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Abstract

Cyanovirin (CV-N) is a small lectin with potent HIV neutralization activity, which could be exploited
for a mucosal defense against HIV infection. The wild-type (wt) protein binds with high affinity to
mannose-rich oligosaccharides on the surface of gp120 through two quasi-symmetric sites, located in
domains A and B. We recently reported on a mutant of CV-N that contained a single functional
mannose-binding site, domain B, showing that multivalent binding to oligomannosides is necessary for
antiviral activity. The structure of the complex with dimannose determined at 1.8 A resolution revealed a
different conformation of the binding site than previously observed in the NMR structure of wt CV-N.
Here, we present the 1.35 A resolution structure of the complex, which traps three different binding
conformations of the site and provides experimental support for a locking and gating mechanism in the
nanoscale time regime observed by molecular dynamics simulations.
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Cyanovirin is an 11-kDa cyanobacterial lectin currently
under investigation as a viral microbicide to prevent
human immunodeficiency virus (HIV) transmission via
the mucosal membrane (Boyd et al. 1997; De Clercq
2005; Reeves and Piefer 2005; Balzarini 2007). It is part
of a larger group of non-homologous algal lectins that
includes Microcystis viridis lectin (Williams Jr. et al.
2005), scytovirin (Bokesch et al. 2003), and griffithsin
(Ziolkowska et al. 2006), which have potent antiviral
activity against HIV. Although there are differences in the
binding specificities of the algal lectins, the mechanism
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of action involves high affinity binding to the N-linked
oligomannosides that cover a vast portion of the viral
envelope glycoprotein gp120 (Botos and Wlodawer 2005;
Ziolkowska et al. 2006; Scanlan et al. 2007).
Cyanovirin, the first member of this group to be
discovered, has been extensively characterized with re-
spect to its antiviral activity (O’Keefe et al. 2003;
Barrientos and Gronenborn 2005; Helle et al. 2006),
biophysical properties (Bewley and Otero-Quintero
2001; Barrientos and Gronenborn 2002; Barrientos et al.
2002, 2004; Shenoy et al. 2002), and structure. The
structure of cyanovirin in the free and carbohydrate-
bound forms have been determined by NMR (Bewley
et al. 1998; Bewley 2001) and X-ray crystallography
(Yang et al. 1999; Botos et al. 2002). The solution
structures show a monomeric protein with a novel beta-
sheet fold that comprises two quasi-symmetric domains,
A (residues 1-38/90-101) and B (residues 39-89), con-
nected on each side by a short hinge region. Each domain
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comprises a carbohydrate-binding pocket, which binds
linear termini in branched high-mannose oligosacchar-
ides. In some conditions, cyanovirin can form a domain-
swapped dimer (Bennett et al. 1994; Liu and Eisenberg
2002) in which two CV-N molecules exchange part of
each domain to form a dimeric structure containing four
carbohydrate-binding domains (Yang et al. 1999; Bewley
and Clore 2000; Barrientos and Gronenborn 2002; Botos
et al. 2002; Clore and Bewley 2002; Barrientos et al.
2004). All the structures of wt CV-N obtained by X-ray
crystallography contain the dimer (Yang et al. 1999;
Barrientos et al. 2002; Botos et al. 2002).

We recently reported the first crystal structure of
a cyanovirin mutant (P51G-m4-CVN) that contains
the monomer, in the free and dimannose-bound form
(Fromme et al. 2007). P51G-m4-CVN was designed to
clarify whether the presence of one mannose-binding site
is sufficient for antiviral activity, or whether multivalent
interactions, either via the two sites on each cyanovirin
molecule or via the four possible sites on the domain
swapped form, are necessary. This issue had been some-
what controversial, due to the difficulties in clearly
discriminating between the possible models, and further
complicated by the slight selectivity of each domain for
a different linear oligomannoside (Bewley and Otero-
Quintero 2001; Chang and Bewley 2002; Kelley et al.
2002; Shenoy et al. 2002; Barrientos et al. 2004, 2006).
P51G-m4-CVN recapitulates two sets of mutations intro-
duced by other groups: the m4-CVN set, which abolishes
domain A (Chang and Bewley 2002), and P51G, which
stabilizes the monomer (Barrientos et al. 2002). As pre-
dicted, P51G-m4-CVN contains a single functional car-
bohydrate-binding site (domain B) and folds exclusively
as a monomer under physiological conditions (Fromme
et al. 2007).

The complete loss of antiviral activity in P51G-m4-
CVN demonstrated the importance of multivalent inter-
actions with the viral gp120, confirming one of the mech-
anisms that had been hypothesized for antiviral lectins
(Botos et al. 2002; Barrientos and Gronenborn 2005;
Botos and Wlodawer 2005; Ziolkowska and Wlodawer
2006). Our conclusions were corroborated by indepen-
dent studies of a complementary mutant, CV-N(mutDB),
in which the binding site on domain B had been abolished
on the background of P51G: This mutant is also inactive
against HIV (Barrientos et al. 2006).

The 1.8 A structure of P51G-m4-CVN showed some
important differences when compared to the solution struc-
ture of the dimannose complex, 1 IIY (Bewley 2001;
Bewley and Otero-Quintero 2001), in particular in the
conformation and hydrogen bonding pattern of Arg 76. In
the NMR structure, the side chain forms two direct
hydrogen bonds to the ligand, while in our structure
Arg 76 occupies a different rotamer and forms a single
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water-mediated hydrogen bond to the ligand. Each of
these binding modes had been observed in molecular
dynamics studies of cyanovirin, which showed gating and
locking of the binding by two residues, Glu 41 and Arg 76
in domain B (Margulis 2005), and it is quite likely that
both modes may exist.

Here, we present the structure of P51G-m4-CVN at
1.35 A resolution (Fig. 1), which clarifies important
details of the sugar-binding sites. We were able to observe
three different conformers of Arg 76 and multiple flexible
amino acids, thereby providing the first experimental
evidence for a conformational gating of the sugar-binding
site of cyanovirin.

Results and Discussion

Overall structure description

The best native data set obtained from improved P51G-
m4-CVN crystals was solved to a resolution of 1.35 A
(PDB code 2RDK); the statistics of the data evaluation
are summarized in Table 1. The space group and unit cell
constants are identical to the previously reported structure
at 1.8 A resolution (Fromme et al. 2007), with dense
packing in the unit cell and a low solvent content of 43%.
Two monomers associate in the asymmetric unit in a
parallel arrangement that is distinct from the tilt observed
in the domain-swapped dimer in solution and X-ray
structures (Barrientos et al. 2002), which results in an
orthogonal geometry between the two halves (domains
AB’, A'B).
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Figure 1. Crystal structure of P51G-m4-CVN at 1.35 A resolution:
cartoon representation of one monomer in complex with dimannose.
Domain A (green) contains four mutations (K3N, T7A, E23I, N93A,
highlighted as red sticks) in the binding site, resulting in loss of binding
(Chang and Bewley 2002). Domain B (blue) is unaltered and binds to
dimannose. A P51G mutation in the hinge region stabilizes the monomer
(Barrientos et al. 2002). The sequence of P51G-m4-CVN is reported
below; domains A and B are represented in green and blue, respectively,
while mutations from wt are in red. Figure generated with PyMOL
(DeLano Scientific; http://www.pymol.org).
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Table 1. Statistics of data collection and structure refinement

Unit cell parameters

ab.c (in A) 49.21, 38.45, 55.95
a, B,y 90.0 99.94 90.0
Space group P21
Molecules/asymmetric unit 2
Resolution (A) 1.35-55.4 (1.35-8.0)
Total reflections 106,516
Unique reflections 40,625(40,605)*
R-factor 0.184 (0.247)
Riree 0.199 (0.247)°
Rinerge 9.1 (51.1)

Data redundancy 2.5(2.4)

RMS deviations in
Bonds A 0.009
Bond angles (°) 1.202
Dihedrals (°) 31.8

Mean B-value (A% 17.5

Il 6.99(1.97)°

Solvent content (%) 43.62

Atoms with two conformers 105

Residues with two conformers 5

Water molecules 252

PDB code 2RDK

#Used for refinement.
"The Jumbers in parentheses refer to the higher resolution bin (1.35-
1.42 A).

The structure is characterized by low main chain B
factors (mean B value 17.5, range 10-36), with the excep-
tion of a loop in domain A (R24 to G28) that has average
main chain B factors of 32.5, and to a lesser extent a loop
in domain B (Arg 76 to Gln 79), with average main chain
B factors of 20. Differences in the crystal packing con-
tacts of the two monomers affect the B factors observed
in the two monomers: In particular, the B factors of loop
R24-G28 of domain A are lowered to 11-16 in monomer
2. Overall, the flexibility observed is consistent with
other structures of cyanovirin (Bewley et al. 1998;
Bewley 2001; Botos et al. 2002) and points to a higher
mobility of the loops compared with the body of the
structure. The main differences with the NMR structure
of wt are observed in the loops and in the hinge region.

Effect of the hinge region mutation

The P51G mutation stabilizes the monomeric form of the
protein in solution, as observed in wt (Barrientos and
Gronenborn 2002) and in P51G-m4-CVN (Fromme et al.
2007), and allows its crystallization in P51G-m4-CVN.
Figure 2 shows an overlay of the structures of wt
cyanovirin, in the monomeric (NMR) and dimeric (X-
ray) forms, and of P51G-m4-CVN. In the wild-type
monomer, the proline forces the following residue, S52,
to assume unfavorable backbone dihedral angles (b 174.4

and { 12.4, calculated with MolProbity) (Davis et al.
2004). Substituting glycine for proline results in a local
rearrangement of the hinge region: All amino acids are
now in favorable areas of the Ramachandran plot. As previ-
ously suggested, an alternate solution to relieving the strain
of the hinge region is observed in the domain swapped
dimer: The hinge is extended in a conformation that places
the amino acids involved in allowed areas of the Ram-
achandran plot (Barrientos and Gronenborn 2002).

Carbohydrate-binding site

The dimannose-binding site of P51G-m4-CVN revealed
a unique mode of binding, involving a water-mediated
hydrogen bond between Arg 76 and the ligand. While
this binding mode was very clear in monomer 1 (chain A), an
indication of the flexibility of the site had come from the
lowered resolution obtained for monomer 2 (chain B). In the
current structure, the position of Arg 76 in each monomer is
well defined. However, we could see some extra electron
density by carefully inspecting the electron density map at
a low contour level. We calculated the total omit map of the
binding sites using the procedure of Bhat (1988) as inte-
grated in the program Sfcheck. This procedure was ex-
tended systematically to all side chains in each binding site
(monomer 1 and 2). We found five side chains with
conformational flexibility: Thr 19, Thr 31, and Glu 41 in
monomer 1, and Arg 76 and Glu 41 in monomer 2. Thr 19
and Thr 31 are located at the start and end of the flexible
loop in domain A, while Glu 41 and Arg 76 are located
in the well-defined sugar-binding pocket in domain B.
Three different conformers of Arg 76 were trapped. In
monomer 1, Arg 76 has a unique conformation with 100%

Figure 2. Overlay of the backbone hinge region (residues 46-57) of
cyanovirin, monomer and dimer, and of P51G-m4-CVN. The monomeric
NMR structure of wt CV-N (PDB code 2EZM) is represented in yellow,
while the domain-swapped crystal structure (PDB code IM5M) is
represented in gray, and the monomeric crystal structure of P51G-m4-
CVN in green (PDB code 2RDK; this work). Only the side chain of P51
(wt) is shown. In 2EZM, S52 assumes disallowed backbone dihedral
angles.
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occupancy. It interacts with the dimannose by hydrogen
bonding via a tightly bound water molecule. This con-
formation is identical to the position identified in the
1.8 A structure but different from the direct double hydro-
gen bond to the ligand (locking position) observed in the
NMR structure (Bewley 2001). In monomer 2, Arg 76 is
present in two different conformations that place the side
chain in an either proximal or distal position in relation to
the ligand (Fig. 3). The distal side has occupancy of 80%
and is already visible at a contour level of 1.5 o, while the
proximal position has occupancy of 20% and is only
visible at a low contour level of 0.85 o. The water mole-
cule that bridges Arg 76 to the mannose in monomer 1 is
not observed in monomer 2, and no direct hydrogen bonds
are observed. The side chain of Glu 41 can occupy two
conformers, with approximately equal occupancies. As
the hydrogen bond between Glu 41 and the anomeric
atom of the dimannose ligand is highly directional, it
has been proposed as a key determinant of the specificity
of cyanovirin for Mana(l-2)Mana dimers (Margulis
2005). The hydrogen bonding interactions between the
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Figure 3. Comparison of the dimannose-binding site in the two mono-
mers, top and bottom panel, each in stereoview. Amino acids lining the
binding site are depicted in sticks and colored by atom (carbon, gray;
oxygen, red; nitrogen, blue), while the dimannose ligand is depicted in
sticks (carbon, yellow; oxygen, red), and crystallographic water molecules
participating in ligand binding are shown as red spheres; direct or water-
mediated hydrogen bonds are indicated as yellow dashed lines. Figure
generated with PyYMOL (DeLano Scientific; http://www.pymol.org).
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ligand and the binding site in each monomer are shown
in Figure 3.

These findings are consistent with the gating mecha-
nism observed by molecular dynamics simulations of the
cyanovirin—dimannose complex (Margulis 2005) based
on the NMR structure (Bewley 2001). In the simulations,
Arg 76 undergoes a large conformational change that
brings the side chain from an unlocked position, far from
the ligand, to a locked position in which two direct hydro-
gen bonds to the ligand are observed. This change hap-
pens on a nanoscale time range, and the locked position is
stable for several nanoseconds. Furthermore, modeling
studies also suggested a critical role of Glu 41 in the tight
binding of the sugar and possibly in the selectivity for
Mana(1-2)Mana.

Conclusions

The high-resolution crystal structure of P51G-m4-CVN
presented here reveals atomic details of the Arg 76 gating
mechanism and shows details of the hydrogen bonding
network and its changes in response to alternate con-
formations of Arg 76, which are summarized in Figure 3.

The crystallographic studies presented here, interpreted
together with the molecular dynamics studies (Margulis
2005) and the NMR data (Bewley 2001) previously avail-
able, unravel a flexible hydrogen-bonding network that
may gate the dimannose ligand in the binding site, locked
by Arg 76 and Glu 41. This mechanism provides insight
into the high affinity and specificity of cyanovirin for its
target ligands. The atomic detail of the site in different
states will form the basis for the design of new mutants
with optimized binding sites.

Materials and Methods

Expression, purification, and crystallization

P51G-m4CVN, containing a six-His tag at the C terminus, was
cloned into a pET-26b (+) vector (Novagen) and expressed in
Escherichia coli BL-21 (DE3) cells as described before
(Fromme et al. 2007). Briefly, the cell culture was induced with
IPTG at ODgg of 0.7 and harvested after 3 h. The protein was
purified by affinity chromatography using Ni Sepharose Fast
Flow resin (Novagen). Crystals were grown by the hanging-drop
vapor diffusion method with crystal drops containing a 2 + 2 pL
mix of 10 mg/mL protein, 2 mM Man2, and a reservoir buffer
containing 100 mM HEPES, pH 6, 100 mM Mg,SO, using
28%-32% (w/v) PEG 8000 as precipitant. The crystals were
frozen in liquid nitrogen directly from the mother liquor.

X-ray data collection and refinement

High-resolution X-ray diffraction data sets of the crystals were
measured at beamline 8.2.2 at Advanced Light Source, Berke-
ley. Data were collected with an ADSC 315 CCD detector; the
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wavelength was set to 1 A. The oscillation range was 1° per
frame; the total rotation range was 120°. The data were eval-
uvated with the software package HKL 2000 (Collaborative
Computational Project, Number 4 1994). For the primary data
evaluation of X-ray data we used the software package HKL
2000 version 1.93 (Otwinowski and Minor 1997; Minor et al.
2006). The indexed and scaled data were further evaluated with
the software kit CCP4i (Collaborative Computational Project,
Number 4 1994). The 1.8 A structure of P51G-m4-CVN (Fromme
et al. 2007) (PDB entry 2PYS) was used as the starting model for
molecular replacement. The program Phaser 1.3.1 (McCoy et al.
2005) was used for molecular replacement. The calculated model
from Phaser was used as input file to ARP/warp version 6.1.1
(Perrakis et al. 1999, 2001) and the structure was rebuilt based on
the 1.35 A data. All residues from the protein of the final model
were determined by wARP/ARP. The mannose was refined with
the ligand subprogram of wARP/ARP (Zwart et al. 2004). Last
refinement was made manually with Xtalview (McRee 1999) and
several rounds of Refmac 5.2.0019 (Murshudov et al. 1997). After
inspecting the 2Fo-Fc¢ map and correcting minor misalignments
in side chains, the Fo-Fc map was used to find residues with
alternative conformers; the program Coot (Emsley and Cowtan
2004) was used to assign the two conformers. The model was
validated by calculating the omit map (Bhat 1988) with the pro-
gram Sfcheck (Vaguine et al. 1999). In difficult cases the occu-
pancy of the interesting residue(s) was set to zero to obtain the
most possible unbiased phase.
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