
The CI represents the combined effect of two inhibitors in combination where
CI values of ⬍1, 1, and ⬎1 correspond to synergistic, additive, and antagonistic
effects, respectively (41).

parate kinetics exhibited by MVN, CVN, and 2G12. These
could include binding of different glycans on gp120 by each
inhibitor or targeting distinct conformations of overlapping or
even identical glycans on gp120 that change during the course
of entry. Our observation that each of these inhibitors can act
synergistically with one another in neutralization assays shows
that they must in part exert their action by binding nonoverlapping glycans on gp120 and emphasizes the difference between
in vitro binding versus neutralization platforms. Our results are
consistent with a recent study showing that distinct sets of
mutations, all of which eliminated glycosylation sites on HIV-1
strain NL43, arose to confer resistance to 2G12, CVN, and
MVN (22). In particular, a single mutation of Asn-295 conferred resistance to 2G12; a pair of mutations at Asn-339 and
-386 led to CVN resistance, and four mutations at Asn-295,
-339, -386, and -392 were observed in MVN-resistant mutants.
Given that each of these inhibitors is specific for the Man␣(1–
2)Man termini of high mannose oligosaccharides, it is remarkable that each of these carbohydrate-binding agents appears to
inhibit HIV entry through a unique set of interactions with
gp120 and possibly gp41.
CVN in particular is known to inhibit many viruses besides
HIV, examples of which include influenza (54), herpes (55), and
hepatitis C (56). To compare the effects of valency on inhibition of enveloped viruses, we tested MVN and CVN in parallel against MLV and VSV, enveloped viruses that also display glycosylated envelope proteins. The observation that
CVN inhibited both in a dose-dependent manner whereas
MVN had no effect at concentrations as high as 10 M (supplemental Fig. S10) strongly suggests that bivalent interactions achievable with CVN but not MVN occur and are necessary for inhibition of these viruses. In contrast, the potency
of MVN toward HIV-1 implies that gp120 acts as a clustered
glycan epitope (19, 20, 57) to facilitate high avidity binding,
even with monovalent receptors. It is conceivable that the
differences in valency also account for differences in toxicity
toward some cell lines as multivalent lectins can cause receptor clustering, which in turn can lead to mitogenic effects
(58). These results also emphasize the selectivity that can be
shown by lectins and other carbohydrate-binding agents
where recognition in biological systems is imparted by
geometry and spatial organization of carbohydrate recognition sites, in addition to carbohydrate specificity of the site
itself. Indeed, the bacterial lectin actinohivin (unrelated to
the proteins described here), which also recognizes
Man␣(1–2)Man, exerts its anti-HIV activity with yet a different mechanism (12) than MVN, CVN (11), and 2G12 (49).
In summary, this work describes the structural and functional basis for potent inhibition of HIV-1 entry by MVN and
expands our understanding of carbohydrate-mediated inhibition by well studied anti-HIV agents CVN and 2G12. The
structure of the carbohydrate recognition domain provides
an attractive template for engineering smaller molecules for
carbohydrate recognition. The distinct manner in which various antiviral lectins or antibodies exert their inhibitory
effects on HIV continues to illustrate new mechanisms by
which carbohydrate-mediated inhibition and binding can
occur.
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