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A combination of experimental J/NOE NMR data with molecular mechanics and dynamics
calculations has been used to examine the conformational behaviour and assign the configuration of
synthetically prepared epimeric 3-carboxymethyl-O-Gal-(1— 1)-a-Man-fluoro-C-glycosides. It is shown
that the population distributions around the glycosidic linkages strongly depend on the configuration at
the fluorinated carbon of the pseudoacetal residue. It is also shown that these compounds resemble the

inhibition ability of sialyl LeX towards P-selectin.

Introduction

Carbohydrate—protein interactions are involved in a wide variety
of biological cell-cell recognition events such as embryogenesis,
fertilization, hormonal activities and in cell proliferation and
organization into specific tissues. These interactions are also
involved in the invasion and attachment of pathogens, inflam-
mation, metastasis, blood group recognition and immunology.!
Sugar mimics that are able to bind viral and microbial surface
lectins, thereby providing potential protection against infection,
have recently received great synthetic and structural attention.?
C-Glycosides, where the exo glycosidic oxygen in the natural O-
glycosides is replaced with a methylene group, are attractive due
to their chemical and enzymatic stability.® It is important that
these compounds exhibit similar three-dimensional structures as
their parent O-glycosides, so that the recognition process is not
compromised.* However, the substitution of the acetal oxygen
atoms by methylene groups results in changes in the flexibility
and population distributions around the inter-residue linkages.
In particular we have shown that C-analogues are rather more
flexible than the natural compounds, possibly because of the
absence of the exo-anomeric effect,” and may access a larger
variety of conformations. Nevertheless, this greater flexibility
may lead to an increase in affinity if there is an enthalpic
gain that exceeds the entropic penalty. However, in cases where
the bound conformation resembles the ground state of the O-
glycoside, C-glycosides with close conformational behaviour to
O-glycosides would be desirable, and, in principle, we guessed
that this could be achieved by introducing substituents in the
methylene link.® Sialyl Lewis X (sLe*) is a terminal tetrasaccharide
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expressed on the surface of tumor cells and neutrophils and its
interaction with the selectins has been associated with cancer
metastasis and inflammation disorders. Among the drawbacks
with advancement of sLe* as a drug are its relatively weak selectin
binding, the high cost of synthesis and its poor bioavailability.’”
Accordingly, relatively simple mimics like the o-O-Gal-(1,1)--
Man 1, which we recently found to be similar in activity to
sLe* in a P-selectin binding assay, have attracted attention.® The
disaccharide of residue 1 presumably acts as a replacement for the
Gal-GlcNAc-Fuc trisaccharide of sLe*, and the carboxymethyl
group incorporated into the 3-OH group of the galactose segment
plays the role of the sialic acid. The C-glycosyl analogue 2 is of
interest as a potential therapeutic agent because of its hydrolytic
stability, and its conformational properties may be of relevance to
structure—activity studies. We have previously shown that 2 is more
flexible than 1 with respect to the intersaccharide torsions.® Herein,
using a protocol based on a combination of NMR spectroscopy
and molecular mechanics and dynamics calculations, we have
investigated the conformational behaviour of epimers 3 and 4°—
analogues of 2 with a fluorine substituent in the pseudoglycoside
position (Fig. 1)—and applied this information to unambiguously

Fig. 1

Structures of 1-4.
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assign their configuration. It is shown that the conformational
distribution around the glycosidic linkages of 3 and 4 is very
different. In addition, evaluation of these compounds in a P-
selectin binding assay indicated that the analogue with a major
population of the exo-anomeric conformation with respect to the
galactose residue was approximately two-fold more active than
that showing an almost negligible presentation of this geometry.

Results and discussion
Molecular modeling studies

At the onset, the configuration at the fluorinated carbon in 3
and 4 was not known. The potential energy surfaces for both
epimers were calculated using the MM3*'° force field, as previously
described (Fig. 2)."** These maps are useful to delimit the
low-energy regions that are accessible to rotation around the
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glycosidic torsion angles @g, (H1gy—Clgy—X-Cly,) and @y,
(Hlypy—Clyan—X—Clga). Five principal low-energy conformer
types were obtained for both the R and S epimers, but with
very different populations: (A) exo-@,/non-exo-d ., (B) exo-
Da/ exo-Dy, (C) non-exo-@ g,/ exo-D ., (D) anti-® g, /non-
ex0-D\pan, (E) anti-® g,/ exo-®y,,. These conformations are shown
in Fig. 3, and their geometries and relative energies summarized in
Table 1. The different conformers have been dubbed, exo, non-
exo and anti with respect to glyconic torsions @g, and @,
by analogy with the exo-anomeric notation for O-glycosides.
Thus exo-@g, and exo-@,, correspond to values of ca. +60°
and —60° respectively, non-exo-®@g, and non-exo-®,,, to —60°
and +60° respectively, and anti-®¢, and anti-®y,, to 180°. For
the S epimer, the “natural” conformer B, with the double exo-
anomeric orientation, is the major one (ca. 40%) followed by
non-exo-® g, /non-exo-D ., (28%), anti-D g,/ exo-D ., (15%) and
anti-® g, /non-exo-d ., (12%). For the R epimer, according to
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Fig. 2 Steric energy maps (P, Pca) calculated by MM3* with ¢ = 80. Left, R; right, S. Contours are given every 2.5 kJ mol~'.

Table 1 Comparison between the inter-residue proton—proton distances calculated by MM3* for the conformers A-E of the R and S epimers
(approximate @, and @, angles in parentheses), and the observed NOEs in the NOESY spectrum at 600 ms mixing time (S, strong; M, medium; W,
weak; VW, very weak) for 3 and 4. In all cases, NOEs or ROEs were positive, i.e. the cross peaks showed different sign to the diagonal peaks, as expected
for small molecules. Relative steric energies for R and S epimers (AE, kJ mol™) are also given. Interproton distances corresponding to exclusive NOEs"?
of the R or S epimers are shown in bold. Nevertheless, for two interproton distances, i.e., CHF-3M and CHF-5M, two different conformers, A and D,

show short interproton distances and may explain the observed NOEs

Conformer A(60/60) B(50/—50) C(—70/70) D(—170/60) E(180/—70)
(D Ga/ Drian) exo/non-exo exo/exo non-exo/non-exo  anti/non-exo  anti/exo
AE (Risomer) — — 0.0 0.97 4.17 5.74 10.54
AE (S isomer) — — 3.57 0.0 0.54 5.14 2.72

(3) NOE exp. (4) NOE exp. calc. distance  calc. distance  calc. distance calc. distance  calc. distance

(%)/distance (%)/distance R/S R/S R/S R/S R/S
1G-1M — — 3.15 2.47 3.39 3.85 3.83
1G-2M S (13)72.30 — 2.28 4.35 4.78 3.96 4.77
1G-3M Overlap Overlap 3.45 5.16 4.40 4.28 4.89
1G-5M Overlap Overlap 4.54 4.28 2.49 4.59 4.13
CHF-2G M (3)/3.16 M (3)/3.07 3.14/3.24 3.18/2.57 2.53/4.06 3.81/3.24 3.85/3.18
CHF-2M M (2)/3.19 M (3)/3.07 3.17/3.13 2.49/3.27 2.69/3.02 3.37/3.90 2.45/2.90
CHF-3M S (13)72.32 MS (7)/2.66 2.44/2.36 3.36/2.49 3.73/2.42 2.51/4.05 3.43/2.39
CHF-5M Overlap S (11)/2.47 2.34/2.20 4.02/2.32 4.06/2.39 2.11/2.94 3.86/2.51
IM-2G VW (0.5)/4.00 M (4)/3.03 4.35 4.71 3.00 2.52 3.28
IM-3G — — 5.42 5.13 4.95 5.10 5.53
IM-5G — — 3.98 4.14 5.48 5.44 4.75
2M-G2 — — 5.02 5.34 4.82 2.73 5.11
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Fig. 3 Stereoviews of the global and local minima of R and S epimers according to MM3* calculations. (A) Conformer A; (B) conformer B; (C)
conformer C; (D) conformer D; (E) conformer E. See Table 1 for the @, and @, torsions of the different conformers.

MM3*, the major conformer is not the natural one, but the exo-
@,/ non-exo-Pyy,, (65%) followed by the double exo conformer
(26%), and very minor contributions of C, D and E. In addition,
the conformational stability of the different conformers of both
epimers was checked by using MD simulations,* also with the
MM 3* force field. Some of the computed @,/ D, distributions
are displayed in Fig. 4.

Examination of proton—proton distances for the R/S epimers
of the five different conformational families reveals several values
of close to 2.5 A that are exclusive to one (or a maximum of

two) conformations of the R or S epimers. Observation of a
NOE" corresponding to any of these distances could indicate
the presence of the associated geometries and may be also helpful
in the assignment of the yet unknown R/S configuration. These
exclusive NOEs are shown in bold in Table 1.

Experimental confirmation of modeling data by NMR

The predictions from the force field calculations were compared
with the experimental data as determined from NMR to deduce
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Fig. 4 Frequency of sampling of @,/ @y, torsion angles from the MD simulations (MM3*) for R (top) and S (bottom) epimers.

the stereochemical assignment and final conformational distri-
bution for 3 and 4. The chemical shifts in D,O are listed in
Table 2. The assignment of the resonances was made through
a combination of COSY, TOCSY, 1D and 2D-NOESY/ROESY,
and HSQC experiments.

The J values for the ring protons indicate that all the pyranose
chairs adopt the usual *C, chair, independent of the size of the
molecule and of the nature of the C- or O-glycosidic linkage
(Table 3). The intermediate observed values for the C5-C6
lateral chains are in agreement with equilibria between the tg:gt
conformers for the Gal/pseudoGal rings and the gg:gt conformers
for the Man moieties.*

Table 2 'H NMR chemical shifts (J, ppm) and vicinal coupling constants
(J, Hz) for compounds 3 and 4

Comp. 30/ppm (J/Hz) 49/ppm (J/Hz)
HIM 4.32 (16.30, 8.69) 4.34 (15.43,7.02)
H2M 3.97 4.21

H3M 3.65 3.84 (8.78)

H4M 3.62 3.63

H5M 3.66 3.58

Hé6aM 3.82(—12.0) 3.80 (—12.04)
H6bM 3.72 3.64

CHF 5.13(47.55, 8.61) 5.09 (46.51, 6.98)
HI'G 3.39(29.75,10.3) 3.68

H2G 3.93(10.3) 3.89

H3'G 3.45(9.56) 3.42(8.88)

H4'G 4.07 4.06

HSG 3.61 3.61

H6'aG 3.72 3.71 (—=12.04)
H6'bG 3.66 3.69

Table 3 Expected J values (Hz) for the basic conformations around
&g, and Dy, angles for R and S analogues, deduced by applying the
generalized Karplus'” equation proposed by Altona'” to the geometries
provided by MM3* molecular mechanics calculations, and by applying the
Karplus-type equation for the Jy; constants'

Expected for conformer (//Hz) Exp. (J/Hz)
Atom pair A B C D E 3 4
R epimer
G-1'H/CHF 04 —03 7.9 4.7 42 <1 <1
G-1'H/F 34.2 36.2 151 122 162 29.6  overlap
M-IH/CHF 9.7 -04 0.8 80 04 8.6 7.1
M-1H/F 11.0 359 30.1 145 36.1 16.3 15.4
S epimer
G-'H/CHF 9.5 95 08 29 33 <l <1
G-1'H/F 8.3 11.0 335 145 145 29.6 overlap
M-1H/CHF 0.8 95 87 08 95 8.6 7.0
M-1H/F 321 11.0 145 335 150 163 154

In a second step, NOESY and ROESY experiments were
carried out to determine the intensities of the observed NOEs.
Experimental proton—proton distances were obtained as described
in the experimental section and compared to those estimated by the
MM 3* molecular mechanics and dynamics calculations (Table 1).
Experimental and calculated interglycosidic J values between the
proton or the fluorine attached to the intersaccharide bridge
and H-1Gal and H-1Man at the pseudoanomeric carbons were
also obtained (Table 3). The Karplus-type equation developed by
Chattopadhyaya was used for the theoretical values of the Jyp
constants."®

Comparison of the calculated H,H"* and H,F coupling con-
stants for compound 3 with the corresponding J values for the
geometries obtained from molecular mechanics, suggests that the
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possibilities for the major conformer population of 3 are the exo-
Gal/non-exo-Man conformer (i.e. A) of epimer R, or the non-
ex0-D g,/ exo-Dy,, (i.e. C) of epimer S. However, the observation
of a strong 1G-2M NOE, which is exclusive for conformer A,
and is not predicted for C, points to the R-epimer/conformer A
over the S-epimer/conformer C. This assignment is supported
by the observation of a NOE between CHF and 3M which is
also expected for the R-epimer/conformer A. A CHF-3M NOE
is also predicted for conformer D but a major contribution from
this conformer is unlikely, considering the weakness of the 1M-
2G NOE and the absence of 2M-2G, both of which are exclusive
NOEs for D. Therefore, compound 3 is the R epimer and on
the basis of J value analysis exists predominantly as a non-
natural conformer® with a major non-exo-anomeric conformation
around the @,,, glycosidiclinkage, i.e., the exo-Gal/non-exo-Man
conformer (90%), with a minor contribution from the natural exo-
Gal/exo-Man conformer (<10%). Thus, the exo-Gal/exo-Man
conformer for epimer R seems to be largely overestimated by the
MM3* simulations within MACROMODEL? (from 24% to less than
10%). The absence of the 1G-1M NOE, which is predicted to be
strong for conformer B is consistent with this conclusion.

Due to signal overlapping, only three of the four vicinal J values
were discernible for compound 4. Since these are very similar
to the corresponding values for 3, the same two possibilities,
i.e. R-epimer/conformer A and S-epimer/conformer C may be
considered. However, the lack of information for Jg,y,cr requires
that a third scenario, S-epimer/conformer E (anti-@ ¢,/ exo-Dp.,)
be entertained. The absence of an exclusive NOE for B (and A)
weighs against the possibility of 4 being the R-epimer/conformer
A. While the absence of a NOE does not generally exclude the
possibility of the associated conformation, the fact that the 1G—
2M NOE is not observed at all for 4 (whereas it is for 3), is more
in line with S-epimer/conformer C and/or S-epimer/conformer
E than R-epimer/conformer A. Strong CHF-3M and CHF-5M
NOEs support the presence of both conformers C and E but
an estimate of the conformer ratio is not possible because the
experimentally available J values for 4 are very similar to predicted
data for C and E. The observed J values do, however, rule out
the presence of A, B, and D. In any event, as is the case for
the R-epimer, the stability of the exo-Gal/exo-Man conformer
for epimer S is also overestimated by the MM3* simulations.
Therefore, the conformational behaviour of 3 (R-epimer) and 4
(S-epimer) is very different from each other, and from that of the
parent O-glycoside. The basis for these differences is presumably
rooted in steric and polar effects and remains to be investigated.

The interaction with P-selectin

The interaction of 3 and 4 with P-selectin was evaluated using
a soluble truncated form of human P-selectin in a Biacore assay
with an immobilized monomeric truncated form of human PSGL-
1 as the reference ligand.”* At 6 and 12 mM, 3 showed 19 and
39% inhibition respectively, and 4 showed 13 and 26% inhibition
respectively. O-Glycoside 1 exhibits 33 and 48% inhibition at these
concentrations, which is similar to the activity that was previously
noted for sLe* in the Biacore assay.**' Unfortunately, the similar
activity of 1, 3 and 4 does not allow for any clear structure—activity
conclusions. Nevertheless, it is noteworthy that 1 and 3, which both
exist mainly (>90%) as exo-Gal rotamers, are clearly more active

than 4, which does not appear to have an appreciable population
of this “natural” orientation.

Conclusions

As described in earlier studies,’ the conformational distributions
around the glycosidic linkages of the parent O-glycoside 1 and its
C-glycoside analogue 2 are rather different. 1 populates almost
entirely (>93%) the natural exo-Gal/exo-Man (B) conformation,
whereas 2 is very flexible and exists in this conformation in only
30% population, with four other conformational families, A (42%),
C (6%), D (10%) and E (12%), present in solution.® The present
investigation indicates that their fluorinated analogues also show
rather distinct conformational features. The R-fluoro-C-glycoside
3 exists predominantly as exo-Gal/nonexo-Man conformer A
(ca. 90%) with a minor population of B. The result for the S-
fluoro-C-glycoside 4 is not as conclusive, but it appears that this
analogue populates mainly non-natural conformers C and/or E.
With respect to their interaction with P-selectin both C-fluoro
disaccharides showed similar activity as the parent O-disaccharide.
In view of the very different conformational preferences, the
similar activity of these three analogues might be an indication
that they are not preorganized in an optimal conformation for
binding, and all incur similar energetic penalties in so doing. It is
possible that fluoro-C-glycoside mimics like 3 and 4 would provide
more meaningful structure—activity information in cases where the
glycosidic oxygen of the parent O-glycoside interacts directly with
the receptor. This is an avenue for future investigation.

Experimental
General

The synthesis of these compounds has been described elsewhere.’

Molecular modeling

Potential energy surfaces and population maps were calculated
using the MM3* force field," as implemented in MACROMODEL
7.1.2 The torsion angle @, is defined as HIMan-CI1Man-CHF—
Cl1Gal and @, as H1Gal-C1Gal-CHF-C1Man. In a first step,
a rigid @,/ P, map was calculated by using a grid step of 18°
at each torsion coordinate.”** The corresponding 400 conformers
were optimized by fixing @,/ Py, at each corresponding value
to generate the relaxed energy map. The probability distribution
was calculated from the energy values according to a Boltzmann
function at 300 K. In all the molecular mechanics and dynamics
calculations, the GB/SA solvation model for water was used.

The molecular dynamics simulations were also performed using
the MM3* force field within MACROMODEL 7.1. For molecular
dynamics simulations, several geometries, corresponding to the
different low energy minima, were used as input. A temperature of
simulation of 300 K was employed with a time step of 1.5 fs and
an equilibration time of 100 ps. The total simulation time for each
compound was 5 ns.

NMR spectroscopy

'"H-NMR (500 MHz) spectra were recorded at 30 °C in D,O, on
a Bruker DRX 500 spectrometer. Concentrations of ca. 5 mM of
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3 and 4 were used. Chemical shifts are reported in ppm, using
external TMS (0 ppm) as reference. The 2D-TOCSY experiment
(70 ms mixing time) was performed using a data matrix of 256 x
2 K to digitize a spectral width of 3000 Hz. Four scans were used
per increment with a relaxation delay of 2 s. 2D-NOESY (600,
800 and 1000 ms) and 2D-T-ROESY experiments (300, 400 and
500 ms) used the standard sequences. 1D-Selective NOE spectra
were acquired using the double echo sequence proposed by Shaka
and co-workers* at 250, 350, 450, and 550 ms of mixing time.
Distances were estimated from NOESY/ROESY experimental
data as follows: NOE intensities were normalized with respect to
the diagonal peak at zero mixing time. Selective 7'; measurements
were performed on the anomeric and several other protons to
obtain the values indicated in Table 1. Experimental NOEs were
fitted to a double exponential function, f(¢) = p0(e?")(1 — e*)
with p0, p1 and p2 being adjustable parameters.® The initial slope
was determined from the first derivative at time 1 = 0, //(0) =
pOp2. From the initial slopes, interproton distances were obtained
by employing the isolated spin pair approximation.

All the theoretical NOE calculations were automatically per-
formed by a home-made programme, which is available from the
authors upon request.”>*

P-Selectin inhibition assay

P-Selectin inhibition assays for 3 and 4 were performed using a
surface plasmon (Biacore) assay on a Biacore 3000 instrument,
following the published protocol.* Biotinylated 19¢k (a purified
monomeric truncated form of human PSGL-1) was immobilized
on SA sensor chip 11 and a soluble recombinant truncated form
of human P-selectin was delivered to the coated 19ek sensor chip
at 30 uL min™ and 25 °C in the presence or absence of the test
ligand (see supporting informationt).
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