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ABSTRACT: The details of the interaction between two mutants of Cyanovirin-N (CV-N), an HIV inactivating
protein, and di- and trimannosides, substructures of Man-9, were investigated by STD NMR spectroscopy.
One mutant, CV-N™DB_ contains only one carbohydrate-binding site on domain A, whereas in CV-
NmuDA - the specificity of domain A for trimannose was changed while the site in domain B was kept
intact, allowing for a dissection of the overall binding. Results of the STD NMR experiments revealed
close contact between the protein binding site on domain A and H2, H3, and H4 of the nonreducing
terminal mannose unit for Mana(1-2)ManaOMe, Mano(1-2)Mano(1-3)ManaOMe, and Mano(1-2)-
Mano(1-6)ManaOMe. The Mano(1-2)Mano(1-2)ManaOMe trisaccharide interacted with CV-N with
the highest affinity. Further dissection of the interaction was achieved by NMR experiments with synthetic
2'-, 3’-, 4-, and 6’-deoxy analogues of the disaccharide Mana(1-2)Mano.OMe. STD and 'H—!SN HSQC
NMR spectroscopy revealed that the 2’- and 6’-deoxy dimannosides were recognized by CV-N, whereas
no binding was detected for the 3’- and 4’-deoxy sugars. These results demonstrate that the 3’- and 4'-
hydroxyl groups on the terminal residue are engaged in key polar interactions with the protein and are

required for high-affinity binding.

Cyanovirin-N (CV-N) is an 11 kDa protein that was
originally isolated from aqueous extract of the cyanobacte-
rium Nostoc ellipsosporum (I). CV-N has a broad antiviral
activity, and it irreversibly inactivates diverse laboratory
strains and isolates of human immunodeficiency virus (HIV)
as well as a variety of other enveloped viruses such as Ebola,
human herpes virus 6, measles viruses, and hepatitis C (/-6).
In the case of HIV, the antiviral activity of CV-N is mediated
through high-affinity interactions with the viral surface
envelope glycoproteins. More specifically, CV-N acts by
binding to high-mannose oligosaccharides on gp120, Man-8
and Man-9 (Scheme 1), and exerts its activity at nanomolar
concentrations (/, 4, 7-9).

Several three-dimensional (3D) structures of CV-N have
been determined by NMR and X-ray crystallography (/10-15),
and two carbohydrate binding sites separated by ~40 A have
been identified on the protein (12, 16). Site 1 on domain B
(residues 39-89) is a deep pocket, while site 2 on domain A
(residues 1-38 and 90-101) is a shallow cleft. Binding
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studies using isothermal titration calorimetry (ITC) and NMR
indicated that for both sites, the minimum molecule required
for binding is the disaccharide Mano(1-2)Man (16, 17). In
the bound form, both mannopyranose rings of the sugar keep
the chair conformation, and the nonreducing pyranose ring
is stacked over the original reducing mannopyranose
ring (12, 14). Different affinities for the Mano(1-2)Man
disaccharide and the trisaccharides forming the three arms
of Man-9 (Scheme 1) were noted (/4, 18), with domain A
exhibiting a slight preference for the trimannoside Mano(1-2)-
Mano(1-2)Man and domain B for the dimannoside Mana-
(1-2)Man. In all cases, the reported binding constants were
similar and in the micromolar range (/6-18).

To improve our understanding of the structural basis of
interaction of carbohydrate with CV-N, we performed
saturation transfer difference (STD) NMR experiments (/9-23)
on these di- and trisaccharides together with CV-N for
measurement of the protein—sugar complexes (24). Epitope
mapping for the disaccharide Mana(1-2)ManaOMe obtained
by STD NMR (24) was in good agreement with previous
results. Experiments with the trisaccharides revealed for the
first time that a (1-2) linkage between the mannose located
at the nonreducing end and the penultimate residue was
important for recognition. The Mana(1-2)Mano.OMe dis-
accharide and the Mano(1-2)Mana(1-3)Mano.OMe and
Mana(1-2)Mano(1-6)ManaOMe trisaccharides exhibited
STD NMR spectra clearly different from that of the all (1-2)-
linked Mano(1-2)Mana(1-2)Mano.OMe, suggesting that

© 2008 American Chemical Society

Published on Web 03/01/2008



3626 Biochemistry, Vol. 47, No. 12, 2008

Sandstrom et al.

Scheme 1: Chemical Structures of MangGlcNAc,, Disaccharide 1, and Trisaccharides 2—5
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CV-N is capable of discriminating between structurally
similar compounds.

However, since CV-N contains two binding sites that can
simultaneously be occupied in solution, only an average
picture of the interacting sugar epitopes was obtained from
the initial STD NMR data. To differentiate between the two
protein binding sites, we designed protein variants in which
the binding sites were either obliterated (CV-N™*PB) or
changed (CV-N™"PA) (25) (Scheme 2). In the CV-N™DB
mutant, the binding site on domain BM that showed a slight
preference for the dimannoside Mana(1-2)Mana was abol-

ished. For CV-N™®4 ‘instead of completely abolishing the
binding site on domain AM, we changed the primary sequence
of amino acids to make this domain more similar to that of
domain BM. Such modification suppressed the preference for
the trimannoside while preserving the ability to recognize
the Mano(1-2)Mana. epitope. Therefore, in CV-N™®B only
a single binding site remains, allowing a direct and unam-
biguous investigation of sugar binding to this site without
any complications associated with exchange or other con-
formational heterogeneity associated with a two-site interac-
tion. In this manner, it is possible to precisely define the
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Scheme 2: Schematic Representation of the Mutants
Cv_NmutDA and Cv_NmutDB a

Mutations CV-N™""
Domain A: K3N QB6E E23C R24T T25R N26A G27L G28Q P51G AQ92E Domain B
: G65S D88N
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.
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B o A
“The amino acid sequence is aligned to highlight the amino acid
repeat in wild-type CV-N. All changes in residues are colored red.

contact epitope on the sugar for this binding site of the
protein by STD NMR. Here, we present such data for the
interactions of the mutant proteins with the synthetic di- and
trimannoside substructures of Man-9.

Hydrogen bonds by hydroxyl groups of sugars are assumed
to play a crucial role in lectin—carbohydrate interaction and
frequently contribute to both specificity and affinity. Using
deoxy sugar analogues of Mana(1-2)ManaOMe, we have
identified, by STD and 'H—" N HSQC chemical shift
mapping NMR experiments, the key hydroxyls on the sugars
that are pertinent to the CV-N—oligomannoside binding.

RESULTS

STD NMR Experiments and Epitope Mapping of Disac-
charide 1 and Trisaccharides 2=5 Interacting with CV-N"™PA
and CV-N "“PB_Figure 1 displays the reference proton STD
NMR spectra of Mana(1-2)ManocOMe (m2m, 1) alone and
in the presence of CV-N™®A and CV-N™®B, In the STD
NMR spectra recorded for samples containing the ligands
only, traces of the reference one-dimensional (1D) NMR
spectra were observed. Therefore, these spectra were cor-
rected by subtracting protein-only STD NMR spectra ob-
tained under identical experimental conditions. The corrected
spectra exhibited large signals, demonstrating that the
disaccharide binds to both mutants. In general, magnetization
transfer from the protein to the ligand correlates with the
proximity of ligand atoms and the protein, resulting in the
strongest STD signals for close contacts. For both CV-N
variants investigated here, the largest STD effects are
observed for H2, H3’, and H4’ on the nonreducing end sugar,
indicating that these protons are in closest contact with the
proteins. Enhancement is also seen for the H4 resonance on
the original reducing end residue. Relative to the OMe group,
the STD effects are larger for m2m 1 in the presence of CV-
N™DB than in presence of CV-N™PA (Figure 1).

The STD NMR spectra (see the Supporting Information)
of Mana(1-2)Mano(1-3)ManaccOMe (m2m3m, 2) and of
Mana(1-2)Mano(1-6)ManocOMe (m2m6m, 3) in the pres-
ence of CV-N™PA gnd CV-N™DB also showed that binding
occurred. As seen with the 1,2-linked disaccharide 1, the
signals with the highest intensities were observed for H2”,

H3”, and H4” of the terminal, nonreducing mannose unit,
as well as for H4’, indicating that these protons are in intimate
contact with the protein. No STD effects were observed for
protons located on the original reducing end mannose residue,
suggesting that this sugar is farther from the protein binding
site. The STD NMR spectra of m2m3m, 2, were very similar
for both mutants, while those of m2m6m, 3, exhibited smaller
STD effects in the presence of CV-N™PA than in the
presence of CV-N™®B,

For the all 1,2-linked trisaccharide m2m2m, 4 (Figure 2),
and the branched trisaccharide Mano(1-3)[Manal-6]-
ManaOMe, m(m3)6m, S (Supporting Information), no STD
effects were observed. The absence of STD signals can be
caused by two scenarios: (i) no interaction between the ligand
and the protein or (ii) slow exchange between the bound
and free state of the ligand (high-affinity binding). To
evaluate whether tight binding may be the cause of the lack
of STD signals with the two trisaccharides, we performed
competition STD NMR (22, 26) experiments. In these
experiments, high-affinity binding can be indirectly detected
by monitoring the STD signals of a known low-affinity
ligand, if the high-affinity ligand interacts with the same
binding site as the low-affinity ligand. In that case, a decrease
in intensity or disappearance of the STD signals of the lower-
affinity ligand is observed.

We selected the disaccharide m2m, 1, and the trisaccharide
m2mo6m, 3, as low-affinity ligands since strong STD signals
were obtained for both with the two mutants. Upon addition
of an equimolar amount of the core trisaccharide m(m3)6m,
5, the STD NMR spectra of m2m6m, 3 (Supporting
Information), remained almost unchanged and no new signals
from m(m3)6m, 5, appeared, demonstrating that this com-
pound did not bind to the CV-N variants. This result is in
accord with previous studies that showed no interaction
between the Man-9 core trisaccharide and wild-type CV-N
(17). We thus conclude that the terminal Mana.(1-2)Manao
unit is also the main epitope for binding to the mutant CV-N
forms.

Figure 3 shows the STD NMR spectra of m2m, 1, in
competition with m2m2m, 4. In this case, the addition of an
equimolar amount of m2m2m, 4, resulted in a large decrease
in the intensities of the STD signals of 1 for both mutant
proteins. This demonstrates that m2m, 1, and m2m2m, 4,
compete for the same binding sites on CV-N and the mutants.
The result also confirms that the trisaccharide m2m2m
exhibits a higher affinity than the disaccharide m2m. The
equivalent experiments performed with m2mém, 3, in
competition with m2m2m, 4, also caused an intensity
decrease of the STD signals of m2m6m, 3 (spectra not
shown), corroborating that the all 1,2-linked trisaccharide
interacts with the proteins.

STD NMR Experiments with 2'-, 3’-, 4'-, and 6’-Deoxy
Analogues (6—9, respectively) of Mano(1-2)Mano.OMe. On
the basis of STD NMR results that identified H2, H3, and
H4 on the nonreducing end sugar ring as close contact points
with the protein, we synthesized 2’-, 3’-, 4’-, and 6’-deoxy
analogues of the disaccharide Mano(1-2)Mano.OMe (Scheme
1) and investigated their binding to the two CV-N mutants.

The STD NMR spectra (Figure 4) clearly showed that the
6’-deoxy disaccharide, 9, binds to the two mutants in a similar
manner as the sugar that carries a hydroxyl group at the 6’
position. As with Mano(1-2)Mano.OMe, the strongest STD
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FIGURE 1: 1D 'H NMR spectra of disaccharide m2m, 1, at 600 MHz and 10 °C in the presence of CV-N™®A (left) and CV-N™"PB (right).
Reference NMR spectra (top), STD NMR spectra (middle), and “cleaned” STD NMR spectra obtained by subtracting the ligand-only STD
NMR spectra from the spectrum obtained in the presence of protein (see Experimental Procedures).
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FIGURE 2: 1D 'H NMR spectra of trisaccharide m2m2m, 4, at 600 MHz and 10 °C in the presence of CV-N™DA (left) and CV-NmuDB
(right). Reference NMR spectra (top), STD NMR spectra (middle), and corrected STD NMR spectra obtained by subtracting the ligand-
only STD NMR spectra from the spectrum obtained in the presence of protein (see Experimental Procedures).

effects were seen on the H2’, H3’, and H4' signals, revealing STD signals were also observed with the 2’-deoxy deriva-
these atoms as close contacts with the proteins. The very tive, 6, indicating binding of this analogue to the proteins.
low intensity of the 6’-CHj; signal in the STD NMR spectra The H3’ and H4" resonances exhibited the largest effect,
indicates that the methyl group is remote from the binding demonstrating their proximity to the protein. STD effects

pocket in the A domain. were also observed for H4 and H5 on the methyl mannoside
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FIGURE 3: Competition STD NMR. Reference 1D proton spectrum of the of the weaker binding ligand m2m, 1, in the presence of CV-
NmubA (Jeft) and CV-N™PB (right; top), the corresponding STD NMR spectra (middle), and spectra after addition of m2m2m, 4 (bottom).
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FIGURE 4: Reference (bottom spectra) and STD NMR spectra of (a) 2’-deoxy (6), (b) 3’-deoxy (7), (c) 4’-deoxy (8), and (d) 6’-deoxy (9)
dimannosides in the presence of CV-N™PA (middle spectra) and CV-N™®PB (top spectra).

(b)

residue. It is interesting to note that the axial proton at C-2 a less intimate interaction between the 2’-deoxy disaccharide
in the 2’-deoxy disaccharide, which replaces the hydroxyl and the protein. The 3’- and 4’-deoxy derivatives, 7 and 8,
group, does not give any signal in the STD NMR spectrum, respectively, caused only very weak residual signals in the
suggesting that this proton is located away from the protein STD NMR spectra, suggesting that these compounds do not
binding site. The equatorial H2 exhibits some STD effect, bind to the protein. Competition STD NMR experiments
but to a much smaller degree compared to that of the parent using the 6’-deoxy disaccharide 9 as the weak binding ligand

compound carrying the 2’-axial hydroxyl group. This implies confirmed that the absence of STD signals was due to a lack
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of binding rather than tight binding. Therefore, all the STD
NMR experiments show that the C3” and C4’ hydroxyl
groups on the nonreducing end sugar are critical for binding
to CV-N variants, whereas the C2’ and C6” hydroxyl groups
on the same sugar are nonessential.

The fact that there is no contact between the 6’-methyl
group in the 6-deoxy disaccharide and the protein, as
illustrated by the very weak STD effect, is in good agreement
with the results obtained from experiments performed with
the disaccharide Mano(1-2)Mano.OMe, 1, which did not
show strong STD to the H6 protons. This is also in good
agreement with the results from chemical shift mapping
experiments that indicate stronger binding of the 6’-deoxy
than the 2’-deoxy derivative vide infra.

Since the 3’- and 4’-hydroxyl groups on the nonreducing
end sugar appeared to be required for binding, it was of
interest to assess the importance of the hydroxyl group
configuration at these two carbons. STD NMR experiments
performed with the disaccharide o-D-Fuc(1-2)-D-Man in the
presence of CV-N™DB oave no signals in the spectra,
indicating that this disaccharide did not bind (data not
shown). Compared to a-D-mannose, o.-D-fucose has a 6-CHj
group, an equatorial C2-OH group, and an axial C4-OH
group. Since the 6’-deoxy dimannoside 9 and the 2’-deoxy
compound bind to CV-N™®B_we are confident that an axial
2’-OH group is not required for the interaction. Therefore,
the lack of binding of o-D-Fuc(1-2)-D-Man indicates that
the configuration of the hydroxyl group at C4 is crucial.
However, since the equatorial C2’-H group of mannose
shows STD effects, the equatorial position of the hydroxyl
group at C2 in fucose compared to its axial configuration in
mannose may also play a role.

Chemical Shift Mapping Experiments. Chemical shift
mapping is a powerful method for investigating protein—li-
gand interactions since it allows easy and quick identification
of putative sites of interaction on the protein surface via
detection of chemical shift perturbations in the 'H—"N
HSQC spectrum of a uniformly labeled protein as a function
of added (unlabeled) ligand. The "H—"SN HSQC spectra of
uncomplexed CV-N mutants and of CV-N mutants in the
presence of 15 molar equiv of 2’-deoxy dimannoside, 6, are
shown in Figure 5. A distinct set of perturbed amide N-H
chemical shifts is observed, comprising nine residues in CV-
NmuDA and 15 residues in CV-N™"PB_ The affected residues
are T7, G45, L47, Q50, N53, T57, G96, 198, and E101 for
CV-NmuDA and G2, K3, F4, S5, Q6, T7, C8, R24, T25, N26,
N93, 194, G96, T97, and L98 for CV-N™DB Addition of
the 6’-deoxy dimannoside, 9, perturbs the identical set of
residues in CV-N™DA ag seen with the 2’-deoxy disaccharide,
whereas for CV-N™®DB_ four additional residues, G27, G28,
Y29, and D95, are perturbed by the 6’-deoxy disaccharide
(Figure 5).

A comparison of the "H—'"N correlation spectra of the
mutants in the presence of the 2’- and 6’-deoxy compounds
revealed some differences. Spectra for complexes of CV-
NmuDA with 2’-deoxy and 6’-deoxy dimannoside were nearly
identical, while in spectra for complexes of CV-N™®B  the
differences in chemical shifts upon interaction were slightly
larger for the 6’-deoxy dimannoside. In particular, the K3,
194, and D95 resonances exhibited this trend. It can be noted
that titration of CV-N™PB and CV-N™PA with the 6-deoxy
compound resulted in similar shifts as previously observed
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FIGURE 5: Superposition of the 'TH—N HSQC NMR spectra of
CV-NmDA (top) and CV-N™DB (hottom) free and in the presence
of 2’-deoxy dimannoside 6. The spectra without and with 15 molar
equiv of 6 are colored black and red, respectively. The resonances
that shift upon addition of the disaccharide are labeled with residue
name and number, and selected signals are shown in an expanded
view (boxed).

with Man-9, m2m2m, and m2m (25) in their 'H—""N HSQC
NMR spectra. This indicates similar binding behavior for
the interaction with the binding site on domain AM (wild-
type CV-N and CV-N™DB) and on domain BM (wild-type
and CV-N™AY The fact that G27, G28, Y29, and D95 in
CV-N™DB were affected by the presence of the 6’-deoxy
but not by the 2’-deoxy disaccharide suggests that these
amino acid residues interact with the C2” hydroxyl group in
the sugar.

The 'H—""N HSQC NMR spectra of the two mutants in
the presence of 3’-deoxy or 4’-deoxy dimannosides 7 and 8,
respectively, were unchanged from those of the proteins alone
(Figure 6 of the Supporting Information), indicating that no
interaction occurs.

DISCUSSION

The overall goal in the design of the two mutant CV-N
forms was to create a protein that preserved the overall wild-
type CV-N fold, with one of the two binding sites removed
(CV-N™DB) or with altered specificity of one of the sites
(CV-Nm™DA) The design and biophysical characterization of
the two mutant proteins were reported in ref (25). Structural
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FIGURE 6: Superposition of the "TH—N HSQC NMR spectra of
CV-N™DA (top) and CV-N™PB (hottom) free and in the presence
of the 6’-deoxy dimannoside 9. The spectra without and with 15
molar equiv of 9 are colored black and red, respectively. The
resonances that shift upon addition of the disaccharide are labeled
with residue name and number, and selected signals are shown in
an expanded view (boxed).

characterization of the two mutants was carried out by NMR
spectroscopy, and for both proteins, the 'H—""N HSQC NMR
spectra showed the characteristic distribution of resonances
compatible with the wild-type CV-N fold. Indeed, backbone
assignment validated that the overall structures of these
mutants were very similar to that of native CV-N. In addition,
multiangle light scattering and native gel electrophoresis
confirmed that the proteins were monomeric. The thermal
stabilities of the mutants were virtually identical to that of
the parent monomeric PSIGCV-N (25). The one binding site
containing variant, CV-N™®B_is unique since it allowed us
to directly investigate sugar binding without the complica-
tions that are inherent in binding studies of CV-N where
sugar binding can occur to two sites simultaneously.

For the different oligosaccharides Manou(1-2)ManaOMe,
Mana(1-2)Mana(1-3)ManaOMe, and Mana(1-2)Mana-
(1-6)Mana.OMe, the strongest STD signals were observed
for H2, H3, and H4 on the terminal sugar at the nonreducing
end, positioning it in close contact with the protein. In
addition, the H4 signal of the penultimate sugar residue also
experienced strong STD effects. Since very similar results
were obtained for both mutants, similar binding modes for

the terminal nonreducing end in the two different sites can
be assumed. We also established that the Mano(1-2)-
Mano(1-2)ManaOMe trisaccharide, 4, exhibited the highest
affinity for both mutants.

These results with the designed mutants of CV-N confirm
and extend results obtained previously with the wild-type
protein which showed that not only the terminal disaccharide
but also the neighboring mannose residue influences the
affinity and selectivity of the interaction (24). Most likely,
the conformation of the glycosidic linkage between the
common terminal disaccharide and the original reducing
mannopyranose ring is responsible for the observed selectiv-
ity. Indeed, the presence of two 1,2-glycosidic linkages in
Mano(1-2)Mana(1-2)ManaOMe, 4, leads to a structure
more compact than that of Mana(1-2)Mana(1-3)ManaOMe,
2, and Mana(1-2)Mano(1-6)ManacOMe, 3, with the 1,3-
and 1,6-glycosidic linkages, allowing a larger degree of
conformational variability.

In the carbohydrate binding site in the B domain of wild-
type CV-N, the hydroxyl groups of both sugars of the
disaccharide m2m interact with the side chains of polar and
charged residues Glu41, Ser52, Glu56, and Thr57 and Asp44,
Lys74, Thr75, Arg76, and GIn78, respectively (12, 14). In
the CV-N™®B mutant, four of these key polar residues in
domain B, Glu41, Asn42, Thr57, and Arg76, were replaced
with nonpolar Ala residues. Therefore, this mutant protein
is no longer capable of binding to any mannose oligosac-
charide. The STD NMR experiments confirm that the
remaining binding site in the A domain is still able to bind
carbohydrates. As anticipated, Mana(1-2)Mano(1-2)-
ManaOMe trisaccharide 4 interacts most strongly with CV-
N™®B in the site on domain A (Kg ~ 4 uM), while
Mana(1-2)ManaOMe disaccharide 1 and Mana(1-2)-
Mana(1-3)Mano.OMe 2 and Mano(1-2)Mano(1-6)Mana-
OMe 3 bind with a lower affinity [Kq ~ 750 uM for
Mano(1-2)Mana].

In the sugar binding site of domain A, many of the
hydroxyls of the disaccharide Mana(1-2)Man were proposed
to form direct or water-mediated hydrogen bonds with Lys3,
GIn6, Thr7, Glu23, Thr25, and Asn93 (/2). Four of these
six residues were replaced with amino acids whose side
chains lacked hydrogen bond donors or acceptors or were
too short to engage in contacts with Mana(1-2)Man. Several
additional amino acid changes were also introduced to
prevent unfavorable steric interactions. Therefore, in the CV-
NmPA mutant comprising the Lys3Asn, GIn6Glu, Glu23Clys,
Arg24Thr, Thr25Arg, Asn26Ala, Gly27Leu, Gly28GlIn,
Pro51Gly, and Ala92Glu changes, the binding site on domain
A is more similar to that on domain B. In this way, the
preference for trimannoside Mano(1-2)Mana(1-2)Mano.-
OMe 4 was expected to be eliminated, while the ability to
recognize the Mano(1-2)Man epitope should be retained.
The STD NMR results reveal that indeed CV-NmuDA
recognizes the terminal nonreducing end of Mano(1-2)-
ManaOMe, 1, Mano(1-2)Manao(1-3)ManaOMe, 2, and
Mana(1-2)Mana(1-6)ManaOMe, 3, equally well as Mana.-
(1-2)Mano(1-2)ManaOMe, 4.

Hydrogen bonds to hydroxyl groups of sugars are thought
to play a key role in the carbohydrate recognition process.
Thus, having established that H2, H3, and H4 on the
nonreducing mannopyranose experienced the largest satura-
tion transfer and thus are in closest contact with the protein,
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Scheme 3: Reagents and Conditions for Synthesis of Monodeoxy Disaccharides 6-9
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we performed NMR binding studies with the corresponding
deoxy sugar derivatives to investigate whether all hydroxyls
or a subset were critical for the hydrogen bonding interactions.

The results of the STD NMR experiments using deoxy
analogues 6—9 of disaccharide Mano(1-2)ManOMe 1
demonstrated that the 3’- and 4’-hydroxyl groups of the
nonreducing mannopyranose moiety are the key polar groups
required for recognition by the CV-N proteins, with the 2’-
and 6’-hydroxyls playing a minor role. Clearly, under
equivalent conditions, the 2’- and 6’-deoxy compounds bind,
whereas the 3’- and 4’-deoxy derivatives do not. In the crystal
structure of the hexamannoside—CV-N complex (/4) where
Mana(1-2)Man is the binding element, O3 and O4 of the
reducing and nonreducing end are involved in five and four
hydrogen bonds with the protein, respectively. The lengths
of the hydrogen bonds with the terminal nonreducing end
are slightly shorter that those for the reducing end. These
data are in good agreement with our NMR results that show
that 3’- and 4’-hydroxyl groups on the terminal nonreducing
end sugar are required for binding. In addition to the polar
interactions, the noted strong STD effects observed for H2’
in Mano(1-2)ManOMe 1 may implicate a nonpolar contact
between the proton at the 2’ position and the protein. Since
the C2 atom plays a pivotal role in the 1,2-linkage of the
dimannoside, the configuration at C2 is also a determinant
in sugar binding, allowing the molecule to adopt a compact
conformation with the two sugars stacked on top of each
other. Therefore, the optimal combination of conformation
and the availability of the correct hydroxyl groups are clearly
important for dimannoside binding to CV-N and most likely
for all sugar—protein interactions.

EXPERIMENTAL PROCEDURES

Compounds 1—5 were available from previous studies
(24), and the expression and purification of the two mutant
proteins, CV-N™®A and CV-N™PB have been reported
previously (25).

Synthesis of Deoxy Sugars 6-9. The deoxy disaccharides
6—9 were synthesized in a manner similar to that described
for other mannose deoxy di- and trisaccharides (27, 28).
Thus, the deoxy function was introduced at the monosac-
charide level, and the deoxy derivatives were transformed

OH Ry

=H,R
17R; =H,R
=H,R

=

12 OMe 7 OMe

OMe OMe
=Ry=Ry= OBn 6R; =H,R, =R3=R,= OH
=R2—R4=OBZ 8R3—H R1 R2 =OH
=Ry=Ry= OBz 9R, =H, Ry =Ry = Ry = OH

into the ethyl thioglycoside donors 10, 13, 16, and 18, which
were used in NIS/AgOTf-promoted couplings with either of
the two 2-OH acceptors 11 and 14 to give protected
disaccharides 12, 15, 17, and 19, respectively (Scheme 3).
Deprotection, methoxide treatment to remove benzoyl esters,
and catalytic hydrogenolysis to remove benzyl ethers and
benzylidene acetals then afforded the target structures 6—9.
The '"H NMR chemical shifts for 6-9 in D,O are reported in
Table 1.

Methyl 3-Deoxy-Q-D-arabino-hexopyranosyl(1—2)-a.-D-
mannopyranoside (7). A mixture of methyl 3-O-benzyl-4,6-
O-benzylidene-o-D-mannopyranoside (29) (11, 66 mg, 0.18
mmol) and ethyl 2.4,6-tri-O-benzoyl-3-deoxy-1-thio-a-D-
arabino-hexopyranoside (10, 62 mg, 0.12 mmol) in dry
CH,Cl, (5 mL) containing powdered 4 A molecular sieves
was stirred under N, at 0 °C for 15 min. NIS (41 mg, 0.18
mmol) and AgOTf (catalytic amount) were added succes-
sively, and the reaction mixture was stirred at 0 °C for 40
min and thereafter neutralized by dropwise addition of Et;N.
Methyl 2,4,6-tri-O-benzoyl-3-deoxy-o-D-arabino-hexopyra-
nosyl(1—2)-3-0-benzyl-4,6-O-benzyliden-a-D-mannopyra-
noside (12, 49 mg, 50%) was obtained after purification by
silica gel flash chromatography (toluene/EtOAc, 12.5:1).
Compound 12 (49 mg, 0.06 mmol) was dissolved in MeOH
(3 mL) and treated with NaOMe (0.2 mL, 1 M). After being
stirred for 2 h at room temperature, the reaction mixture was
neutralized using DOWEX 50 (H™) ion-exchange resin,
filtered, concentrated, and purified by silica gel flash chro-
matography (CH,Cl,/MeOH, 12.5:1) to give disaccharide
methyl 3-deoxy-o-D-arabino-hexopyranosyl(1—3)-3-O-ben-
zyl-4,6-O-benzyliden-a-D-mannopyranoside (14 mg, 47%).
This compound (10 mg, 0.02 mmol) was dissolved in dry
MeOH (2 mL), and a catalytic amount of Pd/C was added.
The reaction mixture was stirred under H, gas for 12 h. The
catalyst was removed by filtration, and the solvent evaporated
under reduced pressure. Purification of the residue on a 600
mg C18 MAXI-CLEAN cartridge (Alltech, eluted with H,O)
afforded 7 (7 mg, 98%).

Methyl 2-Deoxy-a.-D-arabino-hexopyranosyl(1—2)-o-D-
mannopyranoside (6). EtSH (65 uL, 1.2 mmol) was added

in portions to a cooled (0 °C) solution of 3,4,6-tri-O-benzyl-
D-glucal (100 mg, 0.24 mmol) and CAN (13.2 mg, 0.024
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Table 1: 'H and '>*C NMR Chemical Shifts (parts per million) at 10 °C of the 2’-, 3’-, 4-, and 6’-Deoxy Analogues 6-9 of Mana(1-2)-Mana.OMe

H1 H2 H3 H4 H5 H6 OMe
2’-deoxy-Mano(1-2)Mana.OMe (6) 5.129 1.638/2.248 3913 3.275 3.712 3.700/3.837
99.9 36.8 68.0 71.2 72.8 60.9
4.923 3.872 3.815 3.636 3.563 3.719/3.8308 3.344
99.4 77.9 70.4 67.0 72.5 61.0 54.8
3’-deoxy-Mano(1-2)ManaOMe (7) 4.814 4.01 1.862/2.018 3.720 3.700 3.622/3.850
1009.9 67.1 33.2 61.6 74.1 61.2
5.006 3.938 3.817 3.615 3.571 3.724/3.868 3.355
99.4 78.0 70.3 67.0 72.5 60.9 54.8
4’-deoxy-Mano(1-2)ManaOMe (8) 5.007 3.879 4.076 1.545/1.625 3.995 3.565/3.602
103.0 67.9 64.8 28.7 69.8 64.1
4.951 3.895 3814 3.601 3.547 3.704/3.8364 3.348
99.5 78.2 70.2 67.0 72.6 60.9 54.8
6’-deoxy-Mano(1-2)ManaOMe (9) 4918 4.021 3.770 3.399 3.757 1.238
102.1 70.0 70.0 72.0 69.0 16.6
4.823 3.886 3.827 3.638 3.571 3.717/3.854 3.366
99.5 78.1 70.2 66.9 72.7 60.8 54.8

mmol) in MeCN (3 mL). The reaction mixture was stirred
at room temperature for 2 days and then purified by flash
chromatography (toluene/EtOAc, 50:1) to give ethyl 3.4,6-
tri-O-benzyl-2-deoxy-1-thio-a/f-b-arabino-hexopyrano-
side (13, 90 mg, 79%). Donor 13 (175 mg, 0.36 mmol) and
methyl 3,4,6-tri-O-benzyl-a-D-mannopyranoside (28) (14,
295 mg, 0.63 mmol) were dissolved in CH,Cl, (5 mL)
followed by addition of molecular sieves. The reaction
mixture was stirred at O °C for 15 min, after which NIS (145
mg, 0.63 mmol) and AgOTTf (catalytic amount) were added
and the reaction mixture was stirred for an additional 5 min,
then concentrated, and purified by silica gel flash chroma-
tography (toluene/EtOAc, 12.5:1) to yield methyl 3,4,6-tri-
O-benzyl-2-deoxy-o-D-arabino-hexopyranosyl(1—2)-3,4,6-
tri-O-benzyl-o-D-mannopyranoside (15, 81 mg, 34%). A
mixture of disaccharide 15 (42 mg, 0.048 mmol) and a
catalytic amount of Pd/C (10%) in THF, MeOH, and water
(2 mL, 2 mL, and 50 uL, respectively) was stirred under
hydrogen at room temperature for 12 h. Purification on a
600 mg C18 MAXI-CLEAN cartridge (as described above)
afforded 6 (8 mg, 52%).

Methyl 4-Deoxy-0.-D-lyxo-hexopyranosyl(1—2)-Q-D-man-
nopyranoside (8). Acceptor 14 (61 mg, 0.13 mmol) and ethyl
2,3,6-tri-O-benzoyl-4-deoxy-1-thio-o.-D-lyxo-hexopyrano-
side (16, 46 mg, 0.09 mmol) in dry CH,Cl, (5 mL) were
coupled as described above for the synthesis of compounds
7 and 15 to yield methyl 2,3,6-tri-O-benzoyl-4-deoxy-o-D-
lyxo-hexopyranosyl (1—2)-3,4,6-tri-O-benzyl-o-D-mannopy-
ranoside (17, 47 mg, 62%). Compound 17 (47 mg, 0.05
mmol) was deprotected as described for compound 12 above
to afford 8 (9 mg, 53%).

Methyl 6-Deoxy-0.-D-mannopyranosyl(1—2)-o.-D-man-
nopyranoside (9). Acceptor 14 (79 mg, 0.15 mmol) and
methyl 2,3,4-tri-O-benzoyl-6-deoxy- 1 -thio-a.-D-mannopyra-
noside (18, 59 mg, 0.11 mmol) were coupled as described
above for the synthesis of compounds 12 and 15 to afford
methyl 2,3,4-tri-O-benzoyl-6-deoxy-0o-D-mannopyranosyl-
(1—2)-3,4,6-tri-O-benzyl-a-D-mannopyranoside (19, 66 mg,
65%). Compound 14 (47 mg, 0.05 mmol) was deprotected
as described for compound 12 above to afford 9 (21 mg,
76%).

STD NMR Experiments. All STD NMR experiments were
carried out on a Bruker DRX-600 spectrometer using a 2.5
mm selective "H/"3*C microprobe equipped with a z gradient.
The Bruker software XWIN-NMR was used for data acquisi-

tion and processing. Each NMR sample contained 78 uM
CV-N™DA or CV-N™PB mutant protein and a 100-fold
excess of ligand 1, 2, 3, 4, or § or a 50-fold excess of ligand
6,7, 8, or 9 in 20 mM phosphate buffer (pH 6.0), 0.05%
NaNj3, and 99.96% D,O.

NMR spectra were recorded at 10 and 25 °C with the
residual HDO signal used as an internal reference (6 4.94 at
10 °C and 6 4.74 at 25 °C). The one-dimensional proton
reference and STD NMR spectra were recorded using
WATERGATE (30) for water suppression. The STD and
reference NMR spectra were acquired with 2048 scans, and
FIDs were multiplied by an exponential line broadening
function of 1 Hz prior to Fourier transformation. The
selective saturation of the protein was achieved using a pulse
train of 40 Gaussian-shaped pulses with a duration of 50
ms, each separated by a 1 ms delay.

Since the size of the CV-N mutants (~11 kDa) is close to
the limit of 10 kDa, suggested to be the smallest size for
which effective saturation of the entire protein by spin
diffusion can be achieved and rendering it suitable for STD
NMR experiments (23), it was necessary to ensure that
efficient magnetization transfer occurred. For large proteins,
on-resonance saturation is usually set to values around 6 —1.
In CV-N, no protein proton resonates around 6 —1 and
relatively narrow lines are present. It was therefore necessary
to set the saturation frequencies directly on or very close to
protons signals from the protein and ascertain that the STD
signal enhancements were not due to a direct saturation
transfer from specific protein protons to the sugar. To
evaluate this possibility and rule out direct transfer, we used
several saturation frequencies. Evaluating the saturation
frequency dependence of the STD NMR spectra for protein/
m2m samples revealed that for a saturation time of 2 s, very
similar STD spectra were obtained. This confirmed that full
saturation of the protein by spin diffusion was achieved. A
saturation time of 1 s, however, was insufficient for efficient
transfer of saturation from the protein to the ligand protons
when the saturation frequency was set at 6 0.25 and 7. This
was most likely due to the lower protein proton density at
these frequencies resulting in suboptimal saturation of all of
the protein resonances. All subsequent STD NMR spectra
for 1-5 were therefore recorded with the saturation frequency
set at 0 0.4, since this region contains most methyl
resonances of the protein and irradiation at protein methyls
has previously been found to yield the most effective
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saturation (37). In addition, it should be pointed out that this
frequency is far from the OMe signal of the sugars, ensuring
that no perturbation of this sugar resonance can be induced
by the selective shaped pulse. For compounds 6-9, the
saturation frequency was set at 0 7.0 since the deoxy protons
of the sugars were also affected with irradiation at 0 0.4.

We recorded all STD NMR spectra at 10 °C since in
preliminary experiments on CV-N/m2m samples (24) we
noted that higher STD-NMR intensities were observed at
this temperature than at 25 °C. The enhancement patterns,
on the other hand, are however very similar at 10 and 25
°C, with maximum enhancements for the H2, H3, and H4
signals of the nonreducing end of m2m. The same observa-
tions hold for experiments with trisaccharides 2—4. In this
work, we carried out the equivalent experiments with the
mutants and again observed that similar relative STD
enhancements are seen, while the STD-NMR intensities are
higher at 10 °C than at 25 °C. It has previously been
suggested (3/) that the predominant factor leading to larger
STD enhancements at lower temperatures is the slower
molecular tumbling of the molecule. The slower tumbling
of the protein accelerates the spread of saturation over the
entire protein and, in turn, the transfer of saturation to the
bound ligand. This temperature effect was shown to be more
important for small proteins. At 4 °C, a saturation time of
1.5 s was necessary to saturate all resonances of the 22 kDa
protein DHFR, while a 3-fold longer time (4.5 s) was
required at 30 °C (3/). Low-temperature-induced enhance-
ments of STD signal intensities have also been reported in
other studies (32, 33).

To investigate the dependence of the STD NMR spectra
of CV-N/m2m, 1, on the saturation time, STD NMR spectra
for 1 were obtained with saturation times ranging from 0.5
to 6 s, incremented in 1 s steps. Two seconds was sufficient
for efficient transfer of saturation from the protein to the
sugar protons, and for 2 s or more, similar STD spectra were
obtained, with maximum enhancements for H2, H3, and H4
of the nonreducing end of the sugar. With a saturation time
of 1 s, enhancement of H2, H3, and H4 of the terminal unit
was also observed, but the signal-to-noise ratio was lower.
A saturation time of 0.5 s was too short. Since the small
size of the protein leads to slow spin diffusion rates and a
reduced level of saturation transfer to the ligand, longer times
are necessary for the magnetization to spread out (34).

The reference STD spectra were recorded with the off-
resonance frequency set at ¢ 30. The saturated spectra were
subtracted from the reference spectra via phase cycling.
Control STD experiments recorded with ON and OFF
saturation frequencies set to identical values (6 0.4 or 30)
were also recorded. The resulting difference spectra were
devoid of any signals, proving that good subtraction was
achieved.

In addition, samples containing only the carbohydrate
ligands at the same concentration as the one used in the
presence of the proteins were subjected to STD NMR
experiments with the on-resonance set at 0 0.4 or 7.0 and
the off-resonance at 6 30 using a saturation time of 4 s. For
the high ligand concentration used for 1-5, the resulting
difference spectra contained small amounts of the normal
1D NMR spectra. These effects of free ligand were corrected
by subtracting the STD NMR spectrum obtained for the
ligand/protein mixture from the one obtained for the ligand
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alone. With the lower ligand concentration used with 6-9,
the STD spectra showed no residual NMR signals. Such
spurious residual signals have been previously observed at
higher ligand concentrations (35).

The 'H spin-lattice relaxation times were measured using
an inversion—recovery experiment (36).

NMR Sugar Titration Experiments. Titration experiments
with 2’-deoxy, 3’-deoxy, 4’-deoxy, and 6’-deoxy m2m were
performed using 'N-labeled protein samples (75 uM CV-
NmuDA and 150 uM CV-N™DB) in 20 mM sodium phosphate
buffer (pH 6.0), 0.01% sodium azide, and a 90% H,0/10%
D,0 mixture at 30 °C. A series of 'H—"N HSQC spectra
were recorded after addition of sugar aliquots from stock
solutions of 3.9 mM synthetic 2’-deoxy, 4.5 mM 3’-deoxy,
4.7 mM 4’-deoxy, and 5 mM 6’-deoxy sugars. The concen-
trations of the synthetic oligosaccharides were determined
by compositional analysis performed by the Complex
Carbohydrate Research Center of the University of Georgia
(Athens, GA). '"H—""N HSQC spectra were recorded using
a Bruker DRX-600 spectrometer, equipped with a z-axis
gradient cryoprobe. Spectra were processed with NMRPipe
and analyzed using NMRDraw and NMRView.

SUPPORTING INFORMATION AVAILABLE

1D STD NMR spectra of Mano(1-2)Mana(1-3)Mana-
OMe, Mana(1-2)Mano(1-6)Mana.OMe, and Mano(1-3)-
[Manal-6]ManaOMe in the presence of CV-N™PA and
CV-N™DEB at 10 °C, competition STD NMR spectra for
Mana(1-3)[Mano.1-6]ManaOMe, and 'H—"N HSQC NMR
spectra of CV-N™PA and CV-N™PB free and in the presence
of 3’- and 4’-deoxydimannosides. This material is available
free of charge via the Internet at http://pubs.acs.org.
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