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Abstract Thermus thermophilus is a model strain to
unravel the molecular basis of horizontal gene transfer in
hot environments. Previous genetic studies led to the
identification of a macromolecular transport machinery
mediating DNA uptake in an energy-dependent manner.
Here, we have addressed how the transporter is energized.
Inspection of the genome sequence revealed four putative
transport (AAA) ATPases but only the deletion of one,
PilF, led to a transformation defect. PilF is similar to
transport ATPases of type IV and type II secretions systems
but has a unique N-terminal sequence that carries a tripli-
cated GSPII domain. To characterize PilF biochemically it
was produced in Escherichia coli and purified. The
recombinant protein displayed NTPase activity with a
preference for ATP. Gel filtration analyses combined
with dynamic light scattering demonstrated that PilF
is monodispersed in solution and forms a complex of
590 £ 30 kDa, indicating a homooligomer of six subunits.
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It contains a tetracysteine motif, previously shown to bind
Zn*" in related NTPases. Using atomic absorption spec-
troscopy, indeed Zn>" was detected in the enzyme, but in
contrast to all known zinc-binding traffic NTPases only one
zinc atom was bound to the hexamer. Deletion of the four
cysteine residues led to a loss of Zn>". Nevertheless, the
mutant protein retained ATPase activity and hexameric
complex formation.

Keywords DNA transporter - AAA-ATPase -
Metalloproteins - Molecular motor - 7. thermophilus

Introduction

Comparative genome analyses provide evidence that hori-
zontal gene transfer is the major driving force for bacterial
adaptation to different, often extreme environments and
bacterial genome evolution. Among the microorganisms
thriving in extreme habitats, thermophiles and hyper-
thermophiles clearly stand out in terms of interdomain
DNA transfer such as 24 and 16.2% of the genes in the
hyperthermophilic bacteria Thermotoga maritima and
Aquifex aeolicus, respectively, are suggested to be trans-
ferred from archaeal hyperthermophiles (Aravind et al.
1998; Nelson et al. 1999). Many of the transferred genes
are thermophilic traits that are essential for survival under
extreme conditions.

Among the principal mechanisms of DNA transfer nat-
ural competence clearly stands out for its ability to transfer
naked DNA. Thermus thermophilus has become a model
system to study natural transformation in thermophiles
(Averhoff 2009; Pantazaki et al. 2002). It is known to
exhibit the highest natural transformation frequencies, an
extraordinary broad substrate specificity and a high-efficiency
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DNA uptake (Schwarzenlander and Averhoff 2006). These
features of the DNA translocator suggest that the natural
transformation system of 7. thermophilus is of major
importance for thermoadaptation and interdomain DNA
transfer in hot environments.

A genetic screen identified 16 competence genes orga-
nized in seven distinct loci (Friedrich et al. 2001, 2002,
2003). Biochemical analyses together with genetics and
bioinformatics culminated in a model for the DNA trans-
locator in T. thermophilus. In its overall assembly it is
similar to DNA translocators from other Gram-negative
bacteria sharing similarity with type IV and type II protein
secretion systems (T4SS and T2SS) and type IV pili (T4P)
(Chen and Dubnau 2003; Averhoff 2004; Tonjum and
Koomey 1997; Hobbs and Mattick 1993; Averhoff 2009).
At least three distinct substructures are present: a pilus-like
rod that extends from the cytoplasm through the periplasm
to the outer membrane, a shaft, made by multiple copies of
the secretin protein, that guides the rod through the outer
membrane, and a cytoplasmic motor domain that powers
assembly of the rod.

In terms of function it has been suggested that DNA
translocators are highly dynamic structures (Averhoff
2004; Chen et al. 2005a; Fussenegger et al. 1997; Collins
et al. 2005; Chen et al. 2006). DNA binds to the tip of the
pilus-like rod and then the translocator retracts, thus
transporting DNA into the periplasm where it is bound by
DNA-binding proteins and guided to the cytoplasmic
membrane. The last and least understood process is how
the DNA crosses the cytoplasmic membrane that may
involve the large polytopic inner membrane proteins
(ComEC and ComA) (Draskovic and Dubnau 2005; Facius
and Meyer 1993; Friedrich et al. 2001; Averhoff 2009).

Here, we have addressed the question how the move-
ment of the DNA translocator is energized. Apart from the
previously recognized motor AAA-ATPase PilF, which is
suggested to be involved in transport of DNA through the
outer membrane (Schwarzenlander et al. 2009), none of the
other putative AAA-ATPases encoded by T. thermophilus
is apparently involved in transformation. Therefore, PilF
appears to be the key motor component of the DNA

transporter of T. thermophilus. We have produced the
recombinant PilF and studied its oligomeric state, function,
metal content and metal-binding site that gave first insights
into a hitherto unique motor component of the DNA
translocator.

Materials and methods
Construction of overexpression vectors/strains

E. coli DH5u and E. coli BL21 (DE3) were used for gene
expression and protein purification. We engineered two
strains, one producing the mature PilF protein and one
producing a PilF missing the first 268 residues of the
mature protein. The primers used in this study are shown in
Table 1. The portion of the pilF gene encoding residues
805-1695 was amplified from the genomic DNA and
cloned in the pMAL-c2 vector (New England Biolabs,
Ipswich, MA, USA). Expression in E. coli DH5a cells was
induced by adding 1 mM IPTG at an ODggyy of 0.6. The
fusion protein comprising of APilF and maltose binding
protein was purified on amylose resin (New England Bio-
labs) and used for antibody generation.

The complete pilF gene was amplified from the genomic
DNA and ligated into a pET28a expression vector (Strat-
agene) adding a N-terminal His-tag. Expression in E. coli
BL21 (DE3) cells (Novagen, Inc.) was induced by adding
1 mM IPTG at an ODgy of 0.6. Heat precipitation of
E. coli proteins was carried out at 65°C for 20 min and
soluble proteins were separated from the cell debris by
centrifugation at 10000x g for 35 min at 6°C. The super-
natant containing soluble Hisq-tagged AAA-ATPase was
further filtrated (Millipore filters, 0.45 pm) and incubated
with Ni-NTA resins for 1.5 h at 6°C under constant mix-
ing. After incubation, Hiss-tagged AAA-ATPase that was
bound to the Ni-NTA matrix was gradually eluted in batch
using 25-400 mM imidazole in buffer A. Fractions con-
taining desired protein were identified by sodium dodecyl
sulfate-polyacrylamide (SDS-PAGE) (Laemmli 1970),
pooled, diluted to 50 mM Tris/HCI (pH 7.5) and 125 mM

Table 1 Oligonucleotides used

Name Use Sequence

forTTC1844 PCR of TTC1844 GCGGCCCGAATTCCTCTG
reTTC1844 PCR of TTC1844 AGGCCGATCTAGAGCTGG
forTTC1621 PCR of TTC1621 GGGATGAATTCCCTGAGGG
revITC1621 PCR of TTC1621 CCAGGTGGATCCTTTTCCC
forApilF PCR of Apil GACGTGGAATTCCGGCTTTC
revApilF PCR of Apil GGTGCAGATCTCGAAACCG
forpilF PCR of pilF GGTGTGACCATATGAGCGT
revpilF PCR of pilF CCTCCTTTAGTCGACGGTACGCGC
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NaCl and applied to anion exchange Resource Q (GE
Healthcare, 6 ml) using Buffer A (50 mM Tris/HCI, pH
7.5) at a flow rate of 3.5 ml/min, followed by a gradient
program of 0-30% buffer B (Tris/HCI, pH 7.5 and 1 M
NaCl (not shown)). The Hisg-tagged protein was eluted
using a linear salt-gradient of 0-300 mM NaCl. PilF eluted
at around 215-230 mM NaCl. Acquired fractions were
analyzed by SDS-PAGE and fractions containing desired
protein were pooled together and subsequently applied on
to a size exclusion column (Superdex 200 HR 10/30 GE
Healthcare) equilibrated in 50 mM Tris HCI, 300 mM
NaCl, pH 7.5.

Dynamic light scattering

The purified protein was centrifuged at 10000xg for
10 min prior to dynamic light-scattering analysis; all
measurements were carried out at 20°C in a 90 Plus particle
size analyzer (Brookhaven Instruments Corporation).

Construction of plasmids for mutant generation

All recombinant DNA manipulations were carried out by
standard methods. The primers used in this study are shown
in Table 1. For cloning of pilT-homologues from 7. ther-
mophilus HB27 primers were synthesized based on the
sequences of TTC1621 and TTC1844. The orfs were
amplified by PCR using 7. thermophilus chromosomal
DNA as the template with the set of primers. The amplified
fragments were cloned into EcoRI-/BamHI- and EcoRI-/
Xbal-digested pBluescriptIISK/KS (Stratagene), respec-
tively, yielding pAF333 and pKB-PilT (Fig. S1). Mutations
were introduced by inserting a thermostable kanamycin
resistance marker (kat gene) into unique sites of TTC1621
and TTC1844. To insert the marker in TTC1621, plasmid
pAF333 was digested with Aatll and Ncol, followed by
Klenow treatment and religation. This resulted in the
deletion of a 223-bp fragment near the 3-terminal end of
TTC1621 (Fig. S1). Retransfer of the mutant loci into
T. thermophilus HB27 resulted in TTC1621 mutants. To
generate TTC1844 mutants, the kanamycin marker was
inserted in the unique Ncol site of pKB-PilT (Fig. S1).
Transformation studies of the resulting mutants were per-
formed with chromosomal DNA of a spontaneous strep-
tomycin-resistant mutant (Friedrich et al. 2002).

Functional analyses of the PilF tetracysteine motif

To investigate the role of the four cysteine residues of PilF
in zinc binding, pET28-PilF, was used to exchange the
highly conserved C-terminal cysteine residues Cys-781,
Cys-784, Cys-816 and Cys-819 to alanins using the Phu-
sion-site directed mutagenesis protocol from Finnzymes

(Espoo, Finland). The purified PCR products were digested
with Dpnl to eliminate hemimethylated template DNA.

Subcellular localization studies

Membrane isolation and subcellular fractionation of inner
and outer membranes were performed by ultracentrifuga-
tion of HB27 cell lysates followed by N-laurylsarcosine
precipitation as described recently (Rumszauer et al. 2006).
The periplasmatic fractions were isolated by temperature
shock (Hoshino and Kageyama 1980). Western blot anal-
yses were carried out by using a BM Chemiluminescence
Blotting Substrate Kit as recommended by the supplier
(Roche Diagnostics GmbH, Mannheim, Germany). The
purity of outer and inner membranes was verified by
Western blot analyses of membrane fractions with anti-
bodies directed against the S-Layer protein (outer mem-
brane) and with antibodies directed against the inner
membrane protein PilN of T. thermophilus HB27.

ATPase assay

160 pg protein in 1 ml of TMC buffer (50 mM Tris,
50 mM MOPS, 50 mM CHES, 50 mM Glycin, 200 mM
KCl, 5 mM MgCl,, 5% Glycerin, pH 9.5) was incubated at
70°C for 3 min before the reaction was started with ATP
(2.5 mM ATP final concentration in the test) and incubated
at 70°C. Samples were taken at different time points
mixed with 40 pl of 30% CCI;COOH and 1 ml AAM
(0.5 ml acetone, 0.25 ml 2.5 M H,SO,, 0.25 ml 10 mM
(NH4)¢Mo0,0,,). The absorbance was measured after 10 min
of incubation at a wavelength of 355 nm (Heinonen
and Lahti 1981). To analyze the effect of different divalent
cations on ATPase activity, 5 mM MgCl, was exchanged
for 5 mM MnCl, or 5 mM CaCl,. To study the effect of
nucleotides on ATPase activity, ATP was exchanged for
2.5 mM GTP, CTP or UTP. To study the effect of zinc and/
or DNA on ATPase activity, 160 pg purified PilF/ml TMC
was dialyzed for 16 h against increasing amounts of ZnCl,
(10-100 pM ZnCl, in TMC buffer). The ATPase activity
of the dialyzed protein was determined in the absence or
presence of 10 pM ZnCl,. To analyze the effect of ssDNA
and dsDNA on ATPase activity, PilF (160 pg of protein in
1 ml TMC buffer) was preincubated in TMC buffer with
4 png ssDNA or 4 ng dsDNA at room temperature for
10 min. To study the effect of DNA and ZnCl,, PilF was
preincubated in TMC buffer with ssDNA or dsDNA and
10 uM ZnCl,.

Analysis of metal content

Determination of the metal content was obtained by elec-
trothermic atomic absorption with the Zeeman effect
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(Hitachi Z2000) using hollow single-element cathode
lamps. Before the measurements, the sample was diluted in
water, injected in the pyrolytic graphite tube, which was
heated according to the thermal program of the analyzed
element. The elements Fe, Ni, Cu, Co, Mn and Zn were
analyzed in these experiments. For zinc analyses, the fol-
lowing program was used: 100°C for the dry step (40 s),
300°C for the pyrolysis step (20 s) and 2000°C for the
atomisation step (5 s). The analytical conditions were lamp
constant current 5 mA; slit width 1.3 nm; wavelength
213.9 nm. The calibration curve was obtained by addition
of increasing amounts of a standard zinc solution (linear
standard curve in range of 10-50 nM of Zn) in water. Each
value was the average of three measurements. The absor-
bance of the buffer was subtracted from the measured
values of the protein sample (protein concentration of 20
nM to 40 nM). Overnight dialysis against a Zn®" con-
taining buffer has been done using a 10-kDa Spectra/Por
Dialysis Membrane.

Circular dichroism spectroscopy

Steady-state CD spectra were measured in the far UV-light
(180-260 nm) using a CHIRASCAN spectropolarimeter
(Applied Photophysics). Spectra were collected in a 60 pl
quartz cell (Hellma) with a path length of 0.1 mm, at 20°C
and a step resolution of 1 nm. The readings were average
of 2 s at each wavelength and the recorded milli-degree
values were the average of three determinations for each
sample. CD spectroscopy of PilF (2.0 mg/ml) was per-
formed in a buffer of in 50 mM Tris/HCI, 250 mM NaCl,
pH 7.5. The spectrum for the buffer was subtracted from
the spectrum of the protein. CD values were converted to
mean residue molar ellipticity in units of degree
cm? dmol ™' using the software Chirascan Version 1.2,
Applied Photophysics. This baseline-corrected spectrum
was used as input for computer methods to obtain predic-
tions of secondary structure. In order to analyze the CD
spectrum, program package Dicroprot (Deleage and
Geourjon 1993) and NeuralNet (Béhm et al. 1992) have
been used.

Results

Absence of antagonistically acting motor NTPases
in T. thermophilus HB27

PilF is a member of the PilF/PilB subfamily, which is
suggested to control pilus extension in different bacteria
such as Neisseria gonorrhoeae, Pseudomonas aeruginosa
and Myxococcus xanthus (Freitag et al. 1995; Chiang et al.
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2008; Friedrich et al. 2002; Jakovljevic et al. 2008). In
these model organisms, retraction AAA-ATPases of the
PilT subfamily act antagonistically to PilF/PilB in T4P
movement. Blast searches on the genome of T. thermo-
philus with gonococcal PilF and PilT as a bait revealed in
total four homologous proteins: one is the already known
PilF/PilB related AAA-ATPase PilF (TTC1622, formerly
orf332), which is essential for natural transformation
(Friedrich et al. 2002); the second, TTC1844 (formerly
0rf830), is similar to PilB/PilF-type ATPases, whereas two,
TTC1621 (formerly orf333) and TTC1415 (formerly
orf1388), are similar to PilT-type ATPases (Friedrich et al.
2002). The latter has already been shown to be not essential
for natural transformation (Friedrich et al. 2002). To ana-
lyze the role of TTC1844 and TTC1621 in natural trans-
formation, the genes were mutated by gene disruption
(supplementary figure S1). The genotype of the mutants
was verified by Southern blot and PCR analyses. Subse-
quently, the mutants were analyzed with respect to their
piliation and transformation phenotype. Interestingly,
mutants Tt29 (TTC1621::kat) and Ttl6 (TTC1844::kat)
were unaffected in transformation, such as the mutant
strains and the HB27 wild-type strain exhibited analogous
transformation frequencies of ~1 x 10~ transformants/
living count. Both mutants exhibited long pilus structures
on the surface. This finding indicates that TTC1621 and
TTC1844 are neither essential for transformation or pilia-
tion, although it has to be noted that small quantitative
differences in piliation cannot be excluded completely by
the electron microscopic studies. Taken together, these
analyses corroborate the hypothesis that PilF (TTC1622) is
the only AAA'-ATPase essential for natural transforma-
tion of T. thermophilus HB27.

Unusual primary structure of PilF

Sequence analyses and alignment of PilF with members of
the PilF/PilB and GspE (general secretion pathway, gsp)
subfamily of motor ATPases revealed that PilF contains
conserved Walker A and B boxes, involved in ATP binding
and hydrolysis and conserved Asp Box and His Box motifs
(Fig. 1). Interestingly, a multiple alignment revealed that
the N-terminus of PilF is approximately 300-350 amino
acids longer than the N-termini of members of the PilF/
PilB or GspE subfamilies. The extended N-terminus of PilF
comprises three copies of a conserved GSPII domain (aa
44-147, aa 201-300 and aa 369-478) present in secretion
ATPases of the GspE subfamily, such as EpsE of Vibrio
cholerae, PulE in Klebsiella oxytoca, XpsE of Xanthomo-
nas campestris, and the PilB subfamily such as PilF and
PilB of the T4P systems in N. gonorrhoeae, and P. aeru-
ginosa, respectively.
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Fig. 1 Sequence alignment of
PilF from T. thermophilus and
members of the PilB/PilF and
GspE subfamilies of AAA-
ATPases. V. cholerae, Vibrio
cholerae; K. oxytoca, Klebsiella
oxytoca; T. therm., Thermus
thermophilus; N. gonorr.,

T. therm.

N.gonorr.

o

-
PilF MSVLTIGDKRLGAALLDAGLLTDEELQRALERHREVGGSLAEVLVDMGLLSERRIAQTIE 60
V.cholerae EpsSE ---—-———-—-
K. oxytoca PUulE —-———————-
PilF -—--—-- MSVGLLRILVQONQVVTVEQAEHYYNESQAGKEVLP-MLFSDGVISPKSLAALIA 53
P.aerugin. PilB -MNDSIQLSGLSRQLVQANLLDEKTAVQAQAQAQRNKLSLVTHLVQSKLVSGLALAELSA 59

GSPII

Neisseria gonorrhoeae; T. therm

PilF DRFGIPLVELHRVEIPPKVKALLPAEKAKELKAIPFALDEEAGVVRVAFLNPLDTLSLEE 120

P. aerugin., Pseudomonas V.cholerae EpSE -———————————mmeee MTEMVISPAERQS IRRLPFSFANRF ———————— = mmm— 25
. K. oxytoca PUlE —-——————————mmm o MTPAAERRPL--LPFGYARAH-———————————— 19

aeruginosa. The bold letters -

; d'g " erved Walk N. gonorrr.PilF RVFSYSILDLRHYPRHRVLMGVLTEEQMVEFHCVPVFRRGDK-——————————————e—— 95

indicate the conserved Vvalker P. aerugin.PilB EQFGIAYCDLNSLDKESFPRDAISEKLVRQHRVIPLWRRGNK-=——m—-——-——-e——eee 101

A, Walker B, His-Box, Asp-Box
and tetracysteine motifs. The

H

[

Ll
PilF VEDLTGLVVEPYQTTKSAFLYALAKHYPELGLPVPPPPSGEGQKDLKLGELLLQKGWISR 180

arrows indicate the three T. therm
conserved GSPII motifs at the V.cholerae EpSE ----- KLVLDWNEDFSQASTYYLAPLS————————— e 47
N-terminus K. oxytoca PUlE ———--SVMLLSSGES-~CEVFCLAVTA === e e 39
N. gonorr. PilF ------ VFFAVSDPTQMPQIQKTVSAA——— = ————— o 116
P. aerugin.PilB ------ LFVGISDPANHQAINDVQFST———————m—m oo 122
«
T. therm PilF EALEEALVEQEKTGDLLGRILVRKGLPEEALYRALAEQKGLEFLESTEGIVPDPSAALLL 240
V.cholerae EpSE ——-MEALVETKR-—————————mmmme
K. oxytoca PulE —---PQALLEARR-——————————————————

N. gonorr. PilF —————eee—o
P. aerugin.PilB —-—-———————

GSPII

T. therm.
V.cholerae EpsE
K. oxytoca PulE

N. gonorr. PilF -
P. aerugin.PilB ——-—-——————-

T. therm.
V.cholerae EpsE
K. oxytoca PulE

N. gonorr. PilF RS——--————-
P. aerugin.PilF SA--—-—-—-

PilF LRSDALRYGAVPIGFQONGEVEVVLSDPRHKEAVAQLLNRPARFYLALPQAWEELFRRAYP 300

VVKHAFQLIELSQAEFESKLTQVYQ 81
VAAMPFRLERLEEEAFEKLLVLSYQ 73

__________________________ GIAVELVIVEDDQLAGLLDWVGS 139
___________________________ GLTTEAILVEDDKLGLAIDKLFE 145

PilF QKNRLGEVLVQEGKLSREALKEALEVQKGLPRAKPLGEILVELGLARPEDVEEALQKQRR 360

------ TSLLQELGEGQEE——————EESHTLYI————————————————— 162
------ TDGLAGLDDVDLEGLDIGSADKSTQED———————————————== 174

T. therm.

V.cholerae
K. oxytoca
N. gonorr.

P. aerugin.PilB —--—----- ASAE

<
PilF GGGRLEDTLVQSGKLRPEALAQAVATQLGYPYVDPEEDPPDPGAPLLLPEDLCRRYGVFP 420

GSPII

4

T. therm.

V.cholerae EpSE --—-—-——---
K. oxytoca PulE —-——-—————-

N. gonorr. PilF --
P. aerugin.PilB --

Major amounts of PilF are localized in the cytoplasm

PilF had neither apparent regions of hydrophobicity nor a
signal sequence, indicating that it was likely to be located
in the cytoplasma. However, as a proposed motor of a
membrane-bound macromolecular complex it should
localize to the membrane via interaction with subunits of
the translocator. To address the cellular localization of PilF
in T. thermophilus, polyclonal antibodies against an
N-terminal truncated version of PilF were generated and

applied to crude extracts and subcellular fractions of
T. thermophilus HB27. As can be seen from Fig. 2, the
antibody reacted with a 99-kDa protein in the wild type that
was absent in the pilFF mutant. The apparent molecular
mass correlated nicely with the predicted molecular mass
of 98.21 kDa for PilF comprising of 889 amino acids. A
second protein species with a molecular mass of about
60 kDa was detected in both, wild-type and pilF-mutant
cells, and therefore, is suggested to result from an unspe-
cific reaction of the PilF antibodies.
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T. therm. PilF
V.cholerae EpsE
K. oxytoca PulE
N. gonorr. PilF
P. aerugin.PilB

Fig. 1 continued

T. therm. PilF
V.cholerae EpsE
K. oxytoca PulE
N. gonorr. PilF
P. aerugin PilB

T. therm PilF
V.cholerae EpsE
K. oxytoca PulE
N. gonorr. PilF
P. aerugin.PilB

T. therm. PilF
V.cholerae EpsE
K. oxytoca PulE
N. gonorr. PilF
P. aerugin.PilB

T. therm. PilF
V.cholerae EpsE
K. oxytoca PulE
N. gonorr. PilF
P. aerugin.PilB

T.therm. PilF
V.cholerae EpsE
K. oxytoca PulE
N. gonorr. PilF
P. aerugin.PilB

T. therm. PilF
V.cholerae EpsE
K. oxytoca PulE
N. gonorr. PilF
P. aerugin.PilB
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To address its subcellular localization experimentally,
the periplasm was prepared by hyperosmotic/temperature
shock and cytoplasmic membranes and outer membranes
were extracted with N-laurylsarcosine extraction followed
by ultracentrifugation separation. After separation on an
SDS gel, the subcellular fractions were subjected to Wes-
tern blot analyses using the anti-PilF antibody. PilF was
found predominantly not only in the cytoplasm (90%) but
also in the cytoplasmic membrane (10%), but not in the
periplasm (Fig. 2). These results confirm the predicted
localization of PilF.

Purification of a monodisperse PilF complex

To address the structure—function relationship of PilF, the
pilF gene was cloned under the control of a strong
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promotor and fused to a His-Tag at the N-terminus, and the
protein was overproduced in E. coli. PilF was present in the
soluble fraction and first purified by affinity chromatogra-
phy on a Ni**-NTA resin column. An imidazole-gradient
(25400 mM) in buffer consisting of 50 mM Tris/HCI
(pH 7.5), 250 mM NaCl, 2 mM Pefabloc>¢ (Biomol) and
2 mM PMSF was used to separate Hisg—PilF from other
proteins. PilF eluted at 250 mM imidazole, was collected
and subsequently applied to a RESOURCE™ Q column.
Fractions containing PilF protein were eluted with
215-270 mM NaCl (Fig. 3a). A monodisperse PilF could
be isolated by subsequent application of this protein sample
onto a size exclusion column (Superdex 200 HR 10/30),
equilibrated in 50 mM Tris/HCl (pH 7.5) and 300 mM
NaCl (Fig. 3a, b). After purification a concentration of
0.5 mg pure protein per liter culture medium was obtained.
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Fig. 2 Detection and cellular localization of PilF. Cells were
harvested in the exponential growth phase, resuspended in lysis
buffer and disrupted by sonification. Soluble fractions and membrane
fractions were separated by ultracentrifugation prior to separation of
inner and outer membrane fractions by N-laurylsarcosine precipita-
tion. The resulting fractions were analyzed by SDS-PAGE and
Western blotting using specific antisera against PilF. Ce, crude
extract, CP, cytoplasm; PP, periplasm; IM, inner membrane; OM,
outer membrane; Wt, wild type; M, pilF mutant

Analysis of the isolated protein by MALDI mass spectrom-
etry revealed the high purity of PilF, and that the protein
had the sequence-based predicted mass of 99.191 Da.

PilF is a NTPase

Although AAA-ATPases are widely assumed to energize
motors in macromolecular transport machineries as well as
pilus assembly by NTP hydrolysis, activity of secretion
NTPases has actually been proven biochemically for several
members of the type Il secretion NTPase such as members of
the GspE subfamily, and members of the PilT subfamily
(Sexton et al. 2004; Chiang et al. 2008; Rivas et al. 1997;
Camberg and Sandkvist 2005). NTPase activities of PilF/
PilB NTPases implicated of natural transformation systems
have not been analyzed so far. Therefore, the function of PilF
as an NTPase was addressed. To analyze substrate saturation,
ATP concentrations from 50 pM to 5 mM were used.
Maximal activities were obtained with 2.5 mM ATP. This
concentration was used throughout all following assays.
The purified PilF hydrolyzed ATP with an activity of
81 nmol Pi mg protein~' min~'. By comparison, the
nucleotides CTP, UTP and GTP were also hydrolyzed, but
activities were considerably lower with 57-, 44- and 35 nmol
Pi mg protein~' min~', respectively (Fig. 4a). PilF had a
requirement for Mg>" although other divalent ions as Mn*"
(92%) and Ca®" (35%) could substitute Mg>" (Fig. 4b).
ATPase activity was detected over a wide pH range from 6.5
to 11 with optimal activity at pH 9.5 (Fig. 4c). The enzyme
was practically inactive at 37°C and the hydrolysis rate
increased steadily with temperature (Fig. 4d). Maximal
activity was observed at 75°C; thereafter ATPase activity
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Fig. 3 Purification of recombinant PilF from T. thermophilus. a SDS-
PAGE of PilF (lane I) and its mutant protein (lane 2) after elution
from the RESOURCE™ Q column. LM molecular mass standard.
b After ion-exchange chromatography, the protein sample was
applied to Superdex HR200 gel filtration analysis as described in
“Material and methods”. The diagram shows the elution of PilF (peak
1) in comparison with the o3f3y complex of the thermophilic F;
ATPase from Bacillus PS3 (peak 2). The inset represents the SDS gel
of PilF and the o383y complex in lane I and lane 2, respectively

declined again. The presence of ssDNA or dsDNA did not
affect the ATPase activity (data not shown). Taken together,
these data clearly demonstrated NTPase activity of PilF.

PilF in solution is a homooligomer comprising
of six subunits

The secondary structure of the purified PilF was deter-
mined by circular dichroism (CD) spectroscopy (Fig. 5a).
The overall spectrum is characteristic for a protein with
mixed of/f-structure. The secondary structure content of
this construct was calculated to be 51% a-helix and 39%
p-sheet. The overall spectrum is in agreement with the
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predicted secondary structure of the protein based on its
amino acid sequence, indicating correct folding of the
protein. In order to determine the native molecular mass of
PilF, a Superdex 200 gel filtration column was calibrated
by determining the K,, values for a set of standard proteins
of known molecular mass. Comparison of the K,, for
subunit PilF versus the standard proteins suggests the
native molecular mass of approximately 590 &£ 15 kDa.
The same value could be determined, when the o3f3y
complex of the thermophilic F; ATPase has been used as a
standard (Fig. 3b). Dynamic light-scattering (DLS) exper-
iments and first solution X-ray scattering data indicate that
the protein is monodisperse in solution with an estimated
molecular mass of 590 + 30 kDa (data not shown), in
agreement with the results of the gel filtration chromatog-
raphy. PilF has a hydrodynamic diameter of 26.8 nm as
determined by DLS. These data are consistent with a PilF
forming a homooligomer of six subunits.

. . 2
PilF contains one Zn°" per hexamer

The UV-visible spectra of the recombinant PilF revealed a
maximum absorbance at 356 nm and a second maximum at
476 nm, indicating a possible occupation of a cation, not
bound via heme groups (Fig. 5b). To search for a metal
bound to PilF, atomic absorption spectroscopy was per-
formed and a dilution series of Zn(NOs3),, Fe(NOs)s,
Ni(NO3); or Co(NO3), was used as a standard. These
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measurements clearly identified Zn*" but not Fe, Ni or Co
in the protein. When PilF was incubated with 10 mM of
EDTA, no optical change could be observed, suggesting a
tight binding of Zn>" to the protein complex. In order to
exclude that Zn*" dissociated from the complex during the
process of protein purification, PilF was dialyzed against
Zn>" containing buffer with a molar ratio of cation to
protein of 100 to 1. Afterwards, the sample was dialyzed
against a Zn>"-free buffer to remove unbound cations and
used in atomic absorption spectroscopy measurements.
Again, a stoichiometry of one Zn”>" per PilF complex was
determined (supplementary figure S2B). The ATPase
activity of PilF was not affected by the presence of exog-
enous zinc (10 uM) (data not shown).

Quantitative analyses revealed a rather interesting stoi-
chiometrie: Only one Zn>" was bound per hexamer (sup-
plementary figure S2A). Some related AAA-ATPases have
been shown to bind Zn*" via a conserved tetracysteine
binding motif that is also present in PilF (Fig. 1).

To study the role of the conserved tetracysteine motif in
zinc binding the four conserved cysteines at the C-terminus
of PilF were exchanged to alanines. Analyses of the puri-
fied mutant protein by atomic absorption revealed that the
mutant PilF protein did not contain any zinc. Comparison
of the secondary structure of the mutant compared with the
wild type protein revealed a slight decrease of 2% in the
a-helical content of the mutant protein (Fig. 5a). Further-
more, no alteration in the elution of the mutant protein
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Fig. 5 a CD-spectra of PilF of
purified wild type PilF (solid (a) 35000 -
lines) and mutant PilF (dashed
lines) (each 2 mg/ml)
determined using a
CHIRASCAN
spectropolarimeter.

b UV-vis spectrum of
recombinant wild type (WT)
PilF from T. thermophilus
(2.0 mg/ml)
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could be observed during size exclusion chromatography,
reflecting that the cysteine to alanine substitution did not
change the hexameric complex formation of the enzyme.
Finally, the tetracysteine mutant exhibited ATPase activi-
ties comparable to those obtained for the PilF wild type
protein with a slight drop of about 8%, implicating that
zinc binding is not essential for hydrolytic activity.

Discussion

Retraction and elongation of the pilus-like rod of the DNA
translocator is suggested to be one of the key elements in
DNA transport across the outer membrane. The mechanism
by which pilins are polymerized and depolymerized
remains to be an enigma, but motor AAA-ATPases

T T T T T

390 450 510 570 630
wavelength [nm]

(ATPases associated with various activities) are suggested
to energize pilus and DNA translocator extension and/or
retraction (Chiang et al. 2008; Jakovljevic et al. 2008;
Herdendorf et al. 2002; Maier et al. 2002). Genetic screens
suggest a role for two different AAA-ATPases, one that
presumably catalyzes retraction, a second catalyzes
extension of the rod (Freitag et al. 1995; Wolfgang et al.
1998; Turner et al. 1993) and even the involvement of a
third AAA-ATPase in energization of rod movement has
been described (Whitchurch and Mattick 1994). In contrast
to all other DNA translocators of Gram-negative bacteria,
T. thermophilus apparently has only one, PilF, that may
catalyze both extension and retraction. The same is
apparently encountered in the natural transformation sys-
tem of Gram-positive bacteria, such as ComGA that is the
only motor ATPase of the DNA translocator in Bacilus
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subtilis (Planet et al. 2001; Chen and Dubnau 2004).
Obviously, the question how the cells coordinate retraction
and extension with only one motor ATPase is a challenging
task for future studies.

PilF is similar to phosphate-loop (P-loop) ATPases
(AAA-ATPases) of type 2 secretion and type 4 secretion
systems, conjugation and transformation machineries and
type IV pili. Despite the similarities, clear distinctions are
made among the secretion NTPases, which are differenti-
ated into distinct subfamilies, such as VirB11, TrbB, TraG,
GspE, PilB, PilT and ComGl1 subfamilies (Planet et al.
2001). PilF of T. thermophilus belongs to the PilF/PilB
subfamily (Planet et al. 2001). Members of this subfamily
are characterized by conserved Walker A (P-loop) and
Walker B boxes, unique Asp and His Box motifs as well as
a conserved tetracysteine motif (Planet et al. 2001). They
are envisaged to power type IV pilus rod extension, and the
so-called PilT proteins, members of a different NTPase
subfamily, act antagonistically in rod retraction (Maier
et al. 2002; Clausen et al. 2009). In the case of T. ther-
mophilus HB27, such a rod retracting motor component
was not identified in the genetic screen so far.

PilF indeed catalyzed ATPase hydrolysis, consistent
with its similarity to other motor ATPases. Interestingly, it
has by far the highest ATPase activity reported to date with
81 nmol of Pi mg protein™' min~" which exceeds those
reported for purified secretion ATPases, including
P. aeruginosa PilT, PilU and PilB with 5-10.8 nmol Pi mg
protein71 minfl, DotB from Legionella with 6.4
nmol Pi mg protein™' min~', EpsE from Vibrio with
5.6 nmol Pi mg protein~' min~"', and TrwD from plasmid
R388 with 3.3 nmol Pi mg protein~' min~' (Sexton et al.
2004; Chiang et al. 2008; Rivas et al. 1997; Camberg and
Sandkvist 2005). Like other members of the PilT and PilF/
PilB subfamily, PilF has no specificity of purines over
pyrimidines. PilF is the thus the first established motor
ATPase purified and characterized from a thermophile with
extraordinary high catalytic activity and may be useful in
future structure—function analyses.

PilF differs from all other motor ATPases in having a
unique extended hydrophilic N-terminus that contains three
unique copies of GSPII domains, which are present in only
single copies at the N-termini of motor proteins of T2S and
T4P systems. Clues to the function of a triplicated GSPII
domain in the 7. thermophilus PilF protein may be derived
from the X-ray structure of a complex of the N-terminal
domain of EpsE, a member of the GspE subfamily ATP-
ases, and the cytoplasmic domain of the inner membrane
protein EpsL of Vibrio cholerae both being part of the
T2SS complex. The GSPII domain of EpsE is suggested to
be essential for stable interactions of EpsE and EpsL
(Abendroth et al. 2005). In analogy, the three conserved
GSPII N-terminal domains of PilF might be essential for

@ Springer

stable multiple interactions of the PilF complex with inner
membrane proteins of the DNA transporter in the thermo-
philic bacterium 7. thermophilus HB27. A role of GSPII
domains in subunit interactions is also supported by deletion
analyses of the N-terminal residues of XpsE, a secretion
ATPase of the X. campestris T2SS, that indicate that these
N-terminal residues are required for exoprotein secretion by
mediating the interaction of XpsE and the cytoplasmic
membrane protein XpsL (Chen et al. 2005b). The finding that
major amounts of PilF are in the cytoplasm whereas only little
amounts were present in inner membrane fractions indicates
loose interactions of PilF with inner membrane proteins dis-
rupted by cell breakage and membrane preparation.

PilF apparently forms a hexameric complex and this is
the first report on a hexameric structure in the PilB/PilF
subfamily of traffic NTPases. Hexameric complexes, in
which the homooligomer forms a threefold symmetrical
ring structure, have been observed before for members of
other subfamilies of the T2S/T4S secretion systems such as
PilT from Aquifex aeolicus, the PulE homologe HP0525 of
the Helicobacter T4S system, which is a member of the
VirB11 subfamily of secretion ATPases, EpsE of the T2S
system in V. cholerae, belonging to the GspE subfamily of
traffic ATPases, BfpD, a PulE homologue of the entero-
pathogenic E. coli bundle-forming pilus biogenesis
machinery, and for those of the RP4 and R388 plas-
mid conjugative system, TrbB and TrwD, respectively
(Herdendorf et al. 2002; Forest et al. 2004; Savvides et al.
2003; Robien et al. 2003; Krause et al. 2000a, b; Crowther
et al. 2005). Two of these ATPases (EpsE and PulE)
apparently have zinc bound via a conserved tetracysteine
motif (Planet et al. 2001; Camberg and Sandkvist 2005;
Possot et al. 1992). The same motif is conserved in PilF
and as expected, mutation of the motif led to a loss of Zn?t
binding. In a preparation of EpsE that was more than 93%
monomeric (Camberg and Sandkvist 2005) 0.8 mol of zinc
per monomer was obtained indicating an approximate 1:1
stoichiometry of zinc to protein. The crystal structure
analysis of a truncated histidine-tagged EpsE demonstrated
the presence of a tetrahedrally coordinated divalent metal
but the site was not fully occupied (Robien et al. 2003).

In contrast, the PilF hexamer has only one zinc bound
despite the presence of a binding site in each protomer.
How this apparent asymmetry is achieved and whether the
oligomeric state contributes to this switch remain to be
established, but it should be noted that zinc generates an
asymmetry inside the zinc uptake regulator FurB from
Mycobacterium tuberculosis (Donaldson et al. 2003). Such
an asymmetry has the advantage of defining one subunit in
the hexameric PilF that might interact either directly with
DNA or with DNA transporter components.

Since Zn*" could not be removed from the enzyme by
EDTA but only by denaturating the protein and since
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tetragonal ZnS4 clusters are by far the preferred motifs for
structural zinc sites (Robien et al. 2003; Krause et al.
2000a), it is likely, that the zinc-binding site in PilF serves
a structural role. For ClpX, which has been described as a
trimer of dimers, zinc is suggested to play a role in hexa-
mer formation by forming the dimers via two interacting
zinc-binding domains (Donaldson et al. 2003; Banecki
et al. 2001). Consistent with a structural role of Zn>" is the
absence of a significant effect of zinc on ATPase activity.
By comparison, treatment of zinc-bound AAA-ATPase
subfamilies such as the E. coli ClpX, a member of the
ATP-dependent protease complex ClpP/ClpX and the
E. coli secretion NTPase SecA with a zinc chelator,
resulted in a loss of hydrolytic activity which could be
restored by addition of ZnCl, (Banecki et al. 2001; Cam-
berg and Sandkvist 2005; Fekkes et al. 1999). Although no
effect of zinc on the ATPase activity of Thermus PilF has
been detected yet, an effect of zinc on ATPase activity
cannot be ruled out since stimulation might depend on
synergistic effects mediated by the presence of additional
proteins of the natural transformation system. A synergistic
stimulation of ATP hydrolysis has already been demonstrated
for EpsE, a cytoplasmic component of the type II secretion
system in V. cholerae, which is stimulated by EpsL and acidic
phospholipids (Camberg et al. 2007). Analogously, the
ATPase activity of BfpD, a member of the PulE superfamily,
implicated in the enteropathogenic E. coli bundle-forming
pilus system, was stimulated significantly in the presence of
the N-termini of two Bfp proteins, such as BfpC and BfpE,
plus zinc (Crowther et al. 2005).
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