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In the causative agent of syphilis, Treponema pallidum, the gene encoding 3-phosphoglycerate mutase, gpm,
is part of a six-gene operon (tro operon) that is regulated by the Mn-dependent repressor TroR. Since
substrate-level phosphorylation via the Embden-Meyerhof pathway is the principal way to generate ATP in T.
pallidum and Gpm is a key enzyme in this pathway, Mn could exert a regulatory effect on central metabolism
in this bacterium. To study this, T. pallidum gpm was cloned, Gpm was purified from Escherichia coli, and
antiserum against the recombinant protein was raised. Immunoblots indicated that Gpm was expressed in
freshly extracted infective T. pallidum. Enzyme assays indicated that Gpm did not require Mn21 while
2,3-diphosphoglycerate (DPG) was required for maximum activity. Consistent with these observations, Mn did
not copurify with Gpm. The purified Gpm was stable for more than 4 h at 25°C, retained only 50% activity after
incubation for 20 min at 34°C or 10 min at 37°C, and was completely inactive after 10 min at 42°C. The
temperature effect was attenuated when 1 mM DPG was added to the assay mixture. The recombinant Gpm
from pSLB2 complemented E. coli strain PL225 (gpm) and restored growth on minimal glucose medium in a
temperature-dependent manner. Increasing the temperature of cultures of E. coli PL225 harboring pSLB2
from 34 to 42°C resulted in a 7- to 11-h period in which no growth occurred (compared to wild-type E. coli).
These data suggest that biochemical properties of Gpm could be one contributing factor to the heat sensitivity
of T. pallidum.

Syphilis, a sexually transmitted disease caused by the spiro-
chete Treponema pallidum, remains a major public health
problem in the world. T. pallidum cannot be cultivated in vitro,
making it difficult to assess the role of genes in physiology,
survival in the host, and pathogenesis. One approach to study-
ing the functions of T. pallidum genes is to clone and overex-
press these genes in Escherichia coli and then characterize the
recombinant proteins in vitro. This approach was taken re-
cently to characterize the TroR regulatory protein from T.
pallidum (28). In the presence of Mn21, TroR binds the oper-
ator of the transport-related operon (tro) and represses tran-
scription. The tro operon contains six genes (14). The first four
genes encode a putative ABC metal transport system (troA to
-D), the fifth gene encodes TroR (troR), and the last gene
encodes a glycolytic enzyme, 3-phosphoglycerate mutase (gpm,
referred to as pgm in the T. pallidum genome database), which
converts 3-phosphoglycerate (3-PGA) to 2-phosphoglycerate
(2-PGA) (8, 11). Since T. pallidum can only generate ATP via
glycolysis, 3-phosphoglycerate mutase is a key enzyme for the
spirochete.

Bacterial phosphoglycerate mutases are divided into two
classes, based on their requirement for the cofactor 2,3-diphos-
phoglycerate (DPG) (10). Phosphoglycerate mutases from

spore-forming Bacillus species, such as Bacillus megaterium,
Bacillus subtilis, and Bacillus stearothermophilus, are DPG in-
dependent but require Mn21 for activity (7, 32, 38). E. coli
possesses both DPG-dependent and DPG-independent Gpm
(13). Given that T. pallidum gpm is located within an operon
that includes a metal transport system and a Mn-dependent
repressor, we hypothesized that the enzyme would have a
Mn21 requirement similar to that of the B. stearothermophilus
enzyme. Thus, Mn would exert effects on both the regulation
and activity of the enzyme, thereby affecting the central me-
tabolism and growth of T. pallidum. Therefore, we examined
the metal requirement of the T. pallidum phosphoglycerate
mutase by cloning, expressing, and purifying a recombinant
enzyme from E. coli. However, this enzyme did not require a
metal ion for its activity but rather used DPG as a cofactor.
The most interesting characteristic of the T. pallidum phospho-
glycerate mutase was its extreme heat lability. We found this
very intriguing, since it has been long known that syphilis is
heat sensitive and it has been shown that there is no heat shock
response in T. pallidum (33). Therefore, our results suggest
that phosphoglycerate mutase may be one factor contributing
to the heat sensitivity of T. pallidum.

MATERIALS AND METHODS

Bacterial strains, growth conditions, and chemicals. E. coli strains used in this
study were TOP10 (Invitrogen, Carlsbad, Calif.); DH5a (Gibco BRL, Grand
Island, N.Y.), and PL225 (gpm): D(nadA-galE)35 l2 recA1 relA1 rpsL180 (Strr)
spoT1 thi-1 (24). Bacteria were cultivated in Luria-Bertani (LB) medium or M63
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medium (31), and growth was monitored at 600 nm. Ampicillin (20 or 100
mg/ml), streptomycin (10 mg/ml), and isopropyl-b-D-thiogalactopyranoside
(IPTG) (1 mM) were added as needed. For complementation assays, strains
DH5a, PL225, and PL225 harboring pSLB2 were grown overnight in LB medium
at 30°C, harvested by centrifugation (5,000 3 g, 10 min), and washed twice in
M63, and 30 ml was used to inoculate 30 ml of M63 with 0.2% glucose. IPTG (1
mM) was added to induce Gpm synthesis from plasmid pSLB2. Cultures were
grown in duplicate at 34 or 42°C. Lactate dehydrogenase was purchased from
Boehringer Mannheim (Indianapolis, Ind.). Rabbit 3-phosphoglycerate mutase,
pyruvate kinase, enolase, and all other chemicals were obtained from Sigma
Chemicals (Saint Louis, Mo.).

DNA manipulations. Chromosomal DNA from T. pallidum subsp. pallidum
strain Nichols was provided by Steve Norris (Department of Pathology and
Laboratory Medicine, University of Texas, Houston) or Lola Stamm (Depart-
ment of Epidemiology, University of North Carolina, Chapel Hill). Oligonucle-
otide primers were synthesized by the Molecular Genetics Instrumentation Fa-
cility, University of Georgia, Athens. Primers TPGpm1 (59-CGTGAATTCCAT
GAAGCTTGTGTTGATCCGT-39) and TPGpm2 (59-ACTGAATTCATACAT
ACGACCAGAGGATACGA-39) were designed to incorporate EcoRI sites and
used to amplify gpm from 10 ng of T. pallidum chromosomal DNA by PCR using
Pfu polymerase (Stratagene, La Jolla, Calif.) in a PTC-100 thermal cycler (MJ
Research, Watertown, Mass.) (1 cycle for 2 min at 94°C and 40 cycles of 40 s at
94°C [denaturation], 30 s at 50°C [annealing], and 1 min at 72°C [elongation]).
The resulting 0.8-kb PCR product was digested with EcoRI and ligated into the
EcoRI site of the expression vector pTrcHisC (Invitrogen), generating pSLB1.
This PCR product was also ligated into the EcoRI site of the expression vector
pKK223-3 (Amersham-Pharmacia, Piscataway, N.J.), generating pSLB2. Con-
structs were sequenced at the Molecular Genetics Instrumentation Facility, Uni-
versity of Georgia, and compared to The Institute for Genomic Research DNA
database to ensure that no errors had been introduced by PCR. All DNA
manipulations were performed as described by Maniatis et al. (21). Qiaprepspin
and Qiaquick gel extraction kits (Qiagen, Chatsworth, Calif.) were used for all
the DNA purification procedures.

Purification of hexahistidine-tagged Gpm and recombinant Gpm. A hexahis-
tidine-tagged Gpm (His-Gpm) fusion was expressed in E. coli TOP10 harboring
pSLB1 by growing the cells in 600 ml of LB medium at 30°C with vigorous
shaking. When the cells reached an A600 of 0.6, IPTG was added to the culture
to a final concentration of 1 mM. Cells were grown for an additional 4 h and
harvested by centrifugation (5,000 3 g, 20 min, 4°C), suspended in 20 ml of 50
mM sodium phosphate buffer–0.3 M NaCl (pH 7.8), and lysed by three passages
through a cold French pressure cell at 12,000 lb/in2. Following centrifugation
(20,000 3 g, 20 min, 4°C), the His-Gpm fusion was mainly found in the soluble
fraction. The supernatant was applied to a nickel-nitrilotriacetic acid (Ni-NTA)
affinity column (Qiagen), and proteins were washed with 25 mM imidazole and
eluted with 250 mM imidazole. These steps were performed at 4°C. The fractions
were analyzed by sodium dodecyl sulfate–12.5% polyacrylamide gel electro-
phoresis (SDS-PAGE) and assayed for Gpm activity. Protein concentration was
determined using the Sigma protein assay kit. Purified His-Gpm was used to raise
polyclonal antiserum in a New Zealand White rabbit at Cocalico Biologicals,
Reamstown, Pa. The antiserum was cross-adsorbed with cell lysate from E. coli
PL225 as previously described (5).

Purified Gpm was obtained from His-Gpm as follows. Two milligrams of
his-Gpm was dialyzed against 1 liter of 50 mM sodium phosphate–20 mM NaCl
(pH 7.6) for 12 h at 4°C. The dialyzed fusion protein was digested with 30 U of
enterokinase (Sigma) for 18 h at room temperature, and enterokinase was
removed by affinity capture using Ekapture agarose (Novagen, Madison, Wis.).
The reaction mixture was applied to a nickel affinity column to remove the
hexahistidine peptide and undigested fusion protein. The resulting Gpm was
analyzed by SDS-PAGE, and the protein concentration was determined. Metal
content of purified Gpm was determined using inductively coupled plasma spec-
troscopy (ICP-MS) at the Chemical Analysis Laboratory (University of Georgia)
as previously described (20).

Electrophoresis and immunoblotting. Proteins were separated by SDS-PAGE
as described previously (18) using an SE600 gel apparatus (Hoefer Scientific, San
Francisco, Calif.) and visualized with Coomassie brilliant blue R-250. Molecular
weight standards were purchased from Bio-Rad Laboratories (Hercules, Calif.).
For immunoblotting, proteins were transferred to nitrocellulose (0.45-mm-pore-
size Protran membrane; Schleicher & Schuell, Keene, N.H.) as described by
Towbin et al. using a Bio-Rad Trans Blot Cell (35). After transfer, proteins were
visualized with Ponceau red (0.1% Ponceau red dye in 1.0% acetic acid), and the
standards were marked. Immunoblotting was performed by the Amersham en-
hanced chemiluminescence method according to the manufacturer’s instructions
(Amersham Pharmacia). Antisera were used at the following dilutions: cross-

adsorbed anti-Gpm rabbit antiserum, 1/1,000; goat anti-rabbit immunoglobulin
G–peroxidase, 1/5,000.

Gpm assays. Gpm activity was assayed as described previously, with minor
modifications (17). In the first stage of the assay, a 100-ml reaction mixture
contained 20 ml of the preincubated and appropriately diluted Gpm, with excess
3-PGA (10 mM), DPG (100 mM), in 50 mM TES [N-tris(hydroxymethyl)methyl-
2-aminoethanesulfonic acid]-NaOH, pH 7.0. The reaction was stopped after 2
min at 34°C (the assay was linear for 5 min) by addition of trichloroacetic acid (70
mM final concentration) and N-ethylmaleimide (10 mM final concentration).
The amount of 2-PGA produced in the original reaction mixture was measured
by adding enolase, pyruvate kinase, and lactate dehydrogenase and monitoring
the oxidation of NADH at 340 nm as previously described (17). The amount of
NAD produced was proportional to the amount of 2-PGA added to the assay.
One unit of enzyme activity is defined as 1 mmol of 3-PGA converted to 2-PGA/
min.

To determine the pH optimum of the purified Gpm, MES (morpholineethane-
sulfonic acid) (pH 6.0 to 6.5), TES (pH 7.0), HEPES (pH 7.5 to 8.0), and Tris
(pH 8.0 to 9.0) were used for both the preincubation (30 min) and the first stage
of the assay. The cofactor requirements were determined by (i) preincubating
purified Gpm with ethylenediamine-N,N9-diacetic acid (EDDA), EDTA, ethyl-
enediamine di(o-hydroxyphenylacetic acid) (EDDHA), or deferoxamine mesy-
late (maximum final concentration, 2 mM) at 25°C for 60 to 240 min, (ii)
preincubating enzyme with MnSO4, MnCl2, NiSO4, CaCl2, or MgSO4 (2 mM
final concentration) at 25°C for 60 to 240 min, or (iii) adding 0, 0.01, 0.1, 1, 5, or
10 mM DPG to the first stage of the assay. To inhibit DPG-dependent Gpm
activity, 10 or 100 mM sodium metavanadate was added to purified Gpm 10 min
prior to the first stage of the assay. The temperature stability of Gpm was
determined by preincubating the enzyme at 4, 25, 30, 34, 37, or 42°C for various
times up to 300 min, in the absence or in presence of 1 mM DPG, prior to the
assay. Oryctolagus cuniculus (rabbit) Gpm (a DPG-dependent enzyme) (4) and B.
stearothermophilus Gpm (a Mn21-dependent enzyme provided by Peter Setlow,
Department of Biochemistry, University of Connecticut Health Center, Farm-
ington) (7) were used as controls and assayed at 25 and 65°C, respectively. All
samples were run in duplicate in three independent experiments.

RESULTS

Purification of T. pallidum Gpm. Analysis of the deduced
amino acid sequences of the open reading frames in the T.
pallidum tro operon indicated that one open reading frame
encodes a protein with significant identity to phosphoglycerate
mutases from various bacteria (e.g., 57.9% identity to E. coli
DPG-dependent Gpm, 48.8% identity to Streptomyces coeli-
color Gpm, and 48.6% identity to Mycobacterium tuberculosis
Gpm, but only 11% identity to E. coli Mn-dependent Gpm)
(12, 14). Because T. pallidum cannot be cultured in vitro, a
recombinant Gpm was expressed and purified from E. coli.
Since E. coli harbors the genes encoding two different Gpms,
one of which has properties very similar to those of T. pallidum
Gpm (13), a hexahistidine tag was introduced at the amino-
terminal end of the protein to simplify the purification. The
gene encoding Gpm was amplified by PCR from T. pallidum
chromosomal DNA by using primers TPGpm1 and TPGpm2,
and the resulting product was introduced into the EcoRI site of
expression vector pTrcHisC, generating plasmid pSLB1. Fol-
lowing overexpression in E. coli, the His-Gpm localized to the
soluble fraction of the cell and was purified using Ni-NTA
affinity chromatography (Fig. 1, lane 2). Enzyme assays indi-
cated that the purified His-Gpm was active (data not shown),
demonstrating that the hexahistidine motif did not significantly
interfere with Gpm activity. The 0.8-kb PCR product was also
introduced into the EcoRI site of expression vector pKK223-3,
generating plasmid pSLB2 for complementation experiments.

As previously mentioned, TroR represses the tro operon in
a Mn21-dependent manner in T. pallidum, and Mn21 reacti-
vates a catalytically inactive form of B. megaterium Gpm (17).
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Therefore, it was possible that the T. pallidum Gpm required
Mn21 for activity. Since the metal-binding hexahistidine motif
could interfere with the metal analysis of Gpm, it was removed
using enterokinase. After treatment of His-Gpm with enteroki-
nase, a product with an estimated molecular mass of 31 kDa
was detected by SDS-PAGE (Fig. 1, lane 3). This corre-
sponded to the predicted molecular mass of the native protein
(28.3 kDa) (12) with 16 additional amino acids remaining after
enterokinase digestion (30.4 kDa). Enterokinase was removed
using an affinity capture system (Fig. 1, lane 4) and minor
protein products, generated by the enterokinase, were re-
moved using Ni-NTA affinity chromatography. The Gpm re-
covered from last purification step (Fig. 1, lane 5) was enzy-
matically active and was used for subsequent Gpm assays.

The effect of Mn21 on Gpm activity. The metal content
and/or requirement of the T. pallidum Gpm was determined.
The purified enzyme and rabbit Gpm (a Mn-independent en-
zyme) was incubated at 25°C for 60 to 240 min in the presence
of various chelators (EDDA, EDTA, EDDHA, and deferox-
amine) at concentrations ranging from 100 mM to 2 mM, and
samples were assayed for Gpm activity. None of the chelators
affected these enzyme activities at the concentrations tested
(Table 1 and data not shown). In contrast, the addition of 1
mM EDTA completely inhibited B. stearothermophilus Gpm (a
Mn-dependent enzyme) (Table 1) (7). In addition, the purified
recombinant Gpm (0.5 mg) was assayed for bound metals using
ICP-MS. No metals were detectable in these preparations
(data not shown). Therefore, the initial Gpm activity detected
following protein purification appeared to be metal indepen-
dent. However, it was still possible that this initial enzyme
activity represented only a portion of the total Gpm activity
and a metal could restore or activate Gpm activity. To inves-
tigate this possibility, the purified enzyme was incubated at

25°C for 60 to 240 min in the presence of divalent metal ion
(Mn21, Mg21, Fe21, Ni21, or Ca21) at concentrations ranging
from 100 mM to 2 mM. These treatments had no effect on the
T. pallidum Gpm activity (Table 1 and data not shown). There-
fore, the T. pallidum phosphoglycerate mutase does not re-
quire a metal ion for activity.

Effect of DPG and pH on Gpm activity. The other class of
phosphoglycerate mutases requires DPG as a cofactor (10).
Since the T. pallidum Gpm appeared to be metal independent,
the effect of DPG on the Gpm activity was determined. When
100 mM DPG was added to the first stage of the assay, the
activities from T. pallidum Gpm and DPG-dependent rabbit
Gpm were enhanced 5- and 14-fold, respectively (Table 1). In
contrast, the addition of DPG had no effect on the activity of
B. stearothermophilus Gpm (Table 1). Another diagnostic test
for DPG-dependent Gpm activity is inhibition by sodium meta-
vanadate (3). Therefore, 10 mM sodium metavanadate was
added to the purified Gpm 10 min prior to the first stage of the
assay. This treatment resulted in 80 and 95% inhibition of the
T. pallidum and rabbit Gpm activities, respectively (Table 1).
In contrast, addition of vanadate had no effect on the activity
of B. stearothermophilus Gpm.

Another distinguishing characteristic of DPG-dependent
and Mn-dependent Gpms is that they differ in their optimum
pH (4). For example, the Mn-dependent enzymes have higher
activity at pH ;8.5 (6, 7, 17), while DPG-dependent enzymes
are more active at pH ;7.0 (4). The pH profile of the T.
pallidum Gpm was comparable to that of the DPG-dependent
rabbit Gpm, with maximum activity around pH 7.0 (Fig. 2). As
predicted, the activity of the DPG-independent B. stearother-
mophilus Gpm increased with the pH as previously described
(7). Taken together, the results from metal, DPG dependence,
vanadate sensitivity, and pH profiles clearly showed that T.
pallidum enzyme belongs to the DPG-dependent class of
Gpms.

Heat lability of Gpm activity in vitro. When the purified
Gpm was preincubated with inhibitors before the first stage of
the assay at 37°C, a significant loss of enzyme activity was
observed. Subsequent experiments suggested that this unusual
effect was due to temperature of the reaction mixture. To
determine the temperature stability of the purified Gpm, the
enzyme was incubated at temperatures ranging from 4 to 42°C

FIG. 1. SDS-polyacrylamide gel of the purification steps of T. pal-
lidum Gpm. Lane 1, soluble fraction containing the overexpressed
His-Gpm fusion (15 mg of total protein); lane 2, His-Gpm fusion after
nickel affinity chromatography (12.5 mg); lane 3, protein fraction ob-
tained after digestion of His-Gpm with enterokinase (12.5 mg); lane 4,
protein after enterokinase affinity capture (2 mg); lane 5, Gpm enzyme
recovered after second nickel affinity chromatography (2 mg). Molec-
ular mass standards are on the left.

TABLE 1. DPG and Mn dependence of various Gpm enzymes

Species

Relative Gpm activitya

DPG dependence Mn dependence

2DPG 1DPG 1DPG
1vanadate 1EDTA 1Mn21

O. cuniculus 7 100b 5 100c 100c

T. pallidum 17 100b 20 100c 100c

B. stearothermophilus 100d 100d 100d ,1 100b

a Gpm activity was determined as described in Materials and Methods. The
first step of the assay was performed with 10 mM 3-PGA in the presence or
absence of 100 mM DPG, 10 mM sodium metavanadate, 1 mM EDTA, or 1 mM
MnCl2. Assays were done in duplicate, and data are averages of three different
experiments. Standard deviations were ,10% for each point.

b This value was set as 100% (200, 400, and 1,000 U/mg of protein for T.
pallidum, rabbit, and B. stearothermophilus Gpm, respectively).

c In the presence of 100 mM DPG.
d In the presence of 1 mM MnCl2.
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for various times (0 to 300 min), aliquots were taken, and Gpm
activity was assayed (Fig. 3). The enzyme activity was stable at
4°C for several months (data not shown) and retained 90%
activity at 25°C for 300 min (Fig. 3A). Fifty percent of the Gpm
activity was lost after the purified enzyme was incubated at
30°C for 180 min, at 34°C for 20 min, or at 37°C for 10 min
(Fig. 3A). The enzyme lost all activity after 10 min at 42°C (Fig.
3A). Incubating the purified enzyme with Mn or bovine serum

albumin prior to the first stage of the assay did not stabilize the
enzyme (incubation time $120 min) (data not shown), while
the addition of DPG partially protected the protein from de-
naturation. For example, when 1 mM DPG was incubated with
the enzyme for 150 min at 42°C, 50% of the activity was
retained indicating that DPG could stabilize Gpm to a limited
degree (Fig. 3B). Incubating the enzyme with DPG also dra-
matically increased the stability at 30 and 37°C (Fig. 3B). How-
ever, the temperature-dependent loss of Gpm activity was ir-
reversible. The addition of DPG after incubation of the
enzyme at 34, 37, or 42°C for 120 min did not restore Gpm
activity. These results showed that the T. pallidum Gpm is
highly heat sensitive in vitro.

Expression of Gpm in T. pallidum. To determine if Gpm was
expressed in T. pallidum harvested from infected rabbits, cell
lysate isolated from freshly extracted treponemes was probed
with anti-Gpm serum. Total cell protein from gradient-purified
T. pallidum Nichols cells, purified His-Gpm, and Gpm were
separated by SDS-PAGE, transferred to nitrocellulose, and
probed with anti-Gpm serum that had been extensively cross-
adsorbed with cell lysate-isolated E. coli strain PL225 (Dgpm)
(24) (Fig. 4). A 31-kDa protein band was detected in the T.
pallidum cell lysate (Fig. 4, lane 1). This was the same size as
the purified Gpm and slightly smaller than His-Gpm (Fig. 4,
lanes 2 and 3). These data indicated that Gpm was being
expressed in vivo and that this glycolytic pathway was probably
functioning during growth of T. pallidum in animals.

Complementation of the E. coli gpm mutant with recombi-
nant Gpm. Because T. pallidum can be grown only in experi-
mental animals, there was too little cell protein isolated from
freshly extracted T. pallidum cells to verify the biochemical
properties observed in the Gpm assays using recombinant en-
zyme (e.g., temperature stability). Therefore, we expressed
Gpm from pSLB2 in the E. coli gpm mutant PL225 (24) to
examine the biochemical properties of the enzyme in vivo. The

FIG. 2. pH optimum of purified T. pallidum Gpm. T. pallidum Gpm
(Œ) and rabbit muscle Gpm (a DPG-dependent enzyme) (h) were
incubated for 15 min at 25°C at various pHs with 1 mM DPG prior to
the enzyme assay. B. stearothermophilus Gpm (E) was incubated 60
min at 37°C with 1 mM MnCl2. Each enzyme was assayed at various
pHs at the temperature optimum for that enzyme. Gpm activity is
reported as a percentage of the maximum activity obtained at the
optimal pH for each enzyme: 200 U/mg of protein for T. pallidum, 400
U/mg for rabbit, and 1,000 U/mg for B. stearothermophilus. Standard
deviations were ,10% for each time point.

FIG. 3. Effect of temperature on Gpm activity. Gpm was preincubated for different times at the indicated temperatures. Enzyme was incubated
without (A) or with (B) DPG prior to the Gpm assay. Aliquots of reaction mixture were removed at various time points and assayed for enzyme
activity. Activity is reported as a percentage of the initial activity (200 U/mg of protein). Standard deviations were ,10% for each time point.
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gene encoding the DPG-dependent Gpm has been deleted in
this strain, but it retains a functional gene encoding DPG-
independent Gpm (13). Despite the presence of the second
enzyme, PL225 does not grow on minimal medium with glu-
cose as the sole carbon source, indicating that the activity of
the DPG-independent enzyme alone is not sufficient to restore
growth. Strain PL225 harboring pSLB2 was able to grow on
glucose minimal medium, while PL225 harboring pKK223-3
did not grow (data not shown). Interestingly, temperature had
a dramatic effect on the growth of strain PL225(pSLB2). When
PL225(pSLB2) cells were grown in glucose minimal medium

(with 1 mM IPTG to induce Gpm expression) at either 34 or
42°C (Fig. 5), a 7- to 11-h period in which no growth occurred
was observed, in contrast to wild-type E. coli. (Fig. 5). Without
pSLB2, PL225 was unable to grow (Fig. 5). Immunoblots in-
dicated that the recombinant protein was expressed at detect-
able levels after induction with IPTG in the soluble cell frac-
tion and was not localizing to inclusion bodies (data not
shown). This indicated that the subcellular location of the
recombinant protein was not responsible for the observed lag
in growth. Thus, temperature appears to affect the recombi-
nant Gpm activity in E. coli and may have a similar effect in T.
pallidum.

DISCUSSION

It has been long known that temperature has a dramatic
effect on the growth and survival of T. pallidum, the etiologic
agent of syphilis. As early as 1539, Rodrigo Ruy de Isla ob-
served the beneficial effects of fever on the course of the
disease among the sailors of Columbus’s crew (37). Further-
more, fever therapy induced by iatrogenic infection with Bor-
relia or Plasmodium species or by hypertherm cabinets was
used as a treatment for human syphilis before the advent of
antibiotics (1, 2, 27). It has also been shown that an increase in
body temperature of infected humans or experimentally in-
fected rabbits could result in the amelioration of syphilitic
infection (30, 36). Fieldsteel and coworkers (9) found that

FIG. 4. Immunoblot of Gpm expressed in T. pallidum and E. coli.
Proteins were separated by SDS-PAGE and transferred to nitrocellu-
lose. The membrane was probed with an antiserum to recombinant
His-Gpm cross-adsorbed with cell lysate from E. coli gpm mutant
PL225. Lane 1, 15 mg of protein from approximately 6.4 3 107 density
gradient-purified T. pallidum cells; lane 2, 500 ng of affinity-purified
His-Gpm from E. coli; lane 3, 500 ng of purified Gpm obtained after
enterokinase digestion.

FIG. 5. The effect of temperature on the complementation of E. coli strain PL225 (gpm). Strains DH5a, PL225, and PL225 harboring pSLB2
were grown overnight, harvested by centrifugation, washed twice in M63, and used to inoculate the fresh M63 medium. Gpm synthesis was induced
from plasmid pSLB2 with 1 mM IPTG. Cultures were grown at 34 or 42°C, and cell density was monitored at 600 nm. Samples were run in
duplicate, and data represent three independent experiments.
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limited multiplication of T. pallidum in an in vitro tissue cul-
ture system was achieved only when culture temperatures were
maintained within a narrow range (32 to 36°C).

One possible explanation for this temperature sensitivity
might be the lack of an efficient heat shock response in T.
pallidum (33). Although T. pallidum harbors the genes encod-
ing heat shock proteins, such as GroESL and DnaK, they do
not appear to be thermoinducible (33). Additionally, no ho-
molog to positive heat stress regulatory proteins, such as
RpoH, was detected in the T. pallidum genome sequence,
suggesting that the genes encoding GroESL and DnaK are not
regulated by s32 in this spirochete (12, 19). Likewise, no neg-
ative regulators, such as HrcA (for “heat regulation at CIRCE”)
from B. subtilis or HspR (for “heat shock protein repressor”)
from Streptomyces albus (25) were detected indicating that T.
pallidum (12) lacks an efficient, inducible heat-shock response.
Clearly, this explains the poor survivability of T. pallidum at
temperatures higher than 37°C but may not completely explain
the low growth rates estimated for T. pallidum in the later
stages of syphilis or those observed for cells grown in tissue
culture.

The poor stability of the 3-phosphoglycerate mutase at 37
and 42°C could represent another system by which tempera-
ture affects growth rate in T. pallidum. This could happen only
because T. pallidum has very limited metabolic capacity. With
no tricarboxylic acid cycle, cytochromes, or respiratory electron
transport chain, the cells must hydrolyze ATP to generate a
proton motive force to drive transport and motility (12). Sub-
strate-level phosphorylation via the Embden-Meyerhof path-
way seems to be the only way for T. pallidum to generate ATP.
In T. pallidum, glyceraldehyde-3-phosphate is converted to
phosphoenolpyruvate in four steps, generating one ATP. Phos-
phoenol pyruvate is then converted to pyruvate by pyruvate
kinase, generating a second ATP (8). Since 3-phosphoglycerate
mutase is a key enzyme in this pathway, any factor that affects
the activity of this enzyme might influence the overall rate of
ATP synthesis. As we have demonstrated in vitro, by enzyme
assay, and in vivo, by complementation of strain PL225 (a gpm
mutant), T. pallidum Gpm was extremely temperature sensitive
and caused a growth defect in E. coli. These data suggest that
temperature could affect the enzymatic activity of Gpm in T.
pallidum and influence growth of the spirochete. In addition, it
is possible that other glycolytic enzymes or DNA polymerases
could also be temperature labile, therefore affecting in the
same way the growth of T. pallidum.

As T. pallidum colonizes different sites within its human
host, it encounters different environmental conditions that
could affect enzymatic activity and regulation of Gpm. First,
sites within the human body are not at the same temperature.
Skin temperature near the groin region, the initial site of in-
fection for T. pallidum, ranges from 30.7 to 34.7°C. In contrast,
temperature in the central nervous system (CNS), a secondary
site of infection, remains a constant 37°C under normal con-
ditions (15). Therefore, Gpm activity would be higher at initial
infection sites than at secondary sites. Second, measured levels
of Mn21 are 3 orders of magnitude higher in the CNS than in
the skin (16, 29, 34). Since expression of gpm is dependent on
TroR, a Mn21-dependent repressor, transcription of the tro
operon should decrease as T. pallidum moves from the skin to
the CNS. Thus, differences in Mn21 concentration and tem-

perature in the human body could exert effects on the tran-
scription of gpm and stability of Gpm in T. pallidum. These
regulatory effects would allow T. pallidum to grow more rapidly
in the skin, promoting effective colonization, and more slowly
in the CNS (an immunoprivileged site), prolonging survival in
the host (22, 23, 26).
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