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Figure 4. Structure of UMPKmt complexed with GTP. (A) Ribbon representation of the UMPKmt hexamer viewed down the trimeric axis.
The three front monomers are shown in red, brown and green, while their rear dimeric counterparts are partially transparent. The GTP molecules
are shown as sticks (CPK colors) with the electron density in cyan at a 0.9c level. (B). Bacterial UMPKSs sequences (acronyms provided on the left)
are aligned to the UMPKmt region interacting with GTP. Strictly conserved residues in all sequences are boxed in black and conserved residues
are bordered. Since each UMPKmt monomer interacts with two GTP molecules, the residues contacting the first GTP molecule are labelled by
filled circles, and the residues contacting the second one by opened circles. P139 in UMPKmt is highlighted by a star. (C). Zoom in of the
GTP-binding site of one UMPKmt monomer (ribbon representation). The two contacting GTP molecules are shown as sticks. The basic residues
contacting the phosphate moiety of the effector are depicted in blue. Residues in grey participate in a hydrogen bond network organizing
the GTP binding site. The hydrophobic residues (P136, L138 and L140) contacting the nucleobase are depicted in pink. Residue P139 is shown
in green.
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while the GTP orientation in E. coli UMPK (PDB2V4Y)
appears unique. Most of the interactions between
UMPKmt and GTP involved residues from a short
stretch in the protein sequence (residues 131-150;
Figure 4B and C), although for each GTP molecule
there are interacting residues from two monomers
related by the three-fold axis. From one monomer, four
basic residues (R123, R141, K148 and R150) protrude to
interact with the negatively charged phosphate groups and
with the ribose (R123). The ribose is also hydrogen
bonded to the side chain of E135, whereas the guanine
moiety interacts through hydrogen bonds with backbone
atoms of G131 and Q132. The Cd of P136 appears in close
contact (~3.3A) with the carbonyl group of the base
moiety suggesting that a partial and weak hydrogen
bond is also formed. In parallel, a second monomer
provides additional interactions. The guanine ring is sand-
wiched by the two hydrophobic side-chains of L138" and
L140'. Finally, R144’ also points its positively charged side
chain toward the phosphate groups of the same GTP
molecule.

The conformation of the trinucleotide seems further
stabilized by an internal hydrogen bond involving an
oxygen of the a-phosphate group and the proton of the
carbon C8. This close contact (3.2 A) explained the select-
ivity against 8-bromo-GTP. Conversely, few interactions
are seen with the hydroxyl groups of the ribose moiety in
agreement with the observed binding of dGTP and
mantGTP. The presence of numerous positively charged
arginines and lysines lining the effector binding site ex-
plained the weaker affinity of GMP, GMPPCP and
GMPPNP. While other trinucleotides can partially
mimic the bound GTP molecules, some of the observed
interactions with the nucleobase can discriminate the
possible effectors. ATP binding would be prevented in
UMPKmt because of a close contact between P136 hydro-
phobic side-chain and the charged N6 amino group of the
adenine. Conversely, there is enough room to accommo-
date 5-iodo and 5-bromo-UTP although it is not obvious
what favourable contact would be formed between the
protein and these nucleotides. In the case of UTP, very
few contacts are predicted to occur with the nucleobase
and the loop G131-P136 without local rearrangement.
This structural feature roughly matches the observed
affinity for the halide derivatives of the natural negative
effector UTP (see above).

This structure provided us with a better insight into the
binding mode of the positive effector. In parallel, the con-
formational changes upon GTP binding appeared to be
rather small according to the structural comparisons with
the other bacterial UMPKs structures solved so far with
and without effectors (RMSD around 1.1 A £ 0.3).
Hexamers of UMPKmt and X. campestris UMPK
(PDB3EKY) bound to GTP were superposed with the
apo-form of S. pyogenes (PDB1Z9D) and H. influenzae
(PDB2A1F) UMPKs. While very few changes are
detected near the GTP binding site and the 3-fold axis,
the relative orientation of the ATP binding site seemed
to be slightly affected (Supplementary Figure S4). To
better evaluate this change, we measure the distance
between the Ca of a well-conserved threonine (T257 in
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UMPKmt) buried in the C-terminal domain from two
facing monomers. In UMPKmt and X. campestris
UMPK, the distance is ~38.4 and 40.4 A, respectively
compared to 42.4 and 43.6A in the apo-forms (in
H. influenzae and S. pyogenes UMPKs, respectively).
A similar trend can be deduced from the comparison of
GTP-bound and UDP-bound forms of E. coli UMPK
(PDB2V4Y and PDB2BND, respectively) with distances
T237-T237 of 40.5 and 43.7 A, respectively. Clearly, a
small but common re-orientation of the ATP-binding
domain is observed upon GTP binding. This is further
confirmed by small-angle X-ray scattering (SAXS) meas-
urements acquired on UMPKmt alone or in presence of
GTP, ATP, UTP or 5I-UTP (Supplementary Figure S5).
Similar curves were obtained in the range of
0.004 <¢<0.35 and nearly identical curves for small
angle (0.01 <¢ <0.10) for all the tested samples. These
observations extend to higher angles (up to 0.3) for the
apo-enzyme and the protein in the presence of the negative
effector. Conversely, the ATP and GTP bound protein
showed slight differences with the other samples in the
range 0.1 <g<0.3. Little change in the deduced radius
of gyration was detected (Rg ~ 42 + 2 A). These data sug-
gested a conservation of the quaternary structure and the
global shape of the protein whatever the allosteric effector
bound. A small change in domain orientation and/or sta-
bility is likely triggered by activator binding. A rather
subtle modification in dynamic behaviour is also likely
but further experiments would be necessary to shed
more light on the allosteric mechanism.

Characterization of UMPKmt variants obtained by
site-directed mutagenesis

Site-directed mutagenesis was used to validate the bio-
chemical and structural data. A structural rearrangement
affecting the UMP binding site was predicted by our com-
parative models. Two residues were mutated: R82 and
F81 to probe the active site configuration. They were re-
spectively modified to a histidine or a tryptophan, in the
light of former studies on the E. coli UMPK (71,73) and of
our sequence analysis (see alignment in Figure 3). A third
position, S96, was modified to an alanine in the context of
the F81W variant, as the model anticipated interactions in
the simple mutant that could affect the local conform-
ational change observed upon substrate binding. Finally,
to get a better insight into the effector binding sites, three
positions (D113, P139 and R150) were selected based on
recent reports (71,72) and from our structure. Besides the
substitution by a tryptophan found in some Gram-
negative bacteria UMPKs, P139 was also mutated to his-
tidine and alanine to discriminate between a removed
backbone constraint and a possible occurrence of a
hydrogen bond by the side-chain nitrogen of the trypto-
phan (and the histidine). The two other residues were
mutated to alanine.

The different variants expressed in E. coli were purified
following the same procedure as described for the wild-
type UMPKmt, and their oligomerization state checked
by equilibrium sedimentation. Their kinetic parameters
were determined as a function of the concentration of
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either UMP (Table 3), or Mg-ATP with or without the
effectors (Figures 5, 6, S6 and S7, Table 2).

As for the wild-type protein, the activity of all the
variants versus UMP concentration followed the
Michaelis—Menten equation. The R82H specific activity
was drastically reduced (0.7% of the wild-type specific
activity), whereas for the other variants between 10%
and 75% of the wild-type activity was observed. D113A
displayed the most altered K,,"™" (Table 3). Similarly, the
mutant F81W and R82H showed a decreased affinity for
UMP (3- and 4.5-fold, respectively). On the other hand,
the other mutants exhibit a similar (R150A) or a better
(3- to 8.5-fold) affinity for UMP.

Except for the RI50A variant (Supplementary
Figure S6) which displayed general features similar to
the wild-type UMPKmt in any condition, the dependence
of the activity as a function of the second substrate con-
centration revealed striking differences between the
mutants (Table 2, Figures 5, 6 and S7). In particular,
two P139 variants departed from the other mutants. The
P139A variant appeared nearly insensitive to both effect-
ors, whereas the PI139W variant exhibit Michaelien
kinetics even in the presence of UTP (Figure 6). In the
absence of any effector, the curves obtained for the differ-
ent variants with Mg-ATP as variable substrate were
hyperbolic, with ny close to 1, except for the F8IW/
S96A and RI150A variants. However, the affinity for
ATP in most of the variants was in the same range as
that of the wild-type enzyme (Table 2). The two exceptions
were the P139W and the P139H variants with opposite
behaviour: a 3-fold decrease and a 5-fold increase of the
Ky 5 for Mg-ATP. Interestingly, the activation by GTP
was abolished for the F81W, R82H, DI113A and P139A
variants, leading to unchanged K,s for ATP in the
presence of the effector (Table 2, Figures 5, 6 and S7).
The PI39W variant was slightly activated by the
addition of 1mM GTP (factor of 1.5 versus 3.5 for the
WT at 1mM ATP and UMP), whereas the D113A was
inhibited up to 50 % in the same conditions (data not
shown). On the other hand, the inhibition by UTP is
retained for most of the variants with 1Csy between 0.15
and 0.3mM (data not shown). Again, the P139W plot
(Figure 6) showed a loss of cooperativity and the P139A
variant exhibited a weak effect of the effector on the
affinity for ATP (Table 2).

DISCUSSION

A multi-disciplinary approach was used to study the last
uncharacterized NMPK from M. tuberculosis, namely
UMPKmt. As shown by kinetic experiments on the
wild-type enzyme, UMPKmt behaves as a Gram-positive
bacterial UMPK with cooperativity toward the phosphate
donor ATP and an inhibition by UTP, independent of the
UMP or divalent ion concentrations (51). The Gram-
positive UMPK pattern of the M. tuberculosis enzyme
was also confirmed by the effects of effector analogues,
in particular the halogenated derivatives. However, no
inhibition by excess of UMP was observed as seen for
B. subtilis or S. pneumoniae UMPKs. Another point

worth mentioning is the minor effect of the activator on
the affinity for ATP, as, in the absence of GTP, the K| 5
for ATP of UMPKmt is in the same range than the
supposed physiological concentration of this nucleotide
in mycobacteria. Therefore, the relative concentration of
the pools of purine and pyrimidine nucleotides might be
the major factor responsible of the regulation of the
UMPKmt activity in mycobacteria. The retro-inhibition
of bacterial UMPKs by UTP is not surprising as end
products are usually involved in the regulation of meta-
bolic pathways. The identity of the positive effector is
more intriguing but might be rationalized by taking into
account the general role of GTP and UTP in translation
and transcription in bacteria (74).

To better understand the biochemical and kinetic
properties of UMPKmt, 3D-structure determination was
carried out, along with a validation by mutational
analysis. Sequence similarities with well-characterized bac-
terial orthologues allowed molecular modelling of its
structure and active site using X-ray structures solved in
various ligand states (apo or substrate bound, inhibitor or
activator bound enzymes) (24,25,68,71,72). Among our
predictive results, some correspond to fine local dynamical
behaviour. A structural rearrangement was predicted to
occur around the F81 residue upon binding of UMP.
These alternating configurations explain the observed be-
haviour of the F8IW and F81W S96A variants. The
double mutant F81W S96A was expected to stabilize
one of the two orientations of the tryptophan by
removing a potential hydrogen bond between serine 96
and the introduced tryptophan. Indeed, the affinity for
UMP of the F8IW S96A variant was enhanced by a
factor of 7 and 18 compared to the wild-type and the
single mutant, respectively. Accordingly, the tryptophan
side-chain seems to be stabilized in an orientation favour-
able to the binding of UMP by the introduction of the
polar serine. These results revealed the robustness and
the usefulness of our models, despite the fact that they
failed to provide additional clues for the identification of
the GTP or UTP binding sites. On the other hand, as
analysis of the regulation of activity by GTP (activator)
and UTP (inhibitor) revealed variations among the bac-
terial enzymes (22,26,51,66,69,75), the allosteric behaviour
of one orthologue appeared barely predictable from
another despite an overall high sequence identity.

The activator binding site has recently been identified by
X-ray crystallography for three bacterial UMPKs
(68,71,72), and now UMPKmt (this study). All these
structures revealed that the activator binding pocket is
located at the trimer interface, a unique feature among
the AA-kinases. In these UMPKs (but not in E. coli
UMPK), the allosteric effector interacts with a short
region of around 30 residues. The phosphate moieties
are in interaction with four positive residues, mainly ar-
ginines (R123, R141, K148 and R150 in UMPKmt).
Therefore, it is not surprising that the mutation of a
single residue (R150A variant) has almost no effect on
the enzyme properties. The other residues involved in
the binding of the ribose and the nucleobase moieties
are also conserved, except in E. coli UMPK (71), whose
GTP binding pocket seems to be unique. In this UMPK,

1T0Z ‘92 |udy uo anbynuaios anbgylelpé Al INaised nisu| 1e B1o'S[euInolpIojxo Jeu Wwoly papeojumoq


http://nar.oxfordjournals.org/

Nucleic Acids Research, 2011, Vol. 39, No.8 3469

12 _ 4 _
F81W S96A
3
&b
E ¥
e e 2
i g
o
1
1 ] 0 1 L
0 2 4 6 8 10 12 0 2 4 6 8 10
Mg-ATP (mM) Mg-ATP (mM)

Figure 5. F81W and F81W S96A variant activity versus Mg-ATP concentration. The concentrations of effectors were 0.5mM GTP (dark blue),
I mM GTP (light blue), no effector (red), 0.2mM UTP (dark green) and 1 mM UTP (light green). Same conditions as Figure 1.
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Figure 6. P139W, P139H and P139A variant activity versus Mg-ATP concentration. The concentrations of effectors were 2mM GTP (light blue),
0.5mM GTP (dark blue), no effector (red), 0.5mM UTP (dark green), | mM UTP (light green) and 2mM UTP (gold green). Same conditions as
Figure 1.
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the base moiety is sandwiched by two residues (H96 and
W119), and the reorientation of the side-chain of the tryp-
tophan is observed upon GTP binding. This tryptophan is
replaced by an arginine or a proline in many
Gram-positive UMPKs (P139 for UMPKmt). Even if
this residue does not directly interact with the bound
GTP molecule in UMPKmt, its mutation to an alanine
leads to a loss of GTP activation while retaining normal
enzymatic activity level. Two other modifications have
detrimental effects on the cooperativity properties of the
UMPKmt variants (P139W and P139H). Therefore, P139
is a key element in the allosteric regulation of UMPKmt
and might serve as a sensor of the effector binding at the
trimeric interface. Indeed, it interacts with residues lying
on the loop connecting the N- and C-terminal domains
(Supplementary Figure S8). This loop is predicted by
normal mode analysis to correspond to a hinge region
(data not shown). Furthermore, it also corresponds to
the end of the a-helix bearing polar residues conserved
in most UMPKs and pointing into the catalytic centre,
especially T165 and D166. This helix also bears two
conserved (R149 and EI152 in UMPKmt) residues
directly in contact with the conserved Y137 to form an
intricate network of interactions midway from the GTP
binding site, the UMP binding site and the catalytic
centre. Slight rearrangement or stabilization of the
GTP-binding segment and the nearby secondary struc-
tures may affect the entire active site without dramatic
change of the global structure.

Nature has developed various strategies to control and
regulate the activity of proteins. Cooperativity between
different subunits of an oligomeric protein is one of
them (76,77). Ligand binding at one site induced struc-
tural changes that are transmitted to distal active site(s)
and enable fine tuning of activity in response to slight
changes in substrate concentration. In addition to this
long-range cross-talk communication between subunits,
recent work highlighted the role of dynamics in allosteric
regulation (78). Indeed, the allosteric mechanism of the
related AA-kinases has been recently connected to slow
motions by normal mode analysis (79). This study
pointed out a hinge between the N- and C-terminal
domains in agreement with our present results
(Supplementary Figure S8). Further analysis might be ne-
cessary to gain further insight into the mechanism of allo-
steric regulation of the bacterial UMPKSs as the overall
structure seems little affected by the binding of its
positive effectors and only subtle changes can be
described. Meanwhile, this suggested that the particular
evolution of UMPKs is connected to the appearance of
distinct allosteric regulation.
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