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ABSTRACT: The Lewis x (Le*) determinant is a trisaccharide fragment that has been implicated as a specific
differentiation antigen, as a tumor antigen, and as a key component of the ligand for the endothelial
leukocyte adhesion molecule, ELAM-1. High-resolution nuclear magnetic resonance spectroscopy shows
it to have a relatively rigid structure. Only a small range of glycosidic dihedral angles in the trisaccharide
produce simulated nuclear Overhauser effect spectra agreeing with data measured for the human milk
pentasaccharide, lacto-N-fucopentaose-3, which contains the Le* determinant. Independently, the same
average structure for the Le* determinant arises from in vacuo molecular dynamics simulations. The
proposed conformation of the Le* trisaccharide is very similar to that recently determined for the closely
related Le?® trisaccharide. In agreement with the recent finding that both sialylated Le® and Le* react with
ELAM-1, theresults presented here show thatthe Le? and Le* determinants contain very similar carbohydrate

domains.

The Lewis x (Le*)! structure (Hakomori et al., 1981) isan
antigenic determinant present in a variety of normal and
malignant human tissues (Knowles et al., 1982; Fox et al.,
1983; Gooi et al.,, 1983). It may therefore be a normal
component in one cell type and a tumor-associated antigen in
another (Feizi, 1985). The Le* moiety can be expressed in
both glycolipid and glycoprotein molecules of a cell (Urdal
etal., 1983). Alsoknown as stage-specificembryonic antigen-
1 (SSEA-1) (Solter & Knowles, 1978) and myeloid-specific
antigen (My-1) (Civin et al., 1981), the Le* determinant is
a trisaccharide unit of lacto-N-fucopentaose-3 (LNF-3) (Ko-
bata & Ginsburg, 1969) having the carbohydrate sequence,
GalB(1—4)[Fuca(1—3)]GIlcNAcS.

While the precise physiological role of the Le* antigen is
still unknown, some insight has been gained with respect to
its biological activity. Studies have shown that expression of
the Le* antigen varies greatly during the maturation of normal
human cells (Fukushima et al., 1984). As such, this carbo-
hydrate determinant is believed to play a role in normal cell
development and differentiation (Solter & Knowles, 1978;
Hakomori, 1981). In addition, since many human cancer
tissues accumulate this antigen (Yang & Hakomori, 1971;
Hakomori et al., 1984), the Le* determinant is presumably
associated with the growth of malignant cells. Lastly, it has
been suggested that the Le* determinant may function as a
recognition structure for endogenous receptors such as the
lectins (Gooi et al., 1981), a class of proteins of nonimmune
origin that are widely distributed in human tissues and that
bind carbohydrates specifically and noncovalently. In fact,
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it has been recently proposed (Lowe et al., 1990; Phillips et
al., 1990; Walz et al., 1990; Tiemeyer et al., 1991) that the
sialylated derivative of the Le* structure, NeuSAca(2—3)-
GalB(1—4)[Fuca(1—3)]GIcNAcS, is a ligand for endothe-
lial leukocyte adhesion molecule (ELAM-1) (Bevilacqua et
al.,, 1987), a selectin with an N-terminal lectin domain.
ELAM-1 is transiently expressed on the surface of endothe-
lial cells at sites of acute inflammation (Cotran et al., 1986;
Bevilacqua et al., 1989). Hence, in addition to its function
in cell regulation, there is evidence that the Le* determinant
may play a role in the inflammatory response.

Since the Le* determinant is believed to be of pathologic
importance, knowledge of its structure may be useful in
predicting its bioactive conformation, interpreting its binding
specificity with different receptors, designing drugs to act as
inhibitors of the binding and activity of Le*, and aiding in the
structure determination of related antigenic carbohydrates.
In this report we present the three-dimensional solution
structure of the Le* trisaccharide determined by two inde-
pendent techniques. One approach is based on a comparison
of experimental nuclear magnetic resonance (NMR) spec-
troscopic data recorded for the pentasaccharide LNF-3 (which
contains the Le* trisaccharide) with spectroscopic data
calculated for the Le* moiety as a function of its glycosidic
conformational regime. In contrast, the second approach
utilized conformational energy calculations and molecular
dynamics (MD) simulations of the Le* determinant asa means
to identify the stable conformation of this oligosaccharide.
Both techniques yield the same average structure for the Le*
trisaccharide.

MATERIALS AND METHODS

LNF-3, Galf(1—4)[Fuca(1—3)]GIlcNAcB(1—3)Galg-
(1—4)Glc, was purchased from Oxford Glycosystems. An
8-mg sample of LNF-3 was exchanged in 2H,O and lyoph-
ilized for three cycles before final dissolution in 450 uL of
high-purity 2ZH,0 (99.96%; Merck, Sharp and Dohme). NMR
experiments were performed on a General Electric GN-500
NMR spectrometer operating at 500.11 MHz for 'H (125.76
MHz for 13C). 'H spectra were recorded at 24.0 and 5.5 °C
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with a spectral width of 2.4 kHz and 4K complex data points,
and broad-band 'H-decoupled !*C spectra were obtained at
25.0 °C with a 25-kHz spectral width and 8K complex data
points. One-dimensional nonselective and selective 'H spin-
lattice relaxation time (T',) experiments and two-dimensional
DQF-COSY,HOHAHA,NOESY,and HMQC experiments
were conducted as previously described (Cagas & Bush, 1990).
These latter experiments were performed at 24.0 °C, except
the NOESY experiment which was conducted at 5.5 °C with
a mixing time of 250 ms. The 'H and 13C chemical shifts
were measured with respect to internal acetone at 2.225 and
31.07 ppm, respectively. NMR data were processed and
NOESY cross peaks were evaluated quantitatively, as recently
reported (Cagas & Bush, 1990), by using the FTNMR program?
on a Silicon Graphics 4D/35 workstation.

NOESY spectra for a particular mixing time r, can be
calculated according to the complete relaxation matrix method
(Keepers & James, 1984). In this study, NOE cross peak
intensities and nonselective 'H T values were simulated using
the software SIMNOE. This program is a modified version of
that described previously (Cagas & Bush, 1990) wherein a
matrix of relaxation rates is built for a three-dimensional
structural model. The matrix is subsequently diagonalized,
and the eigenvalues and eigenvectors are determined by the
Givens method using QCPE program 62 (Prosser, 1965). Non-
selective 'H T values are calculated directly from the elements
of the relaxation rate matrix, while NOE diagonal and cross
peak intensities are derived from the eigenvectors and eigen-
values of the diagonalized matrix. The method used assumes
an isotropically rotating molecule in a single rigid confor-
mation. Although this assumption is a significant one, which
must be validated, it is subject to testing within our method
by the possibility that no single conformation can be found
which agrees with the experimental NOE data. In this
methodology, 7. is adjusted to fit cross peaks, such as those
on a single pyranoside residue, that do not depend strongly
on conformation. The three-dimensional conformational
models utilized by SIMNOE are generated using CHARMm.?
Implementation of this approach required relinking CHARMm
so that it would call on SIMNOE as an external program. In
practice, a series of conformers is generated for a molecule
by systematically changing the value of one or more dihedral
angles. Each time a new conformer is generated by
CHARMmM, its coordinates are written to an external file and
then SIMNOE is called upon to read the external file and execute.
Once SIMNOE has completed its computations, the results are
saved and control is returned to CHARMm, which proceeds
to generate the next conformational model.

Simulation of the cross peak intensities and nonselective T
values of the Le* trisaccharide, Galg(1—4)[Fuca(1—3)}]-
GlcNAcB-OMe, was conducted as follows. Preliminary
models for the two disaccharide components, Gal3(1—4)-
GlcNAcB-OMe and Fuca(1—+3)GlcNAcB8-OMe, of Le* were
constructed from monosaccharide templates. Disaccharide
conformations were then generated by systematically varying
the ¢ and ¥ glycosidic dihedral angles from 0° to 350° by 10°
angle increments, and the corresponding NOESY spectra were
simulated for each model. The dihedral angle ranges in the
disaccharide conformers that had calculated NOEs between
the anomeric and aglycon protons that agreed with the cor-
responding experimental values for LNF-3 were recorded.
Finally, conformations of the Le* trisaccharide were generated
by allowing the four glycosidic dihedral angles to adopt all
values within 10° increments in the previously recorded angle
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ranges, and the NOESY spectrum and nonselective 'H T
values were simulated for each conformational model. Con-
formers with calculated interresidue NOEs and nonselective
TH T values in agreement with experimental data for LNF-3
were stored.

Lastly, independent from the NOESY experiments and
simulations described above, conformational energy calcu-
lations and MD simulations for the Le* trisaccharide were
conducted using CHARMm with the force field developed
for carbohydrates by Rasmussen and co-workers (Rasmus-
sen, 1982). This parameter set is most suitable for calculations
without explicit inclusion of solvent and has been previously
reported for a number of MD simulations of monosaccha-
rides and oligosaccharides (Mukhopadhyay & Bush, 1991;
Brady, 1986, 1987, 1990; Carver et al., 1990; Yan & Bush,
1990). Conformational energy maps* were calculated for rigid
rotations around the glycosidic linkages of each of the di-
saccharide components of the Le* trisaccharide. These cal-
culations were performed by systematically varying each of
the glycosidic dihedral angles from 0° to 350° by 10° angle
increments. The corresponding relaxed conformational energy
maps were subsequently generated by relaxing all degrees of
freedom, except the glycosidic dihedral angles, via energy
minimization. Eachdisaccharide conformation within 5 kcal/
mol of the minimum energy conformation was then subjected
to further energy minimization (i.e., completely relaxed), and
the resulting structures were used to construct preliminary
structural models of the Le* trisaccharide. Energy minimi-
zation of these trisaccharide conformations led to two closely
related energy minima, A and B. Lastly, two MD simulations,
MD1 and MD2, of the Le* trisaccharide were performed using
the two energy minima A and B as initial structures.
Trajectories of 300 ps were generated by methods similar to
thosereported in earlier studies from this laboratory (Mukho-
padhyay & Bush, 1991; Yan & Bush, 1990).

RESULTS

By use of a combination of homonuclear and heteronuclear
two-dimensional NMR techniques, the 'H and 1*C spectra of
LNF-3 were completely assigned. The 'H resonances of LNF-
3 were assigned by standard methods that rely on correlation
through chemical bonds. Correlation by double-quantum-
filtered correlation spectroscopy (DQF-COSY) (Piantini et
al., 1982; Shaka & Freeman, 1983; Rance et al., 1983) of the
signals assigned to vicinal protons was initiated at the ano-
meric resonances. Cross peaks were analyzed to give mul-
tiplet shapes, and the stereochemistry of each sugar was
assigned from approximate values of the coupling constants,
3Jun (Altona & Hasnoot, 1980; Hasnoot et al., 1980; Ko-
erneretal., 1983; Bush, 1988). Inthecaseof strongly coupled
TH signals, for which cross peaks lie close to the diagonal, the
homonuclear Hartmann-Hahn (HOHAHA) (Braunschweiler
& Ernst, 1983; Davis & Bax, 1985; Bax & Davis, 1985)
spectrum provided additional information on the assignment.
The 'H-detected 13C heteronuclear multiple-quantum cor-
relation (HMQC) (Muller, 1979; Bax et al., 1983; Bendall
et al., 1983) experiment further resolved any cases of
overlapping resonances by providing accurate values of
chemical shifts for strongly coupled 'H resonances (Abey-
gunawardana et al., 1990).

Complete assignment of the 'H resonances of LNF-3, given
in Table I, is important in order to avoid misinterpretation of
a cross peak in the nuclear Overhauser enhancement spec-

2 Hare Research, Inc., 14810 216th Ave. NE, Woodinville, WA 98072.
3 Polygen Corp., 200 Fifth Ave., Waltham, MA 02254,

4 Ramachandran-like contour maps of the conformational potential
energy as a function of the glycosidic dihedral angles.
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Table I 'H NMR Chemical Shifts? of LNF-3

residue® H1 H2 H3 H4 HS5 H61, H62 NAc*
aGlc 5.220 3.576 3.828 3.642 3.948 3.837, 3.889
BGlc 4.663 3.281 3.642 3.653 3.599 3.791, 3.950
BGal¥ 4.436 3.578 3.712 4.156 3.708 3.737,3.769
BGIcNAc? 4.715 3.967 3.882 3.957 3.578 3.870, 3.969 2.023
aFuc? 5.128 3.692 3.908 3.793 4.837 1.178
BGal* 4.464 3.497 3.654 3.901 3.602 3.746, 3.793

@ Chemical shifts are referenced against internal acetone at 2.225 ppm. Accuracy is 20.005 ppm. ® A superscript at the name of a sugar residue
indicates to which position of the adjacent monosaccharide it is glycosidically linked; e.g., aFuc® means Fuc is a(1—3) linked to GlcNAc. SGal® refers
to the nonreducing terminal of LNF-3. ¢ NAc refers to the methyl protons of an acetamido group.

Table II: '3C NMR Chemical Shifts® of LNF-3

residue? C1 C2 C3 C4 C5 Cé6 NAc*
aGle 92.68 72.00 72.27 79.23 70.99 60.83
BGlc 96.61 74.66 75.23 79.14 75.674 60.96
BGal¥ 103.78 70.85 82.93 69.21 75.79 62.37
BGIcNAc? 103.40 56.84 75.62 73.94 76.00 60.51 175.57,23.13
aFuc? 99.47 68.58 70.07 72,78 67.56 16.18
6Gal 102.65 71.93 73.35 69.21 75.744 61.84

@ Chemical shifts are referenced against internal acetone at 31.07 ppm. Although the C—H connectivities were established by 'H[!3C] HMQC (£0.1
ppm), accurate chemical shifts (£0.02 ppm) were obtained from the 13C spectrum at 125 MHz. ¢ For naming of sugar residues, see footnotes to Table
1. ¢ NAc refers to the carbonyl and methyl carbons of an acetamido group. ¢ These assignments may be interchanged.

troscopy (NOESY) spectrum. The 'H assignments reported
herediffer in several respects from those reported earlier (Breg
et al, 1988). For example, the assignments published
previously were incomplete in the sense that no chemical shift
was determined for the 8Gal®* HS5 proton, and with the
exception of the aFuc® H6 proton, an assignment of the H6
signals was lacking. Inaddition, six of the !H chemical shifts
reported here differ by more than experimental error® from
the values reported by Breg et al. Specifically, the values we
report for BGIcNAc® H4 and Gal* H3 differ significantly
(by 0.340 and 0.303 ppm, respectively) from those in the Breg
paper, while those for 8Glc H3, aGlc H5, «Fuc H3, and
BGIcNAc H5 differ to a lesser extent (0.010-0.030 ppm).
Significantly, the value reported by Breg et al., for Gal* H3
(3.956 ppm) agrees within experimental error with the
assignment we provide for GIcNAc H4, while the Breg
assignment for GIcNAcH4 (3.627 ppm) only differs by 0.026
ppm from the Gal* H3 chemical shift in Table I. There are
also discrepancies between the 13C assignments for LNF-3
obtained in this study and those of Breg et al. For example,
only 18% of the !3C resonances in Table II are within
experimental error® of the values reported by Breg et al. This
is due largely to the fact that approximately 63% of the 13C
chemical shifts measured in our laboratory are, on average,
0.07 ppm greater than the corresponding values measured by
Breg and co-workers. However, seven of the 13C assignments
in the Breg article deviate significantly (by more than 0.2
ppm) from those reported here. Four of these deviations may
be explained if two sets of assignments are interchanged;
namely, Gal* C6/Gal* C6 and GlcNAc C5/GIcNAc C3. In
the Breg report, the H6 and Hé’ protons in the sugar residues
could not be recognized separately and so the average chemical
shift of both protons was reported in some cases. In thisstudy,
the H6 protons of all the residues are clearly resolved in the
HMQC spectrum (Figure 1), which shows that the average
chemical shifts for the two H6’s in Gal® and Gal* are 3.769
and 3.753 ppm, respectively (see Table II). The three
remaining discrepancies are Gal¥ C5, GIcNAc C4, and Gal*

5 The combined experimental error in the 'H assignments of our study
(£0.005 ppm) and that of Breg et al. (1988) (£0.003 ppm) is = 0.008
pm.
6 The combined experimental error in the 3C assignments of our study
(£0.02 ppm) and that of Breg et al. (1988) (£0.02 ppm) is & 0.04 ppm.

C3. Analogous to the discussion above regarding the 'H
assignments, the value reported by Breg et al. for Gal* C3
(73.88 ppm) agrees with the assignment we provide for
GIlcNAc C4. However, the Breg assignment for GIcNAc¢ C4
(73.14 ppm) differs by 0.21 ppm from the Gal* C3 chemical
shift in Table II.

Quantitative NOEs were obtained through calibration of
cross peak magnitudes in the NOESY (Jeener et al., 1979;
Kumar et al., 1980; States et al., 1982) spectrum shown in
Figure 2. Large negative NOE cross peaks between protons
in the same residue were used to calibrate the rotational
correlation time, 7..” Additional cross peaks were observed
between the anomeric and aglycon protons as well as between
protons in residues not directly bonded. Cross peak volumes
in Table IIIA are expressed as the percent of the volume of
a diagonal peak of a single proton at zero mixing time. The
volume of an isolated diagonal peak at zero mixing time is
calculated from its volume at a nonzero mixing time (7, =
250 ms in this study) and from the selective 'H T for that
peak. This type of cross peak normalization is appropriate
in cases where data from a single NOESY experiment are
used to quantitatively evaluate cross peak volumes (Mirau,
1988; Mirau & Bovey, 1986). Experimentally measured non-
selective 'H T, values are reported in Table IIIB.

NOE and nonselective 'H T values were simulated from
conformational models of the Le* trisaccharide. Figure 3
illustrates the simulated NOEs as a function of conformation
of each glycosidic linkage in the Le* trisaccharide. It can be
seen from this figure that although a large number of ¢ and
¥ combinations yield the NOE intensity observed between
the hydrogens across the glycosidic linkages, fewer yield the
experimental NOE values observed between protons on
residues not directly bonded to each other and still fewer yield
the nonselective 'H T values. The glycosidic dihedral angles
of the conformations that are consistent with experimental
NOE and nonselective 'H T values are reported in Table IV.

Independently, twoenergy minima, A and B, were identified
from conformational energy calculations of the Le* trisac-

7 For LNF-3 in 2H;0 at 5.5 °C, 7. was estimated to be 0.83 % 0.09
ns.
8 JUPAC and IUB Joint Commission on Biochemical Nomenclature
(1983) Pure Appl. Chem. 55, 1269.
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FIGURE 1: Phase-sensitive 13C-decoupled, 'H-detected multiple-quantum correlation (‘H['*C] HMQC) spectrum of LNF-3 recorded at
500-MHz proton frequency. The data matrix was 2 X 256 X 1K complex points with 64 scans per ¢, value. The spectral window was 2403.84
Hz in the F, dimension and 12500.00 Hz in the F; dimension. Sine bell apodization with 45° and 90° phase shifts was used in the ¢; and
t; dimensions, respectively. Data were zero filled in the ¢; dimension to obtain a 1K X 1K real matrix with digital resolution of £0.005 (*H)
and % 0.1 ppm/point (1*C). Portions of the 1D 'H and !*C spectra of LNF-3 are displayed at the left and the top, respectively.

charide. Conformers A and B are structurally very similar
(see Table1V), differing mainly in the value of ¢,, the dihedral
angle for the a(1—3) linkage. Significantly, these two
conformations differ by only ~0.7 kcal/mol in energy. Ina
previous study (Thogersen et al., 1982), a minimum energy
conformation for the Le* trisaccharide was reported with the
following dihedral angles: ¢; = —65°, ¢; = 130°, ¢ = —65°,
and ¥, =-95°, Thisstructure was determined by performing
rigid conformational energy mapping (i.e., the energy value
was calculated at each grid point in the conformational space
without having performed energy minimization) using the
HSEA? force field. While the ¢, ¥, and ¥, values of this
structure are in good agreement with those of conformers A
and B, the ¢, dihedral angle value in the Thogersen structure
is different from that in both of the minimum energy
conformers reported in this study. In fact, the Le* confor-
mation reported by Thogersen et al. is very similar to the
average structures resulting from MD simulations of con-
formers A and B (see MD1 and MD?2 in Table 1V).

After thermal equilibration, data gathered over 300 ps
illustrated that the trajectories in the MD simulations were
quite stable. Table IV reports the fluctuation in the glyco-
sidic dihedral angles resulting from MD simulations of
conformers A and B, and Figure 4 shows the time series of
the glycosidic dihedral angles over 300 ps obtained for
conformer A. Overall, the data show that nearly identical

9 The HSEA force field is not fully parameterized. It contains only
a van der Waals potential and a torsional potential term called “exoa-
nomeric effect”.

trajectories were found for both starting conformations (Table
IV). Similar to our results on other blood group oligosac-
charides (Mukhopadhyay & Bush, 1991; Yan & Bush, 1990),
fluctuations of the glycosidic dihedral angles on the order of
+10° were observed on a 1-ps time scale. Notably, Figure
4C shows that the dihedral angle, ¢,, fluctuates significantly
more than the other three glycosidic dihedral angles (¢1, ¥1,
¥2). These data are consistent with transitions between the
two closely related energy minima separated by a low-energy
barrier.

DISCUSSION

The average structure of the Le* trisaccharide has been
determined by two independent techniques. The results of
NOE and nonselective 'H 7 simulation for the Le* deter-
minant show (Table IV) that only a small group of closely
related conformers is consistent with the experimental data
measured for the pentasaccharide LNF-3. We believe this
pentasaccharide to be a good model for the Le* trisaccharide.
Evidence that the reducing terminal lactose function does not
interact with the Le* determinant includes absence of NOE
between these two parts of the pentasaccharide and molec-
ular models which show the two parts of the pentasaccharide
to be well separated. While the data presented here do not
rigorously prove that the Le* trisaccharide has a single unique
conformation, they identify a very narrowly defined confor-
mational manifold for the Le* glycosidic linkages. Inaddition
to the data derived from NOE and !H T simulations, data
from MD simulations are also presented in Table IV. The
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FIGURE 2: 2D NOESY spectrum of LNF-3 at 500 MHz. The data matrix was 2 X 256 X 1K complex points with 32 scans per ¢#; value and
a 250-ms mixing time. The spectral window was 2403.84 Hz. Sine bell apodization with 45° and 90° phase shifts was used in the #; and
t; dimensions, respectively. Data were zero filled in the 7, dimension to obtain a 1K X 1K real matrix with digital resolution of £0.005
ppm/point. Part of the 'H 1D spectrum of LNF-3 is displayed at the left. The labeled cross peaks correspond to the intra-and interresidue

cross peaks reported in Table IITA.

Table III: Experimental Normalized NOESY Cross Peak
Intensities and Nonselective 'H T, Values for LNF-3

A. Normalized NOESY Cross Peak Intensities?

cross peak? % NOE¢ cross peak? % NOE¢
aFuc® H1/H2 4.4 (£1) pGal*H1/H3 3.2 (1)
aFuc? H3/HS5 2.7(1) BGal* H1/H5 5.1 (£1)
aFuc® H4/H5 4.0(x1) aFuc®’H1/8GIcNAC* H3 2.8 (1)
PBGIcNAc’ H1/H3 3.2 (1) PSGal*H1/BGIcNAc* H4 5.6 (x1)
BGIcNAC* HI/HS 6.2 (1) aFuc® HS/§Gal* H2 2.4 (x1)
B. Nonselective 'H T
resonance T4 (s) resonance T4 (s)
aFuc® H1 2.06 (£0.03) 8Gal* H1 1.07 (£0.03)
aFuc® H5 0.98 (£0.03) BGal* H2 1.59 (0.03)

4 Intraresidue NOESY cross peak intensities, which were used to
calibrate 7., and interresidue NOESY cross peak intensities, which were
used in the NOESY simulations. ¢ For naming of the sugar residues, see
footnotes to Table I. ¢ Cross peak volume expressed as the percent of the
volume of a diagonal peak of a single proton at zero mixing time: {[(cross
peak volume at 7, = 250 ms)/(diagonal peak volume of a single proton
at 7y = 0 ms)] X 100. The denominator is calculated from the volume
of an isolated diagonal peak at a mixing time of 250 ms and from the
corresponding selective 'H spin—lattice relaxation time (Freeman et al.,
1974; Mirau, 1988), both of which were measured under identical
experimental conditions. 4 Nonselective 'H spin-lattice relaxation times
(Cutnell et al., 1976; Freeman et al., 1980).

latter were generated using two minimum energy conformers,
A and B, as starting structures. These two conformers of the
Le* determinant are extremely similar, both structurally and
energetically. Indeed, the MD simulations (MD1 and MD2)
of conformers A and B illustrate that, during the course of
a 300-ps trajectory, the two minimum energy conformers

assume essentially the same average structure. In addition,
the root-mean-square fluctuations of the glycosidic dihedral
angles in both MD simulations are generally £10°, with the
exception of ¢, where they are £20°. These results suggest
that, overall, the glycosidic linkages of the Le* trisaccharide
have limited flexibility.

A comparison of the results obtained from the NOE
simulation and the conformational energy calculations shows
(Table IV) that one of the minima (conformer A) corresponds
to the conformational range obtained from the NOE simu-
lation, while the other conformer (conformer B) does not.
Although the MD trajectory (Figure 4) visits both of the
minima in vacuum, their relative populations could presumably
be influenced by inaccuracies in the force field parameters
and lack of inclusion of explicit solvent molecules in the MD
calculations. Similarly, our treatment of NOE and 'H T,
simulations is not completely rigorous and should not be over-
interpreted. In particular, the methodology employed in this
study identifies static structures whose calculated NOE
intensities are in agreement with the experimental NOE
intensities. This approach does not allow for the presence of
multiple solution conformations. Indeed, implementation of
procedures for obtaining solution structures from NOE data
that accommodate multiple conformations is not straight-
forward [Landis and Allured (1991), and references therein].
Overall, the results of the NOE and MD simulations presented
here indicate that the conformational regime for the Le* trisac-
charide is quite narrow. Specifically, the MD trajectories
illustrate that this oligosaccharide resides in two local minima
that are very close to one another on the potential energy
surface. In summary, we conclude that the Le* determinant
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FIGURE 3: Maps of simulated NOE:s as a function of conformation of each glycosidic linkage in the Le* trisaccharide. Small circles show
those values of the glycosidic dihedral angles on a 10° grid for which a conformation is found whose simulated NOEs match the experimental
values within the experimental error limits given in Table IIIA of the NOEs between the anomeric and aglycon protons. Conformations for
which simulated values of the remote NOE between Gal H2 and Fuc HS also agree with experiment are indicated by a square, and the X-marked
points indicate those conformations for which the simulated nonselective 'H T} values of Table IIIb also agree with experiment. Glycosidic
dihedral angles are defined as follows with right-handed rotations representing positive dihedral angles in accordance with IUPAC recommendations:
8 ¢ = (Gal05-GalC1-GalO1-GlcNAcC4), ¢ = (GalC1-GalO1-GIcNAcC4-GIcNAcC3), ¢ = (FucO5-FucCl1-FucO1-GIcNAcC3), ¥

= (FucC1-FucO1-GlcNAcC3-GIcNAcC2). (A) ¢: vs ¢ for the Gal §(1—4) linkage. (B) ¢; vs ¥, for the Fuca(1—3) linkage.

Table IV: Glycosidic Dihedral Angles® of Le* Determinant

) 121 b2 V2
SIMNOE? ~55(£10) 120(%15) —45(x10) -95(*10)
MD1¢ 61 (9) 128 (£7) —59 (£20) -88 (+10)
MD2¢4 —64 (£10) 128 (£8) —64 (£21) 88 (£11)
conformer A¢ 57 122 —45 -96
conformer B¢ —65 132 -83 -97

4 Glycosidic dihedral angles are defined in the legend for Figure 3.
& Conformations consistent with experimental NOE and nonselective T
values of LNF-3 (See Table III and Figure 3). ¢ Average dihedral angle
value (& fluctuation) resulting from a 300-ps molecular dynamics
simulation of minimum energy conformer A. ¢ Average dihedral angle
value (+ fluctuation) resulting from a 300-ps molecular dynamics
simulation of minimum energy conformer B. ¢ Minimum energy con-
formers of Le* resulting from conformational energy calculations (see
text). The energy of conformer B is 0.7 kcal/mol greater than that of
conformer A.

-50.
2, - 100.
-150,

‘¥ -100.
-150.

0. 50. 100. 150. 200. 250.

FIGURE 4: Histories of the glycosidic dihedral angles in the 300-ps
molecular dynamics trajectory of conformer A of the Le*determinant
(see Table IV). (A) ¢, [GalB(1—4) linkage]. (B) ¥1 [GalB(1—4)
linkage]. (C) ¢z [Fuca(1—3)linkage]. (D)y:[Fuca(l—3)linkage].

is rigid in the sense that three of the glycosidic linkages can
fluctuate over a very limited range (£10°) and the fourth
may fluctuate as much as £20°.

FIGURE 5: Stereoview of the Le* trisaccharide conformer A (see
TableIV), represented by bold lines, superimposed with the structural
model of the Le? trisaccharide (Cagas & Bush, 1990), Galg(1—3)-
[Fuca(1—4)]GlcNacf~OMe.

Our finding that the Le* trisaccharide is relatively rigid
implies that it should be included in the group of comparatively
inflexible blood group A, H, Le?, and LeP determinants
previously studied in our laboratory (Bush & Cagas, 1991;
Cagas et al,, 1991; Cagas & Bush, 1990; Yan et al., 1987;
Bushetal., 1986;Raoet al., 1985). The relationship between
the Le* and Le? trisaccharides is shown in Figure 5 in which
the Le? structure (Cagas & Bush, 1990) is rotated by 180°
about a vector normal to the C3—C4 bond of the GlcNAc ring
50 as to superimpose the Le? galactose and fucose rings with
those of Le*. This figure reveals that the conformations of
these two molecules are very similar with the fucose and
galactose rings tightly stacked in a rigid conformation. In
general, the Le? determinant does not cross-react with the Le*
determinant although some instances have been found (Feizi,
1991). Onthe other hand, it has recently been reported (Berg
et al.,, 1991; Tyrrell et al., 1991) that sialylated Le? reacts
both with ELAM-1 and with monoclonal antibodies for si-
alylated Le*. The work reported here provides experimental
and theoretical support for their suggestion that the molec-
ular shapes of Le? and Le* may be similar. In conclusion, we
suggest that receptors with which Le* and Le* do not cross-
react must interact with functional groups other than just the
fucose and galactose residues of these trisaccharides. Spe-
cifically, Figure 5 shows that the main difference in the three-
dimensional structures of Le? and Le* lies in the orientation
of the two GIcNAc rings such that the GIcNAc C2 substit-
uent of Le? extends into the same region of space as the GicNAc
Cé6 substituent of Le* and vice versa. Thus, the C2 acetamido
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and the C6 hydroxymethyl groups of the GicNAc residues of
these two trisaccharides may play a rolein determining certain
biological activities of Le* and Le*. Conversely, these two
groups apparently do not interact with the receptor, ELAM-
1, which fails to discriminate between the isomeric oligosac-
charides. These considerations may besignificant in the design
of drugs to inhibit the activities of Le* and Le* and other
related determinants.
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