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Immunochemical Analysis of UMP Kinase from Escherichia coli
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Mono- and polyclonal antibodies directed against UMP kinase from Escherichia coli were tested with the
intact protein or with fragments obtained by deletion mutagenesis. As detected in enzyme-linked immunosor-
bent assay tests, the carboxy-terminal quarter of UMP kinase is immunodominant. Polyclonal antibodies
inhibited the enzyme activity with partial or total loss of allosteric effects exerted by UTP and GTP, respec-
tively. These data indicate that the UTP and GTP binding sites in UMP kinase are only partially overlapping.
One monoclonal antibody (44-2) recognized a linear epitope in UMP kinase between residues 171 and 180. A
single substitution (D174N) in this segment of the enzyme abolished its interaction with the monoclonal
antibody (44-2). Polyclonal antisera were used to identify UMP kinase in the bacterial proteome. The enzyme
appears as a single spot on two-dimensional electrophoresis at a pI of 7.24 and an apparent molecular mass
of 26 kDa. Immunogold labeling of UMP kinase in whole E. coli cells shows a localization of the protein near
the bacterial membranes. Because the protein does not contain sequences usually required for compartmen-
talization, the aggregation properties of UMP kinase observed in vitro might play a role in this phenomenon.
The specific localization of UMP kinase might also be related to its putative role in cell division.

Nucleoside monophosphate (NMP) kinases are present in
all forms of living cells. Small and generally monomeric, they
belong to the /B class of proteins, in which a five-stranded
B-sheet forming the core of the molecule is surrounded by
eight or nine a-helices. The best-studied member of this family
of catalysts, which has relatively well conserved primary and
three-dimensional structures among different species, is ade-
nylate kinase (AK) (3, 30). Over 60 sequences of AKs are
known from either gene or protein analysis, and the crystal
structures of bacterial, yeast, and mammalian AKs were deci-
phered at high resolution, both in the absence and in the
presence of substrates (1, 9, 13, 23, 24, 35).

UMP kinase from bacteria represents a particular class of
NMP kinases. Encoded by the pyrH gene, the protein, which is
a hexamer, shows no sequence similarity to any other known
NMP kinase and is subject to complex regulatory mechanisms
(31, 33). The pyrH gene has also been described as smbA, a
suppressor of the mukB null mutant, which shows defects in
cell division. It was suggested that the MukB protein could be
a candidate for a force-generating enzyme involved in the
correct positioning of replicated chromosomes, but the rela-
tionship between UMP kinase and MukB was not completely
elucidated (38). As pyrH is essential, UMP kinase might be an
interesting new target for antibacterial drugs and may have
functions other than catalysis. Therefore, we considered it im-
portant to design methods to detect the protein under different
experimental conditions, in order to initiate a physiological
study of this enzyme in Escherichia coli and to answer the
question of its putative involvement in cell division. Antibodies
are useful tools in characterizing proteins, especially when
high-resolution three-dimensional structural data are not yet
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available. Monoclonal antibodies (MAbs) or polyclonal anti-
bodies tested with the intact protein or with fragments ob-
tained by deletion mutagenesis were used to answer a number
of questions regarding the structure and catalytic properties of
UMP kinase. Antibodies also served to locate the enzyme in
the bacterial proteome and the intact cell. One of the most
surprising results of this study is the dual localization of bac-
terial UMP kinase, i.e., cytosolic and close to the membranes,
a result which strengthens the hypothesis of multiple functional
roles of the enzyme in bacterial life.

MATERIALS AND METHODS

Bacterial strains, plasmids, growth conditions, and DNA manipulations. Gen-
eral DNA manipulations were performed as described by Sambrook et al. (29).
Open reading frames from the complete or truncated pyrH gene were generated
by PCR and inserted into the expression vectors pET22b and pET24a (Novagen)
and pET24ma (33a) (Table 1). Cloning experiments were carried out with strain
NMS554/pDIA17 (25, 26). The resulting plasmids were introduced into strain
BL21(DE3)/pDIA17 (34) to overproduce the corresponding peptides. Recom-
binant strains (Table 1) were grown in 2YT medium supplemented with antibiotics
to an optical density of 1 at 600 nm, and then overproduction was triggered by
isopropyl-B-D-thiogalactoside induction (1 mM final concentration) for 3 h. Bacteria
were harvested by centrifugation, and proteins were purified as described below.

Purification of UMP kinase and its fragments. Recombinant wild-type UMP
kinase and two modified forms (D168N and D174N) were purified from over-
producing bacteria as previously described (8, 31). The activity of the wild-type
enzyme under standard conditions (i.e., 1 mM ATP, 0.3 mM UMP, 30°C, and pH
7.4) was 70 U/mg (1 U corresponds to 1 wmol of UDP formed in 1 min). UMP
kinase fragments were overproduced as inclusion bodies. They were obtained
after ultrasound disruption of bacteria and solubilization with 8 M urea.

MADbs and polyclonal antibodies. Biozzi mice were immunized with 20 pg of
antigen at 12-day intervals. After four injections and a last intraperitoneal
booster injection, splenic lymphocyte fusions were performed as described by
Kohler and Milstein (17). Cell culture supernatants were screened for antibody
production by enzyme-linked immunosorbent assay (ELISA). Ascitic fluid from
positive clones was obtained by intraperitoneal injection into BALB/c mice.
Antibodies from ascitic fluid were purified by two steps of ammonium sulfate
precipitation (40 and 45%).

Anti-UMP kinase sera were also obtained by immunizing rabbits with 250 g
of purified recombinant protein, as described for mice. To improve the signal-
to-noise ratio, immune sera were adsorbed against a bacterial sonicate from
strain 14:40-42 (28).
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TABLE 1. Strains and plasmids

Strain or Relevant feature(s) Reference or
plasmid source
Strains
NM554 F~ araD139 A(ara-leu)7696 galE15 galK16 A(lac)X74 rpsL hsdR2 mcrA mcrBl1 recA13 26
BL21(DE3) F~ ompT lon hsdSg gal dem(DE3) 34
14:40-42 F~ araD139 Alac(IPOZYA)U169 rpsL thi car-14(::Mu dlac Ap") pyrH42 28
Plasmids
pET22b ColE1 replication origin; T7 RNA polymerase-dependent expression vector; Ap" Novagen Inc.
pET24a ColE1 replication origin; T7 RNA polymerase-dependent expression vector; Km" Novagen Inc.
pET24ma p15A replication origin; T7 RNA polymerase-dependent expression vector; Km* 33a
pDIA17 p15A replication origin; harbors the lacl gene; Cm" 25
pSL1 Wild-type pyrH from E. coli in pET22b This work
D168N Mutated pyrH; D168N substitution 8
D174N Mutated pyrH; D174N substitution 8
pSL2 Truncated UMP kinase; fragment from residue 25 to 241 included This work
pSL3 Truncated UMP kinase; fragment from residue 50 to 241 included This work
pHSP233 Truncated UMP kinase; fragment from residue 113 to 241 included This work
pSL4 Truncated UMP kinase; fragment from residue 1 to 180 included This work
pSL18 Truncated UMP kinase; fragment from residue 1 to 160 included This work
pSL19 Truncated UMP kinase; fragment from residue 1 to 140 included This work
pSL8 Truncated UMP kinase; fragment from residue 1 to 120 included This work
pSL11 Wild-type UMP kinase from S. typhimurium SL5235 in pET24ma This work
pSL13 Wild-type UMP kinase from B. subtilis 168 in pET24a This work
pHSP253 Wild-type UMP kinase from H. influenzae 102-514T in pET24a This work

Immunochemical methods. Antibody preparations were analyzed by ELISA,
as described by Voller et al. (37), with slight modifications. Microtiter plates
(Nunc) were incubated with antigen preparations (1 pg/ml diluted in phosphate-
buffered saline [PBS]), saturated with PBS containing 0.1% Tween 20 supple-
mented with 0.5% gelatin, and further incubated with serial dilutions of anti-
bodies or peroxidase-conjugated anti-mouse immunoglobulins in the same
buffer. Plate washes were performed with PBS containing 0.1% Tween 20.
Peroxidase activity was revealed with ortho-phenylenediamine substrate and op-
tical density measurement at 490 nm. Subclasses of MAbs were determined by
ELISA with anti-mouse immunoglobulins specific for light chains (k or \),
immunoglobulin M (IgM), or various types of IgGs. The affinities of MAbs for
various immunogens were determined by ELISA as described by Friguet et al.
(11). Western blotting was performed as follows. Protein samples were subjected
to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
then transferred to a nitrocellulose membrane which was further treated as de-
scribed for ELISA, except that alkaline phosphatase-conjugated anti-mouse (or
anti-rabbit) immunoglobulins were used. Alkaline phosphatase activity was re-
vealed by using the nitroblue tetrazolium-5-bromo-4-chloro-3-indolylphosphate
dye system.

Two-dimensional gel electrophoresis. Bacteria were grown in 2YT medium to
an optical density of 0.5 at 600 nm, harvested by centrifugation, and then soni-
cated in 50 mM Tris-HCI (pH 8) containing DNase and RNase (final concen-
trations of 1 and 0.5 mg/ml, respectively). Insoluble material was removed by
centrifugation, and supernatants were boiled for 5 min with 0.3% SDS and 50
mM dithiothreitol. Extracts were quickly frozen in liquid nitrogen, lyophilized,
and then resuspended in 9.95 M urea-4% Nonidet P-40-2% ampholytes-100
mM dithiothreitol and stored at —20°C until used. The electrophoresis proce-
dure was as previously described (12, 19), with some modifications. Ten-micro-
liter samples (50 pg of protein) were loaded onto an isoelectric focusing gel
(Millipore Inc.; ampholytes, pH range 3 to 10) and focused for 20,000 V X h, and
the second-dimension electrophoresis was performed on 10% slab gels. Detec-
tion of proteins was performed by silver nitrate staining as described by Morris-
sey (22). Molecular masses, isoelectric points (pIs), and spot quantifications were
determined by using Melanie II software and a GS-700 densitometer (Bio-Rad).

Immunoelectron microscopy. Bacteria were fixed with 4% formaldehyde (fresh-
ly made from paraformaldehyde) and 0.2% glutaraldehyde in 0.1 M cacodylate
buffer (pH 7.4) for 1 h at 4°C. The cell pellets were rinsed with cacodylate buffer
and then treated with 0.5% aqueous uranyl acetate solution (4), followed by a
final rinse in distilled water. Bacteria were embedded in 2% agarose (type IX;
Sigma). Small blocks were embedded in Unicryl by the PLT method and mod-
ified procedure, as described by Gounon and Rolland (15). Ultrathin sections
were collected on Formvar-carbon-coated nickel grids. Sections were then incu-
bated in the following solutions: PBS containing 50 mM NH,CI (10 min), PBS
containing 1% bovine serum albumin (BSA) and 1% normal goat serum (7) (10
min), and rabbit polyclonal anti-UMP kinase antiserum (1/100 dilution) or
mouse monoclonal anti-CMP kinase antibodies (100 wg/ml) (1 h). Two washes
(5 min each) in PBS containing 0.1% BSA and then one wash in PBS were
performed. Incubations were for 45 min in a solution containing gold-conjugated

anti-rabbit or anti-mouse immunoglobulin (5- or 10-nm particles; British Biocell
Laboratories, Cardiff, United Kingdom) diluted 1/20 in PBS containing 0.01%
fish skin gelatin (Sigma). Sections were washed once in PBS and three times in
distilled water, fixed for 2 min with 1% glutaraldehyde in 0.1 M cacodylate buffer
(pH 7.4), and finally rinsed with distilled water and dried. Optional counterstain-
ing was performed by treating the sections with 2% aqueous uranyl acetate
solution for 40 min, followed by a 3-min incubation in Millonig’s lead tartrate
solution (21). Specimens were examined with a Philips CM12 electron micro-
scope under standard conditions.

Other analytical procedures. Protein concentrations were measured as de-
scribed by Bradford (6). SDS-PAGE was performed as described by Laemmli
(18). UMP kinase activity was determined at 30°C and 334 nm in a coupled spec-
trophotometric assay (0.5-ml final volume) with an Eppendorf ECOM6122 pho-
tometer (5). The reaction medium contained 50 mM Tris-HCI (pH 7.4), 50 mM
KCl, 1 mM phosphoenolpyruvate, 0.2 mM NADH, 1 mM ATP, 0.3 mM UMP,
and 2 U each of pyruvate kinase, nucleoside diphosphate kinase, and lactate
dehydrogenase. The reaction was started either with UMP kinase or with UMP.

RESULTS

Purification of UMP kinase and its fragments. The wild-type
UMP kinase and two modified forms (D168N and D174N) were
purified as previously described (8). The samples were stored
at 4°C in 50 mM Tris-HCI (pH 7.4) as insoluble proteins. After
solubilization with 0.1 M borate (pH 9) or with 1 mM UTP in
50 mM Tris-HCI (pH 7.4), the enzymes were fully active. To
identify the immunodominant segment(s) in UMP kinase, sev-
eral amino- or carboxy-terminal deletion forms of the enzyme
were generated by mutagenesis (Fig. 1A). The overproduced
peptides represented between 20 and 30% of total E. coli pro-
teins, except the fragment encompassing amino acids 50 to 241
(fragment 50-241) and fragment 113-241, whose levels were sig-
nificantly lower (Fig. 1B). They appeared in the pellet after
centrifugation of the bacterial extract at 10,000 X g (Fig. 1C).
After several washings of sonicated bacterial pellet with 50 mM
Tris-HCl (pH 7.4), UMP kinase fragments were solubilized
with 8 M urea in the same buffer. None of the fragments dis-
played UMP kinase activity.

Interaction of polyclonal antibodies with UMP kinase and
its fragments. Rabbit polyclonal antisera obtained by using
wild-type UMP kinase as the immunogen yielded high absor-
bance values in ELISA tests in the dilution range of 10° to 10%,
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FIG. 1. Schematic representation of UMP kinase and of its fragments generated by deletion mutagenesis and SDS-PAGE analysis of peptides overproduced in E.
coli. (A) Key residues involved in substrate binding, catalysis, or regulation by nucleotides are indicated by vertical bars. (B) Total bacterial extract after sonication (50
ng of protein). (C) Pellet equivalent to 50 g of total extract after centrifugation for 5 min at 10,000 X g. The molecular mass markers are from New England Biolabs.

indicating reasonably high immunogenicity of the protein (Fig.
2). ELISA tests with unrelated proteins demonstrated high
specificities and good signal-to-noise ratios of anti-UMP kinase
sera. The carboxy-terminally truncated forms of the protein (i.e.,
fragments 1-120 and 1-180) were detected with approximately
10-fold-lower sensitivity than the complete molecule (Fig. 2).

The various UMP kinase fragments in crude extracts or in
partially purified forms were also identified by Western blot
analysis (not shown). UMP kinase represents approximately
0.05% of the total proteins in E. coli, a value close to the ratio
between the enzyme specific activity in crude extracts and the
pure form (32). The enzyme was also identified in the E. coli
proteome (Fig. 3A and B). Crude extract from a strain har-
boring the pyrH gene on a multicopy plasmid was subjected to
two-dimensional gel electrophoresis and silver stained, and the
protein pattern was compared to that from the recipient strain
alone (Fig. 3C). In other experiments, crude extract from the
wild-type strain was subjected to gel electrophoresis, and then
proteins were transferred onto a nitrocellulose membrane and
UMP kinase was immunodetected with rabbit polyclonal anti-
serum (Fig. 3D). A single spot of protein with an apparent
molecular mass of 26 kDa and a pl of 7.24 was identified.

Incubation of UMP kinase with polyclonal antiserum re-
sulted in a concentration-dependent loss of activity. Rabbit
antiserum against an unrelated protein had no effect on
UMP kinase activity (Fig. 4A). Fragment 1-180 in stoichiomet-
ric ratio with UMP kinase alleviated the inhibitory effect (Fig.
4B). Polyclonal antibodies at concentrations where the enzyme
was half inhibited completely reversed the activation by GTP
(Fig. 5A) but affected the inhibition by UTP to a lesser extent
(Fig. 5B).

Characterization of a MAb interacting with the native UMP
kinase and with a truncated form (fragment 1-180) of the en-
zyme. Attempts to obtain murine MADbs by using the native

hexameric enzyme as the immunogen failed. As the polyclonal
response was biased towards the hydrophilic carboxy-terminal
end of the molecule, and as the amino-terminal part alleviated
the antiserum inhibition, we used fragment 1-180 of UMP ki-
nase for immunization of mice. Overproduced as inclusion
bodies and requiring chaotropic agents for solubilization, this
fragment induced a significant polyclonal response and al-
lowed a set of MAbs to be obtained. One MAD (44-2), which
is an IgG2a, recognized the native protein as well as the im-
munogen, with a K, in the 10~° M range. Using various UMP
kinase fragments in ELISA and Western blotting, we located
the epitope first between amino acids 161 and 180 (Fig. 6A)

ABSORBANCE AT 490 nm

10° 10* 10° 10°

RABBIT POLYCLONAL SERUM (DILUTION)

FIG. 2. Determination of immunodominant segments of UMP kinase. UMP
kinase (O) and various fragments were detected by ELISA with rabbit polyclonal
antiserum as described in Materials and Methods. ¥, 25-241 fragment; ¥, 50-241
fragment; @, 113-241 fragment; B, 1-180 fragment; m, 1-120 fragment.
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FIG. 3. Identification of UMP kinase in the E. coli proteome by two-dimensional gel electrophoresis. (A) Fifty micrograms of soluble protein from strain BL21
(DE3) was silver stained after two-dimensional gel electrophoresis. The molecular mass markers are indicated on the left of the gel, and the isoelectric point scale is
on the bottom. (B) Enlarged portion of panel A, in which the position of UMP kinase (arrowhead) and surrounding protein spots can be easily recognized. (C) A multicopy
plasmid harboring the pyrH gene was introduced into strain BL21(DE3), and a 10-p.g sample of soluble protein was analyzed as for panel A. An enlarged portion is shown,
as in panel B. (D) One hundred micrograms of soluble protein from strain NM554 was separated by two-dimensional gel electrophoresis, and UMP kinase was im-
munodetected with polyclonal rabbit antiserum as described in Materials and Methods. An enlarged portion is shown, with the same magnification as in panels B and C.

and then between residues 171 and 180 (data not shown). A for the wild-type protein (Fig. 6B, inset). On the other hand,
modified UMP kinase from E. coli (D174N) resulting from when equivalent amounts (0.1 wg) of UMP kinases from Hae-
site-directed mutagenesis (8) was not recognized by the 44-2 mophilus influenzae, Bacillus subtilis, and Salmonella typhimu-
MADb, whereas the vicinally modified variant (D168N) was de- rium were tested on Western blots, only the enzyme from S. #y-
tected in Western blot analysis with a sensitivity similar to that  phimurium was recognized by the 44-2 MAD (data not shown).
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FIG. 4. Effect of rabbit polyclonal antiserum on UMP kinase activity. (A)
UMP kinase (0.035 U, corresponding to 0.5 ug of protein) in 100 wl of PBS was
incubated for 15 min with various amounts of polyclonal anti-UMP kinase an-
tiserum as indicated on the abscissa, and then the residual activity was measured
as described in Materials and Methods, with 1 mM ATP and 0.3 mM UMP as
substrates (@). Equivalent volumes of unrelated rabbit polyclonal antiserum (m)
were used as a control. (B) Antiserum at a concentration calculated to achieve
70% inhibition of enzymatic activity was incubated in 40 ul with fragment 1-180
in the indicated amounts. UMP kinase (0.04 U, corresponding to 0.7 pg of
protein) was then added to this mixture, and after 1 min of incubation, the
residual activity was measured with 1 mM ATP and 0.3 mM UTP as substrates.
One hundred percent represents the UMP kinase activity that would be obtained
in the absence of both the polyclonal antiserum and fragment 1-180.

Incubation of the MAb with the wild-type UMP kinase from
E. coli resulted in loss of enzymatic activity in a dose-depen-
dent manner, with the maximal inhibition being 60% (Fig. 6B).
As expected, the activity of the D174N mutant of UMP kinase
was not affected by the MADb.

Immunoelectron microscopy of UMP kinase of E. coli. Var-
ious E. coli strains were subjected to transmission immunoelec-
tron microscopy analysis after immunogold labeling of UMP
kinase (Fig. 7). The labeling patterns showed a localization
close to the membranes in strain NM554, which accounted for
about 70% of the total gold particles when bacterial samples
were harvested at late stationary phase (Fig. 7a to d). Strain
14:40-42, which is defective in UMP kinase activity, was con-
siderably less immunostained than strain NM554 (Fig. 7¢). Im-

UMP KINASE FROM E. COLI 837

munogold labeling of CMP kinase with a MADb (18a) yielded a
uniform pattern of particles in the E. coli cytoplasm (Fig. 7f),
indicating that the localization of UMP kinase near the mem-
branes is a specific feature of this enzyme. Due to the total size
of the immunochemical detection system, which consists of a
primary antibody revealed by a secondary antibody linked to a
gold particle, the distance between the epitope and the gold par-
ticle is about 30 nm. Gold particles will therefore display a statisti-
cal scattering centered upon the actual position of the target pro-
tein. It is thus not possible to assign an accurate subcellular
localization of UMP kinase on the basis of these observations
alone, despite the fact that substructures such as the inner mem-
brane, outer membrane, and periplasmic space are clearly visible.

DISCUSSION

One challenging issue regarding NMP kinases is whether
they are involved in processes other than mere nucleotide me-

A
200
180
g 160
>
E 140
=
3
< 120
100
80
0 0.2 0.4 0.6 0.8 1
GTP (mM)
g i
> L
= L
S L
= B
) L
< |

0 0.2 04 0.6 0.8 1

UTP (mM)

FIG. 5. Effect of rabbit polyclonal antiserum on GTP activation and UTP
inhibition. UMP kinase was incubated as described for Fig. 4A with a polyclonal
antiserum solution calculated to yield 50% inhibition. This resulting activity (@),
in the absence of GTP or UTP, was considered 100% in this set of experiments.
Enzyme activity was then assayed with 1 mM ATP, 1 mM UMP, and various con-
centrations of GTP (A) or with 1 mM ATP, 0.1 mM UMP, and various concen-
trations of UTP (B). Results of control experiments in the absence of polyclonal
antiserum (O) are also indicated.
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FIG. 6. Epitope mapping of MADb 44-2 and its inhibitory effect on UMP
kinase. (A) ELISA was performed with UMP kinase (O) or its fragments (V,
25-241; V, 50-241; @, 113-241; H, 1-180; m, 1-120; 0, BSA) as described in
Materials and Methods. The inset shows Western blot analysis with 100 ng of
protein, performed as described in Materials and Methods. 1-241 corresponds to
the complete UMP kinase. (B) UMP kinase inhibition by MAb 44-2 was per-
formed as described for Fig. 4A. The inset shows Western blot analysis with 100
ng of wild-type (WT) or mutated variants of UMP kinase.

tabolism. Recent data suggest that these enzymes have more
than simple housekeeping functions and that AMP Kkinase,
TMP kinase, and UMP kinase are essential for cell life (10, 14,
16, 20, 27, 38, 39).

UMP kinase is the most intriguing member of the bacterial
NMP kinase family. The protein exhibits limited sequence
similarity with aspartokinase (residues 145 to 194) and phos-
phoglycerate kinase (residues 35 to 78), has an oligomeric
structure, and is subject to complex regulation. On the other
hand, UMP kinase was shown to participate in transcription
regulation of the carAB operon and most probably is involved
in cell division (16, 38). In the absence of three-dimensional
structural data, immunochemical methods might elucidate the
role of an enzyme whose function in the bacterial cell is not
well understood.

(i) Structure-function analysis. Previous experiments sug-
gested that amino acids between residues 62 and 77 and be-
tween residues 146 and 174 are involved in regulation of UMP
kinase and in catalysis, respectively (8). The carboxy-terminal

J. BACTERIOL.

quarter of UMP kinase was predicted to be immunodominant,
due to its hydrophilicity. This indeed seems to be the case, as
polyclonal antiserum raised against the whole protein exhib-
ited a pronounced detection bias in favor of the carboxy ter-
minus. Although only approximately 10% of the total immune
response was targeted to the domains of the molecule relevant
for catalysis, the polyclonal antibodies strongly inhibited the
UMP kinase activity. At antiserum dilutions where the enzyme
still retained 50% of its activity, the activation by GTP was
completely reversed. Under identical conditions, the inhibition
by UTP, although decreased, was not abolished. Assuming that
these effects are due to perturbations in nucleotide binding,
this suggests that the GTP and UTP binding sites in the protein
are not completely overlapping, in agreement with fluores-
cence analyses and chemical modification studies (31).

MADbs are better suited for analyzing discrete effects upon bind-
ing to a target protein. The fragment situated between residues 1
and 180 generated a MAb displaying high affinity and specificity
towards native UMP kinase. It recognized a linear and surface-
exposed epitope, between amino acids 171 and 180, having the
sequence 'FTADPAKDPT'’. A single conservative amino
acid substitution (D174N) abolished the interaction of this MAb
with UMP kinase. The fact that H. influenzae and B. subtilis UMP
kinases were not recognized by this antibody was not surprising,
as only 5 of 10 amino acids were conserved in the above-men-
tioned sequence. Conversely, the S. fyphimurium enzyme was
detected by the MAD, in agreement with the fact that nine
residues of this segment are common to E. coli and S. typhi-
murium (sequencing data are unpublished). Although a de-
tailed analysis of the stoichiometry of the UMP kinase-MAb
interaction was not undertaken, the inhibition of enzyme ac-
tivity is not complete at saturating concentrations of the MAD.
This suggests a particular distribution of UMP kinase subunits
in the hexamer. Further physicochemical and electron micro-
scopic studies will clarify this point (Asp174 has been demon-
strated to play a role in binding of UMP to the enzyme) (8).

(i) Localization of UMP kinase in E. coli. The E. coli pro-
teome, defined as the total protein complement of a genome,
has been widely investigated over the past years by two-dimen-
sional electrophoresis (36). Until now, among the one-quarter
of the gene products identified, adenylate kinase and CMP
kinase were the only members of the NMP kinase family that
had been localized in the two-dimensional reference map. The
combination of two-dimensional gel electrophoresis and spe-
cific immunolabeling allowed the detection of a third NMP
kinase (i.e., UMP kinase), whose molecular mass and isoelec-
tric point were in agreement with those calculated from the
protein sequence. Electron microscopy of immunolabeled
E. coli samples showed that UMP kinase was located predom-
inantly near the membranes. This was an unexpected result,
because the protein does not display features suggesting com-
partmentalization, such as membrane-spanning segments or a
typical leader peptide. The biological relevance of this obser-
vation is under study, and a detailed analysis of the interaction
between UMP kinase and the bacterial membranes will help
clarify this point. As a major concern with immunolocalization
techniques is antibody specificity, care was taken to detect any
cross-reacting species. UMP kinase was the single spot appear-
ing after dye revelation. Overexposure of the nitrocellulose
membranes revealed a weak spot corresponding to DnaK. On
the other hand, strain 14:40-42 of E. coli, which is defective in
UMP kinase activity, was considerably less immunolabeled
with polyclonal antibodies, in agreement with its low reactivity
in Western blots. We hypothesize that the structural factor
which might contribute to UMP kinase stacking on the bacte-
rial membranes is the strong tendency of the hexameric mol-
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FIG. 7. Transmission immunoelectron microscopy of various E. coli strains. Strain NM554 in log phase was treated with anti-UMP kinase antiserum, as described
in Materials and Methods, and immunogold stained with (a) or without (b) (cross section) silver amplification staining. Strain NM554, either in log phase (c) or in
stationary phase (d), was treated with anti-UMP kinase antiserum and immunogold stained. Strains 14:40-42 (e) and NM554 (f) in log phase were treated with anti-UMP
kinase antiserum (e) or with anti-CMP kinase MAbs (f) and immunogold stained.
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ecule to aggregate at physiological pH values (32). The con-
centration of UMP kinase in E. coli is approximately 0.1 mg/ml
(4 pM in terms of the monomer), a value which corresponds to
the solubility limit of the protein in vitro. The aggregate forms
planar structures, as suggested by our preliminary studies by
electron microscopy. It is known that complex aggregates such
as S-layers in bacterial envelopes also form planar structures
(2). The unique topology of UMP kinase compared to the oth-
er members of NMP kinase family might also be related to its
putative role in cell division. The gene encoding UMP kinase
(pyrH) is identical to the smbA gene, which was originally rec-
ognized as being involved in proper chromosome partitioning
during cell division. Two smbA mutations (R62H and D201N)
were responsible for the altered morphological phenotype un-
der nonpermissive conditions, suggesting defects in specific
membrane sites. The absence of normal UMP kinase function
presumably causes defects in the septation site, and smbA mu-
tants are SDS sensitive (38). The specific localization of UMP
kinase might thus result from interactions of this enzyme with
integral membrane proteins or other proteins known for their
localization near the membranes, which remain to be identified.
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