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ABSTRACT. Fucosylated O- and N-linked glycans are essential recognition molecules in plants and animals.
To understand how they impart their functions, through interactions with proteins, requires a detailed
analysis of structure and dynamics, but this is presently lacking. In this study, the three-dimensional structure
and dynamics of three fucosylated oligosaccharides are investigated using a combination of high field
(800 MHz) nuclear magnetic resonance and long (50 ns) molecular dynamics simulations in explicit water.
Predictions from dynamics simulations were in agreement with nuclear Overhauser cross-peak intensities.
Similarly, a theory of weak alignment in neutral media resulted in reasonable predictions of residual
dipolar couplings for the trisaccharide fucosyllactose. However, for larger penta- and hexasaccharides
(LNF-1 and LND-1), the anisotropic component of the alignment was underestimated, attributed to shape
irregularities of the fucosyl branches on an otherwise linear core, being more pronounced in a singly
branched than a doubly branched oligosaccharide. Simulations, confirmed by experiment, predicted
fucosylated molecules that are restricted to librations about a single average conformation. This restriction
is partly due to microscopic water interactions, which act to stabilize intramolecular hydrogen bonds and
maintain tight and ordered conformations; a view not forthcoming from simpler, nonagueous simulations.
Such a conclusion is crucial for understanding how these molecules interact with proteins and impart
their recognition properties.

Recent advances in X-ray crystallography and nuclear investigating their three-dimensional structure and dynamics.
magnetic resonance (NMRhave vastly improved knowl-  However, the strong interaction of carbohydrates with water
edge of static, time-averaged molecular structdne Al- necessitates the inclusion of solvent in any simulation of
though profound, these models of three-dimensional structuremicroscopic dynamics. At present, the most realistic models
provide little insight into the mechanisms and energies of water are those that include individual molecules, but they
involved in macromolecular interactions, which result from are also the most computationally demandif This has
dynamic interplayZ, 3). Unfortunately, the study of dynam-  previously limited the extent of accurate simulations of
ics in macromolecules is often hindered by the large number carbohydrate molecules, creating an undesirable gap between
of dynamic degrees of freedom which outweigh the experi- experimental data and what simulations could predict.
mental observables. Such difficulties have driven structural Technological developments allow accurate simulations to
biologists to concentrate their efforts on the more tangible pe performed which are extensive enough to start bridging
and defined goal of interpreting molecular structure in terms this gap. Such simulations significantly improve the inter-
of well-defined single conformations. pretation of experimental data in terms of dynamic structure.

The interpretation of complex carbohydrates in terms of |n particular, residual dipolar couplings, measured by NMR
rigid, well-defined conformations is not a good approxima- in the partially aligned solution phase, are suitable for
tion (4). This, compounded with the fact that molecular incorporation into a combined theoretical and experimental
motions exist on the nanosecond time scale in carbohydratesapproach to studying dynamics.

a time scale that virtually escapes direct experimental

. Fucosylated oligosaccharides represent an ideal target for
probing, makes the computer an extremely useful tool for y g P g

such methodology, since the terminal regions of these
molecules are involved in important biological recogni-
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Molecular dynamics simulations, with explicit solvent,
have previously been used to aid the interpretation of residual
dipolar couplings measured in oligosaccharids, (17).
Since then, a simple protocol has been developed to calculate
alignment tensors from structure, suitable for predicting
residual dipolar couplings from dynamic simulatioris)(

In this study, these techniques are utilized and extended to
investigate the dynamics of lactose derivatives containing
both a(1 — 2) anda(1 — 4) linked fucose. In contrast to
previous studies of similar molecule§—{15), extensive
molecular dynamics simulations in aqueous solution are

With phage present

utilized to aid the interpretation of both residual dipolar ™ LT T T T T T T

coupling and relaxation data collected from NMR experi- 'H F2 Dimension

ments. Ficure 1: Examples of 1D spectra extracted from 2D13C HSQC
spectra used to measure one-bond residual dipolar couplings. All

MATERIALS AND METHODS spectra show slices through fucosyllactps&al C3; the top traces

. . . show spectra in aligned phages, and the bottom traces spectra in
Sample PreparatiorThe oligosaccharides (natural abun- free solution. In each case, two similar 1Ds have been overlaid,
dance nuclear isotopes) used in these studies were purchasethd one has been shifted so that theesonance coincides with

pure from Glycorex AB (Slvegatan 41, SE-223 70 Lund, thej of a CH spin doublet; the necessary shift is the effective
Sweden) and used without further purification. Each had a c°uPling between the C and H nuclei.

free reducing terminus and hence was a mixture--oénd
p-anomers in aqueous solution. In each case, two NM
samples of volume 600L (a total of six) were prepared at
a concentration of 10 mg/mL oligosaccharide igCD with

10 mM sodium phosphate buffer (pD 7.6 uncorrected) an
2 mM magnesium chloride. To one of the samples of eac
oligosaccharide Pfl phages were added. In the case o
fucosyllactose, the concentration of phage was adjusted to
give a?H quadrupolar splitting of BD of 18 Hz at 300 K,
providing residual dipolar couplings in the required range.
For LNF-1 and LND-1, the concentration of phage was ) . :
reduced to give &H splitting of 8 Hz, as it was observed components ofasmgle resonance often d!ffered (see Figure
that these molecules aligned more readily. Phages werel): Which was attributed to strong coupling effec20)(

purchased from ASLA Biotech Ltd. (Bauskas 121, Riga, LV- Therefore, to minimize errors, thferesonances were overlaid
1004, Latvia) ' ' ' in the aligned and nonaligned cases (which are similar except

Nuclear Magnetic Resonancéll NMR spectra were for line broadening), and then the distance between the two

recorded on a Varian Unity Inova 800 MHz spectrometer. othgra resonances were measured. Th|§ IS equa[ to the
HomonucleatH COSY and TOCSY were recorded for each residual dipolar coupling, but never requires the distance
sample in the absence of phage, to yield'tHassignments. between arw and 3 resonance to be measured.
A spectral width of 6 kHz was used in both dimensions, ~Molecular Dynamics SimulationSimulations used an all-
with 4096 complex points in the direct dimension and 512 atom approach in which the atoms were represented as van
complex points in the indirect dimension. Water suppression der Waals spheres with a partial charge. Bonds were
was achieved using light presaturation during the recycle represented using the approach of molecular mechanics, and
delay. The corresponding carbon assignments were obtained force-field suitably modified for carbohydrately. In this
from standard'H-3C gHSQC experiments, using sweep representation, torsional terms are calculated from ab initio
widths of 3 and 12 kHz in proton and carbon dimensions molecular orbital CaICUIationS, to which force-field param-
respectively, and acquisition of 4096 (direct proton) and 512 eters are empirically fitted. The force-field can then correctly
(indirect carbon) complex points. This increased the spectral "eproduce torsional potentials for and-glycosidic link-
resolution in the direct dimension by folding some of the ages predicted by quantum calculations, using suitable partial
outlying peaks. For measurements of coupling constants, theatomic charges. In this case, partial charges were precalcu-
corresponding gHSQC experiments were performed with the lated by least-squares fitting to quantum mechanical elec-
same number of points, but the carbon sweep width was trostatic potentials, calculated with the HF/6-31G* basis set.
reduced to 8.5 kHz, allowing peaks to fold into empty regions  Molecular dynamics simulations were performed using the
in the indirect dimension. All HSQC spectra were zero-filed CHARMmM program 22). In all cases, explicit water was
to twice the number of points prior to the Fourier transform. modeled using 1500 TIP3P water molecul23) equilibrated
The NOESY spectra were recorded in the absence of phageat 300 K. To maintain the correct density and simulate long-
using a configuration similar to the COSY and TOCSY range electrostatics, periodic boundary conditions were
experiments, with a mixing time of 800 ms in all cases. All applied with rhombic dodecahedral symmetry, of unit cell
spectra were zero-filled to double the number of points in length 3.996 nm. Electrostatics were treated using a group
both dimensions prior to processing. based cutoff switched between 0.8 and 1.2 nm. Following
For measurement of one-bond couplings, the stanttérd  equilibration (for 200 ps), during which the system was
13C gHSQC sequence was modified, removing decoupling strongly coupled to a heat bath, each simulation was

R during the observation period. This allowed the one-bond
IH-13C couplings (c. 100 Hz) to be observed in the direct
dimension. Good spectral dispersion rendered it unnecessary

g to use more complicated pulse sequences, such as spin-state-

h selective coherence transfd9), to measure virtually all of

he H-13C one-bond couplings. Spectra were recorded with

and without the presence of phage, and residual dipolar

couplings were inferred from the difference in measured one-
bond couplings between the two spectra. However, it was
found that the line-shapes of the and S spin-doublet
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continued for 50 ns at constant temperature (300 K) and 160
volume to construct a canonical (NVT) ensemble. Molecular
dynamics integration was carried out using the leapfrog
formulation @4) of the Verlet algorithm25), and hydrogen
covalent bond lengths were kept constant using the SHAKE
procedure 26). An integration step size of 2 fs was used,
with no explicit hydrogen-bonding function. Full coordinate
sets were stored at 200 fs intervals for later analysis. Single
simulations of length 50 ns were performed for fucosyllactose
and LND-1. For LNF-1, two simulations of length 50 ns
were performed in which the(1 — 2) linkage was started
in different conformationgy = 0° andy = 18(° (see below
for angular definitions). All other linkages were started in
the region of ¢, y) ~ (50°, 30°). The reducing terminus of
each oligosaccharide was fixed covalently into flreon- 180
figuration. 20 \
Analysis of Molecular Dynamics Simulations: Conforma- 2 °
tion and Hydrogen Bond$lycosidic linkage conformation
was represented by dihedral angi#e$H1—-C1-Ox —Cx) OH Vo .
andy (C1-Ox—Cx—Hx) defined by the hydrogen atoms 60 =
at the linkages. Intramolecular hydrogen-bond interactions HO
were assigned when the distance D (hydrogen donor) to A
(hydrogen acceptor) was less than 3.5 A, and the anglaD 180 0 120 0 0 60 120 180
--A less than 60. This (arbitrary) definition of a hydrogen
bond has been used in the analysis of other carbohydratericure 2: The chemical structure of the trisaccharide fucosyllac-
simulations 27). Following extraction, they were classified tose, the predicted distribution of angles at the glycosidic linkages
depending on their overall persistence during the simulation. g‘?}%m%gr's?r'ﬁ jgﬂo'v'neitrt‘osqsu‘:;’(;gsf'sr(‘)'lthc;ir(‘)sg fr{;’r']‘gj aﬂf’eo S?ergiglti%uﬁr
Only the _most persistent were Kept f(_)r Iate_r anaIyS|s._ tramolecular hydrogen bonds. ’
Analysis of Molecular Dynamics Simulations: Residual
Dipolar Couplings.Calculation of residual dipolar couplings diagonalization 16). This method explicitly takes into
requires knowledge of the alignment tensor. Initially this was 4.count spin-diffusion, which may be present at NOESY
predicted from a theory of alignment by steric hindrari®.(  ixing times of 800 ms. NOESY predictions were made for
This relies on calculation of the radius of gyration tensor, gach frame and averaged over the whole simulation to obtain
performed for each frame in the simulation. The tensor was 44 comparable with experiment. Order parame®@js\ere
diagonalized using standard techniques, and the diagonalet tg 1.0 and. was estimated by fitting NOESY intensity

components used to calculate the alignment ter)r Eor — aictions to experimental data for protons in fixed relative
each frame, the molecule was transformed into the principal geometry, i.e., those within the same sugar residue.

frame of the radius of gyration tensor and direction vectors
were extracted corresponding to the experimentally measuredResyLTS
scalar couplings. These were multiplied by the alignment
tensor prediction to yield residual dipolar coupling predic-  Experiments and Prediction$hree fucosylated oligosac-
tions. Averaging over the whole simulations resulted in charides were prepared as NMR samples in the free and
predictions which can be compared against experimentalaligned state: Fua(1— 2) Galj(1— 4) Glc, subsequently
measurements. referred to as fucosyllactose, Fa¢l — 2) Gal 5(1 — 3)
In the second method, each frame was orientated in theGIcNAc (1 — 3) Gal3(1 — 4) Glc, referred to as LNF-1,
principal frame of the radius of gyration tensor (allowing and Fuco(l — 2) Gal5(1 — 3) [Fuc a(1 — 4)] GIcNAc
for comparison between frames) and each of the direction 5(1 — 3) Gal3(1 — 4) Glc, referred to as LND-1. Detailed
vectors corresponding to the experimentally measured scalaNMR preparation methods are described in the Materials and
couplings extracted. The alignment tensor was calculated Methods, and chemical structures of the oligosaccharides are
using these vectors and the experimentally measured datashown schematically in Figures-2. In these figures, and
by singular value decompositio28). This tensor was then  in the subsequent text, the numbering of sugars runs se-
multiplied by the extracted direction vectors to back-calculate quentially from the nonreducing termini of the oligosaccha-
the residual dipolar coupling predictions. Averaging over the rides, with the exception af(1 — 2) ando(1 — 4) linked
whole simulations resulted in predictions that can be fucose, which are labeled F1 and F2, respectively. Chemical
compared against experimental measurements. shift assignments for both proton and carbon nuclei were
Analysis of Molecular Dynamics Simulations: NOESY made with the aid of COSY, TOCSY, NOESY, and gHSQC
IntensitiesFor each frame in the simulation the coordinates experiments at 800 MHz proton frequency. The experimental
were extracted and the matrix of ® calculated for all details are provided in Materials and Methods, and the
nonexchangeable protons. Using standard equations forassignments are listed as Supporting Information. The as-
calculating the spectral density function for dipolar interac- signments are in agreement with those published previously,
tions (Lipari and Szabo model free approadd)j the but at lower fields 8, 10, 30). Although the hydroxymethyl
relaxation matrix was calculated and solved by matrix groups of the hexopyranoses could be assigned, these

-
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Ficure 3: The chemical structure of the pentasaccharide LNF-1, the predicted distribution of angles at the glycosidic linkages from a 50
ns molecular dynamics simulation in aqueous solution, and the predicted intramolecular hydrogen bonds.

values are not reported, as they are not utilized further. sional techniques at 800 MHz (see Materials and Methods).
Residual dipolar couplings were calculated from gHSQC The theoretical predictions made for each oligosaccharide,
experiments at 800 MHz, without acquisition decoupling, and comparison with experimental data is shown in Tables
recorded in both the free and aligned states (as described irl—3. Fitting of the theoretical predictions to the experimental
Materials and Methods). Figure 1 shows examples of 1D data resulted in the estimation of an empirical parameter
slices overlaid in the free and aligned state. The calculatedthe overall rotational tumbling time, which is theorized to
one-bond residual dipolar couplings are listed in the Sup- be related to molecular size, assuming the molecules tumble
porting Information; the presence of a dash indicates thatisotropically. It is has been proposed thats approximately
overlap rendered the measurement inaccurate. proportional to the solvent accessible surface area to some
Molecular dynamics simulations, each of length 50 ns, power 31), which is, for example, 3/2 for roughly spherical
were performed for each of the oligosaccharides detailed in objects. The solvent accessible surface areas of fucosyllac-
Figures 2-4, as described in Materials and Methods. tose, LNF-1 and LND-1 were estimated at 614, 1024, and
Oligosaccharides had their reducing termini fixed in the 1069 A, respectively. This is in qualitative agreement with
B-anomeric configuration prior to simulation, which corre- the fits, which estimatea. to be 0.31, 0.41, and 0.50 ns,
sponds to the most populated state in aqueous solution.respectively.
Although NMR samples consisted of a mixture of and In fucosyllactose, the important NOESY cross-peak be-
p-anomers, and both could be assigned, interpretation istween Fuc H1 and Gal H2 was observed experimentally, and
restricted to thg-anomer. Glycosidic torsion angles (termed is also predicted by the simulation, supporting the theoretical
¢ and ) were recorded for each of the linkages at a conformation at the((1 — 2) linkage, see Table 1. Similarly
frequency of 0.2 ps. These data were used to construct two-the simulation predicts a NOESY cross-peak between Gal
dimensional plots 0§ againsty for every linkage. Results ~ H1 and Glc H4 at thé(1 — 4) linkage. However, this could
for fucosyllactose, LNF-1, and LND-1 have been included not be observed by 2D NOESY spectroscopy due to overlap.
in Figures 2, 3, and 4, respectively. Otherwise, all measured NOEs were predicted by the
Comparison with NOESY MeasuremerRsedictions of simulation. Slight systematic discrencies between the ex-
NOESY cross-peak intensities were made using standardperimental data and theoretical are expected due to break-
relaxation equations and the Lipari-Szabo assumpt®h (  down of the isotropic tumbling model and the fact that
for calculating spectral density functions. Experimental internal motion cannot be completely deconvoluted from
NOESY measurements were performed using two-dimen- tumbling in flexible molecules1().
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Ficure 4: The chemical structure of the hexasaccharide LND-1, the predicted distribution of angles at the glycosidic linkages from a 50
ns molecular dynamics simulation in aqueous solution, and the predicted intramolecular hydrogen bonds.

Table 1: NOESY Measurements and Predictions for Fucosyllactose
Using a Mixing Time of 800 nis

NOE NOE

residue and atom  residue and afomexperimental predicted
1 H4 1 H5 8.0+ 0.8 3.7
3 H5 3 H1 ) 2.440.2 3.1
3 H3 3 H1 ) 1.9+0.2 1.9
2 H2 1 H1 4.4+ 0.4 3.1
3 H5 (B) 1 H5 1.7+0.2 21

2Residues F1, 1 and 2 are Fuc, Gal, and Glc, respectiyély=(
55.7, 5 points). A NOESY cross-peak was predicted between 2H1 and
3H4, but could not be observed in the 2D spectra due to overlap.

predictions for simulations in the two different conformers.
Using the calculatedy? values, it is apparent that the
conformer withy = 0° (3?2 = 1316.4, 24 points) is in better
agreement with the experimental data than the conformer
with ¢ = 180 (3? = 6231.5, 24 points). In particular, NOEs
between the core of the sugar and F1 (boldfaced in Table 2)
have a noticeably worse correlation to the experimental data
for y = 180° (x¥* = 6089.2, 5 points) than fap = 0° (32 =
1102.1, 5 points). Linear combinations of the two failed to
improve this correlation, and therefore based on the NOESY
data it is theyy = 0° conformer that predominates; tihe=

bNOESY cross-peaks were normalized against the diagonal peak 180 conformer is therefore ignored from hereon. For the

corresponding to the atom described in the second set of columns.

¢ Measured intensity multiplied by 1.5 to take account of the anomeric
o/ population ratiod Theoretical calculation, assuming no internal
motion and isotropic tumbling;c = 0.31 ns, normalizing against the
diagonal peak intensity.

In the case of LNF-1, all of the major linkage conforma-
tion-defining NOESY cross-peaks were observed experi-
mentally: o(1 — 2), Fuc H1 to Gal H2$(1 — 3), Gal H1
to GIcNAc H3,5(1 — 3), GIcNAc H1 to H3, angb(1 — 4),

Gal H1 to Glc H4. Two simulations of LNF-1 were
performed, one with the fucosg1 — 2) linkage starting in

a conformation withyy = 0° and the other withy = 18C°.
During the simulations, no exchange between the two
conformers was observed. Table 2 shows the NOESY

LND-1 oligosaccharide all interglycosidic NOESY cross-
peaks were observed and measured. Theserdre— 2),

Fuc H1 to Gal H2p (1 — 4), Fuc H1 to GIcNAc H45(1 —

3), Gal H1 to GIcNAc H4,5(1 — 3), GIcNAc H1 to Gal

H3, andf(1 — 4), Gal H1 to Glc H4. Again they were
predicted to be strong cross-peaks by the simulations, as
shown in Table 3. It is therefore evident that the present
simulations are consistent with experimental NOESY data.
However, NOESY alone can lead to ambiguous predictions
of molecular conformations for carbohydrates. Thus, the
simulations were tested against residual dipolar coupling data.

Steric AlignmentUsing methodology described previously
(16—-18), it is possible to use the simulations as a basis for
direct predictions of residual dipolar couplings. Techniques
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Table 2: NOESY Measurements and Predictions for LNF-1, Using
a Mixing Time of 800 m3&

NOE NOE theoretical
residue & atom  residue & atdm experimental yp =0° y = 180
F1 H2 F1 H1 5.5+ 0.6 6.9 8.7
F1 H5 F1 H1 0.6-0.1 0.4 0.6
F1 H3 F1 H5 4.9+ 0.5 6.5 6.1
F1 H4 F1 H5 5.8+ 0.6 7.5 6.9 5t 1
1 H5 1 H1 6.2+ 0.6 6.8 7.9
1 H2 1 H1 2.5+ 0.3 1.8 2.4
1 H3 1 H1 5.7+ 0.6 5.0 49 -10 + Fucosyllactose 1
1 H4 1 H5 5.8+ 0.6 7.2 6.6 S
2 H2 2 H1 2.2+ 0.2 1.8 1.9
2 H3 2 H1 7.0£0.7 2.1 3.5 -15 . . . :
2 H5 2 H1 7.7+ 0.8 9.9 9.0 0 10 20 30 40 50
4 H3 4 H1 3.0+ 0.3 4.0 4.0 Time (ns)
4 H5 4 H1 7.8+0.8 6.4 7.0 30 et ga s wedysi
1 H2 F1 H1 6.8+ 0.7 5.8 0.9 MM v
1 H3 F1 H1 0.5+0.1 0.7 4.3 LNF-1
1 H2 F1 H5 1.3+ 0.1 2.4 0.5 20 1
2 H2 F1 H5 6.8+ 0.7 4.7 0.0
2 H4 F1 H5 0.6+ 0.1 2.5 0.0
2 H3 1 H1 5.7+ 0.6 5.6 43 10 + 1
3 H1 2 H1 0.4+ 0.1 0.3 0.3
3 H3 2 H1 11.5+1.2 9.8 9.5
3 H4 2 H1 0.8+ 0.1 1.1 1.1
3 H3 2 H5 0.5+ 0.1 0.9 0.7
4 H4 3 H1 11.0+ 1. 11.3 9.6
aF1lis ano(1l — 2) linked fucose. Residues 1, 2, 3, and 4 are Gal

B(1— 3), GIcNAc, GalB(1 — 4) and Glc, respectively. The NOESY
cross-peak intensities are calculated for two conformations of.¢he

— 2) linkage, one withy = 0° (y?> = 1316.4, 24 points) and one with

Y = 180 (x> = 6231.5, 24 points). The boldfaced area highlights NOEs
that change dramatically whenis varied.” NOESY cross-peaks were
normalized against the diagonal peak corresponding to the atom
described in the second set of columh$heoretical calculation,
assuming no internal motion and isotropic tumblimg= 0.41 ns.

Table 3: NOESY Measurements and Predictions for LND-1, Using
a Mixing Time of 800 m3

NOE NOE

residue & atom residue & atdm  experiment  predictiort
1 H5 1 H1 6.14+ 0.6 8.9
1 H3 1 H1 41+ 0.4 6.8
2 H3 2 H1 9.9+ 1.0 5.6 ; i
2 H5 2 H1 13.2+ 1.3 10.3
FL H2 F1 H1 8.8£ 0.9 9.9 20 30 40 50
F1 H3 F1 H5 7.9£0.8 9.3 Time (ns)
E% :‘21 E% :? ig% %é i%g Ficure 5: Predicted alignment tensors based on a theory of steric
E2 H3 F2 H5 8.4t 08 93 alignment by neutral media for the three oligosaccharides during
F2 H4 F2 H5 14515 11.2 each simulation. From top to bottom: fucosyllactose, LNF-1, and
2 H3 1 H1 4.4+0.4 8.9 LND-1. The shape of fucosyllactose approximates to a disk, while
3 H3 2 H1 16.5+ 1.7 14.7 LNF-1 and LND-1 approximate to an elongated cylinder.
4 H4 3 H1 12.7+ 1.3 14.9
% E% Ei Eé S:i 8:8 1?)'.2) perimental data, for example, using singular value decom-
2 H4 F1 H5 2.0+£0.2 1.5 position £8). In such a theory of steric obstructiohd], the
g :2 E% :i g-g’ﬂi fl)-é g-g alignment tensor is hypothesized to be diagonal in the
2 H5 F2 H1 1.7+ 0.2 1.4 principal frame of the radius of gyration tensor, and hence
1 H2 F2 H5 8.4+ 0.8 10.3 possesses three (nonindependent) components. Figure 5
2 H3 F2 H5 1.1+0.1 0.9 i :
5 Ha 2 HE a0 19 shows how the predicted diagonal components of the

= = 246.5, 22 pomts. F1 and F2 are el — 2) anda(l — 4) alignment tensor v_vould vary throughout the _simulatior) of
linked fucosé r’esidues, réspectively. Residues 1, 2, 3, and 4 are GaleaCh ol|gosacchqr|de {Scorresponds to the principal axis,
B(1— 3), GIcNAc, Galf(1 — 4) and Glc, respectively. NOESY cross-  Where alignment is greatest). It can be seen that fucosyllac-
peaks were normalized against the diagonal peak corresponding to thd0se has a qualitatively different set of predictions than the
atom described in the second set of colunfriEheoretical calculation,  other two oligosaccharides, because it has a different
assuming no internal motion and isotropic tumblimg= 0.50ns. molecular symmetry. &, b, andc are its principal lengths
from largest to smallest, thea ~ b and ¢ < a, which
have been developed for calculating alignment tensorsdescribes a flattened disk. In contrast, both LNF-1 and
directly from molecular shapel8, 32) based on steric LND-1 have shapes in whicb ~ ¢ and a > b, which
obstruction of isotropic rotation, in addition to the standard describes an elongated cylinder or rod. These two shapes, a
techniques of back-calculating alignment tensors from ex- disk and a rod, represent the two extremes of alignment by
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20 - : - . : least-squares problem to obtain the alignment ten38. (
Such a direct approach is only appropriate when a single
conformation dominates, as in these simulations. Although
not a prerequisite, the alignment tensor was found to be
approximately diagonal in the principle frame of the radius
of gyration tensor. For fucosyllactose, the calculated align-
ment tensors are not dissimilar to those shown in Figure 5;
the magnitude of § decreases ands;Sincreases slightly.
However, for LNF-1 and LND-1 the tensors calculated by

),

-
o
T

RDC theory (Hz
o (6]

ST the two methods are significantly different. In this case, the
10 ‘ . . ‘ diagonal components are proportional to (1,-Q,) rather
10 5 0 5 10 15 20 than (1,—1/2,—1/2) calculated by the steric method. These
. RDQ expe'rimentl(Hz) . calculated alignment tensors can again be used to make
20 predictions of residual dipolar couplings for the three

oligosaccharides; their correlation with experimental obser-
vations is shown in Figure 6 using solid circles. Therefore,
although the simulation can, in principle, agree with the
experimental data, it would appear that the alignment is not
fully described by the steric methodology.

Microscopic Analysis of the Simulatiorfsigure 2 shows
the hydrogen bonds predicted for the fucosyllactose oli-
gosaccharide. Across th&1 — 4) a hydrogen bond is
predicted between OH3 and O5 (labeled C), as found in
: : : crystal structures of cellulose. The persistence of this
RDgoexpelgment1((l)-|z) 20 hydrogen bond is very h_igh as _shown in Figure 7a, and

‘ ' ' ' consequently thg(1 — 4) linkage is observed to be highly
restricted. However, interactions acrossfiie— 4) linkage
involving the galactose hydroxymethyl are infrequent because
this moiety interacts strongly with its own O4 hydroxyl for
a large part of the simulation (labeled B). Across tt{& —

2) linkage a weak hydrogen bond can be formed between
02 and O3 (labeled A). Although O2 and O3 stay proximal
throughout the simulation, interactions with water molecules
are predicted to be favored at this linkage, and consequently
the a(1 — 2) linkage has a rather large conformational
. . . . . freedom, compared with thg(1 — 4) linkage.
20  -10 0 10 20 The oligosaccharide LNF-1, which contains an epitope
RDC experiment (Hz) similar to fucosyllactose, possesses a similar set of interac-
FiGURE 6: Comparison of experimental measurements against tions, Figure 3. Again, the hydroxymethyl group of Gal can
residual dipolar couplings (RDCs) predicted on the basis of a theory interact with its own O4 moiety (C and E), and O2 and O3
of steric alignment (open circles), an.d singular value decomposition jnteract across the(1 — 2) linkage through a set of dynamic
(Ls,\?lgqf'rc'es)' From top to bottom: fucosyllactose, LNF-1, and ~er interactions (B), detailed in Figure 7b. In this case,
steric hindrance is predicted to remove some of the confor-
molecular shape, and are therefore important examples.mational flexibility at the linkage, resulting from incorpora-
Extraction of the one-bond direction vectors and utilization tion of a GIcNAc sugar rather than Glc (as in fucosyllactose).
of the alignment tensors calculated above allow the averageThis N-acetyl group can interact with O2 of the Fuc residue
dipolar coupling to be predicted from simulations. The (A), made possible by the fact that the linkage is nog(h
theoretical predictions based on steric alignment, and their— 3) linkage rather than thg(1 — 4) found at the same
correlation with experimental data is shown in Figure 6 using point in fucosyllactose. In this case, a hydrogen bond between
open circles. OH4 and O5 is observed across the linkage (D), less

Improved Alignment Tensor CalculatiorAlthough re- persistent than the OH305 hydrogen bond observed in
sidual dipolar couplings calculated from simulations using fucosyllactose and th&(1 — 3) linkage is consequently more
steric alignment and experimental data are in trend agree-diffuse than the similaf(1 — 4) linkage. However, at the
ment, the correlation is weaker than obtained previoudly ( seconds(1 — 3) linkage, the hydroxyl normally available
17). Since the simulations agreed with experimental NOESY for a hydrogen-bonding interaction with O5, OH4, is
data, it is possible that the disagreement is due to inadequa<epimerized in Gal. This results in a change in the hydrogen-
cies in prediction of the alignment tensor, assuming that the bonding dynamics, causing the hydroxymethyl group and
oligosaccharides maintained their conformational equilibrium OH4 to interact within the Gal residue itself (E), and the
during alignment. The alignment tensor for the whole S(1 — 3) linkage to be bridged by many water molecules;
molecule was therefore recalculated at each stage of theconsequently this linkage becomes more flexible than
simulation using the experimental data and the method of expected. On the other hand, the behavior of the terminal
singular value decomposition, which effectively solves the (1 — 4) linkage is as expected for this type of linkage,
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' ' ' ' monosaccharides, for example, where over 10 transitions

g| 106104 coe eme me o were typically observed in a 50 ns period in aqueous solution
g | 104106 (33). This indicated that conformational transitions in the
i ¢ — hydroxymethyl groups of oligsosaccharides are less frequent
A L2203 e e oo than in monosaccharides, by an order of magnitude.
A L1032F102
c 2035105 DISCUSSION
(a) ‘ . . . Simulati_ons and NOESY qnalysis conf_irmed that a single
0 10 20 30 40 50 o(l—2) Imkage_conformquon is most I|ke_ly for fucosyl-
Time (ns) lactose, as described previousBA(35). In this conforma-
1035F102 ' ' tion, the molecule has a flattened disk shape, which places
3"33635;—-“"—“'-- = Fuc H5_and Glc H5 in close proximity, Wlth a relatively
Epe 5045105 ¢ = s e S well-defined structure. Langevin simulations, performed
D ZTPECTeY; - previously in vacuo, came to a similar conclusion, and were
A TRy able to predict scalar coupling@§y) in reasonable agree-
Cr 403305 ot ey ment with an experiment3Q) using an empirical equation
F 043100 (36). Recalculation of these scalar couplings using the present
Cr 3043306 . - simulations results in the following values (experimental
E values in parentheses): 2.9 Hz (3.6 Hz), 4.4 Hz (5.3 Hz),
(b) : ' : : 2.5 Hz (3.5 Hz) forJycon and®Jcoch at thea (1 — 2) linkage
0 10 .|2_.0 30 40 50 and3Jycoc at the(1 — 4) linkage, respectively. The values
: : ime (n|s) , predicted from these simulations are in closer agreement than
A, F102-207 those published previouslgQ), perhaps due to the presence
304—205 of water. Further agreement may not be possible until more
c -;1‘0—2" ° c® 1 accurate Karplus equations become availalhig 87).
—103 h . .
B Molecular dynamics simulations suggested that the ter-
Bl 03P 102 minal regions of LNF-1 could adopt a similar conformation
403-305 to fucosyllactose, albeit with a slightly more restricte(
E 304 — 2) linkage. This model was consistent with NOESY data,
—306 . .
D and restricted molecular motio8). Although conforma-
(c) . s s . tional exchange has been predicted atAfle— 4) linkage
0 10 20 30 40 50 of lactose 89), no such conformational equilibrium was
Time (ns) observed in these aqueous simulations. A single conforma-

Ficure 7: The most persistent intramolecular hydrogen bonds tional population was realized, which agrees with other
observed in (a) fucosyllactose; see Figure 2 for the key to the lettersmolecular mechanics calculations, experimental data, and
on the left-hand side, (b) LNF-1; see Figure 3 for the key, and (C) ¢rystal structures of lactose in complex with ricin B-chain,
LND-1; see Figure 4 for the key. . : .

for example 15, 40). It is also in agreement with recent

molecular modeling studies ¢f(1 — 4) linkages which
with previously observed water interactions, resulting in a indicate that water molecules can stabilize a rigid conforma-
strong interaction between O3 and O5 (F). tion at this linkage 41).

The chemical structure of LND-1 is similar to LNF-1, with The hexasaccharide LND-1 differs from LNF-1 by a single
the addition of an extra fucose. Dynamic interactions at the a(1 — 4) linked fucose, a change that converts the terminal
linkages of LND-1 are therefore expected to be similar to blood-group H-antigen of LNF-1 into a Lewis-B epitope.
LNF-1, and this was observed in the simulations, Figure 4. Such an addition is predicted to leave the core structure
However, the steric hindrance imposed by the additional unchanged, and add a little extra steric restriction toottie
fucose residue resulted in restrictions at bothdije — 2) — 2) linkage, as compared with LNF-1. Results from
linkage and the adjacenf(1 — 3) linkage results in NOESY confirmed this, evidence for the conformation
restriction at thgs(1 — 3) linkage, as compared with LNF-  predicted by molecular dynamics simulations. Grid searches
1, and thex(1— 2) linkage becomes slightly more restricted. and Monte Carlo methods using the MM3 force-field in
Water interactions at the reducing end of the molecule are vacuo (1) have previously identified a single conformational
identical to those in LNF-1; compare Figure 7, panels b and minima for thea(1 — 4) linkage in agreement with the
c. The interaction O4-0O5 at thef(1 — 3) linkage (C), simulations presented here. Detailed analysis of the Lewis-B
however, persists for some 10 ns before it adopts the O6 epitope indicated that the Fuc residues have an average
‘04 hydrogen bond (D), as found in LNF-1, for the conformation close to that predicted by the molecular

remainder of the simulation. This suggests that the @5 dynamics simulations performed hee).
hydrogen bond is merely an effect of the starting configu- Measurements conducted at 800 MHz proton frequency
ration of the simulation. allowed enhanced chemical shift dispersion and hence a

Statistical information on the conformation of the hy- larger dipolar coupling data set to be collected than previ-
droxymethyl groups could not be obtained because only aously possible for LNF-1 and LND-110). This is particu-
maximum of two transitions per sugar residue was observed.larly important because CH vectors in carbohydrate (chair)
This is a significantly lower frequency than observed in rings have only two linearly independent directions (equato-
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rial and axial). Such linear dependency is particularly
problematic if one wishes to back-calculate the alignment
tensor of individual sugar ringgtg), and in this case extra
information is necessary, such as homonuclear residual
dipolar couplings. However, with the aid of the MD
simulation vectors can be considered with respect to the
molecule as a whole. Thus, there are up to 10 linearly
independent vectors (in LND-1) with respect to the molecular
frame. Therefore, changes in molecular conformation any-
where in the molecule lead to changes in the molecular
alignment tensor, and thus th&y dipolar coupling set are
sensitive to overall conformation.

For LNF-1, no simple scaling relation was found between
residual dipolar couplings induced by phages and previous |
measurements made in the presence of bicell@s Align- &
ment therefore may be described by two different tensors in
the two cases, suggesting that the idea of steric alignment
(18), which would require identical tensors, is not appropriate
for this oligosaccharide in either phage, bicelle or both.
Conversely, residual dipolar couplings measured for LND-1
in both phage and bicellelQ) were found to have a closer
linear relationship, and are both in reasonable agreement with
the aqueous molecular dynamics predictions for LND-1
presented. Therefore, it is possible that for highly anisotropic
molecules such as LNF-1, which is a rod with a protruding
side sugar, the steric alignment model breaks down. How-
ever, in LND-1, which has a second fucose, the anisotropic
effects of the first are proposed to be balanced out to some
extent by the second. Such a hypothesis is supported by
alignment tensors calculated by singular value decomposition
(Figure 6), which indicates that both LNF-1 and LND-1 have
large anisotropies. In such a case, the alignment is exquisitely
sensitive to conformational parameters. The observed dis-
crepancies may also be due, in part, to that the aligning
cosolute altering the conformational equilibrium of the
oligosaccharidesAd), a conclusion that cannot be ruled out
by these studies.

In an oligosaccharide with am(1 — 6) linkage, the fit to
the experimental residual dipolar coupling data could be
improved by mixing multiple conformationd 7). However,
in this case there is no evidence for conformations other than
the ones presented here which could improve the fit to the
residual dipolar coupling data. Similarly, NOEs across
glycosidic bonds did not support the idea that other major
conformational states exist, supporting the hypothesis thatrcure 8: Predicted dynamic shapes of fucosylated oligosaccha-
these molecules form relatively ordered structures in solution. rides from aqueous molecular dynamics simulations visualized by
Previous conformational studies of blood-group oligosac- minimizing the mean-square distance of a central sugar residue

charides have yielded mixed conclusions. Some studies have?®tWeen frames and overlaying. Many side-groups have been
femoved for clarity. The stereo images are of (top) fucosyllactose,

proposed that the molecules have unique conformat#)s ( centered on Gal, (middle) LNF-1 centered on GIcNAc, and (bottom)
while others have indicated the presence of conformational LND-1, also centered on GIcNAC.

mixtures @6). The simulations here show that interactions

with water molecules in these oligosaccharides result in  Since water is observed to restrict the flexibility of fucose
dynamic molecules that are essentially librations about an sugars, the present limited availability of molecular dynamics
average conformation. This has been described as “motionsimulations which contain explicit solvenB8g 48) has

of the first kind” (47), where rapid motion of the linkage perhaps led to predictions of blood-group oligosaccharides
occurs on the picosecond time scale, effectively Gaussianthat are too flexible, and it is the dynamic shape of these
motion closely centered on a single local minimum. Such molecules that leads to their biological activity. Following
structures can be approximated by static structures relativelytesting against experimental data, it is possible to visualize
straightforwardly. Therefore, the alignment tensor and NOEs how the different oligosaccharides may exist in solution. This
could, in this case, be approximated by an effective alignmentis depicted in Figure 8, where the Gal residue of fucosyl-
tensor and an effective structure, to a reasonable approximaiactose and the GIcNAc residues of LNF-1 and LND-1 have
tion. been overlaid by minimizing the mean square distance
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between frames. It is evident that these fucoylated oligosac-
charides have reasonably well-defined conformations, which
is perhaps not surprising since they are key recognition
molecules.

This study has shown how molecular dynamics, combined
with experimental verification, can be used as a method for
understanding both the interactions with water, and the
structure and dynamics of complex oligosaccharides. This
provides hope that soon such an approach will move
structural biology from the static structures represented by
X-ray crystallography to a new dynamic perspective. Such
a perspective allows function to be appreciated and will
inform the understanding of ligandeceptor interactions,
which is essential for the design of carbohydrate-based
pharmaceuticals.
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