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Rickettsia prowazekii is an obligate intracellular pathogen that possesses a small genome and a highly refined
repertoire of biochemical pathways compared to those of free-living bacteria. Here we describe a novel
biochemical pathway that relies on rickettsial transport of host cytosolic dihydroxyacetone phosphate (DHAP)
and its subsequent conversion to sn-glycerol-3-phosphate (G3P) for synthesis of phospholipids. This rickettsial
pathway compensates for the evolutionary loss of rickettsial glycolysis/gluconeogenesis, the typical endogenous
source of G3P. One of the components of this pathway is R. prowazekii open reading frame RP442, which is
annotated GpsA, a G3P dehydrogenase (G3PDH). Purified recombinant rickettsial GpsA was shown to
specifically catalyze the conversion of DHAP to G3P in vitro. The products of the GpsA assay were monitored
spectrophotometrically, and the identity of the reaction product was verified by paper chromatography. In
addition, heterologous expression of the R. prowazekii gpsA gene functioned to complement an Escherichia coli
gpsA mutant. Furthermore, gpsA mRNA was detected in R. prowazekii purified from hen egg yolk sacs, and
G3PDH activity was assayable in R. prowazekii lysed-cell extracts. Together, these data strongly suggested that
R. prowazekii encodes and synthesizes a functional GpsA enzyme, yet R. prowazekii is unable to synthesize
DHAP as a substrate for the GpsA enzymatic reaction. On the basis of the fact that intracellular organisms
often avail themselves of resources in the host cell cytosol via the activity of novel carrier-mediated transport
systems, we reasoned that R. prowazekii transports DHAP to supply substrate for GpsA. In support of this
hypothesis, we show that purified R. prowazekii transported and incorporated DHAP into phospholipids, thus
implicating a role for GpsA in vivo as part of a novel rickettsial G3P acquisition pathway for phospholipid
biosynthesis.

Rickettsia prowazekii is an obligate intracellular pathogen, a
select agent, and the etiologic cause of epidemic typhus fever
in humans. R. prowazekii is transmitted by the human body
louse, Pediculus humanus, and is prevalent in areas of low
socioeconomic conditions where hygiene and sanitation are
lacking (3, 12, 35). Known reservoirs include humans with
recrudescent Brill-Zinsser disease and flying squirrels (17, 29).
If they are misdiagnosed and/or improperly treated, typhus
infections result in substantial morbidity and mortality (36).

Upon entering a eukaryotic host cell, R. prowazekii quickly
escapes the endosomal vesicle and replicates directly within
the cytoplasm (21, 45, 48). As an obligate intracellular patho-
gen, R. prowazekii has evolved to exploit the nutrient-rich cy-
toplasmic growth niche by transporting the end products of
various host cell metabolic pathways (7, 10, 39, 42, 50, 52). As
a presumed consequence of its reliance on the transport of
host cell metabolites, R. prowazekii has lost many of its biosyn-
thetic pathway genes through the process of reductive evolu-
tion (2, 4–6). In short, essential metabolites that cannot be
synthesized by the rickettsiae de novo are transported from the
eukaryotic host cell cytosol. The ongoing loss of R. prowazekii

biochemical pathways from the genome is evidenced by the
identification of pseudogenes, biochemical pathway remnants
that have acquired mutations and that encode nonfunctional
proteins (2, 4, 5, 22).

Interestingly, there exists another class of rickettsial bio-
chemical pathway remnants that may be mistaken as pseudo-
genes. We have termed members of this class “functional or-
phaned enzymes” because the purified enzyme, unlike the
product of a pseudogene, exhibits its annotated biochemical
activity. However, the other enzymes in the corresponding
pathway are absent from the R. prowazekii genome; thus, there
is no endogenous enzymatic synthesis of substrate for the func-
tional orphaned enzyme. We hypothesize that rickettsial func-
tional orphaned enzymes are fed their substrate from the host
cell cytosol via the activity of novel rickettsial transport sys-
tems. Together, functional orphaned enzymes and their cog-
nate transport systems serve as streamlined biosynthetic path-
ways for required metabolites.

Here we present the characterization of a R. prowazekii
functional orphaned enzyme, an sn-glycerol-3-phosphate
(G3P) dehydrogenase (G3PDH) enzyme, RP442 (or GpsA),
that catalyzes the conversion of dihydroxyacetone phosphate
(DHAP) to G3P for phospholipid biosynthesis. GpsA appears
to be a pathway remnant because R. prowazekii lacks glycolytic
and gluconeogenic pathways and thus does not possess the
capacity to synthesize DHAP (6, 30, 56). Evidence is presented
to suggest that GpsA is a functional enzyme and that R.
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prowazekii transports and incorporates DHAP into phospho-
lipid, indicating that DHAP transport and GpsA are part of a
novel G3P acquisition pathway. This is the first report of
DHAP transport by a bacterium.

MATERIALS AND METHODS

Chemicals, media, and radiolabeled triose phosphate synthesis. Unless oth-
erwise indicated, chemicals and enzymes were from Sigma. Molecular biology
enzymes and thermostable DNA polymerase were from New England Biolabs.
Escherichia coli was typically grown at 37°C with aeration (200 rpm) in LB
medium containing 100 �g ml�1 of ampicillin (LBAp100). Solid medium con-
tained 1.5% agar (LBAp100 agar). Oligonucleotide primers were synthesized by
Integrated DNA Technologies. [�-32P]ATP and [32P]orthophosphate were from
PerkinElmer.

[32P]DHAP and [32P]G3P were synthesized in a coupled enzymatic reaction
(0.5 ml) containing 1.1 mM dihydroxyacetone or glycerol, 100 mM Tris-HCl, pH
7.5, 1.1 mM KCl, 1.08 mM MgCl2, 1 mM ATP, 1.05 mM phosphoenolpyruvate,
1.1 mM NADH, 5 U glycerol kinase, 5 U pyruvate kinase, 5 U lactate dehydro-
genase, and 0.4 mCi ml�1 [�-32P]ATP (26). The reaction mixtures were incu-
bated at room temperature for 30 min, and the product yield was determined by
measuring the extent of NADH oxidation at an optical density of 340 nm (OD340;
extinction coefficient, 6.2 mM�1 cm�1). Unincorporated [�-32P]ATP was re-
moved by adsorption to 100 mg of Norit A decolorizing carbon suspended in 100
mM Tris-HCl (pH 7.4). Enzymes were removed by ultrafiltration at 4°C using an
Amicon YM10 cellulose filter, according to the manufacturer’s directions. The
quality of each purified radiolabeled substrate was verified by two different
chromatographic methods. Products were resolved on polyethyleneimine cellu-
lose using a solvent system of 1 N acetic acid and 4 M lithium chloride (85:15,
vol/vol) (34) and on Whatman 3MM filter paper using a solvent system of picric
acid-saturated t-butanol–t-butanol–water (10:70:20) (adapted from a previous
report [25]). All reagents for paper chromatography were equilibrated at 30°C.
Thin-layer chromatography plates/paper were visualized by phosphorimaging
(Cyclone; PerkinElmer).

Purification of recombinant R. prowazekii GpsA protein and G3PDH activity
assays. Following standard molecular biology protocols (11), the R. prowazekii
gpsA gene (RP442) was amplified via thermocycling using purified R. prowazekii
(Madrid E strain) chromosomal DNA and forward and reverse primers (5-GGA
ATT CCA TAT GAA CAA ATT TAA GAA TAT TGC AGT TTA TG-3 [the
NdeI site is underlined] and 5-CGC GGA TCC TCA AAT TAA AAT GAG
TGA AGC TAC TTC-3 [the BamHI site is underlined], respectively). The size
of the resulting amplicon was confirmed by agarose gel electrophoresis, purified
(Qiagen PCR purification kit), digested with NdeI and BamHI, purified, and
ligated (T4 DNA ligase) into similarly digested pET15b expression vector (No-
vagen) to incorporate an amino-terminal hexahistidine tag (pET15b-N-His6-
GpsA). The ligation products were transformed into an electrocompetent DH5�
strain of E. coli, and transformants were selected on LBAp100 agar. A single
colony transformant was purified and used to prepare plasmid to verify the
presence of the insert by restriction endonuclease digestion and sequencing.

Sequence-verified pET15b-N-His6-GpsA plasmid was introduced into an elec-
trocompetent BL21(DE3) strain of E. coli, and a single colony transformant was
used for protein purification, as follows. An overnight culture grown in LBAp100

was diluted 1:100 into 200 ml of fresh LBAp100 and grown to an OD600 of 0.5,
and recombinant N-His6-GpsA protein expression was induced by the addition
of isopropyl-�-D-thiogalactopyranoside (1 mM final concentration). Overnight
incubation was continued at room temperature with aeration. Induced cultures
were collected by centrifugation (7,741 � g, 4°C, 10 min), suspended in 20 ml
binding buffer (10 mM imidazole, 20 mM Tris-HCl, and 500 mM NaCl, pH 8.0,
containing 1 mM phenylmethylsulfonyl fluoride), lysed in a French pressure cell
(four passes at 20,000 lb/in2), and cleared by centrifugation (7,741 � g, 4°C, 10
min). The supernatant fraction was subjected to ultracentrifugation (490,000 �
g, 4°C, 60 min). The N-His6-GpsA protein was purified from the soluble fraction
using a Bio-Rad Profinia protein purification system using Ni2�-nitrilotriacetic
acid and standard desalting columns, according to the manufacturer’s directions,
with the following changes. Wash buffer 1 contained 10 mM imidazole, 20 mM
Tris-HCl, and 500 mM NaCl, pH 8.0; wash buffer 2 contained 30 mM imidazole,
20 mM Tris-HCl, and 500 mM NaCl, pH 8.0; elution buffer contained 300 mM
imidazole, 20 mM Tris-HCl, and 500 mM NaCl, pH 8.0; and purified protein was
desalted into buffer A (135 mM NaCl, 2.7 mM KCl, 5.4 mM Na2HPO4, 1.8 mM
KH2PO4, 250 mM potassium glutamate, 2 mM MgCl2, pH 7.4) and stored at 4°C.
Protein purification was verified by electrophoresis using a 4 to 15% Tris-HCl,
SDS-polyacrylamide gel (Bio-Rad) and visualized by staining with Imperial pro-

tein stain (Bio-Rad). Western blotting was carried out as described previously (8)
using primary mouse anti-His6 monoclonal antibody (1:1,000; Novagen) and
secondary goat anti-mouse antibody (1:5,000; GE Lifesciences/Amersham), and
the products were visualized using enhanced chemiluminescence (GE Life-
sciences/Amersham) on a ChemiDocXRS apparatus (Bio-Rad). The identity of
the purified protein was verified by mass spectrometry at the University of South
Alabama MCI core facility.

The G3PDH activity of GpsA was assayed by paper chromatography. The
reaction mixtures (20 �l) were incubated in modified buffer A (containing 25 mM
potassium glutamate) containing the substrate and enzyme concentrations re-
ported in the legend to Fig. 1. The product of the reaction was confirmed to be
[32P]G3P by paper chromatography, as described above. Spectrophotometric
assays measured the linear oxidation rate of either NADPH or NADH at OD340

in 1-ml reaction mixtures that contained modified buffer A and the substrate and
enzyme concentrations reported in the legend to Fig. 1. Pyridine nucleotide
baseline levels were established, and reactions were initiated by the addition of
enzyme to the cuvette. All kinetic data were determined at room temperature in
a continuous assay using the initial reaction rate. The ability of N-His6-GpsA to
catalyze the reverse reaction (i.e., conversion of G3P to DHAP) was tested using
reaction mixtures containing 10 �g ml�1 N-His6-GpsA, 100 mM G3P, and 0.5
mM NADP in modified buffer A.

Complementation assays. The R. prowazekii gpsA gene was subcloned from the
pET15b vector into the arabinose-inducible pBAD24 expression vector (24).
Complementation was tested using E. coli gpsA mutant strain BB20-14, whose
growth requires either G3P or glycerol (13). BB20-14 was grown at 37°C with
aeration in modified M56LP medium, which consisted of 100 mM Tris-HCl (pH
7.4), 10 mM KCl, 15 mM (NH4)2SO4, 10 mM MgCl2, 0.3 mM phosphate (K�

salt, pH 7.4), 0.2% Casamino Acids (CAA), 0.2% glucose, and 0.1% glycerol;
and electrocompetent cells were prepared by standard methods. The pBAD24
vector control and pBAD24-gpsA were introduced into BB20-14, and transfor-
mants were selected on modified M56LP medium agar plates without CAA and
with 100 �g ml�1 ampicillin and 1.5% Noble agar. Transformants were scored on
modified M56LP agar plates (without CAA) supplemented with different carbon
sources, as described in the legend to Fig. 2.

Propagation and purification of R. prowazekii. All experiments described in
this study were performed using the Madrid E strain of R. prowazekii (hen egg
yolk sac passage no. 282), purified as described by Bovarnick and Snyder (16) and
modified by Winkler (47). Purified R. prowazekii suspended in a solution of 220
mM sucrose, 12 mM potassium phosphate, 4.9 mM potassium glutamate, and 10
mM magnesium chloride, pH 7.0 (SPGMg2�), was collected by centrifugation
(9,000 � g, 4°C, 10 min), suspended in buffer B (SGMg2� with 1 mM potassium
phosphate), and stored on ice until it was assayed. Rickettsial preparation quality
was assessed using a modified hemolysis assay which estimates the numbers of
metabolically active rickettsiae (44). Additionally, rickettsial preparations were
assayed for transport of two known rickettsial substrates: ATP (100 �M) with
and without the mitochondrion-specific ATP transport inhibitor atractyloside (1
mM), in order to assess the levels of mitochondrial contamination (50, 54), and
lysine (5 �M) with and without the protonophore carbonyl cyanide m-chloro-
phenylhydrazone (CCCP) at 10 �M as a control for experiments testing energy-
dependent transport (57) (by the transport assay described below). All rickettsial
preparations contained less than 5% mitochondrial contamination, based on the
levels of atractyloside-inhibited ATP uptake. Finally, randomly selected rickett-
sial preparations were assayed for cytochrome c oxidase activity at different steps
of the purification for both infected and mock-infected yolk sacs as a further
control for mitochondrial contamination (40, 50).

gpsA mRNA detection by qRT-PCR and detection of G3PDH activity in R.
prowazekii lysed-cell extracts. Purification of total R. prowazekii RNA and quan-
titative reverse transcriptase (qRT) PCR (qRT-PCR) protocols were performed
as described previously (9, 10) using the Express Two-Step qRT-PCR system
from Invitrogen, according to the manufacturer’s directions. The reverse tran-
scription reaction mixtures contained 500 ng of total R. prowazekii RNA, and the
resulting cDNA was serially diluted to generate an internal standard curve for
each qPCR, as described previously (9, 10), using forward and reverse primers,
each at a 128 nM final concentration. The gpsA mRNA was detected using a
forward primer (5�-AGT AGC GAC AAA AGG CTT GG-3�) and a reverse
primer (5�-CCG AAG CAG GCA AAT TTT TAA-3�) at an annealing temper-
ature of 54°C. All other reaction conditions and detection of the tlc1 mRNA were
carried out as described previously (9, 10).

G3PDH activity was assessed in R. prowazekii lysed-cell extracts as follows.
Hen egg yolk sac-purified rickettsiae were concentrated to a final volume of 1 ml
in modified buffer A (with Roche complete protease inhibitor cocktail at the
manufacturer’s suggested working concentration) and lysed by ballistic shearing
using a Mini-Beadbeater apparatus (BioSpec Products), to deliver a 20-s pulse
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(maximum intensity setting), followed by incubation on ice for 2 min (repeated
six times) using 0.1 mm zirconium beads. The lysate was cleared by centrifugation
(10,000 � g, 4°C, 10 min), and the concentration of total protein was determined
at an OD280 on a Nanodrop 2000 apparatus (Thermo Scientific). G3PDH assays
were carried out as described above for the purified recombinant N-His6-GpsA
protein with the rickettsial lysed-cell extract and substrate concentrations re-
ported in the legend to Fig. 3.

Substrate transport assays. The uptake of radiolabeled substrates by purified
R. prowazekii (i.e., transport assays) was measured using the filtration and wash
method described previously (50). Briefly, the original suspension of yolk sac-
purified rickettsiae was concentrated 10-fold, and assays were initiated by dilut-
ing back to the original concentration in buffer B containing 10 �M [32P]DHAP
at 34°C. At the time points indicated in Fig. 4, 100-�l samples were removed,
filtered through a Millipore 0.45-�m-pore-size HAWP02500 nitrocellulose filter,
and washed with 8 ml of buffer B; and the filters were analyzed by liquid
scintillation spectrometry (LKB Wallac). To examine the energy dependence of
transport, rickettsiae were incubated in the presence of either 1 mM KCN or 10
�M CCCP for 10 min at 34°C, prior to the addition of substrate to initiate the
uptake assay. Purified rickettsiae were also tested for transport of
[32P]orthophosphate (1 mM, 0.5 �Ci ml�1) as a control for the breakdown of
[32P]DHAP. All transport data were normalized to the total amount of R.
prowazekii protein, as determined using the Bio-Rad DCProtein assay.

Analysis of R. prowazekii phospholipid biosynthesis. To determine if rickett-
siae can incorporate exogenous DHAP into phospholipids, the original yolk
sac-purified rickettsial suspension was concentrated 20-fold in SPGMg2�

containing 1 mM ATP, 0.1 mM NADH, 0.05 mM NADPH, 1 mM sodium
bicarbonate, 0.4 mM acetyl coenzyme A, 0.01 mM biotin, 40 mM KCl, 0.05
thiamine pyrophosphate, 1 mM dithiothreitol, and 10 �M [32P]DHAP or 1
mM [32P]orthophosphate (0.5 �Ci ml�1) and incubated for 1 h at 34°C. Total
lipids were extracted using the modified method of Bligh and Dyer (14, 27)
and resolved by thin-layer chromatography on a Silica Gel G plate using a
solvent system of chloroform–methanol–28% ammonia (65:25:5, vol/vol/vol)
(38) with phospholipid, [32P]G3P, and [32P]DHAP standards. Lipids were
visualized by exposing the plate to iodine vapor, and the radioactivity incor-
porated into organic soluble compounds was analyzed by phosphorimaging.

Estimation of rickettsial intracellular DHAP concentration. The transport
assays described above were modified as follows. Purified rickettsiae in buffer B
were incubated with 10 �M [32P]DHAP for 10 min, and 800 �l of cells was
filtered (200 �l cells filter�1) and washed with 50 mM morpholinepropanesul-
fonic acid (MOPS) buffer (pH 7.4). Washed filters were immediately extracted
into 3 ml of HCl-acidified 70% ethanol (EtOH; pH 3.0), and the total radioac-
tivity was determined by Cerenkov counting (37). In all experiments, at least 80%
of the total radioactivity was recovered from the filter. EtOH was removed by
evaporation, and the extracts were suspended at 1/20 the original volume in 70%
EtOH (pH 3.0) and analyzed by paper chromatography. The radioactivity incor-
porated into ethanol-soluble compounds was visualized by phosphorimaging.
Densitometry analysis of the paper chromatography was used to determine the
percentage of [32P]DHAP in the total EtOH-soluble material in a given lane on
the chromatograph, and this percentage was converted to the molar amount of
DHAP, on the basis of the known specific activity of the [32P]DHAP added to the
transport assay mixture. Rickettsial intracellular water space measurements were
estimated for a portion of the purified intact rickettsiae as described previously
(49) and used along with the determined molar amount of DHAP to calculate
the intrarickettsial DHAP concentration after 10 min of transport.

RESULTS

Recombinant R. prowazekii GpsA protein is an active G3P
dehydrogenase in vitro, and its expression functionally com-
plements an E. coli gpsA mutation. The R. prowazekii RP442
open reading frame is annotated GpsA, a NAD(P)H-depen-
dent G3PDH that catalyzes the conversion of DHAP to G3P.
Bioinformatic analysis shows that GpsA is highly conserved
among all sequenced Rickettsia species genomes, and compar-
ison to known functional G3PDH enzymes from other bacte-
rial species suggests that RP442 could be a functional rickett-
sial G3PDH.

The usual metabolic role of GpsA in bacteria is to shuttle
triose phosphate from glycolysis into the phospholipid biosyn-
thesis pathway. However, as mentioned above, R. prowazekii

lacks glycolytic/gluconeogenic pathways to supply an endoge-
nous source of DHAP as substrate for GpsA (6, 30, 56). Thus,
is rickettsial gpsA a pseudogene in the process of being lost
from the genome, or has it retained a functional role in rick-
ettsial physiology? Our first step in addressing this question
was to purify recombinant N-His6-GpsA protein by heterolo-
gous expression in E. coli and assay it for G3PDH activity in
vitro. Purified N-His6-GpsA was resolved by SDS-PAGE and
analyzed by total protein staining and Western blotting with an
antibody to the N-His6-tag, which verified the presence of a
single protein that migrated with the expected molecular mass
of 36.6 kDa (including the N-His6-tag) (Fig. 1A). Mass spec-
trometry confirmed the identity of the protein as R. prowazekii
GpsA.

Figure 1B shows that N-His6-GpsA catalyzed the NADPH-
dependent reduction of [32P]DHAP, whereby the reaction
product was confirmed to be [32P]G3P by paper chromatogra-
phy. The minor amount of contaminating [32P]orthophosphate
in the [32P]DHAP substrate conveniently served as an internal
loading control for the chromatography. Kinetic analysis of
N-His6-GpsA activity by spectrophotometry revealed it to pre-
fer NADPH over NADH as the cofactor (Fig. 1C), and we
determined an apparent Km of 528 	 52 �M for DHAP and a
Vmax of 0.039 	 0.001 mmol mg�1 min�1 in the presence of
NADPH. The apparent Km of NADPH was 48 	 4 �M. The
kinetic profile of purified recombinant rickettsial GpsA is sim-
ilar to that described for the E. coli and Bacillus subtilis GpsA
homologues (20, 28). We also determined that the conversion
of DHAP to G3P was the favored reaction direction (data not
shown).

For further verification of the G3PDH activity of the R.
prowazekii GpsA protein, a complementation assay using E.
coli gpsA mutant strain BB20-14 (13) was performed. BB20-14
was transformed with a pBAD24 vector control and the R.
prowazekii GpsA-encoding pBAD24-gpsA plasmids and tested
for growth in the absence of glycerol in the culture medium.
Interestingly, Fig. 2 shows that the pBAD24-gpsA construct
expressing the R. prowazekii GpsA protein supported E. coli
growth in the absence of glycerol in the uninduced state, sug-
gesting that only very low levels of rickettsial GpsA were re-
quired for complementation. Furthermore, the addition of
0.2% arabinose to induce rickettsial gpsA expression resulted
in mildly impaired growth. BB20-14 transformed with the
pBAD24 control plasmid grew only on medium containing
both glucose and glycerol. Together, these data suggest that
the R. prowazekii GpsA protein is an active G3PDH enzyme.

Detection of gpsA mRNA and G3PDH activity in purified
isolated R. prowazekii. Having confirmed the in vitro activity
of recombinant N-His6-GpsA, we next determined if R.
prowazekii actually synthesizes functional GpsA protein. We
determined that the levels of gpsA mRNA levels in R.
prowazekii isolated from embryonated hen egg yolk sacs
were comparable to those of the well-characterized gene
tlc1, whose activity is assayable in yolk sac-purified rickett-
siae (50), indicating that the gpsA gene is transcribed (data
not shown). We next assayed R. prowazekii lysed-cell ex-
tracts for the presence of G3PDH activity. Figure 3A shows
that the rickettsial extracts catalyzed the NADPH-depen-
dent conversion of [32P]DHAP to [32P]G3P and that the
activity increased with increasing amounts of added extract.
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Results from spectrophotometric-based G3PDH kinetic as-
says showed comparable kinetics between rickettsial lysed-
cell extracts and purified recombinant N-His6-GpsA protein
and the expected preference for NADPH over NADH (Fig.
3B). The G3PDH present in the rickettsial extract possessed
an apparent Km of 489 	 53 �M for DHAP as a substrate,
which was within the range of that determined for recom-
binant purified rickettsial GpsA in vitro. In addition to the
supporting kinetic data, it is highly likely that the G3PDH
activity is rickettsial in origin and not host cell contamina-
tion because (i) it is well-known that the mitochondrial
G3PDH is a flavin-linked enzyme not pyridine dependent
like the GpsA activity described here and (ii) the cytosolic
G3PDH of Gallus gallus domesticus has been shown to be an
NAD�-linked enzyme (46) which should be removed by the
extensive washing involved in the rickettsial preparation.

DHAP is transported by purified intact R. prowazekii and
incorporated into phospholipid. There are many examples of
R. prowazekii de novo biosynthetic pathways that have been
replaced by novel carrier-mediated transport systems that ac-
quire the desired metabolite directly from the host cell (41, 42,
50–53). Thus, we hypothesized that R. prowazekii transports
DHAP from the host cell to supply GpsA with substrate. In-
deed, Fig. 4 shows that purified intact R. prowazekii demon-

strated the capacity to transport [32P]DHAP (Fig. 4, squares)
from the external environment. Control assays showed that the
level of [32P]orthophosphate transport was very low (Fig. 4,
circles), confirming that the observed uptake of [32P]DHAP is
not spuriously due to its breakdown in the uptake assay me-
dium.

To examine the metabolism of the transported [32P]DHAP
inside the rickettsial cytosol, washed filters from the uptake
assays were ethanol extracted and analyzed by paper chroma-
tography. On the basis of data from three biological replicates,
it was determined that 
20% of the radioactivity remained
associated with the filter (ethanol insoluble) and that 66% 	
8% of the total ethanol-soluble radioactivity corresponded to
DHAP. The other major ethanol-soluble radioactive com-
pounds migrated similarly to the standards for orthophosphate
(12% 	 4%), ATP (11% 	 2%), and G3P (9% 	 2%). We
used the transport and paper chromatography data along with
a measurement of the rickettsial cytosolic water volume to
estimate that DHAP was concentrated 2.2-fold after 10 min of
transport. Figure 4 shows that incubation of the rickettsiae
with energy poisons such as KCN (Fig. 4, triangles) and CCCP
(Fig. 4, diamonds) prior to the addition of substrate abolished
DHAP uptake, as would be expected of an energy-coupled
transport system.

FIG. 1. Recombinant N-His6-GpsA protein is an active G3P dehydrogenase in vitro. R. prowazekii gpsA was cloned into pET15b, heterologously
expressed in E. coli BL21(DE3), and purified with N-His6-GpsA. (A) Purified protein was resolved on a 4 to 15% Tris-HCl SDS-polyacrylamide
gel and visualized by Imperial protein staining and Western blot analysis using anti-His6 monoclonal antibody (sizes [in kDa] are indicated on the
left). The mass spectrometry analysis coverage map shows matched peptides in bold font (30% coverage). (B) N-His6-GpsA-catalyzed conversion
of [32P]DHAP to [32P]G3P was verified by paper chromatography. [32P]ATP, [32P]DHAP, [32P]G3P, and [32P]orthophosphate were used as
standards. The reaction mixtures were incubated for 60 min at room temperature prior to chromatographic analysis. Lane A, a negative-control
reaction mixture containing 6 �M [32P]DHAP and 100 �M NADPH only; lane B, a negative-control reaction mixture containing [32P]DHAP and
2.5 �g ml�1 N-His6-GpsA protein only; lane C, the N-His6-GpsA-catalyzed conversion of [32P]DHAP to [32P]G3P absolutely required the presence
of NADPH. The density of each compound on the chromatograph is expressed as a percentage of the total lane density (summarized in tabular
form to the right of each spot on the chromatograph). (C) N-His6-GpsA-catalyzed conversion of DHAP to G3P was measured spectrophoto-
metrically at OD340 by following the oxidation of NADPH or NADH over time. Error bars represent standard deviations. The reaction mixtures
contained 1.0 �g ml�1 N-His6-GpsA, 500 �M DHAP, and 100 �M NAD(P)H in modified buffer A; and the reactions were carried out at room
temperature.

FIG. 2. Heterologous expression of the R. prowazekii gpsA gene complements an E. coli gpsA auxotrophic mutant. E. coli gpsA mutant strain
BB20-14 was transformed with pBAD24-RpGpsA expressing the R. prowazekii gpsA gene (inoculated in duplicate on the top half of each plate)
or the pBAD24 vector control (inoculated in duplicate on the bottom half of each plate). (A) M56LP agar medium containing ampicillin (100 �g
ml�1), glucose (0.2%), and glycerol (0.2%) (positive control); (B) M56LP agar medium containing ampicillin (100 �g ml�1), glucose (0.2%), and
arabinose (0.2%); (C) M56LP agar medium containing ampicillin (100 �g ml�1) and glucose (0.2%).
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Our observations that R. prowazekii GpsA is a functional
G3P dehydrogenase and that purified intact R. prowazekii
transports DHAP suggest that this pathway is a possible source
of G3P for phospholipid biosynthesis. On the basis of the
findings of chromatographic analysis of three biological repli-
cates, it was determined that [32P]DHAP incubated with intact
rickettsiae was incorporated into organic soluble compounds
that displayed migration patterns comparable to those of
known phospholipid standards. The major species of phospho-
lipid appear to be phosphatidylethanolamine (64% 	 5% of

the total), lysophosphadylethanolamine (21% 	 4%), and
phosphatidylglycerol (11% 	 2%), as would be expected from
previous studies of the R. prowazekii phospholipid profile (43,
55). As a control, we verified that purified rickettsiae do not
incorporate [32P]inorganic phosphate into phospholipid, sug-
gesting that that our observations were not due to the spurious
breakdown of [32P]DHAP in the assay medium (data not
shown). The incorporation of [32P]DHAP into rickettsial phos-
pholipid likely required its conversion to G3P and is indirect
evidence for a physiological role for GpsA.

FIG. 3. G3PDH activity is detectable in R. prowazekii lysed-cell extracts. Hen egg yolk sac-purified R. prowazekii cells were lysed by
ballistic shearing, and the lysed-cell extracts were assayed for G3PDH activity. (A) Rickettsial lysed-cell extracts catalyzed conversion of
[32P]DHAP to [32P]G3P, as determined by paper chromatography. [32P]ATP, [32P]DHAP, [32P]G3P, and [32P]orthophosphate were used as
standards. Lane A, a negative-control (-ve Ctrl) reaction mixture containing 75 �M [32P]DHAP and 100 �M NADPH only; lane B, a reaction
mixture containing [32P]DHAP, NADPH, and 0.5 mg ml�1 of rickettsial lysed-cell extract; lane C, a reaction mixture containing [32P]DHAP,
NADPH, and 1 mg ml�1 of rickettsial lysed-cell extract; lane D, a reaction mixture containing [32P]DHAP, NADPH, and 2 mg ml�1 of
rickettsial lysed-cell extract. The density of each compound on the chromatograph is expressed as a percentage of the total lane density
(summarized in tabular form to the right of the chromatograph). (B) Rickettsial lysed-cell extract-catalyzed conversion of DHAP to G3P was
measured spectrophotometrically at an OD340 by following the oxidation of NADPH or NADH. Error bars represent standard deviations.
The reaction mixtures contained 1.4 mg ml�1 of rickettsial lysed-cell extract, 500 �M DHAP, and 100 �M NAD(P)H in modified buffer A;
and the reactions were carried out at room temperature.
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DISCUSSION

We have presented biochemical evidence demonstrating
that the R. prowazekii GpsA is a functional G3P dehydrogenase
that works in concert with a novel bacterial DHAP transport
system to supply rickettsiae with G3P for phospholipid biosyn-
thesis. The present study is the first to describe the transport of
DHAP by a bacterium and to validate an enzymatic activity for
the orphaned rickettsial G3P dehydrogenase enzyme.

Transport of DHAP is a rare phenomenon in nature. Until
our study, transport of DHAP had been reported only for
organelles such as plant plastids and trypanosome glycosomes,
with triose phosphate transporters from plastidic inner mem-
branes being the best characterized (15, 23, 31). The known
plastidic DHAP transporters share no significant homology
with any rickettsial open reading frame when they were exam-
ined by BLAST analysis (1). The fact that rickettsiae demon-
strated the ability to concentrate DHAP against a gradient and
the fact that transport activity was strongly inhibited in the
presence of metabolic uncouplers are strongly indicative of an
energy-coupled transport system rather than facilitated diffu-
sion. We are currently working to identify the rickettsial
DHAP transport system to verify that it belongs to a new
family of bacterial triose phosphate transporters.

Presumably, reductive evolution of the ancestral rickettsial
glycolytic/gluconeogenic pathway coincided with the acquisi-
tion of a DHAP transport system that imposed a selection
pressure to maintain gpsA and, thus, a source of G3P for
phospholipid biosynthesis. The complexity of this intriguing
evolutionary picture is amplified by the R. prowazekii RP054

open reading frame annotated as a homologue of the bacterial
G3P/inorganic phosphate obligate exchange antiporter, GlpT
(6). Is RP054 really a DHAP transporter, or do rickettsiae also
transport G3P and thus possess dual metabolite acquisition
pathways? Unpublished work from our laboratory has shown
that purified intact rickettsiae are able to transport and incor-
porate G3P into phospholipid at rates comparable to those
reported here for DHAP (K. M. Frohlich and J. P. Audia,
unpublished data). Unfortunately, our efforts to clone and
assay R. prowazekii GlpT by heterologous expression in E. coli
have been hindered by the toxicity associated with overexpres-
sion, despite the use of different expression systems, such as
pET and pBAD, to tune GlpT expression levels. We are cur-
rently exploring alternative model microbial expression sys-
tems and the possibility of eventually generating and testing a
knockout of the R. prowazekii glpT gene, acknowledging the
genetic intractability of rickettsia, to explore these interesting
physiological questions.

The observation of dual acquisition pathways for G3P in
purified R. prowazekii raises interesting questions regarding the
evolutionary pressures that have selected for maintenance of
both pathways. Perhaps rickettsial transport of G3P and
DHAP is an example of metabolic redundancy where one of
the two systems is dispensable. Alternatively, rickettsiae may
be in fierce competition with host cell enzymes for limiting
amounts of G3P and DHAP in the host cell cytosol and, thus,
the two rickettsial transport systems work in parallel because
the activity of either on its own is insufficient to sustain growth.
Another variable to consider is the effect of rickettsial growth
on the host cell’s triose phosphate pools. At late stages of
infection, when the host cell is under a tremendous burden, the
large number of rickettsiae must compete for substrate not
only with host enzymes but also with each other. It has been
shown in eukaryotic cells that the pools of free metabolic
intermediates such as DHAP are subject to dramatic shifts in
response to stress (32, 33). Thus, the availability of DHAP and
G3P may fluctuate as the rickettsial burden increases and the
two systems provide the rickettsiae with metabolic flexibility to
maximize utilization of host cell resources. Similar points have
been raised to explain the existence of the ATP/ADP translo-
case and tricarboxylic acid/oxidative-phosphorylation systems
as dual pathways to supply ATP as an energy source (18, 19,
50). In the end, our work suggests that the identification of
functional orphaned enzymes may serve as a useful indicator of
the existence of other novel R. prowazekii transport systems
that exploit the host cell cytosolic niche.
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FIG. 4. R. prowazekii transports DHAP in an energy-dependent
manner. Purified R. prowazekii in buffer B was assayed for uptake of 10
�M [32P]DHAP or 1 mM [32P]orthophosphate at 34°C in at least three
independent rickettsial preparations. Each data point represents the
average of triplicates at the given time point for one rickettsial prep-
aration. Data are expressed as transport activity per mg of total R.
prowazekii protein. Energy-poisoned rickettsiae were preincubated for
10 min with 10 �M CCCP (diamonds) or 1 mM potassium cyanide
(triangles), prior to the addition of [32P]DHAP to initiate the uptake
assay.
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