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UMP kinase catalyses the phosphorylation of UMP by ATP to
yield UDP and ADP. In prokaryotes, the reaction is carried out by a
hexameric enzyme, activated by GTP and inhibited by UTP. In the
present study, Streptococcus pneumoniae UMP kinase was stud-
ied as a target for antibacterial research and its interest was con-
firmed by the demonstration of the essentiality of the gene for cell
growth. In the presence of MnCl, or MgCl,, the saturation kin-
etics of recombinant purified UMP kinase was hyperbolic for
UMP (K, =0.1 mM) and sigmoidal for ATP (the substrate con-
centration at half-saturation Sy5s=9.4+0.7 mM and n=19+
0.1 in the presence of MgCl,). GTP increased the affinity for
ATP and decreased the Hill coefficient (n). UTP decreased the
affinity for ATP and only slightly increased the Hill coefficient.

The k., (1754 13 s7! in the presence of MgCl,) was not affected
by the addition of GTP or UTP, whose binding site was shown
to be different from the active site. The hydrodynamic radius of
the protein similarly decreased in the presence of ATP or GTP.
There was a shift in the pH dependence of the activity when the
ATP concentration was switched from low to high. These results
support the hypothesis of an allosteric transition from a conform-
ation with low affinity for ATP to a form with high affinity, which
would be induced by the presence of ATP or GTP.

Key words: cmk, GTP, pyrH, Streptococcus pneumoniae UMP
kinase, UTP.

INTRODUCTION

The de novo biosynthesis of pyrimidine nucleotides are key meta-
bolic pathways, that are conserved in almost all prokaryotic and
eukaryotic organisms. The first nucleotide synthesized by the
pathway is UMP, which is converted into UDP by a UMP kinase
activity. In eukaryotes, the reaction is performed by a non-specific
UMP-CMP kinase [1], a member of the NMP (nucleoside mono-
phosphate) kinase family (see [2] for a review), the best example
of which is adenylate kinase [3]. In prokaryotes, UMP kinase
is encoded by pyrH, and the CMP kinase activity, encoded
by cmk, is due to a separate enzyme, a member of the NMP
kinase/adenylate kinase family [4]. In Bacillus subtilis and
Escherichia coli, CMP kinase possesses a very weak activity when
UMP is used as a substrate, with a catalytic efficiency 1000- and
3000-fold lower than that for CMP substrate respectively [5]. In
B. subtilis, pyrH is not essential [6], whereas cmk is crucial for cell
growth [7] and the UMP-converting activity of CMP kinase was
proposed to complement the null-pyrH mutation [5]. In E. coli,
overexpression of CMP kinase can suppress some pyrH mutations
[8]; nevertheless, pyrH was demonstrated to be essential for
growth in both E. coli [9] and Haemophilus influenzae [10]. In
addition, the role of UMP kinase is more complex than simply
converting UMP into UDP. In E. coli, the enzyme modulates
the carAB gene by acting in a complex nucleoprotein structure
required for pyrimidine-specific repression of carPl promoter
activity [11] and it also has a putative role in cell division [8],
which might explain its localization near the bacterial membranes
[12].

The pyrH gene product is highly conserved among bacteria and
does not display significant sequence similarities to eukaryotic
UMP kinases or other enzymes of the adenylate kinase family

[13]. Prokaryotic UMP kinase is instead more related by primary
sequence comparison to the aspartokinase family [13]. In addition,
molecular modelling studies predict that the E. coli UMP kinase
structure shares similarities with carbamate kinases and acetyl-
glutamate kinases [14]. To date, only UMP kinases from E. coli
and B. subtilis have been overexpressed, purified and character-
ized [12,13,15-17]. Both proteins are inhibited by UTP and
activated by GTP. They display hyperbolic saturation kinetics
with both substrates and, under some conditions, inhibition by
excess UMP. They react to UTP or GTP by a change in k., with
the enzyme from E. coli being particularly sensitive to inhibition
by UTP, whereas the enzyme from B. subtilis is more responsive
to activation by GTP [13,17].

The essentiality of the pyrH gene in E. coli and H. influenzae,
its high conservation among bacteria and its structural divergence
from the human counterpart [18] make UMP kinase an attractive
enzyme for developing new antibacterials. However, since pyrH
of B. subtilis was shown to be non-essential, due to the UMP
kinase activity of the cmk gene, the consideration of bacterial
UMP kinase as a potential target for antibacterials requires further
investigation regarding the essentiality of the pyrH gene in at least
one Gram-positive pathogenic species of clinical relevance.

In the present study, we have studied UMP kinase from
Streptococcus pneumoniae, a Gram-positive human pathogen that
causes life-threatening invasive diseases. First, we have shown its
essentiality for cell survival. We have purified the recombinant
protein and characterized its kinetics and conformational pro-
perties. We have demonstrated that the effectors GTP and UTP
did not bind at the active site and the protein underwent significant
conformational changes on their binding. Finally, UMP kinase
from S. pneumoniae exhibited a unique property, namely co-
operativity, for the ATP substrate.

Abbreviations used: DLS, dynamic light scattering; DSC, differential scanning calorimetry; NMP kinase, nucleoside monophosphate kinase.
" To whom correspondence should be addressed (email florence.fassy@aventis.com).
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EXPERIMENTAL
Bacterial strains and growth conditions

S. pneumoniae R800 [19] was kindly provided by J.-P. Claverys
(UMR 5100, Université Paul Sabatier, Toulouse, France).
S. pneumoniae was grown at 37 °C with 5% CO, in BHI
(brain heart infusion; Difco). Epicurian Coli™ XL1-Blue cells
(Stratagene) were used as the host for plasmid construction and
BL21 (DE3) (Stratagene) was used as the host for recombinant
protein expression. Transformation of S. pneumoniae R800 was
performed as described by Alloing et al. [20].

DNA manipulation

S. pneumoniae chromosomal DNA was prepared from mid-
exponential-phase cultures using the Genomic-tip 500/G extrac-
tion kit (Qiagen) according to the manufacturer’s instructions.
E. coli plasmid DNA was extracted by the alkaline-SDS lysis
method with the HiSpeed plasmid midi kit (Qiagen). PCRs were
performed using the High-fidelity ampliTac enzyme (Boehringer),
and DNA fragments were extracted from agarose gels using the
Nucleospin extract kit (BD Biosciences). Restriction enzymes
were used as recommended by the manufacturer.

Cloning and expression of the S. pneumoniae UMP kinase

The sequence of the pyrH gene was obtained from the TIGR
database, after a BLAST analysis [21,22] with the E. coli pyrH
gene. The full-length pyrH coding region was amplified from
S. pneumoniae R800 chromosomal DNA with primers pyrHup
(5'-GTGCATATGGCGAATCCCAAGTATAAACGT-3') and pyr-
Hdown (5-TCTGGATCCTTCCTTTTCTTCGATATTATT-3').
The PCR fragment was digested with Ndel and BamHI, whose
sites were included in the pyrHup and pyrHdown primers respect-
ively. The purified digested PCR fragment was then ligated with
the pET11a expression vector, previously digested with Ndel
and BamHI, resulting in the pETpyrH plasmid. The sequence
of the cloned gene was 100 % identical with the pyrH gene of
S. pneumoniae R6 [23]. It harboured one difference as compared
with the TIGR strain at 661 bp (T — C), leading to a serine
residue in the R800 strain instead of a proline. However, this
position is not highly conserved and a serine residue is also found
in the sequence of Streptococcus mutans UA159. S. pneumoniae
UMP kinase contains 245 amino acids and shares 62.9 % identity
and 77.1 % similarity with the protein of B. subtilis 168 and
shares 47.2 % identity and 63.3 % similarity with E. coli. The
pETpyrH plasmid was further introduced into E. coli BL21
(DE3) for the expression of S. pneumoniae UMP kinase.

Deletion experiments of pyrH in S. pneumoniae by insertion
of a kanamycin resistance cassette

Two fragments corresponding to the 5'- and 3’-ends of the pyrH
gene were PCR-amplified from S. pneumoniae R800 chromo-
somal DNA. The primers pyrHEup (5'-ATAGAATTCTGGCG-
AATCCCAAGTATAAAC-3") and pyrHKdown (5'-CCCGGTA-
CCGTTGCAATGAATCTGCCATCACAA-3") were used for the
5'-fragment (282 bp), and pyrHBup (5'-TTGGGATCCGAATT-
GGTTCACCATACTTCT-3") and pyrHSdown (5'-CTGGCATG-
CCGATATTTTCACCAAATACGA-3') were used for the 3'-frag-
ment (302 bp). The 5'- and 3'-PCR-generated fragments were
then cloned in pUC19, at the EcoRI-Kpnl and BamHI-Sphl sites
respectively. The resulting pyrH gene was thus devoid of a 118 bp
central fragment. A kanamycin cassette (aphA-3) devoid of a
promoter-terminator (kindly provided by P. Trieu-Cuot, Institut
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Figure 1  Gene-knockout strategy of the pyrH locus

(R) pPyrGR and pPKCm are the suicide vectors designed for the insertion at the pyrH site of
S. pneumoniae R800, through homologous recombination. The B. subtilis cmk gene (Bscmk)
encodes CMP kinase, which also has UMP kinase activity. (B) After the double-crossover events
leading to the expected gene replacements, cell viability on kanamycin medium was obtained
only when cells were transformed with pPKCm but never with pPyrGR.

Pasteur, Paris, France) [24], flanked by Kpnl and BamHI, was
inserted into the corresponding sites between the two pyrH
fragments, resulting in the pPyrGR plasmid. Subsequently, the
cmk gene from B. subtilis 168 was amplified using the primers
BScmk-S5  (5-TTCGGATCCTAAATAGATGAGGAGAAAA-
GAGCAAGGAGA-3") and BScmk-R (5-TTGGGATCCTCA-
GCGGGACTTTTGCTCCACAGC-3'). The cmk gene was then
cloned at the BamHI site of pPyrGR, immediately downstream
of the aphA-3 cassette. After transformation of E. coli, the clones
were checked for correct orientation of the B. subtilis cmk gene.
The resulting plasmids, pPKCm and pPyrGR (Figure 1), were then
used to transform S. pneumoniae. Transformants were selected by
plating on media containing 1 mg/ml kanamycin. Analysis of
recombinants for correct insertion was performed by PCR and
Southern-blot analysis.

Expression and purification of recombinant
S. pneumoniae UMP kinase

The expression medium was prepared as described by Riesenberg
et al. [25]. Ampicillin was added to a final concentration of
200 mg/1. The cells were cultivated in a 10 litres stirred bioreactor
(Type ISF207; INFORS AG, Bottmingen, Switzerland) fully con-
trolled by IRIS software (INFORS Control). The initial culture
conditions were as follows: 6 litres working volume, 2 litres/min
air flow rate, 200 rev./min stirrer speed, 37 °C, inoculation with
2 ml of a frozen cell suspension at an attenuance (D) of 2 and
dissolved oxygen maintained at 50 % by controlling the stirrer
speed and air flow. When the culture reached a Dy of 12, the
temperature was lowered to 25 °C and protein expression was
induced by the addition of 1 mM isopropyl 8-D-thiogalactosidase.
After 13 h of induction, cells were collected by centrifugation for
30 min at 5000 g, leading to the recovery of 500 g of cell paste.
Expression was checked by SDS/PAGE [26] and 90 % of the
UMP kinase was found in a soluble form.

The cell pellet (84 g) was suspended in 210 ml of 50 mM
Tris and 10 mM MgCl,, pH 8.0 (buffer A). Cells were disrupted
by sonication using a 19 mm probe and an ultrasonics liquid
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Figure 2 SDS/PAGE of fractions obtained during the purification of UMP
kinase from S. pneumoniae

Lane 1, standard proteins: phosphorylase b (97000 Da), BSA (66000 Da), ovalbumin
(45000 Da), carbonic anhydrase (30000 Da), soya-bean trypsin inhibitor (20100 Da) and
lysozyme (14400 Da). Lane 2, bacterial extract. Lane 3, Q Sepharose HP chromatography. Lane 4,
phenyl-Sepharose HP chromatography. Lane 5, Superdex 200 chromatography. The amount of
protein deposited on gel was 5 g except for the bacterial extract, which was 10 ug.

processor VCX 600 Watt (Sonics & Materials, Newtown, CT,
U.S.A.) for 10 min while maintaining the temperature below
15 °C. The lysate was centrifuged at 186000 g for 180 min. The
supernatant was applied to a Q Sepharose HP column XK50/10
(Amersham Biosciences) equilibrated with buffer A. After
washing, proteins were eluted using a 0—0.5 M NaCl linear gradi-
ent for 45 min at a flow rate of 30 ml/min. Fractions containing
UMP kinase were pooled and diluted in 4 vol. of 1.5 M (NH,),SO,
in buffer A. The resulting solution was applied to a phenyl-
Sepharose HP column XK50/20 (Amersham Biosciences) equi-
librated with 1.2 M (NH,),SO, in buffer A. Proteins were eluted
using a 1.2-0 M linear gradient of (NH,),SO, in buffer A for
45 min at a flow rate of 30 ml/min. The eluted protein was applied
to a Superdex 200 column BPG100/700 equilibrated with 50 mM
Tris (pH 8.0) and 16% glycerol at a flow rate of 40 ml/min.
S. pneumoniae UMP kinase (946 mg) was obtained with a
purity higher than 95 % as seen by Coomassie Blue staining on
SDS/PAGE (Figure 2). Protein concentration was 1.5 mg/ml as
measured by the method of Bradford [27] or by UV spectrophoto-
metry using a molar absorption coefficient of 12090 M~" - cm™!
at 280 nm. The N-terminal amino acid sequence was determined
by a protein sequencer (Procise 492 cL.C; Applied Biosystems).
The protein was analysed by HPLC on a Vydac C4 (2.1 mm X
150 mm) column using the HP1100 system from Agilent
Technologies (Palo Alto, CA, U.S.A.). Elution was performed
with a gradient of acetonitrile in 0.1 % trifluoroacetic acid. Peaks
were detected at 280 nm and analysed on an LCQ mass spectro-
meter (Thermo Electron S. A., Courtaboeuf, France) fitted with
a Finnigan ESI (electrospray ionization) source. All experiments
were performed in the positive mode. MS and N-terminal sequenc-
ing indicated a molecular mass of 26298 Da and loss of the N-ter-
minal methionine. The enzyme was stored as aliquots and lost
less than 10 % activity on 12 months storage at — 80 °C or during
6hat0°C.

Determination of the relative molecular mass

Gel filtration was performed on a Superdex 200 3.2/30 column
(Amersham Biosciences) in 20 mM PBS (pH 7.4) and 0.15 M
NaCl at 40 wl/min, with detection at 280 nm and standard
proteins: aldolase (158000 Da), BSA (67000 Da), ovalb-

umin (43000 Da), chymotrypsinogen A (25000) and RNase A
(13700 Da).

UMP kinase assay and kinetic analysis

Nucleotides, phosphoenolpyruvate, NADH, rabbit muscle pyru-
vate kinase and lactate dehydrogenase were purchased from
Sigma. UMP kinase activity was determined at 37 °C by coupling
with pyruvate kinase and lactate dehydrogenase and measurement
of NADH consumption at 340nm in a Spectramax 96-well
microtitre plate reader (Molecular Devices). The reaction volume
was 200 ul. The reaction buffer was 100 mM Bis-Tris and 50 mM
KCI and, unless otherwise stated at pH 7.5. For the experiment
at pH 8.5, Tris buffer was used. BSA was added to a final
concentration of 0.1 mg/ml and DMSO was added to 2.5%.
For the coupling, 2.5 mM phosphoenolpyruvate, 0.6 mM NADH,
pyruvate kinase corresponding to an activity of 5 umol™!-
min~'-ml™" and lactate dehydrogenase corresponding to
12.5 pmol™' -min~" - ml~' were used. Pyruvate kinase activity
was always at least 200 times higher than UMP kinase activity. No
increase in activity was observed if NDP kinase was added to the
assays. ATP, MnCl, or MgCl,, UMP, GTP and UTP were added
at various concentrations for testing UMP kinase activity. MnCl,
solutions were freshly prepared. The rate units are defined as ;tmol
of UMP kinase substrate consumed per min, which corresponded
to the consumption of 2 umol of NADH/min. The reaction was
started by the addition of UMP kinase, the final concentration of
which varied from 37.5 to 100 ng/ml in different experiments.
Kinetics results were fitted to the following equations, using the
non-linear regression module of the Statistica software (Statsoft):

v = VouulSI"/(Sos" + [S]") (1
v = Vou[SI/(Kw +[SD @
v =C — Max[A]/(K, + [A]) 3)
v = C + Max[A]/(Kq + [A]) Q)
v =C +Max[A]"/(K," + [A]") ®)
v = Vo /(1 + 10°PK17PH p oPiehz) (©6)

where v is the steady-state velocity, V.. and V, the maximal
rates, Max the plateau rate, C a constant corresponding to the rate
in the absence of allosteric effector, [S] the substrate concentration
(ATP or UMP), [A] the allosteric effector concentration (GTP
or UTP), K, the Michaelis—Menten constant, S, the substrate
concentration at half-saturation, K 4 the apparent dissociation con-
stant and » the Hill number or a co-operativity index.

DSC (differential scanning calorimetry)

The thermal stability of UMP kinase was determined by DSC,
usinga WP DSCapparatus (MicroCal, Northampton, MA,U.S.A.),
over the temperature range of 15-85°C at a rate of 60 °C/h.
Protein solutions were dialysed against 20 mM Tris and 5 mM
MgCl, (pH6.5), which was also used in the reference cell.
Samples containing 1.8 mg/ml UMP kinase and various concen-
trations of substrate or effector were carefully degassed and pre-
equilibrated for 15 min at 15 °C. Plots of absorbed heat as a
function of temperature were analysed with the Origin software
provided by MicroCal.

DLS (dynamic light scattering)

Measurements were performed with an Autosizer 4700 (MAL-
VERN) instrument equipped with an argon ion laser operating
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Figure 3 Alignment of the amino acid sequences of UMP kinase from
E. coli (P29464 in SwissProt) and S. pneumoniae

The secondary-structure elements from the E. coli model of Labesse et al. [14] are shown
over the alignment. The residues cited in the text are in boldface. Active-site motifs, as predicted
in [14], are underlined in the E. coli sequence and noted below the alignment. Hypothetical
GTP-binding site and subunit interface are underlined in the S. pneumoniae sequence and noted
below the alignment.

at 488 nm and 40 mW. The diffused light was collected at a
scattering angle of 90°. Measurements were performed with the
detector aperture set at 0.2 mm. Five individual runs were taken
at 25 °C. The protein was extensively dialysed against 100 mM
Tris and 5 mM MgCl, (pH 6.5). The samples were slowly injected
into the scattering cell through a Millex GV4 0.22 um filter. The
time-dependent autocorrelation function of the photon current was
analysed by the cumulants method. The hydrodynamic radius
was calculated from the measured translational diffusion co-
efficient using the Stokes—Einstein equation, with the assumption
that the species was spherical.

RESULTS
Cloning and sequencing of the S. pneumoniae pyrH gene

The pyrH gene was obtained after PCR amplification from
S. pneumoniae R800. The residues identified by Bucurenci et al.
[16] through a mutational analysis of E. coli UMP kinase are con-
served in S. pneumoniae (Figure 3); these residues were demon-
strated to be involved in effector binding (Arg-62 and Asp-77 in
E. coli), solubility (Asp-159 and Asp-201 in E. coli), catalysis
(Asp-146 in E. coli) and UMP binding (Asp-174 in E. coli). The
alanine residue at position 94 of the E. coli enzyme, conserved in
most Gram-negative bacteria and involved in the regulation of the
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carAB promoter [11], is absent from the S. pneumoniae sequence.
It is substituted by a serine residue, which in turn is conserved in
most Gram-positive organisms.

Essentiality of the S. pneumoniae pyrH gene

To demonstrate the essentiality of the pyrH gene in S. pneumoniae,
the R800 strain was transformed with the non-replicative pPyrGR
and pPKCm vectors (Figure 1). The experiments were repeated
three times independently. Transformation with pPKCm allowed
the selection of kanamycin-resistant clones, whereas no trans-
formants could be selected with pPyrGR. This strongly suggested
that pyrH is essential and cannot be deleted unless complemented
with the B. subtilis cmk gene present in the integrated pPKCm
plasmid. The complementation experiment with B. subtilis cmk
and the use of a terminatorless aphA-3 cassette indicated clearly
that the essentiality is not due to a polarity effect on the down-
stream essential frr gene. Thus S. pneumoniae cells share with
E. coli, and not with B. subtilis, the property that pyrH is essential
and its deletion cannot be rescued by the endogenous cmk. The
differences in pyrH essentiality among bacterial species may
come from the in vivo level of activity of the endogenous CMP
kinase and also from differences in cell regulation.

The pPKCm S. pneumoniae strain, which is deleted in pyrH
and complemented by B. subtilis cmk, constitutes an interesting
tool for testing the inhibitors of UMP kinase using a cellular assay.
Molecules that exhibited an antibacterial effect on the wild-type
strain and not on the pPKCm strain would denote specific targeting
of UMP kinase.

Requirement for a hivalent cation

The assay for UMP kinase activity was a coupled system with pyr-
uvate kinase and lactate dehydrogenase. Pyruvate kinase activity
is dependent on the presence of a bivalent cation, magnesium
or manganese being the preferred co-substrate, with a similar
efficiency [28]. In the absence of a bivalent cation, the coupled
assay could not be used and it was replaced by an HPLC assay,
in which the concentrations of substrates and products were
directly measured. In this method, UMP kinase was totally
inactive in the absence of MgCl, or MnCl,. Subsequently, the
rate of UMP kinase activity as a function of MgCl, or MnCl,
concentration up to 20 mM was determined at 1 or 2 mM ATP,
in the coupled assay. As long as the cation concentration was
lower than the ATP concentration, the rate increased sharply.
When the cation concentration was greater than the ATP concen-
tration, the rate increased slowly. Consequently, the ATP—-Mg or
ATP-Mn complex was considered to be the true substrate for the
enzyme. A slow increase in activity for a cation/ATP ratio higher
than 1 reflected the incomplete complexation of ATP with the
cation. As an example, using dissociation constants of 13.7 and
10 uM for Mg-ATP?~ and Mn-ATP?~ at pH 8, the concentration
of the complexes would be 0.89 and 0.90 mM respectively at
1 mM of both ATP and cation [29]. Moreover, the cations could
also be activators, an effect that has been described for other
kinases such as rabbit muscle pyruvate kinase [28,30,31] or phos-
phoenolpyruvate carboxykinase [32]. A cation/ATP molar ratio
of 2 was selected for all the subsequent kinetic experiments. This
ratio was chosen to enable a close approach to ATP saturation
by the cation and to limit the risk of precipitation that could be
observed at a high concentration of MnCl,. For example, at 1 mM
ATP and 2 mM cation, the concentrations of both Mg-ATP*~ and
Mn-ATP* would be 0.99 mM at pH 8. Since GTP or UTP also
formed complexes with the cation and since it was assumed that all
NTPs had a similar affinity for the cation when several NTPs were



Allosteric regulation of UMP kinase from S. pneumoniae 623

300

g

activity (pmol/min/mg)
8

activity (pmol/min/mg)

3

ATP (mM)

Figure 4 ATP saturation curves of UMP kinase in the presence of MnCl,
(A) or MgCl, (B)

The concentrations of effectors were 1 mM GTP (#),0.1 mM GTP (O), no effector (A), 0.4 mM
UTP (<) and 2 mM UTP (@). Curves were drawn using kinetic parameters calculated from
eqn (1) and displayed in Table 1. UMP concentration was 2 mM and UMP kinase concentration
was 37.5 ng/ml. The cation/NTP molar ratio was maintained at 2.

present in a reaction, the cation concentration was set to twice the
sum of the concentrations of NTPs.

Substrate specificity

Role of ATP, UTP and GTP as phosphate donor was tested at
4 mM in the presence of 2mM UMP, 8 mM MnCl, or MgCl,
and a high concentration of UMP kinase (100 ng/ml). ATP was
clearly the best phosphate donor and displayed activities of 130
and 66 umol™' - min~' - mg~"' with MnCl, and MgCl, respectively.
GTP and UTP were extremely poor substrates with an activity
below 1 umol™" - min~' - mg~" with either cation.

Substrate saturation curves

The saturation curves for the substrate ATP were determined at
2 mM UMP in the presence of MnCl, or MgCl, (see Figure 4 and
Table 1). In the absence of GTP, the curves were sigmoidal. With
increase in GTP, the sigmoidicity progressively disappeared. The
addition of UTP did not strongly modify the shape of the curve
and displaced the position of the inflection point of the sigmoid to

Table 1 Sys and n parameters for ATP, calculated from eqn (1)

UMP was 2 mM and UMP kinase was 37.5 ng/ml, with the corresponding Ve =274 + 6 and
399430 gemol - min~"-mg~" (kex = 120+ 3and 175413 s~' per monomer of 26 298 Da)
for MnCl, and MgCl, respectively. The cation/NTP molar ratio was maintained at 2. The pH value
was 7.5. For the sake of clarity, only five curves are presented in the corresponding Figure 4.

MnCl, MgCly

Effector So.5 (MM) n Sos (MM) n

GTP (mM)
0 42+02 20+0.1 94+07 1.9+01
0.05 30402 15401 77409 16+0.1
0.1 2.0+01 11401 57+13 14402
0.4 0.54+0.07 0.82+0.06 18402 12401
1 0.29+0.05 0.75+0.08 0.93+0.06 11401
2 0.19+0.06 0.65+0.15 0.81+0.14 0.92+0.10

UTP (mM)
0 42402 20401 94407 1.9+01
0.05 45+02 20+0.1 98+1.7 20402
0.1 46+0.2 22401 10+3 20403
0.4 54402 23401 1M1+2 21402
1 6.7+05 24402 14+5 22402
2 86+21 23104 17+14 22104

higher ATP concentrations. The curves were fitted to eqn (1). For
curves with low S 5, the plateau was clearly defined at the highest
concentrations of ATP and the estimation of V ,,, was accurate. In
contrast, for curves with high S 5, it was not possible to determine
simultaneously and accurately the three parameters V.., Sos
and n. Since we observed that the V,,, parameter was constant
for each set of experiments with a cation, a mean value was
determined from the curves with a low S, 5. Values of 274 + 6 and
399 4+ 30 umol™ - min~' - mg~' (corresponding to k., =120+3
and 175+ 13 s™' per monomer) were obtained for MnCl, (Fig-
ure 4A) and MgCl, (Figure 4B) respectively. These mean V
values were then included in eqn (1) when fitting curves with
high S,s, allowing accurate determination of Sy5 and n. In the
absence of any effector, So5 was 4.21+0.2 and 9.4 +£0.7 mM in
the presence of MnCl, and MgCl, respectively. Whereas the k.,
value was 1.5 times higher in the presence of MgCl,, the affinity
for ATP was 2.3 times higher in the presence of MnCl,. Finally,
n was almost the same for both cations, with values of 2.0+ 0.1
and 1.9 £ 0.1 for MnCl, and MgCl, respectively.

The addition of GTP abolished the co-operativity. At 2 mM
GTP, n was 0.6510.15 and 0.92 4+ 0.10 for MnCl, and MgCl,
respectively. In parallel, the apparent affinity was increased: at
2mM GTP, S5 was 0.19 4+ 0.06 and 0.81 4+ 0.14 mM for MnCl,
and MgCl, respectively. The addition of UTP had an opposite
effect on Sy 5 and, in parallel, slightly increased the co-operativity.
At 2mM UTP, S,5 reached 8.6+2.1 and 17+ 14mM and
n increased to 2.3+ 0.4 and 2.2+ 0.4 for MnCl, and MgCl,
respectively.

The saturation curves with the second substrate, UMP, were not
determined at saturating ATP concentrations. High concentrations
of ATP were not compatible with solubility. Seven UMP saturation
curves were established at different concentrations of ATP in
the range 1-5 mM. Both MnCl, and MgCl, were tested. All
curves were hyperbolic and could be fitted to eqn (2) (results not
shown). The K, of UMP was then estimated from a secondary plot
of the inverse of the observed K, as a function of the inverse of
the ATP concentration. Using a linear fit, K, values for UMP
of approx. 0.15 and 0.10 mM were obtained in the presence of
MnCl, and MgCl, respectively. When GTP or UTP was added ata
constant ATP concentration, the curves remained hyperbolic. The
apparent K, for UMP slightly decreased and the V,,,, increased
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Figure 5 UMP kinase saturation curve by the effector UTP (A) or GTP (B)

The concentrations were 3 mM ATP and 2 mM UMP in the presence of MgCl, (@) or MnCl,
(C7). Curves were drawn using kinetic parameters calculated from eqns (3)—-(5); they were
hyperbolic except for GTP in the presence of MgCl,, where it was sigmoidal, as shown in the
inset. UMP kinase concentration was 75 ng/ml (A) or 37.5 ng/ml (B). The cation/NTP molar
ratio was maintained at 2.

in the presence of GTP, whereas the reverse phenomena were
observed in the presence of UTP.

GTP and UTP saturation curves

The saturation curves of UMP kinase activity with UTP or GTP
were obtained at 3mM ATP, 2mM UMP and in the presence
of MnCl, or MgCl,. The saturation curves of UTP (Figure 5A)
were hyperbolic and the data were fitted to eqn (3). The rates
decreased with increase in UTP concentration, and at high concen-
trations, the activity reached a plateau of low activity, 22.0 + 1.5
or 8.5+0.7 umol™' - min~" - ml™', in the presence of MnCl, or
MgCl, respectively. This non-null plateau activity could not
correspond to a consumption of UTP since UTP was not a good
enough substrate (activity less than 1 gmol™'-min~'-ml~' at
4 mM). Since UMP kinase could not be fully inhibited, it was con-
cluded that UTP did not act by competition at the active site. The
fit indicated an apparent K, of 0.21 +0.03 and 0.28 +0.10 mM
for UTP in the presence of MnCl, and MgCl, respectively.

The saturation curve of GTP (Figure 5B) was hyperbolic with
MnCl,; data were fitted using eqn (4) and the apparent K; was
0.14 £ 0.02 mM. With MgCl,, a sigmoidal fit was generated
using eqn (5), the apparent K, was 0.21 +0.01 mM and the co-
operativity index was 2.2 & 0.2. Additional experiments were per-
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Figure 6 Influence of pH on (A) ATP saturation curves and (B) the optimal
activity at different ATP concentrations, in the presence of MnCl,

Assays were performed at pH 6.5 (O), pH 7.5 (CJ) and pH 8.5 (A) (A) and 2 mM (@), 4 mM
(M) and 10 mM (A) ATP (B). Curves were drawn using kinetic parameters calculated from
eqn (1) (A) and eqn (6) (B). UMP concentration was 2 mM and UMP kinase was 37.5 ng/ml.
The MnCl,/ATP molar ratio was maintained at 2.

formed with different concentrations of ATP (results not shown).
When the ATP concentration was decreased, the apparent K,
for GTP and the co-operativity index increased. Despite strong
similarities between ATP and GTP in their chemical structure and
co-operative kinetics, these two molecules probably do not bind
at the same site. Indeed, if GTP activated by mimicking ATP, i.e.
through a binding at the ATP site, GTP would be inhibitory at
high concentrations. As depicted in Figure 5(B), at 4 mM GTP,
which is 40 times the apparent K, no significant inhibition was
observed. Therefore the strong activation by GTP is probably due
to binding at a site distinct from the ATP site.

Effect of pH on the ATP saturation curve

ATP saturation curves were compared at pH 6.5, 7.5 and 8.5 in
the presence of MnCl, (Figure 6A) or MgCl, (results not shown).
Data could be fitted with accuracy to the Hill equation (eqn 1) at
pH 6.5 and 7.5. No fit was possible for the data at pH 8.5 with
MgCl, because the measurements only described a reduced part
of the curve. The changes in kinetic parameters were qualitatively
similar in the experiments with MnCl, and MgCl,: V. increased
with pH, whereas the apparent affinity and the co-operativity for
ATP decreased with pH. In the presence of MnCl,, for pH values
of 6.5, 7.5 and 8.5, V. increased from 135+ 3 to 274 + 6 and
666 +392 umol~' -min~' - mg~"', S5 increased from 1.3+0.1
to 4.240.2 and 15+ 8 mM and n decreased from 2.6 £0.3 to
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Table 2 Hydrodynamic data by DLS

Dr, translational diffusion coefficient; Ry, hydrodynamic radius of gyration. UMP kinase content
was 2 mg/ml in 5 mM MgCl, and 100 mM Tris (pH 6.5). Precipitates were observed in the
presence of UMP.

Ligand (3 mM) Dy x 108 (cm?/s) Ry (nm) Polydispersity (%)
None 13+15 6.0+0.2 18+2
ATP 50.7+0.6 48401 9+2
GTP 511404 48+0.03 9+2
uTp 229+40 109+21 4+7
ump 181404 136402 30+2

Table 3 Effect of ligands on the T,, of UMP kinase

20 mM Trisand 5 mM MgCl, (pH 6.5) was used except for the 30 mM ATP experiment (100 mM
Tris and 30 mM MgCl,, pH 6.5). Precipitates were observed in the presence of UMP.

Ligand Tm (°C) Increase in T, (°C)
None 50.0+0.2 -
3 mM UMP 679408 18
3 mM ATP 543+0.2 4
30 mM ATP 611402 1
3 mM GTP 730404 23
3 mM UTP 67.1+1.0 17

2.0£0.1 and 1.7 £ 0.3 respectively. In the presence of MgCl,,
when the pH was shifted from 6.5 to 7.5, V. increased from
182+ 4 t0 399 4+ 30 umol~! - min~' - mg~!, Sy 5 from 3.2+ 0.1 to
9.44+0.7mM and n decreased from 2.8+0.2 to 1.9+0.1.
Additional experiments were performed to demonstrate a change
in the apparent optimal pH when the ATP concentration was
modified. Activity was measured at five different pH values in
the range 6.5-8.5 at three ATP concentrations in the presence of
MnCl, (Figure 6B) or MgCl, (results not shown). Where possible,
bell-shaped data were fitted using eqn (6) to determine an optimal
pH value and two pK, values. In the presence of MgCl,, when the
ATP concentration increased from 2 to 4 and 10 mM, the optimal
pH value increased from <6.5 to approx. 6.5 and 7.4, with
pK.=6.210.1 and 8.6 0.1 at 10 mM ATP. In the presence of
MnCl,, for increase in ATP concentration from 2 to 4 and 10 mM,
the optimal pH value increased from <6.5 to 7.1 and 7.8, with
pK,=6.310.2 and 8.0+ 0.1 at 4 mM ATP and pK,=6.7+0.1
and 8.910.2 at 10 mM ATP. Therefore the optimal pH of the
reaction increased with increase in ATP concentration and is
shifted to slightly higher pH values in the presence of MnCl,
compared with MgCl,.

Protein properties by gel filtration

The enzyme solution at 1.5 mg/ml was submitted to gel filtration
atpH 7.4. The protein preparation showed no aggregates. Its major
form, representing two-thirds of the protein population, had a mol-
ecular mass of 189 kDa. The minor form displayed an apparent
mass of 87.5 kDa. Calculations indicated a heptamer for the major
form and a trimer for the minor one. Homoheptamers are not
frequently observed and the major form may, rather, be a hexamer.

Calculated hydrodynamic radius

The protein preparation was tested by DLS after dialysis in
100 mM Tris and 5 mM MgCl,, pH 6.5 (Table 2). The trans-
lational diffusion coefficient was measured in the presence of
different ligands and the data were used to calculate the hydro-
dynamic radius under the assumption of a globular shape. The
hydrodynamic radius of UMP kinase was 6.0 nm with a poly-
dispersity of 18%. Addition of 3mM ATP induced the same
effect as 3 mM GTP: the hydrodynamic radius was decreased to
4.8 nm and the polydispersity to 9 %, indicating that the protein
became more compact in a more homogeneous sample. In
contrast, 3 mM UMP or UTP induced a large increase in size and
polydispersity. With UMP, the protein solubility was significantly
reduced since precipitates were observed in the solution. Because
the polydispersity in the preparations containing UTP and
UMP was high (44 and 30 % respectively), the presence of aggre-
gates was strongly suspected.

Stability of UMP kinase to thermal denaturation

Changes in T, (transition midpoint temperature) of the protein
were monitored on addition of 3 mM substrates or GTP and UTP
effectors (Table 3). Experiments were performed in the presence
of 5 mM MgCl, and at pH 6.5. The DSC profiles showed an endo-
thermic reaction with T, =50-73 °C. This was followed by an
exothermic reaction with an onset temperature in the range 58—
75 °C, most probably corresponding to the aggregation of UMP
kinase after thermal denaturation. All the ligands induced an
increase in T,,. The most significant change was observed with
GTP giving a 23 °C shift. ATP induced the lowest T, shift of 4 °C.
A higher ATP concentration of 30 mM was tested to saturate the
protein. An increase in T, of 11 °C was measured. The increases
in T, induced by UTP or UMP binding were similar: 17 or 18 °C
respectively. Large increases in T, obtained with the ligands
GTP, UTP and UMP probably indicated extensive conformational
changes in the protein. The lowest increase in T, induced by ATP
either corresponds to an absence of conformational change or
most probably reflects a lower affinity for ATP in comparison
with other ligands.

DISCUSSION

In the present study, we have demonstrated that the kinetics of
S. pneumoniae UMP kinase is Michaelis—Menten type for the sub-
strate UMP and is co-operative for the substrate ATP. We propose
a basic model for this enzyme with two forms, R and T, according
to allosteric nomenclature [33,34]. R would be the form with a
high affinity for ATP and T the form with a low affinity. An al-
losteric transition would allow the reversible transformation of
the T form into the R form and would explain the co-operative
effect of ATP. Experiments on the pH dependence of UMP
kinase support this model. At low ATP concentrations, the
enzyme displayed an optimal pH below 6.5, whereas at high
ATP concentrations, the optimal pH was from 7.4 to 7.8. In
parallel, apparent pK, values were shifted to higher pH values
when the ATP concentration increased. Such a large variation in
the optimal pH and pK, values of residues involved in catalysis
can be logically related to large conformational changes in the
protein. The shift in pH dependence of the activity accompany-
ing an allosteric transition has been described for aspartate trans-
carbamoylase from E. coli. Its optimal pH is 6.8 at low aspartate
concentrations and 8.2 at high aspartate concentrations [35,36].
S. pneumoniae UMP Kkinase is activated by GTP. Since GTP
resembles ATP, it could bind at the ATP site and be the activator at
low concentrations by inducing the allosteric transition. Since it is
not the inhibitor at high concentrations, we conclude that GTP has
a binding site different from the ATP-binding site. GTP strongly
decreases the co-operativity for ATP and enhances its affinity. This
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can indicate that the binding of GTP displaces the equilibrium
between the two forms towards the high-affinity R form. UMP
kinase is inhibited by UTP. We demonstrated that UTP does not
bind at the active site by showing that UTP never completely
inhibits the enzyme. UTP decreases the apparent affinity for
ATP but only weakly increases the co-operativity. Thus, from the
kinetic experiments, we have no clear evidence that UTP might
inhibit by inducing the transition to the low-affinity T form. It
has been previously shown that some allosteric effectors do not
act by shifting the T-R equilibrium, e.g. ATP and aspartate trans-
carbamoylase from E. coli [37,38].

The enzyme absolutely requires MgCl, or MnCl, for activ-
ity. The nature of the bivalent cation strongly influences the
kinetic parameters and also modifies the apparent optimal pH.
With MgCl,, in comparison with MnCl,, the catalytic constant
and the affinity for UMP are higher, but the affinities for ATP,
GTP and UTP are lower. In addition, some co-operativity for GTP
binding is observed solely in the presence of MgCl,. These results
suggest that an UMP kinase might contain two metal-binding
sites as already known for other kinases [28,30—32]. Nevertheless,
further experiments are needed to support this hypothesis.

The oligomerization state of S. pneumoniae UMP kinase was
determined by gel filtration. The major form was assigned to
a hexamer. A hexamer was also found for E. coli and B. subtilis
enzymes, and molecular modelling predicts a three in-plane dimer
subunit arrangement [14]. The effect of the binding of the sub-
strates or effectors to the protein was studied by DSC and DLS,
at pH 6.5 in the presence of MgCl,. This pH was used to favour
the binding of ATP, which displayed a higher affinity for the en-
zyme at acidic pH. ATP and GTP both strongly decreased the
molecular mass of the protein and improved the homogeneity of
the sample. Therefore, in the framework of our model, we pro-
pose a compact conformation for the high-affinity R form. UTP
induced swelling of the protein and, at the same time, increased the
polydispersity of the sample. The binding of UTP may induce
the protein to adopt a more extended conformation, where
exposure of hydrophobic side chains would favour the formation
of large polymers or aggregates. Changes in the solubility of the
protein have also been described for UMP kinase from E. coli
[15,16]. The effect of the substrate UMP on the conformation of
S. pneumoniae enzyme is intriguing. The DSC and DLS results are
very similar to those obtained with UTP. Binding of UMP at the
active site might induce a conformational change similar to that
induced by the binding of UTP at a regulatory site. Alternatively,
UMP could have a secondary site at the UTP site. UMP would then
induce the same conformational change as UTP and it would also
probably act as an inhibitor. Serina et al. [15] have described
inhibition by excess of UMP with the E. coli UMP kinase, at
pH 7.4 and not at pH 6.0. With the S. pneumoniae UMP kinase,
no inhibition by excess of UMP was ever obtained either at pH 7.5
or 6.5. Nevertheless, in kinetic experiments, the presence of ATP
might alter the binding of UMP at the UTP site by the induction
of a structural change. Therefore the binding results by DSC and
DLS cannot be directly compared with the kinetic data.

A striking and unique feature of S. pneumoniae UMP kinase
kinetics is the co-operativity for ATP, with an extremely low af-
finity, depicted by S, 5 (the half-saturation constant) of 4.2 +0.2
or 9.4+0.7mM at pH7.5 in the presence of MnCl, or MgCl,
respectively. The enzyme is probably poorly active in the absence
of GTP under physiological conditions. On the addition of 1 mM
GTP, S5 is decreased by factors of 14 and 10 and » is decreased
by factors of 2.7 and 1.7, in the presence of MnCl, or MgCl,
respectively. Inhibition by UTP is much less potent compared
with the activation by GTP: 1 mM UTP only produced an increase
in Sy 5 of approx. 1.5 and an increase in n of 1.2 in the presence of
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either MnCl, or MgCl,. The B. subtilis and E. coli UMP kinases
exhibit very different properties, since Michaelis—Menten
kinetics has been described for ATP, with K, = 0.9 and 0.12 mM
respectively [13,17]. The E. coli enzyme is significantly active in
the absence of GTP and is particularly sensitive to inhibition by
UTP; the effectors mostly affect the k., value [13,15]. B. subtilis
enzyme is very sensitive to GTP, which induces a large increase
in k., and is minimally affected by UTP [17]. Although UMP
kinase from both Gram-positive bacteria have in common a strong
sensitivity to activation by GTP, S. pneumoniae enzyme possesses
aunique mode of regulation since the allosteric effectors modulate
ATP binding and not the k.

Labesse et al. [14] have proposed that the overall structure of
E. coli UMP kinase is similar to the structure of carbamate kinase
from Enterococcus faecalis or Pyrococcus furiosus [39,40]. If
their UMP kinase model is valid, then the active site should be
similar in E. coli and S. pneumoniae, since the six motifs pro-
posed to participate in the active site are well conserved in
S. pneumoniae, with only a few exceptions, for example the
absence of a threonine residue in motif 5, numbered 165 in
E. coli (Figure 3). Notably, the sequence between residues 100
and 127 in S. pneumoniae, corresponding to the 83 strand and o4
helix in the model, contains a large number of positively charge
residues, which might interact with negatively charged groups,
possibly phosphates from GTP. Interestingly, this sequence is
much better conserved in Gram-positive than in Gram-negative
bacteria. Finally, some structural differences between E. coli and
S. pneumoniae should be sought at the interface between the
subunits of the dimer, since the co-operative signal is probably
mediated by the interface. The central region of the interaction
between the subunits in E. faecium carbamate kinase is strongly
hydrophobic and involves three sulphur-containing residues from
the third helix [39]. In E. coli UMP kinase, five methionine
residues are present in the corresponding region (Met-71, -79,
-81,-86 and -91) and four of them are conserved in S. pneumoniae
(Met-68, -78, -83 and -88). In addition, in the periphery of the
interaction area in carbamate kinase, o2 helices and 83 strands
make contacts through hydrogen bonds. Comparison of the
interactions in the «2, o3 and B3 regions in E. coli and
S. pneumoniae UMP kinases might be fundamental to under-
standing the propagation of the allosteric signal.
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