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Infection with mucoid, alginate-producing strains of Pseudomonas aeruginosa is the leading cause of
mortality among patients with cystic fibrosis. Alginate production by P. aeruginosa is not constitutive but is
triggered by stresses such as starvation. The algR2 (also termed algQ) gene has been previously identified as
being necessary for mucoidy; an algR2 mutant strain is unable to produce alginate when grown at 370C. We
show here that the levels of phosphorylated succinyl coenzyme A synthetase (Scs) and nucleoside diphosphate
kinase (Ndk), which form a complex in P. aeruginosa, are reduced in the algR2 mutant. We were able to
correlate the lower level of phosphorylated Scs with a decrease in Scs activity. Western blots (immunoblots)
also showed a decreased level of Ndk in the algR2 mutant, but the presence of another kinase activity sensitive
to Tween 20 provides the missing Ndk function. The elect of AlgR2 on tricarboxylic acid (TCA) cycle enzymes
appears to be specific for Scs, since none of the other TCA cycle enzymes measured showed a significant
decrease in activity. Furthermore, the ability of the algR2 mutant to grow on TCA cycle intermediates, but not
glucose, is impaired. These data indicate that AlgR2 is responsible for maintaining proper operation of the
TCA cycle and energy metabolism.

Cystic fibrosis (CF) is the most common inheritable disease
among the Caucasian population. The defect in CF occurs in
the CF transmembrane conductance regulator, a chloride
channel in the cell membrane. The production of a defective
CF transmembrane conductance regulator results in abnormal
ion transport and the clogging of the respiratory tract by a thick
mucus (4). The CF lung is fertile ground for bacterial infec-
tions, particularly by Staphylococcus aureus, Haemophilus in-
fluenzae, and Pseudomonas aeruginosa. Although S. aureus and
H. influenzae can be controlled through antibiotic therapy, P.
aeruginosa is more difficult to control and eventually becomes
dominant in the chronically infected CF lung, where it also
undergoes genotypic transition to a mucoid, alginate-produc-
ing form. Alginate is a viscous exopolysaccharide consisting of
D-mannuronic acids and L-guluronic acids (27). The role of
alginate has recently been reviewed (26, 40), particularly with
regard to its ability to prevent both opsonic (1) and nonopsonic
(20) phagocytosis, thus protecting the cell from the host's
immune response. Alginate is believed to prevent penetration
of antibiotics inside the infecting cells and to aid the adherence
of cells to the epithelial cells of the respiratory tract (27).
Microcolonies of mucoid P. aeruginosa colonize the CF lung as
a biofilm on the surface of the upper respiratory tract epithe-
lium, which provides further protection against the dehydrat-
ing environment of the CF lung (3, 21). It has also been shown
that mucoid P. aeruginosa cells are better able to adapt to and
survive in a nutritionally poor environment than nonmucoid
cells (45).

Several lines of evidence implicate the environment of the
CF lung as a key factor in causing the conversion of P.
aeruginosa from the nonmucoid to the mucoid phenotype. First
is the prevalence of mucoid P. aeruginosa in the CF lung and its
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virtual absence in the healthy lung. Although approximately
90% of CF patients may be infected by mucoid P. aeruginosa,
fewer than 2% of healthy lungs or lungs of bronchitis patients
or patients suffering from other respiratory illnesses are colo-
nized by mucoid cells. Second, infections of other sites such as
the urinary tract and burns by P. aeruginosa rarely result in
colonization by mucoid cells. Third, continued cultivation of
mucoid clinical isolates outside the CF lung results in their
rapid conversion to the nonmucoid form. Much effort has been
devoted to identifying the environmental signals responsible
for alginate production. Several studies have identified growth
conditions which lead to the appearance of mucoid colonies.
For example, growth on ethanol (8) or in chemostat under
energy-limiting conditions (44) or, in general, growth under
conditions of nutrient deprivation (43) has led to various
fractions of the cells undergoing transition to mucoidy. A
common theme emerging from these findings is that the energy
status of the cell has an important role in the conversion to
mucoidy (45). In addition to environmental factors, genetic
changes such as mutations in the muc loci (7, 10, 13, 34) or the
insertion of transposons in the region upstream of the toxA
gene (41) result in the transition to mucoidy.
The conversion of nonmucoid P. aeruginosa into the algi-

nate-producing form is a complex developmental phenome-
non. Several regulatory genes controlling alginate biosynthesis
have been described (26, 27). These include algR1 (algR) and
algB, two genes homologous to the response regulator class of
two-component systems; algR3 (algP), a histone-like protein;
algU (algT), which shows homology to a Bacillus sigma factor
(25); and algR2 (algQ). Studies of these genes have largely
centered on their effects on the expression of the critical algD
gene (7, 10, 17) encoding GDP-mannose dehydrogenase, as
well as the algC gene encoding phosphomannose mutase (11,
51). Despite all of the studies on alginate regulation and
biosynthesis, cellular biochemical changes (outside the synthe-
sis of alginate) have not been well studied. Recently, an
enzyme developmentally regulated in both prokaryotes and
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eukaryotes, nucleoside diphosphate (NDP) kinase (Ndk), has
been purified from P. aeruginosa (18). It was found to copurify
with succinyl coenzyme A (succinyl-CoA) synthetase (Scs), an
enzyme of the tricarboxylic acid (TCA) cycle. We wanted to
explore the possibility that these enzymes are regulated in
alginate-producing cells, providing insight into how cellular
metabolism functions in alginate-producing cells. In this re-
port, we described the effects of a mutation in the algR2 gene
on the activity of Scs and Ndk and how this in turn affects
operation of the TCA cycle and alginate synthesis.

MATERIALS AND METHODS

Bacterial strains and plasmids. P. aeruginosa 8830 is a stable
alginate-producing strain (5). Strain 8830R2::Cm was derived
from 8830 by inserting a chloramphenicol resistance gene
cassette into a unique BglII site in the algR2 coding region. For
selection, chloramphenicol was included in Pseudomonas iso-
lation agar (Difco) at 300 ,ug/ml. Plasmids pJK662 and pJK664
(17) contain algR2 under its own promoter and under the tac
promoter, respectively. Both pJK662 and pJK664 are deriva-
tives of pMMB66EH (12). For selection of plasmid-harboring
cells, carbenicillin was used at 300 ,ug/ml in Luria broth and
100 ,ug/ml in morpholine propanesulfonic acid (MOPS) mini-
mal medium. For induction of the tac promoter, isopropylthio-
galactopyranoside (IPTG) was included to a final concentra-
tion of 1 mM.
Autophosphorylation assay of succinyl-CoA synthetase and

NDP kinase. To determine the levels of phosphorylated succi-
nyl-CoA synthetase (Scs) and NDP kinase (Ndk), cells were
grown for 18 h in Luria broth. The cells were disrupted, and
proteins were autophosphorylated with [-y-32P]ATP as de-
scribed previously (18).
Western blotting (immunoblotting). To measure Ndk levels

by Western blotting, 100-ml cultures were grown for 18 h in
Luria broth. Cells were collected by centrifugation, washed
with sterile 0.9% saline, resuspended in 50 mM Tris-HCl
(pH 8.0), and disrupted by sonication. Protein samples were
electrophoresed in a sodium dodecyl sulfate (SDS)-15% poly-
acrylamide gel and electroblotted onto a GeneScreen Plus
membrane (NEN Research Products, Boston, Mass.). The
membrane was incubated with antibody against P. aeruginosa
Ndk (diluted 1:100). The blot was next reacted with 125I1
protein A (DuPont) to a final concentration of approximately
2.5 X 106 cpm/ml. Following washing, the image was developed
by autoradiography. The radioactivity of the spots was quanti-
tated by counting individual blot slices on a Pharmacia LKB
Wallac Minigamma 1504 gamma counter.
Growth curves. Growth curves were obtained by growing the

indicated strains for 16 to 18 h in Luria broth. This culture was
used to inoculate 3.0 ml of MOPS minimal medium (32) with
the carbon source at 20 mM and histidine at 50 ,ug/ml. The test
tubes (13 by 100 mm) were shaken at 250 rpm at 37°C, and
growth was monitored by measuring the A6. with a Bausch
and Lomb Spectronic 20.
Enzyme assays. Cells for enzyme assays were grown as

100-ml cultures for 18 h in Luria broth. Cells were collected by
centrifugation, washed with sterile 0.9% NaCl, resuspended in
5 ml of 50 mM Tris-HCl (pH 7.6), and disrupted by sonication
with a Branson model 450 Sonifier. Debris was removed by
centrifugation at 15,000 rpm for 20 min, and extracts were used
for enzyme assays. The TCA cycle enzymes were assayed
according to published procedures. Aconitase (EC 4.2.1.3)
activity was determined as described by Hanson and Cox (15).
Fumarase (EC 4.2.1.2) was assayed by the method of Racker
(36), using L-malate as the substrate. Isocitrate dehydrogenase

(EC 1.1.1.42) and citrate synthetase (EC 4.1.3.7) were assayed
as described by Jackson and Dawes (16), and succinate dehy-
drogenase (EC 1.3.99.1) was assayed as described by Veeger et
al. (49). Succinyl-CoA synthetase (EC 6.2.1.6) was assayed as
described by Bridger et al. (2), using the 45 to 65% (NH4)2SO4
fraction of crude extract (18). NDP kinase (EC 2.7.4.6) was
assayed by using crude extract as described by Kavanaugh-
Black et al. (18). Where indicated, Tween 20 was included at a
final concentration of 0.05%. The thin-layer chromatography
plates were quantitated with an AMBIS Radioanalytic Imaging
System (AMBIS Systems Inc., San Diego, Calif.). Substrates
and reagents for enzyme assays were from Sigma Chemical Co.
(St. Louis, Mo.). Protein concentration was determined using
the Bio-Rad protein assay kit (Bio-Rad, San Diego, Calif.),
using bovine serum albumin as a standard.

RESULTS

Construction of an a4gR2 insertional mutant. For this study,
we constructed an insertional mutant of the algR2 gene. The
algR2 gene was first identified by virtue of its ability to
complement a nonmucoid mutagen-induced strain, 8882 (17).
We constructed an insertional mutant by cloning a chloram-
phenicol resistance gene from pCm7 (Pharmacia) into the
unique BglII site in the coding region of algR2. The mutated
algR2 gene was cloned into pKTY320, a suicide vector unable
to replicate in Pseudomonas species (19). The algR2::Cm cas-
sette was introduced into the stable mucoid strain 8830 by
triparental mating, and exconjugates were selected on Pseudo-
monas isolation agar (Difco) with chloramphenicol selection at
370C. Nonmucoid colonies were obtained and scored for
carbenicillin sensitivity. pKTY320 encodes carbenicillin resis-
tance, and selecting for chloramphenicol resistance and car-
benicillin sensitivity identifies products of double-crossover
events. Insertional inactivation was demonstrated by Southern
blotting of both 8830 and 8830R2::Cm genomic DNA, using a
radiolabeled internal fragment of the algR2 coding region as a
probe (data not shown). The nonmucoid 8830R2::Cm was
complemented to mucoidy by algR2 in trans on plasmid pJK662
or pJK664.

Phosphorylation of Scs and Ndk in an algR2 mutant back-
ground. A mutation in algR2 renders the mucoid strain 8830
nonmucoid, demonstrating the requirement of functional
AlgR2 for mucoidy at 37°C (17). The algR2 mutation has also
been shown to result in decreased expression of the algD
promoter (6, 17). In P. aeruginosa, succinyl-CoA synthetase
(Scs) and NDP kinase (Ndk) exist as a complex (18). Because
both Ndk and Scs can be identified by their ability to auto-
phosphorylate, we first sought to examine the effect of the
algR2 mutation on Ndk and Scs phosphorylation. (NH4)2SO4
fractions of crude extract were incubated with [y-32P]ATP for
a fixed time and subjected to SDS-polyacrylamide gel electro-
phoresis and autoradiography as described in Materials and
Methods. Figure 1 shows the results of the phosphorylation
assay. Compared with the parental strain 8830, the algR2
knockout mutant clearly shows a decrease in autophosphory-
lation of both Scs and Ndk. Furthermore, when algR2 is
supplied to the algR2 mutant in trans on pJK664, the levels of
phosphorylation of both proteins return to parental levels. This
result indicates that AlgR2 does have an important role in
maintaining the levels of phosphorylated Scs and Ndk. The
algR2 mutation renders a mucoid cell nonmucoid at normal
growth temperatures and also decreases the level of phosphor-
ylated Scs and Ndk. When algR2 is restored in trans, both
alginate production and the levels of phosphorylated Scs and
Ndk are returned to parental levels. This finding suggests a link
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FIG. 2. Ndk activity in algR2' and algR2 cells in the absence and
presence of Tween 20. Ndk activity was measured in crude extracts
from strains 8830 and 8830R2::Cm in the presence and absence of
0.05% Tween 20 to inhibit interfering kinases. [y-32P]ATP (1 j±Ci, 10
p.Ci/,l, 3,000 Ci/nmol) was used as the phosphate donor, and a mixture
of GDP, CDP, and UDP (1 pLM each, final concentration) was used
as the recipient of the terminal phosphate. Lanes: 1, 8830 crude ex-
tract with [y-32p] ATP; 2, 8830 crude extract with [y-32P] ATP plus
GDP, CDP, and UDP; 3, 8830 crude extract with [y-32p] ATP plus
GDP, CDP, UDP, and 0.05% Tween 20; 4, 8830 crude extract with
[y-32p] ATP plus GDP, CDP, UDP, and antibody against Ndk
(oa-Ndk); 5, 8830R2::Cm crude extract with [y-32p] ATP; 6, 8830R2:
:Cm crude extract with [y-32P]ATP plus GDP, CDP, and UDP; 7,
8830R2::Cm crude extract with [-y-32P]ATP plus GDP, CDP, UDP,
and 0.05% Tween 20; 8, 8830R2::Cm crude extract with [-y-32P]ATP
plus GDP, CDP, UDP, 0.05% Tween 20, and a-Ndk; 9, purified Ndk
with [-y-32P]ATP; 10, purified Ndk with [-y-32P]ATP plus GDP, CDP,
and UDP; 11, purified Ndk with [-y-32P]ATP plus GDP, CDP, UDP,
and 0.05% Tween 20; 12, purified Ndk with [y-32P]ATP plus GDP,
CDP, UDP, and at-Ndk.

transfer from [y-32P]ATP to CDP, GDP, or UDP in the
8830R2::Cm extract (lane 7), as contrasted with the extract
from 8830 (lane 3). Since Ndk activity is not inhibited by
Tween 20 (lane 11), it is clear that the algR2 mutant is highly
deficient in Ndk activity. Thus, Ndk and one or more other
kinases sensitive to Tween 20 together provide the bulk of the
cellular NDP kinase activity in P. aeruginosa.
To further probe the effect of AlgR2 on Ndk levels, we used

Western blot analysis to determine if there was a change in the
amount of Ndk in the algR2 mutant. Figure 3 and Table 1 show
the result of the Western blot analysis. It is clear from the data
that the levels of Ndk are drastically reduced in the algR2
mutant, and the parental levels are restored upon supplying
algR2 in trans, in agreement with the phosphorylation data in
Fig. 1. The drop in Ndk levels as shown by Western blotting is
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FIG. 3. Ndk levels in an algR2 mutant. Crude extracts of 8830/

pMMB66EH, 8830R2::Cm/pMMB66EH, and 8830R2::Cm/pJK662
were subjected to Western blotting with antibodies to P. aeruginosa
Ndk. Lanes: 1 to 3, 100, 10, and 1 Rg of crude extract from

8830/pMMB66EH; 4 to 6, 100, 10, and 1 jig of crude extract from

8830R2::Cm/pMMB66EH; 7 to 9, 100, 10, and 1 tig of crude extract

from 8830R2::Cm/pJK662; lanes 10 to 12, 100, 10, and 1 ng of purified
Ndk from P. aeruginosa.

FIG. 1. Autophosphorylation of succinyl-CoA synthetase (Scs) and
NDP kinase (Ndk) in an algR2 mutant. Lanes: 1, molecular mass
markers (sizes are shown in kilodaltons); 2, autophosphorylation of
purified 16-kDa Ndk; 3 to 5, autophosphorylation of 33-kDa Scs
and 16-kDa Ndk in partially purified 45 to 65% (NH4)2SO4 fractions
of 8830/pMMB66EH, 8830R2::Cm/pMMB66EH, and 8830R2::Cm/
pJK664, respectively.

between alginate production and the levels of phosphorylated
Scs and Ndk.

Activities of Scs and Ndk in an algR2 mutant background.
Given the differences in the level of phosphorylation of Scs and
Ndk in the algR2 knockout mutant, we wanted to examine how
the level of phosphorylation affected enzyme activity. Succinyl-
CoA synthetase specific activities were assayed as described
in Materials and Methods and found to be 2.6, 0.2, and 1.9 U
for strains 8830/pMMB66EH, 8830R2::Cm/pMMB66EH, and
8830R2::Cm/pJK664, respectively. The algR2 knockout mutant
shows a large decrease in Scs activity. Furthermore, the drop in
activity seen in the algR2 mutant strain is significantly restored
when algR2 is supplied in trans on pJK664. The decrease in
enzyme activity parallels the decrease in the level of autophos-
phorylation described in Fig. 1.

To study Ndk activity, cell extracts of 8830/pMMB66EH,
8830R2::Cm/pMMB66EH, and 8830R2::Cm/pJK662 were pre-
pared and assayed for Ndk activity as described in Materials
and Methods. The assay system used directly measures the
amount of [-5_32P]GTP, [y-32P]CTP, or [y-32P]UTP formed
from [y-32P]ATP and GDP, CDP, or UDP. The substrate and
products are separated by thin-layer chromatography and
quantified. Despite the results of Fig. 1 showing a decrease in
the level of phosphorylation of Ndk in the algR2 mutant, no
significant difference in Ndk activity was found between the
algR2 mutant 8830R2::Cm and its parent 8830 (data not
shown). Thus, although we do observe a decrease in the level
of phosphorylated Ndk in an algR2 mutant, and the parental
level of phosphorylated Ndk is restored upon supplying algR2
in trans (Fig. 1), we cannot correlate this with a change in Ndk
activity.
A possible reason for the lack of a decrease of Ndk activity

is interference from another kinase. In Escherichia coli, pyru-
vate kinase can substitute for Ndk in the synthesis of nucleo-
side triphosphates (NTPs) (39). We further explored this
possibility by repeating the Ndk assay in the presence of 0.05%
Tween 20, since we found that Tween 20 inhibited the inter-
fering activity without having any effect on Ndk. The results are
shown in Fig. 2. In the presence or absence of 0.05% Tween 20,
8830 crude extract was able to produce [_-32P]UTP, [-y_32p]
CTP, or [y-32P]GTP from [y-32P]ATP and the corresponding
NDP (Fig. 2, lanes to 4). However, 8830R2::Cm crude extract
was able to produce [-y-32P]UTP, [-y-32P]CTP, or [y-32P]GTP
from [y-32P]ATP only in the absence of Tween 20 (lane 6). In
the presence of Tween 20, there was very little phosphate
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TABLE 1. Levels of Ndk in the algR2 mutant and parent strain

cpma
Strain or protein

100,ug 10 [Lg Il g

8830/pMMB66EH 20,363 2,422 238
8830R2::Cm/pMMB66EH 3,000 512 52
8830R2::Cm/pJK662 15,668 1,701 211
Purified Ndky 25,772 3,012 800

aAmount of radioactivity present in the Ndk bands as shown in Fig. 3.
h Purified Ndk lanes contain 100, 10, and 1 ng of protein.

reflected in the reduced level of phosphorylated Ndk (Fig. 1)
and is in good agreement with the Ndk activity data of Fig. 2,
which showed that an interfering kinase could provide the Ndk
activity in absence of a functional Ndk enzyme.

Activity of other TCA cycle enzymes in an algR2 mutant.
Succinyl-CoA synthetase is one of the TCA cycle enzymes. It
catalyzes the concomitant hydrolysis of succinyl-CoA and
production of ATP from ADP and Pi. The TCA cycle is one of
the most important metabolic pathways in aerobic organisms,
and its anabolic and catabolic functions have been well docu-
mented. We have shown that Scs activity is reduced in an algR2
mutant. An interesting question is, how general is AlgR2's
control over TCA cycle enzymes, and does AlgR2 regulate any
other or perhaps all TCA cycle enzymes? To address this
question, we set out to assay all of the TCA cycle enzymes in
P. aeruginosa 8830 and its algR2 derivative 8830R2::Cm. The
results of the assays are shown in Table 2. We had difficulty in
obtaining reliable measurements for malate dehydrogenase
and isocitrate dehydrogenase because of high levels of NADH
oxidase in P. aeruginosa and thus do not report values for these
enzymes. For the remaining enzymes, there is little difference
between their activities in the algR2 mutant and its parent. This
finding suggests that algR2's effect on the TCA cycle is limited
to succinyl-CoA synthetase. The TCA cycle enzymes of P.
aeruginosa are not subject to catabolite repression by glucose
(46). It may be significant that the reaction catalyzed by
succinyl-CoA synthetase is the only reaction of the TCA cycle
that directly produces ATP by substrate-level phosphorylation.
Regulating the level of Scs may serve as an important mecha-
nism in providing energy and substrates for cellular functions
and growth.
The algR2 mutation slows growth on TCA cycle intermedi-

ates. AlgR2 is known to be important for alginate synthesis
(17). If the role of AlgR2 in regulating succinyl-CoA syn-
thetase activity is physiologically significant in terms of supply-
ing energy and substrates for cellular functions and growth, it
is important to determine if the algR2 mutation affects growth,
particularly growth on TCA cycle intermediates. To study this,
the algR2+ parent strain 8830 and its algR2 derivative
8830R2::Cm were grown in MOPS minimal medium supple-

TABLE 2. Activities of TCA cycle enzymes in 8830
and 8830R2::Cm

Sp act (,umol of product
Enzyme formed/min/mg of protein

8830 8830R2:Cm

Aconitase 525 ± 15 475 + 5
Fumarase 1,276 + 43 1,008 + 36
Succinate dehydrogenase 94 ± 14 90 + 6
Isocitrate dehydrogenase 430 + 10 490 ± 10
Citrate synthetase 160 + 20 220 ± 60

mented with different carbon sources. The TCA cycle interme-
diates succinate, citrate, and malate were chosen, along with
glucose for comparison. The results of the growth experiments
are shown in Fig. 4. The data show that with glucose as the sole
carbon source, the algR2 mutant grows nearly as well as its
parent. However, when grown with the TCA cycle intermedi-
ates citrate, succinate, or malate as the sole source of carbon,
the algR2 mutant grew at a greatly reduced rate. Furthermore,
the growth pattern of the parental strain is restored when
algR2 is supplied in trans. Taken with the data on decreased
succinyl-CoA synthetase activity, this finding indicates that the
loss of AlgR2 results in markedly decreased activity of a TCA
cycle enzyme and that this defect is severe enough to slow the
growth of cells using TCA cycle intermediates as their sole
source of carbon. When growing on TCA cycle intermediates,
P. aeruginosa strongly represses synthesis of enzymes for
carbohydrate uptake and utilization (22). Thus, the TCA cycle
intermediates must be oxidized by the TCA cycle to produce
energy because the enzymes of the Entner-Doudoroff pathway
and the oxidative portion of the pentose phosphate pathway
are to a large extent unavailable to oxidize any hexoses formed
from the TCA cycle compounds (46, 47). The TCA cycle is the
major pathway available for oxidation of these carbon sources
and production of energy. This illustrates the special and
important role of the TCA cycle in P. aeruginosa (46, 47),
particularly with regard to the role of Scs and Ndk, which as a
complex allow efficient energy transduction from the operation
of the TCA cycle to the generation of various NTPs for the
maintenance of appropriate intracellular energy pools.

DISCUSSION

A critical question in studying the production of alginate by
P. aeruginosa is defining events which cause conversion of cells
from the typical nonmucoid form to the alginate-producing
mucoid form. P. aeruginosa contains the genetic capacity to
produce alginate, but only in rare cases do the alginate genes
become activated, leading to the production of alginate. One
such case is P. aeruginosa infection of the CF lung. Several
studies have identified environmental factors which can either
cause production of alginate or lead to activation of the algD or
algC promoter. Particularly interesting are studies of P. aerugi-
nosa grown in chemostat cultures with energy-rich or energy-
poor sources of carbon or nitrogen (44, 45). It was observed
that growth on energy-rich carbon sources such as gluconate
failed to lead to transition to mucoidy, whereas cultures using
an energy-poor carbon source such as acetate did give rise to
mucoid subpopulations. A similar correlation was found for
the nitrogen source used. Growth on phosphorylcholine or
nitrate, both energy-poor nitrogen sources, led to the appear-
ance of mucoid variants, while growth on glutamate, an
energy-rich nitrogen source, did not produce mucoid colonies.
Growth on other poor carbon and energy sources such as
acetamide (43), or long-term growth in the rat lung (50), has
also been shown to give rise to mucoid cells. A central theme
that has emerged from these studies is that stressed cells,
slowly growing in nutritionally poor environments, are prone to
undergo transition to mucoidy. It has been suggested that a
unifying hypothesis for these findings is the role of energy
metabolism in alginate production (45). It was demonstrated
that limiting the growth of P. aeruginosa by using NN'-
dicyclohexylcarbodiimide (DCCD) or gramicidin to inhibit
energy metabolism resulted in the appearance of mucoid
colonies. Combining DCCD treatment with phosphate limita-
tion resulted in conversion of up to 55% of the colonies to the
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FIG. 4. Growth of strains 8830/pMMB66EH, 8830R2::Cm/pMMB66EH, and 8830R2::Cm/pJK662 on TCA cycle intermediates as the sole
source of carbon. Closed boxes, 8830/pMMB66EH; open boxes, 8830R2::Cm/pMMB66EH; closed diamonds, 8830R2::Cm/pJK662.

mucoid phenotype. These data directly link energy metabolism
with alginate production.

In this report, we have shown the effect of a mutation in the
algR2 gene on an enzyme of the TCA cycle, succinyl-CoA
synthetase. Other TCA cycle enzymes tested did not show any
significant alteration of activity in the algR2 mutant. AlgR2 is
required for mucoidy; a mutation in algR2 renders the cell
unable to produce alginate. In an algR2 mutant background,
the level of autophosphorylated Scs and the activity of suc-

cinyl-CoA synthetase are drastically reduced. Succinyl-CoA
synthetase is known to form a phosphorylated intermediate in
the course of its reaction. The E. coli enzyme is autophosphor-
ylated on a histidine residue (His-246) of the a subunit;
replacement of this histidine with an aspartate residue led to
the elimination of activity and inability to autophosphorylate
(24). Thus, it is not entirely unexpected to find a close
relationship between the level of phosphorylation and enzyme
activity, as reported here. Furthermore, this decrease in activ-
ity is sufficient to significantly slow the growth of cells using a

TCA cycle intermediate as the sole carbon source, a situation
in which the TCA cycle is the major catabolic pathway for
oxidation of the carbon source and production of energy. The
reaction catalyzed by succinyl-CoA synthetase is the only step
of the TCA cycle that directly produces ATP by substrate-level
phosphorylation. This demonstrates the role of AlgR2 in
maintaining proper activity of the TCA cycle through succinyl-
CoA synthetase. The role of the TCA cycle in terminal
oxidation of nutrients and generation of energy and reducing
equivalents has long been known. Although transition to
mucoidy appears to occur in response to energy deprivation, it
is important to note that alginate biosynthesis itself places
strong energy demands on the cell. The production of GDP-

mannose from mannose-1-phosphate, required for both algi-
nate and lipopolysaccharide biosynthesis (23), requires GTP.
Considering that many alginate-producing strains of P. aerugi-
nosa convert over 50% of their available carbon source into
alginate (29), a considerable amount of energy must be
available to produce alginate. Thus, in an environment which is
likely nutrient poor, P. aeruginosa would need a mechanism for
efficient operation of catabolic and anabolic pathways to
supply energy and substrates for growth and alginate synthesis.
We were also able to show a decreased level of NDP kinase,

a key enzyme which controls the NTP and dNTP levels. Ndk
from several sources, including Myxococcus xanthus (30, 31), E.
coli (37), and humans (14), has been studied. Ndk can transfer
the terminal phosphate from any NTP or dNTP to any other
NDP or dNDP. A phosphoenzyme is an intermediate of the
reaction and is believed to be a phosphohistidine. However,
the M. xanthus enzyme is phosphorylated at two residues,
His-117 and an unidentified serine residue (30). As with other
Ndks, autophosphorylation of the histidine residue is believed
to be essential for enzyme activity. Severely reduced enzyme
activity was also demonstrated in the presence of Tween 20,
used to inhibit an interfering kinase. AlgR2 has been previ-
ously reported to be a protein kinase capable of undergoing
autophosphorylation (38). This conclusion was based on the
observation that a protein of a size similar to AlgR2 (16 to 18
kDa) was autophosphorylated in algR2+ cells but missing in
algR2 cells. The data presented here suggest that AlgR2 itself
is not a kinase, but rather that it regulates a kinase of similar
size (Ndk).
The results described here are reminiscent of the control of

the TCA cycle during sporulation in Bacillus subtilis. When
starved for nutrients, B. subtilis differentiates into spores which
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protect genetic material until an environment more favorable
for growth returns. Sporulation can also be induced with
inhibitors of purine synthesis to starve cells for guanine
nucleotides. Guanine nucleotide deprivation leads to an in-
crease of intracellular acetyl-CoA, which causes the induction
of o-ketoglutarate dehydrogenase (48). The increased levels of
ot-ketoglutarate dehydrogenase lower the levels of two TCA
cycle intermediates (ox-ketoglutarate and L-malate) which in-
hibit aconitase and citrate synthetase, resulting in higher
activities of these enzymes as well (9, 48). The activities of
other TCA cycle enzymes, such as fumarase (35) and succinate
dehydrogenase (28), are also increased during sporulation.
The recent characterization of a uspA (universal stress and
starvation protein) mutant in E. coli (33) is noteworthy in this
respect. The synthesis of UspA is strongly induced when the
growth rate of the cell falls below the maximal rate supported
by the media, regardless of the cause of growth inhibition. A
mutant in uspA exhibits abnormal utilization of carbon. Car-
bon which normally enters the TCA cycle is instead catabolized
to acetate and released into the media. This finding suggests
that the role of UspA is to direct the flow of carbon in central
metabolism of E. coli during stress (33). Although neither E.
coli nor P. aeruginosa sporulates upon starvation as does B.
subtilis, all of these bacteria do alter gene expression as part of
an active process of starvation survival. It appears that proper
operation of the TCA cycle and flow of carbon into the TCA
cycle to generate succinate for energy and ot-ketoglutarate for
biosynthetic processes is an important part of the cellular
response to stress (33, 42). It should be noted that we studied
the role of algR2 in strain 8830, which has been mutagenized to
allow for stable alginate production. It will be interesting to
study Ndk and Scs regulation under energy stress conditions in
wild-type P. aeruginosa. It will be important to determine the
mechanism by which AlgR2 regulates the level of Scs and Ndk,
as well as to study the regulation of algR2 itself. Construction
of null mutants in scs and ndk will allow us to directly identify
a link between TCA cycle operation and alginate biosynthesis.
Such experiments are currently under way in our laboratory.

ACKNOWLEDGMENTS

This work was supported by Public Health Service grant AI 16790-14
and in part by grant AI 31546-02 from the National Institutes of
Health. A.K.-B. was supported by a fellowship from the Cystic Fibrosis
Foundation.
We thank Junichi Kato for the 8830R2::Cm strain.

REFERENCES
1. Baltimore, R. S., and M. Mitchell. 1980. Immunologic investiga-

tions of mucoid strains of Pseudomonas aeruginosa: comparison of
susceptibility to opsonic antibody in mucoid and nonmucoid
strains. J. Infect. Dis. 141:238-247.

2. Bridger, W. A., R. F. Ramaley, and P. D. Boyer. 1969. Succinyl-
CoA synthetase from Escherichia coli. Methods Enzymol. 13:70-
75.

3. Chan, R., J. S. Lam, K. Lam, and J. W. Costerton. 1984. Influence
of culture conditions on expression of the mucoid mode of growth
of Pseudomonas aeruginosa. J. Clin. Microbiol. 19:8-16.

4. Collins, F. S. 1992. Cystic fibrosis: molecular biology and thera-
peutic implications. Science 256:774-779.

5. Darzins, A., and A. M. Chakrabarty. 1984. Cloning of genes
controlling alginate biosynthesis from mucoid cystic fibrosis isolate
of Pseudomonas aeruginosa. J. Bacteriol. 159:9-18.

6. Deretic, V., and W. M. Konyecsni. 1989. Control of mucoidy in
Pseudomonas aeruginosa: transcriptional regulation of algR and
identification of the second regulatory gene, algQ. J. Bacteriol.
171:3680-3688.

7. Deretic, V., D. W. Martin, M. J. Schurr, M. H. Mudd, N. S. Hibler,
R. Curcic, and J. C. Boucher. 1993. Conversion to mucoidy in

Pseudomonas aeruginosa. Bio/Technology 11:1133-1136.
8. DeVault, J. D., K. Kimbara, and A. M. Chakrabarty. 1990.

Pulmonary dehydration and infection in cystic fibrosis: evidence
that ethanol activates alginate gene expression and induction of
mucoidy in Pseudomonas aeruginosa. Mol. Microbiol. 4:737-745.

9. Dingman, D. W., M. S. Rosenkrantz, and A. L. Sonenshein. 1987.
Relationship between aconitase gene expression and sporulation
in Bacillus subtilis. J. Bacteriol. 169:3068-3075.

10. Flynn, J. L., and D. E. Ohman. 1988. Cloning of genes from
mucoid Pseudomonas aeruginosa which control spontaneous con-
version to the alginate-producing phenotype. J. Bacteriol. 170:
1452-1460.

11. Fujiwara, S., N. A. Zielinski, and A. M. Chakrabarty. 1993.
Enhancer-like activity of AlgR1-binding site in alginate gene
activation: positional, orientational, and sequence specificity. J.
Bacteriol. 175:5452-5459.

12. Furste, J. P., W. Pansegrau, R. Frank, H. Blocker, P. Scholz, M.
Bagdasarian, and E. Lanka. 1986. Molecular cloning of the
plasmid RP4 primase region in a multi-host-range tacP expression
vector. Gene 48:119-131.

13. Fyfe, J. A. M., and J. R. W. Govan. 1980. Alginate synthesis in
mucoid Pseudomonas aeruginosa: a chromosomal locus involved in
control. J. Gen. Microbiol. 119:443-450.

14. Gilles, A., E. Presecan, A. Vonica, and I. Lascus. 1991. Nucleoside
diphosphate kinase from human erythrocytes. J. Biol. Chem.
266:8784-8789.

15. Hanson, R. S., and D. P. Cox. 1967. Effect of different nutritional
conditions on the synthesis of tricarboxylic acid cycle enzymes. J.
Bacteriol. 93:1777-1787.

16. Jackson, F. A., and E. A. Dawes. 1976. Regulation of the tricar-
boxylic acid cycle and poly-,3-hydroxybutyrate metabolism in Azo-
tobacter beijerinckii grown under nitrogen or oxygen limitation. J.
Gen. Microbiol. 97:303-312.

17. Kato, J., L. Chu, J. D. DeVault, K. Kimbara, A. M. Chakrabarty,
and T. K. Misra. 1989. Nucleotide sequence of a regulatory region
controlling alginate biosynthesis in Pseudomonas aeruginosa: char-
acterization of the algR2 gene. Gene 84:31-38.

18. Kavanaugh-Black, A., D. M. Connolly, S. A. Chugani, and A. M.
Chakrabarty. 1994. Characterization of nucleoside diphosphate
kinase from Pseudomonas aeruginosa: complex formation with
succinyl-CoA synthetase. Proc. Natl. Acad. Sci. USA 91:5883-
5887.

19. Kimbara, K., T. Hashimoto, M. Fukuda, T. Koana, M. Takagi, M.
Oishi, and K. Yano. 1989. Cloning and sequencing of two tandem
genes involved in degradation of 2,3-dihydroxybiphenyl to benzoic
acid in the polychlorinated biphenyl-degrading soil bacterium
Pseudomonas sp. strain KKS102. J. Bacteriol. 171:2740-2747.

20. Krieg, D. P., R. J. Helmke, R. F. German, and J. A. Mangos. 1988.
Resistance of mucoid Pseudomonas aeruginosa to nonopsonic
phagocytosis by alveolar macrophages in vitro. Infect. Immun.
28:546-556.

21. Lam, J., R. Chan, K. Tam, and J. W. Costerton. 1980. Production
of mucoid microcolonies by Pseudomonas aeruginosa within in-
fected lungs in cystic fibrosis. Infect. Immun. 28:546-556.

22. Lessie, T. G., and P. V. Phibbs, Jr. 1984. Alternative pathway of
carbohydrate utilization in Pseudomonads. Annu. Rev. Microbiol.
38:359-387.

23. Lightfoot, J., and J. S. Lam. 1993. Chromosomal mapping, expres-
sion, and synthesis of lipopolysaccharide in Pseudomonas aerugi-
nosa: a role for guanosine diphospho(GDP)-D-mannose. Mol.
Microbiol. 8:771-782.

24. Majumdar, R., J. R. Guest, and W. A. Bridger. 1991. Functional
consequences of substitution of the active site (phospho)histidine
residue of Escherichia coli succinyl-CoA synthetase. Biochim.
Biophys. Acta 1076:86-90.

25. Martin, D. W., B. W. Holloway, and V. Deretic. 1993. Character-
ization of a locus determining the mucoid status of Pseudomonas
aeruginosa: AlgU shows sequence similarities with a Bacillus sigma
factor. J. Bacteriol. 175:1153-1164.

26. May, T. B., and A. M. Chakrabarty. 1994. Pseudomonas aerugi-
nosa: genes and enzymes of alginate biosynthesis. Trends Micro-
biol. 2:151-157.

27. May, T. B., D. Shinabarger, R. Maharaj, J. Kato, L. Chu, J. D.

J. BA=rRIOL.



ENERGY METABOLISM AND ALGINATE BIOSYNTHESIS 6029

DeVault, S. Roychoudhury, N. Zielinski, A. Berry, R. K. Rothmel,
T. K. Misra, and A. M. Chakrabarty. 1991. Alginate synthesis in
Pseudomonas aeruginosa: a key pathogenic factor in chronic
pulmonary infections of cystic fibrosis patients. Clin. Microbiol.
Rev. 4:191-206.

28. Melin, L., K. Magnusson, and L Rutberg. 1987. Identification of
the promoter of the Bacillus subtilis sdh operon. J. Bacteriol.
169:3232-3236.

29. Mian, J. F., T. R. Jarman, and R. C. Righelato. 1978. Biosynthesis
of exopolysaccharide by Pseudomonas aeruginosa. J. Bacteriol.
134:418-422.

30. Munoz-Dorado, J., N. Almaula, S. Inouye, and M. Inouye. 1993.
Autophosphorylation of nucleoside diphosphate kinase from
Myxococcus xanthus. J. Bacteriol. 175:1176-1181.

31. Munoz-Dorado, J., M. Inouye, and S. Inouye. 1990. Nucleoside
diphosphate kinase from Myxococcus xanthus. J. Biochem. 265:
2702-2706.

32. Neidhardt, F. C., P. L. Bloch, and D. F. Smith. 1974. Culture
medium for enterobacteria. J. Bacteriol. 119:736-747.

33. Nystr6m, T., and F. C. Neidhardt. 1993. Isolation and properties of
a mutant of Escherichia coli with an insertional inactivation of the
uspA gene, which encodes a universal stress protein. J. Bacteriol.
175:3949-3956.

34. Ohman, D. E., and A. M. Chakrabarty. 1981. Genetic mapping of
chromosomal determinants for the production of the exopolysac-
charide alginate in a Pseudomonas aeruginosa cystic fibrosis iso-
late. Infect. Immun. 33:142-148.

35. Ohne, M. 1975. Regulation of the dicarboxylic acid part of the
citric acid cycle in Bacillus subtilis. J. Bacteriol. 122:224-234.

36. Racker, E. 1950. Spectrophotometric measurements of the enzy-
matic formation of fumaric and cis-aconitic acids. Biochim. Bio-
phys. Acta 4:211-214.

37. Ray, N. B., and C. K. Matthews. 1991. Nucleoside diphosphoki-
nase: a functional link between intermediary metabolism and
nucleic acid synthesis. Cuff. Top. Cell. Regul. 33:343-357.

38. Roychoudhury, S., K. Sakai, D. Schlictman, and A. M. Chak-
rabarty. 1992. Signal transduction in exopolysaccharide alginate
synthesis: phosphorylation of the response regulator AlgR1 in
Pseudomonas aeruginosa and Escherichia coli. Gene 112:45-51.

39. Saeki, T., M. Hori, and H. Umezawa. 1974. Pyruvate kinase of
Eschenchia coli: its role in supplying nucleoside triphosphates in
cells under anaerobic conditions. J. Biochem. 76:631-637.

40. Schlictman, D., A. Kavanaugh-Black, S. Shankar, and A. M.
Chakrabarty. Environmental signaling, energy transduction and
alginate synthesis by Pseudomonas aeruginosa. In J. A. Hoch and
T. Silhavy (ed.), Signal transduction in bacteria, in press. American
Society for Microbiology, Washington, D.C.

41. Sokol, P. A., M. Z. Luan, D. G. Storey, and P. Thirukkumaran.
1994. Genetic rearrangement associated with in vivo mucoid
conversion of Pseudomonas aeruginosa PAO is due to insertion
elements. J. Bacteriol. 176:553-562.

42. Sonenshein, A. L. 1989. Metabolic regulation of sporulation and
other stationary-phase phenomena, p. 109-130. In I. Smith, R. A.
Slepecky, and P. Setlow (ed.), Regulation of prokaryotic develop-
ment. American Society for Microbiology, Washington, D.C.

43. Speert, D. P., S. W. Farmer, M. E. Campbell, J. M. Musser, R. K.
Selander, and S. Kuo. 1990. Conversion of Pseudomonas aerugi-
nosa to the phenotype characteristic of strains from patients with
cystic fibrosis. J. Clin. Microbiol. 28:188-194.

44. Terry, J. M., S. E. Pina, and S. J. Mattingly. 1991. Environmental
conditions which influence mucoid conversion in Pseudomonas
aeruginosa PAO1. Infect. Immun. 59:471-477.

45. Terry, J. M., S. E. Pina, and S. J. Mattingly. 1992. Role of energy
metabolism in conversion of nonmucoid Pseudomonas aeruginosa
to the mucoid phenotype. Infect. Immun. 60:1329-1335.

46. Tiwari, N., and J. J. R. Campbell. 1969. Utilization of dicarboxylic
acids by Pseudomonas aeruginosa. Can. J. Microbiol. 15:1095-
1100.

47. Tiwari, N. P., and J. J. R. Campbell. 1969. Enzymatic control of
the metabolic activity ofPseudomonas aeruginosa grown in glucose
or succinate media. Biochim. Biophys. Acta 192:395-401.

48. Uratani-Wong, B., J. M. Lopez, and E. Freeze. 1981. Induction of
citric acid cycle enzymes during initiation of sporulation by
guanine nucleotide deprivation. J. Bacteriol. 146:337-344.

49. Veeger, C., D. V. DerVartanian, and W. P. Zeylemaker. 1969.
Succinate dehydrogenase. Methods Enzymol. 13:81-90.

50. Woods, D. E., P. A. Sokol, L. E. Bryan, D. G. Storey, S. J.
Mattingly, H. J. Vogel, and H. Ceri. 1991. In vivo regulation of
virulence in Pseudomonas aeruginosa associated with genetic rear-
rangement. J. Infect. Dis. 163:143-149.

51. Zielinski, N. A., R. Maharaj, S. Roychoudhury, C. E. Danganan,
W. Hendrickson, and A. M. Chakrabarty. 1992. Alginate synthesis
in Pseudomonas aeruginosa: environmental regulation of the algC
promoter. J. Bacteriol. 174:7680-7688.

VOL. 176, 1994


