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Abstract

A method is described for quantitatively investigating the dynamic conformation of small oligosaccharides contain-
ing an a(1 — 6) linkage. It was applied to the oligosaccharide Man-a(1 — 3) {Man—a (1 — 6)} Man-a-O-Me,
which is a core region frequently observed in N-linked glycans. The approach tests an aqueous molecular dynam-
ics simulation, capable of predicting microscopic dynamics, against experimental residual dipolar couplings, by
assuming that alignment is caused purely by steric hindrance. The experimental constraints were heteronuclear
and homonuclear residual dipolar couplings, and in particular those within the a(1 — 6) linkage itself. Powerful
spin-state-selective pulse sequences and editing schemes were used to obtain the most relevant couplings for testing
the model. Molecular dynamics simulations in water over a period of 50 ns were not able to predict the correct
rotamer population at the a(1 — 6) linkage to agree with the experimental data. However, this sampling problem
could be corrected using a simple maximum likelihood optimisation, indicating that the simulation was modelling
local dynamics correctly. The maximum likelihood prediction of the residual dipolar couplings was found to be an
almost equal population of the gg and gf rotamer conformations at the a(1 — 6) linkage, and the g conformation
was predicted to be unstable and unpopulated in aqueous solution. In this case all twelve measured residual dipolar
couplings could be satisfied. This conformer population could also be used to make predictions of scalar couplings
with the use of a previously derived empirical equation, and is qualitatively in agreement with previous predictions
based on NMR, X-ray crystallography and optical data.

Introduction

At the heart of biological systems the constituent
molecules provide function by their dynamic interplay.
Therefore, after entering an era where the chemical
structure of the key players in the biological world
are known, of which carbohydrates are a major group,
a logical next step is to elucidate their self-dynamics
(Homans, 1993). A premise underlying the work
presented here is that these dynamics are resultant
from water-solute interaction (Tvaroska et al., 1990).
However, these interactions are potentially difficult to
describe physically, in which case computer simula-
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tions can be used to make predictions in advance of
the development of more simplistic models. It is pro-
posed that when computer simulations can be tested
against experimental data, then they can be used to
provide reductive information about dynamics which
is not evident from the experimental data alone. In
effect it is proposed that the physics present in sim-
ulations can be used to constrain the interpretation of
the experimental data. In our previous work, molecu-
lar dynamics simulations of carbohydrates have been
tested against hydrodynamic, X-ray crystallography,
and NMR data (Almond et al., 1998, 2000, 2001;
Almond and Sheehan, 2000).
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The a(1 — 6) linkage plays an underlying role in
the conformation and dynamics of N-linked oligosac-
charides (Imberty et al., 1993). These molecules
have been found to be involved in essential cellular
processes (Dwek, 1996; Rudd and Dwek, 1997), par-
ticularly at the cell-surface, and their malfunction is
implicated in the progression of diseases (Rudd et al.,
1999). A detailed understanding of this type of link-
age, and hence the molecules in which it is present,
may be forthcoming from a study of dynamics and
water. However, present molecular models require
testing against experimental data before they can be
considered useful.

Previous studies have used molecular modelling
to gain theoretical insights into the dynamics of the
a(l — 6) linkage in various environments (Dowd
and French, 1995; Rutherford and Homans, 1994;
Spronk et al., 1995; Quasba et al., 1994; Engelsen
and Rasmussen, 1993). Complementary NMR tech-
niques such as scalar couplings and relaxation effects
have also been used to provide information about the
linkage (Jansson et al., 1994; Sayers and Prestegard,
2000; Homans et al., 1987). Most recently residual
dipolar couplings have been measured by NMR in
oligosaccharides containing 1 — 6 linkages, using
magnetically aligned co-solutes (Tian et al., 2001;
Neubauer et al., 2001).

Since carbohydrate glycosidic linkages are poten-
tially flexible, the interpretation of experimental data
obtained from oligosaccharides must initially take dy-
namics into account. However, this has not precluded
the use of residual dipolar couplings (Martin-Pastor
and Bush, 2000a,b; Neubauer et al., 2001). Fur-
thermore, the use of residual dipolar couplings in
structure determination, and in particular when con-
formational exchange is present, has recently been
reviewed (Prestegard et al., 2000). Compared with
other techniques it has the ability to provide accu-
rate global information, which is a stringent test for
molecular models.

The use of a dilute crystalline aligning medium
in NMR experiments to provide tuneable alignment
of macromolecules, and hence observation of residual
dipolar couplings is relatively new (Tjandra and Bax,
1997; Hansen et al., 1998). Fortunately, the theory
describing such alignment is well established. If an
internuclear vector subtends an angle ® to a magnetic
field then the dipolar contribution to coupling is given
by Equation 1. Classically, the maximal value of the
dipolar coupling is dependent on the gyromagnetic nu-
clear ratios y, and y,, and the separation of the nuclei

r, Equation 2.
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Under isotropic free tumbling in solution the dipo-
lar spin-spin interactions average to zero due to their
intrinsic symmetry. However, when an aligning mate-
rial is present this is not quite true, and a net residual
dipolar coupling is observed. The degree of alignment
can be conveniently described by an order matrix, in
this case a Saupe order matrix (Saupe and Englert,
1963), Equation 3. Here §;; = 1if i = j and 3;; =0
otherwise. In this model, the angles o; define the angle
between the ith molecular axis and the director (the
magnetic field) in the laboratory frame, as shown in
Figure 1.

1
Sij = 5(3 cosa; cosaj — ;) (3)

Using the order matrix, Equation 3, the expression for
the residual dipolar couplings can be transformed to a
molecular frame, Equation 4. Here §; defines the angle
between the internuclear vector and the ith molecular
axis of the molecular frame.

D" = Dy Sij cos B cos B7" 4)

The aim of the present work is to test aque-
ous molecular dynamics simulations against measured
residual dipolar couplings in a small oligosaccharide
containing an a(l — 6) linkage. Assuming an agree-
ment can be obtained, the simulation can then be used
to understand how NMR in partially aligned systems
can be used to study dynamics in such molecules,
and consequently as a basis for understanding the
dynamics of this linkage in solution.

In this study the molecule shown in Figure 2 was
chosen as the model system. The molecule selected
here is the core region of many N-linked glycans.
In contrast to previous work (Tian et al., 2001), the
residual dipolar couplings were measured using newly
developed spin-state-selective pulse sequences to min-
imise overlap of the desired resonances. Our approach
is also novel in that aqueous molecular dynamics sim-
ulations were then used to aid interpretation of the
residual dipolar couplings, as opposed to static mole-
cular models used in other studies of carbohydrates.



Laboratory Frame

Figure 1. Angles used to express the molecular alignment. The «; define the angles between the ith molecular axis and the director (the
magnetic field) in the laboratory frame, and the f; define the angles between the internuclear vector and the ith molecular axis of the molecular
frame.

This was performed in the following way. Firstly,
the overall performance of the simulation was tested
by comparing theoretical predictions against, among
others, heteronuclear residual dipolar couplings situ-
ated throughout the oligosaccharide. Secondly, using a
maximum likelihood approach and including residual
dipolar couplings in the a(1 — 6) linkage region, the
conformer preference of this flexible linkage is pre-
dicted. At the centre of our experimental design was
that the a(1 — 3) linkage, see Figure 2, only assumes
a single dynamic conformation which does not signifi-
cantly affect overall molecular conformation (Almond
et al., 2001), and hence any conformational mobility
of the a(1 — 6) linkage can be more clearly identi-
fied. In contrast to previous approaches (Tian et al.,
2001; Neubauer et al., 2001) the methodology pre-
sented here did not rely on back calculation of order
matrices from the experimental data.

Materials and methods

Sample preparation

The mannose oligosaccharide (Figure 2) was pur-
chased from Glycorex AB (Sweden). The oligosac-
charide was used without further purification. Two
NMR samples were prepared at a concentration of
5 mg/ml oligosaccharide in DO, with 10 mM sodium
phosphate buffer (pH 7.6) and 2 mM magnesium chlo-
ride. To one sample Pfl phages were added to give a
14.0 & 0.2 Hz splitting of the 2H NMR signal of D,0
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Figure 2. Structure of the mannose oligosaccharide. Also shown is
the sugar ring labelling used throughout and the dihedral definitions.
At the a(1 — 3) linkage the definition was ¢ = H1-C1-O3-C3 and
Y1 = C1-03-C3-H3. For the a(1 — 6) linkage ¢, = H1-C1-06-C6,
Pp = C1-06-C6-CS5, and wy = 06-C6-C5-05.

at 300 K. The phages were purchased from ASLA Ltd.
(Latvia).

Nuclear magnetic resonance

All NMR spectra were recorded on a Varian Unity
Inova 800 MHz spectrometer. The temperature was
held constant at 300 K during experiments, which
is the same temperature that all of the molecular
dynamics simulations were performed at. Standard
two-dimensional COSY and HSQC experiments were
performed on the free molecule in solution to obtain
both the proton and carbon chemical-shift assign-
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ment. The assignments have been published elsewhere
(Sayers and Prestegard, 2000).

One-bond couplings

One-bond couplings between carbon (§) and proton
(I') were measured using a spin-state-selective (S°) ap-
proach, and in particular the S3CT element. The S*CT
element allows coherence transfer to either the 7~ S*
or I~ SP single-quantum coherence in 1S systems, by
a selective single-quantum S-spin 1 pulse (Sgrensen
et al., 1997). The pulse-sequence and editing method-
ology has been published previously (Lerche et al.,
1999). However, it was modified slightly to enable the
simultaneous measurement of /.S couplings in both 1.
and IS systems. The editing scheme in the original
S3CT experiment did not allow for the extra coupling
present in three-spin systems (Sgrensen et al., 1997).
To resolve this issue the editing scheme was changed
to filter transverse S magnetisation. In this case there
is no coupling to the third spin present after editing.
This is analogous to the S*P editing scheme (Meissner
et al., 1998) and those proposed by others (Andersson
et al., 1998; Ottiger et al., 1998). The observed ef-
fective coherence transfers (o/f) following editing are
shown in Equation 5.

2L+ hy) S~ — (I7 +1,) 8P, )

Two two-dimensional S?’CT-HSQC spectra were
recorded. They were edited such that one contained
only the I~ S% coherences and the other only the 7~ 5.
Aquisition parameters: direct dimension was proton
with a spectral width of 3 kHz, a digital resolution of
4096 complex points, and centred on the water res-
onance. Water presaturation was applied during the
relaxation period. The indirect dimension was carbon
with a spectral width of 12 kHz. For each #; 16 scans
were recorded, and a total of 512 #; increments were
recorded. Analysis parameters: The data was trans-
formed using a sine-bell squared apodisation function
shifted by 27 /5. Strip transforms were performed af-
ter zero-filling to an array of 16384 x4096, to obtain a
separation of 0.18 Hz between data points in the direct
(measured) dimension.

The edited spectrum containing only I~ 8% co-
herences is shown in Figure 3. Equivalent one-
dimensional slices in F2 were taken from both trans-
formed spectra. The measured displacement between
similar peaks in the two edited spectra corresponds
to the scalar coupling. The above spectra were re-
recorded with phages present, and the IS couplings
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Figure 3. The o-edited version of the two-dimensional
(S3CT-HSQC) spectra recorded without phages present, at
800 MHz proton frequency. The F1 dimension is carbon and the F2
dimension is proton. Note: the HI region of the spectra was omitted
for clarity.

measured in an analogous way. The extra couplings
correspond to the residual dipolar couplings induced
by the phages.

Geminal couplings

Measurement of the geminal proton coupling at the
a (1 — 6) linkage was also performed using two-
dimensional spectra, since significant overlap was ob-
served in one-dimensional proton spectra when phages
were present, even at 800 MHz proton resonance
frequency. A coherence-order and spin-state-selective
(COS?) pulse sequence (Untidt et al., 1999) was used
for this purpose. This pulse sequence and editing
scheme achieved one (a/B) of the following specific
transfers, Equation 6.

2L+ b)) S — TP+ 10%1 (6)

Two two-dimensional spectra were recorded, one for
the o and one for the B transfer in Equation 6, with
and without phage. The scalar couplings and residual
dipolar couplings were measured in an analogous fash-
ion to that described above. Aquisition parameters:
direct dimension was proton with a spectral width of
3 kHz, a digital resolution of 4096 complex points,
and centred on the water resonance. Water presatu-
ration was applied during the relaxation period. The



indirect dimension was carbon with a spectral width
of 12 kHz. For each #; 16 scans were recorded, and
a total of 512 #; increments were recorded. Analysis
parameters: The data was transformed using a sine-
bell squared apodisation function shifted by 2m/5.
Strip transforms were performed after zero-filling to
an array of 16384x4096, to obtain a separation of
0.18 Hz between data points in the direct (measured)
dimension.

Molecular dynamics simulations

Simulations were performed using the general mole-
cular modelling package CHARMM (Brooks et al.,
1991). The most current carbohydrate force-field para-
meters suitable for CHARMM were used, with inclu-
sion of terms to effectively model the exo-anomeric
effect. A consistent set of partial charges for a man-
nose sugar in the *C; configuration was obtained using
a 6-31 g Hartree—Fock basis set computation. Each
structure was initially relaxed in vacuum and then sol-
vated in a rhomboidal dodecahedron of side 3.996 nm
containing 1500 TIP3P water molecules (Jorgensen
etal., 1983).

During simulation the covalent hydrogen bond
lengths were kept constant with the SHAKE algo-
rithm (van Gunsteren and Berendsen, 1977) and a 2 fs
integration step was used. Long range electrostatic
interactions were treated by using periodic-boundary
conditions and a non-bonded interaction cut-off of
1.2 nm. The simulation was continued for a total of
50 ns, or 25 million steps, at a constant temperature of
300 K by weak coupling to a heat-bath. Co-ordinates
were recorded every 0.2 ps for analysis purposes.

Simulating alignment

To simulate the alignment, it was assumed that align-
ment was caused by steric restriction at the phage sur-
face, as described previously (Zweckstetter and Bax,
2000). Random rotation matrices R; were created by a
random rotation around the z-axis followed by trans-
formation of the z-axis to a random position on the unit
sphere. The molecular structure, after being translated
to the centre of mass frame, {x, x, ... x™} was
rotated; Equation 7. Following rotation the atomic po-

sitions of the structure are {y(l), yb, ooy }, fora
particular rotation matrix R;.
v = Rx". (7)

Rotation matrices were rejected if 3r such that y}r) >
d, where d is a random number d € [0, dnax], Which
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simulates steric hindrance, and d represents the dis-
tance of the molecule from the aligning surface. Here
dmax 1s the maximum possible yfr) for any rotation
matrix. This was continued for 250 000 selections of R
and d for each frame in the simulation. If A is the set of
the accepted rotation matrices during this process, then
the expression for the Saupe order matrix is given by
Equation 8, in anology to Equation 3. Here e; are the
cartesian unit vectors, and the magnetic field is taken
to be parallel with e3. Thus S;; could be calculated as
a function of time during the simulation.

Sij = %(3 (e3 - Ryej) (63 . Rkej) — 8,‘j> V Ry 6(81?

Predicting the scalar couplings

The scalar couplings were predicted from a previously
developed equation (Haasnoot et al., 1980) which has
been used previously to predict J-couplings in carbo-
hydrates (Bock and Duus, 1994). The formulae are
given in Equations 9 and 10, where wy is the dihedral
angle between the relevant protons.

Jser = 13.22cos> wy — 0.99 coswy
—0.984 cos” (0.139 + wp)
—6.396 cos” (0.452 — wy) +2.61, (9)

Jsgs = 13.22 cos? wg —0.99coswy
—0.984 cos’ (0.139 + wp)
—3.198 cos’ (0.452 + wp)
—3.198 cos’ (0.452 — wp) + 2.61. (10)

These scalar couplings were calculated for every
frame in the simulation and then averaged over rele-
vant subsections of the trajectory.

Results

Molecular dynamics simulation

The simulation was continued for a total of 50 ns
at a constant temperature of 300 K. The o (1 — 3)
linkage was observed to be dynamic, but restricted in
conformational space to a single region. This is rep-
resented in Figure 4, where the exploration of this
linkage during the simulation is plotted. This result
was anticipated and formed part of the experimental
design, and allowed the conformational analysis to
concentrate on the a (1 — 6) linkage. Therefore, little
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Figure 4. Exploration of the o (1 — 3) glycosidic linkage. The plot
shows (¢, Y1), see Figure 2 for an explanation of these angular
definitions.

further reference is made to the o (1 — 3) linkage in
this article.

At the o (1 — 6) linkage multiple distinct confor-
mations were observed in the simulation. Previous
work using NMR scalar couplings has indicated the
presence of both gg and gf conformations at this link-
age; the difference between them lies in the w, angle
(Figure 5). With the nomenclature used here (wy =
06-C6-C5-05) the gg conformation corresponds to
wy = —60° and gt to wy = +60° (Jeffrey, 1990).
No evidence was found during this simulation for a
stable tg (wy = £180°) conformation at the a(1 — 6)
linkage. In a separate aqueous simulation the molecule
was started in the zg conformation (data not shown
here), and made the transition to the gg conformation
after only 0.03 ns. It was therefore considered to be
highly unstable.

In this simulation the a(1 — 6) linkage was started
in the gg conformation. However, after a period of
8.5 ns a conformational change was noticed at the
a(l — 6) linkage. This was an exchange from the
gg to gt conformation. Using the w> angle this can
be shown (Figure 6). During the following 41.5 ns no
conformational exchange was observed back to the gg
conformation. The dynamics of the a(1 — 3) linkage
was found to be independent of the conformation at
the (1 — 6) linkage.

Table 1. The measured scalar couplings J and residual
dipolar couplings D in the mannose trisaccharide. The
phage concentration was adjusted so that a deuterium split-
ting in water of 14.0 £ 0.2 Hz was observed

From To J (Hz) J+ D Hz) D (Hz)

ACl AHI 1713+£02 1792+02 +79+04
AC2 AH2 1494+02 1433+02 —6.1+04
AC3 AH3 143.6+02 147.7+02 4+4.1+£04
BClI BHI 1709+£02 175.0+02 +4.1£04
BC2 BH2 1494+02 149.0+02 —-04+04
BC3 BH3 143.6+02 1432+02 —-04+04
CCl CH1 171.6+£02 175.0+0.2 +34+04
CC2 CH2 1490+£02 1528+02 43.8+04
CC3 CH3 1435+02 1392+02 —-43+04

AC6 AH6R 1457+02 153.7+02 4+8.0+0.4
AC6 AH6S 1448+02 146.7+02 +19+04
AH6R AH6S —-116£02 —-59+£02 457+£04
AH5 AH6R 43+0.1 - —
AHS5S AH6S 1.9+0.1 — -

Nuclear magnetic resonance

One-bond carbon-proton couplings were measured us-
ing a spin-state-selective (S) pulse sequence and
editing scheme (see Materials and methods). The cou-
plings with and without phages are shown in Table
1. Using the S3CT element and a specific editing
scheme (see Materials and methods) allowed the mea-
surement of C-H couplings in methylene groups. This
was particularly important at the a(1 — 6) linkage.
Use of a COS? approach (see Materials and meth-
ods) allowed measurement of the geminal H-H cou-
pling at the a(1 — 6) methylene even when phages
were present, and hence the residual dipolar coupling
between the two nuclei. In combination with the one-
bond residual dipolar couplings this allows a good set
of experimental data against which to compare the
simulation (Table 1). The scalar couplings between
H5 and H6R/S were measured from one-dimensional
proton spectra in a sample without phages present.

Predicting the experimental observations

To predict the residual dipolar couplings it was neces-
sary to consider the effect of alignment for all of the
conformations present in the simulation. An alignment
algorithm was constructed which could calculate the
sterically induced Saupe order matrix for any confor-
mation (see Materials and methods). This was used
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Figure 5. Exploration of the o (1 — 6) glycosidic linkage. On the left the angles (¢, {p) are plotted and on the right (¢, wy) are plotted.

See Figure 2 for the angular definitions.

Table 2. Predictions of the experimental data using dif-
ferent dynamic models. All values are expressed in Hz.
The mixed model uses 55% gg and 45% gt. sznin =83.6
(10d.f.)

From To gg gt gg + gt Experimental

ACl AHI +59 +58 +69 +79+04
AC2 AH2 -35 =75 —6.1 —6.1+04
AC3 AH3 +61 432 457 +41+£04
BCl BHI +37 +39 +44 +41+£04
BC2 BH2 +10 -39 -13 —-04+£04
BC3 BH3 00 00 0.0 —-04+£04
CCl CHlI +5.0 405 +36 +3.4+04
cCC2 CH2 +29 +1.0 +25 +3.8+04
CC3 CH3 -33 —65 —54 —-43+04
AC6 AH6R +6.1 +53 +6.8 +8.0+04
AC6 AH6S +57 —10 +34 419404
AH6R AH6S +50 +2.0 +4.3 +5.7+04

to calculate the order matrix as a function of time
during the simulation. It was found that in the diag-
onal frame of the inertia tensor the calculated order
matrix was almost diagonal. The calculated diagonal
components of the order matrix (S11,522,533) in the
diagonal frame of the inertia tensor as a function of
time are presented in Figure 7. Using Equation 3 and
S;j the residual dipolar couplings for each frame in the
simulation were calculated. It was then asked whether
gg, gt or a mixture of the two gave the best fit to the
residual dipolar couplings. So the average value of the

D-values was calculated from the simulation for the gg
and the gt portions. Let these be D¢ and Df’, and let
the proportion of gz be p. In the alignment algorithm
the concentration of phages was not taken into account
and our final predictions need to be scaled by a factor
k to take into account the concentration of phages (c),
and k o c. In that way, Equation 11 shows how the
predicted value is dependent on p and k.

D" (k. p) =k {pbf’ +(1=p) ng} Coan

To estimate the most probable value of p a max-
imum likelihood function, Equation 12, was con-
structed based on the square distance of the meaured
values from the predicted values. In this expression
Dl.eXp are the experimental data values and o®*P are
their respective errors.

2
N {DlPred (k, P) _ D?xp}

x> k,p)y=Y

Pt (0°%P)?

12)

In Table 2 the best predictions for the pure dynamic
gg (p = 0) and g (p = 1) conformations are shown.
The fitness function x 2 was calculated as a function of
p, and optimised against k, to see if a mixture of the
two dynamic conformations allowed better prediction
of the residual dipolar couplings. The minimum value
of %2 as a function of p is shown in Figure 8. The opti-
mal fit (minimum ¥ ?) to the experimental data occurs
when p = 0.45 and this is significantly better than the
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Figure 6. Conformational exchange from gg to gf conformation at the a(1 — 6) linkage of the oligosaccharide. In this plot the wy angle (wy

= 06-C6-C5-05) is shown as a function of elapsed time in the simulation.

Table 3. Predictions of scalar couplings at the a(1 — 6) link-
age, using the simulation and an empirical relationship between
J and relative proton dihedral angles (see Materials and methods
for details). All values are expressed in Hz

Coupling gg gt gg+g* gg+ gtb Experimental
Jus—ner 99 13 44 6.0 44+0.1
Jus—Hes 2.8 2.8 28 2.8 1.7+£0.1

4Best fit prediction to the scalar couplings using the mixed pop-
ulation 36% gg and 64% gt.

bBest fit prediction to the residual dipolar couplings using the
mixed population 55% gg and 45% gt.

predictions using only one dynamical conformation.
Thus from the residual dipolar coupling data a 55% gg
and 45% gt conformational mix is predicted.

Another way to obtain information about the link-
age is to use scalar couplings, and an empirical relation
between vicinal scalar coupling and angle (Bock and
Duus, 1994). Using Equations 9 and 10 in the Mate-
rials and methods section allowed predictions of the
vicinal scalar couplings Jgs—rer/JH5—Hes- Both the
pure gg and gt dynamic conformations were predicted
by averaging relevant parts of the simulation. These
averaged values are given in Table 3, alongside the
experimental data. The best agreement to the experi-
mental scalar couplings was obtained with a 36% gg
and 64% gt conformer mix at the a(l — 6) link-
age. This could not be improved by including a tg
conformer, in agreement with the simulation which

suggested that the g conformer is unstable in aqueous
solution.

It can be seen that the conformer mix predicted
by the residual dipolar couplings also provides predic-
tions of scalar couplings in qualitative agreement with
the experimental data, but the trend is for the predic-
tions to overestimate the actual values. However, the
predictions of scalar couplings are notoriously inaccu-
rate due to errors in the empirical equations used to
predict them. Further, it has been commented previ-
ously that these empirical equations can overestimate
the experimental data when dynamics is taken into
account (Bock and Duus, 1994).

Discussion

Microscopic interpretation of dynamics

In accordance with our previous work (Almond et al.,
2001) molecular dynamics simulations in water have
proven to be a useful technique for aiding the interpre-
tation of experiments. Also, it has been found that pre-
dicting residual dipolar coupling induced by phages,
using a theory based on steric alignment (Zweckstet-
ter and Bax, 2000), is useful even for dynamic and
anisotropic uncharged oligosaccharides. Underlying
this is the fact that comparison with experimental data
allows the prediction capacity of the simulations to be
assessed.
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Analysis of a 50 ns trajectory in water and compar-
ison with experimental data showed that the sampling
of major molecular conformers was not correct. This
sampling problem could be simply recorrected and
then a satisfactory fit to the experimental data was
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Figure 9. The fit of the experimental data to the computational pre-
dictions using a mix of 55% gg and 45% gt. Twelve experimental
data points and predictions are shown in this plot. The straight line

indicates where experimental data exactly agrees with theoretical
predictions.

obtained. Therefore, it is concluded that the local dy-
namics within particular major conformations is well
represented by the simulation, but the population of
major conformers is not.

The incorrect sampling of major conformers could
be explained in a number of ways. One is that the
force-field does not well represent the energy barriers
for transition between major conformations, and a
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second is that the simulation is not long enough to
statistically sample these conformations. To correctly
conclude one or the other would require more sim-
ulations and experiments, for example to investigate
the rate of transition between conformers (Miler et al.,
1996). However, the preliminary data here is sugges-
tive of problems with the molecular force-field, and
this is not unexpected since dynamic molecular mod-
els have been largely untested by experimental data.
Furthermore, it may be possible to use experimental
data of this kind to provide feedback for system-
atic improvement of the force-fields (molecule and
solvent) and their predictive capacity.

Considering the fact that the simulations provide a
reasonable representation of the local dynamics allows
the simulation to be used as a source of microscopic
information about linkage dynamics which would oth-
erwise not be available. This information is invaluable
in generating preliminary hypotheses, and hence in
experimental design. It is also of use in the drive to
understand how these molecules interact with proteins
and other macromolecules. Figure 10 shows an over-
lay of the two dynamic conformations, gg and gz. The
figures show the amount of dynamic flexibility pre-
dicted at the linkages, as would be observed by an
interacting receptor, for example. Since this oligosac-
charide represents the core region of many N-linked
glycans, it can be anticipated that much of their over-
all dynamics emerges from flexibility in the core, and
particularly in biantennary structures. Using residual
dipolar couplings allows an estimate to be placed on
the populations of gg and gt rotamers at the (1 — 6)
linkage. The experimental data suggests an approxi-
mate equal mix of the two, and aqueous molecular
dynamics simulations allow the local flexibility of ma-
jor conformers to be predicted. The good agreement
with the experimental data indicates that no further
major conformers are necessary to explain the obser-
vations. Hence, even though this linkage is flexible, it
is likely that simulations in the range 100 ns can sam-
ple a(l — 6) linkage conformations correctly, with
a refined potential energy model and that may include
an improved model for water.

Comparison with previous work

The approach presented here extends previous simi-
lar work (Tian et al., 2001; Neubauer et al., 2001)
by using spin-state-selective elements to avoid NMR
resonance overlap, and aqueous molecular dynamics
to aid interpretation of the experimental data. Also, the

residual dipolar couplings measured here are in agree-
ment with the primary data reported elsewhere on the
same molecule (Tian et al., 2001), within experimental
error.

In a previous article, also using residual dipolar
couplings, it was concluded that the (1 — 3) link-
age was “a good representation of a single preferred
structure”. Using the simulation and the overall agree-
ment with experimental data allows a more specific
conclusion to be made, namely that the a(1 — 3)
linkage is dynamic but restricted to a single con-
formational region, as described previously (Almond
et al., 2001; Rutherford and Homans, 1994; Dowd
and French, 1995; Homans et al., 1987). Based on
this experimental data there is no reason to suggest
otherwise. Hence the dynamic average, as observed
by experiments, appears equivalent to, and can be
interpreted as, a single structure. Other studies have
interpreted two states in fast exchange at the a(1 —
3) linkage (Brisson and Carver, 1983a; Al-Hashimi
et al., 2000). More detailed analysis shows this to
be the case, but because the exchange is fast and
does not alter the overall molecular shape, the link-
age was considered as a single dynamic conformation,
for convenience. Hence, the residual dipolar couplings
are directly sensitive to large molecular motion at the
a(l — 6) linkage.

In a previous article (Tian et al., 2001) it was re-
ported that the “motional amplitudes are large” at the
a(l — 6) linkage. The simulation presented here pre-
dicts that this linkage has significant local dynamics
and two major conformations. However, the interpre-
tation of the residual dipolar couplings in Tian et al.
(2001) required knowledge of molecular geometry and
assumed that the fragment is rigid or exhibits small
local librations. The simulation here shows that the
residual dipolar couplings can be interpreted by a
highly flexible molecule.

In contrast to previous approaches (Tian et al.,
2001; Neubauer et al., 2001) the methodology pre-
sented here does not rely on back calculation of order
matrices from the experimental data using a static
molecular model. As can be seen in Figure 10 ex-
change between conformers can dramatically affect
the overall molecular shape, and hence the calculated
order matrix (Figure 7). In the gt conformation there
is an average reduction in the principal component of
the order matrix and an increase in the asymmetry,
compared with gg. This is apparent in Figure 10, and
local dynamics in the glycosidic linkages were seen
to contribute to fluctuations in the order tensor, which
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Figure 10. The two dynamic conformations of the oligosaccharide. On the left is the gg conformation of the a(1 — 6) linkage and on the right
the gt. In this diagram only the ring carbons, oxygens and the glycosidic oxygens have been drawn. They have been overlayed by best-fitting to

the ring of sugar A.

take place on the sub-nanosecond timescale. Although
an average order matrix can always be calculated, it
would appear important to retain the relative sizes of
the order matrix in different conformations to ensure
the correct conformational weighting is effected.

For normal D-hexoses it has been found that the
relative orientation of the substituent at C4, adjacent
to the a(l — 6) linkage, influences its conformer
preference. In sugars with frans hydroxyl at C4, for
example glucose and mannose, approximate popula-
tions of gg:gr:itg ~ 6:4:0 have been reported. This
is based on previous NMR studies (Nishida et al.,
1988), statistical analysis of X-ray crystal structures
(Marchessault and Peréz, 1979) and fluorescence en-
ergy transfer (Rice et al., 1993). Other approaches
have used maximum entropy along with scalar cou-
plings and NMR relaxation to obtain the conformer
preference in a B(1 — 6) linked disaccharide (Poppe,
1993), and again a combination of gg and gt confor-
mations was predicted at the linkage. All of this data
supports the claim here that the a(1 — 6) linkage in
this molecule is a mixture of conformations.

More specifically, in studies of the oligosaccha-
rides containing the core region of N-linked glycans
the a(l — 6) linkage has been proposed to take
on a mixture of gg and gt conformations. However,
dynamic analysis of such large molecules by current
experimental techniques is prone to errors. Subse-
quently, the results were found to depend on the
particular technique employed. There are examples of
studies showing preference for gg (Berman, 1987), gt
(Cumming and Carver, 1987; Paulsen et al., 1987) or

an equal mixture (Brisson and Carver, 1983b; Homans
et al., 1986). Within the limitations of the particular
experiments used the agreement with the conclusions
presented here is satisfactory. It appears that resid-
ual dipolar couplings combined with a dynamic model
promises to be a more quantitative way to obtain this
information. Further, although a trisaccharide was the
subject of the present study there is no reason why
this could not be extended to larger oligosaccharides
if more experimental data is forthcoming from them.

Conclusions

Residual dipolar couplings have been measured in a
trimannose structure containing an a(l — 6) link-
age using a spin-state-selective approach, which offers
the advantage of reducing resonance overlap and in-
creasing precision. The oligosaccharide represents the
carbohydrate core region in many N-linked glycans.
The approach presented here tests a 50 ns molec-
ular dynamics simulation in water against the experi-
mental observations. By assuming that alignment by
phages is induced by sterics it was possible to cal-
culate the order matrix for all conformations in the
simulation. It was found that the simulation could
not correctly predict the conformational mixture at the
a(l — 6) linkage. Using a maximum likelihood ap-
proach it was possible to re-correct for sampling of
major conformers, since local flexibility appears to be
well represented. With this approach an almost equal
population of gg and gt rotamers was predicted at this
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linkage, while the a(1 — 3) linkage was restricted to
a single conformational region. The conformer predic-
tions are in agreement with those previously made on
the basis of NMR in dilute solution, optical techniques
and X-ray crystallography.

This approach offers promise for correcting the
output from molecular dynamics simulations and
therefore provide feedback for systematic improve-
ment of force-fields and their future reliability, since it
has the ability to provide quantitative rotamer prefer-
ence at such flexible linkages. Although this approach
was restricted to a trisaccharide, there is no reason
why it cannot be applied to larger uncharged complex
oligosaccharides.
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