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Multisite and Multivalent Binding between
Cyanovirin-N and Branched Oligomannosides:
Calorimetric and NMR Characterization

oligosaccharides [2]. These high-mannose oligosaccha-
rides appear to play a protective role for the virus,
shielding highly conserved protein domains of gp120
from proteolytic attack and/or the host immune system
[3]. Therapeutic targeting of high-mannose oligosaccha-
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of gp120 presents a unique opportunity for the develop-National Cancer Institute, NCI-Frederick
Frederick, Maryland 21702 ment of broadly neutralizing antiviral drugs.

Cyanovirin-N (CV-N), an 11 kDa protein originally puri-2 Laboratory of Chemical Physics
National Institute of Diabetes fied from an extract of the cyanobacterium Nostoc ellip-

sosporum [4], binds potently to high-mannose oligosac-and Digestive and Kidney Diseases
National Institutes of Health charides [5] on gp120 and gp41 and in this manner is

able to inactivate a broad spectrum of HIV-1, HIV-2,Bethesda, Maryland 20892
3 Department of Chemistry and simian immunodeficiency virus (SIV) strains [4]. The

inhibitory activity of CV-N against HIV is at least 1000-Massachusetts Institute of Technology
Cambridge, Massachusetts 02139 fold higher (EC50 � 1 ng/ml; [4]) than the reported antiviral

activities of lectins (EC50 � 1–2 �g/ml; [6]). CV-N’s oligo-4 USA Cancer Research Institute
College of Medicine saccharide binding specificity is also unprecedented. In

affinity chromatography experiments, CV-N is able toUniversity of South Alabama
Mobile, Alabama 36688 preferentially bind the oligomannose-8 (Man-8) and oli-

gomannose-9 (Man-9) glycoforms of RNaseB and not
the oligomannose-7 (Man-7), oligomannose-6 (Man-6),
and oligomannose-5 (Man-5) glycoforms [7]. CV-N bindsSummary
strongest to the larger high-mannose oligosaccharides,
Man-8 [7] and Man-9 [8], and only these two oligo-Binding of the protein cyanovirin-N to oligomannose-8

and oligomannose-9 of gp120 is crucially involved in mannoses exhibit significant inhibition of the CV-
N-gp120 interaction [5] and interfere with CV-N’s abilityits potent virucidal activity against the human immuno-

deficiency virus (HIV). The interaction between cya- to block gp120-CD4 mediated fusion [8].
At present, no structural information is available fornovirin-N and these oligosaccharides has not been

thoroughly characterized due to aggregation of the complexes between CV-N and high-mannose oligosac-
charides, and the binding sites of only a very short man-oligosaccharide-protein complexes. Here, cyanovirin-

N’s interaction with a nonamannoside, a structural an- noside (Man-�1→2-Man) [8, 9] have been mapped on
CV-N. Although useful as an initial step in the analysisalog of oligomannose-9, has been studied by nuclear

magnetic resonance and isothermal titration calorime- of the protein-sugar interaction, studies with short car-
bohydrate sequences cannot adequately address thetry. The nonamannoside interacts with cyanovirin-N in

a multivalent fashion, resulting in tight complexes with observed tight binding of CV-N with either Man-8 or
Man-9. In order to derive a more biologically relevantan average 1:1 stoichiometry. Like the nonamanno-

side, an �1→2-linked trimannoside substructure inter- model, it is necessary to study the interaction of larger,
branched mannosides with CV-N. Such studies are re-acts with cyanovirin-N at two distinct protein subsites.

The chitobiose and internal core trimannoside sub- ported here. To circumvent problems due to aggregation
and precipitation generally observed in interactions withstructures of oligomannose-9 are not recognized by

cyanovirin-N, and binding of the core hexamannoside high-mannose sugars such as Man-9 [8] and Man-8 [7],
synthetic oligomannoside substructures of Man-9 wereoccurs at only one of the sites on the protein. This

is the first detailed analysis of a biologically relevant employed. Recent progress in solid-phase synthesis
and solution-phase assembly [10] of oligosaccharidesinteraction between cyanovirin-N and high-mannose
allows for the production of oligomannosides such asoligosaccharides of HIV-1 gp120.
the branched nonamannoside n-pentyl glycoside, which
lacks the chitobiose moiety at the reducing end of theIntroduction
oligosaccharide structure (Figure 1). Smaller substruc-
tures of the nonamannoside, the hexameric and trimericEntry of the human immunodeficiency virus (HIV) into
cores, and the linear trimeric arm were also investigated.host cells is critically dependent on interactions between

The binding of this panel of oligomannosides (Figurethe viral envelope glycoproteins (gp120 and gp41) and
1) was initially assessed by nuclear magnetic resonancecellular receptor proteins (CD4, CCR5, and CXCR4). The
(NMR). Qualitative information from these studies wasenvelope glycoprotein gp120 of HIV is heavily glycosy-
extended to a fully quantitative study of mannosidelated [1], and of the 24 potential N-linked glycosylation
binding to CV-N by using the technique of isothermalsites on gp120, eleven are occupied by high-mannose
titration calorimetry (ITC). We have previously used ITC
to characterize the thermodynamics of CV-N binding to5 Correspondence: manuscripts@dtpax2.ncifcrf.gov (M.R.B.),

gronenborn@nih.gov (A.M.G.) glycoproteins [7, 11] and to a single, purified oligosac-
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Figure 1. Chemical Structures and Names
Assigned to the Various Mannosyl Substruc-
tures of Man-9

charide, oligomannose-8 (Man-8) [7]. ITC is the method dimannoside (Man-�1→2-Man) [9]. The interaction be-
of choice for determining the affinity of a ligand for a tween CV-N and oligomannose-9 (Man-9) resulted in
macromolecule and has been extensively employed in aggregation and precipitation and complete loss of NMR
binding studies of mono-, di-, and other small, un- signal due to line broadening. Therefore, no structural
branched saccharides with their partner lectins [12, 13]. information could be derived by NMR for this interaction.
It is increasingly being applied to the study of branched Binding was observed for all sugars except the core
oligosaccharides and their multivalent interactions with trimannoside (CTM) and chitobiose (CB).
proteins [14, 15]. The combined data from our NMR Calorimetric titrations of LTM, HM, NM, and Man-9
and calorimetric titration studies allow us to propose a with CV-N revealed that CV-N binding was largely driven
mechanism for the reported tight binding between CV-N by enthalpic contributions (negative �H values) as deter-
and Man-9 and to provide clues toward understanding mined from the observed isotherms (Figure 2; Table 1).
the unique biological activity of this protein. The larger sugars exhibited greater exothermic heats of

binding (Figure 2). A negative �H of association sug-
gested that favorable binding contacts such as polar/Results and Discussion
electrostatic, van der Waals, and hydrogen bonds were
mediated between CV-N and these oligosaccharides.NMR titration experiments with linear trimannoside
Binding was, however, entropically disfavored for all(LTM), hexamannoside (HM), and nonamannoside (NM)
of the CV-N-oligosaccharide interactions (negative T�Sindicated that binding of the three oligosaccharides to
values; �G � �H –T�S). This result indicated that theCV-N affects either one or two regions of the protein.
sum total of binding entropy due to solvation effectsThese two regions on CV-N were essentially identical

to the binding sites implicated in the CV-N binding of a and to the rotational, translational, and conformational
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Figure 2. Calorimetric Titrations of CV-N

Calorimetric titrations of CV-N with (A) LTM, (B) HM, (C) NM, and (D) Man-9.
The solid lines represent fits to the data. The overall �H (kcal/mol) of binding and stoichiometry of the interaction is easily observed.

freedoms of CV-N and/or the oligosaccharides was teraction. An enthalpy-entropy compensation plot (��H
versus � T�S; Figure 3A) showed a linear correlationgreatly reduced as a result of binding. It is generally

expected that complex formation reduces the transla- (r2 � 0.98). The observed slope of 1.23 demonstrated
that the enthalpy and entropy terms were approximatelytional, rotational, and, in some cases, the conformational

entropies of the binding partners. If, however, binding equal in magnitude. However, the enthalpies of binding
were favorable enough to offset the unfavorable bind-is accompanied by expulsion of water from the binding

interface, the gain in entropy of the water molecules ing entropies (Figure 3B), resulting in moderately tight
binding interactions between the oligosaccharides andwould provide a favorable driving force for complex for-

mation. Our results for the binding between CV-N and CV-N. Enthalpy-entropy compensation such as this is
commonly observed for protein-oligosaccharide inter-the high-mannose oligosaccharides suggest that the

latter contributes minimally to the energetics of this in- actions [16].

Table 1. Overall Thermodynamic Parameters Recovered from the Binding Data of CV-N with Man-9 and with the Various Substructures
of Man-9 Using a One-Site Model

LTM HM NM Man-92

Enthalpy
�H overall �9.06 � 0.10 �13.40 � 0.16 �21.70 � 0.22 �27.00 � 0.18
(kcal/mol)
Entropy
T�S overall �2.67 � 0.10 �5.66 � 0.16 �13.97 � 0.21 �16.17 � 0.21
(kcal/mol)
Free Energy
�G overall1 �6.39 � 0.03 �7.74 � 0.04 �7.72 � 0.03 �10.80 � 0.21
(kcal/mol)

CV-N titrations with CTM and CB resulted in basal levels of binding which could not be deconvoluted by the calorimetric software.
1 �G � � RTlnKa; T � 303 K.
2 Precipitation observed.
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Binding of a Linear �-(1→2)Trimannoside
to CV-N
CV-N’s inability to recognize internal structures (CB and
CTM) of Man-9 prompted us to examine other substruc-
tures of this oligosaccharide that may be responsible for
binding CV-N. The linear trimannoside was synthesized
and employed for structural and calorimetric studies.
This sugar is composed of a unique string of three con-
secutive �1→2-linked mannoses that characterizes the
D1 arm of Man-9.

Binding of LTM to CV-N was investigated by NMR.
Chemical-shift mapping using 1H-15N HSQC spectros-
copy revealed chemical-shift changes for 11 backbone
amide resonances and 5 side chain amide resonances
upon addition of one equivalent of sugar. For higher
amounts of sugar, an additional 13 resonances were
affected, exhibiting substantial line broadening. The
changes observed were essentially identical to those
reported for binding of a linear dimannoside (Man-
�1→2-Man) [9], and as will be discussed, the mapping
of the two sugar-interacting sites on CV-N were similar
in the cases of LTM and of a branched nonamannoside
(Figures 4D and 4E).

Calorimetric analysis of the interaction between LTM
and CV-N is consistent with a two-site binding model
suggested by the structural data. The thermodynamic
parameters for LTM binding at the two sites on CV-N
were obtained by using a nonlinear least-squares fitting
of the binding to either a one- or two-site model. The

Figure 3. Enthalpy-Entropy Compensation recovered thermodynamic parameters are summarized
(A) Plot of ��H versus �T�S for the binding of CV-N to LTM, HM, in Tables 1 and 2. For the two-site model, the enthalpies
NM, and Man-9. The solid line corresponds to fit of the data with a of LTM binding at site 1 and site 2 of CV-N were similar
slope of 1.23. (�H1 and �H2 � �8 kcal/mol; Table 2), whereas the
(B) Dissection of the binding energetics (�G � �H � T�S) of LTM,

binding entropy at site 1 was more favorable (T�S1 �HM, NM, and Man-9 to CV-N. �G, black bars; �T�S, gray bars; �H,
�0.51 kcal/mol versus T�S2 � �2.75 kcal/mol). The re-white bars.
sulting equilibrium dissociation constant for binding of
LTM at site 1 is a factor of 10 smaller than at site 2
(Kd1 �3.48 �M; Kd2 � 46.10 �M), resulting in an overall

Binding of Core Trimannoside and Chitobiose
10-fold weaker binding of the sugar to site 2 on CV-N.

to CV-N
This result was in agreement with the NMR titration data

Calorimetric titration experiments using core trimanno-
for LTM. The second sugar-interacting site on CV-N has

side and chitobiose with CV-N did not result in measur-
been described as a semicircular cleft [9] which binds

able affinities in the calorimetric experiments even at mannosides less efficiently than does the primary site.
high concentrations of protein and sugar. The chitobiose Our results with LTM are consistent with this finding.
disaccharide resides at the reducing end of an N-linked
sugar via which the sugar is attached to the side chain Binding of Hexamannoside to CV-N
amino group of asparagine in a given glycoprotein. This Extending the structure of linear LTM to hexamannoside
implies that the chitobiose is the least surface-exposed represents the next logical step for a progressive syn-
part of the sugar and in most cases will not be accessible thesis toward larger oligomannose structures. The strik-
for interaction. Similarly, CTM in high-mannose sugars ing difference observed between the CV-N binding of
is buried in the interior of the sugar structure and is thus CTM and LTM suggested that an extended binding epi-
less accessible. CV-N’s inability to recognize CTM and tope containing �1→2-linked mannoses may be a critical
CB was somewhat expected, since we had previously determinant for binding CV-N. We reasoned that if a core
observed that complex oligosaccharides (which contain structure containing an �1→2-linked mannose terminus
these same core structures) have no binding affinity to could be designed, then proper recognition by CV-N
CV-N [7]. In this regard, it is interesting that chitobiose would be possible. HM represents the extended core
and core trimannose are specifically recognized by en- region of Man-9 and, as such, is branched to a similar
zymes that cleave bi- and triantennary complex oligo- extent as is Man-9. It contains, however, only one of
saccharides but not by enzymes that process high-man- four terminal �1→2-linked mannoses of the larger oligo-
nose oligosaccharides [17]. CV-N’s lack of binding to saccharide. The interaction of this hexamannoside with
CTM and CB suggested that its sugar binding properties CV-N was again investigated by NMR. This constitutes
might be similar to that of certain other high-mannose the first structural study of CV-N with a branched oligo-

saccharide.oligosaccharide binding proteins [17].
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Figure 4. Structural Mapping of Sugar Binding Sites on CV-N

Superposition of the 1H-15N HSQC spectra of free CV-N and CV-N complexed with hexamannoside (A) and free CV-N and CV-N complexed
with nonamannoside (D). Free protein (black) is at concentration of 100 �M, and the spectrum of the complexes (red) are shown at a
hexamannoside/protein ratio of 15:1 and a nonamannoside/protein ratio of 7:1. Resonances are labeled by residue number and type with
arrows connecting free (black) and complex (red) cross peaks. In (D), residues affected by binding of carbohydrate to the second site on the
protein are labeled in green. Residues exhibiting intermediate exchange behavior on the chemical shift scale are circled. (B) shows a backbone
tubular representation and (C) and (E) show molecular surface representations of the CV-N structure delineating the binding surfaces for the
hexamannoside ([B] and [C]) or nonamannoside (E). The color coding in (B) and (C) reflects the normalized weighted average of the 1H and
15N chemical shifts calculated as [��2

NH � ��2
N/25)/2]1/2�max, where �max is the maximum observed weighted shift difference (0.385 ppm for the

amide cross peak of D44). The colors range from orange (�av/�max � 1.0) through yellow (�av/�max � 0.5) to blue (�av/�max � 0). In (E), residues
not affected by nonomannose binding are colored blue, and those exhibiting small and large changes are yellow and red, respectively.
Molecular structures were generated with the program GRASP [29], and the coordinates of CV-N employed are those of the solution NMR
structure (Protein DataBank ID code 2EZN).

Similar to our findings with LTM, changes in amide HM did not result in further changes in the spectrum.
This suggests that the hexamannoside lacks the struc-resonances in the HSQC spectra of CV-N were ob-

served. Indeed, identical resonances for which changes tural features necessary for detectable binding to both
sites on the protein. Alternatively, the hexamannosidehad occurred after addition of one equivalent of LTM

were perturbed, indicating that the same region of the may represent a more conformationally restricted mole-
cule than LTM, hindering the necessary conformationalprotein was involved in sugar binding (Figures 4A–4C).

Unexpectedly, however, even a 19-fold molar excess of change for binding to the second site on the protein.
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Table 2. Thermodynamic Parameters Recovered from the Binding Data for LTM, HM, and NM to CV-N Using a One-Site Model for HM
and a Two-Site Model for LTM and NM

LTM HM NM

Stoichiometry
sugar:CV-N 2:1 1:1 (1:1)2

Enthalpy
�H1

(kcal/mol) �8.07 � 0.10 �13.40 � 0.16 �22.80 � 0.25
�H2

(kcal/mol) �8.76 � 0.14 �0.38 � 0.26

Entropy
T�S1

(kcal/mol) �0.51 � 0.13 �5.66 � 0.16 �13.71 � 0.25
T�S2

(kcal/mol) �2.75 � 0.10 7.33 � 0.26

Free Energy
1�G1

(kcal/mol) �7.56 � 0.13 �7.74 � 0.04 �9.09 � 0.10
1�G2

(kcal/mol) �6.01 � 0.02 �7.72 � 0.09

Affinity
Kd1

(�M) 3.48 � 0.78 2.61 � 0.19 0.27 � 0.05
Kd2

(�M) 46.10 � 1.70 2.70 � 0.42

1�G � � RTlnKa; T � 303 K.

Future structural studies of the complex between CV-N data. NM lacks the chitobiose moiety of Man-9 but re-
tains the rest of Man-9’s internal branched constructionand HM may shed some light on these issues.

Calorimetric titration data revealed that HM binds with and, more importantly, the three mannosyl arms of the
oligosaccharide. Using NM it was possible to monitormoderate affinity to CV-N (Table 2). The analysis of the

binding isotherm (Figure 2B) yielded a �G value of �7.74 the sugar binding by NMR, thereby allowing for the first
time a study of a biologically relevant CV-N-high-man-kcal/mol, and the data could be fitted well to a one-site

model. The recovered parameters showed that the HM- nose interaction. As with LTM, two sites on CV-N were
affected by binding. Superimpositions of the free andCV-N interaction was enthalpically driven (�H1 � �13.40

kcal/mol). Interestingly, the binding enthalpy for HM is NM-bound HSQC spectra of CV-N are displayed in Fig-
ure 4D, and identical regions on the three-dimensionalmore favorable than that for LTM (��H1 � �5.33 kcal/

mol), although both sugars appeared to structurally af- protein structure as previously observed for LTM are
mapped as interaction sites (Figure 4E). These resultsfect site 1 on CV-N in a similar manner. This gain in

binding enthalpy was, however, almost completely com- suggest that the major structural determinants on high-
mannose sugars responsible for high affinity CV-N bind-pensated by the loss in favorable binding entropy, re-

sulting in an equilibrium dissociation constant (Kd1 � ing contain �1→2 linked mannoses.
Calorimetric titration of CV-N with NM was performed2.61 � 0.19 �M) that was comparable to that of LTM

(Kd1 � 3.48 � 0.78 �M). This suggested that CV-N can and compared to the LTM-CV-N interaction (Figure 2C).
Since two sites on the protein were identified by NMR,recognize and bind with similar affinity to an �1→

2-linked mannose in a sterically unhindered structure the experimental binding isotherm was fitted to a two-
site model (Table 2). Similar to LTM, a 10-fold difference(LTM) as well as to one contained within a core high-

mannose oligosaccharide (HM). Since no binding of in sugar binding affinity was observed between the two
sites on CV-N (Kd1 � 0.27 �M versus Kd2 � 2.70 �M).CTM ([�-Man-(1→3)][�-Man-(1→6)]-�-Man) to CV-N was

observed, it seemed unlikely that this substructure(s) in However, comparing the absolute values of NM’s bind-
ing affinities with those of LTM (Kd1 � 3.48 �M, Kd2 �HM could have mediated interaction with CV-N.
46.10 �M), a �15-fold difference between the respective
affinities was noted. Given the NMR results, we attributeBinding of Nonamannoside to CV-N

The closest structural similarity between any of our pres- the observed binding affinity between NM and CV-N to
multivalent binding.ent oligosaccharides and Man-9 exists for the nonaman-

noside. In contrast to Man-9, no aggregation and/or Another significant difference between NM and LTM
was noted in the binding energetics. Comparing theprecipitation of CV-N upon sugar binding occurred, ren-

dering this molecule an ideal analog for structural and thermodynamic parameters using the two-site model,
binding of NM to site 1 appeared to be largely driven bythermodynamic investigations. Aggregation and precip-

itation had been reported for Man-9’s interaction with enthalpic contributions, whereas entropy alone (positive
�S1 value) was responsible for binding to site 2. In con-CV-N [8], and it is well known that nonequilibrium condi-

tions prevent the extraction of correct thermodynamic trast, for LTM, enthalpy favored binding to both sites.
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A negative �H of association is generally believed to binding scheme illustrating the possible species and
their equilibria is provided in Figure 5.be due to favorable binding contacts, such as polar/

electrostatic, van der Waals, and hydrogen bonds, be-
tween a ligand and a macromolecule. A positive �S, on

Binding of Man-9 to CV-Nthe other hand, is more difficult to interpret. It could be
Despite several attempts to elucidate the structural fea-due to several binding modes for NM at the site 2 on
tures of Man-9 binding to CV-N by NMR, complex forma-CV-N. Alternatively, flexibility of the protein and/or sugar
tion was accompanied by extreme line broadening andin the complex and solvation effects may also have
ultimately resulted in precipitation. Similar problemscontributed to the observed positive entropy of binding.
were encountered in the titration calorimetric experi-Many naturally occurring oligosaccharides and glyco-
ment. It therefore was impossible to extract an accurateconjugates are multivalent, thereby increasing the ap-
value for binding affinity from such an isotherm (Figureparent affinity for lectins relative to monovalent analogs
2D). If we treated the binding as an equilibrium isotherm,[18]. Multivalency for the NM-CV-N interaction thus
a meaningless value was obtained. However, an accu-seemed a plausible mechanism. The three “arms” of NM
rate estimation of the binding enthalpy (�H overall) waseach contain �1→2-linked mannoses, allowing a single
possible, as this parameter could be extrapolated frommolecule of NM to interact with more than one molecule
the isotherm well before the point of aggregation, at theof CV-N. An experimental test of this hypothesis is easily
beginning stages of the titration experiment. The �H ofpossible. NMR relaxation measurements allow an esti-
binding (�27 kcal/mol) was very similar to that observedmation of the molecular mass of the molecule or com-
for NM (Figure 2C), albeit slightly more negative. Bindingplex under investigation. We measured heteronuclear
of Man-9 to CV-N appeared to also involve multisiteT2 values for the amide protons and amide nitrogens in
interactions similar to those between CV-N and NM. Thethe different complexes described here. For uncom-
calculated difference in �H values for the CV-N interactionplexed CV-N and complexes between CV-N and LTM
with Man-9 and LTM was large (��H � �17.94 kcal/mol;or HM, average T2 values of �50 ms and �110 ms were
Figures 2A and 2D; Table 1), suggesting that Man-9observed for protons and nitrogens, respectively, con-
bound more than one CV-N molecule. An exact molecu-sistent with one protein molecule per complex. For the
lar weight of the protein-oligosaccharide complex was,complex between CV-N and NM, average T2 values of
however, impossible to determine by analytical ultracen-�21 ms and �64 ms were obtained, significantly shorter
trifugation due to the precipitation. This implies a sub-than expected for a 1:1 complex. Indeed, these values
stantial size for the complex.are similar to those measured for a domain-swapped

Precipitation of Man-9-CV-N occurred at about a 1:1dimer structure of CV-N, previously characterized by
molar ratio (Figure 2D). This suggested that prior to pre-NMR [19], suggesting a species significantly larger than
cipitating, the Man-9-CV-N association was similar toa single CV-N protein bound to either one or two sugar
that of the NM-CV-N complex. Sedimentation resultsmolecules. In order to further assess the oligomerization
had indicated that although multimerization of the NM-

state of the sugar-CV-N complexes, we carried out sedi-
CV-N complex had been possible, formation of higher-

mentation studies by analytical ultracentrifugation. Re-
order structures was not greatly favored under our pres-

sults indicated that the NM-CV-N complex was polydis-
ent equilibrium conditions. The NM binding affinities for

perse, predominantly containing species of �22–24 kDa site 1 and site 2 on CV-N were not high enough to drive
size. We therefore concluded that the NM-CV-N com- the formation of very large, insoluble oligosaccharide-
plex contains at least two protein molecules. protein complexes. This is different for Man-9 binding,

Closer examination of the NM-CV-N calorimetric ex- where higher binding affinities at site 1 and 2 could
periment revealed additional support for the involve- easily promote the formation of higher aggregates.
ment of multivalent interactions. Comparison of the Taking all of the above results together yields the
overall binding enthalpies observed for LTM and NM following picture. The chitobiose unit (GlcNAc-	1→
upon interaction with CV-N (Figures 2A and 2C) revealed 4-GlcNAc) that is present in Man-9 but absent in NM
that the �H value for NM was approximately twice that appears to contribute to the observed tight binding be-
of LTM. On the other hand, the binding entropies did tween Man-9 and CV-N, although CB by itself had no
not scale accordingly. Instead, T�S was much more affinity for CV-N (Table 1). This suggested that its pres-
negative (�13.97 kcal/mol) than twice the T�S value of ence in the Man-9 structure enhanced the ability of the
�2.67 kcal/mol for LTM. This finding suggested that NM �1→2-linked mannoses to mediate tight, multivalent in-
is a multivalent ligand that binds to separate macromole- teractions with CV-N. Molecular dynamics simulations
cules [18]. An analogous behavior has been reported of high-mannose oligosaccharides previously indicated
for the interaction of concanavalin A with multivalent that the D1 and D3 arms are more solvent exposed than
sugars [14]. The ability of NM to crosslink two CV-N the D2 arm, with the D2 arm being held closer to the
molecules and for CV-N to bind two NMs at site 1 and chitobiose core region [22]. In addition, biochemical
site 2 suggests that the 1:1 stoichiometry observed in data have revealed that the terminal mannose on D2 is
the calorimetric experiment results from two protein protected from cleavage through its interactions with
molecules interacting with two sugar molecules. This is chitobiose [23] and that the rate of cleavage by mannosi-
in agreement with the sedimentation studies described dases increases upon removal of the reducing GlcNAc
above. Similar 2:2 (1:1) stoichiometries have been de- [24]. It therefore is possible that the CB unit in Man-9
scribed for interactions between bivalent lectins and may help to retract the D2 arm closer to the core region,

creating less steric hindrance for the D1 and D3 arms,bivalent oligosaccharide ligands [20, 21]. A proposed



Chemistry & Biology
1116

Figure 5. Schematic Depiction of LTM, HM, and NM Binding to CV-N

CV-N is represented by an ellipsoid and both binding sites are marked. Site 1 is colored blue and site 2 red. The individual sugar units on
the oligosaccharides responsible for interacting with CV-N are color coded according to their linkage pattern.

allowing these arms to optimally extend into CV-N’s lent binding of branched oligomannosides to CV-N
was dissected using synthetic substructures of Man-9.sugar binding sites. This line of reasoning is fully sup-
We demonstrated that CV-N specifically recognizesported by the ITC data. Binding of Man-9 to CV-N re-
the �1→2-linked mannosyl-containing arms of Man-9sulted in a more favorable enthalpy than the binding of
but does not bind the oligosaccharide’s internal coreNM (��H � �5.3 kcal/mol; Figures 2C and 2D; Table
regions such as the trimannose core or the chitobiose.1), suggesting that Man-9 can engage in more intimate
Both the nonamannoside and the trimannosyl D1 armcontacts with CV-N. A stronger binding by Man-9 at
bind CV-N in essentially identical fashion at two dis-both site 1 and site 2 on CV-N will fix the higher-order
tinct protein sites. The size of the CV-N-nonamanno-structures that are formed during the course of multiva-
side complex indicates that on average two moleculeslent, multisite binding between the oligosaccharide and
of CV-N are linked via the oligosaccharide. This linking,the protein (Figure 5) and result in precipitation of these
together with the fact that CV-N binds two Man-9 ana-complexes.
log molecules, is most likely responsible for the tight
association between CV-N and this oligosaccharide.

Significance Characterization of the multisite, multivalent interac-
tion between CV-N and high-mannose oligosaccha-

The interaction between the antiviral protein, cyanovi- rides sheds light on the biological activity of CV-N.
rin-N (CV-N), and high-mannose oligosaccharides of The mechanism for the practically irreversible associ-
viral glycoproteins has been difficult to map due to ation of CV-N with high-mannose oligosaccharides
severe aggregation of the protein-sugar complexes. brought about by these unique molecular interactions
Recent progress in solid-phase synthesis and solu- is outlined in the present paper. We suggest that the
tion-phase assembly [10] of oligosaccharides has al- potent HIV-inactivating activity of CV-N is in large part
lowed the production of a series of linear and branched due to its ability to block viral-cell fusion by irreversibly
oligomannosides employed in the present work to in- binding and linking oligosaccharides on gp120 and
vestigate these interactions in greater detail. Using gp41, thereby crosslinking discrete areas in these pro-

teins and rendering them incapable to undergo theNMR and isothermal titration calorimetry, the multiva-
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