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ABSTRACT:. UDP-galactopyranose mutase (UGM) is the key enzyme involved in the biosynthesid.of Gal
In this study, reliable structural binding modes of the natural substrate, UD®-&al inhibitor, UDP,

in the UGM active site were provided with the combined use of STD-NMR spectroscopy, molecular
modeling, and CORCEMA-ST calculations. UDP-Gand 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. UDRGainpetes 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-@aias been obtained.

p-Galactofuranose (Gt residues are found as compo- Mycobacterium smegmatia model organism fo¥l. tuber-
nents of the cell walls of fungilj and mycobacteria such culosis(7). Therefore, the inhibition of either the intercon-
as Mycobz?\cterium tuberculosiand Mycobacterium leprae  version of Gab to GafF or the transfer of the Ghresidue
(1), and in cell-surface structures of protozoa such as (galactosylation) is a promising strategy for the development
Trypanosoma cruzandLeishmaniaspecies 2—4). Signifi- of new therapeutic agents. Consequently, knowledge of the
cantly, Gat is absent in mammalian glycoconjugat8s @nd  |igand binding properties of the enzymes, particularly the
its presence in cell-surface structures appears to be essentiglyact ligand topographies or epitopes that are recognized, is
for the survival and infectivity of microorganisms. Hence, yitical for the design of such inhibitors, and will also yield
the enzymes myolved in both the formation and_lncorporanon insights into the mechanistic aspects of iGzibsynthesis.
of Galf in bacteria and parasites have become important drug ) - )
targets. The first crystal structure of UGM fror&scherichia coli
UDP-galactofuranose (UDP-Ghlis known to be the EC 5.4.99.9 has been determined at 2.4 A rgsolyt&)n (
activated precursor for the construction of Basntaining The novgl strugture shows that the flavm nuclt_aotldg is located
oligosaccharides, and is synthesized from UDP-galactopy- " domain 1 with there face of the isoalloxazine ring open
ranose (UDP-Gal) in a reaction catalyzed by UDP-galac- t0 & cleft lined with conserved residues. Site-directed
topyranose mutase (UGMB(6). Gaf is then transferred ~ Mutagenesis studies indicate that this cleft contains the active
onto acceptors to form various glycoconjugates by galacto- Site; the sugar ring of the substrate UDP{Balis presum-
furanosyltransferase. UGM is critical for the viability of ably located adjacent to the exposed isoalloxazine ring of
FAD. It has also been established that the enzyme is active
" This work was supported by Discovery Grants administered by ONly when the flavin is reduced (SChem.e 8).(Rece_ntly,
the Natural Sciences and Engineering Research Council of Canada tethe structures of UGM fronM. tuberculosisandKlebsiella
both B.M.P. and D.AR.S. pneumoniaenith FAD have been determined at 2.25 and
*To whom correspondence should be addressed: Department of A . . .
Chemistry, Simon Fraser University, Burnaby, British Columbia, _2-2 reSOI_Ut'On! respectivel). The first structure O_f UGM
Canada V5A 1S6. Telephone: (604) 291-4152. Fax: (604) 291-4860. in the (active) reduced state has also been obtaine# .for

E'nggobnp?:ggffﬂﬁsérsit pneumoniaet 2.35 A resolution9). The structures of all
§ These authors contribu)t/éd equally to this work. four UGMs are esser!t@ally identical, with the only differences
'University of Saskatchewan. occurring in the positioning of a mobile loop located next

1 Abbreviations: Gd| galactofuranose; Galgalactopyranose; UMP, h ive si However m in the cr I
uridine 5-monophosphate; UDP-GalUDP-b-galactofuranose; UDP- to the active siteq). However, attempts to obtain the crysta

Galp, UDP-o-galactopyranose; UGM, uridiné-Biphosphate 1-galac-  Structure of the complex _Of _UDP'QBU and UGM have
topyranose mutase; FAD, flavin adenine dinucleotide; NMR, nuclear been unsuccessful. The binding mode of UDPg3ain the

magnetic resonance; STD, saturation transfer difference; TOCSY, total gctive site of UGM and the mechanism of UGM are not yet
correlation spectroscopy; CORCEMA-ST, complete relaxation and

conformational exchange matrix analysis of saturation transfer; rmsd, COMPpletely resolved, and are still the subject of active
root-mean-square deviation. investigation 8—11).
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STD-NMR spectroscopy has proven to be effective in the
study of binding of ligand to proteinl@). A dramatic

within monomer A and monomer B of UGM, obtained from
the X-ray crystal structure8], using AutoDock 3.016). On

the basis of the resulting complexes, theoretical STD effects
for the ligand protons were calculated using the CORCEMA-
ST program {3). The predicted STD values for UDP-@al

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 SpectroscopyThe NMR samples were prepared
according to our previously published meth@&l 18). To a
sample of UGM (1.0 mg) in phosphate-buffered saline
solution [50 mM KHPOWKH,PO, and 99% BRO (pH 7.6)]
was added either UDP-Gall (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
usingH—'H TOCSY and'H—'C HMQC NMR spectros-

advance in epitope mapping was provided recently by usecopy. The sample of reduced UGM was made by adding a

of simulated annealing refinement together with the
CORCEMA-ST programi3, 14) to derive bound conforma-
tions of ligands in the receptor proteits). We have recently
validated a protocol that combines STD-NMR effects with
AutoDock 3.0 (6) calculations and the calculation of
saturation effects using the CORCEMA-ST progrd8) (o
predict the binding modes of glycosidase inhibitors to Golgi
o-mannosidase 111(7). 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-Gpll, UDP 2, and galacto-
pyranose 1-phosphate (@al-phosphate® (Chart 1) with

freshly prepared sodium dithionite solution to the NMR
sample under an atmosphere of (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,yB./2r = 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 valuedq, 20). Thus, irradiation

UGM in both oxidized and reduced states. The epitopes of of —1.0 ppm is expected to result in saturation of protein

UDP-Gap 1 and UDP2 bound to UGM have been mapped.
NMR titration experiments have shown that UDP-(sal

resonances, from the aliphatic to the aromatic. Irradiation at
—1.0 ppm was also considered prudent in achieving selective

competes with UDR for binding to UGM, especially when  saturation of the protein resonances since a ligand resonance
UGM is in its reduced state. UDP-Gel, UDP 2, and Gap was present at 8.0 ppm. Subtraction of saturated spectra from
1-phosphat® were then docked into the putative active site reference spectra was performed by phase cyclifgZ0).



14082 Biochemistry, Vol. 44, No. 43, 2005

Yuan et al.

Measurement of enhancement intensities was performed byGalp 1-UGM or UDP 2—UGM complex generated from
direct comparison of STD-NMR spectra and reference one- the AutoDock {6) protocol. To accelerate the computation

dimensional'H NMR spectra. Data processing was per-
formed using XWINNMR (Bruker). Reference experiments

of the matrix, spectral densities were calculated for only those
proton pairs having a distance g6 A. In the calculations,

using the free ligands themselves were performed under theUDP-Gap 1 or UDP2 and the 26 amino acid residues within

same experimental conditions to verify true ligand binding.

the binding pocket were included. The parameters related

No signal was present in the difference spectra, indicating to relaxation were set up as suggested in previous publica-
that the effects observed in the presence of the protein weretions 26, 27). The order paramete® was set to 0.25 for

due to true saturation transfer.

Molecular Modeling.The molecular structures of UDP-
Galp 1, UDP 2, and Gap 1-phosphat@ for docking studies
were constructed with Sybyl 6.6 (Tripos, Inc.). The five-
membered ring moiety ofl and 2 was used in aE
conformation; the galactopyranose moietyloand 3 was
used in a*C; chair conformation. The structure energy

the methyl group Z8), while for methy-X relaxation, &

was generally kept in the range of 0.85. For Tyr and Phe, a
simple (1/rf0average 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 10Q}.

was set to 19 Since the dissociation constamy] of the

minimization was performed using the standard Tripos UDP-Gap 1-UGM complex was reported to be 40/ (29,

molecular mechanics force fiel@1) and GasteigerMarsili
charges 22, 23), with a 0.001 kcal/mol energy gradient

30), Keqg was set in the range of $010° and was modified
further to obtain the best fit. The final value used in the

convergence criterion. The atom charges were retained oncalculation was 190 The correlation time) was set in the

1-—3 for the docking calculations.
The 2.4 A resolution crystal structure of UGM (PDB entry

ranges of 0.32.0 and 26-60 ns for the ligand in the free
and bound states, respectively; after optimization, the final

118T) (8) was used as the model for the macromolecule in values were 0.3 and 50 ns, respectively. Since the protein
docking studies of—3. The model was prepared using Sybyl signals at-1.0 ppm were irradiated for the STD experiment,
6.6 (Tripos, Inc.). The water was removed. Only polar we made the reasonable assumption that the methyl protons
hydrogens were added to the protein, and Kollman united- in lle, Ala, Leu, and Val were instantaneously saturated, and

atom partial charge24) were assigned.

First, 2 and 3 were docked into the active site of UGM
using AutoDock 3.016). 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 compou2dmnd3, as well
as an electrostatic grid map using AutoGrid 31®)( The
grid maps were constructed using 8060 x 60 points, with

grid point spacing of 0.375 A, 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] was docked into the putative active site
of UGM. The UGM-2 and UGM-3 complex structures

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{[|o(k) — |(t)(k)]/|0(k)} x 100, with log being the
intensity of the signal of protok without saturation transfer

at time zero and(t)q being the intensity of protoR after
saturation transfer during the saturation tirneFor the
comparison to the experimental STD values, an NOE
R-factor is defined asi@)

— 2
R-factor= \/ Z(S‘*xptk Scslck)
> Soprd

In these equationS:pix andS.ack refer to experimental and

from the docking experiments described above served asc@lculated STD values for protdg respectively.

starting points for building an initial structure df This was
accomplished by linking the terminal P atom of UR®ith
the anomeric O1 atom &bound in UGM. Then, the torsion

RESULTS
Epitope Mapping of UDP-Galft and UDP2 in the UGM

angles between the uridine and galactopyranose moieties oBinding Site One-dimensional STD-NMR spectra for UDP-
1 were energy minimized to achieve a reasonable structure.Galp 1 and UDP2 in the presence of UGM in the oxidized
These procedures in effect placed a reasonable startingstate are shown in Figure 1. Significant STD effects were

structure ofl within the active site of UGM. All 15 active
torsions ofl were selected to be fully flexible during the
docking experiment with AutoDock 3.A.6). The grid maps
were constructed using 3070 x 70 points, with grid point
spacing of 0.375 A. The Lamarckian Genetic Algorithm
(LGA) was used with the default settings, and 500 LGA
docking runs were performed.

CORCEMA-ST CalculationsThe underlying theory of
CORCEMA-ST has been described previouslg, (14), as
have the details of executing the CORCEMA-ST protocol
(15, 25). The number of protons in UDP-Gall or UDP 2

observed in the spectra collected with and without spin-lock.

The largest STD effect was observed for the protons of the
uridine moiety, H1IR/H5U, in UDP-Gpll 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-Gall, although the STD

and the protons of the amino acid residues within the UGM intensities from UDP-Gal 1 were weaker. For the galactose
binding site, the number of protein protons that experience moiety in UDP-Gab 1, significant STD effects were
direct RF irradiation, and their identities were read into the observed for the H1G, H4G, and H6G protons, although the

program on the basis of the PDB coordinates of the UDP-

intensities were relatively weak compared with those from
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FiGURE 1: Expansions of the one-dimensioAlll NMR spectra of
(A) UDP-Gap 1 and (B) UDP2 at 600 MHz and 285 K in the
presence of UGM. The reference (bottom) and the STD-NMR
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FiGURe 2: Epitope mapping of UDP-Gall and UDP2 in the
UGM binding site (U for uracil, R for ribose, and G for

spectra (top) for each compound, recorded without water suppres-galactopyranose). The percentages reflect STD intensities relative

sion, are shown (U for uracil, R for ribose, and G for galactopy-
ranose).

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 Gal
1-phosphat&, under identical conditions, in which extremely
weak STD effects were observed (data not shown).
Competitve Binding of UDP-Galpl and UDP 2. Com-
petition studies were performed to determine if the two
ligands, UDP-Gal 1 and UDP2, bind at or near the same
site in UGM. STD-NMR titration experimentsl9) 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-Gab 1 was added to the UDP-UGM complex
in a 1:1 ratio, no STD NMR signals were observed from
UDP-Gap 1 (Figure 3C) until a ratio of 2:1 was reached
(Figure 3D). Furthermore, STD signals from UDP-@4l
were clearly seen at a UDP-@dl:UDP 2 ratio of 5:1 (Figure
3E). In contrast, UDR yielded intense STD-NMR signals,
and the signal intensity did not change significantly upon
addition of UDP-Gagb 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 UDR was added to the UDP-Gal
1-UGM complex in different ratios (data not shown). The
magnitudes of STD signals for UDP-@al were reduced
dramatically at a UDP-Gpl1:UDP 2 ratio of 1:0.2, and then

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 UMPUGM complex (see Figure 1 of
the Supporting Information).

and presence of sodium dithionite. Significant STD signals
were detected for UDP-Gall 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 redu&®d@ne-
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 Ggb 1-phosphat® and UGM, STD signals were
still very weak, even in the presence of dithionite, suggesting
that the UDP moiety in UDP-Gpll 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 UDR (Figures 3B and
4B) individually, the relative binding affinity of UDP-Gpl
1 and UDP2 exhibited dramatic changes upon the reduction
of UGM as shown in competitive titration experiments. STD-

disappeared at a ratio of 1:0.5, supporting the previous NMR experiments were performed for these two ligands in

conclusion.

Effect of Flavin Reduction on Ligand Bindind?revious
studies of UGM have indicated that the enzyme is active
only when flavin is reduced8]. STD-NMR experiments
were therefore carried out for the complex of UDP+&3|
UDP 2, and Gap 1-phosphat& with UGM in the absence

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 UDR Upon addition

of dithionite, STD signals from both ligands were observed,
even with a UDP-Gal 1:UDP 2 ratio of 0.2:1 (Figure 4C).
When UDP-Ggb 1 and UDP2 were present at a ratio of
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Ficure 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-Gab 1 at a concentration of
4 mM in the presence of 20M UGM. (B) High-affinity ligand
UDP 2 at a concentration of 4 mM in the presence of&0 UGM.
(C) UDP-Gap 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-Gal 1 were detected. (D) UDP-Qall:UDP 2 ratio

of 2:1 showing that very weak STD signals from UDP-4l
started appearing. (E) UDP-Gal:UDP 2 ratio of 5:1 showing
the STD signals from UDP-Ggll were observed (U for uracil, R
for ribose, and G for galactopyranose).
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1:1, significant STD signals from both ligands were observed
at the same time and the signals of UDP{&3hlvere slightly
stronger (Figure 4D). When the UDP-@al:UDP 2 ratio
reached 2:1, STD signals were mainly from UDP6&al
but the STD signals from UDPwere still observable (Figure
4E). These results clearly show that the relative binding
affinity of UDP-Gab 1 increased upon the reduction of
UGM.

Ligand Binding Mode in Monomer A of UGMwutoDock
(16) allows random movement of multiple ligand conforma-

Yuan et al.
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Ficure 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-Gap 1 at a concentration of 4 mM in the presence
of 20 uM UGM. (B) UDP 2 at a concentration of 4 mM in the
presence of 2&M UGM. (C) UDP-Gap 1:UDP 2 ratio of 0.2:1
showing that the STD signals from UDP-@dl were detected and
the STD signal intensities of UDPwere not affected significantly.
(D) UDP-Gap 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-Gall:UDP 2 ratio of
2:1 showing STD signals were mainly from UDP-@4dl and the
STD signals from UDR2 were still observable (U for uracil, R for
ribose, and G for galactopyranose).

0.326, which suggests that the predicted binding mode
correlates well with the results of the STD-NMR experiments
(15). This lowest-energy docked structurefrepresenting

a likely binding mode (shown in Figure 6A), does dock in
the putative active site of UGM, and interacts with Ala A55,
GIn A155, Trp A156, lle A167, Lys A169, Arg A278, Tyr
A311, Asn A314, Tyr A346, and FAD.

In our study, several methods were used to assign the STD

tions on the protein surface. Therefore, it is possible to Signals for HSU and HIR since the two peaks overlap.
explore the potential binding pocket or the binding modes Several options for determining a value for H5U were
of ligands once the crystal structure of a protein is available. available, for example, (a) calculating HSU/H1R as a pair
To obtain a viable binding mode for UDP-@al, UDP 2 and using the average STD intensity and (b) attributing the

and Gap 1-phosphat@ were used as initial probe molecules STD signal mainly to HIR, and giving a small value for
to explore the putative active site of UGM; the information HS5U. We have carried out calculations with CORCEMA-

was intended to facilitate the subsequent docking of UDP- ST with these different options for HSU/H1R. The test results
Galp 1 in the active site. showed that option b always gave a better fit with a lower
For 2 and 3, 300 docked structures, i.e., 300 runs, were R-factor. Information from the STD experiment for the
generated by using the Lamarckian Genetic Algorithm complex of UMP and UGM also supports our assignment
searches and were clustered according to the results differing(see Figure 1 of the Supporting Information). In the spectra
in positional root-mean-square deviation (rmsd). The lowest of the UMP-UGM complexes, H5U and H1R are separated
docked energy and the average energy of the cluster, togethewell and both protons exhibit STD signals. However, the
with the number of structures in each cluster, are listed in STD signal from H1R is strong and that from H5U weak,
Table 1 of the Supporting Information, ranked in order of as inferred in the results shown in Figure 1 for the UDP
increasing energy. Of 25 clusters of binding modes of UDP 2—UGM and UDP-Gg) 1-UGM complexes. Our modeling
2, the conformation with the lowest docked energyl (.38 data show that UMP exhibits a binding mode similar to that
kcal/mol) gave the best match with the experimental data of UDP-Gap 1 in the active site. For the STD intensities in
(Figure 5A). TheR-factor calculated by CORCEMA-ST is  the complex of UGM and UDP-Gpall, we chose to use the
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Ficure 5: Comparison of experimental and predicted STD values from the CORCEMA-ST protocol for (ARWD& (B) UDP-Gab 1

in the presence of UGM (U for uracil, R for ribose, and G for galactopyranose). Experimental STD values (gray bar) were calculated as
{llogy — (a0l 1o} x 100, withlgyy being the intensity of the signal of protérwithout saturation transfer at time zero alft) being

the intensity of protork after saturation transfer during the saturation timEheoretical STD values (white bars) are presented for the best
fitting mode of UDP2 and UDP-Gab 1, generated from the protocol combining AutoDock and CORCEMA-ST calculations. The calculations
were performed using the following parameters: order paran&ter0.85, the concentration of ligand was 4 mM, the ligand:protein ratio

was 100:1k.,n = 108, Kp = 10 uM, andz = 0.3 and 50 ns for the ligand in free and bound states, respectively.

=T S
Ficure 6: Binding modes observed for (A) UDE (B) Gab 1-phosphat®, and (C) UDP-G4al 1 in the putative active site of UGM from
docking calculations. A stereoview of the superpositiod oh 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 cdmfiounds
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 UDR, magenta for carbon for Gall-phosphate3, and green for carbon for UDP-Gel).

same value for H5U and H6U since similar intensities for representing 101 binding modes, according to the results
H5U and H6U were observed in the UMRIGM STD differing in positional root-mean-square deviation (2.0 A).
spectra. The lowest docked energy and the average energy of the
The lowest-energy docked structure of @atphosphate  first 25 clusters, together with the number of structures in
3, representing a likely UGM3 complex structure, was also  each cluster, are listed in Table 1 of the Supporting
located in the putative active site of UGM, close to FAD, Information, ranked in order of increasing energy. The
with a docked energy of 7.51 kcal/mol (Figure 6B). Ligand  dihedral angles of the conformations of UDP-@a&ldocked
3 is stabilized in the active site by interactions with residues in the active site of UGM are listed in Table 2 of the
Ala A55, Asn A80, Arg A278, Tyr A311, Tyr A346, and  Supporting Information.

FAD. On the basis of the final docked energies, the first 25
The UGM-2 and UGM-3 complex structures thus clusters of UDP-Gal 1 were analyzed in light of information
obtained served as starting points for building an initial from previous mechanistic studies. The various possibilities
structure of UDP-Ga 1. Five hundred docked structures, were also evaluated by calculating the expected STD effects
i.e., 500 runs, were generated and ranked in 101 clustersfor a particular binding mode using the CORCEMA-ST
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l&

PB) Gab 1-phosphates, and (C) UDP-Gagl 1 in
monomer B with that of UDP-Gpl1 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 compounds-3 are depicted as sticks (red for oxygen, blue for nitrogen, purple for phosphate, gray for carbons of FAD, white
for carbons inl in monomer A, and orange for carbonsli#3 in monomer B). Trp 156 and Phe 95 are also shown (in gray for monomer

A and in green for monomer B).

protocol, and then comparing these effects to the experi- Galp 1 (Figure 5B). A possible reason for this difference is
mental results. Current mechanistic proposals for UGM the slightly different positioning of the ribose moiety in UDP

indicated that the flavin isoalloxazine ring needs to be close 2 versus UDP-Gal 1 within the active site (see Figure 6).

to the anomeric position of the galactopyranose moiety to
perform electron transfeB(9) or form a covalent bondL().

We defer further optimization of UDP-Gal in the enzyme
active site to a future study.

Thus, according to the position of the galactopyranose ring  Role of the Flexible Loop in Substrate Bindir@n the

of 1 in the active site, clusters 6,41, and 13-25 were
judged to be less likely because the distanced.§ A)
between N5 of the FAD and the C1 position of the
galactopyranose moiety thare 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-Gap 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

basis of the differences in the positioning of a flexible loop
found in the crystal structures of UGM froi&. coli (two
conformations found, a “closed” conformation in monomer
A and an “open” conformation in monomer B) ar
pneumoniaeand M. tuberculosis(all found in an open
conformation) (Figure 3 of the Supporting Information), we
docked UDP-Gal 1, UDP 2, and Gab 1-phosphat@ 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 d&. coliUGM as our model, and unless

spectra (Figure 1), significant differences were observed noted, all references refer to this structure (PDB entry 118T)
between the protons in the galactopyranose moiety and thegg).

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 cluster

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 &). 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 arrangementreedge stacking
arrangement31). Our model indicates that the uracil moiety
of UDP-Gap 1 stacks against Trp A156 inaedge 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 low-factor (0.482),
was selected to represent the binding mode of UDRyGal
in monomer A, as shown in panels C and D of Figure 6.
The interactions between UDP-@al and the residues of
UGM identified from the docking studies are summarized
in Table 3 of the Supporting Information. It is worth noting

The most favorable binding mode of UZHN monomer
B (see the orange structure in Figure 7A), with the lowest
docked energy of-8.63 kcal/moal, is flipped in contrast to
that in monomer A. In this case, the uracil ringis 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 UDR in the active site are different
from those seen in monomer A. Comparison of the UDP
structures in monomers A and B, upon superimposition of
the two monomers, gave an rmsd of 8.11 A. Moreover, no
binding mode similar to that in monomer A was detected.

The lowest-energy docked structure of Balphosphate
3 in monomer B, with a docked energy ©f7.33 kcal/mol,
representing a likely UGM3 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, GIn 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 wa6.64 kcal/
mol; in contrast, that in monomer A was7.51 kcal/mol.

Comparison of the binding modes of UDP-@dl in

that whereas the fits between the predicted and calculatedmonomers A and B gave an rmsd of 5.59 A, with the lowest

STDs for the ribose moiety in UDR (Figure 5A) are
excellent, they appear to have be slightly worse for UDP-

docked energy in monomer B ef13.18 kcal/mol. In this
mode (Figure 7C), the galactopyranose rind.efas not in
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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 moietylofvith Arg

Biochemistry, Vol. 44, No. 43, 20094087

monomers A and B, respectively, whereas Bafactors for
highly ordered regions are around 24, Avhich suggests
that the loop is highly flexible. Although the two monomers

B278 was observed, as also observed in monomer A. Aof UGM can be superimposed with ax@msd of 1.46 A

binding mode that was similar to that in monomer A was
also found, although it did not belong to the cluster with the

for all 367 Gu atoms, the flexible loop is found in two
different conformations, a closed conformation in monomer

lowest docked energy. The docked energy for this structure A and an open conformation in monomer B. The straight-

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-Gxel were very

line distance traveled from theoGatom of A168 in monomer

A to that in B is approximatgl 7 A (see Figure 3 of the
Supporting Information). The same loop in the UGM
structures oK. pneumoniaendM. tuberculosiss opened
even further, with an additional movement of approximately
4 A (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

weak, which do not match the experimenta| data (Figure 2 of monomer A is different from that of monomer B because

of the Supporting Information).

DISCUSSION

Direct Insights for Ligand Binding Praded by STD-NMR
ExperimentsSTD-NMR studies, in conjunction with mo-
lecular modeling and CORCEMA-ST calculations of STD

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

effects, described herein have demonstrated for the first timegyijitate the reaction, and an opening of the surface edge of

in solution how UDP-Ga 1 is bound to UGM. Similar
epitope mapping for UDP-Gpll 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-Gall and UDP2 exhibited

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 bfand 2 in
monomer A have the lowest docked energies-@#.31 and

significant signals, suggesting that the interactions between_ 1 38 kcal/mol, respectively. These energies are lower than

UGM with the uridine moieties in these two ligands might
be critical for binding. As shown by the modeling study,

those in monomer B-(13.18 and—8.63 kcal/mol, respec-
tively). Second, the mode of binding 4fin monomer A

the interactions are mainly from the stacking arrangement f,om docking studies could explain the two flavin-dependent
between the uracil ring and the conserved aromatic residueSyechanisms for UGM [electron transfer mechaniSjand

in the active site of UGM. In contrast, Gal-phosphate
binds to the active site of UGM very weakly under identical

covalent bond formation mechanismi(f], but that in
monomer B could not. In both mechanisms, the galactopy-

experimental conditions. This result further indicates that the ;50se ring ofL should be close to the flavin isoalloxazine

uridine moiety plays a dominant role in binding of UDP-
Galp 1in the active site of UGM, which is useful information
for the design of novel inhibitors.

Itis true, however, that the interaction between UGM and
the galactopyranose moiety in UDP-@4lis also important

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”

for its binding, especially in the (active) reduced state, as of the active site upon binding@). Third, in monomer B,

confirmed by the competitive STD-NMR experiments in this
study. For the enzyme in the oxidized state, URRis an
inhibitor, has a higher binding affinity than the natural
substrate, UDP-Gpl1. However, when UGM is active in
its reduced state, the binding affinity of UDP-@al is

UDP-Gap 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 thatlL and 2 should bind at or near the same

increased and is higher than (or comparable with) that of site of UGM. Inconsistency was also shown in the results
UDP 2. We propose that this dramatic change might be of the CORCEMA-ST calculations based on the predicted
attributed to the interaction between the galactopyranosebinding mode in monomer B (see Figure 1 of the Supporting
moiety and the flavin isoalloxazine ring, as previously |nformation).
suggestedd) and corroborated by the modeling studies in  Presumably, the mobile loop is in a closed conformation,
this paper In the reduced state of UGM, more favorable as seen in monomer A, to facilitate the reactions between
interactions between FADHand the galactopyranose moiety the FAD and the substrate. If this mobile loop is open, as
in UDP-Gap 1 are provided that, in turn, manifest themselves seen in monomer B and the UGM structurekofpneumo-
as stronger binding for this ligand in the enzyme active site. niaeandM. tuberculosisintermolecular binding of—3 with
Role of Loops Explored in the Docking Studlyis not UGM might not be as favorable. The structure of the binding
surprising that the docking results far-3 in monomer B cleft in monomer A might be a closer approximation of the
are different from those in monomer A. In the X-ray structure substrate-bound active site.
of UGM from E. coli (8), the loop consisting of residues Binding Mode Inferred from the Combined STD-NMR and
155-172 hasB-factors as high as 31.74 and 43.93 iA Modeling Protocol Excellent correlation between STD-NMR
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experiments and theoretical prediction by CORCEMA-ST combined STD-NMR and molecular modeling protocol for

was obtained for the binding modes of UDP-Baland UDP the structural prediction of protetrligand complexes.

2, thus validating the model for the UGMUDP-Gap 1

complex In this mode, the bound UDP-Gal makes atotal ~ACKNOWLEDGMENT
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One-dimensionatH STD-NMR spectra of UMP in the

activity (8); however, roles for two other conserved tyrosines _ ; k
(Tyr 151 and Tyr 181) cannot be predicted from our model. Presence of UGM (Figure 1), comparison of experimental
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