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Abstract—A novel method for the determination of the three-dimensional (3D) structure of oligosaccharides in the solid state using

experimental 13C NMR data is presented. The approach employs this information, combined with 13C chemical shift surfaces (CSSs)

for the glycosidic bond carbons in the generation of NMR pseudopotential energy functions suitable for use as constraints in mole-

cular modeling simulations. Application of the method to trehalose, cellobiose, and cellotetraose produces 3D models that agree

remarkably well with the reported X-ray structures, with / and w dihedral angles that are within 10� from the ones observed in
the crystals. The usefulness of the approach is further demonstrated in the determination of the 3D structure of the cellohexaose,

an hexasaccharide for which no X-ray data has been reported, as well as in the generation of accurate structural models for cellulose

II and amylose V6.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Carbohydrates are perhaps the most versatile class of

compounds in Nature, with functions ranging from en-
ergy storage in living systems and the control of cellular

shape, to participation in cell and protein signaling pro-

cesses.1 Understanding the conformational preferences

of these molecules is crucial to explain their function at

the atomic level, and this information is extremely valu-

able for researchers in an equally diverse number of dis-

ciplines. For example, elucidating the solution dynamics

of oligosaccharide epitopes is a requirement for the ra-
tional development of carbohydrate-based vaccines,1–3

and knowledge of the structural characteristics of poly-

saccharides such as cellulose and its derivatives is desir-

able to those in the fiber, membrane, paint, and paper
0008-6215/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.carres.2005.02.022

* Corresponding author. Tel.: +1 215 596 8526; fax: +1 215 596 8543;

e-mail: g.moyna@usip.edu
industries.4 Therefore, the development of new methods

capable of providing three-dimensional (3D) structural

information on oligosaccharides and related molecules

continues to be an active area of carbohydrate research.
Several well-established approaches that combine

NMR spectroscopy and molecular modeling simulations

are available to study oligosaccharide conformation and

dynamics in solution, and a large number of carbohydrate

and carbohydrate-containing molecules have been inves-

tigated using these methods.5–8 On the other hand, the

determination of accurate solid-state 3D structures for

these molecules is somewhat limited to crystallographic
techniques. As a result, and due in part to the difficulties

associated with the preparation of crystalline samples

suitable for X-ray studies, only a few hundred 3D struc-

tures of oligosaccharides at atomic resolution have been

deposited in the Cambridge Structural Database

(CSD).9 In many instances, solid-state NMR provides

an alternative route for the investigation of carbohydrate

samples not amenable to X-ray crystallography. It has

mailto:g.moyna@usip.edu
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Figure 1. Chemical structures of trehalose (a), cellobiose (b, n = 1),

cellotetraose (b, n = 2), cellohexaose (b, n = 3), cellulose (b, n > 100),

and amylose (c, n > 100).
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long been known that the chemical shifts of the glycosidic

bond carbons hold a periodic dependency with the / and
w glycosidic linkage angles.10–13 Since these dihedral an-
gles are the principal determinants of the global fold of

oligosaccharide chains, the relationship has been utilized

in combination with 13C NMR data from cross-polariza-

tion magic angle spinning (CP/MAS) experiments to

study, at least qualitatively, the 3D structure of repetitive

carbohydrates in the solid state.12–15 A vast number of

morphological studies of cellulose and amylose polymor-
phs by CP/MAS 13CNMR spectroscopy attest to the pre-

dictive power of this approach.14–19 Recently, we have

shown that accurate equations relating the variation of

the chemical shifts of the glycosidic carbons with the gly-

cosidic linkage conformation can be derived through the

use of ab initio calculations.20 These empirical functions,

of mathematical form 13Cd = f(/,w) and which we refer
to as chemical shift surfaces (CSSs), can be used to accu-
rately back-calculate the glycosidic carbon chemical

shifts of oligosaccharides in the solid state.20,21 As it has

been the case for other empirical equations relating

NMRparameters withmolecular geometry, we have pos-

tulated that CSSs could be employed to derive structural

information from experimental 13C NMR chemical

shifts. In this report we describe an approach that com-

bines CP/MAS 13C NMR measurements, pseudopoten-
tial energy functions based on CSSs, and molecular

modeling simulations in the generation of accurate 3D

structural models of oligosaccharides in the solid state,

and present its validation on a number of systems (Fig. 1).

The results outlined below indicate that the method

yields 3D models that agree remarkably well with re-

ported X-ray structures in cases where these are avail-

able. In addition, sound models were obtained for
oligosaccharides lacking crystallographic data and for

the polysaccharides cellulose and amylose. Most impor-

tantly, our findings serve to further demonstrate the

potential of 13C chemical shifts as accurate sources of

structural information in the study of the conforma-

tional preferences of oligosaccharides and related

molecules.
þCi;j;a;b � cosði � aÞ � cosðj � bÞ ð1Þ
2. Computational methods

2.1. Chemical shift surface derivation

The methodology employed in the derivation of the

CSSs for the glycosidic carbons of the a-(1!1), a-
(1!4), and b-(1!4)-DD-Glcp linkages has been described
in detail elsewhere,20 and is briefly presented here. For

each model DD-Glcp-DD-Glcp disaccharide, a matrix in

the [180�M180�] range for / and w at 20� intervals
was built, resulting in a grid with 324 conformers. While

maintaining the monosaccharides in the 4C1 conforma-

tion and the h/,wi angles frozen with dihedral con-
straints on heavy atoms, the geometry of each

structure in the grid was optimized using the AM1 semi-

empirical Hamiltonian (Spartan 5.0.1, Wavefunction,
Inc.). The ab initio 13C chemical shieldings for the opti-

mized structures were computed with the Gauge-Includ-

ing Atomic Orbital (GIAO) method as implemented in

Gaussian 98,22 utilizing Hartree–Fock (HF) theory

and a 321G basis set. The results obtained for the glyco-

sidic carbons were converted into chemical shifts by sub-

tracting the chemical shielding computed at the same

level of theory for the methyl carbons of tetramethyl-
silane (TMS), and subsequently scaled to results from

a series of reference 6-311G** level calculations. The

raw ab initio chemical shift data were then fitted to trigo-

nometric series expansions of the form (Eq. 1):

13Cdð/;wÞ ¼ A0 þ
X
i

Ai � sinði � /Þ þ Bi � cosði � /Þ½

þCi � sinði � wÞ þ Di � sinði � wÞ

þ

X
i;j;a;b

Ai;j;a;b � sinði � aÞ � cosðj � bÞ
�

þ Bi;j;a;b � sinði � aÞ � sinðj � bÞ �
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where A0, Ai, Bi, Ci, Di, Ai,j,a,b, Bi,j,a,b, and Ci,j,a,b are the

fit parameters and a and b can be either / or w. The i
and j indexes were varied between 1 and 3 to give the

91-term series used in the fits, which were carried out

with Mathematica 4.1 (Wolfram Research, Inc.).

Graphical representations of the resulting functions

are presented in Figure 2.

2.2. Molecular mechanics simulations

Models for all the oligosaccharides considered in the

study were built and analyzed with Sybyl 6.8 (Tripos
Figure 2. 13C CSSs for the carbons of the a-(1!1) (a and b), b-(1!4) (c and d
/ and w dihedral angles, defined as hH-1–C-1–O-1–C-n 0i and hC-1–O-1–C-n
Associates, Inc.). Relaxed potential energy surfaces

(PESs) in h/,wi-space for trehalose (DD-Glcp-a-(1!1)-
DD-Glcp) and cellobiose (DD-Glcp-b-(1!4)-DD-Glcp) were
computed in vacuo with the MMFF94 force field.23 As

done in the generation of the input structures for the

GIAO chemical shielding calculations, 20� steps were
used for the / and w angles, and the conformations of
the monosaccharide units were held in the 4C1 confor-

mation with dihedral constraints on heavy atoms

throughout the derivation of the PESs.
Conformer ensembles consisting of 2000 structures

for cellotetraose and 4000 structures for cellohexaose
), and a-(1!4) (e and f) DD-Glcp glycosidic linkages as a function of the
0–H-n 0i, respectively.
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and maltohexaose were obtained through simulated

annealing (SA). In all cases, each SA cycle involved a
1 ps interval of equilibration to 1000 K, followed by a

1 ps period of exponential cooling to 200 K. The result-

ing structures were then energy minimized to a gradient

below 0.05 kcal/mol. The same force field and condi-

tions used in the derivation of the PESs described above,

including constraining the monosaccharides in the 4C1
conformation, were employed for these simulations.

2.3. Generation of 3D structural models from CP/MAS
13C NMR data

In order to take into account the chemical shifts of the

glycosidic linkage carbons in the molecular modeling

simulations, the potential energy function of the force

field was augmented with an NMR pseudopotential en-

ergy term (Eq. 2):
X

ETotal ¼ EFF þ
i

E13Cdi ð2Þ
ETotal represents the augmented potential energy func-

tion of the system, EFF is the standard force field poten-

tial (MMFF94 in our case), and E13Cdi is the NMR
pseudopotential energy, or constraint, for the ith glyco-

sidic carbon being considered. These constraints are de-

fined as simple quadratic well penalty functions of the

form (Eq. 3):

8

E13Cd
¼

k � ½13Cdexp � 13Cdð/;wÞ
2

if j13Cdexp � 13Cdð/;wÞj > Dd

0 if j13Cdexp � 13Cdð/;wÞj 6 Dd

><
>:

ð3Þ
where 13Cdexp is the experimental chemical shift of the
glycosidic carbon (i.e., the target value of the con-

straint), 13Cd(/,w) is the empirical function representing
the CSS (Eq. 1), k is a force constant that determines the

weight of the constraint, and Dd defines the limits of the
quadratic well. This type of function, commonly used to

incorporate constraints based on NMR parameters into

molecular modeling simulations, has no effect when the
calculated parameter is within the specified range, but

imposes an energy penalty that steepens progressively

as the estimation deviates further from the target value.

Thus, its effect is to guide the simulation toward con-

formers which best reproduce the experimental data.

The force constant k is usually chosen so as to give

the constraints and the remaining terms of the force field

potential comparable weights. In all our studies k was
set to 10.0 kcal/mol, and chemical shifts were con-

strained to a 1.0 ppm range centered around their exper-

imental values (Dd = 0.5 ppm).
For trehalose and cellobiose, ETotal was minimized in

h/,wi-space with the �FindMinimum� routine available
in Mathematica 4.1, using the appropriate MMFF94

PESs to represent the EFF force field potential (vide su-
pra). For the larger oligosaccharides, E13Cdi was com-

puted using the / and w angles from each conformer
in the ensembles obtained by SA, and applied as a cor-

rection to the total energy of the structures. For each

ensemble, the 10 conformers with the lowest ETotal ob-

tained from this process were averaged. With the excep-

tion of the glycosidic linkage / and w angles, the

remaining bond lengths, angles, and torsions on the

average structures were allowed to relax, and the result-

ing models employed for the comparisons discussed in
the following sections. In all cases, the 13Cdexp target
values used in the calculations came from CP/MAS
13C NMR measurements found in the literature.12,14,24
3. Results and discussion

3.1. Method description and evaluation on disaccharides

As evidenced by Figure 2 and Eq. 1, the functions defin-

ing the CSSs are not invertible. In other words, use of

widely different h/,wi angle pairs as input for these
equations could lead to identical 13C chemical shift esti-

mations. This is clearly seen in Figure 3a, which shows

contours on the CSS for the anomeric carbon of treha-

lose (Fig. 1a) plotted at ±0.5 ppm from the experimen-
tally measured chemical shift of 93.0 ppm.24 Any of

the h/,wi angle pairs in the region delimited by the
two contours will yield 13C chemical shift estimates,

which are within ±0.5 ppm from experiment. Therefore,

a single chemical shift cannot be employed to derive

accurate information regarding the conformation of

the glycosidic linkage. However, the range of possible

h/,wi angles can be substantially reduced if the CSSs
of both glycosidic linkage carbons are taken into ac-

count simultaneously. For trehalose, the C-1 and C-1 0

carbons are identical due to internal symmetry, and thus

the CSS for one is the transpose of the other and vice

versa (i.e., 13CdC-1ð/;wÞ ¼ 13CdC-10 ð/;wÞT, Figs. 2a,b
and 3a,b). As expected, if the two CSS plots depicting

contours at ±0.5 ppm from the experimental C-1 and

C-1 0 chemical shifts are intersected, the resulting h/,wi
region which satisfies both chemical shift estimations,

is considerably smaller (Fig. 3c). This intersection is in

practice the graphical representation of the constraint

function E13Cdi presented in Eq. 3.

It is worth noting that the / and w angles obtained
from trehalose X-ray structures are both �51.9 ± 10.3�
on average25–27 and belong to the intersection high-

lighted in Figure 3c. Finally, superposition of this region
on the MMFF94 PES plotted at 1.5 kcal/mol from the

global energy minimum leads to a further reduction of

the region of allowed / and w angles (Fig. 4a). This is
indeed a simplified depiction of ETotal (Eq. 2), which

after full minimization as described earlier, leads to /
= w = �49.0�. These values agree well with the



Figure 4. (a) Superposition of the region of h/,wi-space presented in
Figure 3c on the 1.5 kcal/mol contour of the MMFF94 PES for

trehalose (dashed line). (b) 3D structure of trehalose obtained using
13C chemical shift constraints (blue), superimposed to its average

crystal structure (orange). The heavy-atom rmsd between the two is

0.14 Å.

Figure 3. CSS contour plots for the DD-Glcp-a-(1!1)-DD-Glcp C-1 and C-1 0 carbons (a and b, respectively). Areas holding h/,wi angle pairs giving
chemical shift estimations within ±0.5 ppm from experiment are shown in yellow. The region of h/,wi-space obtained from the intersection of these
two surfaces is shaded orange (c).
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glycosidic linkage dihedral angles measured on crystal

structures (vide supra). Similarly, the root-mean-square

deviation (rmsd) between heavy atoms of the trehalose
3D model derived using 13C chemical shift constraints

and the average X-ray structure is less than 0.14 Å

(Fig. 4b).

While trehalose serves to describe the methodology,
internal symmetry makes it a rather simple and well-

behaved system. On the other hand, cellobiose (Fig. 1b)

possesses no such symmetry and requires consideration

of two independent CSSs for the C-1 and C-4 0 carbons

(Fig. 2c,d). As seen in Figure 5a,b, contours plotted at

±0.5 ppm from the chemical shifts measured by CP/

MAS yield very similar regions of h/,wi-space.14 In
addition, their intersection gives two distinct areas with
glycosidic linkage angles that can satisfy experimental

chemical shifts for C-1 and C-4 0 simultaneously (Fig.

5c).

Despite this, superposition of this intersection with

the 1.5 kcal/mol energy level contour of the MMFF94

PES for cellobiose results in a single and smaller area

of h/,wi-space (Fig. 6a). Minimization of the associated
ETotal potential leads to a unique conformer with / =
40.6� and w = �16.4�, both of which compare well with
the average angles computed from X-ray structures (/ =
41.2 ± 3.9� and w = �12.9 ± 4.6�).28–30 As was the case
for trehalose, the rmsd for heavy atoms between the

cellobiose structural model obtained from 13C chemical

shift constraints and the average X-ray structure is only

0.12 Å (Fig. 6b).

3.2. Application to linear b-(1!4)-linked DD-Glcp
oligomers

The approach presented above can only be employed for

disaccharides with well-defined PESs. In larger oligosac-

charides, the internal energy of the system is not only the

combination of the individual PES for the each glyco-

sidic linkage present in the molecule, but also includes
non-bonded interactions between atoms in non-contigu-

ous residues.6 In order to optimize the conformation of

these molecules, energy minimizations with suitable



Figure 5. CSS contour plots for the DD-Glcp-b-(1!4)-DD-Glcp C-1 and C-4 0 carbons (a and b, respectively). h/,wi angle pairs yielding chemical shift
estimations within ±0.5 ppm from experiment are found in the areas shaded in yellow. The regions of h/,wi-space obtained from the intersection of
these two surfaces is shown in orange (c).

Figure 6. (a) Overlay of the h/,wi-space region presented in Figure 5c
on the 1.5 kcal/mol contour of the MMFF94 PES for cellobiose

(dashed line). (b) 3D structure of cellobiose obtained using 13C

chemical shift constraints (blue), superimposed to its average crystal

structure (orange). The heavy-atom rmsd between the two is 0.12 Å.
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force fields are required. Ideally, the chemical shift con-

straints derived from the CSSs described above can be

incorporated into the force field potentials to guide the

geometry optimization process toward conformers satis-

fying the experimental 13C NMR data.31,32 However,
the complexity of the equations defining the CSSs makes
this task a considerable software development undertak-

ing. Furthermore, lack of source code renders the inte-

gration of these pseudopotentials with commercial

molecular modeling packages unfeasible. We thus fol-

lowed an alternative route to take 13C chemical shifts

into account in the generation of oligosaccharide 3D

models. First, the conformational space available to

these molecules was sampled extensively through SA.
Subsequently, the / and w dihedral angles derived from
the resulting conformers were used as input for the CSSs

to calculate theoretical 13C chemical shifts for the glyco-

sidic linkage carbons. These estimations were employed

together with the corresponding experimental CP/MAS
13C NMR data to compute energy penalties according

to Eq. 3, which were then added to the force field energy

of each conformer in the ensembles. The conformers
with the lowest total energy were selected and averaged

as described in the previous section to give the final oli-

gosaccharide 3D models.

Figure 7a shows the structural model obtained as out-

lined above for cellotetraose (Fig. 1b), superimposed to

the average of the two structures reported for the crystal

unit cell of the tetrasaccharide.33 The mean / and w an-
gles for the three glycosidic linkages for the conformer
derived from 13C chemical shifts are 25.8 ± 6.8� and
�28.9 ± 1.9�, respectively, which compare well with
the corresponding average angles computed from the

crystal structure (/ = 27.3 ± 2.4� and w = �25.5 ± 4.8�),
and the rmsd for heavy atoms between the two struc-

tures is only 0.25 Å. Most importantly, use of these aver-

age dihedral angles as input for the DD-Glcp-b-(1!4)-DD-
Glcp CSSs gives back-calculated chemical shifts for C-
1 and C-4 0 of 107.2 and 88.7 ppm, respectively. These

two estimates are in excellent agreement with the aver-

ages obtained from experimental CP/MAS measure-

ments (107.4 and 89.7 ppm).14

For comparison purposes, the lowest energy con-

former obtained by SA without the consideration of



Figure 7. (a) Superposition of the cellotetraose structural model derived using 13C chemical shifts constraints (blue) and its average X-ray structure

(orange). (b) Lowest energy conformer for cellotetraose obtained from SA without the consideration of chemical shift constraints.
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13C chemical shifts constraints is shown in Figure 7b.

The / and w angles for all glycosidic linkages in this
structure are virtually identical, and centered around

177.3� and 3.3�, respectively. While these values corre-
spond to a local minima in the MMFF94 PES of the

b-(1!4)-DD-Glcp linkage, they deviate considerably from
the angles found by X-ray crystallography. This is not

surprising, as in vacuo molecular modeling simulations

cannot properly reproduce crystal packing forces, and

usually yield results which are highly dependent on the
force field potentials employed.6 Furthermore, if these

angles are used with the appropriate CSSs for the

back-calculation of the C-1 and C-4 0 chemical shifts,

estimates of 98.7 and 76.9 ppm are obtained, respec-

tively, both of which depart significantly from

experiment.14

We then focused our attention on cellohexaose (Fig.

1b), an hexasaccharide lacking crystallographic data
but for which high-resolution CP/MAS 13C NMR mea-

surements have been reported.14 An analogous ap-

proach to the one followed for cellotetraose was used

in the derivation of a structural model in this case, the

only exception being that a larger number of SA cycles
Figure 8. (a) Superposition of cellohexaose and cellulose II 3D models de

polymorph structural model built from data reported in Ref. 35 (orange). (b)

chemical shift constraints are omitted.
were employed for the generation of the initial confor-

mational ensemble. The resulting 3D structure for the
hexasaccharide is shown in Figure 8a, and has

/ = 31.3 ± 5.2� and w = �35.0 ± 7.1�. Although this

model cannot be compared directly to a high-resolution

X-ray structure, use of the computed / and w dihedral
angles and the corresponding CSSs in the back-calcula-

tion of the C-1 and C-4 0 chemical shifts results in predic-

tions of 106.2 and 87.9 ppm, respectively, which

compare well with data from CP/MAS 13C NMR experi-
ments (107.1 and 89.3 ppm). In addition, cellotetraose

and cellohexaose can be considered as minimal model

systems for cellulose.14,33 As discussed in the following

section, the structure presented here for the b-(1!4)-
linked DD-Glcp hexasaccharide closely resembles 3D

models proposed for the cellulose II polymorph.34,35

As it was found for the b-(1!4)-linked DD-Glcp tetra-
saccharide, the lowest energy structure obtained for cel-
lohexaose when 13C chemical shift constraints are

omitted from the simulations has / = 176.8 ± 5.4� and
w = �1.9 ± 1.0� (Fig. 8b). Use of these dihedral angles
in the back-calculation of the C-1 and C-4 0 chemical

shifts also leads to estimations that are, respectively,
rived using 13C chemical shifts constraints (blue) and a cellulose II

Lowest energy conformer for cellohexaose obtained through SA when



Table 1. Comparison of calculated NMR and structural parameters to their experimental counterparts for the different carbohydrates considered in

the study

Molecule Calculateda,b Experimentald

/ w 13CdC-1
13CdC-n0 / w 13CdC-1

13CdC-n0

Trehalose �49.0 �49.0 93.4 93.4 �51.9 ± 10.3 �51.9 ± 10.3 93.0 93.0

Cellobiose 40.6 �16.4 104.8 85.3 41.2 ± 3.9 �12.9 ± 4.6 104.6 85.0

Cellotetraosec 25.8 ± 6.8 �28.9 ± 1.9 107.2 88.7 27.3 ± 2.4 �25.5 ± 4.8 107.4 ± 1.3 89.7

Cellohexaosec 31.3 ± 5.2 �35.0 ± 7.1 106.2 87.9 — — 107.1 ± 1.8 89.3

Cellulose IIc 31.3 ± 5.2 �35.0 ± 7.1 106.2 87.9 21.9 ± 2.1 �29.0 ± 5.7 107.1 ± 1.2 88.9

Amylose V6
e �7.4 ± 2.7 �22.2 ± 3.2 102.3 82.0 �9.6 ± 7.8 �9.0 ± 2.8 103.8 ± 0.5 82.4 ± 1.6

a 13C chemical shifts are in parts per million and dihedral angles in degrees.
b C-n 0 refers to the C-1 0 carbon in the case of trehalose, and the C-4 0 carbon for molecules with b-(1!4) and a-(1!4) linkages.
c For cellulose and the DD-Glcp-b-(1!4)-linked oligomers, experimental / and w angles are the averages for the two structures reported in the unit cell,
and the mean of the two resonances for the anomeric carbons observed by CP/MAS 13C NMR is shown.

d Sources of experimental CP/MAS 13C NMR and crystallographic data can be found in the text.
e For amylose V6, the / and w angles shown are the averages calculated from structures reported in Refs. 36 and 40, and the glycosidic carbon
chemical shifts correspond to the range reported for the V6 polymorph in Ref. 12.
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8.4 and 12.6 ppm upfield from literature values (vide
supra). Once again, these results clearly indicate that

the incorporation of experimental data is essential for

the derivation of meaningful structural models through

approaches based on molecular mechanics force fields.

3.3. Generation of cellulose II and amylose V6 structural

models

To further assess the predictive power of the method, it

was applied to the derivation of structural models of b-
and a-(1!4)-linked-DD-Glcp polymers, namely cellulose
and amylose (Fig. 1b,c). While single-crystal X-ray

structures for the various polymorphs of these polysac-

charides have not been reported, fiber diffraction studies

have allowed high-resolution 3D models to be devel-

oped,34–39 many of which are supported by the crystal
structures of smaller systems. For example, the X-ray

structure of cellotetraose is considered to represent the

cellulose II polymorph,33 and the helical regions ob-

served in the crystal for cyclomaltohexaisocaose, a cyclic

oligosaccharide composed of 26 a-(1!4)-linked-DD-Glcp
units, have been postulated as a model for amylose V6.

40

In addition, extensive 13C NMR data in the solid state

are available for cellulose and amylose polymorphs,
making them ideal for our purposes.12,14–19

As mentioned earlier, cellohexaose can be considered

as a minimal model system for cellulose. In fact, if CP/

MAS 13C NMR data for the cellulose II polymorph

are used in combination with the conformational ensem-

ble employed earlier to derive the 3D model of cello-

hexaose,14 a structure identical to the one described

above for the hexasaccharide is obtained. This is not
surprising, as the chemical shifts for the C-1 and C-4 0

carbons in cellulose II are virtually the same as those ob-

served for the corresponding glycosidic carbons in cello-

hexaose (Table 1). The / and w angles found for the
cellulose II model derived from 13C chemical shifts,
which were presented in the previous section, compare
favorably with recent estimates reported by Langan

et al. (/ = 21.9� and w = �29.0�).35 As evidenced in
Figure 8a, our model is remarkably similar to a theore-

tical structure of the polymorph built from the reported

/ and w angles, the two having a heavy-atom rmsd of
less than 0.30 Å.

Working by analogy to the cellulose case, the a-
(1!4)-DD-Glcp hexasaccharide maltohexaose was em-
ployed as a model system for amylose. A conforma-

tional ensemble was obtained as described for the

other oligosaccharides, and a structural model for amyl-

ose V6 was derived using CP/MAS
13C NMR data re-

ported for this polymorph and CSSs for the DD-Glcp-a-
(1!4)-DD-Glcp linkage (Fig. 2e,f).12 The / and w angles
for the resulting structure are �7.4 ± 2.7� and

�22.2 ± 3.2�, respectively, and use of these dihedral an-
gles in the back-calculation of chemical shifts yields esti-

mations of 102.3 ppm for the C-1 carbons and 82.0 ppm

for the C-4 0 carbons. While the 13C chemical shift pre-

dictions compare well with experiment, the / and w
angle estimates show somewhat larger deviations from

reported values than those found for other systems con-

sidered in our study (Table 1). However, these are con-

sistent with the variations observed among the
geometries of different amylose V6 polymorph structural

models reported in the literature.36,37,40 Indeed, the 3D

structure derived from 13C chemical shifts appears to

be flanked by two of these models, one derived from

X-ray diffraction studies and the other based on the heli-

cal regions observed in the crystal structure of cyclomal-

tohexaisocaose (Fig. 9).36,40
4. Conclusions

The results obtained for all the systems considered in this

study are summarized in Table 1. In the vast majority of



Figure 9. Side (a) and top (b) views of the 3D structural model for amylose V6 derived from chemical shift constraints (blue). The heavy-atom rmsd

between this structure and models built based on crystallographic data from Refs. 36 (orange) and 40 (red) is 0.67 and 0.78 Å, respectively.
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cases, the glycosidic linkage / and w angles in models
derived from 13C chemical shift data are well within

10� from those measured on crystal structures and other
existing 3D models. When larger deviations were

observed, such as for the amylose V6 model described
above, these were similar to those seen among structural

models found in the literature. In addition, structures

derived without the consideration of chemical shift con-

straints departed considerably from reported models,

stressing the importance of including experimental data

related to the molecular geometry in the study of carbo-

hydrate conformation. Overall, our findings indicate that

the methodology outlined here represents a robust and
accurate tool for the study of oligosaccharide structure

in the solid state, and these findings serve to further dem-

onstrate the utility of 13C chemical shifts as important

sources of structural information for these molecules.

Finally, some limitations of our approach deserve to

be pointed out. First, the x angles, and thus the relative
geometries of the hydroxymethyl groups, are currently

not considered. While these dihedral angles do not
determine the fold of the carbohydrate chain and are

known to exist in a limited number of conformations

(i.e., gt, gg, and tg), they could be easily incorporated

into the simulations. Since the chemical shift of the C-

6 carbons has been shown to vary systematically with

the x angle,41 empirical functions relating the two can
be readily derived.42 These would allow experimental

chemical shifts for the hydroxymethyl carbons to be
taken into account during the generation of the 3D struc-

tural models. Similarly, the CSSs described here are

independent from the glycosidic bond lengths. A recent

report by Sternberg et al. indicates that these can have a

significant effect on the chemical shifts of the C-4 0 carb-

ons in cellulose,32 and comparable effects on the C-n 0

carbons of other oligosaccharides are not unlikely.

Inclusion of these geometric parameters into the 13C
shielding models could result in small but non-negligible

improvements in the accuracy of the chemical shift cal-

culations, as well as in the quality of the 3D structures

determined based on these estimations. Perhaps the
most important drawback of our method involves the

approach employed for the incorporation of chemical

shift data into the calculations. As mentioned earlier,

simultaneous minimization of the chemical shift penalty

functions and force field potentials would rapidly lead to
structures consistent with experimental NMR data,31,32

avoiding the need to carry out extensive sampling of

the conformational space available to the oligosaccha-

rides. Due to this limitation, and owing to the similarities

in the chemical shifts of their glycosidic carbons, the

present implementation of the method yields identical

structural models for cellohexaose and cellulose II.

Furthermore, attempts to determine the two structures
found in the unit cells of the b-(1!4)-DD-Glcp oligomers
and polymers were not successful, and only average

structures were computed. Although the resolution of

the 3D models presented here is very satisfactory when

compared to that of other NMR structure determina-

tion strategies, improved versions to be announced in

due course will allow for the simultaneous optimization

of force field potentials and chemical shift target
functions.
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