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ABSTRACT A longstanding conundrum in Treponema pallidum biology concerns
how the spirochete generates sufficient energy to fulfill its complex pathogenesis
processes during human syphilitic infection. For decades, it has been assumed that
the bacterium relies solely on glucose catabolism (via glycolysis) for generation of its
ATP. However, the organism’s robust motility, believed to be essential for human tis-
sue invasion and dissemination, would require abundant ATP likely not provided by
the parsimony of glycolysis. As such, additional ATP generation, either via a chemi-
osmotic gradient, substrate-level phosphorylation, or both, likely exists in T. pallidum.
Along these lines, we have hypothesized that T. pallidum exploits an acetogenic en-
ergy conservation pathway that relies on the redox chemistry of flavins. Central to
this hypothesis is the apparent existence in T. pallidum of an acetogenic pathway for
the conversion of D-lactate to acetate. Herein we have characterized the structural,
biophysical, and biochemical properties of the first enzyme (D-lactate dehydrogenase
[D-LDH]; TP0037) predicted in this pathway. Binding and enzymatic studies showed
that recombinant TP0037 consumed D-lactate and NAD� to produce pyruvate and
NADH. The crystal structure of TP0037 revealed a fold similar to that of other D-acid
dehydrogenases; residues in the cofactor-binding and active sites were homologous
to those of other known D-LDHs. The crystal structure and solution biophysical ex-
periments revealed the protein’s propensity to dimerize, akin to other D-LDHs. This
study is the first to elucidate the enzymatic properties of T. pallidum’s D-LDH,
thereby providing new compelling evidence for a flavin-dependent acetogenic en-
ergy conservation (ATP-generating) pathway in T. pallidum.

IMPORTANCE Because T. pallidum lacks a Krebs cycle and the capability for oxida-
tive phosphorylation, historically it has been difficult to reconcile how the syphilis
spirochete generates sufficient ATP to fulfill its energy needs, particularly for its ro-
bust motility, solely from glycolysis. We have postulated the existence in T. pallidum
of a flavin-dependent acetogenic energy conservation pathway that would generate
additional ATP for T. pallidum bioenergetics. In the proposed acetogenic pathway,
first D-lactate would be converted to pyruvate. Pyruvate would then be metabolized
to acetate in three additional steps, with ATP being generated via substrate-level
phosphorylation. This study provides structural, biochemical, and biophysical evi-
dence for the first T. pallidum enzyme in the pathway (TP0037; D-lactate dehydroge-
nase) requisite for the conversion of D-lactate to pyruvate. The findings represent
the first experimental evidence to support a role for an acetogenic energy conserva-
tion pathway that would contribute to nonglycolytic ATP production in T. pallidum.
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Syphilis is a chronic, complex, sexually transmitted infection of humans caused by
the spirochetal bacterium Treponema pallidum subsp. pallidum. Despite decades of

intensive efforts toward its epidemiological control, syphilis continues to play a prom-
inent role worldwide (1–7). Incidence increases in the United States (8–12) have been
particularly disturbing given the serious medical implications of syphilis as a chronic,
progressive infection, coupled with its added threats of congenital syphilis and syphilis
as a cofactor for the bidirectional transmission of HIV. These disturbing trends under-
score the importance of continued efforts to elucidate the complex parasitic strategy of
T. pallidum, with the goals of developing new ways to thwart infection using interven-
tions based on a more complete understanding of syphilis pathogenesis.

Although syphilis is one of the oldest recognized sexually transmitted infections of
antiquity (13, 14), T. pallidum is among the most poorly understood of all human
bacterial pathogens. This is because research on T. pallidum historically has been
hampered by enormous experimental constraints, most notably (i) the inability to
cultivate the organism continuously in vitro (15), (ii) the consequent lack of a genetic
manipulation system (mutant analysis not possible), and (iii) the atypical/noncanonical
nature of many of the spirochete’s proteome components, often rendering them
refractory to predictive analysis via contemporary bioinformatics. Only recently has an
improved method for the sustained cultivation of T. pallidum in vitro been achieved
(coculture with rabbit epithelial cells) (16), but it remains to be determined whether this
promising new development will lead to substantive advances.

As an approach to circumvent historic research barriers and to elucidate previously
unappreciated molecular and mechanistic features of T. pallidum, we have focused on
discerning salient structure-function relationships for T. pallidum’s membrane lipopro-
teins (LPs) (7, 17–31). Membrane LPs serve many key functions in pathogenic bacteria
(32, 33), and numerous studies point to the importance of LPs in crucial aspects of T.
pallidum biology (about 4.4% of T. pallidum’s genome encodes 48 or more LPs) (34, 35).
Our discovery-driven approach has involved characterizing recombinant versions of the
treponemal LPs using structural biology, protein biophysics, and biochemistry (17–31,
36). These efforts have led to a number of novel discoveries for T. pallidum (17, 21–23,
25–28, 30), some of which are applicable to other bacteria (22, 23, 25, 27–29, 36–39).
Particularly noteworthy is our discovery of an ABC-type riboflavin uptake system (27)
and elucidation of dual enzymatic activities for TP0796 (also known as Ftp) as a novel
flavin adenine dinucleotide (FAD) pyrophosphatase/flavin mononucleotide (FMN)
transferase (21, 28). These advances, in turn, led us to identify a periplasmic posttrans-
lational protein FMNylation pathway in T. pallidum that likely modulates intracellular
flavin homeostasis for key enzymatic and cellular redox reactions (21, 27, 28). The
combined observations have prompted us to propose that T. pallidum relies on a
“flavin-centric” metabolic lifestyle for parasitism of its obligate human host (21).

A theme that has emerged from our structure-function studies is that T. pallidum
encounters numerous essential host-derived nutrients and exploits many of its periplas-
mic membrane LPs as components of transport systems (17, 20, 25, 26, 30). As such, T.
pallidum utilizes its membrane LPs to engage a number of downstream metabolic
pathways as part of its flavin-centric metabolic lifestyle, engendering an inextricable
metabolic linkage between the periplasmic (external) and cytoplasmic (internal) cellular
compartments. This includes a cytoplasmic flavin salvage pathway (7, 27) and likely an
atypical flavin-dependent Rhodobacter nitrogen fixation (RNF)-type energy conserva-
tion system (7, 21) (Fig. 1).

Historically, it has been believed that T. pallidum fulfills its energy requirements
solely from the glycolytic processing of glucose (7, 34, 40) because utilization of other
organic substrates as alternate energy or carbon sources has remained unclear (7).
However, the minimal yield of ATP from glycolysis is seemingly inconsistent with the
organism’s need for abundant ATP, not only for its extensive repertoire of ATP-
dependent nutrient uptake transporters but also to satisfy its robust motility (7, 41, 42)
and for other cellular demands. To address this conundrum, we have proposed the
existence in T. pallidum of a flavin-dependent RNF redox pump (to generate a chemi-
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osmotic gradient) (21) that would contribute to ATP synthesis via energizing a cognate
ATP synthase module (Fig. 1) (7, 21, 27). Finally, ATP could also be generated via
substrate-level phosphorylation from the conversion of D-lactate to acetate via aceto-
genesis (Fig. 1). In the acetogenesis pathway (43) (Fig. 1), pyruvate, a key pathway
intermediate, is converted to acetyl coenzyme A (acetyl-CoA) via the flavin-dependent
pyruvate flavodoxin oxidoreductase (PFOR); this reaction yields reduced flavodoxin
(central electron carrier), from which an electron is transferred (via the flavin moiety) to
energize the flavin-based RNF complex for additional ATP production (7, 21).

The existence of a flavin-based energy conservation pathway in T. pallidum has been
predicted by our previous in silico analysis (7, 21). However, the prospect of an
acetogenic energy conservation pathway in T. pallidum has remained uncertain due to
a lack of corroborating experimental evidence. If T. pallidum is indeed able to carry out
acetogenesis (Fig. 1), then the critical first step in the pathway would be the oxidation
of D-lactate to pyruvate via D-lactate dehydrogenase (using NAD� as a cofactor) (7, 43).
In this regard, the gene product of tp0037 is annotated as a D-lactate dehydrogenase
(D-LDH) (7, 34). We crystallized recombinant TP0037, determined its X-ray crystal
structure at a resolution of 1.38 Å, and performed additional biophysical and biochem-
ical studies to characterize the protein. Our work now provides compelling evidence in
support of a flavin-based D-lactate acetogenic energy conservation pathway in T.
pallidum; acetogenesis would not only contribute to nonglycolytic ATP generation in T.
pallidum but also serve cellular redox and bioenergetics. Our findings also help to
explain the enigmatic metabolic adaptation(s) exploited by the pathogenic spirochete
as it disseminates under low oxygen tension and encounters changes in external
nutrient sources as part of its stealth pathogenicity. The possible origin of D-lactate as
a substrate for the acetogenic energy conservation pathway in T. pallidum is discussed.

RESULTS
Crystal structure of TP0037. We hyperexpressed full-length TP0037 and purified it

to apparent homogeneity. The protein yielded crystals that diffracted well, and
molecular-replacement phasing followed by standard refinement approaches resulted
in a model for the protein at a resolution at 1.38 Å. All validation and data quality
statistics indicated that the data and the model were of high quality (Table 1). The

FIG 1 Enzymology and bioenergetics of the putative acetogenic pathway in T. pallidum. The metabolites
of the pathway are shown near the bottom of the figure. Enzymes are gray ovals. Membrane proteins are
green rectangles. The yellow rectangles are flavoproteins. The speculative role for TP0038 in D-lactate
import is denoted by a question mark next to the arrow indicating transport. The substrate-level
phosphorylation in the acetogenic pathway is labeled SLP and is enclosed in a blue box. Reactions
utilizing or generating the chemiosmotic gradient are in a pink box labeled C/O. TP0037 is identified as
the D-LDH in this study, and the names of the gene products that putatively fulfill the enzymatic
functions in the acetogenic pathway or D-lactose transport are shown in italics. Abbreviations: D-LDH,
D-lactate dehydrogenase; PFOR, pyruvate:flavodoxin oxidoreductase; Pta, phosphate acetyltransferase;
AckA, acetate kinase; Fld, flavodoxin; CM, cytoplasmic membrane; Pi, inorganic phosphate; acetyl-P,
acetyl phosphate; Nu, nutrient.
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difference electron-density maps associated with this structure were carefully scruti-
nized for evidence of any bound substrates or cofactors, but the only convincing
densities were assigned to solutes in the crystallization medium (ethylene glycol and
chloride ion). We hence considered the structure to be the unliganded or an “apo” form
of the protein.

The TP0037 crystal structure featured two domains with a cleft between them
(Fig. 2; see also Fig. S1 in the supplemental material). The smaller domain which, by
convention (44), we termed the “C” domain (“C” being an abbreviation for “catalytic”),
comprised a central �-sheet flanked by �-helices. The sheet was composed of five
parallel strands and one antiparallel one. Both the amino and carboxyl termini were
present in the C domain.

The second, larger domain, termed the NB domain (NB for “nucleotide-binding”)
because of its role in binding the nucleotide-based cofactor NAD� (or NADH) (44),
harbored a centrally located seven-strand parallel �-sheet. Again, �-helices decorated

TABLE 1 Data collection and refinement statistics of TP0037 crystals

Parameter Value(s)

PDB accession no. 7JP2

Data collection
Space group P212121

Unit cell dimensions (Å)
a 72.7
b 94.7
c 101.4
� (°) 90
� (°) 90
� (°) 90

Resolution (Å) 38.0–1.38 (1.40–1.38)a

Completeness (%) 99.5 (98.8)
Multiplicity 4.3 (4.3)
No. of unique reflections 143,109 (7,071)
Rmerge

b 0.047 (0.296)
�I�/����I�/�� 21.1 (3.3)
Wilson B (Å2) 8.3

Refinement
Resolution (Å) 38.1–1.38
No. of residues 661
No. of nonsolvent atoms 50
No. of solvent atoms 643
Maximum likelihood coordinate error (Å) 0.09

Average B-factors
Macromolecule (Å2) 12.69
Solvent (Å2) 22.83

R values
Rwork

c 0.136
Rfree

d 0.158

Ramachandran statistics
Outliers (%) 0.3
Most favored region (%) 98.3

RMSD
Bonds (Å) 0.005
Angles (°) 0.9

aNumbers in parentheses are the values reported for the highest-resolution shell of reflections.
bRmerge � �hkl �i |Ih,i � �Ih�|⁄�hkl �i Ih,i where the outer sum (hkl) is over the unique reflections and the inner
sum (i) is over the set of independent observations of each unique reflection.

cRwork � �hkl ||Fo| � |Fc||⁄�hkl |Fo|, where Fo and Fc are observed and calculated structure factor amplitudes,
respectively.

dRfree is calculated using the same formula as Rwork, but the set hkl is a randomly selected subset (5%) of the
total structure factors that are never used in refinement.
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both faces of the sheet. Two prominent protuberances emanated from the core of this
domain were defined in the primary structure by residues 119 to 141 and 264 to 279
(Fig. 2), and they play roles in the dimer interface (see below, Fig. 3).

The two domains were connected by a small region comprising the two points at
which the main chain crossed from one domain to the other. They are defined by
residues 300 and 301 and residues 101 and 102 (Fig. 2). Because interdomain motion
is apparently a hallmark of the catalytic action of this class of proteins (44, 45), we
deemed this part of the protein the “hinge region.” This portion of the protein and the
protuberances noted above do not exhibit any evidence of dynamic or static disorder,
as the B-factors for their respective C� atoms do not range much above the average
B-factor for all atoms in the protein.

FIG 2 Crystal structure of TP0037. The crystal structure of TP0037 is shown in ribbon representation, with
helical elements colored green, strands purple, and regions with no regular secondary structure light
blue. The two connector regions noted in the text are colored orange. The N and C termini are labeled
“N” and “C,” respectively. Other regions noted in the text are annotated.

FIG 3 The dimer of TP0037 in the asymmetric unit of the crystals. Ribbon representations of the two
monomers found in the asymmetric unit of the TP0037 crystals are shown. One monomer is colored blue,
the other red. Protuberances belonging to the blue monomer are colored cyan, and those belonging to
the red monomer are colored yellow. The NB and C domains noted in Fig. 2 are also labeled here.
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Two of these bilobed monomers were found in the asymmetric unit of the TP0037
crystals (Fig. 3). The interface between the monomers was formed almost entirely by
the respective NB domains such that the two C domains were found on opposite ends
of the dimer. The NB domain protuberances noted above figured prominently in the
intermolecular contacts, reaching across the dimeric interface and interacting with each
other (Fig. 3). According to the PISA web server (46), the observed dimer had 5,480 Å2

of buried surface area, and the dissociation of the dimer was calculated to have a free
dissociation energy (ΔGdiss) of �36.1 kcal/mol, suggesting that the dimer is stable in
solution.

Comparisons to other structures. Three-dimensional structural comparisons to

known protein structures were conducted using either secondary-structure matching
(SSM) (47) or a heuristic approach (DALI) (48). Both algorithms found that TP0037 best
matched the structure of a putative D-lactate dehydrogenase from a Sporolactobacillus
species (PDB accession number 4XKJ [49]). The root mean square deviation (RMSD) over
332 matched C� atoms was 1.63 Å for SSM, and it was 1.7 Å for the 332 matched C�

atoms by DALI. The second-best match is the D-lactate dehydrogenase from Lactoba-
cillus bulgaricus (PDB accession numbers 1J4A and 1J49 [45, 50, 51]; referred to as
LbD-LDH hereafter), which has been shown to have D-lactate dehydrogenase activity in
vitro (52). SSM ranked 1J4A (50) as a better match to TP0037, with an RMSD of 1.68 Å over
331 matched C� atoms, while DALI gave preference to the related entry 1J49 (51),
comparing it to TP0037 with a 1.9-Å RMSD over 332 C� atoms. The Sporolactobacillus and
L. bulgaricus D-LDHs have amino acid sequences that are 38% identical and that are
structurally similar, having a 1.7-Å RMSD over 331 matched C� atoms. Other high-ranking
structural matches to TP0037 included additional D-isomer-specific 2-hydroxyacid dehydro-
genases from other bacterial species, including Lactobacillus jensenii and Acidaminococcus
fermentans.

The crystal structure of the bona fide D-lactate dehydrogenase from LbD-LDH was
determined with NADH bound (this structure has the accession code IJ49, referred to
above) (45). We superposed this structure on that of TP0037, with the goal of examining
the residues from LbD-LDH with side chains in contact with NADH and their structural
homologs in TP0037. Although conformational variability is a hallmark of D-LDHs, no
significant conformational differences were observed between TP0037 and NADH-
bound LbD-LDH, as implied by the low pairwise RMSD (see above). In LbD-LDH, NADH
bound to the portion of the NB domain that faced the interdomain cleft. In essentially
all cases, the superposition showed that LbD-LDH residues in contact with the NADH
were matched by structurally homologous side chains from TP0037 having either
identical or similar chemical natures (Table 2). It therefore appeared likely that TP0037
was capable of binding to NADH in an analogous manner to LbD-LDH.

A notable exception to the chemical correspondence between the NADH-binding
residues of LbD-LDH and the putative ones of TP0037 occurred at contacts between
LbD-LDH and the adenine moiety of NADH (Fig. 4A). LbD-LDH possesses an asparagine
residue (N212) that apparently made bidentate contacts with the two nitrogen atoms
on the Hoogsteen edge of the base. However, the corresponding residue in TP0037 is
S212, which is incapable of the same bidentate interaction. Several possibilities for the
interaction of TP0037 with this part of the cofactor emerged from a close examination
of the superposition. First, S212 may contact the adenine ring with a single hydrogen
bond to either N7 or the exocyclic N6 amino group; a bifurcated hydrogen bond to
them both was also possible. Also, the preceding amino acid in TP0037 is D211 (A211
in LbD-LDH), which could plausibly adopt a position to interact with N6, with S212
contacting N7. Although the existence of P177 (TP0037) in the place of LbD-LDH’s I176
(Table 2) may appear to be a significant change, these residues exist in nontopologically
constrained loop regions, and the chemical characters of the respective side chains
(containing methylene and/or methyl groups) are similar, and thus, the difference here
is not expected to hamper NADH binding. Attempts to resolve these issues by cocrys-
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tallizing TP0037 with NADH or NAD� did not yield crystals suitable for structural
characterization.

Superpositioning also afforded us the opportunity to scrutinize the disposition of
the residues responsible for catalysis in LbD-LDH and their structural homologs in
TP0037. In LbD-LDH, these residues were E264, H296, and R235. The side chain
carboxylate group of E264 was in contact with the imidazolium moiety of H296, with
the guanidinium group of R235 poised nearby (Fig. 4B). E264, H296, and R235 were the
structural homologs of these amino acids in TP0037, and they adopted similar relative
positions in the putative active site of the treponemal protein. Hence, the structure of
TP0037 revealed that parts of the interdomain cleft closely resembled both the
cofactor-binding site and the active site of a known D-lactate dehydrogenase (LbD-
LDH).

Biophysical studies of TP0037. D-Lactate dehydrogenases are thought to exist as
homodimers in solution, with no indication of ligand-induced oligomerization. How-
ever, this supposition has been inferred mostly from crystal structures (44, 45), size
exclusion chromatography (53, 54), and native polyacrylamide gel electrophoresis (55).
In this study, we sought independent verification of the dimeric oligomerization state

TABLE 2 Residues from L. bulgaricus D-LDH with side chains in contact with NADH and
structural homologs from T. pallidum TP0037

L. bulgaricus
residue

T. pallidum structural
homolog residue

Y101 Y101
I106 I106
V151 L152
G152 G153
G154 G155
H155 R156
I156 I157
Y174 F175
D175 D176
I176 P177
V206 M206
P207 P207
N212 S212
V233 T233
D259 D259
H296 H296
A298 A298
F299 F299

FIG 4 Homologous residues in the cofactor-binding sites and active sites of LbD-LDH and TP0037. In
both parts, gray carbon atoms denote that they are from the LbD-LDH structure, and tan carbon atoms
are from the TP0037 structure. Green carbon atoms are shown for the NADH bound to the LbD-LDH
structure. Nitrogen atoms are colored blue, and oxygen atoms red. Secondary structure from LbD-LDH
is shown in light gray for clarity. Black dashes are putative hydrogen bonds. (A) A difference in NADH
binding. The distances in ångströms are shown next to the broken lines. (B) Key residues in the respective
active sites. The position of the nicotinamide ring in the LbD-LDH structure is shown for reference.
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of TP0037 by characterizing its solution behavior using dynamic light scattering (DLS),
static light scattering (SLS), and analytical ultracentrifugation in the sedimentation
velocity mode (SV).

DLS experiments revealed that the protein was essentially monodisperse (Fig. 5A).
The average polydispersity index calculated from the light-scattering data was very low
(0.01 � 0.02). The intensity-averaged hydrodynamic radius calculated from these ex-
periments was 3.94 � 0.08 nm. The low polydispersity of the protein enabled an
accurate determination of its molar mass using SLS. That calculation yielded a molar
mass of 78,100 � 100 g/mol. With a monomeric molar mass of 39,190 g/mol, these data
were consistent with TP0037 existing as a homodimer in solution.

As an orthogonal method to examine both the monodispersity and the molar mass
of TP0037, we also performed SV experiments and evaluated the data using the c(s)
methodology (56, 57). These studies recapitulated the high degree of monodispersity
in our TP0037 preparations, as the c(s) distributions were dominated by a single peak
at 4.3 Svedberg units (S) (Fig. 5B). No propensity for dissociation (smaller species) nor
additional association (larger species) was noted over a 10-fold span of the concentra-
tion of TP0037 (Fig. 5B). The average molar mass calculated from the three experiments
was 75,800 � 1,600 g/mol, again consistent with the existence of TP0037 as a dimer in
solution.

We also assessed ligand binding to TP0037 using differential scanning fluorimetry
(DSF) (Table 3) (58). We found that the presence of 5 mM NAD� raised the melting

FIG 5 Hydrodynamics of TP0037. (A) Hydrodynamic radius distributions of TP0037. Three technical
replicates (Rep #1 to Rep #3) are shown. (B) Sedimentation coefficient [c(s)] distributions for TP0037.
Distributions for three different concentrations are shown. Both parts were rendered using GUSSI (94).

TABLE 3 Tm values for TP0037 with or without ligands present

TP0037
protein

Tm value (°C)a for TP0037 with the following additive:

No additive 5 mM NAD� 20 mM D-lactate 20 mM L-lactate

Wild-type 49.10 � 0.16 53.38 � 0.09 50.12 � 0.07 49.336 � 0.011
Y101A 53.48 � 0.06 56.97 � 0.05 53.79 � 0.06 53.48 � 0.03
R235A 55.85 � 0.03 59.41 � 0.05 56.207 � 0.016 55.91 � 0.02
H296A 48.68 � 0.07 51.69 � 0.17 48.810 �0.018 48.71 � 0.06
aAll results are the means � standard deviations from three separate Tm determinations.
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temperature of TP0037 by approximately 4°C (P � 1.7 � 10	7, one-sided t test).
Incubating 20 mM D-lactate (without NAD�) with the protein raised the melting tem-
perature (Tm) more modestly (ca. 1°C) but still significantly (P � 0.0002, one-sided t
test). L-lactate raised the temperature less (ca. 0.2°C) but measurably (P � 0.04,
one-sided t test). These results confirm the binding of the necessary cofactor for
catalysis and provide evidence for a strong preference to act on D-lactate rather than
L-lactate.

Mutations of the putative active site residues Y101, R235, and H296 to alanine were
made in anticipation of testing their respective activities (see the next section). We
noted the same overall pattern on the respective Tm values, i.e., 5 mM NAD� raised the
Tm the most, with D-lactate showing a higher increase than L-lactate. We also observed
that two of the mutants, Y101A and R235A, resulted in significant rises in Tm with no
additives (4.4°C and 6.7°C, respectively, with respective P values of 1.2 � 10	6 and
1.5 � 10	6 in one-sided t tests). The origins of these substantial gains in stability are
unknown but clearly indicate that these residues contribute to the metastability of the
protein.

Enzyme activity of TP0037. To test whether TP0037 had D-lactate dehydrogenase
activity, we performed an in vitro enzyme assay using the purified, monodisperse
protein (Table 4). The assay utilized a colorimetric/ratiometric strategy to monitor the
amount of NADH formation in the presence of NAD�, D-lactate, and the enzyme (see
Materials and Methods). For TP0037, we observed a specific activity in this assay of over
5,000 units/mg/ml. Using the same assay, only about one-thousandth of the activity
was observed when using L-lactate as the substrate.

As a test to confirm that the putative active site residues Y101, R235, and H296
all had roles in catalysis, we individually mutated them to alanine and assessed
the respective activities of the mutant proteins (Table 4). Only Y101A showed detect-
able activity in these assays, and its activity was about one-thirtieth that of the
wild-type enzyme. All three proteins have melting temperatures similar to that of the
wild-type enzyme (Table 3), ruling out gross misfolding events as the cause for their
respective diminutions in enzyme activity. It therefore appears that the active site
identified by structural homology (Fig. 4) is operative in TP0037.

Bioinformatics. To maximize the information gleaned from the crystal structure of
TP0037, we initiated a structure-based search of sequence databases for proteins most
similar to the treponemal enzyme. As structurally similar D-lactate dehydrogenases are
widespread in bacteria, a large number of matches from other organisms were uncov-
ered; we examined only the top one hundred, which were ostensibly the most closely
related to TP0037. From these, we constructed a molecular phylogeny (Fig. 6) to aid in
discerning any patterns with respect to the sequence similarities of the TP0037-like
proteins. Notably absent from these matches were D-LDHs from other treponemes;
among the genus Treponema, only T. paraluiscuniculi and T. pallidum subspecies
harbored homologs to TP0037. This finding suggested that these treponemes employ
metabolic strategies that are not present in other members of the genus. Other genes
for TP0037-like proteins were from a wide variety of bacteria, including free-living,
commensal, and pathogenic species (Fig. 6).

Having identified these organisms as encoding TP0037 homologs, we examined the
genomic neighborhood of their respective tp0037-like genes. Proteins from the caus-

TABLE 4 Enzymatic activity of TP0037 and its mutants

TP0037
protein

sp act (U/mg/ml)a

D-Lactate L-Lactate

Wild-type 5,000 � 200 7 � 0
Y101A 172 � 5 0.4 � 0.09
R235A NA NA
H296A NA NA
aAll assays were performed in triplicate; the results shown are averages � standard deviations. NA, not
available.
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ative agents of yaws and bejel (T. pallidum subspecies pertenue and endemicum,
respectively) were not included in this analysis because the amino acid sequences of
their versions of TP0037 were identical to that of T. pallidum TP0037. The tp0037 gene
appears to be co-operonic with one other gene, tp0038. By sequence homology, the
product of the latter gene has been annotated as the enzyme IIC (EIIC) in a carbohy-
drate phosphotransferase system. EIICs are transmembrane proteins that transport
carbohydrates across the bacterial cytoplasmic membrane and facilitate the transfer of

FIG 6 Phylogenetic tree for the most similar TP0037 homologs. The top 100 matches from a BLAST
search of sequence databases using the sequence of TP0037 were culled of duplicates, aligned, and
scrutinized for phylogenetic relationships as described in Materials and Methods. Organism names
represent TP0037-like proteins from the respective bacteria. The organism names shown on a pink
background harbored a directly adjacent (presumably co-operonic) gene encoding a TP0038-like protein.
Shown at the lower left is a scale indicating the amino acid substitutions per site.
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a phosphate to them (59). This raises the intriguing prospect that TP0038 is actually a
D-lactate import protein. Buttressing this notion is the fact that roughly half of other
organisms flagged as carrying TP0037 homolog genes also have an adjacent gene with
homology to TP0038 (Fig. 6).

DISCUSSION

A longstanding conundrum in treponemal biology concerns how T. pallidum, a
highly invasive pathogen, generates sufficient energy to fulfill its complex pathogenesis
processes during human infection. For decades, it has been assumed that T. pallidum
relies solely on glucose catabolism (via glycolysis) for the generation of its ATP (7, 34),
a notion largely supported by genomic information (34); T. pallidum carries a gene(s)
that encodes at least one D-glucose ABC-type transporter (MglB-2) (30, 60) and pos-
sesses all of the enzymes necessary for glycolysis (7, 34, 40). However, T. pallidum lacks
a Krebs cycle as well as oxidative phosphorylation (34), consistent with the facts that
the spirochete readily disseminates within low-oxygen (tissue) environments and is
microaerophilic (61).

A hallmark feature of T. pallidum is its highly motile nature (7, 62) by virtue of its
numerous bipolar flagella (endoflagella) that lie and overlap within the periplasmic
space (and spin asymmetrically) (7, 42). The robust movement of the spirochete implies
that motility is a key virulence factor essential for treponemal tissue invasion and host
dissemination. Bacterial motility typically is dependent on abundant energy generation
(63), somewhat counter to the premise that T. pallidum relies solely on glycolysis, a
pathway severely limited in its ability to generate ATP from glucose. Given this line of
reasoning, we have been pursuing the notion that additional energy conservation
processes, either via a chemiosmotic gradient, substrate-level phosphorylation, or both,
likely exist in T. pallidum to satisfy the spirochete’s presumed dynamic chemotaxis (via
methyl-accepting chemotaxis proteins), motility, and tissue invasion (7, 42).

With this as a backdrop, we recently hypothesized that an answer, at least in part,
to T. pallidum’s energy conundrum lies in what we have termed its “flavin-centric”
metabolic lifestyle (21). Flavin-based energy conservation is garnering increased atten-
tion as a fundamental mechanism of biological energy conservation in anaerobic
acetogenic bacteria (43, 64). Acetogens conventionally utilize a membrane-bound,
flavin-based sodium ion-translocating ferredoxin:NAD� oxidoreductase comprising a
Rhodobacter nitrogen fixation (RNF)-type redox pump (43). The complex catalyzes
electron transfer from the electron donor (reduced ferredoxin) to the electron acceptor
(NAD�), and the negative free-energy change (the redox potential of ferredoxin is lower
than that of NAD�) in this reaction drives the formation of a transmembrane ion
gradient, which can then be used by the ATP synthase module to generate ATP (43, 65).
Acetogens typically also utilize a wide variety of nutrients (including lactate, referred to
herein as “lactate acetogens”) as carbon and energy sources (via substrate-level phos-
phorylation) and converting them to acetate (43). Many of T. pallidum’s overall pro-
teome components are either noncanonical or cryptic, rendering them refractory to
analyses by contemporary bioinformatics for the prediction of alternative energy
conservation systems. In this regard, we have proposed that T. pallidum likely encodes
a noncanonical RNF-type redox system (21), which is functionally akin to aerobic
sodium-dependent NADH:quinone oxidoreductase (NQR) multicomponent complexes
(66–69). RNF-type redox pumps rely not on quinones but on flavin to generate an
electrochemical gradient across the cytoplasmic membrane (T. pallidum lacks quinone
biosynthesis). The gradient generated is requisite for driving additional ATP synthesis
(21, 70) (via activation of the rotary ATP synthase) as well as flagellar rotation (7, 21, 69,
71), processes both believed to be essential to T. pallidum pathogenesis.

One notable difference between classical RNF redox pumps and that proposed for
T. pallidum is that because the spirochete lacks ferredoxin, the treponemal RNF
complex likely relies on flavodoxin for electron transfer (21, 34, 72, 73). However, this
prompts the question as to how the flavodoxin is reduced and how this reducing power
is utilized by the RNF complex (Fig. 1). The answer likely is engendered by our data that
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now establishes T. pallidum as a D-lactate acetogen; that is, the spirochete has the
ability to catabolize D-lactate to acetate. In general, D-lactate is oxidized to pyruvate by
D-lactate dehydrogenase (D-LDH), followed by an oxidative decarboxylation of pyruvate
to acetyl-CoA (and CO2) via a unique flavodoxin (Fld)-dependent pyruvate:flavodoxin
oxidoreductase (PFOR) coupled with Fld reduction (note that T. pallidum lacks a
conventional NAD�-dependent pyruvate dehydrogenase for the conversion of pyru-
vate to acetyl-CoA). As depicted in Fig. 1, acetyl-CoA is then likely converted to
acetyl-phosphate by a putative phosphate acetyltransferase (Pta, TP0094), probably
followed by the transfer of the phosphate to ADP by an acetate kinase (AckA, TP0476),
resulting in the formation of ATP (via substrate-level phosphorylation) and acetate. The
electron carrier (Fld) that has been reduced in this process is used for energizing the
RNF module (see below).

In this scenario, unlike other acetogens, T. pallidum’s Fld-PFOR is poised strategically
at the interface of its D-lactate acetogenesis and the flavin-based RNF module (where
Fld is the central electron carrier). As denoted in Fig. 1, lower-midpoint potential
(reduced) Fld (	450 mV) liberated by PFOR should trigger the thermodynamically
favorable electron transfer to low-midpoint potential NAD� (	320 mV) (74) via the
flavin-based RNF complex; this negative free-energy change creates a chemiosmotic
gradient across the spirochete’s cytoplasmic membrane for nonglycolytic ATP synthesis
via the ATP synthase nanomachine (Fig. 1). In addition, the acetyl-phosphate interme-
diate of the acetogenic pathway is further metabolized to acetate for additional ATP
generation via substrate-level phosphorylation (Fig. 1), thereby ensuring D-lactate-to-
acetate conversion for the maintenance of cellular bioenergetics. Taken together, this
coordination and cooperation of chemiosmosis and acetogenesis for metabolic adap-
tation not only improve overall energy generation for the pathogen but also provide
strategic accommodation for T. pallidum’s metabolic lifestyle under microaerophilic
tissue environments.

The first step in the conversion of D-lactate to acetate in T. pallidum is likely to be the
NAD�-dependent oxidation of the metabolite by D-lactate dehydrogenase (D-LDH) to
form pyruvate and NADH (Fig. 1). The gene product hypothesized to catalyze this
reaction is TP0037. Studies detailed herein, demonstrating structural (Fig. 1 and 3,
Table 2), hydrodynamic (Fig. 5), and functional (Table 4) homologies to known D-LDHs,
confirm that the protein can function as a D-LDH, which is entirely consistent with the
treponeme’s ability to consume D-lactate for its subsequent oxidation to pyruvate (75).
We therefore propose to rename TP0037 TpD-LDH (for T. pallidum D-lactate dehydro-
genase), and the current study provides strong support for the notion that this enzyme
can catalyze the starting point of D-lactate acetogenesis in T. pallidum. Although lactate
is a common substrate for major groups of strictly anaerobic bacteria (43, 64), its
potential role in the bioenergetics of microaerophilic treponemes has remained ob-
scure. Thus, our study clarifies the role of D-lactate utilization as an alternate carbon and
energy source under changing host tissue environments (e.g., high to low O2), where
glucose supplies could be more limited. This metabolic flexibility may play a strategic
role in T. pallidum’s stealth pathogenicity.

The source of D-lactate for this pathway remains uncertain. However, bacteria in the
human microbiome secrete this metabolite into the gastrointestinal tract (76), which
can then be absorbed into the human bloodstream (77). D-Lactate additionally is a
product of the human methylglyoxal pathway (77), which may also contribute to serum
D-lactate levels. D-Lactate uptake and efflux via the monocarboxylate transporters
(MCTs) can be reasonably postulated in most human (and mammalian) tissues, includ-
ing the gut epithelium, skeletal muscle, liver, kidney, neuronal tissues (including the
brain), retina, and various blood cells (78). Although no canonical lactate transporter is
apparent in the genome of T. pallidum (34), an open reading frame for a putative
carbohydrate transporter (tp0038; see Fig. 1) is present in the same operon as that for
TpD-LDH (tp0037), raising the possibility that this transporter is responsible for the
import of D-lactate into T. pallidum (Fig. 1). Furthermore, our gene neighborhood
analysis (Fig. 6) revealed that tp0038-like genes are directly adjacent to tp0037-like
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genes in a diverse set of bacteria, thereby potentially establishing the existence of a
treponemal-type D-lactate import/utilization system in other bacteria.

Despite the apparent broader implications of these findings across many bacterial
species, T. pallidum and its subspecies stand out as the only pathogenic spirochetes to
employ this metabolic/import strategy. For example, the major pathogens Treponema
denticola (periodontal disease) and Borrelia burgdorferi (Lyme disease) do not possess a
TP0037 homolog; instead, they appear to metabolize L-lactate, as they both have an
L-lactate dehydrogenase (TDE_0351 and BB_0087, respectively). This difference may
partly limit the potential use of T. denticola and B. burgdorferi as heterologous systems
for the study of T. pallidum genetics and biology.

Our data in support of a flavin-dependent D-lactate acetogenic energy conservation
pathway is a key feature at the core of T. pallidum’s flavin-centric metabolic lifestyle, in
which D-lactate is implicated as a previously unrecognized energy source. This ad-
dresses, at least in part, the decades-long energetics enigma imposed by the mi-
croaerophilicity of T. pallidum, which does not possess cytochromes, quinones, or
ferredoxin as electron carriers. Therefore, the role of flavin as a central electron carrier
in the D-lactate acetogenic energy conservation pathway (Fig. 1) further validates our
proposed flavin-centric metabolic lifestyle that subserves T. pallidum’s stealth patho-
genicity. The other treponemal enzymes involved in the acetogenic energy conserva-
tion pathway would be pyruvate:flavodoxin oxidoreductase (PFOR), phosphate acetyl-
transferase (Pta), and acetate kinase (AckA). The genes putatively encoding PFOR, Pta,
and AckA are tp0939, tp0094, and tp0476, respectively. Future structural, biophysical,
and biochemical experiments on the products of these genes are warranted to confirm
these respective functions. Our current studies also have laid a foundation for poten-
tially exploiting the recently described long-term in vitro culture system for T. pallidum
(16) for further substantiating the roles of selected enzymes in key treponemal meta-
bolic processes.

MATERIALS AND METHODS
Cloning, protein expression, and protein purification. To produce a recombinant derivative of

TP0037 in Escherichia coli, the DNA fragment encoding amino acid resides 1 to 331 of TP0037 was PCR
amplified from Treponema pallidum genomic DNA, the fragment was digested with BamHI and ligated
into BamHI-cut expression vector pProEX-HTb. E. coli BL21(DE3) competent cells were transformed with
the ligated DNA products and selected for ampicillin resistance on LB agar plates. Cloning junctions/
fragments were verified by DNA sequencing. E. coli BL21(DE3) cells were grown at 37°C in LB medium
containing 100 	g/ml of ampicillin until the cell density reached an A600 of 
0.6. The cells were then
induced for 
20 h with 0.6 mM isopropyl-�-D-thiogalactopyranoside (IPTG) at 16°C and harvested, and
the cell pellets were stored at 	80°C. The procedures for expression and purification of the recombinant
proteins were essentially as previously described (22, 29, 37). The final storage buffer for the protein
comprised 20 mM HEPES (pH 7.5), 100 mM NaCl, and 2 mM n-octyl-�-D-glucopyranoside (BOG).

For the construction of structure-guided recombinant TP0037 (rTP0037) variants, the R235A, Y101A,
and H296A mutations were individually introduced into the plasmid carrying the wild-type tp0037
sequence using the QuikChange site-directed mutagenesis kit (Agilent Technologies). The mutation was
confirmed by DNA sequencing. The mutant protein was expressed and purified as described above.
Protein concentrations were determined in storage buffer using UV absorption at 280 nm. Extinction
coefficients were calculated from the protein sequences using the ProtParam tool of ExPASy server
(www.expasy.org).

Crystallization, data collection, and structure determination. Using the sitting-drop vapor-
diffusion technique in 96-well plates with Structure 1 and 2 (Molecular Dimensions), JCSG plus (Qiagen),
PACT (Molecular Dimensions), and Index (Hampton Research) crystallization suites and a crystallization
robot (Crystal Gryphon), the initial crystallization conditions were determined at 20°C. Crystallization
screens for TP0037 with a protein concentration of 
20 mg/ml (in buffer A) yielded diffraction-quality
crystals in C7 well of Structure 1 and 2 suite (200 mM sodium-potassium phosphate, 100 mM N,N-
methylenebisacrylamide [BIS]-Tris propane [pH 7.5], 20% [wt/vol] polyethylene glycol 3350 [PEG 3350])
after 7 days. The crystals were transferred to the stabilization buffer containing 200 mM sodium-
potassium tartrate, 100 mM BIS-Tris propane (pH 7.5), 100 mM NaCl, 2 mM BOG, 20% PEG 3350, and
various concentrations of ethylene glycol. For cryoprotection, crystals were serially transferred to
solutions containing 5%, 10%, and 15% (vol/vol) ethylene glycol. After about 1 min in this final solution,
the crystals were flash-cooled in liquid nitrogen and stored until data collection.

Diffraction data with a dmin spacing of 1.38 Å were acquired from these crystals at beamline 19-ID at
the Structural Biology Center of the Advanced Photon Source at Argonne National Laboratories (Table 1).
These data revealed that the crystals had the symmetry of space group P212121. The data were indexed,
integrated, and scaled using HKL2000 (79), followed by a treatment to put them on an absolute scale and
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eliminate negative intensities (80, 81). To locate the best search model, a hidden-Markov-based search
of sequence databases was performed with the TP0037 amino acid sequence; the top hit, the (R)-2-
hydroxyglutarate dehydrogenase from Acidaminococcus fermentans (PDB accession code 1XDW [82, 83])
was used after removing hetero-atoms and trimming side chains that were not identical to those in
TP0037 down to the last common atom. The PHENIX GUI (84) implementation of Phaser (85) was used
to calculate phases using molecular replacement, resulting in a final log likelihood gain of 251 and a
translation function Z-score of 14.9. The quality of the initial difference electron density map was poor,
but the model could be completely built using the web-based ARP/wARP server (86). Subsequently, the
model was refined in PHENIX using the rigid-body refinement, simulated annealing, positional refine-
ment, and anisotropic atomic displacement parameter (ADP) refinement protocols. Riding hydrogen
atoms were used at all stages of refinement, and weights for the geometric and ADP terms in the
maximum likelihood algorithms were refined. Coot (87) was used to adjust the model between rounds
of refinement. MolProbity (88) was used for structure validation. The final model contains 661 amino
acids (i.e., the dimer of TP0037), 6 molecules of ethylene glycol, 2 chloride ions, and 643 water molecules.
All structure-containing figures were rendered using PyMol (Schrödinger, LLC).

Dynamic and static light scattering. All DLS and SLS experiments were carried out in a Dynapro
Nanostar instrument (Wyatt Technologies) at 25°C in storage buffer. The sample (5 	l at 1.54 mg/ml) was
dispensed into a quartz cuvette, and the scattered light intensity and fluctuations thereof were
simultaneously monitored. The results reported were from three technical replicates on the same sample.
SLS data were analyzed in Dynamics version 7.5.0.17 (Wyatt Technologies) using a dn/dc value of
0.1887 ml/g. The DLS data were analyzed using Dynamics, which was used in the regularization mode to
calculate hydrodynamic radius distributions as shown in Fig. 5A.

Analytical ultracentrifugation. All analytical ultracentrifugation (AUC) studies were conducted in a
Beckman-Coulter XL-I ultracentrifuge at 20°C. Volumes of 400 	l of various concentrations of TP0037 in
storage buffer were loaded into the sample sectors of charcoal-filled Epon centerpieces that were
positioned between sapphire windows in standard aluminum housings. The same volume of storage
buffer without protein was applied to the sample sectors. The assembled and sealed AUC cells were
inserted into an An50-Ti rotor, which was then placed into the centrifuge. The samples were allowed to
equilibrate at the experimental temperature for 2.5 h prior to centrifugation. The experiment was
commenced by accelerating the rotor to 50,000 rpm; after the target rotor speed had been achieved,
data acquisition was initiated utilizing the absorbance optics tuned to 280 nm. Data were collected
overnight. The data were analyzed using the c(s) model available in SEDFIT (56, 57), with a regularization
level of 0.683 and a resolution of 150.

Differential scanning fluorimetry. To assess protein stability in the presence of ligands, differential
scanning fluorimetry (DSF) of TP0037 and its variants were performed in a 96-well PCR plate (Bio-Rad)
using a real-time PCR instrument (Bio-Rad). For binding assays, ligands were prepared freshly in sterile
water. Each 25-	l standard assay mixture in a 96-well PCR plate contained 20 	l purified TP0037 and
SYPRO Orange (5,000� stock solution; Life Technologies) at 5� concentration in a storage buffer. Five
microliters of ligands were added in each well to final concentrations of 5 mM NAD and 20 mM either
D-lactate or L-lactate. Samples were heat denatured from 4°C to 85°C in 0.5°C steps. The protein unfolding
curves were monitored from the differential fluorescence changes (	ΔF) of protein-bound SYPRO
Orange. The first derivative values (	ΔF/ΔT) reported by the instrument’s software were used to find the
minimum value. The derivative data from this temperature, along with the preceding and succeeding five
data points were fitted with a second-degree polynomial, and this fitting equation was analyzed to find
the true minimum, i.e., the point at which the first derivative of the polynomial equation was 0, which
was taken as the Tm. All such experiments were performed in triplicate, and the reported Tm values were
the means of the replicates.

Enzyme assays. Lactate dehydrogenase activity was assayed using commercially available kits
(Amplite colorimetric D-lactate dehydrogenase assay kit and Amplite colorimetric L-lactate dehydroge-
nase assay kit; AAT Bioquest) according to the manufacturer’s instructions. Briefly, for the D-lactate assays,
the provided NAD was suspended in 100 	l to form a 200� solution. All reactions were carried out in the
wells of 96-well plates; each well contained 100 	l, composed of 0.5 	l NAD, a volume needed to supply
the desired protein mass (10 ng, 1 	g, 10 	g, and 10 	g for wild-type, Y101A, R235A, and H236A,
respectively), with the remainder of the volume comprising the manufacturer’s supplied assay buffer. For
the L-lactate assays, an identical procedure was followed, except that 1 	g of the subject enzyme was
added. The assays were incubated at 37°C for 30 min, followed by detection by monitoring increase in
the A575/A605 ratio in a SPECTRAmax Plus plate reader (Molecular Devices). This value was compared to
a standard curve (all readings were in the linear range of the standard curve) to arrive at the number of
units of activity, which we normalized by the final concentration of the protein in the assay.

Bioinformatics. Protein sequence databases were searched using BLAST (89). The top 100 hits from
this search were further culled, eliminating redundant sequences. The surviving sequences were aligned
using a structure-based alignment technique (PROMALS3D) (90), and the sequence of TP0037 was
represented twice in the alignment, once from the BLAST search and once from the sequence taken from
the PDB file used for the structure-based alignment. After conversion of the result to Phylip format
(insilico.ehu.es/tophylip/), PhyML was used to construct the cladogram, using the LG model for amino
acid substitution (91). The cladogram was visualized and rendered with the Python library ETE version
3.1.1 (92).

Data availability. The crystal structure reported herein has been deposited in the Protein Data Bank
with accession number 7JP2 (www.rcsb.org/structure/7JP2 [93]). Custom Python code (Python 2.7) for
determining Tm from DSF data is available upon request.
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