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The citrate synthase gene from the obligate intracellular rickettsial parasite Coxiella burnetii was cloned and
expressed in Escherichia coli. Transduction into E. coli with a C. burnetii gene library constructed in the cosmid
vector pHK17 resulted in the functional complementation of the gitA mutation of E. coli MOB154. A GltA+
clone carrying 16.4 kilobase pairs of C. burnetii DNA and designated pJCC959 was isolated and characterized.
Southern hybridization analysis confirmed that the pJCC959 cloned insert consists of C. burnetii DNA and that
homology exists with the Rickettsia prowazekii citrate synthase gene. Subcloning analysis with the multicopy
expression vector pUC8 revealed that citrate synthase expression was under control of a C. burnetii promoter.
In vitro transcription-translation of subclofes pLPM20 and pLPM30 established a molecular weight of ca.
46,000 for the monomer form of the cloned enzyme. Transposon TnS mutagenesis of pLPM30 defined the
coding region to approximately 1.2 kilobase pairs of C. burnetii DNA. Maxicell analysis of selected
pLPM30::TnS insertion derivatives identified the direction of transcription and the relative translational start
and stop sites and substantiated the molecular weight value calculated from the in vitro analysis. Inhibition
studies showed that citrate synthase activity in crude cell extracts obtained from strain MOB154 transformed
with the cloned C. burnetii gene was markedly inhibited by 4 mM ATP, while 4 mM a-ketoglutarate had
virtually no effect. These data indicate that the C. burnetii enzyme displays regulatory behavior characteristic
of the small gram-positive bacterial and eucaryotic enzyme.

Coxiella burnetii is an obligate intracellular rickettsial
parasite which infects a variety of invertebrate and verte-
brate hosts and causes Q fever in humans (2, 13). The
organism is able to remain viable extracellularly for many
years (2), but replication will occur only within the harsh,
acidic environment of host cell phagolysosomes (10). The
acidophilic nature of C. burnetii has been demonstrated by
incubating organisms in axenic buffer adjusted to pH 4.5 (the
approximate intraphagolysosomal pH), which stimulates
transport, incorporation, and catabolism of various sub-
strates (16-20). At pH 7, C. burnetii exists essentially in a
state of metabolic quiescence.
By virture of the obligate intracellular niche of this rick-

ettsia, traditional biochemical and genetic analyses are dif-
ficult. No established metabolic mutants exist, and evidence
regarding utilization of classical biochemical pathways, such
as the Embden-Meyerhof pathway of glycolysis and the
citric acid cycle, has been gathered by analyzing low-level
oxidations of various substrates by cell lysates or intact
organisms (2, 19, 27).
To help eludicate basic metabolic processes, it was desir-

able to clone C. burnetii genes into a more easily manipu-
lated organism, such as Escherichia coli. The first enzyme of
the citric acid cycle, citrate synthase [citrate(si)-synthase;
EC 4.1.3.7], is the rate-limiting enzyme of the cycle (24),
catalyzing the condensation reaction between acetyl coen-
zyme A (acetyl-CoA) and oxaloacetate (OAA) with the
liberation of citrate. It was selected for cloning studies
because of its key metabolic role in biosynthesis and energy

production. Additionally, it has been demonstrated that in
axenic buffer at pH 4.5, C. burnetii preferentially transports
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and metabolizes citric acid cycle intermediates and precur-
sors such as pyruvate, succinate, glutamate, and proline
(16-20). From this it was reasoned that the citrate synthase
gene (g1tA) is probably constitutively transcribed in C.

burnetii fromn a strong promoter and is therefore a likely
candidate for expression in E. coli.

Citrate synthases from numerous sources have been
shown, with few exceptions, to fall into two primary classes
(39). Gram-positive bacteria and eucaryotic cells produce a
small, dimeric enzytne with a subunit size of Mr 45,000 to
60,000 (39) that is isosterically inhibited by ATP (21) and
insensitive to NADH inhibition (40). Conversely, gram-
negative bacteria produce a large enzyme consisting of four
to six subunits of Mr 45,000 to 60,000 each (39), which is not
inhibited by ATP (21) but exhibits allosteric inhibition by
NADH (40). Additionally, facultative anaerobes of this
group, such as E. coli, show allosteric inhibition by a-

ketoglutarate (ax-KG) (43). These criteria have been used to
help define the phylogenetic status of various bacteria (39).
The citrate synthase gene has been cloned from Rickettsia

prowazekii, and the enzyme has been purified and charac-
terized (29, 42). While typically considered a gram-negative
bacterium, R. prowazekii produces an enzyme with regula-
tory behavior characteristic of the small gram-positive bac-
terial and eucaryotic enzyme. The cloning of the C. burnetii
citrate synthase gene described in this report allowed for a
comparison between the genes and gene products of these
two obligate intracellular parasites. In addition, it demon-
strates that a C. burnetii gene is functionally expressed in E.
coli.
(A preliminary account of these findings has been pre-

sented [R. A. Heinzen and L. P. Mallavia, Abstr. Annu.
Meet. Am. Soc. Microbiol. 1986, D55, p. 75].)
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TABLE 1. Bacterial strains, plasmids, and phage

Strains, plasmids, Genotypea Relevant phenotypea and use Source or referenceand phage

E. coli
HB101 Enzyme analysis Maniatis et al. (26)
JEF8 thr-31 carB8 relAI metBI X- spoTI Su-, X-, for A::Tn5 mutagenesis Mergeay et al. (28)
Q1 thr-J leu-6 thi-l lacYJ supE44 tonA21 SupE; to grow X::TnS De Bruijn and Lupski (12)
MOB154 gltA6 galK30 pyrD36 relAl rpsL129 GltA- Wood et al.b

thi-J supE44 hsdR4 recA X-
MS327 araD A(lac pro) argEam rif nal recA56 Maxicell analysis Sancar et al. (33)

C. burnetii
Nine Mile RSA493 Ph I Source of cloned genomic DNA, Southern Samuel et al. (32)

analysis
Dugway 7E9-12 Ph I Southern analysis Stoenner et al. (36)

Plasmids
pHK17 Knr Tcr Cloning vector containing X cos sequence Klee et al. (23)
pUC8 Apr Subcloning analysis Vieira and Messing (37)
pUC19 Apr Subcloning analysis Vieira and Messing (37)
pBR322 Apr Tcr Probe in Southern analysis Bolivar et al. (8)
pMW212 Apr pBR322 derivative containing R. prowazekii Wood et al.b

gltA gene
pJCC959 KnrTcr pHK17 derivative; GltA+ This work
pLPM10 Apr EcoRI subclone of pJCC959; GltA+ This work
pLPM20 Apr EcoRI-PstI subclone of pLPM10; GltA+ This work
pLPM30 Apr EcoRI-Hincll subclone of pLPM10; GltA+ This work
pLPM40 Apr pUC19 derivative of pLPM30; GltA+ This work

Phage X467 X b221, rex::TnS, c1857 Oam29, Pam8O X::Tn5; for Tn5 mutagenesis Kleckner et al. (22)
a Abbreviations: Tcr, tetracyline resistance; Knr, kanamycin resistance; Apr, ampicillin resistance; +, positive; -, negative; Ph I, phase I.
b Strain MOB154 is a hsdR4 recA variant of E. coli W620, (42) constructed by D. Wood. Plasmid pMW212 is a subclone of pMW150 (42).

MATERIALS AND METHODS

Chemicals and enzymes. All reagents are commercially
available and were obtained from Sigma Chemical Co., St.
Louis, Mo.; Bio-Rad Laboratories, Richmond, Calif.; Be-
thesda Research Laboratories, Gaithersburg, Md.; New
England BioLabs, Beverly, Mass.; and Difco Laboratories,
Detroit, Mich.

Bacterial strains, plasmids, and bacteriophage. The bacte-
rial strains, plasmids, and phage used in this work are listed
in Table 1. All E. coli strains are derivatives of E. coli K-12.
Media and growth conditions. Luria-Bertani (LB) broth

was used as the complex growth medium for E. coli strains
and has been previously described (26). For selection of
GltA+ clones, the minimal medium of Vogel and Bonner (38)
was used with 0.5% glucose as the sole carbon source.
Supplements of thiamine hydrochloride (20 ,ug/,ul), uracil (40
pug/4il) and L-glutamate (2 mM) were added as required. Agar
was added to a concentration of 1.5% for solid media.
Appropriate antibiotic selection was done for plasmid DNA
with tetracycline, kanamycin, and ampicillin at final concen-
trations of 12.5, 25, and 100 ,ug/ml, respectively. Kanamycin
was used at a concentration of 100 pug/ml when selection for
TnS insertions was done.

C. burnetii propagation and purification. C. burnetii strains
used in this study were acquired from the Rocky Mountain
Laboratories, National Institute of Allergy and Infectious
Diseases, Hamilton, Mont. Rickettsial suspensions of in-
fected yolk sacs were inoculated into 6-day-old, embryon-
ated white Leghorn eggs (H and N Hatchery, Redmond,
Wash.). Infected yolk sacs of dying chicken embryos were

harvested, and C. burnetii was purified as described previ-
ously (20).

Manipulation of chromosomal and plasmid DNA. Chromo-

somal DNA was purified from C. burnetii Nine Mile Ph I
cells by a previously published procedure (31). Plasmid
DNA was isolated from E. coli cells by the alkaline extrac-
tion method of Bimboim and Doly (5). Covalently closed
circular DNA was purified from cell lysates by CsCl-
ethidium bromide buoyant density gradient centrifugation
(26).

Restriction endonucleases were used under the conditions
recommended by the suppliers. Preparation of a gene library
was done by partially digesting C. burnetii Nine Mile Ph I
genomic DNA with EcoRI, collecting 0.5% agarose gel
size-fractionated fragments (26) in the 20- to 40-kilobase-pair
(kbp) range, and ligating these fragments to EcoRI-digested
pHK17 (23). All ligation reactions were performed at 16°C
for 24 h by using an excess of T4 DNA ligase and under
conditions that optimize insert-to-vehicle ligation (26).
Clones were isolated by screening recombinant plasmid
DNA (5) in E. coli MOB154 (Table 1) colonies exhibiting the
appropriate phenotype. Restriction endonuclease mapping
and electrophoretic analysis of plasmids and restriction
products were done by previously described methods (26).

Packaging of pHK17 recombinants was done in vitro with
a freeze-thaw lysate prepared as described previously (26).
Subsequent transductions and transformations of E. coli
were done essentially by the calcium chloride method (11).
Probe preparation and nitrocellulose filter blot hybridiza-

tion. Preparation of nick-translated DNA probes, DNA-
DNA hybridizations, and autoradiography were done as
previously described (31). Transfer of DNA samples to
nitrocellulose filters from 0.8% agarose gels was done either
by the method of Southern (35) or by electrophoresis at 1.75
mA in 25 mM phosphate buffer for 2 h (6).
TnS mutagenesis. Cultures of E. coli JEF8 (Su-) harboring

pLPM30 were mutagenized with X467 (22) at a multiplicity of
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infection of 10 by the method described by De Bruijn and
Lupski (12). Mutagenized plasmid DNA was isolated from
these cells and used to transform GltA- E. coli MOB154.
Insertional inactivation of the gltA coding region was as-
sayed by the inability of pLPM30::TnS derivatives to func-
tionally complement strain MOB154 and allow for growth on
glucose minimal media containing kanamycin and ampi-
cillin.

In vitro and in vivo labeling of proteins. For in vitro
analysis of cloned proteins, plasmid DNA was added to a
bacterial DNA-directed cell-free transcription-translation
system purchased from Enzo Biochem, Inc., New York,
N.Y. Protein labeling was done according to instructions
sent by the supplier with 30 ,uCi of [35S]methionine (New
England Nuclear Corp., Boston, Mass.) at a specific activity
of 400 to 500 Ci/nmol. In vivo labeling of plasmid-encoded
proteins was done essentially by the procedure of Sancar et
al. (33) with the E. coli maxicell strain MS327 transformed
with plasmid DNA. [35S]methionine (150 ,uCi; specific activ-
ity, 1,131 Ci/nmol) was added to labeling medium and
allowed to incorporate into protein. In vitro and in vivo
samples were subjected to sodium dodecyl sulfate-12.5%
polyacrylamide gel electrophoresis (25), and labeled protein
was visualized by fluorography (9).
Enzyme analysis. Crude cell extracts used in citrate

synthase assays were prepared, by the method described by
Wood et al. (42), from stationary-phase E. coli cells propa-
gated in LB medium under appropriate antibiotic selection.
Extracts were prepared from C. burnetii cells in the same
manner, with the exception of the cell fractionation step,
which was done with a Braun MSK model cell homogenizer
(B. Braun Instruments, Burlingame, Calif.). Specifically, 44
mg (dry weight) of C. burnetii Nine Mile Ph I cells suspended
in 15 ml of 40 mM potassium phosphate buffer (pH 7.4) was
added to a fractionation bottle containing 20 g of acid-
washed no. 13 Ballotini glass beads (0.17 to 0.18 mm) which
had previously been cooled to 0°C. This concentrated rick-
ettsial suspension was homogenized for 4.5 min under car-
bon dioxide cooling. The glass beads were then pelleted by
spinning the fractionation bottle at 500 rpm for 2 min in a
Beckman JA-14 rotor; the supernatant, containing broken
and unbroken cells, was decanted; and the unbroken cells
were pelleted as described by Wood et al. (42). Typical
protein concentrations as measured by the Bio-Rad assay
were 3 to 6 ug/4l for E. coli and 1 to 2 ,ug/,ul for C. burnetii.
The protein standard consisted of purified, recrystallized
bovine serum albumin.

Citrate synthase was assayed spectrophotometrically by
the method of Sere (34) with a Beckman 25 spectrophotom-
eter. Increase in A412 was monitored by using 5,5'-dithio-
bis(2-nitrobenzoate) to measure the appearance of free sulf-
hydryl groups of released coenzyme A moieties. The stan-
dard reaction mixture contained 0.05 mM acetyl-CoA, 0.5
mM OAA, 118 mM Tris hydrocholoride (pH 8.1), 0.1 mM
5,5'-dithiobis(2-nitrobenzoate), and 50 to 200 ,ug of E. coli
cell extract or 400 to 600 ,ug of C. burnetii cell extract in a
final volume of 1.5 ml. All assays were done at room
temperature (21°C). A preincubation period preceded initia-
tion of the reaction with OAA to account for any OAA-
independent activity as described previously (34). When
desired, addition of the effectors a-KG or ATP at 4 mM was
done before reaction initiation. Inhibition by NADH was not
investigated owing to the presence in crude cell extract
preparations of malate dehydrogenase, which catalyzes the
production of OAA while consuming NADH. Enzyme spe-
cific activities are expressed as milli-international units per

milligram of protein and were derived from initial reaction
velocities.

RESULTS

Isolation of glA4 on pHKl7. The 12.9-kbp plasmid pHK17
(23) is a broad-host-range vector containing the genes for
kanamycin (Kmr) and tetracycline (Tc9 resistance and also
the lambda cos sequence, which allows for in vitro packag-
ing of this vector, containing 20 to 40 kbp of insert DNA, into
lambda heads. A C. burnetii Nine Mile Ph I gene library
constructed in pHK17 was used to directly transduce the
citrate synthase (gltA) mutant E. coli MOB154. This strain is
unable to grow on glucose minimal medium unless provided
with a nutritional supplement of glutamate (15). Functionally
expressing GltA+ clones were selected by scoring for growth
on glucose minimal medium agar plates containing kanamy-
cin and tetracycline. Plating of an estimated 170 pHK17-C.
burnetii recombinants yielded three positive clones. Restric-
tion endonuclease analysis of plasmid DNA revealed that
each pHK17 recombinant had in common two EcoRI insert
fragments of 7.9 and 6.2 kbp in size (data not shown).
Because the clone designated pJCC959 contained the small-
est insert, 16.4 kbp, it was chosen for partial restriction
mapping (Fig. 1) and further subcloning analysis.

Subcloning of git4 and homology with R. prowazekii. Insert
DNA was subcloned into a multicopy plasmid expression
vector to facilitate plasmid DNA manipulations and to
further define the gltA complementing region within the
cloned 16.4-kbp C. burnetii fragment of pJCC959. The pUC
family of plasmids was chosen for their high copy number
and polylinker regions, which contain numerous unique
restriction sites (37). The subclones which were subse-
quently generated, pLPM10 (10.6 kbp), pLPM20 (7.9 kbp),
pLPM30 (6.0 kbp), and pLPM40 (6.0 kbp), were all GltA+ as
assayed by their ability to complement strain MOB154,
thereby allowing for growth on glucose minimal media
containing ampicillin. All functional subclones were derived
from the same 7.9-kbp EcoRI cloned fragment of pJCC959
(Fig. 1).

Citrate synthase gene activity was seen irrespective of the
relative orientation of insert DNA and was evidenced by
pLPM20 and pLPM30 insert orientation versus pLPM10 and
pLPM40 insert orientation (Fig. 1). pLPM40 has the identi-
cal insert ofpLPM30, except in the opposite orientation with
respect to the pUC P-galactosidase (lacZ) promoter and was
constructed for comparison of enzyme activity.

Southern analysis confirmed that the transforming quality
of the clones resides in C. burnetii genomic DNA. Restric-
tion endonuclease-digested chromosomal and plasmid
DNAs were subjected to agarose gel electrophoresis (Fig.
2a), transferred to nitrocellulose, and probed with nick-
translated pLPM30. As demonstrated by autoradiography, a
32P-labeled pLPM30 probe hybridizes to 7.9-kbp EcoRI
fragments in both C. burnetii Nine Mile Ph I and Dugway
strain chromosomal DNA (Fig. 2b, lanes A and B) and also
to the corresponding 7.9-kbp cloned EcoRI fragment in
pJCC959 (Fig. 2b, lane C). The expected homologies with
pLPM10, pLPM20, and the controls pLPM30 and pUC8
(Fig. 2b, lanes D, E, F, and G) are also seen with pUC8
vector homology, represented by a signal migrating at ap-
proximately 2.7 kbp. No homology was observed with any
cloned DNA or C. burnetii genomic DNA when pUC8 was
used as a probe (data not shown).
To determine whether homology exists between the pre-

viously cloned R. prowazekii citrate synthase gene and the
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FIG. 1. Subcloning analysis of the C. burnetii gitA region. All clones are phenotypically GltA+. Only some restriction sites are shown in
vector DNA, with the 7.9-kbp cloned EcoRI fragment of pJCC959 mapped with the enzymes Hindlll and HincII. C. burnetii DNA restriction
sites in pUC subclones are vertically aligned with the corresponding sites present in C. burnetii DNA in pJCC959. The lacZ promoter ofpUC8
and pUC19 is represented by an arrow below each of the maps. Abbreviations: E, EcoRI; Hc, HincII; Hd, Hindlll; P, PstI; S, Sall; X, XhoI;
Ampr, ampicillin resistance; Kanr, kanamycin resistance; Tetr, tetracycline resistance; Cos, cohered phage A cohesive ends.

C. burnetii glItA gene, a Southern analysis was performed
with nick-translated pMW212 (a pBR322 construction with a
2.7-kbp insert containing the R. prowazekii gitA gene) (Table
1) to probe EcoRI-digested pJCC959 (Fig. 3a, lane B). Initial
exposure identified homology between the Tcr regions con-
tained in the vector portions of the two clones (Fig. 3b, lane
B). Extended exposure reveals an additional weak signal
from the pJCC959 7.9-kbp EcoRI fragment used in the
generation of all GltA+ subclones (Fig. 3c, lane B). This
latter homology is not seen when pBR322 is used as a probe
(data not shown).

BC D E F A B C D E F G H

23

23 1

Identification of plasmid-encoded proteins. To visualize
proteins encoded by GltA+ pUC8 clones, an in vitro E. coli
cell-extract-directed transcription-translation system was
used followed by fluorography. Figure 4, lane B, shows
proteins coded for by a colEl plasmid control. The proteins
produced by pUC8 include a 28,000-molecular-weight I-
lactamase encoded by the bla gene (14) that was seen as a
major band (Fig. 4, lane C). pLPM20 and pLPM30, in
addition to the bla gene product, exhibit a major unique
protein migrating at approximately molecular weight 46,000
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FIG. 2. Homology of pLPM30 with C. burnetii chromosome. (a)
Agarose gel (0.8%) showing endonuclease digests of C. burnetii
Nine Mile Ph I chromosomal DNA (EcoRI) (lane A), C. burnetii
Dugway chromosomal DNA (EcoRI) (lane B), pJCC959 (EcoRI)
(lane C), pLPM10 (EcoRI), (lane D), pLPM20 (EcoRI-PstI) (lane E),
pLPM30 (EcoRI-PstI (lane F), pUC8 (EcoRI (lane G), phage X
(HindIII) (lane H). (b) Autoradiograph of DNA in panel (a) after
electrophoretic transfer to nitrocellulose and hybridization with
32P-labeled pLPM30 with 0.3x SSC (lx SSC is 0.15 M sodium
chloride plus 0.015 M sodium citrate) at 68°C that allows for
approximately a 7% mismatch.

a b c

FIG. 3. Homology of pJCC959 with R. prowazekii citrate syn-
thase gene. (a) Agarose gel (0.8%) showing endonuclease digests of
phage X (HindIII) (lane A) pJCC959 (EcoRI) (lane B). (b) Auto-
radiograph ofDNA in panel (a) after transfer to nitrocellulose by the
method of Southern (35) and hybridization with 32P-labeled pMW212
with 6x SSC at 680C that allows for approximately a 32% mismatch.
Exposure was for 2 h. (c) As for panel (b). Exposure was for 17 h.
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FIG. 6. Maxicell analysis of truncated polypeptides produced by
pLPM30::Tn5 derivatives. Polypeptides synthesized by UV-
irradiated MS327 maxicells containing pLPM30::Tn5 derivatives
were labeled with [35S]methionine, separated on a sodium dodecyl
sulfate-12.5% polyacrylamide gel, and fluorographed. 'IC-labeled
standards expressed in kilodaltons are shown in the left-hand lane;
the other lanes contain polypeptides as marked. The ,-lactamase (28
kilodaltons) and neomycin phosphotransferase II (26 kilodaltons)
are indicated as 28 and 26, respectively. Truncated citrate synthase
monomers are indicated by diagonal arrows. The map at the bottom
of the figure shows the position of TnS insertions in the 3.3-kbp
insert of pLPM30 and the direction of gltA transcription. The
relative translational start and stop sites are shown as open boxes.
Insertion number 27 confers a GltA+ phenotype, and insertion
numbers 6, 7, and 12 confer a GltA- phenotype.

3-kbp EcoRI- direction of transcription and the relative translational start
ut the coding and stop sites (12).
D0-molecular- Maxicells that contain pLPM30::TnS number 27, which is

GltA+, produce an intact 46,000-dalton citrate synthase
lational stop monomer along with two proteins of 54,000 and 49,000
in the first 30 daltons encoded by the insertion sequences of TnS (14) (Fig.
analysis of 6). The pUC8-encoded ,-lactamase and the TnS-encoded

iarboring TnS neomycin phosphotransferase type II are represented by
letermine the bands migrating at approximately molecular weight 28,000

and 26,000, respectively (14). Tn5 insertions which result in
a GltA- phenotype are represented by pLPM30::TnS num-

,_, bers 6, 7, and 12. Maxicells that harbor these plasmids
o0' directed the synthesis of polypeptides identical to
XI pLPM30::TnS number 27 with the exception of the citrate

l I synthase monomer, which has been truncated to

3 Kb polypeptides with corresponding Mr 44,500 (number 6),

39,200 (number 7), and 25,000 (number 12). These data
establish the direction of transcription as shown by the

4 arrow at the bottom of Fig. 6. Also, assuming an average
o molecular weight of 125 for an amino acid, the relative
I translational start and stop sites were calculated and are

, , , shown as open boxes (Fig. 6).
I l Enzyme analysis. Citrate synthase activity observed in
3 Kb crude cell extracts prepared from C. burnetii Nine Mile Ph I

the C. burnetii cells and from the GltA E. coli MOB154 complemented
{A of pLPM30. with the cloned C. burnetii citrate synthase gene displayed
;ertion. regulatory properties opposite to those seen with extracts
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TABLE 2. Inhibitory effects of ATP and ct-KG on citrate
synthase activity

Citrate synthasea

Effect of following inhibitorStrain Sp act (% sp act of control)a:

(mIU/mg) 4mM ATP 4mM a-KG
E. coli K-12
HB101 3.7 129.0 33.6
MOB154 0.0 NDb ND
MOB154 (pJCC959) 13.5 23.6 102.8
MOB154 (pLPM10) 26.0 18.2 96.5
MOB154 (pLPM20) 193.6 15.9 108.3
MOB154 (pLPM30) 213.8 9.2 103.9
MOB154 (pLPM40) 206.9 10.2 106.4

C. burnetii Nine Mile 1.7 52.7 101.5
Ph I
a Mean value of two or three determinations.
b ND, Not determined.

derived from the GltA+ E. coli HB101 (Table 2). The HB101
enzyme was markedly inhibited by 4 mM a-KG. Only 33.6%
of the control activity was seen in the presence of this
modulator. Rickettsial enzyme activity was not affected by 4
mM a-KG. In contrast, the C. burnetii enzyme was greatly
inhibited by 4 mM ATP, while the HB101 enzyme was
slightly stimulated. The discrepancy observed between the
level of ATP inhibition of the cloned and uncloned C.
burnetii enzyme (9.2 to 23.6% versus 52.7% of the activity of
the control) may be due to the inhibitor being effectively
titrated out by ATP-binding proteins or ATPase activity
present in the large amount of total protein (400 to 600 mg)
used in assays performed with extracts of Nine Mile Ph I
cells. However, if the concentration of ATP is raised to 16
mM in assays run on extracts prepared from rickettsial cells,
only 26% of the control activity is observed (data not
shown).

It is interesting that as the size of successive subclones
decreased, the specific activity increased, as exemplified by
pLPM10 (10.6 kbp; specific activity, 13.5) compared with
pLPM30 (6.0 kbp; specific activity, 213.8). The basis for the
increased GltA activity was not determined but could be
related to the deletion of a negative regulatory element or
could simply be the result of an increase in plasmid copy
number.
Using Lineweaver-Burk double-reciprocal plots, we cal-

culated the apparent acetyl-CoA Km values for the cloned
enzyme (pJCC959) and the enzyme prepared from C.
burnetii Nine Mile Ph I cells. Values established were 24.6
and 20.7 ,uM, respectively, and saturation was hyperbolic in
nature.

DISCUSSION

This report describes the first cloning and functional
expression of a C. burnetii gene in E. coli. The C. burnetii
citrate synthase gene was isolated by complementing an
established E. coli GltA- mutant with a C. burnetii cosmid
gene library. In vivo and in vitro protein labeling identified a
C. burnetii DNA sequence which encodes a 46,000-
molecular-weight protein that represents the citrate synthase
monomer form. Subcloning analysis and TnS mutagenesis
localized the coding region to a 1.2-kbp interval contained in
the 3.3-kbp EcoRI-HincII C. burnetii DNA insert in
pLPM30.

Evidence that E. coli is utilizing a rickettsial promoter was
established by subcloning insert DNA into the pUC
polylinker region in both orientations with respect to the
lacZ promoter. GltA activity was seen in either orientation.
Additionally, the specific activities from pLPM30 (213.8
mIU/mg) and pLPM40 (206.9 mIU/mg) were not significantly
different. Further proof of C. burnetii transcriptional promo-
tion was shown by maxicell analysis of truncated
polypeptides produced by pLPM30::TnS derivatives. The
direction of gltA transcription was determined to be opposite
that of the pUC8-encoded lacZ gene (37), indicating that
GltA activity was not the result of a transcriptional or
translational fusion.

C. burnetii is morphologically similar to gram-negative
bacteria in that it has an outer membrane containing lipo-
polysaccharide (2). Surprisingly, however, it produces a
citrate synthase with regulatory properties typifying those of
the small enzyme associated with gram-positive bacteria and
eucaryotic cells. A physiological level of ATP (4 mM)
strongly inhibited C. burnetii citrate synthase activity, while
no sensitivity to inhibition by 4 mM ct-KG was observed.
Additionally, the C. burnetii enzyme demonstrates hyper-
bolic saturation for acetyl-CoA with an apparent Km of
approximately 22 ,uM. These data are in agreement with
those established for gram-positive bacterial and eucaryotic
enzymes and contrast markedly with those seen for typical
free-living gram-negative bacteria such as E. coli, for which
the acetyl-CoA Km value is much higher (ca. 400 ,um) and
saturation is sigmoidal in nature (39). Of interest, R.
prowazekii, another gram-negative intracellular parasite,
produces a citrate synthase that also displays characteristics
similar to those of the small type enzyme (29, 42).

Southern analysis demonstrated limited homology be-
tween the gltA genes of R. prowazekii and C. burnetii. This
may indicate active site or subunit interaction site homolo-
gies with a considerable degree of nonhomology in regions
not critical to functionality.
The amino acid sequence of the small, dimeric porcine

heart citrate synthase is known (7), and residues involved in
catalysis and intersubunit interaction have been identified
(30). A comparison with the amino acid sequence of the
large, multimeric E. coli enzyme reveals that, although there
are considerable regions which demonstrate no homology,
there are, distributed throughout the sequence, apparently
significant homologies with some conservation of residues
important in substrate binding and catalysis (3, 4). Also,
Wood, using the deduced amino acid sequence from a cloned
fragment of the R. prowazekii citrate synthase gene, has
identified homologies with both the E. coli and the porcine
heart enzyme active sites (D. 0. Wood, Abstr. Annu. Meet.
Am. Soc. Microbiol. 1986, D51, p. 74). This lends credence
to the speculation that evolutionarily, the two types of
enzyme have maintained the same basic active-site structure
necessary to perform the reaction while diverging to accom-
modate different effectors. Studies are currently under way
to sequence the C. burnetii citrate synthase gene to allow for
a more detailed comparison with the R. prowazekii gltA
gene.
The reason two gram-negative obligate intracellular para-

sites have evolved to produce a gram-positive-type enzyme
sensitive to ATP inhibition appears to be related to the
characteristic physiology of the cell regarding energy pro-
duction. As suggested by Phibbs and Winkler, the adenylate
modulation of citrate synthase and hence the control of the
energy-producing function of the citric acid cycle by R.
prowazekii may be advantageous to the organism, consider-
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ing its ability to transport ATP from the host cytoplasm in
exchange for rickettsial ADP (29, 41). The preference shown
by C. burnetii for substrates directly metabolized by the
citric acid cycle may demonstrate an important, if not
essential, energy-producing role of this pathway. Modula-
tion of citrate synthase by ATP, which can be considered the
ultimate end product of the oxidative mode of the citric acid
cycle, may therefore be the most effective method of directly
controlling the energy needs of the cell.

Cloning of C. burnetii genes into E. coli can circumvent
many problems associated with research on this rickettsia.
Isolation of cell constituents is arduous and time-consuming.
This report demonstrates a greater than 100-fold increase in
C. burnetii citrate synthase specific activity when the gene is
carried on a multicopy plasmid (Table 2). This methodology
may therefore be applied as an initial purification step in
projects designed to analyze proteins key to the virulence
and peculiar intracellular location and behavior of C.
burnetii.
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