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Abstract

NMR of a uniformly 13C-labeled carbohydrate was used to elucidate the atomic details of a sugar-
protein complex. The structure of the 13C-labeled Mana(1-2)Mana (1-2)Mana OMe trisaccharide
ligand when bound to cyanovirin-N was characterized and revealed that in the complex the
glycosidic linkage torsion angles between the two reducing-end mannoses are different from the
free trisaccharide. Distances within the carbohydrate were employed for conformational analysis,
and NOE-based distance mapping between sugar and protein revealed that Mana.(1-2)Mana.(1-
2)Mana OMe is bound more intimately with its two reducing-end mannoses into the domain A
binding site of CV-N than with the non-reducing end unit. Taking advantage of the 13C spectral
dispersion of 13C-labeled carbohydrates in isotope-filtered experiments is a versatile means for a
simultaneous mapping of the binding interactions on both, the carbohydrate and the protein.
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INTRODUCTION

In contrast to proteins, labeling of carbohydrates with 13C is not commonly employed,
despite the more severe resonance overlap in carbohydrate 'H NMR spectra, compared to
proteins. One reason is the lack of easily available 13C-labeled material, which has to be
prepared by chemical synthesis.! In addition, NMR experiments that suppress the

large 13C-13C couplings from the sugar rings have to be devised to extract useful
conformational NMR parameters. Over the last few years, several NMR experiments that
were originally developed for labeled proteins or nucleic acids have been adapted for
uniformly 13C-labeled carbohydrates, and their use for structure determination? and
conformational analysis® has been demonstrated. In particular, the insertion of constant-time
periods (CT) in the indirect dimension or virtual decoupling in the direct dimension were
implemented to avoid the splittings from 13C-13C couplings.? Furthermore, using
uniformly 13C-labeled carbohydrates permits access to the larger spectral dispersion of 13C,
compared to 1H, and opens up the possibility to perform 3D or higher order NMR
experiments from which information can be extracted more easily. Efforts are also under
way to improve accessibility to 13C-labeled material either employing production of
complex 13C-labeled oligosaccharides through overexpression using engineered yeast
strains* and/or chemoenzymatic strategies.®

Carbohydrate-protein interactions are crucial in many biological processes, where glycans
can be considered as bioactive signals, with information-coding ability translated by
carbohydrate-binding proteins (lectins). The molecular details of these interactions are
critically important for understanding the molecular and structural basis for numerous
diseases.’

Binding between carbohydrates and proteins can be studied by NMR spectroscopy, either by
monitoring changes in the protein or the carbohydrate spectra. Titration of a carbohydrate
into a 1°N-labeled protein sample and observation of amide backbone chemical shift
changes (chemical shift mapping) is commonly used to identify the sugar binding pocket on
a protein.8 However, such experiments are blind to any effects that may be present on the
carbohydrate ligand. Therefore, ligand-based NMR approaches need to be applied, including
waterLOGSY, saturation-transfer difference (STD), transferred NOE (trNOE) and diffusion
based methods.® These types of experiments employ high excess of ligand over protein and
yield information about the conformation of the ligand, but not about the protein binding
pocket.

A few studies have been reported in which 13C-filtered NOESY experiments were used on
unlabeled carbohydrates bound to 13C-labeled proteins to extract intramolecular ligand
NOE:s for determination of the bound ligand conforma-tion,1911 and intermolecular NOEs
for determination of ligand-protein interactions.1213 However, the assignment of all proton
resonances of the bound carbohydrate in slow exchange is not straightforward and involves
connecting the free and bound ligand resonances via exchange peaks.13

Up to date, 13C-labeled carbohydrates have only been used in a small number of
carbohydrate-protein interaction studies. The interaction between estrone-3-glucuronide,
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uniformly 13C-labeled in the glucuronic acid moiety, and an antibody Fv fragment was
investigated, and intra- and intermolecular NOEs were extracted.14 Uniformly 13C-labeled
a-methyl mannopyranoside binding to recombinant rat mannose binding protein was
studied,® the conformation of a 13C-labeled trisaccharide bound to a toxin was determined
from residual dipolar couplings,® and the bound conformation of 13C-labeled sialyl Lewisx
bound to E-selectin was determined via trNOEs.1”

If either the carbohydrate or the protein is labeled, 13C and/or 1°N-filtered NOESY
experiments are ideally suited to extract intermolecular interactions. However, the structural
details of the unlabeled component are more difficult to de-termine. Here we show that
using 13C-labeled carbohydrates and 1°N (or 13C/15N) labeled proteins together NMR
approaches can be devised, with which the details of the contact sites on the carbohydrate
and the protein can readily be determined simultaneously.

As a model system, we used the interaction between 13C-labeled Mana.(1-2)Mana.(1-
2)Mana OMe trisaccharide (Man3) and the cyanovirin-N (CV-N) P51G variant for
establishing and evaluating suitable NMR spectroscopic approaches for detailed analysis of
the sugar conformation. CV-N is a 11 kDa antiviral lectin with two sugar binding sites, with
domain A exhibiting a slight preference for a trimannose unit and domain B for a dimannose
unit.18:19 Earlier STD NMR studies with Mang resulted in low STD signals,2% and STD
NMR with Mang for single binding site mutants did not yield STD signals because the off-
rate was too small.?2 NMR studies on a 19F-labeled Mang revealed a single binding mode on
domain A, but two binding modes in the binding site of domain B.22 Previous work on CV-
N mannose binding primarily used the disaccharide Mana.(1-2)Mana. This dimannoside
preferentially binds to the site on domain B, which is the higher affinity site for Man,, but
the lower affinity site for Man3.12:23-25 The binding site on domain A is much less explored
and the only reported structures with a carbohydrate bound to this site of CV-N are two
crystal structures of CV-N in complex with Man-9 or a hexamannoside by Botos et /.28

In this study we report on the use of uniformly 13C-labeled carbohydrates to investigate
carbohydrate-protein interactions, taking advantage of the 13C spectral dispersion for the
sugar in isotope-filtered experiments. This approach is applicable to systems that exhibit
slow exchange on the NMR timescale, which are not amenable to trNOE or STD
experiments. Chemical shifts for the bound sugar signals are easily extracted from 1H,13C-
HSQC experiments, and 2D 13C-filtered NOESY-1H,13C-HSQC experiments permit the
identification of protein contact sites on the sugar. On the protein site, amide resonances are
identified in 1H,15N-HSQC experiments and carbohydrate contact sites on the protein are
identified from 2D CNH-NOESY experiments. This approach complements the available
methods for fast-exchange regime carbohydrate-protein interactions.

RESULTS AND DISCUSSION

Observation of bound Manj

A complex of 13C-labeled Mang bound to 1°N-labeled CV-N was prepared to investigate
Mangs that is predominantly bound to the domain A site on CV-N. At the protein
concentration used (0.8 mM) addition of equimolar amounts of sugar results in a sample in
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which no free Mang is observed and only trace amounts of Mans bound to the domain B site
can be detected. Using the intensities of resonances in the H,1°N-HSQC spectrum indicates
that at most ~10% of the sugar is bound to domain B, whereas the majority is bound to the
domain A binding site. As displayed in Figure 1, cross peaks for all free and bound 1H,13C
correlations are easily identified. The bound Mans resonances exhibit broader lines in

the 1H,13C-CT-HSQC spectrum, with noticeable differences in linewidths and intensities for
equivalent positions at the reducing vs non-reducing end (Table S1). This is most
pronounced when comparing the C3H cross peaks of the non-reducing end sugar (73.4 ppm/
3.53 ppm) with the reducing end one (72.8 ppm/3.84 ppm), whose linewidths are 20 and 30
Hz, respectively (Fig. 1c). The larger linewidths are due to the bigger size and slower
tumbling of the protein-carbohydrate complex (11.5 kDa), compared to the free sugar (0.5
kDa), possibly also containing some contribution from exchange between free and bound
ligand. The different bound linewidths for all the CH cross peaks are most likely caused by
differences in the dynamics of the bound ligand. The flexibility of the (1'—2") linkage for
the non-reducing terminal sugar, Man”, compared to the reducing-end sugar, Man, is clearly
an important factor.

Assignments of the bound Mans H and 13C resonances were obtained from 1H,13C-HSQC-
TOCSY and HC(C)H-TOCSY experiments. Applying a C-C spin-lock in the HC(C)H-
TOCSY experiment allowed correlations from H1 to H2, H3, and H4 in the mannose ring to
be observed (Figure S1), which are difficult to detect in H-H spin-locked 1H,'H-TOCSY
experiments, since 3.441,,42 in mannose sugars are very small. All assignments are provided
Figure 1.

Chemical shift differences (A8) between free and bound Mans are listed in Table 1. Asy
differences up to 0.4 ppm are seen (H6a; —0.30 ppm, H2”, -0.31 ppm; H1’, —0.39 ppm) and
the largest A8¢ are ~ 2.5 ppm (C2, +2.6 ppm; C2”, +2.5 ppm). All chemical shifts for bound
and free Mang are provided in Table 1.

Conformation of bound Mans

The conformation of Mang was elucidated from intramolecular NOEs, both for the free and
bound trimannoside (Figure 2). 2D 1H,13C-HSQC-NOESY spectra (Figure 2d) with mixing
times of 10-120 ms were recorded to extract NOEs for the bound Manz and NOE build-up
curves were used to extract distances (Figure 2f) for conformational analysis. Equivalent
spectra were recorded for free Mans. However, only very small NOEs were detectable in
NOESY spectra due to the small size and fast rotational correlation time of trimannoside.
Therefore, 1D DPFGSE-T-ROESY spectra were recorded on a concentrated sample of
unlabeled Mangz (Figure 2c), and distances were extracted from intensity difference in the 1D
ROESY traces for increasing mixing times.

Representative intra-residue distances are very similar in free and bound Mans (Table 2).
Evaluating all intramolecular NOEs for bound Mang (Table S2) shows that all sugar rings
are close to normal 4C; conformations. In particular, the H3-H5 distance is informative,
given its 1,3-diaxial interaction in the C; conformation. This distance would be
considerably longer in most other possible conformations, including the 1C4 conformation.
For the non-reducing terminal sugar this distance (H3"-H5") is 2.62 A, identical to the one
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in the reducing end sugar (H3-H5=2.62; see Table S2). The H3”-H5" distance for the
middle sugar could not be measured from the 2D 1H,13C-HSQC-NOESY spectrum because
of 13C chemical shift overlap.

NOEs across the glycosidic linkages exhibited large differences between free and bound
Mans, suggesting that changes in the glycosidic torsion angles are present. For the (17 —2)
linkage the measured H1-H1” and H1-H5” distances were clearly different, namely 3.26 A
and 2.59 A in free Manz and 2.87 A and 2.95 A in bound Mans, respectively. A smaller
difference is seen for the H1”-H2 distance (2.21 A versus 2.12 A). For the connection
between the middle and the non-reducing terminal sugar unit only small differences between
free and bound Mans are noted, with very similar distances for H1"-H2” (2.22 A versus
2.30 A), H1”-H5" (2.47 A versus2.44 A) and H1”-H1" (3.29 A versus>3 A). All inter-
residue NOEs measured for free Mang are similar for both linkages and are in agreement
with molecular dynamics simulations on Mana.(1—2)Man, which revealed glycosidic
torsion angles ¢y = —40°, yy = 33°.28 In the crystal structure of Man-9 with CV-N (PDB
accession code 3GXZ) torsion angles of ¢y = —27°, wy = 30° for (1”—2) and ¢y = -51°,
i = 71° for (1’—2") are found for the trimannose unit of the D1 arm.26 The (1”—2)
linkage torsion angles are slightly different from the major conformation of the free Mans
and are more close to the solution conformation observed here. Interestingly, these
glycosidic torsion angles are almost identical to the ones in a crystal structure of a CV-N
complex with Mana.(1—2)Man in the domain B binding site (¢y = —27°, yy = 31°).23
However, the glycosidic torsion angles for the (1°—2") linkage, measured from the crystal
structure, are different from the conformation in the solution NMR structure, as evidenced
by a significantly shorter H1”-H5" distance (2.44 A) than in the crystal structure (3.32 A).
This bound sugar conformation is closer to the conformation of free Mans, since very
similar inter-residue distances were measured for the (1'—2") linkage.

Despite the difference between the two glycosidic linkages of Mang bound to CV-N, with
torsion angles close to ¢y = —27°, w = 30° for the (1”—2) linkage and ¢p = —40°, yy =
33° for the (1'—2") linkage, both conformations reside in the high probability region for
Mana (1—2)Man, with ¢ around —40° and a positive y.28:22 Surprisingly, molecular
dynamics simulations of the Mana.(1—2)Man-CV-N complex found a negative yy (¢4 =
-45°, yy = —20°) in the domain A binding site.2? This is a minor conformer of free
Mana.(1—2)Man.28:29 Experimentally, however, we found no evidence for this bound
conformation in our current study.

Mapping the binding interface between Man3 and CV-N

A large number of intermolecular NOEs were obtained from 2D 1H,13C-HSQC-NOESY
spectra, recorded on the complex between 13C-labeled Mang and 15N-labeled CV-N, in
conjunction with simultaneous 13C/5N 3D NOESY-HSQC experiments,30 recorded on a
sample of 13C-labeled Mans bound to 13C/15N-labeled CV-N. Build-up curves for
intermolecular NOEs (Figure S2a) were used to extract distances by the isolated spin-pair
approximation (Table 3). Note that significant spin diffusion was present in many cases for
mixing times larger than 50 ms; in these cases only small mixing times devoid of spin
diffusion were used in the fitting procedure. Despite these precautions, 23 out of 56
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intermolecular NOEs are affected by spin diffusion. All intermolecular NOEs are provided
in Table S3.

Comparison of the intermolecular distances measured here with those in the crystal structure
(PDB accession code 3GXZ)26 yielded a correlation coefficient of /2 = 0.68 (Figure S2b).
The small deviations between the NMR-derived and X-ray distances for residues G2, K3,
T7,T25, A92, N93, and 194 may relate to slightly altered side-chain orientations in the two
complexes. Residues G2, K3, T7, T25, and N93 are all implicated in hydrogen bonding in
the crystal structure, although these hydrogen bonds are inferred from the distances and not
measured experimentally.

the carbohydrate

13C-filtered NOESY-1H,13C-HSQC spectra were recorded to measure intermolecular
carbohydrate-protein NOEs, filtering out all NOEs within the sugar. A 2D version, depicting
the 1H,13C dimension is shown in Figure 3 and compared with the 1H,13C-CT-HSQC
spectrum.

Intense cross-peaks correspond to several NOE contacts, while weak or absent cross-peaks
are equivalent to few or no intermo-lecular NOEs. A 2D version of the 1H,1H dimension
(not shown) revealed that most NOESs originated from protein side chains, whereas NOEs
from backbone amide protons contributed to a lesser extent. The identity of the protein side
chain of the different NOEs can be traced in the 13C dimension from a 1H,13C-HSQC-
NOESY spectrum (Figure 3b). Note that the reducing-end mannose H2 and H5 cross-peaks
reflect intramolecular NOEs originating from the OCH3 group, since the methyl group on
the sugar was not 13C-labeled.

As can be appreciated from the spectrum in Figure 3a, the Man” protons (H2”, H3", H4’,
H5” and H6 a/b) of the non-reducing terminal sugar exhibit substantially less
intermolecular NOEs than the Man and Man’ rings. Only three intermolecular distances < 3
A involving Man” were determined: G2 NH — H2” (2.82 A), A92 HB - H2" (2.99 A) and
K3 H& — H3” (2.90 A) (Table 3 and S4). This lack of NOEs may be due to higher flexibility
of the (1’ —2") linkage, consistent with the narrower lines that are observed for the
associated cross-peaks in the 1H,13C-CT-HSQC spectrum (see above). The Man” sugar is
close to L1, G2, K3, and E101 at the N- and C-termini of the protein, a region of the protein
that is more flexible than other parts.

At this point we would like to emphasize that the 1H,13C 2D version of a 13C-filtered
NOESY-1H,13C-HSQC experiment, acquired in 4 hours, provided information about the
contacts on the carbohydrate without the need to assign the protein spectrum. It only
requires a 13C-labeled carbohydrate, and the protein can be at natural abundance.

Contacts on the protein

Binding site mapping of Manz binding to CV-N has previously been reported from NMR
titrations of Mans into uniformly 15N-labeled CV-N.18.19 Using 13C-labeled Mans, a CNH-
NOESY spectrum can be employed to extract NOEs between 13C-attached protons of the
carbohydrate and 1°N-attached protons of the protein. Traditionally, 1H,13C-HSQC-
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NOESY-1H,15N-HSQC experiments are used for resonance assignments of 13C,1°N-labeled
proteins,3! although here we used a 2D 1H,1°N version for easy comparison with

the TH,15N-HSQC spectrum. As illustrated in Figure 4, protein amide protons involved in
intermolecular NOEs can be easily identified when comparing the 1H,13C-HSQC-NOESY
experiment (Figure 4a) with the 1H,15N 2D version of the CNH-NOESY (Figure 4b). Using
a mixing time of only 20 ms (Figure 4b), no spin diffusion was detected and NOEs
corresponding to distances <3.4 A were observed. Longer mixing time (60 ms) resulted in
significant spin diffusion from protein side chains to nearby amide protons (Figure S3). This
second shell of the binding site, comprising amide protons, corresponds well to those amide
protons that exhibited chemical shift changes upon Mans addition in the 1H,1°N-HSQC
spectrum. Therefore, the 2D CNH-NOESY experiment can be employed to map amino acids
in close proximity to the ligand, without the need for 13C,15N-labeled protein and full
protein assignment. In contrast to chemical shift mapping, this NOE-based method clearly
identifies whether direct contacts or ligand-induced conformational changes are involved.
This can be critical, since it is well known, that remote conformational changes frequently
contribute confounding aspects when binding sites are mapped by NMR; such issues are
avoided in binding studies using a 13C-labeled ligand and the above approach. Additionally,
for tight binding ligands, involving a large number of amino acids, chemical shift mapping
often affects too many resonances, making it difficult to distinguish between the critical,
primary contacts and less important secondary contacts. The 2D CNH-NOESY experiment
with short mixing times only identifies resonances of residues in close proximity to the
ligand and with a clear gradient of intensity due to the 76 dependence of the NOE.
Moreover, the binding interactions can be easily mapped from a 3D CNH-NOESY or a

2D 1H,13C-HSQC-NOESY experiment as illustrated in Figure 4b.

CONCLUSIONS

Here, we presented the effective use of 13C-labeled sugars to delineate the details of the
bound ligand conformation as well as the binding site on a protein. The contacts on the
carbohydrate are identified from a 2D 13C-filtered NOESY-1H,13C-HSQC experiment and
contacts on the protein are detected via intermolecular NOEs in 2D CNH-NOESY spectra.
These two 13C-filtered or edited NOESY experiments are powerful complements for
investigating ligand-protein interactions by NMR, without the need for full protein
assignment.

Using this approach on the Man3-CV-N complex we characterized the structure of the bound
carbohydrate using intra-sugar NOEs and identified contacts with the protein via
intermolecular NOEs. The (1”—2) glycosidic linkage was found to be similar to that of the
trimannoside unit of Man-9 in the crystal with CV-N26 and the (1'—2") glycosidic linkage
is similar to that of free Mans. The density of intermolecular NOEs from the individual
sugar units revealed that Man and Man” are bound more intimately to the protein compared
to the non-reducing terminal Man” sugar.

JAm Chem Soc. Author manuscript; available in PMC 2018 May 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Nestor et al.

Page 8

EXPERIMENTAL PROCEDURES

Carbohydrate synthesis

Uniformly 13C-labeled Mana(1-2)Mana.(1-2)Mana OMe (Mans) was synthesized from D-
[13Cg]-mannose. See supporting information for details.

Protein expression and purification

P51G CV-N, labeled with 15N or 13C/15N was expressed as described earlier.32 The protein
was prepared from the soluble fraction after cell lysis by sonication. The cell debris was
removed by centrifugation and the supernatant was dialyzed against 20 mM Tris-HCI buffer
(pH 8.5), loaded onto a Q(HP) column (GE Healthcare) and protein was eluted using a linear
gradient of 0—-1 M NaCl. Protein-containing fractions were concentrated and further purified
by gel filtration on a Superdex 75 column (GE Healthcare) in 50 mM Tris-HCI, 100 mM
NaCl (pH 8.5). Fractions containing pure P51G CV-N were collected and concentrated using
Centriprep and Amicon devices (Millipore). Samples for NMR were buffer-exchanged into
10 mM phosphate buffer, 3 mM NaNj3, 95/5% H,0/D,0 (pH 6.6).

NMR spectroscopy

NMR spectra were recorded at 20 °C or 25 °C on Bruker 600, 700, 800, and 900 MHz
AVANCE spectrometers equipped with 5-mm-triple-resonance, zaxis gradient cryoprobes.
Parameter settings for the NMR experiments are summarized in Table S4.

For carbohydrate resonance assignments of bound Mans, a sample of 13C-labeled Mans
and 1°N-labeled CV-N (1:1 molar ratio, 0.8 mM) was prepared. 2D H,13C-HSQC and 2D
versions of HC(C)H-TOCSY, 1H,13C-HSQC-NOESY and a constant-time version

of 1H,13C-HSQC-TOCSY spectra were recorded to obtain complete 1H and 13C
assignments. Spectra were referenced to internal DSS (& = 0.00 ppm, 6¢ = 0.00 ppm).

For protein resonance assignments, a sample of 13C-labeled Mang and 13C/1°N-labeled CV-
N (1:1 molar ratio, 0.8 mM) was prepared. Three-dimensional HNCACB and
CBCA(CO)NH spectra were recorded for protein backbone assignment. 1H and 13C
assignment of aliphatic side-chains was carried out using 2D 1H,13C-HSQC, 3D HC(C)H-
TOCSY and 3D NOESY-HSQC spectra with simultaneous evolution of 13C and 1°N
chemical shifts in t, and a mixing time of 80 ms.

Measurements of proton-proton cross-relaxation rates of free Mans (without 13C-labeling)
were carried out at 25 °C on a 35 mM sample in10 mM phosphate buffer in D,O (pD 7.0,
equivalent to pH 6.6) on a 600 MHz spectrometer. 1D DPFGSE 1H,1H-T-ROESY spectra
were recorded with 80 ms Gaussian shaped pulses, selective on H1, H1”, H1", H2”, and
H2’. Seven different mixing times ranging from 50 to 350 ms were used for excitation of
each individual resonance. The recovery delay was set to 8 s to ensure >5 x Tj.

Measurements of proton-proton cross-relaxation rates of CV-N-bound Mang (with 13C-
labeling) were carried out at 20 °C on a 0.9 mM sample (1:1 molar ratio of CV-N and sugar)
on a 900 MHz spectrometer. 2D 1H,13C-HSQC-NOESY experiments were recorded for ten
different mixing times, ranging from 10 to 120 ms. In addition, a 3D NOESY-HSQC
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spectrum with Watergate suppression was recorded on the same sample. This spectrum was
used to measure the relaxation rate between H6a and H6b for calibration of distances with
respect to the H6a-H6b reference distance (1.78 A). Experimentally determined distances
were compared to equivalent distances in the D1 arm trimannoside of Man-9 in the X-ray
structure with CV-N (PDB accession code 3GXZ).28 Protons were added to the X-ray
coordinates by PyMOL (The PyMOL Molecular Graphics System, Version 1.8 Schrodinger,
LLC).

Mapping of the binding contacts on the 13C-labeled Mang was carried out at 20 °C on a 0.9
mM sample (1:1 molar ratio of CV-N and sugar) on a 900 MHz spectrometer. 2D versions of
NOESY-1H,13C-HSQC spectra with 13C-filtering in t; (not evolved) were recorded and
compared with a H,13C-HSQC spectrum. The binding contacts on 1°N-labeled CV-N were
investigated at 25 °C on the same 0.9 mM sample on a 600 MHz spectrometer. 2D versions
of 1H,13C-HSQC-NOESY-1H,15N-HSQC (CNH-NOESY) experiments were used to identify
contacts on the protein by comparison with a 1H,15N-HSQC spectrum.

NMR spectra were processed with Topspin 3.1 (Bruker) and ccpNMR was used for
resonance and NOE cross-peak assignments.33 NOE build-up curves were constructed using
the PANIC approach.34:35 In the 1D DPFGSE 1H,1H-T-ROESY spectra, each NOE
enhancement was normalized with respect to the target signal in the same spectrum. In

2D 1H,13C-HSQC-NOESY spectra, each NOE cross-peak intensity was normalized with
respect to the average intensity of the two diagonal signals (intramolecular Manz NOES) or
the Mang diagonal signal intensity (intermolecular NOES) in the same spectrum. Error
values were obtained from the linear fitting of the NOE build-up curves. Lower errors were
obtained by the PANIC approach, compared to exponential fitting, since normalization is
performed within the same spectrum. The isolated spin-pair approximation (ISPA) was used
to obtain distances relative to a known reference distance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(a) Structural formula of Manz (Mana.(1-2)Mana(1-2)Mana OMe). (b) Anomeric region
and (c) ring proton region of the 1H,13C-CT-HSQC spectrum of free Mans (red/magenta)
superimposed on the 1H,13C-CT-HSQC spectrum of CV-N-bound Mans (blue/cyan). An
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unidentified cross-peak is marked with an asterisk (*).
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(@) TH NMR spectrum of Mang in D,O buffer. (b) Selected region of the 1H,13C-CT-HSQC
spectrum of Mans bound to CV-N. (c) 1D H,'H-DPFGSE-T-ROESY spectrum of Mans
with selective excitation on H1” and a mixing time of 300 ms. (d) Selected region of

a 1H,13C-HSQC-NOESY spectrum of CV-N-bound Mans with a mixing time of 60 ms. (e-f)
PANIC plots of ///;versus tmix, where /;is the intensity of the NOE peak, -/;is the intensity
of the target peak (selective experiments) and /;is the average intensity of the diagonal peaks
(2D experiments). Plots are shown for H1”-H2 (red squares), H1"-H2” (blue circles), and
H1-H1” (green diamonds) of (e) free and (f) bound Mans. Cross-relaxation rates were
obtained from the slopes of the lines.
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(a) Superposition of the 2D version of the 13C-filtered NOESY-HSQC (red, 80 ms mixing
time) and the 1H,13C-CT-HSQC (grey) spectra of the CV-N/Mans complex. (b) Side-chain
region of the 1H,13C-HSQC-NOESY spectrum of the CV-N/Mans complex (60 ms mixing
time). Intermolecular NOEs between sugar ring protons (correlated through 13C in f1) and

protein side-chain protons are labeled.
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(a) Amide proton region of the 1H,13C-HSQC-NOESY spectrum (60 ms mixing time) of the
CV-N/Manz complex. Intermolecular NOEs between sugar ring protons and protein amide
protons are labeled. (b) 1H,2°N 2D version of the CNH-NOESY experiment (red, 20 ms
mixing time) superimposed onto a 1H,1®N-HSQC spectrum (grey). Amide proton resonances
exhibiting NOEs to 13C-attached sugar ring protons are connected by dashed lines.
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Table 2

NOE-derived intramolecular distances (A) of free Mang and CVN-bound Mans?

Tfree Tbound®
Intra-residue H1 H2 259 254
H1 OCH; 294 271
H1”  H2” 2.50 2.57
H2”  H3” 2.37 2.52
HL" H2' 5530 259
H2"  H3’ 2.44 2.55
Inter-residue (1”—2)  H1 H1” 326 287
H1 H5” 2.59 2.95
H1”  H2 2.21 2.12
Inter-residue (1’ —2") H1” H1’ 329  s3pe
H1” H5’ 247 244
H1”  H2” 2.22 2.30

a . . . .
The complete list of all intramolecular NOEs is presented in Table S2.

bStandard errors are <0.01 A.

“Standard errors are <0.04, except H1-H5”, which is 0.07.

a . . Lo .
Reference distance obtained from molecular dynamics simulation data of a Mana.(1-2)Mana.(1-0O)Ser.

e _— s S
Contribution of spin diffusion prevented accurate determination.
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Table 3

Page 17

NOE-derived intermolecular distances (A) of CV-N-bound Manz and equivalent distances in the triman-noside

unit of the D1 arm from the crystal structure of Mang bound to CV-N (PDB accession code 3GXZ).?

CV-N Manz  regp 36Xz
G2 NH H2’ 2.82 2.44

K3 HBb H4” 240 261

K3 Hpb H3’ 3.06 3.01

K3 H& H3’ 2.90 2.28

Q6 Hpa H4” 350 3.56

Q6 Hpa H6” 5770 260/3.35
Q6 Hpb H6” 3036 259/3.77
T7Hy H1 4.50 4.54

T7 Hy H4” 401 398

T7 Hy H5” 2.98 2.35

T7 Hy H6”  og70 182
E23HBb  H6 090 2.40/3.09
T25Ha H5 2.33 2.03
T25Hy H3 3.18 2.57
T25Hy H5 329 325
A92 HB H2” 3.44 3.46
A92 HB H1’ 3.35 3.87
A92 HB H2’ 2.99 2.57
N93 NH H2” 3.16 3.08
N93 NH H3” 2.58 2.66
N93 Hpa H2” 3.27 3.55
N93 Hpa H3” 2.32 1.86
N93 8NHa H4 297 3.26
N938NHa H6  550b  2.56/2.69
N938NHb H4 312 340
N9386NHb H6  ,5gb  2.55/3.46
N93 8NHb  H3” 3.02 3.14

194 H& H1” 4.42 4.44

194 H& H2” 3.34 2.82

194 H8 H3” 4.87 4.82

194 H8 H1’ 3.45 3.54
D95 NH H3 3.16 3.69
D95 NH H4 3.43 3.17

aA complete list of intermolecular NOEs is provided in Table S3.

b

spectrum.
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H6(”)a and H6(”)b resonances could not be distinguished since NOEs were obtained in the 13C dimension of the 1H,13C-HSQC-NOESY
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