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Abstract

The solution conformations of uridine diphosphoglucose (UDP-Glc) under a variety of conditions (solvent, ionic
strength, various mono- and divalent cations) have been studied by NMR spectroscopy (1H, 13C, 31P, and 25Mg). In
the case of divalent cations (Ca2+, Mg2+, Mn2+) the phosphate oxygens are the preferred coordination sites and
analysis of the 25Mg linewidths of solutions with various [Mg2+]/[UDP-Glc] ratios, indicates that the 1:1 Mg2+ –
UDP-Glc complex is the major species. From 13C relaxation data and hydrodynamic theory, it has been demon-
strated that under all conditions UDP-Glc adopts a fairly extended overall shape and that magnesium ions lead to
a significant increase in the average length of the UDP-Glc molecule as compared to monovalent cations. Thus, one
of the roles of the metal ion in enzymic reactions involving nucleotide sugars may be to preorganize the nucleotide
sugar. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Glycosyl esters of nucleoside pyrophos-
phates, often referred to as sugar nucleotides,
are major metabolites in the syntheses of gly-
cans and glycoconjugates. They undergo
many types of enzymatic reactions including
transformation of the glycosyl group (epimer-
ization, oxidation, reduction), splitting of the
pyrophosphate linkage, and transfer of the
glycosyl group to an acceptor [1]. The latter
class of reactions, which are mediated by gly-
cosyltransferases, proceed with remarkable se-
lectivity as a unique sugar nucleotide (glycosyl

donor) is stereoselectively transferred to a spe-
cific position of a given glycan or glycoconju-
gate (glycosyl acceptor). Due to the excellent
yields of these processes, glycosyltransferases
are now routinely used in the laboratory for
the syntheses of complex carbohydrates [2,3].
In vivo these enzymes operate in the presence
of a pool of sugar nucleotides and glycosyl
acceptors. The high specificity of the reactions
suggests that the recognition steps in the for-
mation of both the nucleotide sugar–glycosyl-
transferase and glycosyl acceptor–glyco-
syltransferase complexes are of paramount im-
portance.

In the case of uridine diphosphoglucose
(UDP-Glc) (Fig. 1), which was first isolated
by Leloir and coworkers [4,5], the effects of
chemical modification of the various func-
tional groups on the activities of different
enzymes have been extensively studied. Ko-
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chetkov and coworkers [6] distinguished three
classes of binding sites: (i) universally essential
sites including the hydroxyl group at C-3¦ and
the acylamido group (CONHCO) of the uracil
base, (ii) universally non-essential sites includ-
ing the double bond of the heterocyclic base
and the hydroxyl groups at C-2% and C-2¦, and
(iii) specific sites essential for some enzymes
and non-essential for others such as the hy-
droxyl groups at C-4¦ and C-6¦. They postu-
lated the existence of a notable fraction of
folded conformations stabilized by three in-
tramolecular hydrogen bonds (O-2···H�O-2%,
3-N�H···O-3¦, and O-4···H�O-2¦) to explain
their results. The existence of folded confor-
mations was also advocated to explain optical
rotation data for various sugar nucleotides
including UDP-Glc. The change in optical
rotation in going from an aqueous solution of
UDP-Glc to an 8 M urea solution of UDP-
Glc was interpreted as the reversible dissocia-
tion of an ordered to a random conformation
[7]. However, subsequent NMR studies of
UDP-Glc in aqueous solution indicated typi-
cal geometries for the various segments (4C1

form for glucose, a 1:1 mixture of C-2%-endo–
C-3%-endo ribose conformers, and an anti ori-
entation of the base) [8,9]. An extended
overall shape was proposed from a 13C NMR
study using the lanthanide induced-shift tech-
nique [10]. In this latter work, the lanthanide
ions were localized above the central oxygen
of the pyrophosphate group.

The molecular conformation in crystalline
disodium uridine diphosphoglucose contains
similar features to those of the solution state
for the sugar and base moieties (4C1 form for
glucose; C-2%-endo puckering for ribose; trans,

+gauche and trans (anti) orientations of the b,
g, and x torsion angles; the staggered form of
the pyrophosphate group) [11]. However, the
interactions between the sodium ions and
UDP-Glc are very different and two coordina-
tion sites are observed. The first site includes
O-2¦ and a Pb oxygen of one molecule, the
two base oxygens of a second molecule, and
two coordinating waters. The second site con-
tains four glucosyl oxygens (O-3¦, O-4¦, O-5¦,
and O-6¦), O-2 of a second molecule and one
water ligand.

Divalent metal cations such as Ca2+, Mg2+

or Mn2+ are necessary for the catalytic activ-
ity of many of the enzymes which metabolize
nucleotide sugars. Three crystal structures of
glycosyltransferases (a b-glucosyl transferase
[12], bovine b-(1�4)galactosyltransferase [13],
and a putative glycosyltransferase [14]) have
been reported to date and in the latter nucle-
otide sugar–enzyme complex Mn2+ was lo-
cated near the phosphorous oxygen (Pb) of the
nucleotide sugar. Certain metal ions (Ca2+,
Mg2+, Fe3+, Zn2+, etc.) are known to
strongly influence both secondary and tertiary
nucleic acid structure [15,16] and it appeared
conceivable that the role of the metal ion
might be to preorganize the nucleotide sugar.
Modeling of nucleotide sugar–metal interac-
tions would be expected to afford a basis for
understanding the role of the metal ion in
nucleotide sugar–metal complexes. The py-
rophosphate group has been studied with ab
initio approaches [17–20] and force field
parameters for both the CHARMM [17] and
AMBER [19] molecular mechanics programs
have been proposed. However, very little ex-
perimental data is available for validating the-

Fig. 1. Schematic drawing of UDP-Glc with atomic numbering and labels for the torsion angles of interest.
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oretical models of these metabolites interact-
ing with metal ions.

In the following study, a systematic investi-
gation of the effect of various cations and
solvant mixtures on the solution conformation
of UDP-Glc was undertaken by NMR spec-
troscopy. The strategy adopted included: (1)
determination of the localized conformational
preferences through coupling constant data,
and 1H, 13C and 31P chemical shifts, (2) esti-
mation of global molecular shapes of UDP-
Glc through fitting of multi-field
dipole–dipole carbon relaxation data with
spectral densities suitable for a flexible
molecule undergoing anisotropic overall tum-
bling [21–23] and conversion of the resulting
correlation times into molecular dimensions
on the basis of hydrodynamic theory, and (3)
evaluation of the metal binding site either
through diamagnetic shifts (alkaline earth
cations), 25Mg NMR or analysis of relaxation
data in the presence of paramagnetic species
(Mn2+).

2. Material and methods

Nomenclature.—The atomic numbering and
the usual torsion angle labels for UDP-Glc
[16] have been indicated in Fig. 1. In keeping
with the nomenclature used in the case of
nucleoside diphosphates and triphosphates,
the phosphorous atoms closest to the ribosyl
and glucosyl moieties will be referred to as Pa
and Pb, respectively. Three different arrange-
ments have been described for the pyrophos-
phate group, cis-planar eclipsed, staggered
and all-trans eclipsed (Fig. 2(a)). By analogy
with the convention adopted for nucleoside
pyrophosphates [16], metal chelates of UDP-
Glc will be referred to as D-cis, D-trans, L-cis
and L-trans (Fig. 2(b)).

The three preferred orientations of the glu-
cosyl v angle are referred to as gauche–
gauche, GG (−60°), gauche–trans, GT
(+60°) and trans–gauche, TG (+180°) [24].
The sign of the torsion angles are in agree-
ment with the IUPAC–IUB conventions [25].

Sample preparation.—Uridine 5%-diphos-
phoglucose disodium salt (20 mg) was dis-
solved in 1 mL of a 10 mM aqueous solution

of phosphate buffer containing 0.1% of
EDTA and 1% of TSP (internal reference for
the 1H and 13C spectra). This mixture was
lyophilized three times against D2O (99.8%,
SDS) and then dissolved in 0.5 mL of D2O
(99.96%, SDS) and sealed in an NMR tube
under argon after vacuum removal of dis-
solved oxygen. EDTA was omitted in the case
of the divalent cations (CaCl2·2H2O,
MgCl2·6H2O, MnCl2·4H2O, Fluka).

NMR spectroscopy.—1H and 13C 1D spec-
tra were acquired on various spectrometers
(Bruker AC 300, Varian Unity 400, Bruker
AM 400, and Varian Unityplus 500) at 25 °C.
The digital resolution of the 1D proton and
carbon spectra were 50.5 and 1 Hz/pt, re-
spectively. 31P NMR spectra were recorded at
25 °C with digital resolution of 0.2 Hz/pt
(Bruker AC200, QNP probe; Varian Unity
400, double-resonance H/C probe equipped
with a 31P accessory). The lock signal did not
drift during the entire session and therefore
the series of spectra were referenced to the
phosphate buffer offset frequency in the first
spectrum (standard conditions — 33 mM
UDP-Glc, 10 mM buffer, Na+ and K+ coun-
terions). Two series of 25Mg spectra were
recorded at 24.5 MHz (Bruker AM400) with a
multi-nuclear wide-band probe: one series in
which the [Mg2+]/[UDP-Glc] ratio was varied
systematically (0.1–80) and another with a
fixed [Mg2+]/[UDP-Glc] ratio of 2 in which
the temperature was increased in steps from
25 to 80 °C. T1 measurements were conducted
with the classical inversion-recovery sequence
and 8–10 t values ranging from 5 ms to 1.5 s
with the exception of the runs conducted in
the presence of Mn2+ where the t values were
shorter (5 ms to 1.2 s). In all cases at least two
sets of data (generally four sets) were recorded
to evaluate the experimental precision. Steady-
state nuclear Overhauser effects were mea-
sured with irradiation times and pulse
intervals greater than 5 times the longest pro-
ton T1. A total of 512 transients were recorded
with weak irradiation either at the frequency
of interest or outside the spectral range and
these FIDs were Fourier transformed with an
exponential line broadening factor of 1 Hz in
order to reduce noise.
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Fig. 2. (a) Eclipsed and staggered orientations of the pyrophosphate group. (b) Spatial arrangements of pyrophosphate chelates.
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2D experiments were recorded on the afore-
mentioned Varian spectrometers which were
equipped with double-resonance H/C gradient
probes. Quadrature detection was achieved in
the non-acquisition dimensions by the TPPI
[26] and the hypercomplex method [27] for the
homonuclear and HMQC experiments, re-
spectively. Phase-sensitive COSYDQF (1 Hz/
pt) [28] and TOCSY spectra (1 Hz/pt; a
MLEV-17 spinlock sequence corresponding to
a 60-ms mixing time followed by a 2.5-ms trim
pulse) [29] were acquired to assign the proton
spectrum. Quantitative phase-sensitive
NOESY spectra were recorded with mixing
times 0 and 1 second and recycle times of 5.24
s. Phase-shifted squared sinebell apodization
functions were applied in both dimensions and
the first points were scaled. Data were zero-
filled to 4096 and 2048 points in F2 and F1,
respectively. A polynomial baseline correction
was applied in F2 after Fourier transforma-
tion. Carbon assignments were obtained from
the HMQC experiment (1 Hz/pt) [30].

NMR computational methods.—Theoretical
carbon T1 data were established at 75.13,
100.6 and 125 MHz with a flexible residue
approach and typical values of the car-
bon�proton interatomic distance (1.095
rC�H51.11 A, ) [31]. Internal motion was taken
into account by using the full model-free spec-
tral densities [23] appropriate for axially sym-
metric anisotropic overall motion [21,22]
implemented in inhouse software.
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the C�H vector and the major axis of the
hypothetical cylinder encasing the UDP-Glc
molecule, tÞ and t// are the rotational correla-
tion times about the short and long axes of
the cylinder, and t is related to the effective
correlation time, te, of internal motion (1/t=
1/te+1/t0 where t0 is the molecular tumbling
time). In this formalism the amplitude (S2

C�H,
angular order parameter) and the effective
correlation time (te) of the internal dynamics
must be specified along with the molecular
tumbling times (tÞ and t//, axially symmetric
anisotropic overall motion). Dynamic parame-
ters were varied to optimize the fit between
theoretical and experimental T1 data (0.5B
S2

C�HB0.9; 50BteB200 ps; tc, tÞ and t//9
50% with respect to the values established
from hydrodynamic theory, vide infra). The
angles between the various carbon–proton
vectors and the axis of the cylinder were esti-
mated with inhouse software (FORTRAN) from
the Cartesian coordinates of the crystal struc-
ture of disodium uridine diphosphoglucose di-
hydrate after reorientating the molecule about
the axis of the principal inertial tensor with
CHARMM-22 [32].

Proton diamagnetic cation induced shifts
can be obtained from Buckingham’s theory
[33]:

Dd=k4.8(cos u)/r2

where r is the length (A, ) of the vector from
the charge to the middle of the C�H bond, u
is the angle between that vector and the C�H
bond, and k is a proportionality constant,
obtained empirically. This approach has been
extended to include treatment of diamagnetic
shifts for carbon by Batchelor [34].

In the case of certain paramagnetic relax-
ation reagents such as Mn2+, a complex is
formed between the paramagnetic species and
the molecule of interest. Due to the long elec-
tron-spin relaxation rates (T1e,2e�10−8 s in
the case of Mn2+) nuclear longitudinal relax-
ation rates of nearby nuclei are strongly en-
hanced while chemical shifts are not
noticeably affected. An r−6 dependence on the
nucleus–electron distance is observed in the
equation describing the contribution to the



C. Monteiro et al. / Carbohydrate Research 329 (2000) 141–155146

nuclear longitudinal relaxation rate from the
component spin on the paramagnetic species
[35,36].

Finally, expressions for the rotational dif-
fusion coefficients, D r

Þ and D r
// have been re-

ported for models of short cylinders [37,38]
with anisotropic ratios, p]2 (p=L/d, where
L and d are the length and the diameter of
the cylinder, respectively):

ph0L
3D r

Þ/3kT= ln(p)+dÞ

A0ph0L
3D r

///kT=p2/(1+d//)

where A0=3.84, dÞ= −0.662+ (0.917/p)−
(0.050/p2), and d//= (0.677/p)− (0.183/p2).

Molecular models.—A molecular model
was constructed from the Cartesian coordi-
nates of the crystal structure of disodium
uridine diphosphoglucose [11] with the
QUANTA-97 commercial package (MSI). The
C�H distances were then arbitrarily set to
1.10 A, with the QUANTA-97 software to
counter-balance the systematic errors associ-
ated with the proton positions in X-ray crys-
tal structures. After setting the NMR-defined
torsion angles to their experimental values
(either C-2%-endo or C-3%-endo ribose pucker-
ing; F, b, g and x — vide infra) various
internuclear distances were measured for two
structures with the pyrophosphate group in
either the trans staggered or the trans
eclipsed conformation, respectively, while sys-
tematically exploring the torsion angles be-
tween the pyrophosphate group and the
sugar moieties (C and a) in 60° steps.

3. Results and discussion

Conformational analysis based on NMR
coupling constant and NOE data.—The 1H
NMR assignments of UDP-Glc at pH 8 in
D2O have been reported previously [8] and
the data given in Table 1 for solutions of
UDP-Glc in various solvents (D2O, DMSO-
d6, MeOH-d4) and in the presence of alkali
and alkali-earth cations (Na+ and K+, Mg2+

, Ca2+) are analogous. The major conforma-
tional features established from vicinal
coupling constants with Karplus-type rela-
tionships and from NOE data as discussed in
earlier work [8] are as follows: the 4C1 form

for the pyranosyl ring, a predominant GG
orientation of the glucosyl pendant group in
aqueous solution with fairly equal popula-
tions of GG and GT rotamers in the organic
solvents (DMSO-d6, MeOH-d4) [39,40], fairly
equal C-2%-endo and C-3%-endo puckering
populations for the ribosyl ring, strong pref-
erences for the trans and g+ rotamers for the
b (76%) and g (83%) torsion angles [41,42],
typical anti orientations about the x torsion
angle (−1805x5−138° for C-3%-endo;
−1445x5−115° for C-2%-endo) [16], and
finally, a 90° orientation about the F [43].
This latter value also falls within the range of
privileged orientations (60°5F5135) re-
ported for the F angle of UDP-Glc with the-
oretical methods [19].

To complete the classical analysis based on
coupling constant and NOE data, steady-
state NOE difference spectra were recorded
with low-power saturation of the H-5%a, H-
5%b, and H-1¦ signals (also H-4%, spectrum not
given) for both the standard sample (mono-
valent cations) and the sample containing an
equivalent of MgCl2. The former series of
difference spectra have been given in Fig.
3(a–c) and these experimental data allow an
estimation of the time-averaged distance sep-
arating the sugar moieties. In the first two
spectra (Fig. 3(a and b), the H-5%a, and H-5%b
signals are saturated, respectively), very weak
interactions between both of the ribosyl
methylene protons and H-1¦ are detected in-
dicating an interatomic distance roughly be-
tween 4.5 and 5 A, . Close inspection of the
former spectrum also reveals an intraresidue
NOE between H-5%a and H-1% whereas such
an effect is not observed for H-5%b. The inter-
atomic distances between H-5%proR and H-
5%proS and the ribose anomeric protons were
estimated from molecular models of UDP-
Glc with the aforementioned NMR-defined
conformational features (trans and g+ ro-
tamer orientations of the b and g torsion
angles) and the ribose sugar in either the
C-2%-endo or C-3%-endo conformation. In
both cases the H-5%proS–H-1% distance
(�4.6–4.7 A, ) was shorter than the H-
5%proR–H-1% distance (4.9–5.2 A, ) and accor-
dingly the H-5%a signal has been tentatively
assigned to H-5%proS.
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Table 1
500 MHz 1H a and 81 MHz 31P b NMR chemical shift and coupling constant data for 33 mM buffered c solutions of UDP-Glc recorded under various conditions (solvent
and counterion d) at 298 K

D2O, D2O,Standard conditions: 8 M urea in D2O,D2O, DMSO–D2O 9/1 v/v, MeOD–D2O 4/1, 0.3 K+,
0.3 K+, 2.7 Na+D2O, 0.3 K+, 2.7 Na+ 3 K+, 9 Na+ 2.7 Na+0.3 K+, 2.7 Na+1 Ca2+1 Mg2+

5.70, dd5.68, dd 5.4, dd 4.18, dd5.63, dd 5.63, dd 5.67, ddH-1¦
7.37.3 7.7 7.77.1 7.3 6.9JH-1¦–Pb

4.0 3.63.73.53.7JH-1¦–H-2¦ 3.5 3.5
3.62, ddd3.60, ddd 3.13, ddd 1.92, ddd3.57, ddd 3.57, ddd 3.60, dddH-2¦
2.93.3 2.6 2.93.1 3.3 3.5JH-2¦–Pb

9.9 9.59.99.7JH-2¦–H-3¦ 9.59.99.8
3.85, c3.84, dd 3.45, dd 2.35, dd3.79, dd 3.81, dd 3.85, ddH-3¦

9.1 10.99.59.7 9.7JH-3¦–H-4¦ 10.19.5
3.56, t3.54, t 3.03, t 1.83, c3.49, t 3.49, t 3.53, tH-4¦

10.1 9.5 9.1 10.9JH-4¦–H-5¦ 9.7 9.7 9.5
3.99, c 4, c 3.48, c 2.44, cH-5¦ 4.00, c 3.91, c 3.94, c

1.82.22.4JH-5¦–H-6¦a 1.12
4.9 4.4 6.6 5.8JH-5¦–H-6¦b 4.4

3.76, dd 2.36, dd3.93, c3.96, d 3.83, cH-6¦a 3.93, dd3.89, dd
11.712.4 12.1 1112.8 10.2 12.8JH-6a¦–H-6b¦

3.85, d 3.92, d 3.45, c 2.2, dH-6¦b 3.88, c 3.80, dd 3.81, dd
6.07, d 6.07, c 5.77, c 4.49, t6.20, d 6.00, cH-1% 6.06, c

2.9 5.13.5JH-1%–H-2%

4.45, c4.45, c 4.07, dd 2.81, t4.30, c 4.40, c 4.46, cH-2%
5.5JH-2%–H-3%

4.46, c 4.45, c 4.07, dd 2.89, cH-3% 4.45, c 4.39, c 4.40, c
5.1JH-3%–H-4% 3.3

4.36, c 4.37, c 3.64, c 2.69, cH-4% 4.36, c 4.31, c 4.31, c
2.6JH-4%–H-5%a

4.32, c4.31, c 3.63, c 2.76, c4.28, c 4.31, c 4.26, cH-5%a
4.4JH-5%a–Pa 4.5 2.4

JH-5%a–H-5%b 11.8
3.63, c 2.76, c4.26, cH-5%b 4.25, c 4.24, c4.26, c4.22, c

5.55.5 4.4 45.4JH-5%b–Pa
2.93 2.72.9JH-5%b–H-4%

5.74, d 4.43, d6.05, c6.03, cH-5 6.01, d5.99, d6.05, c
7.85, d 6.54, dH-6 8.02, d 7.96, d 7.98, d 8.01, d 8.01, d
8.0 8.08.08.08.0JH-6–H-5 8.1 8.0

−12.14 −12.33 −12.20Pa
−14.01Pb −13.87−13.78

a Referenced to the residual solvent proton signal: HOD, 4.8 ppm; methanol-d4, 3.4 ppm; DMSO-d6, 2.5 ppm.
b Standard sample, PO4

3− 0.00 ppm (reference offset for divalent cations).
c 10 mM phosphate buffer.
d In equivalents with respect to UDP-Glc.
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Fig. 3. 400 MHz steady-state NOE difference spectra of a 33 mM sample of UDP-Glc under standard conditions (10 mM
phosphate buffer in D2O, 0.3 equiv of K+, 2.7 equiv of Na+) at 298 K acquired with irradiation of (a) H-5%proS, (b) H-5%proR
and (c) H-1¦, respectively.

O6erall molecular dimensions based on 13C
relaxation measurements and hydrodynamic
theory.—In the case of fairly small molecules
with overall molecular rotational reorientation
times in the range 0.1–0.6 ns, a satisfactory
description of molecular dynamics can be ob-
tained by fitting multi-field methine carbon
longitudinal relaxation data [44]. The main
relaxation pathway is the dipole–dipole mech-
anism and the theoretical T1 values are readily
expressed in terms of spectral densities appro-
priate for a flexible molecule undergoing ei-
ther isotropic (spherical shape proposed for a
folded molecule [6,7,20]) [23] or axially-sym-
metric anisotropic molecular tumbling (quasi
cylindrical shape postulated for an extended
molecule [8,9]) [21,22]. From the resulting de-
scriptors of rotational diffusion (D r

Þ=
(6tÞ)−1, D r

//= (6t//)
−1) it is then possible to

deduce the time-averaged molecular shape
from hydrodynamic theory [37,38]. In this
context fitting of methine relaxation data of-
fers two main advantages: (1) relaxation is
mainly due to the dipole–dipole interaction
with the directly attached proton and the cor-
responding internuclear distance can be con-

sidered to be fixed (1.11 A, [31]), and (2) due to
the low abundance of the 13C nuclei one is
dealing with an isolated spin system and both
higher spin-order and spin diffusion can be
neglected.

The experimental multi-field carbon longi-
tudinal relaxation times for the standard sam-
ple (Na+/K+) and for the one containing an
equivalent of Mg2+ have been collected in
Table 2. Methine T1 parameters were signifi-
cantly lower for samples containing Mg2+

ions (tubes prepared with either 1 or 2 equiva-
lents of Mg2+) when compared to those of
solutions with only monovalent cations (either
10 or 100 mM buffer samples) and these vari-
ations in the relaxation data were highly re-
producible. Perusal of the data in Table 2
reveals a considerable spread (20–30%) in T1

parameters for both types of samples (Na+/
K+ and Mg2+) at all magnetic field strengths
incompatible with isotropic overall tumbling.
Accordingly, theoretical data were established
for axially-symmetric anisotropic tumbling at
all three magnetic field strengths after estab-
lishing the angles made by the C�H vectors
with respect to the principal axis of inertia as
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described in Section 2. These theoretical data
were fitted to the experimental ones by explor-
ing physically realistic ranges of the dynamic
parameters (S2, t, tÞ, t//). Angular order
parameters reported for both disaccharides
[45] and triribonucleotides [46] lie between 0.5
and 0.8 while correlation times for internal
motion are within the 30–200 ps range. Mo-
tional models were considered to be satisfac-
tory when the summed squares of the
deviations between the experimental and cal-
culated T1 values (referred to as Rf) were
within the range of the summed squares of the
experimental deviations (standard sample,
Rf

expt=0.010; Mg2+, Rf
expt=0.007).

In the case of the sample containing an
equivalent of Mg2+ good agreement (Rf=
0.01) was obtained for the following values of
the dynamic parameters: 50 ps, 0.24 ns, 0.12
ns, and 0.7 for t, tÞ, t//, and S2, respectively.
Slightly shorter correlation times were re-
quired to reproduce (Rf=0.013) the experi-
mental data for the standard sample (50 ps,
0.18 ns, 90 ps, and 0.6 for t, tÞ, t//, and S2,
respectively) suggesting a smaller time-aver-
aged molecular volume. The molecular dimen-
sions were then deduced from the

corresponding rotational diffusion coefficients
according to the equations proposed for short
cylindrical objects by de la Torre and cowork-
ers [37,38]. A more extended cylinder (length
17.2 A, and radius 4.3 A, ) is found in the case
of the sample containing an equivalent of
Mg2+ than for the standard sample (length
15.2 A, and radius 4.0 A, ) (Fig. 4). It is to be
noted that reasonable fits to the experimental
data set were observed for S2 values between
0.6 and 0.9 whereas lower S2 values (B0.6,
corresponding to more flexible models) gave
both a poor fit and much too large overall
molecular dimensions (vide infra).

The more significant sources of error in the
estimation of the time-averaged molecular di-
mensions based on T1 data and hydrodynamic
theory were expected to be: (1) neglect of
cross-correlation (DD/CSA) in the treatment
of the NMR relaxation data [47], (2) neglect
of a microviscosity correction factor, f, to
account for departure from ideal conditions
where the ratio of the solvent radius to that of
the dissolved molecule is very small (50.01)
and the solvent can be treated as a continuous
medium characterized by a bulk viscosity [48],
and (3) the choice of the carbon–proton inter-

Table 2
Multi-field carbon longitudinal relaxation times (ms), chemical shifts (ppm) and heteronuclear 13C–31P coupling constants (Hz) for
33 mM buffered solutions of UDP-Glc recorded at 298 K in the presence of 2.7 and 0.3 equiv of Na+ and K+, and 1 equiv of
Mg2+, respectively a

Mg2+ Standard conditions: 2.7 and 0.3 equiv of Na+ and K+

75 MHzd (ppm)125 MHz100.6 MHz75 MHz 125 MHz d (ppm)100.6 MHz

446918 457919 549913C-1¦ 96.38 495939 511916 538938 96.34
7.32JC1¦–1 6.1

48499382923 573914 72.36486938 473916 72.25 469929C-2¦
8.58.53JC2¦–P1

73.64639434959951291773.59C-3¦ 42693745891345894
47397409915 517913 69.94446914 465918 69.88 473925C-4¦

430912 44199 461911 73.55C-5¦ 441914 48393 506939 73.57
61.073279142929328691161.03C-6¦ 2829826894255913

419911 434927 433944 89.28C-1% 406914 43393 47494 89.15
560927 74.54C-2% 512914 503915 478937 74.5 541925 53594

433938 474916 542933 70.34C-3% 490910 50299 53396 70.4
408914 435914 469934 83.86C-4% 462914 442910 460933 83.99

8.53JC4%–P2 8.5
232910 65.7279919242922479865.74221912 240928C-5%

6.12JC-5%–P-2 4.9
C-5 454915 454917 449915 103.4 441922 43796 462935 103.44

142.3841091139896393925142.38396933388914365921C-6

a The C-6 signal was set to 142.38 ppm in all spectra.
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Fig. 4. Molecular dimensions (length and radius of the hypo-
thetical cylinder encasing UDP-Glc) obtained from hydrody-
namic theory and the motional models which were calculated
from multi-field 13C longitudinal relaxation data (rC�H 1.11
A, ): (left) of the standard sample and (right) of the sample
containing 1 equiv of MgCl2. The values in parentheses
correspond to the motional models that were adjusted to take
into account cross-correlation (CSA-DD mechanism).

shown that the difference in high field relax-
ation behavior of the outer lines in the methyl-
ene multiplet results from dipolar-CSA
cross-correlation [49]. To estimate the errors
in overall molecular shape due to neglect of
this latter relaxation pathway the experimental
data in Table 2 were arbitrarily reduced by
15% (such a reduction has been measured for
a pentasaccharide [50] with a pulse sequence
which suppresses DD/CSA cross-correlation
[51,52]) and theoretical data were fitted to this
new set of T1 data. In the case of the sample
containing an equivalent of Mg2+, good
agreement (Rf=0.0075) was obtained for the
following values of the dynamic parameters:
50 ps, 0.32 ns, 0.16 ns, and 0.6 for t, tÞ, t//,
and S2, respectively. Fitting of this ‘corrected’
dynamic model to the expressions for rota-
tional diffusion revealed an increase in the
time-averaged molecular volume of UDP-Glc
(length 19.0 A, and radius 4.7 A, ). The same
tendancy was observed when the T1 data for
the standard sample (Na+/K+) were arbitrar-
ily reduced in a similar manner (50 ps, 0.24 ns,
0.11 ns, and 0.6 for t, tÞ, t//, and S2, respec-
tively, leading to a length of 17.3 A, and a
radius of 4.1 A, ) and the results of these calcu-
lations have been given in Fig. 4 (numbers in
parentheses). Simulations also revealed that
neglect of a microviscosity correction factor
also leads to an under-estimation of molecular
volume but the error was much smaller.
Finally, overall molecular dimensions in-
crease with the carbon�proton interatomic
distance, rC�H (�+10% for DrC�H= +0.03
A, ).

Cation complexation sites.—Interpretation
of the NMR data (Dd and T1 values) recorded
for UDP-Glc in the presence of metal cations
requires a precise picture of the UDP-Glc–
cation interactions: the fraction of molecules
in the bound state, the number of binding
sites, the atoms involved in the interaction,
and the geometry of the complex. Strong in-
teractions are observed for nucleoside di- and
triphosphate–metal complexes (UDP–Mg2+,
log K�3 [15]) and it has been demonstrated
that the preferred metal ion binding sites for
uridine nucleoside di- and triphosphate–metal
complexes are the phosphate oxygens [16,53].

atomic distance for the methine carbons [31].
In the case of the standard sample of UDP-
Glc, the relevance of DD/CSA cross-correla-
tion has been demonstrated through
measurement of apparent T1 values for the
various lines of the multiplets for the methine
and methylene signals in a proton-coupled
carbon T1 experiment (Table 3). It has been

Table 3
100.6 MHz proton-coupled inversion-recovery data a for the
lines of the carbon methine and methylene multiplets and
one-bond heteronuclear coupling constants of UDP-Glc in
the presence of monovalent cations (standard conditions)

1JC,H (Hz)Carbon Apparent T1 (ms)

C-1¦ 174 409, 496, 365, 415
570, 449145C-4¦
476, 251, 426144C-6¦

C-1% 422, 403168
150C-2% 621, 422
151C-2% 622, 408
150C-5% 378, 272, 321

C-5 479, 385177
C-6 185 628, 392

a Data fitted for monoexponentiel recovery with the Bruker
T1 routine. Values correspond to lines from low (left) to high
(right) field.
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In the case of carbohydrate–metal complexes
[54–56], only certain sugar configurations
(presenting adjacent axial–equatorial–axial
and triaxial hydroxyl groups) lead to signifi-
cant binding and for glucose very weak non-
specific interactions through pairs of hydroxyl
groups would be predicted.

Comparison of the 1H and 13C NMR chem-
ical shift data for samples of UDP-Glc that
have been acquired in the presence of mono-
valent cations (Na+, K+) with those of alka-
line earth cations (Ca2+, Mg2+) in Tables 1
and 2 reveals only very small (DdB0.05 ppm)

variations in the chemical shifts of UDP-Glc.
In the case of sialic acid which forms a strong
complex with Ca2+ (Kassoc 121 M−1), the cal-
cium-induced diamagnetic shifts for the pro-
tons and carbons closest to the cation were
0.316 (H-7) and 1.42 (C-8) ppm, respectively
[57]. It can be concluded that in the presence
of alkaline earth cations significant interaction
with the UDP-Glc sugar moieties does not
occur.

In contrast, substantial diamagnetic shifts
(Dd values) were detected for the phosphate
buffer signal, Pa (0.25 ppm), and Pb (0.30
ppm) in the presence of 2 equivalents of Mg2+

. The 31P Dd values have been plotted as a
function of the ratio of Mg2+ to UDP-Glc in
Fig. 5 and it can be seen that the diamagnetic
shifts increase strongly up to a mole ratio of
1:1 and more slowly for higher ratios suggest-
ing the formation of a strong 1:1 complex
followed by possible weaker binding of addi-
tional Mg2+ ions. Comparison of the Dd val-
ues of the UDP-Glc–Mg2+ complex with
those reported in a study [58] of the Mg2+

chelation of triply-charged geranyl diphos-
phate (90% of association; 0.68 and 1.58 ppm,
respectively, for the phosphorus a to the ter-
pene, Pa, and the doubly charged Pb) indicates
smaller effects for the former UDP-Glc–
Mg2+ complex. The diamagnetic shifts of the
phosphorus signals in Table 1 for the sample
containing an equivalent of Ca2+ are much
smaller than for those containing Mg2+ in
agreement with the weaker chelation of di-
and triphosphates by the former cation re-
ported in the literature [15].

Close inspection of the 81 MHz 31P spectra
of UDP-Glc as a function of the UDP-Glc–
Mg2+ ratio (Fig. 6) shows that both the Pa,
and Pb signals broaden with increasing
amounts of Mg2+. Moreover, in the presence
of UDP-Glc a strong increase in the 25Mg
linewidth is observed when compared to that
of an aqueous solution of MgCl2 (Fig. 7). In
the case of 23Na complexes of crown ethers
[59] similar phenomena are usually interpreted
in terms of fast quadrupole relaxation due to
the lack of cubic symmetry around the
quadrupolar ion in the complexed species
when compared to the solvated species. In a

Fig. 5. Plots of the variations in the phosphorous chemical
shifts as a function of the molar ratio of Mg2+ ions.

Fig. 6. 81 MHz 31P spectra of UDP-Glc recorded under
standard conditions (10 mM phosphate buffer in D2O, 0.3
equiv of K+, 2.7 equiv of Na+) and in the presence of various
molar ratios of Mg2+.
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Fig. 7. 24.5 MHz 25Mg NMR spectra of an aqueous solution of MgCl2 (above, Dn1/2 4 Hz) and a 33 mM sample of UDP-Glc
in the presence of 1 equiv of Mg2+ (below, Dn1/2 27 Hz).

series of 25Mg spectra in which the [Mg2+]/
[UDP-Glc] ratio was varied systematically, the
25Mg linewidths were fairly broad and constant
for ratios of less than 1, then decreased rapidly
until the ratio was close to 10 and finally
narrowed much more slowly to attain a six-fold
decrease for a [Mg2+]/[UDP-Glc] ratio of 80
(fully complexed species). The low signal-to-
noise ratio of the spectra recorded for low
Mg2+ concentrations made it difficult to accu-
rately estimate the linewidth of the fully-com-
plexed species limiting the precision of the
stability constant determined with this ap-
proach [60] but it can be surmised that the
major species (90%) is the Mg2+ –UDP-Glc
complex. Furthermore, line-narrowing was not
observed for spectra recorded in a temperature

range 25–80 °C indicating that the coalescence
of free and complexed species occurred at much
lower temperature and that chemical exchange
was not contributing significantly to the
linewidths. In the course of this study, slow
transformation of UDP-Glc into uridine 5%-
phosphate and a-D-glucopyranosyl 1,2-cyclic
phosphate (characterized from 1H, 13C [9] and
31P [61] chemical shift and coupling constant
data) was observed for the samples containing
the alkali-earth cations (Mg2+, Ca2+).

Selective line-broadening experiments (1H,
13C, 31P, etc.) have often been used to reveal
the formation of complexes between para-
magnetic species and organic molecules [62,63].
The 1H longitudinal relaxation times for solu-
tions of UDP-Glc containing 0.003 equiva-
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lents of Mn2+ and 1 equivalent of Mg2+ have
been collected in Table 4. The reduction in
proton T1 values in the presence of Mn2+ is
striking. The shortest proton T1 is observed
for H-1¦ (32 ms) followed by H-5%b (45 ms)
and H-6 (93 ms) indicating that these protons
are the closest to the paramagnetic species.
These data would be compatible with a com-
plex in which the Mn2+ ion was located
roughly between the two phosphate moieties.
Similar conclusions can be drawn from the
plots of the methine carbon longitudinal relax-
ation rates as a function of the Mn2+ concen-
tration in Fig. 8. The largest slope is detected
for the glucose anomeric carbon followed by
ribosyl C-3% and C-4% indicating that these

spins have the closest contacts with the para-
magnetic species. 31P spectra were also
recorded for these samples and severe line-
broadening is observed for the phosphate
buffer, the Pa, and the Pb resonances in agree-
ment with complexation of Mn2+ by both Pa,
and Pb phosphate oxygens.

Molecular dimensions and intersugar dis-
tances of model structures.—The n1 and n2

torsion angles of the pyrophosphate moiety of
the disodium salt of UDP-Glc adopt a stag-
gered conformation in the crystal [11] whereas
an eclipsed geometry is required to obtain the
2.8 A, distance between the phosphate oxygens
displayed in crystal structures where the py-
rophosphate group acts as a bidentate ligand.
As described in Section 2, molecular models
of UDP-Glc corresponding to staggered (0,
180°) and eclipsed (134, 102°) arrangements of
the pyrophosphate moiety with the two sugar
residues positioned in the trans orientation
(Fig. 2(b)) were used to summarily explore the
conformational space of the pyrophosphate
group (C and a torsion angles in 60° steps)
affording two sets of 36 structures. The other
torsion angles (sugar puckering, F, b, g and
x) were set to the NMR-defined values and no
attempt was made to optimize these structures
as realistic molecular modeling of medium-
sized charged molecules such as UDP-Glc
with appropriate methods such as molecular
dynamics simulations requires both the pres-
ence of counterions and explicit solvent. The
length of UDP-Glc (maximum extension, L)
and the two NOE-defined distances between
the sugar moieties (d1¦–5%proR, and d1¦–5%proS dis-
tances) were monitored for these sets of con-
formers to obtain a rough picture of plausible
ranges for these parameters. The average val-
ues for these distances for the two sets of
structures are collected in Table 5.

It can be seen that the average length of the
UDP-Glc molecule is similar for both eclipsed
(14.4 A, , 36 structures) and staggered (13.8 A, ,
36 structures) arrangements of the pyrophos-
phate groups and the average interglycosyl
distances are much too long (\5.4 A, ) to
generate the weak experimental NOE values
detected between H-1¦ and H-5%proR or H-
5%proS. As none of these geometries presented

Table 4
400 MHz 1H longitudinal relaxation times, T1 (in ms), of a 33
mM solution of UDP-Glc in the presence of divalent cations
(0.003 equiv Mn2+ and 1 equiv Mg2+) at 298 K

Protons Mn2+ T1 (ms) Mg2+ T1 (ms)

H-1¦ 32 1355
183H-2¦ 1291

H-3¦ 130 824
H-4¦ 1236328
H-5¦ 97 699

125H-6¦a 635
139H-6¦b 507
205H-1% 2503
132 aH-2%, H-3% 1121

H-4% 132 685
132H-5%a 475

H-5%b 45 398
H-5 2481205

93H-6 1081

a Overlapping resonances.

Fig. 8. Plots of the 100.6 MHz carbon relaxation rates of the
methine carbons of UDP-Glc as a function of the molar ratio
of Mn2+.
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Table 5
Average distance data a for sets of uridine diphosphoglucose structures with the pyrophosphate moiety in either the trans-eclipsed
or trans-staggered (n1 0°, n2 180°) arrangements. Conformers were obtained by varying the C and a dihedrals in 60°-steps while
maintaining the NMR-defined values of the other torsion angles (sugar puckering b, F, v, b, g, and x)

L (A, ) trans-Eclipsed (n1 134°, n2 102°) L (A, ) trans-Staggered (n1 0°, n2 180°)

d1¦,5%proR (A, ) d1¦,5%proS (A, ) d1¦,5%proR (A, ) d1¦,5%proS (A, )

6.0 5.9Total set (36 structures) 13.814.4 5.6 5.4
4.8 c 4.7 c 13.6 d 4.8 d 4.7 dNMR-compatible 15.0 c

a The L values correspond to the average value of largest interatomic distance for the specified set of structures.
b The values in the table correspond to C-2%-endo puckering but similar data were estimated for the C-3%-endo conformer.
c This set includes: 0BCB120, all values of a except the 150–270° range.
d This set includes: −60BCB60, all values of a.

short contacts (B3 A, ) that alone would be
capable of generating the experimental NOE
values if they represented a significant fraction
(5–10%) of the time-averaged population, it
appears that most of the UDP-Glc structures
that constitute the conformational mixture in
solution must display borderline (�5 A, ) in-
tersugar distances. When the average L was
computed considering only the structures in
each set with such d1¦,5%proR and d1¦,5%proS values
(3.5BrH,HB5.0 A, ), a significant increase in
the average length of the structures with the
pyrophosphate group in the eclipsed arrange-
ment (15.0 A, ) as compared to the staggered
form (13.6 A, ) was observed. These results
would explain the more extended conforma-
tion of UDP-Glc in the presence of Mg2+ as
compared to monovalent cations (Na+, K+)
that has been estimated from 13C longitudinal
relaxation times and hydrodynamic theory.

4. Conclusions

The present study has shown that in the
presence of monovalent cations UDP-Glc
adopts a fairly extended average overall
shape. Analysis of the proton, carbon, and
phosphorous diamagnetic shifts for samples
containing divalent cations has shown that the
phosphate oxygens are the preferred coordina-
tion sites. Magnesium ions form a stronger
complex (roughly 90% in the bound state from
25Mg NMR) than calcium ions and the UDP-
Glc–Mn2+ complex displays similar features

with coordination occurring at the phosphate
oxygens. Carbon relaxation data have shown
that magnesium ions lead to a significant in-
crease in the average length of the UDP-Glc
molecule as compared to monovalent cations.
The NMR-defined average molecular shape is
compatible with eclipsed arrangements of the
pyrophosphate group necessary for bidentate
chelation of the cation. These results corrobo-
rate the hypothesis that the role of the metal
ion in enzymic reactions involving nucleotide
sugars may be to preorganize the nucleotide
sugar. It can be seen from the schematic mod-
els in Fig. 2(b) (which were originally pro-
posed for pyrophosphates) that, in the case of
nucleotide sugars, metal ion chelation not
only temporarily positions the glucosyl and
ribosyl sugars either cis or trans with respect
to the newly-created six-membered ring but
also introduces two additional assymmetric
centers at the phosphorous atoms.

In future work, the experimental data de-
scribed in this account will be used to validate
MD simulations of UDP-Glc in the presence
of explicit water and mono- and divalent
cations.
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