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Abstract

Crystal structures of complexes of an antiviral lectin griffithsin (GRFT) with glucose and N-acetylglucosamine
were solved and refined at high resolution. In both complexes, all six monosaccharide-binding sites of
GRFT were occupied and the mode of binding was similar to that of mannose. In our previous attempts
to obtain a complex with N-acetylglucosamine by soaking, only a single site was occupied; thus,
cocrystallization was clearly superior despite lower concentration of the ligand. Isothermal titration
calorimetric experiments with N-acetylglucosamine, glucose, and mannose provided enthalpic evidence of
distinct binding differences between the three monosaccharides. A comparison of the mode of binding of
different monosaccharides is discussed in the context of the antiviral activity of GRFT, based on specific

binding to high-mannose-containing complex carbohydrates found on viral envelopes.
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Griffithsin (GRFT) is a potent antiviral lectin isolated
from the red alga Griffithsia sp. (Mori et al. 2005). GRFT
has been reported to exhibit significant activity against
human immunodeficiency virus (HIV) and the coronavi-
rus that causes severe acute respiratory syndrome (SARS)
(Zidtkowska et al. 2006). The antiviral activity of GRFT
is due to its binding to high-mannose oligosaccharides on
viral envelope glycoproteins. Surprisingly for a protein
with such potent anti-HIV activity (ECsy = 0.043-1.0 nM),
the binding of GRFT to soluble HIV gp120 was inhibited by
mannose, glucose, and N-acetylglucosamine (Mori et al.
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2005). Generally, functionally similar monosaccharide-
specific lectins (Ziétkowska and Wlodawer 2006) have
been reported to have anti-HIV activity at concentrations
~1000-fold higher than that reported for GRFT (Charan
et al. 2000). The unique potency to GRFT makes further
study of its specific monosaccharide interactions of con-
tinuing interest.

Crystal structures of carbohydrate-free GRFT, as well as
of its complexes with monosaccharides and disaccharides
such as mannose, N-acetylglucosamine, 1| — 6a-mannobiose,
and maltose were solved and refined at high resolution
(Ziotkowska et al. 2006; 2007). The fold of GRFT cor-
responds to the (-prism-I motif (Chothia and Murzin
1993), which consists of three repeats of an antiparallel,
four-stranded [3-sheet that form a triangular prism. The first
two (3-strands of one chain are associated with 10 strands of
the other chain and vice versa; thus, GRFT can be described
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as a domain-swapped dimer (Zidtkowska et al. 20006). A
monomer of GRFT contains three almost identical carbo-
hydrate-binding sites, each capable of binding a mono-
saccharide; thus, six principal sites are found in the dimer.
Binding of oligosaccharides to multiple sites on a GRFT
molecule provides the basis of its unique antiviral activity,
which is >1000-fold more potent than the anti-HIV activ-
ities reported for several monosaccharide-specific lectins
from the same structural family (Charan et al. 2000;
Ziotkowska et al. 2006). This potency makes GRFT a
promising candidate for development as a pharmaceutical
agent for prevention of viral infection, specifically in the
form of a female-controlled anti-HIV microbicide.

We present here the structures of GRFT cocrystallized
with glucose and N-acetylglucosamine. No structure of
glucose-bound GRFT had been reported, whereas the
previously determined structure of the complex with
N-acetylglucosamine (Protein Data Bank [PDB] code 2gue)
was obtained by soaking, with only one binding site
occupied by the carbohydrate.

Results and Discussion

Superposition of the complex of GRFT with glucose on
the coordinates of the mannose complex of GRFT with
mannose refined at 1.78 A resolution (PDB code 2guc)
(Zidtkowska et al. 2006) yielded a root mean square

(RMS) difference of 0.41 A for the whole dimer. The
largest differences were observed for SerlA, Leu2A,
Tyr121A, Ser54B, and Gly55B. An analogous super-
position of the complex with N-acetylglucosamine
yielded a RMS difference of 0.43 A for the whole dimer.
The largest differences were observed for Serl A, Leu2A,
Ser13B, Ser54B, and Gly55B.

GRFT was cocrystallized with glucose and N-acetyl-
glucosamine in space group P2,2,2, (Table 1), isomor-
phous to the unliganded form (PDB code 2gty) that was
previously used for soaking with N-acetylglucosamine
(PDB code 2gue) but different from the cocrystals with
mannose, maltose, and 1 — 6a-mannobiose. Neverthe-
less, the mode of sugar binding appears the same in all
cocrystal forms of monosaccharides (Fig. 1). All six
binding sites are occupied, and the conformation of the
sugar molecules is similar to that of mannose. The pattern
of hydrogen bonding in sugar binding sites for all
cocrystal complexes of GRFT is also well conserved.

The difference between molecules of glucose and
mannose is in the orientation of the Ol atom, with the
details of the hydrogen bonding pattern of a glucose
molecule shown in Figure 2A. The difference in sugar
conformation between these monosaccharides does not
appear to affect interactions with GRFT, since O1 points
away from the protein chain. Similarly, the acetyl group
of N-acetylglucosamine is directed away from the protein

Table 1. Statistics of data collection and structure refinement

Crystal
Complex of GRFT with
Complex of GRFT with glucose N-acetylglucosamine
Data collection
Space group P2,2,2; P2,2,2,
Cell parameters a=3749 A, b = 53.67 A, 37.57 A, 53.41 A, 104.01 A,
c = 103.83 A; a=B=vy=090°
o= B =v= 90°
Molecules/a.u. 2 2
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Resolution (A) 30-1.50 30-1.56
Total reflections 882,464 477,222
Unique reflections 30,820 30,231
Completeness (%)" 89.6 (97.3) 98.8 (97.3)
Avg. l/o 17.1 (7.2) 17.3 (1.95)
Rinerge (%)° 8.0 (44.0) 8.4 (69.8)
Refinement statistics
R (%)° 15.71 16.51
Riree (%)° 20.35 20.51
RMS deviations bond lengths (A) 0.021 0.021
RMS deviations angles (°) 2.1 1.9
PDB code 2nuo 2nus

The number of unique reflections is given first with Friedel pairs unmerged, and after merging in parentheses.
“The values in parentheses relate to the highest resolution shell.
mee,ge = Z|1 — (1)|/ZI, where I is the observed intensity and (I) is the average intensity obtained from multiple observations of

symmetry-related reflections after rejections.

°R = Y ||F,| = |F.|[/}|F,|, where F, and F, are the observed and calculated structure factors, respectively.
d

Riree = defined by Briinger (1992).
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Figure 1. Superposition of the structures of mannose (green) and glucose (yellow, A), or N-acetylglucosamine (white, B) in the
binding sites 1-3 in the cocrystal complexes of GRFT. The coordinates of only the predominant a anomer of N-acetylglucosamine

are shown.

(Fig. 2B). In isothermal titration calorimetry binding
experiments with GRFT, interaction heats were detected
for both glucose and N-acetylglucosamine. These heats of
interaction were comparable to that of mannose (Fig. 3),
with a 1.5-fold decrease for glucose and a twofold decrease
for N-acetylglucosamine (Table 2). In binding experiments
with other monosaccharides to GRFT, only minimal or no
heats of interaction were detected (data not shown). How-
ever, a subtle but important difference between mannose
and either glucose or N-acetylglucosamine was detected in
the calorimetry binding experiments. As was previously
reported (Zidtkowska et al. 2007), binding between man-
nose and GRFT was fully saturable (K4 = 102 pM). In the
case of glucose and N-acetylglucosamine, although inter-
action heats were detected for both these monosaccharides,
saturation of binding was not achieved, and as such, values
for the enthalpy of binding and binding affinity could not
be numerically derived.

Only limited binding of N-acetylglucosamine was
observed in soaked crystals (Zidtkowska et al. 2006). A
single molecule of N-acetylglucosamine was found in site
6 of the GRFT dimer, whereas other sites were occupied
by different ligands present in the mother liquor, such as
ethylene glycol (site 5), sulfate (sites 1 and 4), and water
(site 2). Site 3 is involved in intermolecular contacts and
is not accessible to soaked ligands. Preferential binding of
a carbohydrate molecule in site 6 simply indicates easier
accessibility, since all six sites are occupied by N-acetyl-
glucosamine in the new cocrystal structure, and the
conformation of sugar molecules is similar to that found
in the complex with mannose. Additionally, there is a sig-
nificant difference between the orientation of N-acetyl-
glucosamine in binding site 6 in both the soaked and
cocrystal structures (Fig. 2C). The soaked structure was

refined at 2.0 A resolution, whereas the cocrystal form
was refined at 1.56 A, giving more detailed information
and showing clear indications of the presence of both a
and 3 anomers of N-acetylglucosamine in all six binding
sites, with the former predominating.

It is worth noting that all sites were fully occupied in
the cocrystals although the concentration of N-acetyl-
glucosamine in the crystallization solution was ~15 mM,
whereas in the previous experiments the unliganded
crystals were soaked in 50 mM solution. Soaking experi-
ments were performed repeatedly with varied concen-
trations of different ligands and resulted in no carbohydrate
binding at lower concentration, and in destruction of the
crystals when sugar concentration was raised. Thus the
previously reported structure of a complex with N-acetyl-
glucosamine obtained by soaking resulted from an irrepro-
ducible experiment in which at least some binding could be
seen before crystals were destroyed. Although sulfates
occupied some of the carbohydrate-binding sites in the
soaked structure, sulfate concentration in the cocrystalliza-
tion experiments was actually significantly higher. The
differences between the structures obtained by soaking
versus cocrystallization point out why the latter, if feasible,
is by far a preferred method of preparing ligand complexes.

Although the antiviral properties of GRFT are based
on its ability to bind efficiently oligosaccharides with
branches ending in mannose, the structural data presented
here indicate that there is apparently very little difference
in the ability of this lectin to bind other monosaccharides,
such as glucose and N-acetylglucosamine. The fact that the
calorimetric results reported here and those from an earlier
study with disaccharides (Zidtkowska et al. 2006) show a
thermodynamic preference for mannose and 1 — 6a-man-
nobiose over glucose and maltose, respectively, indicates
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Figure 2. Details of the interactions between glucose and N-acetylglucos-
amine and GRFT. (A) Glucose in site 1. The location and lengths of
hydrogen bonds are representative for all six principal carbohydrate
binding sites. (B) N-acetylglucosamine in site 1. Both anomers are present,
and the conformation of the side-chain of Asp109 is twofold disordered.
(C) Superposition of the molecules of N-acetylglucosamine found in the
binding site 6 of GRFT in the cocrystal (white) and soaked (cyan) forms of
the complexes. Both anomers are present in the cocrystal structure,
whereas only a single anomer was modeled in the soaked structure.

that further studies are necessary to determine the bio-
physical source of this preference. Since previously pub-
lished data (Mori et al. 2005) indicated that mannose was
four- to fivefold better than glucose or N-acetylglucos-
amine at inhibiting the binding of GRFT to HIV gp120, the
functional importance of further investigating this dichot-
omy is clear.

Materials and Methods

GRFT used for structural studies was prepared as recombinant
protein in Nicothiana benthamiana, expressed and purified as
described previously (Zidtkowska et al. 2006). Crystals of
the complexes of GRFT with glucose and N-acetylglucosamine
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were obtained by the hanging-drop, vapor diffusion method. The
crystals of both complexes were grown in 1.8 M MgSQOy, 0.1 M
MES (pH 6.5), with 1:10 molar ratio of GRFT monomers
to monosaccharide (protein concentration, ~20 mg/mL).
The quality of crystals of the complex with glucose was
improved by streak seeding. Crystals of both complexes are
isomorphous in the space group P2,2,2, (Table 1), with a dimer
in the asymmetric unit.

X-ray diffraction data were collected at the SER-CAT beam-
line 22-ID, at the Advanced Photon Source (APS), on a MAR
300CCD detector. Prior to data collection, crystals were briefly
soaked in a crystallization buffer containing additional 10%
ethylene glycol and were rapidly frozen in a nitrogen stream
(temperature, 100 K). All data were processed and scaled using
the HKL2000 package (Otwinowski and Minor 1997). The
structures of both complexes were solved by molecular replace-
ment with PHASER (Storoni et al. 2004) using as a model the
coordinates of GRFT dimer from the complex with mannose
refined at 1.78 A resolution (PDB code 2guc) (Zidtkowska et al.
2006). For the complex with glucose, a solution was found
with the Z-score of 15.7 after rotation function search and 23.5
after translation function search, and resulted in R = 0.267 and
Rpee = 0.288 after a single run of restrained refinement with
no rebuilding. The solution for the complex with N-acetyl-
glucosamine was found with the Z-score of 14.3 after rotation
function and 27.7 after translation function, and with R = 0.231
and Ry = 0.318 after the first run of restrained refinement. The
structures were further rebuilt with COOT (Emsley and Cowtan
2004) and refined with REFMACS (Murshudov et al. 1997). The
results of the refinement are summarized in Table 1. The
coordinates and structure factors have been deposited in the
PDB with accession codes 2nuo and 2nu5 for the experimentally
determined complexes of GRFT with glucose and N-acetylglu-
cosamine, respectively.

All calorimetric titration experiments were carried out on a
VP-ITC titration calorimeter (Microcal Inc.). In each experi-
ment, 5 pL aliquots of a 1.18 mM solution of a monosaccharide
were titrated into a rapidly spinning (300 rpm) solution of a
0.17 mM solution of GRFT (cell volume, 1.3472 mL) held at
constant temperature (30°C). A total of 55 injections were made
per experiment. All protein solutions were dialyzed in 10 mM
PBS (pH 7.4), and the exact concentration of GRFT in each
experiment was determined by amino acid analysis on a Hitachi
model L-8800 automated amino acid analyzer according to
manufacturer’s protocols. The binding isotherms were corrected
for the heats of dilution, and the resulting area under the
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Figure 3. Comparison of the calorimetric heats of interaction of mannose,
glucose, and N-acetylglucosamine with GRFT.
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Table 2. A comparison of the calorimetric heats of interactions

Monosaccharide Heats of interaction (cal/mol)
Mannose —81.11 = 27.39
Glucose —50.21 = 9.80
N-acetylglucosamine —43.17 = 22.68

interaction heat peaks were normalized to the amount of
monosaccharide and averaged over the course of the experiment.
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