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ABSTRACT. The flavoenzyme UDP-galactopyranose mutase (UGM) is a mediator of cell wall biosynthesis

in many pathogenic microorganisms. UGM catalyzes a unique ring contraction reaction that results in the
conversion of UDP-galactopyranose (UDP-@ab UDP-galactofuranose (UDP-GrlUDP-Gaf is an
essential precursor to the galactofuranose residues found in many different cell wall glycoconjugates.
Due to the important consequences of UGM catalysis, structural and biochemical studies are needed to
elucidate the mechanism and identify the key residues involved. Here, we report the results of site-directed
mutagenesis studies on the absolutely conserved residues in the putative active site cleft. By generating
variants of the UGM fronKlebsiella pneumonigewe have identified two arginine residues that play

critical catalytic roles (alanine substitution abolishes

detectable activity). These residues also have a profound

effect on the binding of a fluorescent UDP derivative that inhibits UGM, suggesting that the Arg variants
are defective in their ability to bind substrate. One of the residues, Arg280, is located in the putative
active site, but, surprisingly, the structural studies conducted to date suggest that Arg174 is not. Molecular
dynamics simulations indicate that closed UGM conformations can be accessed in which this residue
contacts the pyrophosphoryl group of the UDP-Gal substrates. These results provide strong evidence that

the mobile loop, noted in all the reported crystal
UDP-galactose substrate.

The cell wall of pathogenic microorganisms has been a
target for antimicrobial drugs for many years. Since this

structures, must move in order for UGM to bind its

tuberculosis (TB), a disease declared a global health emer-
gency by the World Health Organization (WHO) in 1993

highly complex and species-specific structure has a numberthat kills around 3 million people annually (more than AIDS

of components not found in humans and other higher
eukaryotes, the biosynthesis of the cell wall and its individual

and malaria combined)L4). M. tuberculosishas a unique
cell wall, consisting of an external mycolic acid layer

components continues to be an attractive target for develop-connected to the peptidoglycan through an arabinogalactan

ment of novel antimicrobial drugs. One such component is
p-galactofuranose (Gf), the 5-membered-ring form of
galactose. Gékesidues are found as components of the cell
walls of pathogenic bacteria such &scherichia coli
Klebsiella pneumoniaeandMycobacterium tuberculos{d—

5). It is also found in the cell walls of fungi such as
Aspergillus fumigatug6—=8), and in cell-surface structures
of protozoa such asrypanosoma cruzi9) andLeishmania
species 10—13). M. tuberculosisis the causative agent of
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layer. Gaf is a vital component of this arabinogalactan
complex (5, 16). The active precursor to Gak UDP-a-
p-galactofuranose (UDP-Gl which is converted from
UDP-ua-bp-galactopyranose (UDP-Galby the flavoenzyme
UDP-galactopyranose mutase (UGM). It has been shown by
McNeil and co-workers that UGM is essential for the
viability of mycobacterial5). Although a number of studies
have been carried out on UGM, the mechanism of ring
contraction is still not fully understood. Understanding this
mechanism can facilitate the development of novel anti-TB
therapies.

In the past few years, the structures of UGM fr&mcoli,
K. pneumoniaand M. tuberculosishave been determined
by X-ray crystallography X7, 18). These structures all
superimpose on each other with & @nsd under 1.20 A

University of Saskatchewan, Saskatoon, Saskatchewan, Canada S7Mver the entire monomer structure. The structures reveal that
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3JGM is a homodimer and member of the mix@( protein

class. The proposed active site cleft lies at the interface of
two domains: one is the structurally conserved flavin-binding
domain (domain 1), and the other is a novel 5 helical bundle
(domain 2). The previous structural studies have identified
several conserved residues that project into the active site
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FiGure 1: Proposed mechanism for the conversion of UDPpGalUDP-Gaf catalyzed by UGM. The iminium ion intermediat#) (s
formed through nucleophilic attack by the N5 of the reduced flavin and subsequent ring opening of the galactose adduct. A similar set of
transformations generates UDP-@G&lom UDP-Gaf.

and therefore are poised to participate in binding and catalysisof these arginine residues (Arg280) can be rationalized by
(18). To date there is no crystal structure of UGM complexed the crystal structures determined to date. It is located in
with substrates or inhibitors. All attempts to cocrystallize or proximity to the negatively charged pyrophosphate group.
soak substrates into the protein crystals have been unsucin contrast, the other arginine (Arg174) side chain is oriented
cessful (7—19): either no crystals or crystals of the away from the active site. This residue is located on a flexible
apoenzyme were obtained. Recently, an STD-NMR/molec- loop at the “mouth” of the active site. For it to play a role
ular modeling study was reported that offers insight into the in catalysis, this loop must rearrange upon substrate binding.
binding mode of UDP-Galwith UGM (20). In that study, This rearrangement is consistent with previously reported
a model for the binding of UDP-Galwas put forth; key studies on STD-NMR binding20).

features include an interaction of the uridine moiety with

the conserved tryptophan residue and the sugar ring inEXPERIMENTAL PROCEDURES

position to form a bond with the flavin isoalloxazine ring. Cloning. The wild-typeK. pneumoniagnutase gene and

A number of different roles have been proposed for the the mutant proteins W160A, Y155F, Y185F, Y346F, and
flavin, including nucleophilic attack2(), single electron  v314F were generated as described previousB).(The
transfer (9), hydride transfer§, 22),_charge stabilization, gene products all carry a C-terminal kitsg. Site-directed
and a structural role2@, 23). Mechanisms that have norole  yytagenesis for the rest of the mutant enzymes was carried
for the flavin have been put forward, including one involving oyt using the QuikChange XL kit (Stratagene, USA) and

compounds have been synthesized, but these neither inhibitg|jows:

nor serve as substrates for UGKI4( 25). Indeed, mecha-

nistic studies implicate a catalytic role for the flavin cofactor. rR174A B8-GCATCTATTCTTAAAGCTCTTCCTGTTCG

Specifically, a reduced flavin is required for catalytic activity; '
the oxidized flavoenzyme is inactivel§ 19, 21). The R280A S-CCAACAGGAAGAGCTTTAAGAATAGATGC

Kiessling group has proposed an alternative mechanism5-GTGCCCTATACTGCTATCACTGAACATAAATATTTTTC

involving a flavin-galactose iminium intermediate (Figure g GaAAAATATTTATGTTCAGTGATAGCAGTATAGGGCAC
1), and they have demonstrated that the reduction product
of this intermediate can be generated using NaChNEH). E301A S-CTCTGTTATAAAGCGTATAGCCGTGC

A variety of additional mechanisms have been proposed for 5-GCACGGCTATGCTTTATAACAGAG
UGM (19, 21-23, 26, 27); however the current data best p351A 5-CCGTTACCTTGCTATGATGTGACC
support_ the nucleophilic mechanism (F|gu_re 1). _ 5 GGTCACATCATAGCAAGGTAACGG
Despite the wealth of structural and biochemical data, —
questions remain about the mechanism and the role of the H60A S-GTTTATGGACCCGCTATTTTCCATACTGAC
flavin. We reasoned that site-directed mutagenesis could 5-GTCAGTATGGAAAATAGCGGGTCCATAAAC
provide insight into both of these issues. We carried out a
mutational analysis of the absolutely conserved residues in  Protein Purification.The proteins were overproduced and
UGM that are believed to play roles in substrate binding/ purified following a similar protocol to the one described
catalytic activity of this important enzyme. We have dem- previously (8). E. coli Rosetta (Novagen) competent cells
onstrated that while all of the mutations have some effect were transformed with the plasmids. The cells were grown
on activity, thus far, there are only two that have been found in 1 L of LB broth (in Fernbach flasks) at 3T to an ORqo
to be critical: the substitution of either of two key arginines of 0.6. The flasks were then cooled, and induction was
results in a completely inactive enzyme. The key role of one initiated by IPTG addition (final concentration of 0.4 mM).



Kinetics of UGM Mutant Proteins

The cells were incubated for a furth® h at 25°C. The
cells were pelleted and stored-aB0 °C until purified.
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reactions. The time of each reaction was adjusted to have %
conversion values between 30% and 40%. The reactions were

The cell pellets were thawed and resuspended in 100 mMquenched by the addition of B of n-butanol. The aqueous
potassium phosphate buffer (pH 8.0), 2 MM AEBSF (4-(2- layer was removed and injected onto a Waters HPLC system.

aminoethyl)benzenesulfonyl fluoride hydrochloride), 0.5 mM
EDTA, 20ug/mL lysozyme, and 2@g/mL DNase | (buffer

The column used was a Gemini b (C-18) column
(Phenomenex), pre-equilibrated with 50 mM triethylammao-

B). The cells were the further lysed by sonication. The cell nium acetate (pH 6.9), 1.5% acetonitirile. The samples were

debris was removed by centrifugation 30 min at 18 K rpm.

eluted isocratically and absorbance readings were carried out

The supernatant was then treated with 10% ammonium at 262 nm. The initial rate was then calculated from the initial

sulfate (AmSQ) (w/v) and allowed to spin at 4C for 30
min. The solution was then spun for 30 min at 18 K to

concentration and the % conversion. Kinetic values were
determined from nonlinear regression analysis using Graph-

remove any additional precipitate. The supernatant was thenPad Prism software.

loaded onto a MC50 POROS column (20 100 mm)
(Applied Biosystems), precharged with 50 mM Cu@hd

For UGM variants R280A and R174A the assays were
carried out using 50@M protein concentration and 10 mM

preequilibrated with 50 mM phosphate buffer (pH 8.0), 300 substrate for 60 min.

mM NaCl (buffer B), and 0.5 mM imidazole. The bound
protein was eluted with a gradient of 0.5 mM to 100 mM
imidazole in buffer B. The elution was monitored at 280

Dithionite Concentration AssayDetermination of the
optimal sodium dithionite concentration was carried out using
wt UGM (0.4 uM), with a fixed substrate concentration of

and 450 nm; the fractions corresponding to the 450 nm peak100uM. The assay was carried out under the same conditions
were collected, pooled, and concentrated to approximatelyas described above, and the sodium dithionite concentration

10 mL. This solution was then brought to 40% AmS@/
v) for application to a HP20 POROS column (%0100 mL)

was varied. Each point was measured in triplicate.
Fluorescence Polarization Assalrotein samples were

(Applied Biosystems) preequilibrated with 50 mM potassium dialyzed (10000 MWCO) agaih® L of 50 mM sodium

phosphate buffer (pH 8.0), 40% Am%Qv/v). The column
was eluted with a gradient of 40% Amg@® 0% AmSQ

phosphate pH 7.0 2, total dialysis time 16 h). Samples
were concentrated using Centricon YM30 concentrators

(in potassium phosphate, pH 8.0). The elution was monitored (Millipore, USA), and protein concentrations were deter-
at 280 and 450 nm, and the fractions corresponding to themined usingAsso values € = 11300 M* cm™). Binding
450 nm peak were collected, pooled, and dialyzed vs 50 mM assays were set up in a 384-well format as described

Tris-HCI, pH 7.5 for 4 changes overnight.

previously @2). Protein concentration was varied from 1 nM

After dialysis, the protein was concentrated using an to 10uM in the presence of 15 nM UDP-fluorescein (UDP-
Amicon Ultraconcentrator. The concentration was determined F1). Millipolarization (mP) values were measured using a

by the method of Bradford?@), and the samples were flash-
frozen in small aliquots (20L) in liquid nitrogen and stored
at —80 °C as reported previousiylg, 29).

Synthesis of UDP-GalluUDP-Gaf was synthesized and
purified as described previousI$Q@). The product was stored
dried as a solid at-20 °C. Under these conditions, UDP-
Galf is stable over extended periods& months).

Circular Dichroism.All circular dichroism (CD) spectra
for the wild type and the mutants of UGM were collected

Perkin-Elmer Envision 2100 plate reader. Binding measure-
ments were also recorded for wt UGM using the conjugate
generated from the reaction fluorescein isothiocyanate with
hexanolamine. This control probe, which lacks the UDP
moiety but is otherwise identical to UDP-FI, provides a
partial estimate of nonspecific signal relative to protein
concentration. Control probe FP values were subtracted from
corresponding UDP-FI values to provide the final, normalized
values (Figure 5). Data were fit fo= (a — d)/(1 + (x/c)™)

on a Pi-Star 180 spectrometer (Applied Photophysics, + d wherea = maximum FP signab = slope,c = apparent
Leatherhead, U.K.) using a quartz cuvette with 0.01 cm path Kq4 value, andd = minimum FP signal, using Kaleidagraph

length over a far-UV wavelength range of 18260 nm. The
system was purged withN8—10 L/min) for 15-20 min.

software (Synergy Software, USA).
Energy Minimization Calculationg\n energy minimized

Protein samples were prepared in 10 mM phosphate buffermodel for UGM/UDP-Gab was developed with the Insightll/
(pH 8.0). The concentration of each protein sample was Discover software package (Accelrys Inc., San Diego, CA).
maintained at 1 mg/mL. Data were collected every 0.5 nm The starting coordinates were from the model derived in a
and were the average of 10 repeat shots. In all cases, baselinprevious work 20), based on the 2.4 A structure Bf coli
scans of aqueous buffer were subtracted from the experi-UGM (18). Arginine 170 E. coli sequence), which corre-
mental readings. The results were expressed in units of deltasponds to Arg174 ifk. pneumoniagwas constrained to be

epsilon and plotted versus the wavelength.
Enzyme Kinetic Assayknzyme assays were performed
in a similar manner to earlier reported protocd§, (22, 29,

within 4 A of the 8-phosphate of the UDP-Gakubstrate.
This model was subjected to SimMin__Dyn calculations
with 5000 steps of energy minimization with the derivative

31). The reactions were carried out in 100 mM MOPS buffer set to 0.05. The dynamics calculations were conducted for

(pH 8.0), with fresh 20 mM sodium dithionite. The final
volume of each reaction mixture was aQ. Initially, the

100 ps duration with 1 fs step, and snapshots were collected
every 0.5 ps. The dielectric constant was set to 1, and a

enzyme concentration was adjusted for each different mutantnonperiodic boundary condition with NVT ensemble was

to give a reasonable conversion 200%) within 2-3 min
at 100uM concentration (for example, wt UGM was used
at a final concentration of 0.4M). Subsequent reactions,
with varying substrate concentrationsy®l to 5 mM) were

defined. The average structure from the ensemble was

collected and subjected to further 1000 steps of energy

minimization with the convergence criteria set to 0.05.
Substrate Docking Studipocking of UDP-Gap into the

carried out with the same enzyme concentration for all modeled active site of UGM was performed following the
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Ficure 2: Choice of residues for site-directed mutagenesis: identification of conserved residues in active site. (A) Sequence alignment
generated from 14 bacterial UGMs and 4 eukaryotic UGMs. Only 6 sequences are shown; however, to conserve space the sequence identity/
similarity is based on the alignment of all sequences. The secondary structure shown above the sequences is based on the crystal structure
of K. pneumoniaéPDB code: 2BI7). Conserved residues found in the active site are marked with a red asterisk, blue triangles mark the
location of conserved residues found in the flavin binding domain, and residues with unidentified function are marked with green squares.
The mobile loop is indicated by the yellow bars. Alignment was carried out b OFFEE 84) and the figure generated using ESPript
(44) (B) Stereodiagram of the active site Iif pneumoniadJGM showing the conserved residues. All molecular figures were generated
using Pymol (DeLano Scientific).

procedure used previousl2@. We again started from the algorithm (LGA) was used with the default settings, and 25
structure of the complex derived above. All of the active LGA docking runs were performed.

torsion angles of UDP-Gplwere allowed to be fully flexible Loop Maement SimulationThe molecular dynamics
during the docking experiment with AutoDock 3.033). simulations were performed using the Discqv8rmodule
The grid maps were constructed using>x@0 x 70 points, within the Insightll software package (Accelrys Inc., San

with grid point spacing of 0.375 A. The Lamarckian genetic Diego, CA). The model of the open conformation of UGM



Kinetics of UGM Mutant Proteins Biochemistry, Vol. 46, No. 23, 2006727

wrt Table 1: Sequence Numbers for Conserved Active Site Residues of
254 —— R280A UGM from K. pneumoniagE. coli, andM. tuberculosis
—— R174A K. pneumoniae E. coli M. tuberculosis

g 04 E301A H60 H56 H65
o Y155 Y151 Y161
b ——D351A W160 W156 W166
= Y349F R174 R170 R180
= o5 Y185 Y181 Y191
¥ / — Y314F R280 R278 R292
N E301 E298 E315
50 e Y185F Y314 Y311 E328
- i J T -----= Y155F Y349 Y346 Y366
200 225 250 WAG0A D351 D348 D368

Wavelength

Ficure 3: Circular dichroism spectra for wild-type UGM and active

site mutants. The concentration of the protein was maintained at 1
mg/mL. In all cases, baseline scans of aqueous buffer were
subtracted from the experimental readings. The reasons for the
changes in the spectrum for Y155F are not known. RESULTS AND DISCUSSION

above, except we did not constrain the distance between
Arg170 and thes-phosphoryl group of UDP-Ggal

50~ Designing and Producing the UGM VarianBur strategy
was to generate variants of the UGM frdfm pneumoniae
To identify residues of interest, we carried out a sequence
alignment of 14 bacterial UGM homologues and 4 eukaryotic
homologues using T-Coffe@4), which revealed a number
of absolutely conserved residues (Figure 2A). Sequence
identity between prokaryotic UGMs is approximately 40%
and between eukaryotic UGMs is 45%, while the identity
between the two sets is less than 20%. The conserved
' ' ' | residues can be generally divided into two sets, those found
50 100 150 200 250 ) ST S ) . . )
L in the flavin binding domain (noted with blue triangles in
[dithionite] Figure 2A) and those positioned in or near the active site
FiGUre 4: Effects of changing the concentration of sodium cleft (noted with red asterisks). The first set of residues is
dithionite on the conversion of UDP-galactopyranose to UDP- ,qqme( to be critical for the binding and proper orientation
galactofuranose by UGM. The reaction conditions (enzyme con- . : :
centration, substrate concentration, time) were identical for each Of flavin, and is not the focus of this current study. There
experiment with only the concentration of sodium dithionite are several residues (Glul37, Glyl44, Lys158, Aspl82,
changing. Each measurement was made 3 times. Pro277, Pro315; green squares) that cannot be classified

readily into either set, and are also beyond the scope of the
current study. We focused our mutagenesis studies on active
site residues that might contribute to catalysis (Table 1 and
Figure 2B). Since studies have used the structuré&s obli,

K. pneumoniagandM. tuberculosisn their discussions, we
include the sequence numbers from all three species in Table
1.

All of the protein variants chosen were produced and
purified under similar conditions; the exception was H60A,
which was produced as insoluble protein. As His60 appears
to play a structural role in binding to the flavin isoalloxazine
ring (17), the lack of solubility was likely caused by a lack
of ability to bind flavin properly, resulting in improper
protein folding.

Spectroscopic Analysis of UGM Varian®ild-type UGM
and all of the variants were analyzed by circular dichroism
(Figure 3). With the exception of Y155F, all of the variants
exhibited similar CD spectra, suggesting that they are folded

w H
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Ficure 5: Fluorescence polarization binding assay of arginine correctly. There are discrepancies in the spectra for the

variants. Thekq value for wt UGM (black) binding to the UDP-FI
probe is 250+ 70 nM. R174A (red) and R280A (blue) show no
specific binding. At higher concentrations of UGM, increased

R280A and Y155F variants. For the former, the changes are
minor and likely inconsequential. The reason for the dis-

nonspecific binding make, value determination impossible. crepancy in the Y155F variant is unknown; this protein
exhibited decreased activity that may result from an increase
was generated by using the B monomerkofcoli UGM in conformational flexibility. The results from UV spectros-

and positioning UDP-Galin the same orientation as it was copy show that all of these proteins (including R280A and
modeled into monomer A (above and Yuan et 20)). The Y155F) exhibit similar spectra between 300 and 600 nm (data
molecular dynamics simulation was carried out as describednot shown). These results indicate that the noncovalently
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Table 2: Kinetic Values for the Conversion of with the tryptophan residue2(). In analyzing the activity

UDP-Galactofuranose to UDP-Galactopyranose Catalyzed by of the W160A mutant, the curve of the initial rate vs substrate
UDP-Galactopyranose Mutase (UGM) fraf pneumoniae concentration remained linear and increased with increasing
K relative Keat relative substrate concentration. To estimate the Michagignten
protein (M) towt (min™Y)  towt KealKm kinetic parameters, the assumption was made thaVthe
wt 43+ 6 1.00 33040 1.00 7.7x 10° would be similar to that of wt UGM, and the curve was fit
E301A  205+18 0.21 18+ 2 0.05  8.8x 10 using a fixed value foMnax The resulting estimatekl, is
D351A 1002+ 284  0.04 &t 2 0.02  8.0x1C° 253 x 1C° uM. This is beyond the concentrations of
WIG0A  2.53x 1¢°* n/e 130 substrate that can be achieved (the highest concentration that
R280A ND ND . ; . T L
R174A ND ND can be easily obtained is 10 mM). Our kinetic data indicate
Y185F 386+ 92 0.11 7814 024 2.0x 10° that removal of this residue has dramatic effects on the
Y155F 6194+ 117 0.07 2125 066 3.5<1C° binding of substrate.
Y349F 739+ 63 006 10316 031  1.4x10° Consered TyrosinesThe four conserved tyrosines have

Y314F 819+ 182 0.05 313t 40 0.95 3.8x 10°

_ been suggested to be important for UGM activityB)(
Woauleh%ggim':ft;o;vtvvm% was calculated assuming that K& Analysis of UGM variant kinetics indicates that the major
- difference among them is an alterationKp,; all proteins
display a 90% or greater decrease in binding. Conversely,
bound flavin cofactor has been incorporated into all of the these substitutions do not appear to have a large effect on
mutant proteins. Together, the spectroscopic data indicatethe catalytic rates, indicating that these residues have little
that the protein variants are folded. or no role in catalysis. A comparison of the sequences
Enzyme Kinetics of UGM Variant3he protein variants  between prokaryotic and eukaryotic UGMs shows that
of K. pneumonia¢JGM created by site-directed mutagenesis Tyr185 is not absolutely conserved; the corresponding
were analyzed to determine the kinetic parameters. Since ourresidue in eukaryotic UGMs is tryptophan (Figure 2A). The
HPLC assay is discontinuous, the maximum velocities were preservation of an aromatic residue at this position is
estimated from initial rates observed during the first-30  consistent with a role in substrate binding but not catalysis
40% of reaction. To test the validity of this assumption, wild- (37). Interactions between aromatic amino acids and sugars
type UGM was assayed at time points corresponding to 10%, have been previously been observed in a number of sugar-
20%, 30%, 40%, and 50% reaction. The values for the 30% binding proteins§7, 38). It has been suggested that tyrosine
and 40% reaction time points gave the fastest rate with theresidues act as hydrogen bond donor/acceptors in stabilizing
most reproducible results (data not shown). Thus, this extentthe binding of the sugar moiety ). Though we cannot rule
of reaction was used for all further experiments. out some role in hydrogen bonding, it appears more likely
For each data point, the length of time for each substrate that the aromaticity of the tyrosine residues contributes to
concentration was adjusted to give a 30% conversion of substrate binding.
UDP-Gaf to UDP-Gap. This time and actual turnover were Aspartic Acid 351 and Glutamic Acid 30GIu301 and
used to approximate the initial velocity of the reaction. All  Asp351 are both residues that point into the active site cleft;
of the mutants, except R280A and R174A, displayed along with His63, they represent the only conserved residues
sufficient turnover to calculate initial rates. The kinetic in the prokaryotic enzymes that can easily function to
parameters for all the mutants and wild-type UGM are listed stabilize a positive charge on the sugar moiety. In some UGM
in Table 2. homologues, the residue corresponding to Glu301 is an
We have determined thi€,, andkea values of wt UGM aspartic acid; thus, this position could have a role either as
to be 43uM and 300 min?, respectively. These values are a charge stabilizer or in hydrogen bond formation. Although
similar to the values previously reported for wild-type UGM  Asp351 is absolutely conserved in prokaryotes, an asparagine
(Km = 22 uM and ke = 27 s'* for the conversion of UDP-  is found in eukaryotes. This observation suggests that this
Galf to UDP-Gap) (31, 35). There are several factors that side chain functions in hydrogen bond formation.
might lead to these slight differences. The most likely = The E301A mutant has 5% of the activity of wt UGM,
explanation is that the proteins come from different while still retaining most (21%) of the binding affinity. These
clones and purification procedures and this is reflected in data indicate that Glu301 may stabilize a charged intermedi-
the kinetic parameters. It should be noted that wt UGM as ate (Figure 1)19, 21—-23). Previous modeling20) positions
purified by us has no detectable activity (until reduced by this residue at a considerable distance from the bound UDP-
sodium dithionite), while others have reported residual Galp (6.7 A from O-5 of the sugar). This location is
activity from their purified sample¢, 23, 31, 36). We also consistent with the results of the kinetics experiments, which
considered the possibility that our protein was not fully suggest that there must be a change in orientation of the
reduced in our assays, and we used different dithionite intermediate with respect to the protein during catalysis.
concentrations to address this possibility (Figure 4). We  The D351A substitution has large effects on both binding
found that maximum activity occurs at dithionite concentra- (4% of wt) and activity (2%). The model has Asp351 located
tions between 10 and 50 mM; consequently, UGM was fully 4.3 A from 4-OH of the sugar. Since the corresponding
reduced in our assays. residue in eukaryotes is an asparagine, it is reasonable that
Active Site TryptophanThe tryptophan residue located this residue engages in H-bonding interactions with the
on the edge of the active site cleft is conserved in all species.substrate. Some involvement in charge stabilization cannot
This conservation is consistent with an important role for be ruled out.
this residue. Indeed, the previous modeling studies predict Consered Arginine ResidueIhe UGM variants R174A
that the uridine moiety forms a-edge stacking interaction and R280A are inactive. Even when the enzymatic reaction
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is conducted using high enzyme concentrations (&B1)

and extended time periods (up to 1 h) with the highest
substrate concentration available (10 mM), no turnover was
observed. Importantly, the data indicate that both R174A and
R280A are folded (Figure 3); thus, their lack of activity likely
arises from the importance of these residues in catalysis or
substrate binding.

When UDP-Gagb is modeled in the active site of UGM,
Arg280 can contact the phosphoryl groups of UDPgZar,

20). This interaction could stabilize the UDReaving group
(27). Arg174 is also conserved across all known prokaryotic
and eukaryotic UGMs (Figure 2A). In the structures solved
to date, it is located on a flexible loop, positioned so that it
is facing away from the active site cleft. Due to the flexibility
of the loop, it is likely that Arg174 has the mobility to rotate
so the guanidinium group is in the active site (see discussion
below).

Substitution of Arginine Residues Decreases Substrate
Binding Affinity. To determine whether the loss of activity
observed for the Arg variants is due to a decrease in substrate
binding affinity, effects on mechanism, or a combination of
both, we used a fluorescence polarization assay to measure
binding constants. This assay, developed for use in highrre 6: Ribbon diagram representation of a monomer of UGM.
throughput screens for UGM ligands, utilizes a UDP- Representation of thi&. pneumoniaenonomer is depicting the
fluorescein (UDP-Fl) probe that has been shown to bind flavin binding domain 1 (gray), domain 2 (green), and domain 3
ity and specifcally to UGM from botk. pneumonias (148, e PA0 it = et a2 s el colored k.
andM. tuberculosig32, 39). The ability of wt enzyme and structure, these loops cgntain a short 3-10 helix.p
the R174A and R280A (fronK. pneumoniacas above)
variants to bind this probe was measured. Raevalue for factors that are 1620 A2 higher than the rest of the protein
UDP-FI binding to wt UGM was determined to be 250 (17, 18). Together these results indicate that this region of
70 nM (Figure 5). The differences between the wt and mutant the protein is flexible.
proteins had to be estimated because increases in millipo- Argl74 is located at the end of loop 2, with the side chain
larization were observed as the concentration of enzyme wasoriented away from the binding cleft (Figure 7A). In the
increased over several orders of magnitude; these increasestructures solved to date, this residue (Argl74 or its
were not saturable. It is apparent that kaevalues of R174A equivalent) makes contacts within the crystal lattice (mono-
and R280A for the probe are increased greatly, and they aremer A of E. coli, theK. pneumoniaenonomer, monomer C
outside the range of the assay. The data indicate that thesef M. tuberculosisall form hydrogen bonds closer than 3.3
variants have binding constants that are increased by moreA with residues from symmetry-related molecules). These
than 2 orders of magnitude. observations suggest that the effects of the crystal lattice in

Structural Rationale for Role of Arg174: Role of Mobile the structures solved to date prevent UGM from adopting
Loop.The structures of UGM fronk. coli, K. pneumoniag the “active” conformation of the protein. Alternatively,
and M. tuberculosis which were determined by X-ray substrate binding may induce the active conformation. Since
crystallography, show that UGM consists of three domains. the current crystallization conditions all yield structures with
Domain 1 consists of the structurally conserved flavin some crystal contacts with the “open” conformation, UGM
binding domain; domain 2 constitutes a novel 5 helical substrate complexes may be difficult to crystallize because
bundle; and domain 3 is @-sheet “hinge” domain (Figure  stabilizing lattice interactions are lost.

6). The differences between the two monomergincoli Molecular Dynamics Simulations of Loop Meament.To
structure indicate that the relationship of these domains caninvestigate our hypothesis that loop rearrangement allows
vary; domain 2 alters its position with respect to domain 1, Argl74 to make contacts with the substrate, we carried out
with domain 3 serving as a molecular hinge. There are two several modeling studies. The initial study was conducted
flexible loops located at one edge of the cleft. Loop 2 using theE. coliUGM/UDP-Gap model derived from STD-
(residues 15185 inE. coli, see Figure 2A) forms one edge NMR and docking calculation®20). Using this model, we

of the cleft, whereas loop 1 (residues H80 inE. coli) constrained the position of Argl70 (equivalent to Argl74
interacts with loop 2 (Figure 6). In the. coli structure, two in K. pneumoniag such that it was witm 4 A of the
different conformations of the loops are present. Loop 2 in S-phosphoryl group of UDP-GpJ and performed energy
monomer A is in the “closed” conformation but in the “open” minimization. The movement of the loop in this model
conformation in monomer B. The residues move up to 7 A (Figure 7B) results in a shift of the positions of 6 residues
(Ca position) between the two conformations. Both te (greater tha 1 A movement of the & positions of all the
pneumoniaeand M. tuberculosisstructures show a third  residues). Arg170 rotates 9ihto the cleft and moves 3 A
possible orientation that results in up 4 A of additional (Ca movement) toward the substrate. The new position of
movement in the loop (into an even more open conforma- the loop has acceptable geometry for all of the residues (as
tion). In all of these structures the loop has temperature evaluated by PROCHECKA4()). In the resulting model
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Ficure 7: Role of mobile loop of UGM: Potential conformational change. (A) Ribbon depiction of the superposition of UGMEfrom

coli, K. pneumoniagandM. tuberculosisMonomers (A and B) fronf. coli were superimposed along with those fr&mpneumoniaand

M. tuberculosisusing LSQMAN @5). The cartoon representation UGM from all four monomers (monomers A and BEroroli and a
monomer fromK. pneumoniagandM. tuberculosi} are superimposed and shown in light gray. The residue corresponding to Arg170 in

E. coli(Arg174 forK. pneumoniagis shown in blue, green, red, and cream oicoli monomer A, BK. pneumoniagandM. tuberculosis

UGM, respectively). The FAD fronk. coli monomer A is shown in black. The modeled substrate (from monomer A derived model) is
included and shown in orange. (B) Energy minimized modgl: coli UGM monomer A (“closed” conformatior)shown in surface
representation, except for the loop (residues-1535)—was used as the basis for an energy minimized model with Arg170 (shown in stick
representation and colored gray) constraineddc4bA from the pyrophosphoryl group of UDP-@alThe energy minimized model is

shown in green, with Arg170 shown as a stick representation. The modeled UDPRsGddown as sticks, colored in CPK colors. (C)

Model resulting from a molecular dynamics simulation of loop movement. Monomer B Eogoli (“open” conformatior-shown in

surface representation, as in (B)) was used as the starting point for a molecular dynamics simulation of possible loop movements. The
UDP-Gap substrate was modeled in based on the positioning of the substrate relative to the FAD in monomer A. There were no constraints
placed on any of the residues. The resulting model is colored orange.

(Figure 7B), the substrate binding affinity is 5 kcal/mol more evaluate how substrate binding might influence the move-
favorable when Arg170 interacts with the phosphoryl group. ment of the loops. To simulate movements of the loop from
That energy difference corresponds to a 4000-fold changethe “open” conformation toward the putative “active”
in the binding constant. This value is consistent with conformation, we modeled the proposed orientation of UDP-
previously reported studies of argininphosphate interac-  Galp (from monomer A 20)) into the monomer B structure
tions (41) A 4000-fold alteration in the blndlng constant of (Wthh adopts an “open” Conformatioﬂg))_ A molecular
UGM would be outside the range of the aforementioned gynamics simulation was then performed on this structure,
fluorescence polarization assay. with no distance constraints imposed. In the resulting model
To better understand the flexibility of this loop, we carried (Figure 7C), the flexible loop adopts a conformation similar
out a molecular dynamics simulation. The goal was to to that seen in Figure 7B (when Argl70 is constrained to
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contact the substrate). Similar results were obtained usingACKNOWLEDGMENT

the K. pneumoniae@ndM. tuberculosisstructures (data not
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The results of the mutational study of the conserved residues
of UGM support previously proposed mechanisig @1).

The substrate must be oriented so that it can interact with
the FAD isoalloxazine ring. The reduced activity of the UGM
variants lacking either of the two acidic residues suggests 2.
that these residues stabilize a positive charge, likely on the
sugar moiety. The anionic nature of Glu301 is also conserved
(e.g., some UGMs possess Asp residues at this position),
suggesting that this residue stabilizes a positively charged
intermediate. Substitution of Asp351 shows more significant
effects onKy than does substitution of Glu301, suggesting
its role may be primarily hydrogen bond stabilization of the
substrate.

A number of possibilities exist for the role of the two
critical Arg residues. One potential role is in binding. Both
of these residues (after loop movements) could engage in
electrostatic interactions with the pyrophosphate moiety of
the substrate. The results from fluorescence polarization and
the energy minimization studies both support a dramatic
(2—3 orders of magnitude) decrease in binding affinity when
one of the residues is replaced. A decrease of approximately
1 in the binding constant as a result of the W160A mutation
still resulted in detectable enzyme activity; therefore, the Arg
substitution would have to afford a loss much greater than
1 in binding affinity. An alternative explanation is that the
Arg residues engage in electrostatic interactions that stabilize
the UDP as it serves as the leaving group. Loss of this

1.

stabilization could increase the required activation energy 10-

such that the barrier for isomerization cannot be overcome.
Thus, the rate-limiting step of this reaction could be the 11
breaking of the sugar phosphoryl bond and formation of the
anionic UDP species. A third explanation is that the

rearrangement of the mobile loop is required to form the 12

active site and that substitution of either Arg residue prevents
this conformational interconversion. This latter possibility

is attractive given the STD-NMR data. Indeed, there are a 13
number of aromatic residues present around the active site
cleft of UGM, and the energy minimized model places two
of these (Tyr185 and Phe186) with# A of Arg174, raising

the possibility of an arenearginine interaction taking place
(42, 43).

Our results are in general agreement with the model
proposed by Yuan et al2(), lending credence to the STD-
NMR/docking approach for determining the binding modes
for UDP-Gap and potential inhibitors. Still, we have
identified Argl74 as having a key role in catalysis, yet
Argl74 in the previous models points away from the active
site cleft A 3 A movement of the @ backbone from the
“closed” conformation atha 7 Amovement from the “open”
conformation would position the guanidinium side chain such
that it could interact with the pyrophosphoryl moiety. Our

results indicate that the structures determined to date do not 1g

represent the active conformation. Accordingly, a structure
with substrate or inhibitor will be illuminating. We anticipate
that our results will provide a context for interpreting and
analyzing future structural and biochemical experiments.

15.

16.

17.

19.
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