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ABSTRACT The enzyme nucleoside-diphosphate kinase
(Ndk), responsible for the conversion of (deoxy)ribonucleoside
diphosphates to their corresponding triphosphates, has been
purified from Pseudomonas aeruginosa. The N-terminal 12
amino acid sequence of P. aeruginosa Ndk shows significant
homology with that of Myxococcus xanthus and that of Esch-
erichia coli. Ndk enzyme activity is also associated with succi-
nyl-CoA synthetase activity in P. aeruginosa, whose « and 8
subunits show extensive sequence homology with those of E.
coli and Dictyostelium discoideum. The 33-kDa a subunit of
succinyl-CoA synthetase of P. aeruginosa appears to undergo
autophosphorylation in the presence of either ATP or GTP,
although the presence of small amounts of Ndk activity may
influence the level of such phosphorylation.

Nucleoside-diphosphate kinase (ATP:nucleoside-diphos-
phate phosphotransferase, EC 2.7.4.6; Ndk) is an essential
enzyme for the maintenance of the correct cellular ratios of
NTPs and dNTPs and is involved in regulation of cellular
development. Ndk catalyzes the reversible transfer of the
5’'-terminal phosphate from NTPs to NDPs by a ping-pong
enzyme mechanism, summarized as follows: N;TP + N,DP
= N;DP + N,TP (1). The enzyme utilizes an autophospho-
rylated enzyme intermediate (2) with very little substrate
specificity for either the base or the sugar utilized. The
enzyme catalyzes the final step in NTP and ANTP synthesis,
converting y-phosphate bond energy (in the form of ATP)
from oxidative phosphorylation into synthesis of DNA and
RNA precursors and appears to be essential to growth of
most types of cells under aerobic conditions (3). Although the
enzyme pyruvate kinase of Escherichia coli can compensate
for loss of Ndk activity in anaerobically grown cells (4),
attempts to isolate deletion mutants of the ndk gene in
Myxococcus xanthus have been unsuccessful, further sub-
stantiating the essential role of the enzyme in its cell growth
o).

Ndk has also been implicated in regulating or effecting
developmental changes in eukaryotic cells. Reduced tran-
script levels for the human Ndk gene called nm23 were found
to be associated with lowered metastatic potential in tumor
cells (6, 7). Expression of nm23 from a constitutive promoter
in highly metastatic murine tumor cells was found to actually
suppress tumor metastasis (8). Null mutations in the Ndk
gene of Drosophila, named awd, cause abnormalities in
development of the larvae leading to tissue necrosis and
death at the prepupal stage (7, 9). In the slime mold Dicty-
ostelium discoideum, the Ndk gene is developmentally reg-
ulated with a sharp decrease in Ndk transcript levels coin-
ciding with the onset of the starvation induced developmental
cycle (10, 11). A gene encoding a DN A-binding protein, PuF,
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which is required for transcription of c-myc in vitro, is highly
homologous to the human Ndk gene nm23-H2 (12). This
implies that nm23-H2 may be involved in the regulation of
c-myc.

Pseudomonas aeruginosa is a ubiquitous soil and water-
borne bacterium which undergoes a transition to mucoidy
under stress and/or starvation conditions (13, 14). We have
purified Ndk from P. aeruginosa in order to study its in-
volvement in these developmental changes and have found
that Ndk is associated and copurifies with the ATP-utilizing
prokaryotic succinyl-CoA synthetase (Scs) complex. These
results indicate that aside from its role in DNA and RNA
precursor synthesis, Ndk may be involved in regulating
intracellular energy metabolism and that understanding its
role in energy metabolism may be critical to understanding its
involvement in regulation of development.

MATERIALS AND METHODS

Detection of [y-32P]JATP-Autophosphorylated Proteins.
Samples were added to TMD buffer (50 mM Tris-HCl, pH
7.5/1 mM MgCl,/0.2 mM dithiothreitol) in <19 ul and
brought to a final volume of 20 wul with TMD buffer.
[y-32PJATP (1 ul; 74 MBq/ml) was added to the sample (final
ATP concentration, 20 nM) and reactions were allowed to
proceed for at least 6 sec. Reactions were terminated by
addition of 4x SDS gel running buffer [0.2 M Tris-HCI, pH
6.8/0.62% dithiothreitol /8% SDS/0.01% bromophenol blue/
40% (vol/vol) glycerol] and analyzed by electrophoresis in an
SDS/polyacrylamide gel (3% stacking gel, 15% separating
gel).

Purification of Ndk from P. aeruginosa strain 8822. Strain
8822 was grown overnight in Luria broth containing 0.1%
glucose, and a crude cell extract was prepared from 4 liters
of culture by French press disruption and ultracentrifugation
at 300,000 x g for 1 hr. The supernatant was subjected to
(NH,4),SO, fractionation at 45% and 65% saturation (2), and
precipitates at 65% were suspended in 9.6 ml of TMD buffer
containing 1 M (NH4),SO4 (pH 7.5) and injected into a
Bio-Gel TSK-phenyl-5-PW column (Bio-Rad). Wash-through
fractions were collected, dialyzed extensively against MMD
buffer (25 mM Mops, pH 8.0/1 mM MgCl,/0.2 mM dithio-
threitol), and loaded onto an Econo-Pak S cation-exchange
column (Bio-Rad). Wash-through fractions containing the
16-kDa autophosphorylatable protein were loaded onto a Q
Sepharose column (Pharmacia) and eluted with a 0-1 M NaCl
gradient at 120-165 mM. These fractions were concentrated
and injected onto a Superose 12 gel filtration column (Phar-
macia) running with TMD buffer. Fractions containing the
16-kDa protein (Ndk) were collected and pooled. For N-ter-

Abbreviations: Ndk, nucleoside-diphosphate kinase; Scs, succinyl-
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minal sequence determination, purified Ndk was isolated by
SDS/15% polyacrylamide gel electrophoresis and electro-
blotted to Problott membranes (Applied Biosystems) with a
Bio-Rad Trans-Blot unit. The N-terminal sequence was de-
termined independently by both Ka-Leung Ngai (University
of Illinois, Urbana) and Joe Leykam (Michigan State Uni-
versity Protein Sequence Facility, East Lansing).

Biochemical Characterization of Ndk Activity. Ndk enzyme
activity was measured as described (2). In brief, 76 ng of
purified Ndk was added to 10 uCi (37 kBg) of [y-3?P]ATP or
[y-32P]IGTP. An equimolar quantity of nonradioactive ADP,
GDP, or UDP was added along with Ndk. Reactions were
terminated after 30 sec by the addition of EDTA to S mM.
Samples were analyzed on PEI-cellulose thin-layer chroma-
tography plates (Sigma) with 0.75 M potassium phosphate
(pH 3.65) in the mobile phase; autoradiography was used to
visualize the radioactive NTPs.

Purification of Scs from P. aeruginosa 8822. Sixty-five
percent (NH,),SO, precipitates obtained from the cell-free
extracts were resuspended in TMD buffer containing 20%
glycerol (TMDG) and 1 M (NH4).SO4 (pH 7.5) and then
loaded onto the TSK-phenyl column. Fractions containing
the Scs fraction, unlike the Ndk fractions, bound to the
column and were eluted with a gradient of 0-100% TMDG
over 100 ml. These fractions were collected, dialyzed against
MMDG (MMD buffer containing 20% glycerol), and loaded
onto the Q-Sepharose anion-exchange column. Fractions
containing Scs were eluted with a 0-1 M NacCl gradient at
approximately 120-220 mM, pooled, exchanged into
P;MDG buffer (10 mM sodium phosphate, pH 7.2/1 mM
MgCl,, 0.2 mM dithiothreitol/20% glycerol), and loaded onto
a Bio-Rad Econo-Pak HTP column. Bound Scs protein was
eluted with 0-100% PseoMDG buffer (500 mM sodium phos-
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Fi1G. 1. Purification of Ndk from P. aeruginosa and comparison
of its N-terminal sequence with Ndk isolated from M. xanthus and
E. coli. (A) Ndk was purified from P. aeruginosa 8822 as described
in Materials and Methods. Thirty-six micrograms of total protein was
taken following each purification step and analyzed by SDS/15%
polyacrylamide gel electrophoresis followed by staining with
Coomasie brilliant blue R-250 for detection of total proteins present.
Lane 1, crude cell extract; lane 2, 65% (NH4).SO4 precipitation; lane
3, hydrophobic interaction chromatography; lane 4, cation-exchange
chromatography; lane S, anion-exchange chromatography; lane 6,
gel filtration chromatography; lane 7, protein markers of indicated
sizes in kilodaltons. (B) The N-terminal sequence of the isolated
16-kDa protein is identical at 10 out of 12 and 9 out of 12 residues to

the Ndk proteins reported from M. xanthus (5) and E. coli (15),
respectively.
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phate, pH 6.8/1 mM MgCl,/0.2 mM dithiothreitol/20% glyc-
erol) over 100 ml. Fractions which contained the Scs activity
were concentrated and injected into a Superose 12 gel filtra-
tion column equilibrated with TMDG. Fractions containing
active Scs were eluted at =150 kDa. These were pooled, and
the N-terminal sequence was determined as described for
purified Ndk.

Phosphorylation of Scs. Six hundred twenty-six nanograms
of the purified Scs complex was incubated for 5 min with 500
nM succinyl-CoA and inorganic [*?P]phosphate ranging from
55 to 550 mM. Reactions were terminated with 4x SDS gel
running buffer and the reaction products were loaded onto an
SDS/polyacrylamide gel (3% stacking gel, 15% resolving
gel). 32P labeling of p33 (a subunit of Scs) was quantitated on
an AMBIS radioanalytic imaging system (AMBIS Systems).

Dephosphorylation of Scs. Three hundred thirty-six nano-
grams of purified Scs complex was phosphorylated by incu-
bation for 2 min with 2 uCi of [y-32P]JATP in TMD buffer,
followed by incubation for 2 min with equimolar concentra-
tions of succinate and coenzyme A. Reactions were termi-
nated with 4x SDS gel running buffer, and 32P remaining on
p33 (a subunit of Scs) was quantitated as described above.

Biochemical Characterization of Ndk Activity Associated
with Purified Scs Complex. Either 182 ng of purified Ndk or
626 ng of purified Scs complex was added to [y-32P]JATP at 50
pCi/ml. GDP, CDP, or UDP was added to S mM in 4-ul
reaction mixtures, and the reaction was terminated by addi-
tion of 2 ul of 50 mM EDTA after 5 min for Ndk and 4 hr for
Scs complex. One microliter from each reaction was then
spotted onto thin-layer chromatography plates and 32P-
labeled species were separated as described above for char-
acterization of Ndk activity.

RESULTS

p16 Shares a High Degree of Protein Sequence Homology
with Ndk Proteins of M. xanthus and E. coli. P. aeruginosa
undergoes a developmental change to a mucoid form induced
by conditions of stress and/or starvation (13, 14). It has been
observed that in several mutant lines of mucoid P. aerugin-
osa, there is a decrease in autophosphorylation levels for a
16-kDa protein (p16) which is concurrent with a loss in the
mucoid phenotype of the bacterium. To investigate the nature
of this p16 protein, we purified the protein from the nonmu-
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F1G. 2. The 16-kDa protein is a Ndk based upon its biochemical
properties. The purified 16-kDa protein when phosphorylated by
either ATP or GTP can transfer the y-terminal phosphate to either
GDP, UDP, or ADP. Ndk was added to [y-32P]JATP (lanes 1-3) or
[y-32P]GTP (lanes 4-6). After addition of an equimolar concentration
of GDP (lane 2), UDP (lanes 3 and 6), or ADP (lane 5), reactions were
terminated and samples were analyzed by thin-layer chromatography
followed by autoradiography to show the formation of 32P-labeled
GTP (lane 2), UTP (lanes 3 and 6), or ATP (lane 5) from the
nonradioactive NDPs. As a control for the migration of UTP,
[a-32P]JUTP was loaded alone in lane 7, while control [y-32P]ATP and
[y-32P]GTP are shown in lanes 1 and 4. The labeled GTP band in lane
2 is somewhat faint and is not clearly visible in the photoreproduc-
tion.
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coid strain 8822. The purification scheme is presented in Fig.
1A. The N-terminal sequence of the purified protein was
determined and compared with other protein sequences
reported in the ATLAS database through FASTA (16). p16 was
found to match at 10 out of 12 amino acids the Ndk of M.
xanthus (5,17) and at 9 out of 12 amino acids the Ndk isolated
from E. coli (3, 15) (Fig. 1B).

Biochemical Characterization of p16 as a NdK. The homol-
ogy of pl16 to these Ndk proteins suggested that it might be
a Ndk. To confirm this, the biochemical activity of p16 was
determined. Ndk enzymes are biochemically defined by their
ability to catalyze the transfer of the y phosphate from any
NTP to any other NDP (1). Purified p16 was shown to be able
to catalyze the transfer of the y phosphate from either
[y-32P]ATP or [y-32P]GTP to either GDP, UDP, or ADP (Fig.
2), which confirms that pl6 is a nucleoside diphosphate
kinase, and will hereafter be referred to as the Ndk from P.
aeruginosa.

Ndk Copurifies with a Phosphorylated 33-kDa (p33) Protein.
During purification of Ndk it was noted that p16 was copu-
rifying with a 33-kDa protein which could be phosphorylated
by both [y-32P]ATP and [y-*?P]GTP. Fractions were collected
from both the washthrough and bound eluates (Fig. 3B) from
a TSK-phenyl hydrophobic interaction HPLC column loaded
with a partially purified crude cell extract from P. aeruginosa
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F16.3. Ndk copurifies with a 33-kDa [y-32P]JATP-phosphorylated
protein. (A) Partially purified cell extracts from P. aeruginosa 8822
were loaded onto a TSK-phenyl column (as described in Materials
and Methods), and fractions were collected during wash through and
elution of protein. A phosphorylation assay was performed on each
fraction collected. Samples from each fraction were incubated for 6
sec with 20 nM of [y-32P]ATP, and the reaction mixture was analyzed
by SDS/15% PAGE followed by autoradiography. The sizes of the
phosphorylated protein bands are 16 kDa (lower) and 33 kDa (upper),
respectively. Proteins that did not bind to the TSK-pheny! column
are present in fractions 1-6, while bound proteins were eluted during
the continuous gradient of 0-100% elution buffer in fractions 7-12.
(B) The protein profile (absorbance at 280 nm) is represented with
numbers below to represent the fraction numbers assayed, with the
elution gradient beginning at fraction 6.
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8822, and a [ y-32P]JATP phosphorylation assay was performed
on each fraction. As seen in the autoradiogram of [y-*2P]ATP-
phosphorylated proteins isolated from an SDS/15% poly-
acrylamide gel (Fig. 34), phosphorylated Ndk was present in
two sets of eluted fractions. The first peak of active Ndk (16
kDa) appeared in the washthrough fraction from the column,
while a second peak of active Ndk bound to the column and
eluted along with the 33 kDa [y-3?P]JATP phosphorylated
protein. The second Ndk peak appeared after ~120 ml of
binding and elution buffer had washed through the column
and was therefore not due to a tail from the first Ndk peak.
Ndk was never found bound to the TSK-phenyl column
without being associated with the p33 protein peak. We
decided to purify this p33 protein in order to identify its
N-terminal amino acid sequence and any potential enzymatic
activity.

p33 Is Homologous at its N Terminus to the Scs Proteins of
D. discoideum and E. coli. The purification profile for the
Ndk-associated complex is presented in Fig. 4A. Final puri-
fication revealed a two-subunit complex composed of 33- and
43-kDa subunits as measured by SDS/PAGE. The N-termi-
nal amino acid sequence was determined for the two subunits
and compared with the amino acid sequences reported in the
ATLAS database as described for Ndk. As shown in Fig. 4B,
the N-terminal sequence of the isolated 33-kDa protein
subunit was found to be identical at 11 out of 12 residues to
the a subunit of Scs isolated from D. discoideum (18) and at
9 out of 12 residues to the « subunit of Scs isolated from E.

B o Subunits
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D.discoideum D T K P S VLI NEKXTK KV ITI
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B Subunits

P.aeruginosa M N L HE Y QGKOQLFAEY
E. coli MNLHEYQAKQLFARY

F1G. 4. Purification of Scs complex from P. aeruginosa and
comparison of its N-terminal sequence with Scs from D. discoideum
and E. coli. (A) The Scs complex was purified from P. aeruginosa
8822. Ten micrograms of total protein was taken following each
purification step and analyzed by SDS/15% PAGE followed by
staining with Coomasie brilliant blue R-250 for detection of total
proteins present. Lane 1, crude cell extract; lane 2, 65% (NH4)2SO«
precipitation; lane 3, hydrophobic interaction chromatography; lane
4, cation-exchange chromatography; lane S, anion-exchange chro-
matography; lane 6, gel filtration chromatography; lane 7, markers of
indicated sizes in kilodaltons. (B) The N-terminal sequence of the
isolated 33-kDa protein is identical at 11 out of 12 and 9 out of 12
residues to the a subunit of Scs proteins isolated from D. discoideum
(18) and E. coli (19), respectively. The N-terminal sequence of the
isolated 43-kDa protein is identical at 13 out of 15 residues to the g8
subunit of the Scs protein isolated from E. coli (19).
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coli (19). The 43-kDa subunit (Fig. 4B) was identical at 13 out
of 15 residues to the B subunit of Scs isolated from E. coli (19).

The Isolated 33- and 43-kDa Proteins Are the a and B
Subunits of Scs. The Scs complex catalyzes the following
overall reaction (20) in three partial reactions.

Scs + ATP = Scs-P + ADP
Scs—P + succinate = Scs-succinyl-P

Scs—succinyl-P + CoA = succinyl-CoA + P; + Scs

ATP + succinate + CoA = ADP +P; + succinyl-CoA

The E. coli enzyme (succinate-CoA ligase, EC 6.2.1.5; Scs)
has an (aB), tetramer structure, with molecular masses of
29,500 Da for the a subunit and 38,500 Da for the B8 subunit.
The « subunit contains an autophosphorylatable histidine
residue, whereas the g8 subunit contains the binding sites for
succinate and CoA (20). To confirm that p33 is the « subunit
of Scs, we phosphorylated the purified «f complex by
incubating it with [32P]P; and succinyl-CoA. After 5 min,
reactions were terminated, the products were loaded onto
SDS/polyacrylamide gels, and the extent of 32P labeling of
p33 was determined. Increasing concentrations of [32P]P;
resulted in increased incorporation of 3?P into p33 (Fig. 5A).
The p33 protein was not phosphorylated by incubation with
[32P]P; in the absence of succinyl-CoA or in the presence of
malonyl-CoA or acetyl-CoA.

Next it was determined whether the [y-32P]ATP-
phosphorylated a subunit was susceptible to dephosphory-
lation by succinate and CoA. Increasing equimolar concen-
trations of succinate and coenzyme A caused increased
dephosphorylation of the 32P-labeled p33 subunit (Fig. 5).
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Fi16. 5. p33 is a Scs. (A) The 33-kDa/43-kDa complex is auto-
phosphorylated by incubation with [32P]P; and succinyl-CoA. Reac-
tions mixtures containing 626 ng of the complex and 500 nM
succinyl-CoA were incubated with increasing concentrations of
(32P]P; for 5 min, terminated, and analyzed by SDS/PAGE followed
by quantitation of 32P incorporation into p33 as described in Mate-
rials and Methods. (B) 3?P-labeled p33 is dephosphorylated by
incubation with equimolar concentrations of succinate and CoA. The
33-kDa/43-kDa complex was autophosphorylated with 2 uCi of
[y-32P]ATP for 2 min and then incubated with increasing concentra-
tions of succinate and CoA for 2 min. Reactions were terminated and
analyzed for 32P incorporation into p33 as described above.
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Incubation of the 32P-labeled p33 subunit with either succi-
nate or coenzyme A alone was less effective in dephosphor-
ylation. The phosphorylated p33 protein (a subunit of Scs)
was completely stable over the time period of the assay in the
absence of either succinate or CoA.

Biochemical Activity of Ndk Is Present in the Purified Scs
Complex. During purification of the Scs complex, the Ndk
protein continued to be associated with the Scs complex, as
observed by [y-*2P]ATP phosphorylation assays. A further
proof of the association of Ndk in a complex with succinyl-
CoA synthetase is that purified Ndk, when mixed with
purified succinyl-CoA synthetase, was eluted in a broad peak
at a higher apparent molecular weight from a Superose 12
FPLC column than was Ndk alone. This indicates that Ndk
must form a complex with Scs. Since the Ndk/Scs complex
is unstable, it is eventually disrupted; still, the temporal
complex formed between Ndk and Scs causes Ndk to migrate
with the larger Scs, which thus increases its apparent mo-
lecular weight during elution from the column. In the final
purified Scs complex preparation, the level of Ndk present
was not enough to observe by Coomassie blue staining or by
autophosphorylation with [y-32P]JATP. However, the pres-
ence of Ndk in even this very pure preparation is confirmed
(Fig. 6) by its ability to transfer the y-[32P] phosphate from
ATP to either GDP, CDP, or UDP. Succinyl-CoA synthetase
has been variously described as utilizing ATP alone as a
substrate in catalysis (21) or as utilizing ATP, GTP, and ITP,
in that order, as substrates in its reaction (22). These latter
reports suggest that Scs itself might act as a Ndk in its ability
to convert [»>2PJATP into [y->2P]GTP or [y-32P]ITP, yet was
unable to form [y-32P]CTP from [y-32P]JATP. The purified Scs
complex described here can transfer the terminal phosphate
from ATP to either GDP, UDP, or CDP, with the formation
of the corresponding NTPs. This clearly demonstrates that
the 16-kDa Ndk protein is actively associated with Scs in a
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F1G. 6. Ndk activity remains associated with the purified Scs
complex. The biochemical activity characteristic of Ndk is present in
the purified preparations of Scs complex. Six hundred twenty-six
nanograms of purified Scs complex (lanes 2-4) was added to
[y-32P]ATP (lanes 1-7) at 50 uCi/ml. GDP (lanes 2 and 5), CDP (lanes
3 and 6), or UDP (lanes 4 and 7) was added to 5 mM and reactions
were terminated after 4 hr by the addition of EDTA to 5 mM. Samples
were then analyzed by thin-layer chromatography followed by au-
toradiography to show the formation of y-32P-labeled GTP, CTP, or
UTP from the nonradioactive NDPs. As a control for the migration
of either ATP, GTP, CTP, or UTP, lane 1 contained [y-32P]JATP
alone, while lanes 5-7 contained [y-32P]JATP along with 182 ng of
highly purified Ndk added to the respective NDP in order to transfer
the y-phosphate to either GDP (lane 5), CDP (lane 6), or UDP (lane
7), as already described (5). After 5 min, reactions were terminated
with EDTA, and samples were analyzed as above. The partial
conversion of [y-32PJATP to [32P]GTP, [32P]CTP, and [32P]UTP in
lanes 2, 3, and 4 appears to demonstrate the presence of small
amounts of Ndk in the 626 ng of purified Scs complex.
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complex and is responsible for the Ndk activity reported for
this purified protein complex.

DISCUSSION

The binding of Ndk to the Scs complex shown here indicates
an in vivo association between these proteins, forming an
Ndk/Scs metabolon (23) which can facilitate the channeling
of y-phosphate bond energy from NTPs into the tricarboxylic
acid cycle, as well as facilitating the reverse reaction. This is
to our knowledge the first report of such an association
existing between Ndk and Scs in a prokaryotic organism. In
eukaryotes, rabbit mitochondrial Ndk has been found to
copurify with the mitochondrial Scs within glycerol gradi-
ents. Addition of purified rabbit cytosolic Ndk, along with
catalytic quantities of GDP, was found to increase the
activity of the Scs complex, possibly by channeling activated
y-phosphate from ATP into the eukaryotic GTP-requiring Scs
enzyme (24). Also, Ndk was found to be associated with the
purified Scs preparations from D. discoideum and is thought
to be responsible for the stimulation of [y-32PJATP labeling of
mitochondrial Scs in the presence of small quantities of GDP
(18). Since the E. coli Scs complex preferentially uses ATP,
the presence of an in vivo Ndk/Scs complex in P. aeruginosa
raises the question of whether Ndk might not function by
directly activating the Scs complex by y-phosphate bond
energy from any NTP.

If this is true, then the involvement of Ndk in energy
metabolism and the developmental regulation of ndk found in
eukaryotes may be related. The presence of Ndk within rat
liver mitochondria is known to enhance the formation of ATP
during oxidative respiration (25), while the level of
[y-32P]ATP or [v32P]GTP phosphorylation of the succinyl-
CoA synthetase from D. discoideum has been found to
decrease during starvation-induced developmental changes
(18). These starvation conditions are also cited as inducing a
sharp decrease in ndk transcript levels in D. discoideum (10,
11). It may be that regulation of ndk during developmental
changes is part of a common prokaryotic—eukaryotic stress/
starvation regulatory mechanism which induces fundamental
changes in function of the tricarboxylic acid cycle during
various stress or starvation conditions.

The association of small amounts of Ndk even in the highly
purified Scs complex raises interesting questions about the
nature of phosphorylation of the a subunit (p33) of succinyl-
CoA synthetase. While this subunit is believed to be auto-
phosphorylated (20-22), it is equally possible that Ndk may
act as a protein kinase, directly phosphorylating the a subunit
of Scs in P. aeruginosa, or by activating the Scs complex by
channeling ATP into the active site of the P. aeruginosa Scs
enzyme. Since we have a mutant of P. aeruginosa which
shows a much reduced level of phosphorylation of the p16
Ndk, it would be of interest to see how Ndk levels are
modulated in the cells and how this affects the efficiency of

Proc. Natl. Acad. Sci. USA 91 (1994) 5887

the tricarboxylic acid cycle, thereby affecting P. aerugino-
sa’s transition to mucoidy.
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