Available online at www.sciencedirect.com

SCIENCE‘dDIRECT@

Carbohydrate Research 340 (2005) 863-874

Carbohydrate
RESEARCH

ELSEVIER

The utility of residual dipolar couplings in detecting motion
in carbohydrates: application to sucrose

Richard M. Venable,* Frank Delaglio,® Scott E. Norris* and Darén I. Freedberg™*

4 Laboratory of Biophysics, Center for Biologics Evaluation and Research, FDA, 1401 Rockville Pike, HFM-419, MD 20852, USA
®Laboratory of Chemical Physics, National Institute of Diabetes and Digestive and Kidney Disorders, 5 Center Drive,
NIH, Bethesda, MD 20892, USA

Received 2 December 2004; accepted 18 January 2005

Dedicated to Professor David A. Brant

Abstract—The solution structure and dynamics of sucrose are examined using a combination of NMR residual dipolar coupling and
molecular mechanics force fields. It is found that the alignment tensors of the individual rings are different, and that fitting 35 mea-
sured residual dipolar couplings to structures with specific ¢, i values indicates the presence of three major conformations: ¢,
Y = (120°, 270°), (45°, 300°) and (90°, 180°). Furthermore, fitting two structures simultaneously to the 35 residual dipolar couplings
results in a substantial improvement in the fits. The existence of multiple conformations having similar stabilities is a strong indi-
cation of motion, due to the interconversion among these states. Results from four molecular mechanics force fields are in general
agreement with the experimental results. However, there are major disagreements between force fields. Because fits of residual dipo-
lar couplings to structures are dependent on the force field used to calculate the structures, multiple force fields were used to interpret
NMR data. It is demonstrated that the pucker of the fructofuranosyl ring affects the calculated potential energy surface, and the fit
to the residual dipolar couplings data. Previously published '>C nuclear relaxation results suggesting that sucrose is rigid are not
inconsistent with the present results when motional timescales are considered.
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1. Introduction Initial reports of sucrose’s solution structure’ pro-

posed that the glycosidic torsional angles, ¢ and

The flexibility of sucrose, a seemingly well-known sugar,
is still controversial. While sucrose is often used as a
test system or a simple disaccharide model, it is also
important in biological processes. For example, when
ingested, sucrose must be enzymatically hydrolyzed to
glucose and fructose."? In order to adhere to teeth
Streptococcus mutans must bind to sucrose, which re-
sults in caries.” Sucrose is also bound by proteins that
transport it across cell membranes so that it can be used
as a nutrient.* Each of the above biological processes
may require sucrose to assume different conformations.
Thus, flexibility in sucrose may be directly related to bio-
logical activity.
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(Fig. 1), are similar to solid-state values.® This conclu-
sion was based on a combination of NMR data, mole-
cular mechanics (hard sphere exoanomeric analysis)
calculations, and an inferred hydrogen bond which helps
keep sucrose in one conformation.’ Results from X-plor
calculations based on a combination of J couplings,
NOE:s (nuclear Overhauser enhancements) and a limited
number of RDCs (residual dipolar couplings) supported
this conclusion.” Likewise, field- and temperature-
dependent '*C nuclear relaxation and heteronuclear
NOE measurements reinforced the idea that sucrose is
in a single conformation.®’

Other studies showed evidence of internal motion in
sucrose. First, solution-state studies failed to find evi-
dence of a persistent hydrogen bond.'®!" Another study
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Figure 1. The structure of sucrose defining ¢ and y torsions in the
disaccharide with numbering scheme used.

yielded temperature- and field-dependent '"H-"H NOEs
and ROEs (rotating frame Overhauser enhancements)
not expected for rigid molecules.'”> A thorough com-
bined NMR and molecular mechanics study of sucrose
concluded that the experimental observation of two
NOE cross-peaks (H-1g to H-4f and H-1g to H-1f) is
not consistent with a single structure.'’> Solid-state
NMR data on sucrose also supported motion in solu-
tion.'* Finally, an optical rotation study indicated flexi-
bility in sucrose.' The flexibility deduced in some of the
above studies is based on multiple minima on the PES
(potential energy surface). However, it is also possible
that the observed flexibility in sucrose arises from libra-
tions in a broad shallow minimum.

Flexibility in fructose was deduced from experimental
studies.!*!*'® These studies showed that although fruc-
tose is flexible, the pucker is confined to the NE quad-
rant of the pseudo-rotational wheel, with the phase
taking on values between 0° and 90°.

In the presence of liquid-crystalline media, the distri-
bution of molecular orientations is anisotropic, and as
a result, dipolar couplings do not sum to zero, as they
do under isotropic conditions. The RDCs resulting from
partially oriented molecules are straightforward to
measure. Over the past few years, studies utilizing RDCs
have demonstrated great promise in delineating carbo-
hydrate structure because they provide relative orienta-
tions of remote interatomic vectors.'®?* This type
of information is unavailable from J couplings or
NOEs. >

Order parameters obtained from fitting RDCs also
contain information regarding internal molecular
motion.’*?*?” Molecular tumbling averages otherwise
large dipolar couplings to produce high-resolution
NMR spectra. All RDCs in a rigid molecule undergoing
rapid molecular reorientation are affected in the same
way. In contrast, RDCs of rigid fragments making up
flexible molecules are averaged according to the motion
each fragment experiences and according to rapid
molecular reorientation. An example of both types of

motion can be found in a recent study of a trisaccha-
ride.?® In that study,?® alignment tensors for constituent
monosaccharides have similar values when two of the
fragments are not moving relative to one another, but
take on different values when another fragment is in
motion relative to the first two.

Since the structure and dynamics of sucrose have not
been fully resolved, we chose to apply RDCs to examine
the problem. For each ring, we measured more than the
minimum of five independent RDCs required to deter-
mine the alignment tensor. Next, we calculated the
alignment tensors for the individual rings, which showed
that they are moving relative to one another. To inves-
tigate the issue of multiple local minima on the PES
we fitted single-structure and two-structure models to
the RDCs, and observed improved fits for the latter
case. These results show strong evidence for internal
motion, as they are inconsistent with a single dominant,
rigid conformation in sucrose. To aid in interpreting
results from RDCs, we consider four published force
fields in generating molecular coordinates of sucrose
for use in fits to the RDC data. We find that the overall
sucrose conformation is influenced by the pucker of the
fructofuranosyl ring. We also report that molecular
mechanics force fields used to calculate carbohydrate
structure can be improved. Finally, we show that results
obtained herein do not contradict those obtained by '*C
relaxation and X-plor.

2. Materials and methods

Data were collected for two samples at 315 K: (a) a
75 mM sucrose sample in 20 mM phosphate buffer in
D,O at pD* =7.1; and (b), identical to (a) with added
22% DMPC/DHPC bicelles, as measured from splitting
in the H signal. DMPC and DHPC, purchased from
Avanti Polar Lipids (Alabaster, AL), were used in a
molar ratio of 3:1 without further purification. Bicelles
were prepared as previously reported®®*’ in 20 mM
phosphate buffer in D,O (pD* = 7.1). The samples were
placed in Shigemi microcells (Alison Park, PA), de-
gassed under reduced pressure, and the tops were tightly
wrapped with Teflon tape, then Parafilm.

Two-dimensional HSQC and long-range quantitative
J spectra were taken at a 'H frequency of 500.13 MHz
and a "°C frequency of 125.76 MHz on a Bruker Avance
500. Spectra were acquired as previously described,'®
with the exception that INEPT dephasing delays were
set to 41.05ms to collect data for the glucose ring.
Two types of long-range correlations were observed in
the spectra. In the first, an autocorrelation peak was
observed in the corresponding reference spectrum.
For these types of peaks, Eq. 1, a variation of a previ-
ously published formula,*® was used to calculate the
splittings.
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J = (@ra)" (sinl\/ [Vi(expl=/1) X0t/ 7)) V(1 ~ exp(—c/T1)] ) 1)

For long-range correlation peaks which did not show an
autocorrelation peak in the reference spectrum, we used
those from the long-range, quantitative J spectrum.
Splittings were determined according to:

with the fructose ring unrestrained. In subsequent calcu-
lations, the fructose ring pucker phase® was restrained
to specific values of 0°, 18°, 36°, or 54° using the same
force as for the glycosidic torsions.

J=nd) " x (Sinl ([sin(ZnAlJ)] \/[Vlr (exp(,Z/T';C)/exp(ft/lezC))/Vauto(l — eXp(‘C/Tl))])> (2)

In Eqgs. 1 and 2, 'J is the "H-'*C one-bond splitting mea-
sured from HSQC spectra; 4 is the INEPT delay; 1,
and Vo are the peak volumes for the correlation peaks
and auto-correlation peaks in the long-range spectra,
respectively; exp(—t/ Tl;c) is the 7, decay in cross-
peak intensity or volume as a result of the '"H being
attached to a '°C in the reference spectrum over the time
44; exp(—t/T I;C) is the T, decay of cross-peak intensity
or volume as a result of 'H’s attached to '°C; 7 is the
recycle delay, and T, is the '"H T, for a given reso-
nance.’® 7,¢ and T,€ were obtained from a program
that calculates 'H relaxation times from the spectral
densities using 90 ps as an overall molecular correlation
time for sucrose.’’ Eq. 2 corrects a typographical error
in the original report.'®

A fully '*C labeled sucrose sample (Isotec, Miamis-
burg, OH) provided '*C-'*C coupling constants mea-
sured from one-dimensional '*C data.*** The 'H-'H
coupling constants were measured from COSY spectra
taken at 800.13 MHz using ACME.** RDCs were calcu-
lated from the relation: RDC = J' — J;,, where J' and
Jiso are splittings measured under orienting and isotropic
conditions, respectively. We define "%,, as the n-bond
RDC between the nuclei x and y, similar to the conven-
tion for J coupling.

2.1. Generation of sucrose conformations

Each structure (molecular geometry with unique ¢, ¥
values) was generated de novo, using internal coordi-
nates for the rings from the crystal structure, minimized
in the force field of interest. In this paper, ¢ is the tor-
sional angle defined by the atoms O-5g-C-1g-O-2f-C-
2f, and s the torsional angle defined by the atoms
C-1g-0-2f-C-2f-0O-5f (where g and f refer to the gluco-
pyranosyl and fructofuranosyl rings, respectively)
(Fig. 1). The ¢, y torsions were set prior to generating
Cartesian coordinates, and restrained to the preset val-
ues with a force of 400 kcal/mol/rad®. Torsional sam-
pling was at 5° increments, and included both 0° and
360° as a hysteresis check. Initial calculations were done

Each conformation was energy-minimized for 10 steps
with a steepest descent algorithm (to relieve bad van der
Waals contacts), followed by up to 100 steps using the
ABNR (adopted-basis Newton—Raphson) algorithm in
CHARMM,* with a final 50 steps of full Newton—
Raphson minimization. A gradient tolerance of 0.001
was specified for the ABNR algorithm, allowing termi-
nation if the gradient was less than the tolerance before
completing 100 steps. A non-bond cutoff of 12 A was
employed, using a shifted Lennard—Jones potential and
force shifted electrostatics with a constant dielectric of 5.

Finally, it should be noted that only the Accelrys force
field®” provided a residue description for fructose, and
the corresponding o anomeric sugar ring linkage found
in sucrose. In all cases, it was assumed that glucose
parameters were transferable when preparing residue
descriptions for fructose.

2.2. Fits of RDCs to structural models

RDCs were fit to structural models using singular value
decomposition®® algorithms available in NMRPipe.*
Errors in the fits were estimated using a Monte-Carlo
subroutine. This was accomplished by adding Gaussian
noise to the RDCs and the atomic coordinates, and fit-
ting 100 fictitious data sets. Errors were estimated using
a tcl script called dcNoise.tcl, available in NMRPipe.
Multiple conformer averaging was accomplished by
using tcl scripts available in NMRPipe. These scripts al-
lowed fitting of more than one set of atomic coordinates,
or structures, to the one set of experimentally determined
RDCs. Singular value decomposition was then used to
find the best two sets of coefficients for the Saupe matrix.

3. Results
3.1. Structure generation and force-field calculations
It is necessary to use molecular mechanics to generate

structural models to fit RDCs. In addition to a model,
each structure calculation yields an energy value. We
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Figure 2. Potential-energy maps displaying relative energies of sucrose
structures as calculated with unrestrained (leftmost column) and
restrained fructofuranosyl puckers (listed on top of each column) by
CHARMM22, CSFF, Accelrys, and Homans force fields (listed on the
right side of each row). The contours are drawn at 2 kcal/mol
increments relative to the minimum for each map; the bold contours
indicate 8 kcal/mol above the minimum. The approximate position of
the potential minima are indicated by the labels M1-M4 in the second
panel of the top row.

include these maps as they have not previously been
compared side-by-side; they reveal subtle differences
in force-field parameterization. The surfaces differ more
when the pucker is unrestrained, and structures with the
same ¢, Y values calculated by different force fields yield
non-identical y* values. These results illustrate the
importance of properly restraining the fructofuranosyl
pucker. Energy surfaces generated by the C22
(CHARMM22),** CSFF,*' Homans,* and Accelrys®’
force fields in the first column of Figure 2 are the result
of restraining only the glycosidic torsions, ¢ and , and
yield significantly different PESs, which depend on the
force field used. Pucker phases in these structures re-
sulted in geometries, which do not match published
experimental data.'*!>"'® To bring the calculated pucker
phase values in line with experimental values, sucrose
structures were recalculated by simultaneously restrain-
ing glycosidic torsions and the pucker phase as described
in the Materials and methods section. The energy maps
resulting from these calculations show better agreement
across force fields, suggesting three regions of ¢, i space
as local minima (Fig. 2). These regions will be abbrevi-
ated as the ¢,  coordinates are the approximate centers
of the respective regions: M1 = (120°, 300°), M2 =
(60°,270°), M3 =(90° 180°) and M4 =(90°,40°).
Although the ¢,  values of the local minima agree
among force fields, their relative energies vary. The

energy of M3 is higher than the global minimum and
is clearly affected by the pucker phase, as is the shape
of the M3 region. However, the general position of
M3 does not vary with pucker, remaining at ca.
(90°, 180°), while the position of M4 only varies by
about 30°. The ¢, Y energy maps for C22 and CSFF
are fairly consistent, as expected from their common ori-
gin; however, they disagree on the stability of M4. Both
indicate sampling of M1 and M2, with a barrier between
these and the M3 region. The Homans force field implies
that M1-M4 are populated, that M3 has a lower energy
than C22 and CSFF suggest, and that the barriers to
interconversion are low. Finally, the Accelrys force field
suggests that M3 is high in energy and a reduced barrier
between M4 and the low energy M1 and M2 regions.

3.2. Fits of generated structures to RDCs

To conclusively deduce three-dimensional structure and
dynamics it is necessary to measure at least five indepen-
dent RDCs for each rigid molecular fragment.3®4344
Except for C-1g-H-1g, the C-H bonds in the
glucopyranosyl ring are parallel or antiparallel; thus,
'Pcy (one-bond C-H RDCs) provide two independent
measurements in the glucopyranosyl ring. To increase
the number of independent parameters, 23 RDCs were
measured for the glucopyranosyl ring and 12 for the
fructofuranosyl ring (Table 1).'® These measurements
included 2%y and *Zcy (two and three bond *C—'H
long-range RDCs), %yy (three bond '"H-'H RDCs),
'9cc and 2%¢e (one-bond and two-bond '*C-'3C
RDCs).

We began qualitatively by examining ' Z ¢y, measured
for the two rings from "H-'3C constant-time HSQC
spectra.'®4>46 19 values in the glucopyranosyl ring
have the opposite sign to the corresponding values mea-
sured in the fructofuranosyl ring (Table 1). This differ-
ence in sign implies that, on average, the C-H bonds
in the glucopyranosyl ring are perpendicular to C-H
bonds in the fructofuranosyl ring. Thus, a cursory exam-
ination of 'Z¢y can give qualitative insight into su-
crose’s three-dimensional structure. The relative C-H
bond-orientations will later be used to aid in interpreting
the range of possible structures.

RDCs are used together with a structural model,
which provides the direction cosines for each internu-
clear vector. Alignment tensors describe the average ori-
entation of molecules relative to the static magnetic
field. Fits to RDCs yield a dipolar tensor D(0, ¢), com-
prised of D,, D, and angles relating the bond vectors in
the molecular frame to the alignment frame (Eq. 3).**

D(0, ) = D,(3cos’0 — 1) + %Drsin29 cos2¢  (3)

In Eq. 3, D, and D, are the axial and rhombic
components of the tensor, D, described by
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Table 1. RDCs and scalar couplings measured in sucrose

Atom Pair J J RDC (2)
Glucopyranosyl ring

C-1g-H-1g 169.61 £0.1 177.69 £ 0.1 8.08£0.2
C-2g-H-2¢g 14393 £0.1 150.15£0.1 6.22+0.2
C-3g-H-3g 14536 £ 0.1 152.79£0.1 7.43£0.2
C-4g-H-4g 14479 £0.1 149.16 £ 0.1 437+0.2
C-5g-H-5¢g 144.88 £0.1 150.49 £ 0.1 5.62£0.2
C-2g-H-1g —1.67£0.03 —2.49£0.03 —0.82 £ 0.06
C-3g-H-1g 6.15%£0.5 591%£0.5 0.25%+1.0
C-3g-H-2¢g —3.26 £ 0.06 —2.31+£0.24 095£0.3
C-3g-H-4g -3.75%£0.7 —3.58£0.76 0.17 £ 1.46
C-4g-H-2g 08404 1.43+0.34 0.59 £0.75
C-4g-H-3g —4.79%£0.5 -3.63%£0.34 1.15+0.85
C-4g-H-5¢g —4.60 £ 0.09 —-545%0.16 —0.85%+0.25
C-5g-H-1g 6.63£0.5 6.60 £ 0.2 —0.03£0.7
H-1g-H-2¢g 39+0.1 1.4710.3 —-243+£04
H-2g-H-3g 10.0 £ 0.1 12.1+0.1 2.1+0.2
H-3g-H-4g 9.2%0.1 10.0 £ 0.1 0.8+0.2
H-4g-H-5g 10.3+0.1 8.5%0.1 -1.8%£0.2
C-1g-C-2g 46.110.1 444103 -1.7£04
C-2g-C-3g 38.1%£0.1 38.8%0.1 0.7+0.2
C-3g-C-4g 38.1£0.1 384+£0.1 -03%0.2
C-4g-C-5g 40.1+0.1 38.8%0.1 -13%0.2
C-5g-C-6g 432+0.1 435+0.1 03+0.2
C-4g-C-6g 40+0.1 34%0.1 -0.6%+0.2
Fructofuranosyl ring

C-3f-H-3f 143.1£0.1 1299 £ 0.1 —132%0.2
C-4f-H-4f 1384 £0.1 130.0 £ 0.1 -84%0.2
C-5f-H-5f 147.1 £0.1 128.9 £ 0.1 —182+0.2
C-3f-H-4f —2.15%£0.03 —1.65%0.02 0.5%0.05
C-4f-H-3f —3.59 £0.05 —2.22%0.05 1.4 +0.1
C-5f-H-4f -1.2%02 -0.6%0.2 0.6+04
H-3f-H-4f 8.63£0.1 8.2%0.1 —-0.43%0.2
H-4f-H-5f 8.4+0.1 5.8%0.1 -2.6%0.2
C-1f-C-2f 51.6 £0.15 52.1£0.15 05+0.3
C-2{-C-3f 43.6+0.15 47.0+0.15 34103
C-3f-C-4f 38.8+£0.15 39.9+0.15 1.1+0.3
C-4f-C-5f 39.9£0.15 40.3+0.15 04103
C-5f-C-6f 41.5+0.15 41.0+0.15 -0.5+0.3

13[D.. — (Dyx + D,,)/2] and 1/3[D,.— D,)], respec-
tively,*’” 0 is the angle given bond vector makes with
the principle axis of the tensor, and ¢ is the angle
describing the position of the projection of the inter-
nuclear vector on the x—y plane relative to the x-axis.
The alignment tensor is unitless; its components, A4,
and A, can be calculated from the relations:

D,

—(poh/1673)y 7B (r—)
A = D
—(1oh /167 )y 575 (r )
where pg is the permittivity of a vacuum, / is Planck’s
constant, ya and yp are the magnetogyric ratios of nuclei
A and B respectively, and r is the A-B internuclear
distance.

We calculated the alignment tensor for the glucose
ring, assuming that it is rigid. To fit the isolated glucose
ring, we extracted its coordinates from the neutron
structure and fit RDCs measured for this ring. RDCs
measured for the glucopyranosyl ring fit well (Fig. 3)
to the structure, as expected for a rigid fragment. Some
of the outliers are likely results of inaccuracies in struc-
ture, experimentally determined RDCs or molecular
vibrations unaccounted for by static structures.*® Both
rings fit well to the RDCs having reasonable 3> and O
values.* Table 2 lists the values of the alignment tensors
for each of the fructofuranosyl ring puckers for compar-
ison with the glucopyranosyl ring. It has been demon-
strated that when the coordinates of a rigid molecule

A,

, and

(4)

Experimental RDC (Hz)

I T T I I T I
-4 -2 0 2 4 6 8
Back-Calculated RDC (Hz)

Figure 3. A scatter plot of measured RDCs versus back-calculated
RDCs for the glucopyranosyl ring (R =0.983). The line at x =y is
plotted as a guide to evaluate deviation from ideal correlation.

Table 2. Alignment tensors and fitting results for the individual rings in sucrose

Fragment or Pucker form D,x107* D, x107* 0O factor (R)* P

Glucopyranosyl —1.58 £0.07 —0.39 £ 0.11 0.17 (0.983) 78.6
Fructofuranosyl (0) 4.58 +0.27 1.35+0.12 0.08 (0.994) 77.2
Fructofuranosyl (18) 427+0.25 0.99 £0.13 0.08 (0.996) 57.2
Fructofuranosyl (36) 3.82+0.23 0.08 £0.23 0.07 (0.998) 38.2
Fructofuranosyl (54) 3.42+0.20 0.79 £ 0.04 0.07 (0.999) 30.1
Fructofuranosyl (72) 342+0.15 1.10 £ 0.09 0.07 (0.998) 40.1
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are divided into smaller fragments, the alignment tensor
remains the same for each fragment as for the intact
molecule.”>>° D, for the glucopyranosyl ring is two to
threefold less than the corresponding values for the
fructofuranosyl ring.*® Mirroring the relative signs of
the 'Zcy values, D, values for glucopyranosyl have
the opposite sign from those in the fructofuranosyl
ring. The errors in each fit?> demonstrate that values of
the best fit alignment tensors for each of the two rings
are significantly different, and are not within experimen-
tal error. This result indicates internal motion in sucrose.

Having established the existence of internal motion in
sucrose, we focus on whether the averaged RDCs in
each ring are a result of motional averaging within a sin-
gle conformational well or among multiple conforma-
tional wells. To answer this question, we fit RDCs to
each rigid structure for each of the four force fields
and determined the best fit by finding the region(s) with
the lowest y>. Motional averaging within a single poten-
tial energy well would yield one minimum for ¢ and v,
or a range of good fits in the same ¢, ¥ vicinity. Con-
versely, if jumps between conformational wells are
occurring, fits would likely show that more than one re-
gion is populated, and the y*> of the best-fit regions
slzlould be greater than the sum of the individual rings’
et

Contour plots of RDC fits to the force-field specific
structures (Fig. 4) show four regions of acceptable fits,
all of which are found in the range 0° < ¢ < 180°. In
contrast to fits of RDCs to structures with unrestrained
puckers, those with restrained puckers are more con-
sistent across force fields. Here we abbreviate these
¢, Y regions as: DI =(120°, 270°); D2 = (45°, 300°);
D3 =(90°, 180°); D4 = (90°, 120°), where the coordi-
nates listed are the approximate centers of the respective
regions. Note that more than one region of ¢, y space
is populated, and the region corresponding to D1 on
the ¢, ¥ map coincides with the X-ray structure. The re-
gions all have similar y* values, and dominant conform-
ers are not distinguishable based on this criterion alone.
Figure 4 illustrates that the best-fit regions depend on
pucker phase, and the consequence of not restraining
the phase. This result not only highlights the sensitivity
of RDC:s to fructofuranosyl pucker, but to overall struc-
tural differences as well. Nevertheless, D1 and D2 are
the two dominant forms, remaining well fit across vari-
ous puckers and force field generated structures. The
primary force-field variations are the broad, shallow
minimum suggested by merger of D1 and D2 for the
Accelrys force field, compared to two local minima sug-
gested by CSFF and CHARMM?22, and the substan-
tially higher »* values observed for structures
generated with the Homans force field. Another force-
field variation we observe is that structures having iden-
tical ¢, Y values, yield dissimilar %> values. Since the
input RDCs are identical, this result demonstrates that
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Figure 4. RDC fitting maps as a function of force field. The leftmost
column are fits to the structures calculated with unrestrained fructose
puckers. The remaining four columns were fit to structures with
restrained fructofuranosyl puckers indicated at the top of the column.
The structures were calculated by CHARMM?22, CSFF, Accelrys, and
Homans force fields indicated on the right. The bold contours show the
%> = 600 cutoff used in comparisons of the fits to the potential energy
surfaces calculated by force fields (Fig. 6); the thin outer contours are
at % =700, 800, and 900. The general regions where y> minima were
found are labeled as D1-D4 on the second panel of the top row.

each force field yields slightly different structures for
the same ¢,  values. Finally, we observe that the lowest
»° value is threefold higher than the sum of the 5° values
for individual rings. This poor fit establishes that no one
structure fits well to the RDCs. Altogether, the results of
these fits suggest jumping between multiple potential
energy wells in sucrose.

3.3. Comparison of RDC fits and force-field energy maps

The results of RDC fits may be virtual structures due to
motional averaging. To explore this possibility, we com-
pare the RDC fits with force-field results. The reason-
able agreement between RDC fits and force-field (Fig.
5A) energy maps can be improved if the results of the
RDC:s fit to structures generated with the Accelrys force
field are superposed on CSFF PES maps (Fig. 5B). Both
sets of maps suggest that D1/M1, D2/M2, and D3/M3
are dominant conformations in sucrose, and allow for
some sampling of M4 (note that D4 and M4 do not
coincide). The force fields and RDC fits disagree regard-
ing the importance of D4. While structures in this region
have low y* values when fit to RDCs, all but the
Homans force field suggest D4 is unpopulated. To recon-
cile this discrepancy, we use the relative orientations of
the axial C-H bonds in the two rings. As stated earlier,
the C-H bonds in the glucose ring are roughly perpen-
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Figure 5. Plots displaying 7> minima from RDC fits (points) overlaid
on potential energy surfaces (contour lines) as a function of force field.
(A) RDC fits to CSFF generated structures with a pucker phase of 18°
(points), overlaid on the PES calculated by CSFF. (B) RDC fits to
Accelrys generated structures with a pucker phase of 18° (dots),
overlaid on the PES calculated by CSFF. (C) Same as panel B, but
with angular constraints of 90 * 30°. This panel shows that imposing
angular constraints results in elimination of D4. (D) Same as panel C,
except that the calculations are for fructofuranosyl ring pucker phase
of 36°. This panel shows the sensitivity of the RDC fits and the PES on
pucker phase. (E) A ¢,  map displaying the glycosidic torsions from
sucrose’s neutron crystal structure (square),> the NMR solution
structures by Pérez and co-workers (triangles),'® and structures of
sucrose bound to proteins (diamonds; see Table 3).

dicular to those in the fructose ring based on the relative
signs of their 'Z¢y. We reduced the range of acceptable
structures by examining the angle between C-H bond
vectors in the two rings in the calculated structures.
We reasoned that the orientation of the C—H bonds in
the two rings could be accounted for by constraining
acceptable RDC fits to those where the inter-ring angles
between the C—H bond vectors have values between 60°
and 120° (90° £ 30°). RDC maps filtered by these angle
constraints were superimposed on the force-field energy
maps. This approach results in improved agreement be-
tween RDCs and force fields (Fig. 5C). These results

suggest that the dominant ¢,  values for sucrose are
in D1/M1 and D2/M2, with a minor contribution from
D3/M3, and perhaps M4. Since D4 was excluded in
the ¢, ¥ space mapped out by the angular constraints
and conflicts with the force-field maps this region is
unlikely.

3.4. Fits of multiple conformations to one set of RDCs

To further test our hypothesis of the existence of multi-
ple conformations, we fitted two conformers to the
RDCs. Using computer subroutines available in NMR-
Pipe®® we fitted all possible two-structure combinations
using structures from calculated minima M1, M2, M3,
and M4. Because CSFF and C22 yielded similar fits
(see later), we used CSFF generated structures in the
multiple conformer analysis to represent both force
fields. We also fitted two-structure combinations using
minima found by the Accelrys force field because it is
provided with widely used commercial software.

Some of the combinations calculated using this fitting
strategy yielded %> values nearly threefold lower than
any of the single structure fits, resulting in significantly
better agreement between experimental and back-calcu-
lated RDCs. This is emphasized in Figure 6 for M2 and
M4 using CSFF generated structures and M2 and M3
using Accelrys generated structures. Improved agree-
ment is seen for CSFF generated structures when the
pairs from minima M1 and M2, M1 and M3, M2 and
M3, and M2 and M4, for fructose puckers of 18° and
36°. Similarly, agreement is improved for Accelrys gen-
erated structures when the pairs from minima M1 and
M2, M2, and M3, and M2 and M4, for fructose puckers
of 18° and 36°. The improved fits for two structures sup-
port motional averaging among the calculated minimum
energy wells, M1, M2, M3, and M4 in sucrose, but the
two force fields tested give an inconsistent picture. Simi-
lar to the single structure fits, the results of two-structure
fits are force field dependent. There is also no clear
convergence toward two dominant structures, one of
which is in the M1 crystal well, as one might expect.
Nevertheless, two or more conformations are indicated
here by virtue of the reduction in »°.

Because the number of independent RDCs is restric-
tive, we did not attempt simultaneous fits of more than
two conformers. Each conformer requires five indepen-
dent RDCs, and fitting three or more structures to the
RDCs requires at least 15 independent RDCs. With the
limited number of independent RDCs, we chose to leave
the problem overdetermined with two structure fits.

4. Discussion

The data presented establish that sucrose interconverts
among multiple conformations representing separate
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Figure 6. Scatter plots showing the best fit of RDCs to single structure models from CSFF (panel A) and Accelrys (panel B). The best fit single
structures are from the M1 region have ¢,  values of (125°, 260°) and (130°, 270°). Plots in panels C (CSFF) and D (Accelrys) show the
improvement in back-calculated RDCs when two structures are fit to the RDCs. The best fit two-structure models for CSFF are from M2 and M4
with a pucker phase of 36°; best fit two-structure models for Accelrys are from M2 and M3 with a pucker phase of 36°.

energy wells. This outcome is based on a difference in D,
and D, obtained from liquid-crystalline media, poor fits
of single structures to the experimental RDCs, and
decreases in y* values for simultaneous fits of two struc-
tural models to the same RDCs. Note that the two-
structure fits were only reported for minima calculated
by CSFF and Accelrys and that no virtual structures
were included in these fits. The present report contains
data measured in one liquid-crystalline medium, though
structural studies of other molecules have utilized more
than one liquid crystalline medium to deduce structure.
Multiple media are particularly suited to deducing rela-
tive orientations of two fragments in fairly rigid mole-
cules. A second alignment medium usually does not
provide additional structural information in the case
of flexible molecules. We and others demonstrated that
motion can be deduced from measurements in a single
alignment medium.'®?%?* In the present case, the force
field calculations and the results of previous studies
are more helpful than a second alignment medium.
Thus, the RDC fits and force-field calculations reported
herein demonstrate that D1/M1, D2/M2, D3/M3, and

M4 are the most probable individual conformations
contributing to sucrose’s averaged structure in solution.
Multiple wells indicate internal motion in sucrose. In
the limit of fast motion, NMR data is the average of
independent conformations, thus, the conformations
cannot be deduced from NMR measurements alone.
Delineation of structure and dynamics would be facili-
tated by knowledge of independent conformations,
which in principle, can be accomplished with the aid
of force fields. However, using force fields to aid in inter-
pretation of sucrose RDC fitting results can depend on
the selected force field, as demonstrated in the single
structure fits. For example, one might conclude that su-
crose is confined to M1 and M2 with conformational
jumping to M3 from the recently developed CSFF force
field, whereas the broader minima of the Homans force
field leads one to conclude that M1, M2, and M3 are
more easily and equally sampled by sucrose (Fig. 2).
The benefit of using multiple force fields to interpret
carbohydrate structures is an important result of this
study, especially given the status of carbohydrate force
field development compared to force fields for proteins



R. M. Venable et al. | Carbohydrate Research 340 (2005) 863-874 871

and nucleic acids. The comparison of RDC fits and PES
from each force field led directly to our appreciation of
the importance of the fructofuranosyl pucker phase in
calculating the structures and energies of sucrose. It is
encouraging that all the molecular mechanics force fields
tested here (Fig. 2) and RDCs (Fig. 4) independently
show that 60° < ¢ < 180°. Low probability of finding
¢ > 180 is likely a consequence of unfavorable steric
clashes between glucopyranosyl ring OHs and the
fructofuranosyl anomeric CH,OH group.

Inconsistency in the details in iy was observed across
force fields tested here. Consequently, these features re-
quired deeper examination. The inconsistency in y also
highlights a possible problem, namely using force fields
to interpret fits to RDC data can yield force-field depen-
dent results. As shown above, RDC fits to Accelrys gen-
erated structures resulted in surfaces, which are in best
agreement with the PES calculated from CSFF. When
overlaid on these surfaces, the RDC fits indicate that
D1/M1, D2/M2 and D3/M3 are the likeliest molecular
conformations.

Though it is not as strongly indicated by RDC fits,
force fields suggest that M4 (¢, y = 90°, 60°) is popu-
lated. This region has similar ¢ values to D4, but the
Y values calculated by force fields are lower. It is possi-
ble that acceptable fits in the D4 region represent virtual
structures of stable conformations from M4 and D1/
M1, D2/M2, or D3/M3. It is also possible that the M4
conformations are present in small amounts. If this were
the case, it would be difficult to detect these conforma-
tions by RDCs from NMR spectra in the fast-exchange
regime. The observed RDCs would be a weighted aver-
age, influenced by the small populations, resulting in
structures with unphysical ¢, i coordinates. Similarly,
motion may influence the outcome of two-structure fits.
Fits of more than two structures are technically feasible,
but this possibility could not be reliably tested because
there were insufficient independent RDC measurements.
Other pairings of structures are also possible as a result

Table 3. ¢ and y values for sucrose bound to proteins or enzymes

of a correlation between pucker phase and glycosidic
torsions, ¢ and . This is suggested by the force-field
maps (Fig. 2), which were calculated as a function of
pucker phase. Since fructose pucker interconversion
occurs rapidly, this type of analysis is precluded by the
difficulty of detecting the individual pucker forms.

In their study, Pérez and co-workers concluded that
the potential energy maps from force-field calculations
overlaid on NOE maps suggest that sucrose is intercon-
verting rapidly, but that the motion is limited."* They
identified five conformations for sucrose (shown in Fig.
5 as triangles), three corresponding to D1/M1, D2/M2,
and D3/M3, and the other two corresponding to M4.

Results of a recent study by French et al., who use a
combination of quantum mechanics and the MM3 force
field to map the PES of sucrose,’! compare favorably
with the results from the present study. Their results
suggest that there are two major forms of sucrose corre-
sponding to D1/M1 and D2/M2 in the present study,
and two higher energy local minima, which correspond
to D3/M3 and M4 in the present study. D1/M1 and
D2/M2 are separated by a low-energy barrier (~3 kcal/
mol) in French et al.’s study, which indicates discrete
states and motion. D1/M1 and M4 are separated by a
slightly higher barrier as are D2/M2 and D3/M3. The
low barriers separating the local minima support facile
interconversion among the states.

Flexibility in sucrose is also indicated in a solid-state
NMR report.'* Grant and co-workers examine the
chemical shift tensors of single crystals of sucrose and
compare them to isotropic chemical shifts obtained from
magic angle spinning experiments and to solution data.
The isotropic shifts in the solid state do not match those
obtained in solution. This finding demonstrates that the
while sucrose exists in a single conformation in the crys-
talline state, it is flexible in solution.

Flexibility in sucrose may play an important role in
biological function. Table 3 lists ¢ and i/ values for free
sucrose and sucrose bound to various proteins or

Structure (pdb name) ¢ (deg) Y (deg) Enzyme type/family Protein Data Bank Filename
Crystal structure® 108 —45 SUCROS04%
Amylosucrase sucrose complex>> 44 -93 Hydrolase 1JGI.pdb
Amylosucrase sucrose complex>> 89 -22 Glucosyl transferase IMW1.pdb
Fructosyl transferase sucrose complex®' 111 —38 Fructosyl transferase 1PT2.pdb
B-Glucosidase sucrose complex®’ 89 -17 B-Glucosidase 1GNX.pdb
GDP mannose dehydrogenase—sucrose complex® 104 —42 Glucose-specific dehydrogenase IMV8.pdb

109 —54
ScrY (2 bound sucrose molecules)* 75 =31 Sucrose-specific porin 1A0T.pdb

90 —61

Maf from Bacillus subtillis—sucrose complex®® 101 -36 Unknown 1EX2.pdb
Pterocarpus lectin® 118 —47 Lectin IN3P.pdb
Pea lectin 96 —44 Lectin 10FS.pdb
(2 bound sucrose molecules)®’

101 -55
Lentil lectin—sucrose complex®’ 107 —58 Lectin 1LES.pdb
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enzymes. Proteins listed in the table fall into three cate-
gories: (1) enzymes which act directly on sucrose, such
as amylosucrase,”” (2) enzymes where sucrose is bound
in place of the natural substrate; (3) and proteins which
do not act enzymatically on sucrose, but are responsible
for transporting the disaccharide. Amylosucrase is
responsible for cleaving the glucopyranosyl-fructofur-
anosyl bond and building glycogen chains. In the case
of glucose hydrolysis, it is important for the glucopyr-
anosyl ring oxygen atom lone pair to be antiperiplanar
to the glycosidic oxygen to facilitate the leaving of the
fructofuranosyl ring.>* In this structure, the disaccharide
conformation is in agreement with D2/M2 (Fig. 5E),
while the commonly reported structure is in M1/D1.%
Proteins such as the sucrose-specific porins, are responsi-
ble for transporting sucrose in and out of cells.** In these
cases the conformation of bound sucrose may not be as
crucial as in the amylases, but sucrose must still bind spe-
cifically. Many of the bound sucrose structures have ¢,
values in the D1/M1 region. Thus, it appears that sucrose
must be flexible in order to bind its target proteins,
although crystal conformations in the M3 or M4 region
are not observed in the structures surveyed.

The conclusions detailed above stand in direct con-
trast to those of a number of previous studies, which
state that sucrose is rigid.”” Some of these studies at-
tempted to detect motion through nuclear relaxation.
Another uses a combination of NOEs, RDCs, and J
couplings in X-plor to probe sucrose structure.” '*C
T';s are sensitive to motion that is faster than the overall
correlation time of the molecule (ca. 90 ps at about
315°C)."* The relaxation study reports '*C nuclear
relaxation measured at —30 °C in a mixture of D,O—
Me,SO. But even at low temperatures where the correla-
tion time is increased, '*C T}s may not be sufficiently
sensitive to detect internal motion if this motion takes
place on a slower timescale than overall tumbling.” >’
Furthermore, the presence of Me,SO may influence
the equilibrium conformation of sucrose in different
ways than the D>O buffer used in the present study.
Thus, it is difficult to directly compare their results ob-
tained in a mixed solvent system with those obtained
in this study (20 mM Na,PO4/D>0 at 42 °C). A recent
report used X-plor in conjunction with the Homans po-
tential to conclude that the solution structure of sucrose
is similar to that of the crystal structure, but detected no
other conformations.” For minor structures to be de-
tected, the program may need stronger restraints, a lar-
ger number of input RDCs, NOEs, or J values. In
addition, as we found in this study, the Homans-based
force field may not properly describe the PES of sucrose;
fructose and other furanoses were neither included in the
target data, nor were any tests on furanose rings
included in the original published force field.

Despite the fact that '*C relaxation data®’ and some
solution-state structural studies™’ imply rigidity in suc-

rose, disagreement with the results of the present study
is superficial and can be resolved. When the lifetime of
the individual conformations is on the timescale of tens
or hundreds of nanoseconds the motion interconverting
them cannot be detected in relaxation measurements. In
contrast to nuclear relaxation, RDCs are modulated by
all motion, from small vibrations, to overall molecular
tumbling, to conformational motion affecting all atoms
in the molecule, and the lifetimes of the conformational
states. Thus, RDCs can complement nuclear relaxation,
and motion undetected from nuclear relaxation mea-
surements can be detected with RDCs. Alternatively,
the short overall molecular correlation time for sucrose
(90 ps at 315 K)*! in water ensures that nuclear relaxa-
tion occurs mainly as a result of overall molecular reori-
entation, hence any motion taking place slower than the
correlation time of the molecule, but faster than micro-
second, will not lead to observable relaxation.”>>® In
this way, the molecule may appear rigid even when sig-
nificant motion is ongoing.

5. Conclusions

We have shown from a combination of RDC measure-
ments and four force fields that multiple conformations
are present and motion is ongoing for sucrose in
aqueous solution. Single structure fits indicate likely
conformations of sucrose, which generally agree with
force-field generated PESs. Furthermore, the improved
fits to two structures demonstrate that sucrose intercon-
verts between at least two conformations.

RDC and force-field results reported herein suggest
that while CSFF may have reasonable parameters for
the glycosidic torsions, parameters for the individual
residues are not optimal. The opposite is true for the
Accelrys force field; the glycosidic parameters may not
be optimal, but those for the glucose and fructose rings
may be more realistic than the other force fields tested
here. The current situation may be more complex due
to several motions on multiple timescales: pucker
changes may be rapid, which could modulate RDCs
but not '*C Tis. At the same time, jumps resulting in
conformational changes from motion about the glyco-
sidic torsions occur at a frequency that does not affect
nuclear relaxation measurements.

These results do not conflict with studies suggesting
that sucrose is rigid. The apparent discrepancy is allevi-
ated by considering that '*C relaxation is sensitive to
motions faster than the overall molecular correlation
time (~90 ps at 315 K), even at cryogenic temperatures.
While nuclear relaxation measurements are useful in
deducing motion, which occurs faster than overall
molecular tumbling, motion on the tens of nanoseconds
to microseconds timescale may go undetected in '*C
relaxation experiments. RDCs are sensitive to this
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motion, and this demonstrates how they can be used to
detect motion beyond the limits of '*C relaxation. The
present results demonstrate that a molecule can be dy-
namic and yet appear rigid if only certain measurements
are made. Similar conclusions were reported previously
by Widmalm and co-workers.*® The flexibility in sucrose
appears to be important for binding to target enzymes in
hydrolysis and synthesis of glycogen.
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