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Abstract—Structures of heparin disaccharide have been analyzed by DFT using the B3LYP/6-3114++G** method. The optimized
geometries of two forms of this disaccharide, differing in the conformation (!Cy and 2So) of the IdoA2S residue, confirmed consid-
erable influences of the sulfate and the carboxylate groups upon the pyranose ring geometries. The computed energies showed that
disaccharide having the ' C, form of the IdoA2S residue is more stable than that with the %S, form. Interatomic distances, bond and
torsion angles showed that interconversion of the IdoA2S residue results in geometry changes in the GIcN,6S residue as well. Three-
bond proton—proton and proton—carbon spin—spin coupling constants computed for both forms agree with the experimental data
and indicate that only two chair forms contribute to the conformational equilibrium in disaccharide. Influences of the charged

groups upon the magnitudes of spin—spin coupling constants are also discussed.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Glycosaminoglycans (GAGs) are complex linear poly-
saccharides, which are constituted by disaccharide units
of an uronic acid and hexosamine. GAGs, such as hep-
arin, are involved in various important biological func-
tions and have been widely studied.'” Heparin is
made up by uronic acid (glucuronic acid or iduronic
acid) and hexosamine, predominantly 2-amino-2-
deoxy-D-glucose. These residues are substituted to vari-
ous degree by O- or N-sulfated (O-SO,~ or N-SO,")
groups. Pyranose ring conformations, as well as pendant
groups, have been the subject of particular interest as
they play key roles in intermolecular interactions with
proteins."*7 NMR,*® and theoretical analyses’ '>
showed that iduronic acid, and especially 2-O-sulfated
derivative (IdoA2S), is a flexible residue in heparin
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and heparin-derived oligosaccharides. Three forms,
'c,, 4Cy, and %S, are largely present in conformational
equilibrium of this residue. The populations of these
conformers depend upon the structure of neighboring
units, type of counterions and concentration. Theoreti-
cal analysis, together with experimental NMR spin—spin
coupling constants and NOEs, enabled estimation of
conformer populations in different oligo- and polysac-
charides.>37-8:13-18

As mentioned, heparin is heterogenecous polysaccha-
ride, however, it is prevalently constituted from repeat-
ing disaccharide units GIcN,6S-IdoA2S linked with
o-(1—4) linkage. This paper reports results from DFT
calculations of the methyl glycoside of heparin disac-
charide (GIcN,6S-IdoA2S-OMe) using the B3LYP/
6-311++G™* method. The optimized geometries were
carried out for two forms of this disaccharide, differing
in the conformations ('C4 and 2So) of the IdoA2S resi-
due. Previous analyses showed that high level basis sets,
including diffuse functions, are important when dealing
with saccharides bearing sulfate and carboxylate groups.
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Recent DFT calculations at the B3LYP/6-3114++G™
level of theory gave reliable energies and geometries
for several carbohydrates.'®*> Well-refined structures
are essential for calculations of other theoretical data,
such as NMR parameters. Calculations on structurally
similar compounds,? > obtained using the B3LYP/6-
311++G™ and B3LYP/6-31+G" basis sets, enabled cal-
culations of geometries, energies and NMR parameters.
Computed geometries were not comparable in several
parameters with those previously derived by molecular
mechanics or dynamics and prompted us to extent these
calculations on heparin disaccharide. In addition, DFT-
based NMR spin-spin coupling constants were com-
pared with experimental values measured in the same
compound.

2. Computational methodology

The geometry of heparin disaccharide [methyl O-
(2-deoxy-2-sulfamino-6-O-sulfo-a-Dp-glucopyranosyl)-
(1—4)-2-O-sulfo-a-L-idopyranosideuronate tetrasodium
salt; GIcN,6S-1doA2S-OMe] molecule has been com-
pletely optimized with the JAGUAR program?® using den-
sity functional theory (DFT)?’ with Lee—Young-Parr
(B3LYP)?® correlation functional and the 6-311++G™*
basis set. The IdoA2S residue was considered in two
conformers ('C, and 2S,, Scheme 1) whereas the
GIcN,6S residue was in the *C; conformation regardless
of the IdoA2S form. Starting geometries for optimiza-
tion were obtained by B3LYP/6-31+G* method.”
Hybrid functionals with the Slater local functional/
Becke88 nonlocal gradient correlation®® and Vosko—
Wilk—Nusair local functionals®' were used. Geometry
optimizations were obtained with the gradient optimiza-
tion routine, the convergence criteria were set to
1 x107%. Geometry was optimized without treatment

023

of solvent effects as previous data showed that continu-
ous solvent models do not reliably account for the reor-
ganization energy term in this type of compounds.’*
NMR proton—proton and proton—carbon spin—spin
coupling constants were computed with the Gaussian
03 program>? at the B3ALYP/DGDZVP level of theory.*?

3. Results and discussion
3.1. Geometry

As mentioned, the iduronate unit adopts various confor-
mations in heparin-like oligosaccharides. Computed
geometry of two forms of heparin disaccharide, differing
each other in the IdoA2S residue conformations, are
listed in Tables 1-3. Computed data indicate that the
bond lengths (Table 1) vary with the form of the IdoA2S
ring not only in the IdoA2S residue but in the GIcN,6S
residue as well. Interatomic separations in the IdoA2S
ring are comparable with the previously determined
theoretical®* and experimental®* data of the structurally
related compounds. The largest differences within the
IdoA2S residue are, as expected, in the CI1-Ol
(0.036 A), the S(2)-O and C6-O distances. Variations
in both S(2)-O and C6-O separations are due to the
presence of sodium ions in different positions with
respect to oxygen atoms. The interatomic distances in
the 2-O-sulfate group reveal that both S2-022 and
S2-023 are longer (1.493 and 1.497 A) than the S2-
021 distance (1.443 A) in the S, conformer. The bond
lengths and atomic charges (—0.594 and —0.622) on
both 022 and 023 suggest the resonance bond character
of the S2-022 and S2-023 linkages whereas the S2-021
bond is double bond. In the 'C, conformer, however,
021 and 022 oxygens are more negatively charged
(—0.550 and —0.656) than 023 and the S2-023 distance

063 °

021

Scheme 1. Schematic representations of heparin disaccharide. Two forms (1 and 2) correspond to different conformations ('C, and 2Sg) of the

IdoA2S residue. The GIcN,6S residue is in the *C; form.
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Table 1. Selected optimized (B3LYP/6-311++G**) interatomic dis-
tances (in A) in heparin disaccharide

Residue Bond 'c, 280

IdoA2S Cl1-C2 1.536 1.540
C2-C3 1.545 1.537
C3-C4 1.546 1.538
C4-C5 1.538 1.546
C5-05 1.432 1.447
C1-05 1.433 1.420
Cl1-01 1.392 1.428
C5-C6 1.531 1.548
C2-02 1.431 1.424
S2-02 1.704 1.692
S2-021 1.474 1.443
S2-022 1.494 1.493
S2-023 1.456 1.497
022-Nal — 2.277
023-Nal — 2.254
Ol1-Nal — 2.374
021-Nal 2.339 —
022-Nal 2.476 —
0O5-Na2 2.689 2.346
02-Na2 2.380 —
062-Na2 — 2.300
062-Na3 — 2.331
061-Na4 2.143 2.165
061-Na3 2.409 —
062-Na3 2.415 —
C6-061 1.276 1.248
C6-062 1.243 1.262
HI1-H2 2.573 3.023
HI1-H3 4.238 2.859
H2-H4 4.258 2.958
H2-H5 3.894 2.509

GlcN,6S Cl-C2 1.540 1.541
C2-C3 1.537 1.542
C3-C4 1.523 1.527
C4-C5 1.542 1.553
C5-05 1.430 1.437
C1-05 1.412 1.408
Cl1-01 1.423 1.423
C5-C6 1.531 1.534
C2-N2 1.473 1.461
S(N)-N2 1.758 1.705
S(N)-021 1.488 1.455
S(N)-022 1.489 1.522
S(N)-023 1.463 1.487
021-Nal 2.356 —
022-Nal 2.328 —
O1-Na2 2.358 2.941
022-Na2 — 2.333
023-Na2 — 2.268
N2-Na2 2.506 —
C6-06 1.443 1.434
06-S6 1.678 1.664
S6-061 1.506 1.511
S6-062 1.444 1.444
S6-063 1.488 1.491
061-Na4 2.427 2.316
063-Na4 2.272 2.310
061-Na3 2.305 —
04-Na3 2.375 2.240
03-Na3 — 2.768
HI1-H2 2.442 2.534

Table 1 (continued)

Residue Bond 'c, 2So
H2-H4 2.617 2.642
H3-H5 2.716 2.780

Two conformers ('Cy and 2S,) of the IdoA2S residue are considered.
The GIcN,6S residue is in the *C; form.

Table 2. Selected optimized and experimental bond angles (in degrees)
in heparin disaccharide

Residue Bond angle 'c, 28

IdoA2S 05-C1-C2 109.1 111.8
05-C1-01 113.3 109.6
01-Cl1-C2 109.1 109.8
C5-05-C1 112.1 112.8
C1-C2-C3 113.7 110.0
C1-01-Cype 114.2 112.6
C2-02-S2 122.7 119.6

GIcN,6S 05-C1-C2 109.7 108.8
05-C1-01 112.9 111.8
0O1-C1-C2 106.8 106.5
C5-05-C1 116.6 116.9
C1-C2-C3 110.5 105.0
C1-01-C4igon 120.1 120.0
C2-N2-S(N) 113.3 127.3
C5-C6-S(6) 111.8 114.0

Two conformers (1C4 and 2SO) of the IdoA2S residue are considered.
The GIcN,6S residue is in the *C; form.

is shorter (1.456 A). It also should be noted that the S2—
023 distance in the 2S, form is shorter than the S2-021
bond in the chair form. This is due to the different coor-
dination of Na-1 ion (-SO;~---Na'--.01) in the S,
conformer with respect to the chair form (Scheme 1).
Similarly, S(N)-O21 and S(N)-O22 separations are
longer (1.488 and 1.489 A) than the S(N)-023 distance
(1.463 A) in the GIcN,6S residue ('C4 chair form of
the IdoA2S). Even larger differences in bond lengths
between the S=O double bond (dsn) 021 = 1455 A)
and the other two bonds (dsmy 022 =1.522A and
dsNy-023 = 1.487 A) in the NSO, ™ group were obtained
for the %S, form of the IdoA2S residue. The bond dis-
tance variations were analogous also in the 6-O-sulfate
group. The above evidence of the two longer S—-O bonds
and one double bond in both NSO, ™ and OSO,~ groups
is in agreement with the published crystallographic data
of N-sulfated glucosamine™ where the measured S-O
distance of the double bond was 1.446 A.

Variations in bond angles (Table 2) were most signif-
icant in the pendant groups, for example, the bond an-
gles C2-02-S2 (IdoA2S) and C2-N2-S(N) (GIcN,68S)
varied up to 14°. Within the pyranose rings, the largest
changes were obtained in the anomeric part (e.g., O5—
C1-01, O5-CI-C2) in both residues. Interestingly, the
glycosidic linkage bond angle (Clgien.6s—O1-C4140a2s)
remained the same regardless of the IdoA2S form. The
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Table 3. Selected optimized and experimental torsion angles (in
degrees) in heparin disaccharide

Residue Torsion angle 'c, %S,

IdoA2S 05-C1-C2-C3 -50 26
C6-C5-05-Cl1 170 164
05-C1-C2-Cype -75 —65
Cl1-C2-C3-C4 42 -59
C2-C3-C4-C5 —43 27
C1-C2-02-S1 77 84
HI-C1-05-C5 —179 159
H1-C1-C2-C3 —164 -92
H2-C2-C3-C4 166 63
H3-C3-C4-C5 —162 -92
HI-C1-C2-H2 72 147
H2-C2-C3-H3 -74 -179
H3-C3-C4-H4 79 148
H4-C4-C5-H5 53 36
H4-C4-01-Clgyc -39 —44

GIcN,6S 05-C1-C2-C3 57 67
C6-C5-05-Cl1 176 168
05-C1-01-C4ygoa 51 68
Cl1-C2-C3-C4 —55 —62
C2-C3-C4-C5 50 48
C1-C2-02-S1 87 -82
H1-C1-05-C5 -177 179
H1-C1-C2-C3 173 -176
HI-C1-01-C4140a —67 -50
H2-C2-C3-C4 61 51
H3-C3-C4-C5 —69 —65
H1-C1-C2-H2 55 68
H2-C2-C3-H3 180 166
H3-C3-C4-H4 170 172
H4-C4-C5-H5 —167 —154

Two conformers ('C, and 2S) of the IdoA2S residue are considered.
The GIcN,6S residue is in the *C; form.

values of torsion angles (Table 3) indicated that sulfate
and carboxylate groups influenced the ring geometries
of both pyranose rings and pendant groups in heparin
disaccharide. Except of obvious differences in the
IdoA2S residue 3D structure, there are also variations
in the GIcN,6S residue. This comprises not only heavy
atoms (e.g., variations in the torsion angle in the array
05-C1-C2-C3) but hydrogens as well. The differences
up to 14° (H2—-C2—C3-H3) are relatively large and result
in different magnitudes of three-bond proton—proton
coupling constants in the two disaccharide forms. Such
an influence of the IdoA residue ring form upon the
3D structure of the GIcN,6S unit is remarkable. The
effects of sulfate and carboxylate groups, counterions,
and hydrogen bonds (see later discussion) thus results
not only in conformational change of the IdoA residue
but influence the structure of the GIcN,6S residue as
well. Such effects are not that profound as in the iduro-
nate unit but cannot be neglected and require further
analysis in other heparin-like saccharides. As expected,
¢, ¥ torsion angles (H1-C1-O1-C4goars, H4-C4-O1-
Clgienes) at the glycosidic linkage also varied with the
1doAZ2S ring form.

The coordination of sodium ions varied upon the
IdoA2S ring forms. In the 'C, chair form, Nalt and
Na2" were located between the N-sulfate and the 2-O-
sulfate groups (Scheme 1). In the %S, form, Nal®
adopted quite different position among anomeric Ol
oxygen and two oxygens from the 2-O-sulfate group.
The distances between Nal™ cations and adjacent oxy-
gens are comparable to each other in both forms and
are similar to experimentally observed sodium-to-oxy-
gen distances.* It should be noted, that the starting
positions (before geometry optimization) of Nal™ cat-
ions were the same in both conformations. Sodium cat-
ion changed considerably its position during
optimization in the 'C4 chair form whereas Nal™ re-
mained close to the anomeric O1 in the %S, form. Inspec-
tion of interatomic distances (Table 1) indicates that
there are differences also in Na2™ cations coordination.
In the 2S, form, Na2" adopted position among 022 and
023 of the N-sulfate group, O62 (the carboxylate oxy-
gen) and the OS5 ring oxygen in the IdoA2S unit (Scheme
1). This differs from the chair conformation where Na2™
cation was coordinated with O2 (IdoA2S) and N2 of the
N-sulfate group. Differences were obtained also for
intramolecular hydrogen bonds in the GIcN,6S residue.
In the skewed conformation, both OH3 and OH4 had
hydrogen bonds with the N-sulfate group (022) and
the 6-O-sulfate group (0O61), respectively. Unlike this,
OH4 had hydrogen bond with O6 in the GIcN,6S resi-
due in the chair conformation. The above data show
that the IdoA2S residue conformation considerably
influences also the hydrogen bonds in the adjacent
GIcN,6S unit.

Computed relative, zero-point vibrational (ZPVE),
and corrected relative energies based on the B3LYP/
6311++G™ geometry optimization of heparin disaccha-
ride conformers are in Table 4. The energy values indi-
cate that the 'C, conformer is more stable than the
skewed form. Significant populations of the 'C, form
in conformational equilibrium have been obtained in
previous DFT?** and molecular mechanics study’ in
structurally related compounds. On the other hand,
results of MD simulations'® agreed with considerable
interconversion among three forms ('Cy, *C;, and 2SO)
of the iduronate ring. Computed energy values (Table
4) suggest that the 'C, form is nearly exclusively present

Table 4. Calculated relative (AE), zero-point vibrational (ZPVE), and
corrected relative (AE.,,) energies (values in kcal/mol) based on the
B3LYP/6311++G** geometry optimization of the heparin
disaccharide

1C4 2 So
AE 0? 24.346
ZPVE 249.536 249.925
AEcor 0 24.735

Two conformers ('C, and 2S,) of the IdoA2S residue are considered.
#Energy: —3910.70734455.
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in equilibrium. High population of the 'C, conformer
agrees with experimental spin—spin coupling constants,
however, the presence of the skewed form is also
required to interpret the experimental data.

3.2. NMR spin—-spin coupling constants

Computed three-bond proton—proton coupling con-
stants in the H-C-C-H atom array (3JH,C,C,H) in hep-
arin disaccharide are given in Table 5. In general,
coupling constants depended upon torsion angles and
vary within the interval between 1.61 and 11.34 Hz. In
addition to obvious 3JH,C,C,H variations in the 'C,
and 2S, conformations (IdoA2S residues), *Jy c.cu
magnitudes also differed in the GIcN,6S residue. This
finding was rather surprising as this residue was in the
4C, conformation regardless of the IdoA2S conforma-
tion. In fact, published experimental data indicated dif-
ferences (in same cases quite considerable) in coupling
constants magnitudes in various GAGs.® However, de-
tailed analysis has not been performed. The present data
clearly showed that the pyranose ring geometry of the
glucosamine residue differed depending on the IdoA res-
idue conformation. As already mentioned, the variation
of the torsion angles were up to 14° (H2-C2-C3-H3)
and consequently, the Siccon magnitudes varied con-
siderably in some cases. For example, 3JH_1,H_2 were
3.70 Hz ('C4) and 2.17 Hz (*S,), respectively. Similar
large differences (9.20 and 7.66 Hz) were obtained for
3JH_4,H_5. It should be also noted that the computed
coupling constants were found comparable with those
previously obtained in monosaccharide IdoA2SOMe**
and the *Jy ¢ ¢y magnitudes varied within 1 Hz.
Ji.c_c_n magnitudes indicate that atom electroneg-
ativities and the presence of charged groups consider-

Table 5. Computed three-bond proton—proton coupling constants
(values in Hz) in heparin disaccharide

Conformation Residue  Array Torsion Jy ccn
of atoms angle

1 ¢ IdoA2S HI1-H2 7 1.61
H2-H3 —74 2.60

H3-H4 79 2.54

H4-H5 53 2.72

e GIeN,6S  HI-H2 55 3.70
H2-H3 180 11.34

H3-H4 170 9.40

H4-H5 —167 9.20

2 28, IdoA2S HI-H2 147 5.41
H2-H3 -179 11.15

H3-H4 148 4.87

H4-H5 36 5.09

e GIcN,6S  HI-H2 68 2.17

H2-H3 166 11.03
H3-H4 172 9.92
H4-H5 —154 7.66

Two forms (1 and 2) correspond to different conformations ('C, and
2S,) of the IdoA2S residue. The GIcN,6S residue is in the *C; form.

ably affect the values of coupling constants as well.
3JH_4,H_5 coupling constant in the IdoA2S (' Cy) is a good
example of such influence. Its value (2.72 Hz) is compa-
rable with the *Jiy3 y4 (2.54 Hz) but there is difference
of about 25° in the torsion angles (Table 5). Such differ-
ence in geometry would suggest much bigger variations
in the coupling constants magnitudes. Comparison of
this coupling constant (*Jy4p.s=2.72Hz) with
3JH_1,H_2 in the GIcN,6S residue in the same compound
1 (3JH_1,H_2 = 3.70 Hz) shows that nearly 1 Hz difference
was obtained for coupling constants with comparable
torsion angles (53° and 55°, respectively). Similar trends
were also observed in monosaccharide IdoA2SOMe.**

Comparison of theoretical and experimental
3Ju c o values® is shown in Table 6. Presented theo-
retical values were obtained as the best fit of varying
conformer populations to experimental data. The ratio
'C42Sy =79:21 led to a very good agreement between
theory and experiment and most of the computed cou-
pling constants were within the experimental error.
The largest differences were obtained for 3JH_4,H_5 in
both residues, however, the difference was larger
(1.5 Hz) in the GIcN,6S residue. In fact, 3JH_4,H_5 magni-
tudes in the GIcN,6S residues (corresponding to two
forms of the IdoA2S) were relatively small (9.20 and
7.66 Hz, respectively) thought the torsion angles would
suggest more than 1 Hz larger values.”> The computed
magnitudes seemed to be affected by other factors
(C4-C5 bond lengths, charges, O5 lone pairs) than tor-
sion angles exclusively, as already discussed in this and
previous papers.>*?°

Selected computed three-bond proton—carbon cou-
pling constants ( 3Juccc and 3JH7C707C) are listed in
Table 7. Both types of coupling constants follow the
Karplus-type relationship, however, the influences of
stereoelectronic effects are considerable in this type of
coupling constants as well. For example, magnitudes
of 3JH_1,C_1,0_5,C_5 in compound 1 are 4.40 Hz (IdoA2S
in the 'C, form) and 6.41 Hz in the GIcN,6S although
the torsion angles are comparable (181° vs 183°). Differ-

Table 6. Experimental (3rd column) and computed averaged
(1C428y =79:21) best-fit (4th column) three-bond proton—proton
coupling constants (values in Hz) in heparin disaccharide

Residue Array of atoms 3 iccon
Exp.* Comp.

IdoA2S H1-H2 2.3 2.4
H2-H3 4.6 44
H3-H4 3.4 3.1
H4-HS5 2.6 3.2

GIcN,6S H1-H2 3.6 3.4
H2-H3 11.4 11.3
H3-H4 9.5 9.5
H4-H5 10.4 8.9

#Taken from Ref. 35.
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Table 7. Computed three-bond proton—carbon coupling constants
(values in Hz) in heparin disaccharide

Conformation Residue  Array of atoms e x.c
Comp.
1 '¢ IdoA2S  HI-CI-05-C5 4.40
H5-C1-05-Cl 2.27
HI1-CI1-C2-C3 2.35
H3-C3-C2-Cl1 3.07
H4-C4-01-Clgye 3.17
e GIcN,6S  HI-C1-05-C5 6.41
H5-C1-05-Cl 1.28
HI1-C1-C2-C3 3.44
H3-C3-C2-Cl 1.16
H1-C1-O1-C4goa 0.81
2 2%, IdoA2S HI1-C1-0O5-C5 5.17
H5-C1-05-Cl 3.37
H1-C1-C2-C3 0.01
H3-C3-C2-Cl1 0.01
H4-C4-01-Clgie 3.30
‘c GIeN,6S  HI-C1-05-C5 5.88
H5-C1-05-C1 0.74
HI-CI1-C2-C3 2.25
H3-C3-C2-Cl1 2.08

H1-C1-O1-C4ygoa  1.97

Two forms (1 and 2) correspond to different conformations ('C, and
2SO) of the IdoA2S residue. The GIcN,6S residue is in the *C; form.

ent atomic charges, C1-O5 bond lengths and C1-O5-C5
bond angles seem to contribute to the above differences
in coupling constants magnitudes. Relatively small
magnitudes of computed proton—carbon interglycosidic
3JH-1,C-1,O-1,C-4(IdoA) coupling constants (0.81 Hz and
1.97 Hz, averaged value 1.05 Hz) are also interesting.
Conversely, 3JH-4,C-4,O-1,C-1(G]C) magnitudes are larger
and comparable each to other in both forms of the
IdoA2S residue (3.17 and 3.30 Hz). *J ¢ ¢ ¢ magni-
tudes depend also upon stercoelectronic effects. In
general, their contributions are smaller compared to
i coc coupling constants, but not negligible. About
1 Hz difference between 3JH_1,C_1,C_2’C_3 (3.44 Hz com-
pared to 2.25 Hz) in the GIcN,6S residues in 1 and 2 is
noticeable as both torsion angles (H-1,C-1,C-2,C-3)
are comparable (173° and —176°, respectively) to each
other.

In summary, presented theoretical data demonstrate
that DFT calculations at the B3LYP/6-311++G™** level
of theory offer good geometries of GAG compounds.
The effects of sulfate and carboxylate groups upon the
molecular geometry of heparin disaccharide can be
examined by DFT using the high level basis set. The
computed energies confirmed that more stable is disac-
charide having the IdoA2S residue in the ' C, chair form.
The results also showed that conformation of the
IdoA2S residue influenced the geometry of the GIcN,6S
ring, sodium coordination and hydrogen bonding. The
changes in molecular geometry resulted in different mag-
nitudes of spin—spin coupling constants in two forms of
the disaccharide. Time-averaged *Jy ¢ ¢y magnitudes

were in a good agreement with the published experimen-
tal data.
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