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ABSTRACT: UDP-galactopyranose mutase (UGM) is the key enzyme involved in the biosynthesis of Galf.
In this study, reliable structural binding modes of the natural substrate, UDP-Galp, and inhibitor, UDP,
in the UGM active site were provided with the combined use of STD-NMR spectroscopy, molecular
modeling, and CORCEMA-ST calculations. UDP-Galp and UDP exhibited similar binding epitopes
recognized by UGM. However, the relative binding affinities of the ligands changed dramatically upon
reduction of UGM, as explored by competitive STD-NMR experiments. UDP-Galp competes with UDP
for binding to UGM, especially when UGM is in its reduced state. Docking studies for predicting the
binding mode within the active site of the two monomers in UGM explored the possibility that the mobile
loop might act as a gateway for substrate binding, and the structure of the binding cleft in monomer A
might be a closer approximation of the substrate-bound active site than monomer B. Important information
regarding the critical interactions of UGM with UDP-Galp has been obtained.

D-Galactofuranose (Galf)1 residues are found as compo-
nents of the cell walls of fungi (1) and mycobacteria such
asMycobacterium tuberculosisandMycobacterium leprae
(1), and in cell-surface structures of protozoa such as
Trypanosoma cruziandLeishmaniaspecies (2-4). Signifi-
cantly, Galf is absent in mammalian glycoconjugates (3), and
its presence in cell-surface structures appears to be essential
for the survival and infectivity of microorganisms. Hence,
the enzymes involved in both the formation and incorporation
of Galf in bacteria and parasites have become important drug
targets.

UDP-galactofuranose (UDP-Galf) is known to be the
activated precursor for the construction of Galf-containing
oligosaccharides, and is synthesized from UDP-galactopy-
ranose (UDP-Galp) in a reaction catalyzed by UDP-galac-
topyranose mutase (UGM) (5, 6). Galf is then transferred
onto acceptors to form various glycoconjugates by galacto-
furanosyltransferase. UGM is critical for the viability of

Mycobacterium smegmatis, a model organism forM. tuber-
culosis(7). Therefore, the inhibition of either the intercon-
version of Galp to Galf or the transfer of the Galf residue
(galactosylation) is a promising strategy for the development
of new therapeutic agents. Consequently, knowledge of the
ligand binding properties of the enzymes, particularly the
exact ligand topographies or epitopes that are recognized, is
critical for the design of such inhibitors, and will also yield
insights into the mechanistic aspects of Galf biosynthesis.

The first crystal structure of UGM fromEscherichia coli
EC 5.4.99.9 has been determined at 2.4 Å resolution (8).
The novel structure shows that the flavin nucleotide is located
in domain 1 with there face of the isoalloxazine ring open
to a cleft lined with conserved residues. Site-directed
mutagenesis studies indicate that this cleft contains the active
site; the sugar ring of the substrate UDP-Galp 1 is presum-
ably located adjacent to the exposed isoalloxazine ring of
FAD. It has also been established that the enzyme is active
only when the flavin is reduced (Scheme 1) (8). Recently,
the structures of UGM fromM. tuberculosisandKlebsiella
pneumoniaewith FAD have been determined at 2.25 and
2.2 Å resolution, respectively (9). The first structure of UGM
in the (active) reduced state has also been obtained forK.
pneumoniaeat 2.35 Å resolution (9). The structures of all
four UGMs are essentially identical, with the only differences
occurring in the positioning of a mobile loop located next
to the active site (9). However, attempts to obtain the crystal
structure of the complex of UDP-Galp 1 and UGM have
been unsuccessful. The binding mode of UDP-Galp 1 in the
active site of UGM and the mechanism of UGM are not yet
completely resolved, and are still the subject of active
investigation (8-11).
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STD-NMR spectroscopy has proven to be effective in the
study of binding of ligand to protein (12). A dramatic
advance in epitope mapping was provided recently by use
of simulated annealing refinement together with the
CORCEMA-ST program (13, 14) to derive bound conforma-
tions of ligands in the receptor protein (15). We have recently
validated a protocol that combines STD-NMR effects with
AutoDock 3.0 (16) calculations and the calculation of
saturation effects using the CORCEMA-ST program (13) to
predict the binding modes of glycosidase inhibitors to Golgi
R-mannosidase II (17). Excellent correlation between cal-
culated structures and those obtained by X-ray crystal-
lography was obtained. We report herein the STD-NMR
study of the complex of UDP-Galp 1, UDP 2, and galacto-
pyranose 1-phosphate (Galp 1-phosphate)3 (Chart 1) with
UGM in both oxidized and reduced states. The epitopes of
UDP-Galp 1 and UDP2 bound to UGM have been mapped.
NMR titration experiments have shown that UDP-Galp 1
competes with UDP2 for binding to UGM, especially when
UGM is in its reduced state. UDP-Galp 1, UDP2, and Galp
1-phosphate3 were then docked into the putative active site

within monomer A and monomer B of UGM, obtained from
the X-ray crystal structure (8), using AutoDock 3.0 (16). On
the basis of the resulting complexes, theoretical STD effects
for the ligand protons were calculated using the CORCEMA-
ST program (13). The predicted STD values for UDP-Galp
1 and UDP2 docked in monomer A compared favorably
with the experimental values, thus lending credence to the
binding model. Different results shown in the docking study
for monomer B allowed us to explore the role of the flexible
loop in UGM for substrate binding.

EXPERIMENTAL PROCEDURES

NMR Spectroscopy.The NMR samples were prepared
according to our previously published method (8, 18). To a
sample of UGM (1.0 mg) in phosphate-buffered saline
solution [50 mM K2HPO4/KH2PO4 and 99% D2O (pH 7.6)]
was added either UDP-Galp 1 (1.56 mg) or UDP2 (1.31
mg). The final ligand concentration was 4 mM at a ligand:
protein ratio of 100:1. The ligand resonances were assigned
using1H-1H TOCSY and1H-13C HMQC NMR spectros-
copy. The sample of reduced UGM was made by adding a
freshly prepared sodium dithionite solution to the NMR
sample under an atmosphere of N2 (8, 18).

The STD-NMR spectra were recorded on a Bruker AMX-
600 NMR spectrometer at 285 K, as described in previous
publications (19, 20). The STD-NMR spectra were recorded
with 1024 scans and selective saturation of protein resonances
at -1.0 ppm (30 ppm for reference spectra) using a series
of 40 Gaussian-shaped pulses (50 ms, 1 ms delay between
pulses,γB1/2π ) 110 Hz), for a total saturation time of 2.04
s. The protein resonances are broad and have significant
intensity in the region downfield from 10 ppm and even at
negative parts per million values (19, 20). Thus, irradiation
of -1.0 ppm is expected to result in saturation of protein
resonances, from the aliphatic to the aromatic. Irradiation at
-1.0 ppm was also considered prudent in achieving selective
saturation of the protein resonances since a ligand resonance
was present at 8.0 ppm. Subtraction of saturated spectra from
reference spectra was performed by phase cycling (19, 20).

Scheme 1

Chart 1
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Measurement of enhancement intensities was performed by
direct comparison of STD-NMR spectra and reference one-
dimensional1H NMR spectra. Data processing was per-
formed using XWINNMR (Bruker). Reference experiments
using the free ligands themselves were performed under the
same experimental conditions to verify true ligand binding.
No signal was present in the difference spectra, indicating
that the effects observed in the presence of the protein were
due to true saturation transfer.

Molecular Modeling.The molecular structures of UDP-
Galp 1, UDP2, and Galp 1-phosphate3 for docking studies
were constructed with Sybyl 6.6 (Tripos, Inc.). The five-
membered ring moiety of1 and 2 was used in a3E
conformation; the galactopyranose moiety of1 and 3 was
used in a4C1 chair conformation. The structure energy
minimization was performed using the standard Tripos
molecular mechanics force field (21) and Gasteiger-Marsili
charges (22, 23), with a 0.001 kcal/mol energy gradient
convergence criterion. The atom charges were retained on
1-3 for the docking calculations.

The 2.4 Å resolution crystal structure of UGM (PDB entry
1I8T) (8) was used as the model for the macromolecule in
docking studies of1-3. The model was prepared using Sybyl
6.6 (Tripos, Inc.). The water was removed. Only polar
hydrogens were added to the protein, and Kollman united-
atom partial charges (24) were assigned.

First, 2 and3 were docked into the active site of UGM
using AutoDock 3.0 (16). In these cases, the initial structures
of 2 and 3 were manually positioned within the putative
active site of UGM. Atomic affinity grid maps were
computed for each atom type in compounds2 and3, as well
as an electrostatic grid map using AutoGrid 3.0 (16). The
grid maps were constructed using 60× 60× 60 points, with
grid point spacing of 0.375 Å, and centered on the ligand.
A Lamarckian Genetic Algorithm (LGA) was used to search
each conformation space for low-energy binding orientations.
The default setting was adopted, and 300 LGA docking runs
were performed.

Subsequently,1 was docked into the putative active site
of UGM. The UGM-2 and UGM-3 complex structures
from the docking experiments described above served as
starting points for building an initial structure of1. This was
accomplished by linking the terminal P atom of UDP2 with
the anomeric O1 atom of3 bound in UGM. Then, the torsion
angles between the uridine and galactopyranose moieties of
1 were energy minimized to achieve a reasonable structure.
These procedures in effect placed a reasonable starting
structure of1 within the active site of UGM. All 15 active
torsions of1 were selected to be fully flexible during the
docking experiment with AutoDock 3.0 (16). The grid maps
were constructed using 70× 70× 70 points, with grid point
spacing of 0.375 Å. The Lamarckian Genetic Algorithm
(LGA) was used with the default settings, and 500 LGA
docking runs were performed.

CORCEMA-ST Calculations.The underlying theory of
CORCEMA-ST has been described previously (13, 14), as
have the details of executing the CORCEMA-ST protocol
(15, 25). The number of protons in UDP-Galp 1 or UDP 2
and the protons of the amino acid residues within the UGM
binding site, the number of protein protons that experience
direct RF irradiation, and their identities were read into the
program on the basis of the PDB coordinates of the UDP-

Galp 1-UGM or UDP 2-UGM complex generated from
the AutoDock (16) protocol. To accelerate the computation
of the matrix, spectral densities were calculated for only those
proton pairs having a distance ofe5 Å. In the calculations,
UDP-Galp 1 or UDP2 and the 26 amino acid residues within
the binding pocket were included. The parameters related
to relaxation were set up as suggested in previous publica-
tions (26, 27). The order parameterS2 was set to 0.25 for
the methyl group (28), while for methyl-X relaxation,S2

was generally kept in the range of 0.85. For Tyr and Phe, a
simple 〈1/r6〉 average was used for the dipolar relaxation
between the aromatic and other protons. On the basis of the
experimental conditions, the concentration of ligand was 4
mM and the ligand:protein ratio was kept fixed at 100:1.kon

was set to 108. Since the dissociation constant (KD) of the
UDP-Galp 1-UGM complex was reported to be 40µM (29,
30), Keq was set in the range of 104-106 and was modified
further to obtain the best fit. The final value used in the
calculation was 105. The correlation time (τ) was set in the
ranges of 0.3-2.0 and 20-60 ns for the ligand in the free
and bound states, respectively; after optimization, the final
values were 0.3 and 50 ns, respectively. Since the protein
signals at-1.0 ppm were irradiated for the STD experiment,
we made the reasonable assumption that the methyl protons
in Ile, Ala, Leu, and Val were instantaneously saturated, and
that magnetization would take a finite time to spread to other
protein and ligand protons (bound and free) through dipolar
networks and chemical exchange. STD values were calcu-
lated as{[I0(k) - I(t)(k)]/I0(k)} × 100, with I0(k) being the
intensity of the signal of protonk without saturation transfer
at time zero andI(t)(k) being the intensity of protonk after
saturation transfer during the saturation timet. For the
comparison to the experimental STD values, an NOE
R-factor is defined as (13)

In these equations,Sexpt,k andScalc,k refer to experimental and
calculated STD values for protonk, respectively.

RESULTS

Epitope Mapping of UDP-Galp1 and UDP2 in the UGM
Binding Site.One-dimensional STD-NMR spectra for UDP-
Galp 1 and UDP2 in the presence of UGM in the oxidized
state are shown in Figure 1. Significant STD effects were
observed in the spectra collected with and without spin-lock.
The largest STD effect was observed for the protons of the
uridine moiety, H1R/H5U, in UDP-Galp 1 and UDP2. Thus,
the STD intensity of this peak was set to 100% as a reference.
The relative STD intensities for other protons were calculated
on the basis of this peak intensity, as summarized in Figure
2.

All protons in UDP 2 exhibited strong STD signals,
suggesting that it is in close contact with the protein protons
in the UGM active site. Similar profiles were observed in
the STD-NMR spectra of UDP-Galp 1, although the STD
intensities from UDP-Galp 1 were weaker. For the galactose
moiety in UDP-Galp 1, significant STD effects were
observed for the H1G, H4G, and H6G protons, although the
intensities were relatively weak compared with those from

R-factor) x∑(Sexpt,k - Scalc,k)
2

∑(Sexpt,k)
2
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the uridine moiety. For other protons in this group (H2G,
H3G, and H5G), the STD signals were weak. This result
was reinforced by another STD experiment with Galp
1-phosphate3, under identical conditions, in which extremely
weak STD effects were observed (data not shown).

CompetitiVe Binding of UDP-Galp1 and UDP2. Com-
petition studies were performed to determine if the two
ligands, UDP-Galp 1 and UDP2, bind at or near the same
site in UGM. STD-NMR titration experiments (19) were
carried out at 285 K for the complexes of UGM with UDP-
Galp 1 and UDP2 in different ratios. Figure 3 shows that
when UDP-Galp 1 was added to the UDP2-UGM complex
in a 1:1 ratio, no STD NMR signals were observed from
UDP-Galp 1 (Figure 3C) until a ratio of 2:1 was reached
(Figure 3D). Furthermore, STD signals from UDP-Galp 1
were clearly seen at a UDP-Galp 1:UDP2 ratio of 5:1 (Figure
3E). In contrast, UDP2 yielded intense STD-NMR signals,
and the signal intensity did not change significantly upon
addition of UDP-Galp 1 (Figure 3C-E), clearly indicating
that UDP2 is the higher-affinity ligand for binding to UGM
in the oxidized state. STD-NMR titration experiments were
also repeated after UDP2 was added to the UDP-Galp
1-UGM complex in different ratios (data not shown). The
magnitudes of STD signals for UDP-Galp 1 were reduced
dramatically at a UDP-Galp 1:UDP2 ratio of 1:0.2, and then
disappeared at a ratio of 1:0.5, supporting the previous
conclusion.

Effect of FlaVin Reduction on Ligand Binding.Previous
studies of UGM have indicated that the enzyme is active
only when flavin is reduced (8). STD-NMR experiments
were therefore carried out for the complex of UDP-Galp 1,
UDP 2, and Galp 1-phosphate3 with UGM in the absence

and presence of sodium dithionite. Significant STD signals
were detected for UDP-Galp 1 and UDP2 under both these
experimental conditions, suggesting that these two ligands
can bind to UGM even when the enzyme is in its oxidized
state. Upon addition of dithionite to the NMR sample, the
color of the sample changed from yellow to colorless,
suggesting that the FAD in UGM had been reduced (9). One-
dimensional STD-NMR experiments were carried out im-
mediately after addition of dithionite, and each experiment
of 128 scans took 15 min. Experiments were continued for
24 h. However, no significant change in STD signal
intensities was detected over this period of time. For the
complex of Galp 1-phosphate3 and UGM, STD signals were
still very weak, even in the presence of dithionite, suggesting
that the UDP moiety in UDP-Galp 1 might play the dominant
role in its binding to UGM.

Although no significant change with the addition of
dithionite was observed from STD-NMR spectra for UDP-
Galp 1 (Figures 3A and 4A) and UDP2 (Figures 3B and
4B) individually, the relative binding affinity of UDP-Galp
1 and UDP2 exhibited dramatic changes upon the reduction
of UGM as shown in competitive titration experiments. STD-
NMR experiments were performed for these two ligands in
different ratios in the presence of reduced UGM (Figure 4).
As shown in Figure 3, when UGM was in the oxidized state,
the STD signals were mainly from UDP2. Upon addition
of dithionite, STD signals from both ligands were observed,
even with a UDP-Galp 1:UDP 2 ratio of 0.2:1 (Figure 4C).
When UDP-Galp 1 and UDP2 were present at a ratio of

FIGURE 1: Expansions of the one-dimensional1H NMR spectra of
(A) UDP-Galp 1 and (B) UDP2 at 600 MHz and 285 K in the
presence of UGM. The reference (bottom) and the STD-NMR
spectra (top) for each compound, recorded without water suppres-
sion, are shown (U for uracil, R for ribose, and G for galactopy-
ranose).

FIGURE 2: Epitope mapping of UDP-Galp 1 and UDP2 in the
UGM binding site (U for uracil, R for ribose, and G for
galactopyranose). The percentages reflect STD intensities relative
to H1R (100%). The STD intensity for H2R and/or H4R was
obtained from the overlapping peak at 4.28 ppm. The STD intensity
of H5U was estimated and set to the same value as that of H6U
based on calculation by the CORCEMA-ST protocol and the STD-
NMR experiments for the UMP-UGM complex (see Figure 1 of
the Supporting Information).
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1:1, significant STD signals from both ligands were observed
at the same time and the signals of UDP-Galp 1 were slightly
stronger (Figure 4D). When the UDP-Galp 1:UDP 2 ratio
reached 2:1, STD signals were mainly from UDP-Galp 1
but the STD signals from UDP2 were still observable (Figure
4E). These results clearly show that the relative binding
affinity of UDP-Galp 1 increased upon the reduction of
UGM.

Ligand Binding Mode in Monomer A of UGM.AutoDock
(16) allows random movement of multiple ligand conforma-
tions on the protein surface. Therefore, it is possible to
explore the potential binding pocket or the binding modes
of ligands once the crystal structure of a protein is available.
To obtain a viable binding mode for UDP-Galp 1, UDP 2
and Galp 1-phosphate3 were used as initial probe molecules
to explore the putative active site of UGM; the information
was intended to facilitate the subsequent docking of UDP-
Galp 1 in the active site.

For 2 and3, 300 docked structures, i.e., 300 runs, were
generated by using the Lamarckian Genetic Algorithm
searches and were clustered according to the results differing
in positional root-mean-square deviation (rmsd). The lowest
docked energy and the average energy of the cluster, together
with the number of structures in each cluster, are listed in
Table 1 of the Supporting Information, ranked in order of
increasing energy. Of 25 clusters of binding modes of UDP
2, the conformation with the lowest docked energy (-10.38
kcal/mol) gave the best match with the experimental data
(Figure 5A). TheR-factor calculated by CORCEMA-ST is

0.326, which suggests that the predicted binding mode
correlates well with the results of the STD-NMR experiments
(15). This lowest-energy docked structure of2, representing
a likely binding mode (shown in Figure 6A), does dock in
the putative active site of UGM, and interacts with Ala A55,
Gln A155, Trp A156, Ile A167, Lys A169, Arg A278, Tyr
A311, Asn A314, Tyr A346, and FAD.

In our study, several methods were used to assign the STD
signals for H5U and H1R since the two peaks overlap.
Several options for determining a value for H5U were
available, for example, (a) calculating H5U/H1R as a pair
and using the average STD intensity and (b) attributing the
STD signal mainly to H1R, and giving a small value for
H5U. We have carried out calculations with CORCEMA-
ST with these different options for H5U/H1R. The test results
showed that option b always gave a better fit with a lower
R-factor. Information from the STD experiment for the
complex of UMP and UGM also supports our assignment
(see Figure 1 of the Supporting Information). In the spectra
of the UMP-UGM complexes, H5U and H1R are separated
well and both protons exhibit STD signals. However, the
STD signal from H1R is strong and that from H5U weak,
as inferred in the results shown in Figure 1 for the UDP
2-UGM and UDP-Galp 1-UGM complexes. Our modeling
data show that UMP exhibits a binding mode similar to that
of UDP-Galp 1 in the active site. For the STD intensities in
the complex of UGM and UDP-Galp 1, we chose to use the

FIGURE 3: STD-NMR spectra for the competitive binding of UDP-
Galp 1 and UDP2 to UGM in the oxidized state at 600 MHz and
285 K. (A) Low-affinity ligand UDP-Galp 1 at a concentration of
4 mM in the presence of 20µM UGM. (B) High-affinity ligand
UDP2 at a concentration of 4 mM in the presence of 20µM UGM.
(C) UDP-Galp 1:UDP 2 ratio of 1:1 showing that the STD signal
intensities of UDP2 were not affected significantly and no STD
signals of UDP-Galp 1 were detected. (D) UDP-Galp 1:UDP2 ratio
of 2:1 showing that very weak STD signals from UDP-Galp 1
started appearing. (E) UDP-Galp 1:UDP 2 ratio of 5:1 showing
the STD signals from UDP-Galp 1 were observed (U for uracil, R
for ribose, and G for galactopyranose).

FIGURE 4: STD-NMR spectra for the competitive binding of UDP-
Galp 1 and UDP2 to UGM in the reduced state at 600 MHz and
285 K. (A) UDP-Galp 1 at a concentration of 4 mM in the presence
of 20 µM UGM. (B) UDP 2 at a concentration of 4 mM in the
presence of 20µM UGM. (C) UDP-Galp 1:UDP 2 ratio of 0.2:1
showing that the STD signals from UDP-Galp 1 were detected and
the STD signal intensities of UDP2 were not affected significantly.
(D) UDP-Galp 1:UDP 2 ratio of 1:1 showing that significant STD
signals from two ligands were observed and the signal intensities
for UDP 2 were slightly weaker. (E) UDP-Galp 1:UDP 2 ratio of
2:1 showing STD signals were mainly from UDP-Galp 1 and the
STD signals from UDP2 were still observable (U for uracil, R for
ribose, and G for galactopyranose).

14084 Biochemistry, Vol. 44, No. 43, 2005 Yuan et al.



same value for H5U and H6U since similar intensities for
H5U and H6U were observed in the UMP-UGM STD
spectra.

The lowest-energy docked structure of Galp 1-phosphate
3, representing a likely UGM-3 complex structure, was also
located in the putative active site of UGM, close to FAD,
with a docked energy of-7.51 kcal/mol (Figure 6B). Ligand
3 is stabilized in the active site by interactions with residues
Ala A55, Asn A80, Arg A278, Tyr A311, Tyr A346, and
FAD.

The UGM-2 and UGM-3 complex structures thus
obtained served as starting points for building an initial
structure of UDP-Galp 1. Five hundred docked structures,
i.e., 500 runs, were generated and ranked in 101 clusters,

representing 101 binding modes, according to the results
differing in positional root-mean-square deviation (2.0 Å).
The lowest docked energy and the average energy of the
first 25 clusters, together with the number of structures in
each cluster, are listed in Table 1 of the Supporting
Information, ranked in order of increasing energy. The
dihedral angles of the conformations of UDP-Galp 1 docked
in the active site of UGM are listed in Table 2 of the
Supporting Information.

On the basis of the final docked energies, the first 25
clusters of UDP-Galp 1 were analyzed in light of information
from previous mechanistic studies. The various possibilities
were also evaluated by calculating the expected STD effects
for a particular binding mode using the CORCEMA-ST

FIGURE 5: Comparison of experimental and predicted STD values from the CORCEMA-ST protocol for (A) UDP2 and (B) UDP-Galp 1
in the presence of UGM (U for uracil, R for ribose, and G for galactopyranose). Experimental STD values (gray bar) were calculated as
{[I0(k) - I(t)(k)]/I0(k)} × 100, with I0(k) being the intensity of the signal of protonk without saturation transfer at time zero andI(t)(k) being
the intensity of protonk after saturation transfer during the saturation timet. Theoretical STD values (white bars) are presented for the best
fitting mode of UDP2 and UDP-Galp 1, generated from the protocol combining AutoDock and CORCEMA-ST calculations. The calculations
were performed using the following parameters: order parameterS2 ) 0.85, the concentration of ligand was 4 mM, the ligand:protein ratio
was 100:1,kon ) 108, KD ) 10 µM, and τ ) 0.3 and 50 ns for the ligand in free and bound states, respectively.

FIGURE 6: Binding modes observed for (A) UDP2, (B) Galp 1-phosphate3, and (C) UDP-Galp 1 in the putative active site of UGM from
docking calculations. A stereoview of the superposition of1 on 2 and3 in the active site of UGM is shown in panel D. Domain 1 is colored
orange, domain 2 blue, and domain 3 cyan. The two flexible loops are colored yellow. FAD, the relevant side chains, and compounds1-3
are depicted as sticks (red for oxygen, blue for nitrogen, purple for phosphate, white for carbons of FAD and the relevant side chains,
amethyst for carbon for UDP2, magenta for carbon for Galp 1-phosphate3, and green for carbon for UDP-Galp 1).
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protocol, and then comparing these effects to the experi-
mental results. Current mechanistic proposals for UGM
indicated that the flavin isoalloxazine ring needs to be close
to the anomeric position of the galactopyranose moiety to
perform electron transfer (8, 9) or form a covalent bond (10).
Thus, according to the position of the galactopyranose ring
of 1 in the active site, clusters 6, 9-11, and 13-25 were
judged to be less likely because the distances (>4.5 Å)
between N5 of the FAD and the C1 position of the
galactopyranose moiety in1 are too long for formation of a
flavin-galactose interaction. In support of this conclusion,
the CORCEMA-ST calculations for these conformers pre-
dicted very weak STD effects for most of the protons of
UDP-Galp 1. Therefore, these binding modes can be
discarded. The experimental STD-NMR results for the UDP-
Galp 1-UGM complex were examined next, together with
the theoretical STD values predicted by CORCEMA-ST for
the remaining eight conformers. As shown by the STD
spectra (Figure 1), significant differences were observed
between the protons in the galactopyranose moiety and the
ribose moiety. Only five clusters (1, 2, 4, 7, and 12) provided
a good match with the experimental data, which showed
stronger STD values for the protons in the ribose moiety
than the galactopyranose moiety; consequently, these clusters
exhibit low R-factors (Figure 5B). Besides unsatisfactory
fitting to the experimental data, clusters 3, 5, and 8 could
also be rejected because the uracil ring moiety was distant
from Trp A156 that was presumed to form a stacking
interaction with the uracil ring and was previously shown
to be important for activity of UGM (8). A survey of the
Protein Data Bank reveals that the uracil moiety in a ligand
usually forms an interaction with an aromatic residue in
parallel-displaced stacking arrangement orπ-edge stacking
arrangement (31). Our model indicates that the uracil moiety
of UDP-Galp 1 stacks against Trp A156 in aπ-edge mode.

Therefore, on the basis of the combined analysis of
experimental STD-NMR effects and the predicted effects
from CORCEMA-ST calculations, cluster 1, with the lowest
docked energy (-14.31 kcal/mol) and a lowR-factor (0.482),
was selected to represent the binding mode of UDP-Galp 1
in monomer A, as shown in panels C and D of Figure 6.
The interactions between UDP-Galp 1 and the residues of
UGM identified from the docking studies are summarized
in Table 3 of the Supporting Information. It is worth noting
that whereas the fits between the predicted and calculated
STDs for the ribose moiety in UDP2 (Figure 5A) are
excellent, they appear to have be slightly worse for UDP-

Galp 1 (Figure 5B). A possible reason for this difference is
the slightly different positioning of the ribose moiety in UDP
2 versus UDP-Galp 1 within the active site (see Figure 6).
We defer further optimization of UDP-Galp 1 in the enzyme
active site to a future study.

Role of the Flexible Loop in Substrate Binding.On the
basis of the differences in the positioning of a flexible loop
found in the crystal structures of UGM fromE. coli (two
conformations found, a “closed” conformation in monomer
A and an “open” conformation in monomer B) andK.
pneumoniaeand M. tuberculosis(all found in an open
conformation) (Figure 3 of the Supporting Information), we
docked UDP-Galp 1, UDP2, and Galp 1-phosphate3 in the
active site of monomer B to compare the effects of the
position of the loop on substrate binding. The resulting
binding modes are considerably different from those found
with monomer A. All of the studies were carried out using
the crystal structure ofE. coli UGM as our model, and unless
noted, all references refer to this structure (PDB entry 1I8T)
(8).

The most favorable binding mode of UDP2 in monomer
B (see the orange structure in Figure 7A), with the lowest
docked energy of-8.63 kcal/mol, is flipped in contrast to
that in monomer A. In this case, the uracil ring of2 is close
to Phe B95, and the stacking interaction between Trp 156
and the uracil ring, observed in monomer A, is absent.
Consequently, the arrangement of residues and their interac-
tions with the bound UDP2 in the active site are different
from those seen in monomer A. Comparison of the UDP2
structures in monomers A and B, upon superimposition of
the two monomers, gave an rmsd of 8.11 Å. Moreover, no
binding mode similar to that in monomer A was detected.

The lowest-energy docked structure of Galp 1-phosphate
3 in monomer B, with a docked energy of-7.33 kcal/mol,
representing a likely UGM-3 complex structure, did dock
in the putative active site of UGM, but was not in the vicinity
of FAD (Figure 7B). It is stabilized in the active site by
interactions with residues Tyr B151, Gln B155, Arg B247,
Thr B277, Arg B278, Glu B298, and Tyr B311. We also
found a binding mode that was similar to that in monomer
A, but the docked energy for this structure was-6.64 kcal/
mol; in contrast, that in monomer A was-7.51 kcal/mol.

Comparison of the binding modes of UDP-Galp 1 in
monomers A and B gave an rmsd of 5.59 Å, with the lowest
docked energy in monomer B of-13.18 kcal/mol. In this
mode (Figure 7C), the galactopyranose ring of1 was not in

FIGURE 7: Comparisons of binding modes from docking calculations for (A) UDP2, (B) Galp 1-phosphate3, and (C) UDP-Galp 1 in
monomer B with that of UDP-Galp 1 in monomer A of UGM. Superposition of monomer A with monomer B is shown. Monomer A is
colored red, with the mobile loop colored yellow, and monomer B is colored blue, with the loop colored cyan. FAD, the relevant side
chains, and compounds1-3 are depicted as sticks (red for oxygen, blue for nitrogen, purple for phosphate, gray for carbons of FAD, white
for carbons in1 in monomer A, and orange for carbons in1-3 in monomer B). Trp 156 and Phe 95 are also shown (in gray for monomer
A and in green for monomer B).
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the proximity of the isoalloxazine ring of FAD. The uridine
ring of 1 did not form a stacking interaction with Trp B156,
but the interaction of the phosphate moiety of1 with Arg
B278 was observed, as also observed in monomer A. A
binding mode that was similar to that in monomer A was
also found, although it did not belong to the cluster with the
lowest docked energy. The docked energy for this structure
was-11.10 kcal/mol; in contrast, that in monomer A was
-14.31 kcal/mol.

Theoretical STD effects were also calculated with
CORCEMA-ST on the basis of the results from the docking
study for monomer B. However, whether the binding mode
of 1 was with the structure with the lowest docked energy
or the structure similar to that in monomer A, the predicted
STD effects for the uridine moiety in UDP-Galp 1 were very
weak, which do not match the experimental data (Figure 2
of the Supporting Information).

DISCUSSION

Direct Insights for Ligand Binding ProVided by STD-NMR
Experiments.STD-NMR studies, in conjunction with mo-
lecular modeling and CORCEMA-ST calculations of STD
effects, described herein have demonstrated for the first time
in solution how UDP-Galp 1 is bound to UGM. Similar
epitope mapping for UDP-Galp 1 and UDP2 was observed
in the STD-NMR experiments, suggesting that these two
ligands bind in the active site in similar orientations. In STD-
NMR experiments, both UDP-Galp 1 and UDP2 exhibited
significant signals, suggesting that the interactions between
UGM with the uridine moieties in these two ligands might
be critical for binding. As shown by the modeling study,
the interactions are mainly from the stacking arrangement
between the uracil ring and the conserved aromatic residues
in the active site of UGM. In contrast, Galp 1-phosphate3
binds to the active site of UGM very weakly under identical
experimental conditions. This result further indicates that the
uridine moiety plays a dominant role in binding of UDP-
Galp 1 in the active site of UGM, which is useful information
for the design of novel inhibitors.

It is true, however, that the interaction between UGM and
the galactopyranose moiety in UDP-Galp 1 is also important
for its binding, especially in the (active) reduced state, as
confirmed by the competitive STD-NMR experiments in this
study. For the enzyme in the oxidized state, UDP2, as an
inhibitor, has a higher binding affinity than the natural
substrate, UDP-Galp 1. However, when UGM is active in
its reduced state, the binding affinity of UDP-Galp 1 is
increased and is higher than (or comparable with) that of
UDP 2. We propose that this dramatic change might be
attributed to the interaction between the galactopyranose
moiety and the flavin isoalloxazine ring, as previously
suggested (8) and corroborated by the modeling studies in
this paper. In the reduced state of UGM, more favorable
interactions between FADH- and the galactopyranose moiety
in UDP-Galp 1 are provided that, in turn, manifest themselves
as stronger binding for this ligand in the enzyme active site.

Role of Loops Explored in the Docking Study.It is not
surprising that the docking results for1-3 in monomer B
are different from those in monomer A. In the X-ray structure
of UGM from E. coli (8), the loop consisting of residues
155-172 hasB-factors as high as 31.74 and 43.93 Å2 in

monomers A and B, respectively, whereas theB-factors for
highly ordered regions are around 24 Å2, which suggests
that the loop is highly flexible. Although the two monomers
of UGM can be superimposed with a CR rmsd of 1.46 Å
for all 367 CR atoms, the flexible loop is found in two
different conformations, a closed conformation in monomer
A and an open conformation in monomer B. The straight-
line distance traveled from the CR atom of A168 in monomer
A to that in B is approximately 7 Å (see Figure 3 of the
Supporting Information). The same loop in the UGM
structures ofK. pneumoniaeandM. tuberculosisis opened
even further, with an additional movement of approximately
4 Å (Figure 3 of the Supporting Information). This loop,
together with three other loops, flanks the binding cleft in
monomers A and B. Therefore, the shape of the binding cleft
of monomer A is different from that of monomer B because
of the movement of the loop.

On the basis of the results from the docking studies and
STD-NMR spectroscopy, a hypothesis could be put forward
with respect to the function of the mobile loop: the flexible
loop might act as a gateway for substrate binding. The
outcome of this loop movement is an apparent closure of
the surface edge of the cleft, as seen in monomer A, to
facilitate the reaction, and an opening of the surface edge of
the cleft, as seen in monomer B, to allow access of the
substrate to the active site. Our rationale is based on the
following arguments.

First, the most favorable binding modes of1 and 2 in
monomer A have the lowest docked energies of-14.31 and
-10.38 kcal/mol, respectively. These energies are lower than
those in monomer B (-13.18 and-8.63 kcal/mol, respec-
tively). Second, the mode of binding of1 in monomer A
from docking studies could explain the two flavin-dependent
mechanisms for UGM [electron transfer mechanism (9) and
covalent bond formation mechanism (10)], but that in
monomer B could not. In both mechanisms, the galactopy-
ranose ring of1 should be close to the flavin isoalloxazine
ring system, as shown in the binding mode obtained for
monomer A; however, it is distant from the FAD in the
binding mode in monomer B. Additionally, the spectroscopic
evidence of the perturbation of the redox potential of flavin
caused by the binding of UDP is consistent with the “closing”
of the active site upon binding (30). Third, in monomer B,
UDP-Galp 1 and UDP2 bound in different locations within
the UGM active site (Figure 7A, C). The result is in conflict
with the STD-NMR experimental data that suggest these two
ligands exhibit similar binding epitopes and competitive
binding, and that1 and2 should bind at or near the same
site of UGM. Inconsistency was also shown in the results
of the CORCEMA-ST calculations based on the predicted
binding mode in monomer B (see Figure 1 of the Supporting
Information).

Presumably, the mobile loop is in a closed conformation,
as seen in monomer A, to facilitate the reactions between
the FAD and the substrate. If this mobile loop is open, as
seen in monomer B and the UGM structures ofK. pneumo-
niaeandM. tuberculosis, intermolecular binding of1-3 with
UGM might not be as favorable. The structure of the binding
cleft in monomer A might be a closer approximation of the
substrate-bound active site.

Binding Mode Inferred from the Combined STD-NMR and
Modeling Protocol.Excellent correlation between STD-NMR

Ligand Binding to UDP-Galp Mutase by STD-NMR and Modeling Biochemistry, Vol. 44, No. 43, 200514087



experiments and theoretical prediction by CORCEMA-ST
was obtained for the binding modes of UDP-Galp 1 and UDP
2, thus validating the model for the UGM-UDP-Galp 1
complex. In this mode, the bound UDP-Galp 1 makes a total
of 21 interactions with UGM, as summarized in Table 3 of
the Supporting Information. All of the contacts between
UDP-Galp 1 and UGM involving amino acid side chains
are made with absolutely conserved residues, except the
contact to Asn 80, which is also found as a histidine. Tyr
311 and Tyr 346 were previously shown to be important for
activity (8); however, roles for two other conserved tyrosines
(Tyr 151 and Tyr 181) cannot be predicted from our model.
The uracil ring of1 forms a stacking interaction with Trp
156. The binding of the phosphate moiety of1 to Arg 278
was also observed, but no interaction of Arg 247 and the
phosphate group was found. This is consistent with the
sequences of the recently reported eukaryotic UGM homo-
logues, which do not have an Arg in this position (32). The
galactopyranose ring of1 was positioned close in space to
the isoalloxazine ring of the FAD on binding, and the
distance between N5 of FAD and the anomeric position of
the galactopyranose C1 atom was 3.01 Å. This close contact
is believed to be the structural foundation for the mechanism
of UGM, which is consistent with previous studies (8-10).
In this mode, the uridine moiety is surrounded by 15 residues
within 3 Å of theactive site in UGM. The galactopyranose
moiety is located adjacent to the flavin isoalloxazine ring
and faces a large cavity in the active site. Thus, the uridine
moiety should exhibit greater STD effects from the saturated
protein residues nearby, as indicated in the STD-NMR
experiments.

The prediction for the binding model described here is
based on the crystal structure of UGM in the oxidized state.
Recently, the crystal structure of UGM fromK. pneumoniae
in its reduced state was reported and indicated no significant
change for the active site of UGM upon the reduction of
FAD (9). In our STD-NMR experiments, the same STD
profiles were obtained for UDP-Galp 1 and UDP2 in the
complex with the oxidized and reduced UGM, suggesting
no significant change in the binding patterns upon the
reduction of UGM. The interactions between the galacto-
pyranose ring and the flavin isoalloxazine ring suggested by
modeling are also confirmed in the reduced state of UGM,
as also shown clearly by competitive STD-NMR experi-
ments. Thus, the binding mode obtained for UGM in the
oxidized state also provides insight into the binding of UDP-
Galp 1 to UGM in the reduced state.

In summary, STD-NMR experiments have provided direct
information which shows that UDP-Galp 1 exhibits different
binding affinities for UGM in its oxidized and reduced states.
Excellent correlation between experimental STD-NMR ef-
fects and those predicted by CORCEMA-ST suggested that
the structure of the binding cleft in monomer A might be a
good approximation of the substrate-bound active site, such
correlation not being observed for the substrate complexes
with monomer B. Docking studies within the active site of
the two monomers in UGM lead us to propose that the
mobile loop might act as a gateway for substrate binding.
The predicted model for the UDP-Galp 1-UGM complex
precedes one obtained by X-ray crystallography; the latter
result when available will serve as a test of the rigor of our

combined STD-NMR and molecular modeling protocol for
the structural prediction of protein-ligand complexes.
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SUPPORTING INFORMATION AVAILABLE

One-dimensional1H STD-NMR spectra of UMP in the
presence of UGM (Figure 1), comparison of experimental
and predicted STD values for the UGM-UDP2 and UGM-
UDP-Galp 1 complexes based on the docking studies for
monomer B (Figure 2), superposition of monomers A and
B of UGM from E. coli and UGM from K. pneumoniae
(Figure 3), calculated energies of UDP-Galp 1, UDP 2, and
Galp 1-phosphate3 docked in the active site of UGM (Table
1), dihedral angles of the conformations of UDP-Galp 1
docked in the active site of UGM (Table 2), and interactions
of polar groups of the bound model of UDP-Galp 1 with
residues in the active site of UGM (Table 3). This material
is available free of charge via the Internet at http://
pubs.acs.org.
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