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Abstract
Tp0655 of Treponema pallidum, the causative agent of syphilis, is predicted to be a 40-kDa
membrane lipoprotein. Previous sequence analysis of Tp0655 noted its homology to polyamine-
binding proteins of the bacterial PotD family, which serve as periplasmic ligand-binding proteins of
ATP-binding-cassette (ABC) transport systems. In the current study, the 1.8-Å crystal structure of
Tp0655 demonstrated structural homology to E. coli PotD and PotF. The latter two proteins
preferentially bind spermidine and putrescine, respectively. All of these proteins contain two domains
that sandwich the ligand between them. The ligand-binding site of Tp0655 can be occupied by 2-(N-
morpholino)ethanesulfanoic acid, a component of the crystallization medium. To discern the
polyamine binding preferences of Tp0655, the protein was subjected to isothermal titration
calorimetric experiments. The titrations established that Tp0655 binds polyamines avidly, with a
marked preference for putrescine (Kd = 10 nM) over spermidine (Kd = 430 nM), but the related
compounds cadaverine and spermine did not bind. Structural comparisons and structure-based
sequence analyses provide insights into how polyamine-binding proteins recognize their ligands. In
particular, these comparisons allow the derivation of rules that may be used to predict the function
of other members of the PotD family. The sequential, structural, and functional homology of Tp0655
to PotD and PotF prompt the conclusion that the former likely is the polyamine-binding component
of an ABC-type polyamine transport system in T. pallidum. We thus rename Tp0655 as TpPotD. The
ramifications of TpPotD as a polyamine-binding protein to the parasitic strategy of T. pallidum are
discussed.
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Introduction
Syphilis, caused by the spirochetal bacterium Treponema pallidum, is a sexually transmitted
infection (STI) of major global importance 1,2. Despite its recognition for centuries, syphilis
remains among the most poorly understood of all STIs. The dearth of knowledge concerning
syphilis pathogenesis stems primarily from the fact that T. pallidum, despite decades of
intensive efforts, still cannot be cultivated continuously in vitro 3. This obstacle has severely
impeded progress in understanding many features of this enigmatic pathogen, particularly the
structures and functions of key treponemal membrane proteins that likely serve at the host-
pathogen interface to facilitate virulence 4-6. Along these lines, the initial discovery of
membrane lipoproteins in T. pallidum 7,8 prompted new avenues of investigation into
treponemal membrane biology. In other bacteria, membrane lipoproteins have importance as
virulence factors, modular components of ATP-binding cassette (ABC) transporters, enzymes,
receptors, protective immune targets, and proinflammatory agonists that contribute to the
innate immune response 9-16. Genome analysis now predicts that T. pallidum devotes as much
as 4.3% of its genetic coding capacity to lipoproteins 17. The absence of in vitro cultivation
and genetic manipulation of T. pallidum, however, has greatly hindered the ability to
characterize the functional aspects of T. pallidum’s membrane lipoproteins.

As a strategy for investigating the unusual membrane biology of T. pallidum, we have been
pursuing a structure-to-function approach, with the objective of formulating new testable
hypotheses regarding the potential function(s) of a number of the treponemal lipoproteins. This
approach has led to the structural and functional characterization of at least four other T.
pallidum lipoproteins 18-21. In the current study, we have focused our efforts on Tp0655,
predicted to be a lipoprotein. The genome of T. pallidum contains four contiguous genes,
annotated as potABCD, that encode a putative spermidine/putrescine ABC transporter 22.
Putrescine, spermidine, and spermine are polyamines that play important roles in cellular
processes such as cell growth, differentiation, and cell death 23-25. Tp0655 has sequence
homology to PotD of E. coli; in E. coli, PotD is the spermidine-preferring periplasmic ligand-
binding protein (pLBP) component of the ABC transporter system 26,27. E. coli encodes
another ABC-type polyamine transport system (potFGHI), wherein the binding protein, PotF,
specifically binds putrescine 28.

Little is known about polyamine transport in mammals, but many bacterial uptake systems
have been identified. Some species have a single carrier for the three major polyamines, but
others have at least two transport systems that have different specificities. E. coli, for example,
harbors both spermidine- and putrescine-specific transporters in addition to the enzymes
required for de novo polyamine synthesis 29,30. By contrast, T. pallidum appears to have only
one polyamine uptake system 22,29. Also, unlike E. coli, T. pallidum lacks the enzymes
necessary to synthesize polyamines, hence its reliance on an uptake system to maintain
optimum levels for metabolism.

To investigate whether the PotD homolog (Tp0655) is likely to fulfill the polyamine
requirement for T. pallidum, we determined the crystal structure of the binding component of
Tp0655 and elucidated its substrate specificity. The results demonstrated that Tp0655, which
is likely a pLBP, preferentially binds putrescine, but also binds spermidine. The importance
of Tp0655 as an ABC-type receptor that is tethered to the cytoplasmic membrane (via its lipid
anchors) and the potential relationship of Tp0655′s affinity for polyamines to treponemal
survival within the human host are discussed. These findings add to our knowledge of key
physiological functions for the treponemal membrane lipoproteins and their potential
relationships to T. pallidum membrane biology and virulence expression.
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Results & Discussion
Structure Determination and Description

The crystal structure of rTp0655, the non-lipidated version of Tp0655 (residues 2-324, lacking
the N-terminal cystein), was determined by sulfur single-wavelength anomalous dispersion
(sulfur SAD) using Cu-Kα X-rays from a rotating anode; diffraction data to a resolution of 1.78
Å were used (Table 1). The asymmetric unit contains one molecule of rTp0655 with dimensions
of about 55 × 42 × 30 Å. The first 25 residues belonging to the cloning linker and the following
four native residues of the crystallized protein could not be located in the electron density.

The structure of rTp0655 is typical for group I pLBP’s 31. It consists of two globular domains,
each containing a central five-stranded mixed β-sheet. The sheets are flanked on both sides by
six and eight α-helices in the N-and C-terminal domains, respectively (Figure 1A). The N-
terminal domain (N-domain) contains residues 7-109 and 241-291, and the C-terminal domain
(C-domain) contains residues 114-236 and 292-325. A region (residues 110-113 and 237-240)
that links the N- and C-domains is composed of parts of a two-stranded central β-sheet. Also,
this linker region contains a loop around Pro292. Our crystal structure of rTp0655 contains
two bound molecules of 2-(N-morpholino)ethanesulfonic acid (MES), a buffer component
included in the crystallization medium (one of which is shown in Figure 1B).

rTp0655 is structurally very similar to the ligand-bound, closed forms of PotD, the binding
protein for the spermidine-preferential uptake system 27, and PotF, the binding protein for the
putrescine-specific uptake system in E. coli 32. The superposition of rTp0655 with PotD
complexed with spermidine (PDB entry 1POY) shows that 185 of rTp0655′s Cα atoms are
equivalent to Cα atoms in PotD, with an r.m.s.d. between these atoms of 1.33 Å. The
superposition of rTp0655 with PotF complexed with putrescine (PDB entry 1A99) results in
an r.m.s.d. of 1.36 Å for 183 equivalent Cα atoms (Figure 2). PotD and PotF bind their
respective ligands in a deep cleft at the interface between the N- and C-domains 27,32. In
contrast to PotF, rTp0655 does not contain a disulfide bond. One of the MES-binding sites in
rTp0655 coincides with the polyamine-binding sites in PotD and PotF. Ligand binding to PotD
and PotF leads these proteins to adopt their closed structures in a manner typical for most
periplasmic binding proteins. In comparison, the rTp0655 structure does not appear to be as
fully closed.

The second MES-binding site is located on the “back” surface of the molecule as oriented in
Figure 1A (not shown). The site, which is about 13 Å distant from the putative polyamine-
binding site, is likely adventitious.

Binding Studies
Based on the sequential and structural similarities between rTp0655, PotD and PotF, we
hypothesized that Tp0655 is a polyamine-binding protein. In order to study the binding of
polyamine molecules to Tp0655, it was desirable to prepare ligand-free protein. Previously,
we found that overexpressed pLBPs sometimes contain tightly bound ligands procured from
the cytoplasm of the expression organism 19-21. Therefore, to remove bound ligands that could
interfere with binding assays, Tp0655 was subjected to an unfolding/washing/refolding
protocol as outlined in Methods. MES was excluded from all buffers used to prepare the protein
because of that compound’s potential for competing with the polyamines for binding to
rTp0655. The refolded protein is hereafter termed “apo-rTp0655.” Apo-rTp0655 was a well-
behaved monomer in solution; in this preparation, ∼95% of the material exhibited a
sedimentation coefficient of 3.2 S and a frictional ratio of about 1.2. The estimated mass from
the AUC experiment (∼34 kD) is consistent with the monomeric molecular mass of apo-
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rTp0655 (∼39 kD). These data allow the conclusion that apo-rTp0655 is a well-folded
monomer in solution.

Isothermal titration calorimetry (ITC) was used to examine the ability of apo-rTp0655 to bind
to five polyamines: 1,3-diaminopropane (DAP), putrescine, cadaverine, spermidine, and
spermine (Figure 3). All of the ITC data exhibiting significant heats were fitted using a single-
site binding model (Figure 4, Table 2). Putrescine exhibited the strongest binding to apo-
rTp0655 (dissociation constant, Kd = 10 nM), while spermidine (Kd = 430 nM) and DAP (Kd
= 5 μM) bound significantly more weakly. No evidence of cadaverine or spermine binding was
observed in the titrations. All of the interpretable titrations demonstrated that one polyamine
molecule bound to one site on apo-rTp0655; that is, the stoichiometry (n) of binding was 1.
The seemingly low value of n for spermidine (0.65) almost certainly does not imply half-site
binding; rather, it probably indicates that the concentration for the batch of spermidine used in
these experiments was higher than assumed, or that a portion of the refolded protein was
incompetent to bind polyamine. Supporting this contention is the fact that, in other experiments
under similar conditions, the n-value of spermidine binding to apo-rTp0655 was 1 (data not
shown). We conclude that apo-rTp0655 has a single binding site for one polyamine molecule,
and that this protein has a pronounced preference for putrescine over all other polyamines
examined.

The ITC data also permitted the calculation of the apparent contributions that enthalpy
(ΔHapp) and entropy (ΔSapp) make to the overall binding of polyamines to apo-rTp0655.
Apparent values were derived because the observed ΔHapp values include both the intrinsic
heat of binding and also any heat derived from the release or uptake of protons by the buffer
(Bicine) during the binding event. For putrescine binding to apo-rTp0655, most of the free
energy of association (ΔG = -10.8 kcal/mol) was contributed by the enthalpic term (ΔHapp
=-7.3 kcal/mol), but there was also a significant contribution from the entropic term (-
TΔSapp = -3.5 kcal/mol). For spermidine, the situation was reversed; the enthalpy (ΔHapp =
+3.2 kcal/mol) did not favor binding, but a large entropic term (-TΔSapp = -11.7 kcal/mol)
compensated and resulted in a favorable ΔG (-8.5 kcal/mol). The thermodynamic parameters
of the association of DAP and apo-rTp0655 appeared to be intermediate between those of
putrescine and spermidine. Although the enthalpy was favorable (ΔHapp = -2.4 kcal/mol), the
majority of ΔG was contributed by the entropic component (-TΔSapp = -4.7 kcal/mol). These
observations can be explained by a model in which the polyamine-binding site of apo-rTp0655
is occupied by water molecules that are displaced upon ligand binding, resulting in a positive
entropic contribution to the free energy of the interaction. In addition, the desolvation of the
ligand, which may be a prerequisite of polyamine binding, could also increase ΔSapp. Upon
putrescine binding to apo-rTp0655, waters are liberated by desolvation and ligand
displacement. The larger entropies observed upon the binding of spermidine or DAP suggest
that more waters are liberated by ligand binding and/or desolvation when either of these two
polyamines binds to Tp0655.

The existence of ligand-induced oligomerization or conformational change was studied using
AUC experiments. These studies demonstrated that, regardless of the presence or absence of
putrescine or spermidine, the s20,w value of the protein remained constant at 3.2 S. The
sedimentation velocity methodology employed in this report should be able to detect changes
in sedimentation coefficient as small as about 0.1 S. Therefore, any conformational changes
that might occur upon ligand binding are probably small. These data agree with the finding
during the purification of rTp0655 that the protein was a well-behaved monomer in solution
(not shown).

Based on its sequential homology to PotD, Tp0655 has tentatively been annotated as a
“spermidine/putrescine transport system substrate-binding protein” in the genomic database.
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An examination of the T. pallidum genome revealed that two putative ABC-type permeases
(Tp0653, Tp0654) and an ABC-type ATP-binding protein (Tp0652) are encoded directly
adjacent to Tp0655. The current results demonstrate the structural similarity of rTp0655 to
PotD and PotF. Also, we have demonstrated that apo-rTp0655 binds to polyamines. Given all
of these data, there is a strong likelihood that Tp0655 is the polyamine-binding component of
an ABC-type polyamine-transport system in T. pallidum.

Polyamine Binding Site in rTp0655
Based on the presented binding studies and the three-dimensional structure, it is likely that the
polyamine-binding sites of rTp0655, PotD, and PotF are structurally similar. The polyamine-
binding site is located in the deep cleft in the center of the molecules. Using Figure 1A as a
reference, the “bottom” and “top” of the cleft are lined by residues from the N- and C-domains,
respectively. Residues from the linker region form the back of the binding site. In the rTp0655
crystal structure, the polyamine-binding site is occupied by a MES molecule (Figures 1B &
2). It is situated deeply in the binding cleft, reminiscent of the way spermidine is bound to
PotD, with the sulfonate group being at a position equivalent to the N10 nitrogen of spermidine.
The MES molecule establishes an interaction between its sulfonate group and the side chain
of Lys305, a direct hydrogen bond between the N4 nitrogen atom of MES and Asp240, two
water-mediated hydrogen bonds bridging sulfonate oxygen atoms and Asn42 and Asp64, as
well as hydrophobic interactions with Trp14, Tyr17, and Tyr238, which cradle the morpholino
moiety of the MES molecule.

Structural Determinants of Polyamine Binding
A specific problem presents itself with establishing specificity in proteins that bind very similar
ligands made up of smaller subunits, such as oligosaccharides or polyamines. A protein that
specifically binds a larger oligomer must ensure that a smaller oligomer does not become a
significant competitor. Likewise, because proteins that bind similar ligands often have
significant structural similarities and are often even derived from a common ancestor,
mechanisms must exist that prevent binding of larger ligands when specificity for a smaller
one is required. The presence of multiple interaction sites for the subunits of an oligomeric
ligand also poses the problem of overlapping binding modes for smaller oligomers or
monomers. Finally, for those proteins that must bind both smaller and larger variants of
oligomers, specific sets of interactions must exist in the binding site that assure high-affinity
binding for differently sized ligands. These aspects have been studied in great detail in some
systems, such as for carbohydrates binding to oligosaccharide-converting enzymes 33,34. By
contrast, despite the fact that structural analysis of PotD and PotF combined with mutagenesis
studies revealed important insights into their ligand-binding properties, the mechanisms for
achieving specificity in polyamine-binding proteins were not established.

As a first step in understanding the specificity of polyamine binding proteins, we note that
many of the residues lining the clefts in PotD, PotF and rTp0655 are strictly or functionally
conserved (Figure 5), yet the ligand specificities of these proteins vary. Although no rigorous
binding studies have been carried out for PotD and PotF, it seems that PotD prefers spermidine,
but also binds putrescine 35, whereas PotF binds only putrescine 36. As described above,
Tp0655 can bind both spermidine and putrescine, but clearly prefers putrescine. A
superposition of PotD and PotF shows that putrescine (1,4-diaminobutane) in PotF binds into
the polyamine-binding cleft at the same location as the N1-N6 portion of spermidine in PotD
(Figure 2). The extent of the binding sites is about the same in all three proteins. No large side
chains protrude into the cleft in PotF that would prevent access of spermidine. It is thus likely
that the specific interactions with ligands determine the specificities of polyamine-binding
proteins.
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One can define three main a priori principles that are expected to govern the binding specificity
for putrescine or spermidine in architecturally similar proteins. The first principle specifies that
these proteins must have some means of excluding chemically similar competitor molecules.
Polyamine binding appears to be dominated by specific ionic and hydrogen-bond interactions
that anchor the presumably positively charged amino groups and place them at strategic
locations in the binding cleft. We here define three “anchor regions,” each corresponding to
the position of a nitrogen of spermidine when bound to PotD. Structurally analogous regions
of other PotD-like proteins are referenced in the same way. Hence, the “N1 anchor region”
refers to the residues surrounding N1 of bound spermidine; likewise for the N6 and N10 anchor
regions. Additional hydrophobic interactions are established with the aliphatic portions of
bound polyamines. The anchor regions must be fairly rigid in their spacing, because the
asymmetric spermidine binds directionally to PotD, i.e., with only one orientation, although
the lengths of the two portions of spermidine differ only by a single methylene group. The
strict ruler-like spacing is not compatible with cadaverine (1,5-diaminopentane) binding, likely
explaining why this molecule does not associate with rTp0655. The spacings between the two
amino moieties of 1,3-DAP and between N6 and N10 of spermidine are identical, which
suggests that apo-rTp0655 uses the same residues to bind DAP and the aminopropane moiety
of spermidine. This hypothesis is analogous to the supposition 27 that PotD uses the same
residues to bind both putrescine and the putrescine moiety of spermidine.

The second principle specifies that, to prefer putrescine to spermidine, a protein should
emphasize binding the N1 and/or N6 amino groups of the polyamine, because a large part of
the binding energy must come from these moieties. Likewise, to prefer spermidine to
putrescine, a protein should de-emphasize binding the N1 and/or N6 amino groups of the
polyamine. This principle manifests itself in the more intimate interactions between PotF and
the N1 anchor region of putrescine compared to spermidine binding to PotD. Although the
locations of the anchor regions are preserved in PotD, PotF and rTp0655, their exact
architectures vary. In PotD, the N1 amino group of spermidine forms an ionic interaction with
Glu36 and a hydrogen bond with the side chain of Thr35, both of which belong to the N-domain.
By contrast, in PotF, the N1 amino group of putrescine engages in a larger number of
interactions, a fact that has been deemed important for putrescine to bind with high affinity
32. Specifically, the putrescine N1 amino group establishes an ionic interaction to Asp247 from
the C-domain and two hydrogen bonds to the main chain carbonyls of Ser38 and Asp39,
respectively. In addition, two water molecules are hydrogen-bonded to the N1 amino group as
well as to each other. One of these water molecules establishes a hydrogen bond with the side
chain of Ser38. The second water molecule establishes hydrogen bonds with the main chain
of Ser226 and with the side chain of Asp247. PotF has an acidic residue (Asp39) in the N-
domain that is structurally equivalent (in terms of Cα position) to the critical Glu36 in PotD.
Replacing this residue with asparagine did not affect putrescine binding 32. Indeed, the crystal
structure of PotF shows that the Asp39 side chain is pointing away from the ligand-binding
site and does not establish interactions with putrescine. Instead, the side chain of Asp247
provides the stabilizing negative charge. Replacing this residue with an alanine completely
abolishes putrescine binding 32. Asp39 is apparently not able to substitute. The water
molecules involved in the N1 anchor region appear to be important for binding as well.
Substitution by alanine of Ser38, whose side chain hydrogen-bonds with one of the stabilizing
water molecules, led to an ∼80% reduction in putrescine binding. The equivalent residue in
PotD is Thr38, but its side chain is not involved in a water-mediated hydrogen bond to the N1
amino group of spermidine. The absence of stabilizing water molecules is probably due to the
lack of the acidic residue in the C-domain that is equivalent to Asp247 in PotF (the structurally
equivalent residue is Ser232).

By contrast, the N6 anchor region does not appear to be a major specificity determinant. This
anchor region consists primarily of an ionic interaction with an aspartate (Asp257 in PotD and
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Asp278 in PotF, respectively). The electrostatic interaction with a negatively charged residue
is crucial for stabilizing the N6 amino group. Substitution of Asp278 with asparagine in PotF
abolished putrescine binding 32. PotF has an additional, water-mediated hydrogen bond to
Glu185. However, this residue is sequentially and spatially conserved in PotD (Glu 171),
making it unlikely that this residue could provide for putrescine specificity.

The third principle specifies that the binding site of a putrescine-preferring protein should
provide an architecture that is unfavorable to binding of the aminopropane moiety of
spermidine. Conversely, the binding site of a spermidine-preferring protein should provide an
architecture that is favorable to binding of the aminopropane moiety. The veracity of this
principle can be assessed by examining the N10 anchor region in PotF and the analogous area
in PotD. In PotD, the N10 amino group forms an ionic interaction with Glu171 (distance of
about 2.6 Å) and a presumably weaker interaction with the side chain of Asp168 (distance of
about 3.8 Å). In addition, it engages in hydrogen bonds with the amide oxygen of Gln327 and
the hydroxyl group of Tyr85. Although PotF contains Glu185, which is structurally equivalent
to Glu171 in PotD, it does not have residues that are structurally equivalent to the other residues
in PotD that interact with the spermidine N10 amino group. In all cases, the substituting residues
in PotF are smaller, and in two cases (Asp168/Ala182 and Gln327/I348), the equivalent PotF
residue is hydrophobic. The loss of hydrogen-bonding potential and the increase in
hydrophobicity in the binding pocket may act to disfavor the binding of the polar aminopropyl
moiety of spermidine to PotF. As is the case for the N1 and N6 anchor regions, a negatively
charged residue is crucial for binding of the N10 amino group. Interestingly, Glu185 in PotF
is structurally equivalent to the crucial Glu171 in PotD. As mentioned above, in PotF, this
residue forms a water-mediated hydrogen bond to the N6 of putrescine, but it is in principle
poised to also bind spermidine through an electrostatic interaction. Overall, the N10 anchor
region in PotF appears less well suited to bind the aminopropyl portion of spermidine. This
region in PotF should in fact disfavor binding of an N10 amino group; otherwise spermidine
would become a significant competitor. The architecture of the N10 anchor region in PotF does
not appear to sterically exclude spermidine. Therefore, any potential favorable interactions in
this region must be over-compensated by unfavorable effects upon spermidine binding, for
example, a large loss of entropy or the necessity to displace tightly bound water molecules
from the binding cleft.

Given that the three a priori principles hold true for PotD and PotF, we investigated whether
they can be extended to rTp0655, which can bind both spermidine and putrescine, but prefers
putrescine (Figure 4; Table 2). rTp0655 is only the third receptor component of polyamine
transporter systems for which a crystal structure is available. Based on its polyamine-binding
characteristics, one can hypothesize that rTp0655 shares structural features of the PotF N1 and
N6 anchor regions as well as structural features of the PotD N10 anchor region. An examination
of the rTp0655 crystal structure shows that the N1 anchor region indeed bears the hallmarks
of the PotF N1 anchor region. Specifically, the negatively charged residue is provided by the
C domain and not by the N-terminal region. This residue is Glu211 in rTp0655, which is
equivalent to Asp247 in PotF. Tp0655 does not have an N-terminal acidic residue equivalent
to Glu36 in PotD.

The anchor region at the N6 position in rTp0655 is very well conserved and comprises
equivalent residues that can establish interactions with a bound polyamine as observed in PotD
and PotF. These similarities support the hypothesis that the N6 anchor region does not appear
to provide any polyamine-specificity determinants.

The N10 anchor region in rTp0655 contains the negatively charged residue (Glu150) that is
conserved in PotD and PotF. In addition, it also has the second acidic residue (Asp147) that is
found in PotD (Asp168) but not in PotF. Likewise, in Lys305, rTp0655 has a residue whose
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side chain is capable of establishing a hydrogen bond with the N10 of spermidine, like Gln327
in PotD. PotF does not have an equivalent residue that could engage in such a stabilizing
interaction. It should be noted that, in the rTp0655-spermidine interaction, either the lysine or
N10 must not be charged in order to avoid electrostatic repulsion. Taken together, the N10
anchor region in rTp0655 shares some aspects of that in PotD and is less similar to that in PotF.
The rTp0655 protein therefore fits well into the principles laid out above - it has rigid anchoring
regions that exclude the binding of cadaverine, it is similar to PotF in its N1 anchor region,
and its N10 anchor region does not provide the same favorable interactions that are present
there for PotD. In fact, Tp0655 provides at the N10 anchor region a positively charged residue,
which could discourage the binding of spermidine that is positively charged at N10. The large
entropy gain and smaller enthalpy upon spermidine binding to apo-rTp0655 suggest that the
requirement for the displacement of bound water deleteriously affects spermidine binding
relative to that of putrescine.

With three crystal structures available for polyamine-binding proteins with binding profiles,
one can attempt to establish rules for predicting the specificity of polyamine binding in other,
homologous proteins.

First, in the N1 anchor region, the presence of an acidic residue equivalent to Asp247 in PotF
or Glu211 in rTp0655 indicates a preference for putrescine. Likewise, the absence of such an
acidic residue and the presence of an acidic residue equivalent to Glu36 in PotD indicate a
preference for spermidine.

Second, putrescine-binding proteins should also have a residue equivalent to Ser38 in PotF
that is able to participate in the water network in the N1 region.

Third, in the N10 anchor region, the presence of a second negatively charged residue equivalent
to Asp168 in PotD or Asp147 in rTp0655 and/or a potential hydrogen bond partner equivalent
to Gln327 in PotD or Lys305 in rTp0655 indicate a preference for spermidine.

It should be noted that there might be polyamine-binding proteins with specific mechanisms
of achieving specificity that do not obey the above rules. For example, the N10 anchor region
could be occupied by a bulky side chain, preventing the longer spermidine from entering the
cleft.

Sequence conservation in the PotD family
Proteins with sequence homologies to PotD have been placed in a Cluster of Orthologous
Groups family called COG0687. This family contains many PotF homologues as well. Based
on the homologous structures of rTp0655, PotD, and PotF, a careful structural alignment was
performed. The other 110 sequences from COG0687 were aligned to the structure-based
alignment. The result is shown in Figure 6 (the rTp0655 numbering will be used for this
discussion). The mean similarity among proteins in this family is about 60%. Residues whose
side chains putatively make direct polar contacts to bound ligand at the N1 or N6 anchor
positions are very well conserved (83-84% similarity). However, residues whose side chains
make such contacts at the N10 anchor position are not as well conserved (45-58%). This
discrepancy is to be expected because the family consists of both putative spermidine- and
putrescine-binding proteins, and the latter are not expected to have residues conducive to
spermidine binding at the N10 anchor position. Notably, the hydrophobic residues whose side
chains putatively form van der Waals contacts with bound polyamines are well conserved
(similarities range from 77% to 93%). It should be noted that, in this alignment, two positions
are strictly conserved: 133 and 257. These positions always have hydrophobic residues.
However, they are not located at the spermidine/putrescine binding sites. Instead, they are parts
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of the hydrophobic cores of the proteins. Their strict conservation indicates that these positions
are especially sensitive to substitution, implying that they may be important for protein folding.

The three rules for polyamine binding delineated above can be applied to the structure-based
sequence alignment. Proteins obeying rules 1 and 2 should bind to putrescine; 36 of the 110
proteins in COG0687 fall into this category. Those proteins conforming to both provisions of
rule 3 should bind spermidine; 23 of the proteins fit this criterion. Eight proteins of the COG
obey all of the rules. Tp0655, of course, is one of them. The seven other proteins may therefore
be polyamine-binding proteins that prefer putrescine to spermidine. These proteins are
AF1605m (Archaeoglobus fulgidus), APE0945 (Aeropyrum pernix), PAE0953 (Pyrobaculum
aerophilum), VC0704 (Vibrio cholerae), SMc00991 (Sinorhizobium meliloti), DR1305
(Deinococcus radiodurans), and UU110 (Ureaplasma urealyticum). Only two of these
organisms (S. meliloti and V. cholerae) are known to have more than one polyamine-binding
LBP. It is therefore possible that these proteins serve as the sole means of binding extracellular
polyamines for transport into the cytoplasms of the remainder of the above-named organisms.
Of the 110 proteins that make up COG0687, 25 do not obey any of the rules. The outlying
proteins could use alternative, as yet undefined mechanisms. In addition, some of these proteins
simply may have been wrongly annotated as PotD-like.

Spermidine/putrescine-binding proteins are a prime example for how specificity is obtained in
proteins that bind ligands with very similar structures. The available structural and sequence
data have allowed us to identify general strategies for determining specificity in this class of
proteins. Based on this analysis, we surmise that most of the proteins in the COG0687 family
bind polyamines using means similar to those described in this report.

Summary & Implications
Polyamines, such as putrescine, spermidine, and spermine, are small, positively charged
molecules present in both prokaryotic and eukaryotic cells 30,37. In bacteria, it is clear that
polyamines play important roles in cell growth, as well as in transcription and translation 25,
30,38. Although de novo biosynthesis typically contributes to the intracellular levels of
polyamines, bacteria often also posses a polyamine uptake system that, when needed, can
substitute for de novo synthesis 29,37. Putrescine can be synthesized from L-ornithine by
ornithine decarboxylase (ODC; EC 4.1.1.17), which is the target for the Trypanosoma
brucei (agent of sleeping sickness) drug difluoromethylornithine 39. Also, putrescine may be
synthesized indirectly from L-arginine by arginine decarboxylase (ADC; EC 4.1.1.19) 23,30,
37. Both the ODC and ADC pathways are common in virtually all living cells, and often they
are found together in the same organism. Putrescine can be converted to spermidine and
spermine by spermidine synthase (EC 2.5.1.16) and spermine synthase (EC 2.5.1.22),
respectively.

Most of our knowledge of polyamine physiology and biosynthesis in prokaryotes is derived
from studies with E. coli. Apart from its biosynthetic capability, E. coli also depends on three
polyamine uptake systems to maintain optimal intracellular polyamine levels 29,40. The first
is an ABC-type system that is preferential for spermidine and that consists of the PotA, PotB,
PotC, and PotD proteins. The second system, which is also of the ABC-type but with a
preference for putrescine, is comprised of the PotF, PotG, PotH, and PotI proteins. A third
system is involved in the excretion of putrescine; it relies on a single protein, PotE, which is a
putrescine-ornithine antiporter. Both T. pallidum and Borrelia burgdorferi (the agent of Lyme
disease) are predicted to lack ODC- and ADC-mediated biosynthetic pathways 22,41, and thus
likely are polyamine auxotrophs. However, they are postulated to encode ABC-type operons,
denoted as potABCD, whose putative functions are to import polyamines from their
extracellular environments. In T. pallidum, the four contiguous genes Tp0652, Tp0653,
Tp0654, and Tp0655 are orthologs of E. coli PotA (ATP-binding protein), PotB (permease
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component), PotC (permease component), and PotD (spermidine/putrescine-binding protein),
respectively 22,29 although Tp0655 also has structural similarity to E. coli PotF (current study).
Relative to the function of Tp0655 investigated herein, it is noteworthy that T. pallidum has a
limited genome, and thus limited biosynthetic capability 41, which likely is a reflection of its
restricted (human) host range. In contrast, the closely related saprophytic treponeme T.
denticola encodes an ortholog of ODC (TDE1109), and thus T. denticola seems to rely on a
biosynthetic pathway that is ODC-based to satisfy its polyamine requirement(s) 42.

The pathogenesis of syphilis is complex, occurring in stages and characterized by protracted
asymptomatic periods (e.g., latency) 43. Many details of the pathogenesis of syphilis remain
unknown. One such information gap concerns where viable spirochetes reside within the
human body during latency. Based on decades of histopathological studies, there is no
compelling evidence that T. pallidum resides inside cells during human infection, and hence
it is widely accepted that T. pallidum is an extracellular pathogen 43. On the other hand, the
paucibacillary nature of syphilis makes demonstrating viable treponemes in any tissue or body
fluid a formidable challenge. An intracellular residence by T. pallidum, however, could partly
explain its characterization as a “stealth pathogen” 5: that is, a bacterium that escapes the host’s
vigorous immune responses, leading to a state of bacterial chronicity 43.

If T. pallidum is an extracellular pathogen, as conventionally thought, our data raise an
interesting paradox. Polyamines are present in very low concentrations in vaginal secretions,
interstitial fluids, and serum 44-48, all presumed to be relevant to treponemal survival during
one of more phases of transmission, infection, and dissemination. Despite these low levels, the
sub-micromolar binding constants we determined for polyamine binding to Tp0655 must still
be sufficient to supply T. pallidum with these essential nutrients. On the other hand, intracellular
concentrations of polyamines in eukaryotic cells are high (millimolar) 30,38. It is therefore
tempting to revisit the notion that T. pallidum may invade host cells at some point during disease
progression, wherein the uptake of host-derived polyamines via the PotABCD transporter
would have an important role in parasitic growth. Regardless, our ITC-based ligand-binding
analyses demonstrated that Tp0655 has a 40-fold preference for putrescine (over spermidine),
implying that its function is more akin to the putrescine-binding protein PotF. However, T.
pallidum is predicted to lack spermidine synthase for the conversion of putrescine to
spermidine. It is thus plausible that Tp0655 mediates the uptake of both putrescine and
spermidine to fulfill the metabolic requirements of T. pallidum. Given the available data, we
conclude that Tp0655 is the polyamine-binding component of an ABC-type polyamine
transport system (potABCD) in T. pallidum. Consequently, we propose that Tp0655 be denoted
as TpPotD.

Experimental Procedures
Construction of His6-tagged rTp0655

To produce a non-lipidated, recombinant derivative of Tp0655 (rTp0655) in E. coli, a DNA
fragment encoding amino acid residues 2-324 (cloned without the post-translationally modified
N-terminal Cys residue) was amplified by PCR from treponemal genomic DNA using primer
pairs encoding the predicted 5′-and 3′-termini. The PCR primers were 5′-
GCGGCCGCCTGCAGACACGACAGGATGTCCTG-3′ and 5′-
GGATCCTATTACCTAAATCGCACCGCGTTCCAG-3′. In the preceding sequences, the
region of each primer complementary to the tp0655 sequence is underlined. The forward primer
contained a NotI site (bold); the reverse primer contained a BamHI site (bold). The PCR was
performed using TaKaRa Ex Taq DNA polymerase (TaKaRa Bio Inc.). The resulting PCR
product was cloned into the pGEM-T Easy vector (Promega) and transformed into E. coli XL1-
Blue cells (Stratagene) and the plasmid DNA isolated from colonies that tested positive by
restriction digest were verified using standard DNA sequencing techniques. The insert

Machius et al. Page 10

J Mol Biol. Author manuscript; available in PMC 2008 October 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



fragment was excised by digestion with NotI and BamHI and then ligated into the
corresponding restriction sites of the expression vector pIVEX2.4d vector (Roche). The
resultant construct encoded a fusion protein with a His6-tag at its N-terminus; this His6-tag
region is cleavable by Factor Xa. Ligation mixtures were transformed into E. coli XL1-Blue
cells and plasmid DNA isolated from colonies were verified by DNA sequencing. The
sequenced verified plasmid was then transformed into E. coli BL21 AI (Invitrogen) cells for
protein expression.

Expression and Purification of rTp0655
E. coli BL21 AI cells were grown at 37 °C in LB medium containing 0.1% (w/v) glucose and
100 μg/mL of ampicillin until the cell density reached an A600 of 0.5. The culture was then
induced for 3 h with 0.2% (w/v) L-arabinose. Cells derived from one liter of culture were
harvested by centrifugation and lysed at room temperature with gentle rocking for 30 min using
50 mL of B-PER II (Pierce). The resulting suspension was centrifuged at 25,000 × g for 15
min to remove cell debris. rTp0655 was isolated from the supernatant by affinity
chromatography using Ni-NTA Agarose (Qiagen).

The protein was then subjected to size exclusion chromatography using a HiLoad 16/60
Superdex 75 prep grade column (GE Healthcare) equilibrated with Buffer A (20 mM Hepes,
0.1 M NaCl, pH 7.0, 2 mM n-octyl β-D-glucopyranoside (βOG)). Subsequent to elution, peak
fractions were analyzed by SDS-PAGE. At this stage, the protein was pure to apparent
homogeneity (i.e., >95%). Fractions containing purified rTp0655 were pooled and
concentrated to 20 mg/mL in buffer A for protein crystallization. Protein concentration was
determined spectrophotometrically using an extinction coefficient of 54,780 M-1cm-1 at 280
nm, which was calculated using the ProtParam utility of ExPASy (www.expasy.org).

Preparation of Apo-rTp0655
Apo-rTp0655 used for ITC analyses was prepared by a reversible denaturation/renaturation
method 20 in ITC buffer (20 mM Bicine, 0.1 M KCl, pH 7.6, 2 mM βOG).

Crystallization, data collection, and structure determination
Crystals were grown at 20 °C using the vapor diffusion method in hanging drop mode by mixing
1 μl protein (20 mg/mL) in Buffer A with 1 μl reservoir solution (10-12% (w/v) PEG 20K, 0.1
M MES, pH 6.5) and equilibrating against 1 mL of reservoir solution. Crystals appeared within
several hours and grew to a final size of 0.2 × 0.2 × 0.8 mm in about 2 days. The crystals were
cryo-protected in reservoir solution supplemented with 20% (v/v) ethylene glycol, and then
flash-cooled in liquid nitrogen. The crystals exhibit the symmetry of space group P212121 with
cell dimensions of a = 51, b = 86 Å, c = 89 Å, and contain one molecule per asymmetric unit
and 52% solvent. Crystals diffracted to a minimum Bragg spacing (dmin) of about 1.7 Å. The
diffraction data exhibited significant anisotropy.

Phases for rTp0655 were obtained from a sulfur single-wavelength anomalous dispersion
(SAD) experiment using Cu-Ka X-rays from an FR-E Ultra-Bright X-ray generator (Rigaku).
Oscillation images were collected on an R-Axis IV++ imaging-plate detector (Rigaku). A
highly redundant dataset (2,123 frames; overall multiplicity = 17) was collected over a period
of 48 hours and processed to a minimum Bragg spacing (dmin) of 2.3 Å. Data reduction with
the program HKL2000 49 included experimental procedures for radiation-damage correction
(to be presented elsewhere). Eleven heavy atom sites were identified with the programs
ShelXC, D, and E 50 using data to a resolution of 2.6 Å, refined with the program MLPhaRe
of the CCP4 package 51 using data to 2.3 Å (resulting figure of merit = 0.2), and subjected to
density modification with the program DM 52 (resulting figure of merit = 0.7). The resultant
electron density map was of sufficient quality to automatically construct an initial model using
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the program ARP/warp 53. Manual rebuilding was carried out with the program Coot 54.
Refinement was performed using the program REFMAC5 55.

A higher resolution native dataset was subsequently collected at beamline 19BM (SBC-CAT)
at the Advanced Photon Source (Argonne National Laboratory, Argonne, Illinois, USA) to a
dmin of about 1.78 Å. The model derived from the sulfur SAD experiment served as the starting
model for the refinement of the higher resolution dataset. After the protein model was
completed, water molecules were added where chemically reasonable. There was clear electron
density for two bound molecules of morpholino-ethanesulfonic acid (MES).

The final model has an Rwork of 23.4% and Rfree of 26.0%. These R values are rather high,
given the resolution of the data, probably due to the anisotropy of the diffraction data. Five N-
terminal residues could not be located in the electron density. Data collection and refinement
statistics are shown in Table 1.

Isothermal titration calorimetry
Before the binding experiment, solutions of apo-rTp0655 were exhaustively exchanged into
ITC Buffer. Solid polyamine compounds were dissolved in ITC Buffer to a concentration of
10 mM. These stock solutions were further diluted in ITC Buffer as needed. Thirty-one 8-μL
injections of the polyamine (230-520 μM) were made into a 1.4-mL stirred reaction cell that
contained 19-23 μM apo-rTp0655. The temperature of the reaction cell was held constant at
20 °C. The heats that resulted from polyamine binding to apo-rTp0655 were measured using
a VP-ITC microcalorimeter (MicroCal, Inc.). The resultant thermograms were integrated to
generate binding isotherms for the polyamines. A one-site binding model was fitted to the
isotherms using the program SEDPHAT 57, which yielded fitted values for ΔH and Kd.
Usually, heats of dilution of the ligand are subtracted from the thermogram. However, obtaining
heats of dilution for spermidine proved to be difficult. Further, the heats obtained from the
spermidine titration were very small, and subtracting the noisy heats of dilution introduced an
unacceptable noise level into the isotherm. Therefore, we utilized a feature of SEDPHAT that
estimates a “baseline” heat of dilution from the experimental data, eliminating the need to
establish the heat of dilution of ligand alone. For consistency, this methodology was followed
for the putrescine and DAP titrations, also. All titrations were performed in triplicate, and all
quoted values for Kd and ΔH are the means of values obtained from the three titrations ± their
standard deviations. The quantity ΔS was calculated from the relationships ΔG = ΔH - TΔS
and ΔG = -RTlnKAwhere KA is the equilibrium association constant (KA = 1/Kd), R is the gas
constant in units of calories per Kelvin-mole, and T is the temperature in Kelvin. Specifically,
ΔG was substituted in the above equations and they were rearranged to yield the relationship

which was used to calculate the values given in Table 2.

Analytical Ultracentrifugation
For characterization of hydrodynamic properties via sedimentation velocity (SV) analytical
ultracentrifugation (AUC), apo-rTp0655 was diluted with a solution of AUC Buffer (20 mM
Tris-Cl, 100 mM NaCl, pH 7.5). The concentration of apo-rT0655 used was 9.5 μM; where
polyamines were included, their concentrations were 100 μM. Solutions of apo-rTp0655 (390
μL) were centrifuged in a Beckman XL-I ultracentrifuge at a speed of 50,000 rpm in twin-
sector epon-filled centerpieces that were housed in an An60-Ti rotor. The sedimentation of the
macromolecule toward the bottom of the cells was monitored using both absorbance
spectrophotometry and laser interferometry. The SV data were analyzed using SEDFIT 58,
which yields a continuous distribution of sedimentation coefficients that best fits the data (the
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distribution is termed c(s)). The sedimentation coefficients of Tp0655 were taken as the weight-
averaged position under the single peaks in the c(s) distributions. All sedimentation coefficients
were corrected to standard conditions (s20,w). Partial specific volume, buffer density, and buffer
viscosity were calculated using SEDNTERP 59.

Protein Data Bank accession codes
Coordinates and structure factors for the MES-bound TpPotD are deposited in the RCSB
Protein Data Bank with the PDB ID 2v84.
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Figure 1.
The structure of rTp0655. (A) Ribbons-style representation, with the N-domain in blue, the C-
domain in green, and the connection region in purple. A stick model of one of the bound
molecules of MES is also shown; oxygen atoms are red, carbon atoms are gray, the nitrogen
atom is blue, and the sulfur atom is yellow. (B) A close-up of the bound MES. The color scheme
for atoms is the same as in part (A), except carbon atoms belonging to the N-domain are colored
light blue, carbon atoms from the C-domain are green, and carbon atoms from the connector
region are purple. Hydrogen bonds or ionic interactions are shown as dashed black lines.
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Figure 2.
Stereo view of the superposition of rTp0655 (blue), PotD (green), and PotF (red). The lines
are smoothed traces through the Cα backbone of the respective proteins. The bound ligand
found in each structure is shown as a stick model.
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Figure 3.
Structures and atom numbering convention for the polyamines studied in this report. The
structures are aligned such that they demonstrate their respective homologies to spermidine.
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Figure 4.
Assessment of polyamine binding to apo-rTp0655 using ITC. The upper panel of each part is
a time course of the power supplied to the reaction cell during the course of the experiment to
keep the cell at a constant temperature. In the bottom parts, the circles represent the integrated
heats from each injection. The solid line in these parts is the fitted binding isotherm assuming
a 1:1 interaction between polyamines and apo-rTp0655. In the three titrations shown, the
compounds injected into solutions of apo-rTp0655 were putrescine (A), spermidine (B), and
1,3-DAP (C).
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Figure 5.
Schematic of the polyamine-binding site in Tp0655, PotD, PotF with spermidine as a reference.
Listed are all residues that interact with ligand in PotD and PotF as well as structurally
equivalent (based on Cα positions) residues in the other proteins. Residues in lower-case letters
are structurally equivalent but their side chains do not establish interactions with the ligand.
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Figure 6.
Sequence similarity among COG0687 PotD-like proteins. The y-axis is the sequence number
in Tp0655 numbering. The horizontal bars represent the percentage of COG0687 members that
have an amino acid similar to the predominant type at that position. Four types of amino acids
were defined: hydrophobic, polar, acidic, and basic. The colored bars denote positions in the
alignment that putatively contact bound polyamine at anchor positions N1 (red), N6 (green),
or N10 (blue).
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Table 1
Data collection and refinement statistics

sulfur SADa native
Data Collection
Space group P212121 P212121
Unit cell dimensionsa 51.7 51.6
        b 86.4 86.3
        c 89.5 89.5
Resolution (Å) 20.00 - 2.30 (2.32-2.30) 31.04-1.78 (1.80-1.78)
Completeness 99.5 (97.6) 99.7 (97.2)
Unique reflections 34,327 (849) 39,206 (911)
Multiplicity 11.9 (6.2) 6.7 (4.4)
Rmerge (%) 1.4 (3.5) 4.8 (82.8)
I/σ(I) 166.4 (63.2) 39.4 (2.0)
Wilson B factor (Å2) 29.8 28.9
Phase Determination
anomalous scatterer sulfur (11 sites)
figure of merit 0.2 to 2.3Å (0.7 after density modification)
Refinement
Resolution (Å) 30.0 - 1.78(1.82-1.78)
No. of reflections Rwork/Rfree 35,504/1,893
Rwork/Rfree (%) 23.4/26.0(29.0/31.1)
Average B-factor (Å2) 32.7
Atoms non-H protein 2,654
   water molecules 137
   others 27
R.m.s. deviations
 Bond lengths (Å) 0.011
 Angles (°) 1.29
Correlation coefficient Fo-Fc 0.949
Ramachandran Plot (%) (favored/add./dis.)b 98.1/2.9/0.0
Data for the outermost shell are given in parentheses.

a
Bijvoet-pairs were kept separate for data processing

b
as defined by the validation suite MolProbity 56
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