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Abstract—The anomeric carbon chemical shifts of free cyclomaltohexaose, -heptaose, -octaose, -decaose, and -tetradecaose (-, p-,
v-, &-, and t1-cyclodextrin, respectively), and of a-cyclodextrin inclusion complexes, both in the solid state and in solution, were
computed using ab initio '*C chemical shift surfaces for the b-Glcp-o-(1 — 4)-D-Glep linkage as a function of the glycosidic bond
(@, ) dihedral angles. Chemical shift calculations in the solid state used (@, ¥) angle pairs measured from cyclodextrin X-ray
structures as input. For estimations in the liquid state two different approaches were employed to account for dynamic averaging. In
one, the computed solid-state anomeric carbon chemical shifts for each cyclodextrin p-Glcp monomer were simply averaged to
obtain an estimate of the '3C shifts in solution. In the other, chemical shifts for the anomeric carbons were determined by averaging
back-calculated '*C shift trajectories derived from a series of 5ns molecular dynamic simulations for the oligosaccharides with
explicit representation of water. Good agreement between calculated and experimental '3C shifts was found in all cases. Further-
more, our results show that the ab initio *C chemical shift surfaces are sufficiently sensitive to reproduce the small variations
observed for the anomeric '3C shifts of the different cyclodextrin D-Glcp units in the solid state with excellent accuracy. The use of
chemical shift surfaces as tools in conformational studies of oligosaccharides is discussed.
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1. Introduction

Oligosaccharides have arguably the most varied func-
tions among the different classes of biological macro-
molecules. While their roles range from energy storage
in living organisms to the control of cellular structure
and shape, the most important biochemical process in-
volving oligosaccharides is cellular signaling.! This is
not surprising if one considers that carbohydrates, as
opposed to amino acids and nucleic acids, have the
possibility of forming highly branched polymers in
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which the units can be coupled through several types of
glycosidic linkages. This rich structural diversity allows
carbohydrate-containing macromolecules to present a
virtually infinite number of signals to their surround-
ings, thus making them particularly well suited to par-
ticipate in molecular recognition processes.! Regarding
their three-dimensional (3D) structure and dynamics,
oligosaccharides are also markedly different from other
biopolymers. Despite there are almost 22,000 protein 3D
structures available in the Protein Data Bank (PDB),
only a handful of these correspond to glycoproteins.?
Even if this small subgroup of entries is considered, the
structure of the protein-bound oligosaccharide moiety is
usually found to be ill-defined. Similarly, a survey of the
Cambridge Structural Database (CSD) reveals that the
number of linear or branched oligosaccharides for which
high-resolution X-ray structures are available amounts
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to less than a hundred for disaccharides, trisaccharides,
and tetrasaccharides combined.® These observations
confirm the well-known ability of these molecules to
adopt a wide range of conformations in dynamic equi-
librium in solution.'* Therefore, understanding the
mechanism through which oligosaccharides participate
in molecular recognition processes requires knowledge
of their conformational behavior in solution.

From the variety of methods employed in the study
of oligosaccharide conformation and dynamics, nu-
clear magnetic resonance (NMR) spectroscopy and
molecular modeling simulations are perhaps the most
valuable, and a number of protocols that employ a
combination of the two techniques have been postu-
lated.>® In most of these approaches, estimations of
internuclear distances between oligosaccharide proton
pairs are obtained using 1D and/or 2D nuclear Over-
hausser enhancement (NOE) experiments, and infor-
mation regarding the glycosidic bond ¢ and ¥ dihedral
angles is derived from homo- and heteronuclear vicinal
(3J) and geminal (J) coupling constants. Recently, the
measurement of residual dipolar couplings in weakly
aligned oligosaccharide samples has been employed to
determine the relative orientation of C—H bond vectors.”
Irrespective of the type of experiment, the information
obtained from solution-state NMR spectroscopy is
normally affected by conformational flexibility, and a
single atomic model satisfying all the experimental data
measured for an oligosaccharide cannot be obtained.'>?
In order to account for these dynamical averaging ef-
fects, conformer ensembles, which can reproduce, on
average, the experimental observations, are generated
through the use of molecular modeling simulations such
as Monte Carlo searches, molecular dynamics (MD), or
simulated annealing (SA).>”°

Carbohydrate '3C chemical shifts have also been
recognized as valuable sources of structural information
that could be used to complement or in some cases, as
discussed in further detail below, replace NOE and J-
coupling data. In particular, the anomeric carbon
chemical shift is known to depend systematically with
the glycosidic bond (@, ¥) dihedral angles,'®!! and
several experimental and theoretical studies have ex-
plained this relationship qualitatively.'>"> Recently,'®
we revisited these original investigations and carried out
an exhaustive ab initio study of the anomeric carbon
chemical shift dependence versus @ and ¥ for p-Glcp—
D-Glcp disaccharides models with (1—>1), (1-2),
(1—-3), and (1 —4) linkages in both o- and B-configu-
rations. Our work lead to the development of chemical
shift surfaces for carbohydrates,' empirical functions
relating anomeric carbon chemical shift with glycosidic
bond conformation. These equations, of the form '3C
Oanom = f (@, ¥), can be used to quantitatively incorpo-
rate isotropic *C shift measurements into the analysis of
oligosaccharide 3D structure and dynamics.

In this report we study the applicability of *C
chemical shift surfaces to the study of carbohydrate
conformation, using the surface corresponding to the
D-Glcp a-(1 —»4) linkage and ao-, B-, v-, €-, and t-cyclo-
dextrin (CD) as model systems (Figs. 1 and 2). The
results presented below show that *C estimations ob-
tained from theoretical chemical shift surfaces repro-
duce experimental observations well, both in the solid
state as well as in solution if conformational averaging is
taken into account, and serve to demonstrate the use-
fulness of the methodology.
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Figure 1. Structures of the cyclomaltooligosaccharides o-, B-, v-, &-,
and 1-CD.
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Figure 2. *C chemical shift surface for the anomeric carbon of the b-
Glep a-(1 — 4) glycosidic linkage as a function of the @ and ¥ dihedral
angles, defined as (H-1-C-1-O-1-C-4') and (H-1-C-1-O-1-C-4'), re-
spectively.
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2. Computational methodology
2.1. General considerations

Molecular models for free a-, B-, y-, &-, and 1-CD, and
for o-CD inclusion complexes were built from their
corresponding X-ray coordinates found in the CSD
(Tables 1, 2, and 5).!722 Sybyl 6.8 (Tripos Associates,
Inc.) and AMBER 6.0 were used to convert CSD co-
ordinate files into PDB files and to add hydrogens in
idealized positions to structures bearing only heavy-
atom coordinates, respectively. Solution *C NMR data
for the CD systems considered in this study, as well as
solid-state cross polarization magic angle spinning (CP/
MAS) 3C NMR data for free a-, -, and y-CD, and for
o-CD inclusion complexes were obtained from the lit-
erature.?>%’

2.2. Generation of the p-Glcp-a-(1 — 4)-p-Glcp chemical
shift surface

The derivation of the chemical shift surface for the
anomeric carbon of the p-Glcp a-(1 —>4) linkage has
been presented in detail elsewhere,'® and is briefly de-
scribed here. An 18X 18 matrix in the (—180°+« 180°)
range for @ and ¥ at 20° intervals for the p-Glcp-a-

89

(1 >4)-p-Glecp disaccharide was constructed, resulting
in grid with 324 conformers. For each structure in the
grid, the @ and ¥ angles were kept constant with dihe-
dral constraints on heavy atoms and the monosaccha-
ride held in the *C, conformation, while the geometry of
the rest of the molecule was optimized using the AMI
semiempirical Hamiltonian as provided in Spartan 5.0.1
(Wavefunction, Inc.). These structures were used as in-
put for ab initio *C chemical shielding calculations at
the 3-21G level, utilizing Hartee-Fock (HF) theory and
the Gauge-Including Atomic Orbital (GIAO) method as
implemented in Gaussian 98.% The results obtained with
the 3-21G basis set were then converted to chemical
shifts by subtracting the chemical shielding obtained for
the methyl carbons of the reference standard tetra-
methylsilane (TMS) using the same basis set, and scaled
to results from a series of reference 6-311G** level cal-
culations. The raw ab initio chemical shift surface data
were finally fitted to a trigonometric series expansion of
the form (Eq. 1):

PCunom(®, W) = Ao+ »_[A; -sin(i- @) +B; - (i - ®)
+C;-sin(i- V) +D; -sin(i - V)] + Z [Aijap-sin(i-o)-cos(j- f)

Y
+Bijap-sin(i-o)-sin(j- f) + Cijqp - cos(i- o) - cos(j - )],

(1)

Table 1. Glycosidic bond (@, ¥) dihedral angles, calculated, and experimental CP/MAS anomeric carbon chemical shifts for a-, -, and y-CD in the

solid state

D-Glcp residue  o-CD (CHXAMH)'7%¢

B-CD (BUVSEQOI) 187

y-CD (CIWMIEIO)!2

P L4 0, Caled 0, Exp* @ l'4 0, Caled 0, Exp* @ l'4 J, Caled 0, Exp*
1 -33.3 =57 102.70 102.1 -2.5 9.6 104.10 102.8 0.0 17.8 103.07 101.1
2 -32.1 535 98.86 98.1 -7.6 9.0 104.34 103.7 -18.4 -0.9 104.32 104.2
3 -20.0 2.8 104.25 103.2 -13.9 8.9 104.35 104.5 -16.8 8.4 104.29 103.0
4 -84 182 103.53 102.8 -18.0 -0.6 104.35 103.8 -42.1 4.1 101.93 101.1
5 -18.3  11.7 104.06 102.8 -11.5 157 103.86 102.7 -14.9 -2.9 104.47 105.1
6 -15.7 5.3 104.43 103.8 -2.5 218 102.76 101.9 -12.1 7.2 104.46 104.7
7 — — — — -148 -6.8 104.32 103.1 -7.1 16.7 103.64 101.5
8 — — — — — — — — -10.9 -11.2 104.22 102.6
Mean 9, — — 102.97 102.1 — — 104.01 103.2 — — 103.80 103.2

“Experimental CP/MAS '*C shifts denoted in italics are tentatively assigned (see text for details).

Table 2. Glycosidic bond (@, ¥) dihedral angles, calculated, and experimental CP/MAS anomeric carbon chemical shifts for a-CD inclusion
complexes with p-hydroxybenzoic acid (PHBA) and p-nitrophenol (PNP) in the solid state

D-Glcp residue  a-CD-PHBA (ACDHBA)*?’

a-CD-PNP (ACDPNP)»-?7

(] 14 d, Caled J. Exp® @ 14 J, Caled J.Exp*
1 -7.9 6.0 104.51 -11.1 12.0 103.07
2 -6.2 8.0 104.37 -3.5 11.4 104.01
3 -133 15.8 103.85 -16.7 18.5 103.57 1043 3)
4 -6.4 12.3 104.05 103.5 (b) -5.8 14.1 103.86 and
5 10.1 5.1 103.53 5.7 9.2 103.56 1027 3)
6 -5.6 0.1 104.67 -6.8 6.1 104.49
Mean &, — — 104.16 103.5 — — 103.94 103.5

“For the experimental CP/MAS '*C shifts, (b) denotes a broad signal, and the numeral in parenthesis the number of overlapping resonances.
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where Ay, 4;, Bi, C;, Di, Aijop, Bijap, and C;, p are the fit
parameters, and « and f can be either @ or ¥. The data
were fitted using Mathematica 4.1 (Wolfram Research,
Inc.), using a 91-term series (i, j = 1-3). The resulting
function, shown graphically in Figure 1, was incorpo-
rated into Perl scripts for use in data analysis, which are
available from the authors upon request.

2.3. Molecular dynamic simulations

MD simulations for o-, B-, and y-CD were carried out
and analyzed with the AMBER 6.0 molecular mechanics
software suite. The Cornell et al. force field potential
energy function was employed for all simulations,”
using the GLYCAM_2000a parameter set and ensemble-
averaged charges for oligosaccharides developed by
Woods and coworkers.*?! Starting from their X-ray
coordinates, the CD models were positioned in the
center of a truncated octahedron large enough to pro-
vide a 10A buffer around them, and solvated with
TIP3P waters.’? A total of 1028, 1088, and 1258 water
molecules were used for a-, B-, and y-CD, respectively,
resulting in a density approaching 1.0 g/mL for all three
systems. Prior to MD simulations, the solvated models
were subjected to 500 energy minimization steps to
eliminate bad van der Waals and electrostatic interac-
tions. The relaxed systems were then allowed to equili-
brate to 298 K for 500 ps under NTP conditions, using a
time constant of 0.2ps for coupling to the external
thermal bath and an integrator step of 1fs. A cutoff of
8.0 A was employed for of all nonbonded interactions,
the scaling factors for 1-4 nonbonded interactions were
set to 1.0, and the particle-mesh Ewald approach was
used in the treatment of electrostatics.>*> The SHAKE
algorithm was employed to constrain the lengths of all
bonds involving hydrogen atoms.* After equilibration,
the MD simulations were continued under the same
conditions for an additional 5-ns period in which data
analysis structures were written to disk every 100 fs. All
MD simulations were performed on a LINUX Beowulf
cluster consisting of 20 Pentium-III 450 MHz compute
nodes. Analysis of the data from the MD trajectories
was done with the JMP statistical package, version 3.1.5
(SAS Institute, Inc.).

3. Results and discussion
3.1. Chemical shift calculations on CD X-ray structures

In order to investigate the applicability of '*C chemical
shift surfaces to the study of oligosaccharide confor-
mation and dynamics, their predictive power and accu-
racy need to be determined first. As we have stated
above and discussed in more detail in our previous re-

port,'® this is hampered by the fact that most of the
NMR data available for carbohydrates is from studies
carried out in solution, and as a result the measurements
are affected by conformational averaging.>”’ Although
we have shown that these effects can be taken into ac-
count through the use of high-quality ab initio potential
energy diagrams and Boltzmann statistics,* the meth-
odology is only accurate for small molecules with few
degrees of conformational freedom. Therefore, 3C
NMR data for single oligosaccharide conformers, such
as those obtained from CP/MAS studies on crystalline
samples, are required for our purposes. Our attention
was directed toward the ao-(1 —4)-linked cyclomalto-
oligosaccharides, a-, B-, and y-CD, as these molecules
and their inclusion complexes with small ligands have
been the subject of several solid-state NMR, X-ray
crystallographic, and molecular modeling stud-
ies.!727:3639 These systems give us the opportunity to
compute anomeric carbon shifts using the p-Glcp a-
(1 = 4) chemical shift surface and (@, ¥) dihedral angles
obtained from X-ray structures as input, and compare
the theoretical estimations directly against experimental
3C NMR CP/MAS data. The results from these com-
parisons are presented in Table 1. With the exception of
two resonances for o-CD, the experimental chemical
shifts are not assigned to specific anomeric carbons in
the literature,?® and these resonances are italicized in
Table 1 to reflect this fact. The assignments we present
are tentative and based solely on the trends found for
the computed chemical shifts. Despite this, and that the
calculations tend to overestimate the observed CP/MAS
data by an average of 0.8 ppm, the computed '3C shifts
correlate favorably with experiment, particularly if the
mean values obtained for the three molecules are com-
pared. The results obtained for o-CD are more infor-
mative. The torsional strain caused by its smaller ring
size forces D-Glcp residues 1 and 2 in this cyclo-
maltooligosaccharides to deviate from a regular toroidal
spatial arrangement, resulting in glycosidic linkage an-
gles for the 1-2 and 2-3 monomer pairs of
(@ =-333°¥=-5.7° and (® = —32.1°, ¥ = —53.5°),
respectively.!” The calculated '*C shifts for the anomeric
carbons of these two residues are 102.70 and 98.86 ppm,
respectively, which are in very good agreement with the
observed CP/MAS "3C shifts of 102.1 and 98.1 ppm.
To further test our methodology, we decided to in-
vestigate inclusion complexes of o-CD with 1,4-substi-
tuted benzenes.? In order create a larger cavity capable
of accommodating the aromatic ligands, all the p-Glcp
o-(1 > 4) linkages in these systems adopt similar con-
formations, with @ and ¥ angles in the (-16.7° < 10.1°)
and (0.1°«+ 18.5°) range, respectively (Table 2). For-
mation of the inclusion complexes manifests itself in the
CP/MAS spectra by the absence of the upfield anomeric
13C resonance at 98.1 ppm observed for free a-CD.??
While ring-current effects from the aromatic ligands can
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shield some of the cyclomaltooligosaccharide protons by
up to 0.5 ppm, they cause relatively minor perturbations
to BC resonances.”® Therefore, the variations in ano-
meric carbon shifts that occur upon complexation are
governed mainly by changes in the glycosidic bond
conformations. Accordingly, the shifts for the o-CD
inclusion complexes with p-hydroxybenzoic acid
(PHBA) and p-nitrophenol (PNP) calculated using the
D-Glcp a-(1 - 4) ¥C chemical shift surface reproduce
the changes observed experimentally, predicting no
anomeric carbon resonances below 103.07 ppm (Table
2). Although individual *C estimations cannot be cor-
related to experimental CP/MAS data due to the lack of
assignments and signal overlap, the change in the aver-
age shifts for a-CD before and after complexation with
PHBA and PNP can be compared. Analysis of the ob-
served CP/MAS data indicates average downfield shifts
of 1.1 ppm upon formation of either PHBA- or PNP-a-
CD inclusion complexes.?” Our calculations predict
changes in the average anomeric carbon shift of +1.19
and +0.97 ppm for PHBA and PNP, respectively, which
are virtually identical to the average deviations deter-
mined from experimental data.

3.2. Effects of conformational averaging

The results presented above confirmed that the '3C
chemical shift surface methodology is well suited to
predict experimental anomeric carbon shifts in the solid
state, and showed that the approach is sufficiently sen-
sitive to accurately reproduce chemical shift changes
observed with variations of the glycosidic linkage con-
formation. The next step in the study was to incorporate
conformational averaging effects taking place in solution
over the NMR time-scale into the chemical shift esti-
mations, and two different methods were employed with
this purpose.

The first approach takes advantage of the fact that all
monomers and glycosidic linkages in the cyclomalto-
oligosaccharides are equivalent due to symmetry.’ In
solution, the (@, V) dihedral angles of all the residues in
a CD sample the same regions of conformational space

in the NMR time-scale, and, as evidenced in the solu-
tion-state 'H and '3C spectra of these molecules, all the
observables dependent on the glycosidic bond confor-
mation for different p-Glcp monomers adopt identical
values.” Since the p-Glcp a-(1 —4) linkage conforma-
tions found in the CD X-ray structure can be expected
to contribute considerably to the solution conforma-
tional ensemble, the anomeric carbon chemical shifts for
individual residues measured in the solid state should
have a significant weight on the shift observed in solu-
tion. Indeed, the average '*C shifts derived from CP/
MAS data deviate from experimental solution-state
anomeric carbon shifts by only 0.48 = 0.30 ppm (Table
3). Thus, the average of the calculated solid-state 3C
shifts should compare well with the solution-state '3C
shifts. These averages and the corresponding experi-
mental *C chemical shifts in solution for a-, -, and y-
CD are presented in Table 3. Although this approach
relies on a number of simplifying assumptions (vide in-
fra), the estimations compare reasonably well with ex-
perimental measurements in solution. As was the case
for solid-state '*C shift predictions, the calculations
based on results from chemical shift surfaces overesti-
mate the observed solution-state '3C shifts by an average
of 0.9410.49 ppm. Despite it slightly exceeds the ex-
perimental error, this deviation is relatively small if we
consider that there is a spread of up to 0.5 ppm among
the reported CD anomeric carbon shifts in aqueous
solution found in the literature.?*%

The previous method provides a rapid route for the
estimation of isotropic '*C shifts in solution, but is
limited to CDs for which high-resolution X-ray struc-
tures are available. Even in these cases, some of the
glycosidic bond conformers observed in certain CD
polymorphs may be absent in solution. For example, '*C
CP/MAS measurements on frozen aqueous solutions of
a-CD indicate that the conformation found in crystal-
line samples of a-CD hexahydrate is not significantly
populated in solution.’” In addition, the calculations
neglect the effects that crystal packing forces and sol-
vation have on the conformation of the cyclomalto-
oligosaccharides. The polar hydroxyl groups in these

Table 3. Comparison of calculated and experimental anomeric carbon chemical shifts for o-, B-, and y-CD in solution

Molecule Calculated shifts (ppm) Experimental shifts (ppm)
X-ray av* MD av® CP/MAS av® Solution
a-CD 102.97 103.08 102.1 102.55
B-CD 104.01 102.75 103.2 103.00
v-CD 103.80 102.14 103.2 102.40
Average deviation? 0.94+0.49 0.34+0.16 0.48+0.30 —

213C shifts computed by taking the average for equivalent anomeric carbons obtained from calculations on X-ray structures.

bI3C shifts back-calculated from the 5-ns MD simulations.

¢ Average of the experimental CP/MAS '*C data for equivalent anomeric carbons.
9The average deviations were obtained as the mean of the individual deviations between '>C shifts calculated as described in (a), (b), and (c), and the

experimental '3C shifts in solution.
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molecules interact strongly with water through intricate
and extensive H-bonding networks, and these interac-
tions can alter the conformational space accessible to the
CDs in solution considerably.’ In fact, early studies by
Prabhakaran have shown that the average (@, ¥) dihe-
dral angles computed from a 100 ps MD simulation of -
CD in water deviated substantially from the average
(®,¥) angles obtained from the X-ray structure.’®
Therefore, we decided to sample the conformational
space accessible to fully solvated CDs extensively through
a series of 5ns MD simulations for a-, B-, and y-CD with
explicit representation of water. The general statistics
from these simulations are summarized in Table 4. Our
results compare favorably with earlier, albeit shorter,
MD simulations of CDs in aqueous solution found in the
literature.®®*° The glycosidic bonds in the three cyclom-
altooligosaccharides are highly mobile, and sample a vast
region of (@, ¥)-space in the 5ns analyzed. As expected
for cyclic molecules composed of identical repeating
fragments, the @ and ¥ dihedral angles from different a-
(1 > 4) linkages in each CD cover similar ranges, which
are, on average, (61.5°+ —65.7°, 109.4° < —51.4°),
(61.5°— —63.9°, 76.6° — —54.4°), and (77.2° — —69.6°,
74.4° — —57.0°) for a-, B-, and y-CD, respectively. Ad-
ditionally, the average (@, ¥) angles computed from the
MD trajectories of the three molecules deviate from the
corresponding X-ray averages (Table 4), corroborating
previous findings.*”*% The simulations also reveal an in-
teresting conformational behavior for the largest CD
considered. While the (@, ) angles of all the a-(1 —>4)
linkages in o- and B-CD oscillate around their averages
values following a nearly normal distribution, the gly-
cosidic bond dihedral angles in y-CD cluster around two
distinct regions of (@, ¥)-space. The a-(1 — 4) linkages in
this molecule spend nearly half of the simulation time
centered at (@ =14.4°, ¥ =15.0°), and the remain-
ing half of the time around (¢ = —22.1°, ¥ = —10.5°).
This bimodal conformational behavior indicates

Table 4. Summary of the most relevant parameters obtained from the
5-ns MD simulations in water for a-, B-, and y-CD

Parameter Molecule
a-CD B-CD vy-CD?

Dpin —65.7 -63.9 -69.6

Dax 61.5 61.5 77.2

Dyye -10.2£15.9 -7.3+£20.8 144+17.7
-22.1%11.1

D,y (X-ray) -21.3%£9.7 -10.1+6.1 -15.3+£12.3

Y min -51.4 -54.4 -57.0

Y nax 109.4 76.8 74.4

Vave 73153 471152 15.0+9.1
-10.5+12.2

Vave (X-ray) 14.3+20.8 8.21+9.6 49198

#As described in the text, @ and ¥ angles cluster around two values in
the MD simulation of y-CD, and the averages for each cluster are
shown.

that the general shape of free y-CD deviates slightly from
the regular toroidal geometry adopted by o- and
B-CD.

The most important step in our study was the back-
calculation of the anomeric carbon chemical shift tra-
jectories and averages utilizing the MD conformational
ensembles. For this purpose, the (@, ¥) angle pairs from
the trajectories of each glycosidic linkage were used as
input for the p-Glcp a-(1 —4) chemical shift surface
equation. The mean values from the resulting 5ns 3C
chemical shift trajectories were then computed, and the
results for equivalent carbons were further averaged to
obtain the back-calculated anomeric carbon chemical
shift in solution for each molecule. This process is
summarized mathematically in Eq. 2:

1 i=Nanom 1 J=nsteps
13 13
< Céan0m> = E E C(Sanom,i,j 5
Nanom i=1 nsteps

J=1

2)

where n4,0m 1S the number of anomeric carbons in the
CD, ngeps 18 the number of steps in the MD simulation,
and Cd,uom . is the computed shift for the ith anomeric
carbon in the jth step of the trajectory. The estimations,
presented in Table 3, are in excellent agreement with
experiment. In this case, the differences between calcu-
lated and observed *C shifts are well within the exper-
imental error. Although indirectly, our results confirm
that CD conformations not found in the X-ray struc-
tures are populated in solution. More importantly, they
clearly demonstrate that through the use of chemical
shift surfaces, chemical shift measurements can be em-
ployed in the validation of oligosaccharide MD simu-
lations in a manner analogous to J-couplings and NOE
correlations.

To further asses the validity of the MD simulations,
we decided to investigate if they reflected the symmetric
structure of the cyclomaltooligosaccharides. As men-
tioned above, symmetry causes the chemical shifts of
equivalent anomeric carbons to adopt identical time-
averaged values in solution. In theory, this behavior
should be mimicked by sufficiently long MD simulations
that properly reproduce the mobility of the solvated
CDs. If this is the case, the running averages of the
chemical shift trajectories for equivalent anomeric car-
bons should converge asymptotically toward a common
value, which at the limit should correspond to the
anomeric 3C shift in solution. Plots of these running
averages for a-, f- and y-CD are presented in Figure 3.
It is clear from the plots that the chemical shifts for
equivalent anomeric carbons approach a common value
in all cases. The dispersion of the back-calculated
chemical shifts for the anomeric carbons in a-CD is
3.05 ppm during the initial stages of the MD simulation,
dropping to 0.36 ppm after 5ns. For - and y-CD, the
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Figure 3. Running averages for equivalent anomeric carbons in a- (a), B- (b), and y-CD (c) computed from the corresponding 5-ns '*C chemical shift
trajectories (see text for details).

initial and final dispersions are 3.47 and 0.95 ppm, and 3.3. Chemical shift predictions on &- and 1-CD

6.54 and 1.40 ppm, respectively. These results thus in-

dicate that the MD simulations follow the theoretically As a final test for the '*C chemical shift surfaces, we
expected behavior, confirming that they properly re- applied them to the study of &- and 1-CD, cyclomalto-
produce molecular symmetry effects. oligosaccharides with 10 and 14 D-Glcp monomers,
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Table 5. Glycosidic bond (@, V) dihedral angles, calculated anomeric '*C shifts in the solid state and in solution, and observed anomeric '3C shifts in

solution for &- and 1-CD

D-Glep residue

&-CD (NOBBOB)2!22

D-Glep residue

1-CD (NOBBUB)?!22

P b4 0, Caled 3 b4 0, Caled

1 and 6 -16.1 -22.9 102.60 1 and 8 -21.4 -14.5 103.22
2 and 7 -24.1 -20.4 102.28 2 and 9 -28.8 -31.2 100.28
3 and 8 -15.2 0.7 104.51 3 and 10 -22.8 -14.1 103.14
4 and 9 -39.7 -32.2 99.19 4 and 11 -10.9 16.5 103.77
5and 10 -34.0 177.5 93.77 5and 12 -15.4 -3.0 104.41
— — — — 6 and 13 -16.0 -10.4 104.01
— — — — 7 and 14 -38.7 173.4 93.92
Mean 9, — — 100.45 — — 101.82
Solution d, — — 99.7 — — 100.5

respectively. Due to their scarcity, only a handful of
studies have been published for these molecules. For
example, the only NMR data available for these CDs is
in solution,”?*' and no information regarding their dy-
namics, neither theoretical nor experimental, has been
reported. However, capillary electrophoresis studies
have shown that their complex-forming capacities are
lower than those of o-, B-, and y-CD.* This has been
attributed to the cyclic oligosaccharide rings becoming
saddle- or butterfly-shaped to relieve steric and torsional
strain, which results in a collapsed internal cavity.*?
Recent X-ray crystallographic studies of &- and 1-CD
have confirmed this structural feature, and show that in
both molecules two diametrically opposed p-Glcp units
are ‘band-flipped’ nearly 180°, with @ and ¥ angles of
approximately —35° and 175° (Table 5).2!??

Since our *C chemical shift surfaces are particularly
sensitive to changes in glycosidic bond conformation,
they are especially well suited to detect these band-flip-
ped D-Glcp units. Using the (@, ¥) angle pairs from the
corresponding X-ray structures, we computed the
chemical shift of the anomeric carbons of ¢- and 1-CD,
and the results are presented in Table 5. Our estimations
indicate that the chemical shift of the anomeric carbons
in the band-flipped p-Glcp residues are almost 10 ppm
upfield from the others. Although there are no CP/MAS
data to corroborate our predictions, the *C shifts cal-
culated from the crystal structures can be averaged to
obtain good approximations of the chemical shifts in
solution following the method described earlier. The
resulting estimates are 100.45 and 101.82 ppm for &- and
1-CD, respectively, both of which are in good agreement
with the observed anomeric carbon shifts in solution
(Table 5).2>% A detailed MD simulation would be re-
quired to fully understand the mobility of these larger
CDs in an aqueous environment, but this is beyond the
scope of the present work. However, our results reveal
that the glycosidic linkage geometries found in the X-ray
structure have a substantial weight in the solution con-
formational ensemble average, indicating that the

overall shape of these molecules in solution is similar to
the one observed in the solid state.

4. Conclusions

In this report we presented the application of chemical
shift surfaces derived from GIAO ab initio calculations
to the study of a number of CDs and CD inclusion
complexes. Our results show that the methodology is
capable of predicting the anomeric carbon chemical
shifts of cyclomaltooligosaccharides and their com-
plexes reliably, both in the solid state as well as in so-
lution. Results from calculations of solid-state *C shifts
indicate that the approach is particularly sensitive to
variations in the glycosidic linkage conformation. In
principle, the method could be used to guide the build-
ing of 3D molecular models of CDs from high-quality
CP/MAS NMR data when X-ray data is not available.
The estimates obtained for chemical shifts in solution
were also comparable to experimental measurements,
particularly when MD simulations were employed to
describe conformational averaging on the solvated CDs.
Furthermore, these latter results show that 3C shift
measurements can be as useful as J-couplings and NOE
correlations in the validation MD simulations of oligo-
saccharides. It is also worth noting that our MD simu-
lations detected an interesting bimodal conformational
behavior for y-CD in solution which, to the best of our
knowledge, has not been reported previously.

We believe that the work presented here serves to
demonstrate the utility of the chemical shift surface
method in the study of oligosaccharide conformation.
Despite the investigations were limited to the study of
anomeric carbon chemical shifts, the approach could be
applied to other nuclei whose shielding varies system-
atically with conformation, particularly the nonano-
meric carbon of the glycosidic linkage.!'®!! In fact,
preliminary results from our laboratory indicate that the
experimental CP/MAS shifts for the C-4' carbons in a-,
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B, and y-CD can be predicted using the corresponding
chemical shift surface and (@, V) angles from the X-ray
structures. Although the approach requires the compu-
tation of new surfaces for glycosidic linkages not yet
considered in our earlier studies, the increasing avail-
ability of powerful and inexpensive computer hardware
will make this task trivial in the near future. While in
this respect J-couplings and NOE correlations can be
considered simpler to use in conformational studies, the
measurement of 3C shifts is undoubtedly easier. Fur-
thermore, *C resonances are not affected by signal
overlap as seriously as J-couplings, NOE correlations,
and other NMR parameters dependent on the 'H
chemical shift dispersion are. Thus, experimental '3C
chemical shifts, together with the appropriate *C shift
surfaces, could provide crucial information regarding
the structure of oligosaccharides in cases where 'H
spectral overlap makes the measurement of other NMR
parameters impractical.

As stated in the introduction, the CDs were used as
test cases for our current methodology. We are presently
developing the chemical shift surfaces required to study
biologically relevant noncyclic carbohydrates, particu-
larly sialyl Lewis® and other blood group oligosaccha-
rides. The findings from these ongoing investigations
will be reported in due course.
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