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Background: Thermus PilF is essential for pilus biogenesis and transformation.
Results: Zinc binding is essential for PilF complex stability, piliation, adhesion, and twitching motility.
Conclusion: PilF complex thermostability is essential for piliation but not for natural transformation.
Significance: This work highlights the role of zinc and ATP in AAA-ATPase stability and provides evidence that T4P and the
DNA translocator are distinct systems.

The traffic AAA-ATPase PilF is essential for pilus biogenesis
and natural transformation of Thermus thermophilus HB27.
Recently, we showed that PilF forms hexameric complexes con-
taining six zinc atoms coordinated by conserved tetracysteine
motifs. Here we report that zinc binding is essential for complex
stability. However, zinc binding is neither required for pilus bio-
genesis nor natural transformation. A number of the mutants
did not exhibit any pili during growth at 64 °C but still were
transformable. This leads to the conclusion that type 4 pili and
the DNA translocator are distinct systems. At lower growth
temperatures (55 °C) the zinc-depleted multiple cysteine
mutants were hyperpiliated but defective in pilus-mediated
twitching motility. This provides evidence that zinc binding is
essential for the role of PilF in pilus dynamics. Moreover, we
found that zinc binding is essential for complex stability but
dispensable for ATPase activity. In contrast to many polymeri-
zation ATPases from mesophilic bacteria, ATP binding is not
required for PilF complex formation; however, it significantly
increases complex stability. These data suggest that zinc and
ATP binding increase complex stability that is important for
functionality of PilF under extreme environmental conditions.

Uptake of naked DNA from the environment and incorpora-
tion of the DNA into the genome is a trait of many different
bacteria. The cellular trait is also referred to as natural compe-
tence and was the driving force for the classical Griffith exper-
iment demonstrating DNA as the hereditary material (1).
Uptake of DNA from the environment into the bacterial cell
requires the macromolecule DNA to traverse the cell envelope

and the cytoplasmic membrane. Like the transport of other
macromolecules, e.g. proteins, this process requires the con-
certed action of a number of proteins that in concert act to (i)
bind the DNA at the outermost cell periphery, (ii) translocation
into the periplasm of Gram-negative bacteria or the functional
homolog in Gram-positives, and (iii) transport of the macro-
molecule across the cytoplasmic membrane.

The cellular machinery involved in uptake of DNA into the
bacterial cell has been studied in Gram-positive model strains
such as Bacillus subtilis or Streptococcus pneumoniae and in
Gram-negative bacteria such as Neisseria gonorrhoeae and
Acinetobacter baylyi (2, 3). These are all mesophiles thriving at
ambient temperatures. In addition, genes are also shuffled
around in hot environments, and this is regarded as a major
driving force for microbial evolution (4). Moreover, DNA
translocation machineries of thermophiles and hyperthermo-
philes are anticipated to have structural variations of the gen-
eral theme to allow coping with high temperatures in which
their hosts thrive. The Gram-negative bacterium Thermus ther-
mophilus has become the model system to study natural com-
petence in thermophiles (4). It has the outstanding feature that
every cell in a culture is competent for natural transformation
(5).

The DNA translocator of T. thermophilus has a tripartite
structure: a secretin ring (PilQ) of unusual dimension that
spans the entire cell periphery (6 – 8). It catalyzes the first step
in DNA recognition (9). Second, it has a pilus-like structure
(PilA1– 4) mediating the transport of DNA into a DNase-resis-
tant state and is suggested to be a dynamic structure (10).
ComEA, ComEC, PilM, PilN, PilO, PilC, and PilD are proteins
in the inner membrane of T. thermophilus and are required for
the energy-dependent transport through the cytoplasmic
membrane (11, 12). The mechanism of DNA transport through
the cytoplasmic membrane is the least understood function in
the process. In general, DNA translocator and type IV pili

* This work was supported by a grant from the Deutsche Forschungsgemein-
schaft (AV 9/6-1).

1 To whom correspondence should be addressed: Molecular Microbiology
and Bioenergetics, Institute of Molecular Biosciences, Goethe University,
Max-von-Laue-Str. 9, 60438 Frankfurt am Main, Germany. Tel.: 49-69-
79829509; Fax: 49-69-79829306; E-mail: averhoff@bio.uni-frankfurt.de.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 289, NO. 44, pp. 30343–30354, October 31, 2014
© 2014 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

OCTOBER 31, 2014 • VOLUME 289 • NUMBER 44 JOURNAL OF BIOLOGICAL CHEMISTRY 30343



(T4P)2 systems of bacteria are rather similar. They are dis-
cussed as being identical or sometimes as having at least com-
mon components.

Translocation of DNA into the periplasm or to the mem-
brane-integral DNA transporter is believed to be mediated by
the dynamics of pilus-like substructures. Dynamics is given to
the pilus-like structure by ATP hydrolysis, and retraction as
well as detraction ATPases is suggested to catalyze retraction or
expansion of the pilus-like structures. The AAA (ATPase asso-
ciated with diverse cellular activities) ATPase PilF of T. thermo-
philus is essential for both natural transformation and pilus
biogenesis and is suggested to catalyze extension of the pilus-
like structures and T4P (13). The 98.2-kDa protein assembles
into a hexameric ring (14). Recently, it was shown that the
C-terminal region mediates ring formation, whereas the N-ter-
minal region forms a disk-like structure. These distinct regions
are separated by a stem-like structure (15). PilF has a tripartite
structure with an N terminus encoding three general secretory
domains (GSPII), a central region, and a C terminus that has the
ATPase hydrolysis domains (Walker motifs A and B), and a
conserved motif of four cysteine residues. Exchange of all four
cysteine residues led to a complete loss of zinc binding (14).
However, the role of this motif in cellular functions of PilF was

not addressed. Here, we have followed up these observations
and present a detailed study by subsequent removal of individ-
ual cysteine residues and the effect on piliation of T. thermophi-
lus, pilus functions such as motility and adherence, natural
competence, and thermostability of the PilF protein complex.

EXPERIMENTAL PROCEDURES

Organisms and Cultivation—All strains used in this study are
listed in Table 1. The Escherichia coli strains DH5� and BL21
(DE3) were grown at 37 °C in LB medium (16). T. thermophilus
HB27 was grown at 68 °C in TM� complex medium (17).
T. thermophilus mutants were grown on TM� medium con-
taining 5 or 15 �g/ml bleomycin (bleo) and 20 or 40 �g/ml
kanamycin in liquid or solid medium, respectively.

Site-directed Mutagenesis of pilF and Purification of PilF
Proteins—To analyze the individual role of the four cysteine
residues of the tetracysteine motif (4Cys) in PilF, pET28a-pilF
carrying the wild-type pilF gene was used to exchange the cys-
teine residues to alanine using the Phusion-site directed
mutagenesis protocol from New England Biolabs (Frankfurt,
Germany) (14). The primers used are listed in Table 2. The
resulting plasmids pET28a-pilFC781A, pET28a-pilFC784A,
pET28a-pilFH783A/C784A, pET28a-pilFC816A, pET28a-
pilFC819A, pET28a-pilFC781A/H783A/C784A, pET28a-
pilFC781A/H783A/C784A/C816A, and pET28a-pilFC781A/
H783A/C784A/C816A/C819A were transferred into E. coli
BL21 (DE3).

Protein Purification—Overexpression was performed by cul-
tivation of the recombinant E. coli BL21 (DE3) strains in a 10-li-
ter fermenter (8 liters air/min, 600 rpm) at 37 °C, and pilF

2 The abbreviations used are: T4P, type IV pili; AAA-ATPase, ATPase associated
with diverse cellular activities; bleo, bleomycin; GSPII, general secretory
domain; ICP-MS, inductively coupled plasma-mass spectrometry; AMP-
PNP, adenylylimidodiphosphate; Bicine, N,N-bis(2-hydroxyethyl)glycine;
CHES, 2-(cyclohexylamino)ethanesulfonic acid; HRM, high resolution melt;
(C1A), C781A; C2A, C784A; HC2A, H783A/C784A; C3A, C816A; C4A, C819A;
2CysA, C781A/H783A/C784A; 3CysA, C781A/H783A/C784A/C816A; 4CysA,
C781A/H783A/C784A/C816A/C819A; MM, minimal medium.

TABLE 1
Name and sources of the strains
Kan, kanamycin.

Strain Genotype Source

T. thermophilus HB27 Wild-type strain (42)
�pilF::bleo HB27, pilF (TTC1621) replaced by a bleomycin resistance marker, BleoR (13)
wild-type �pilF complemented with pDM12-pilFwt, BleoR, KanR (13)
C781A (C1A) �pilF complemented with pDM12-pilFC781A, BleoR, KanR This study
C784A (C2A) �pilF complemented with pDM12-pilFC784A, BleoR, KanR This study
H783A/C784A (HC2A) �pilF complemented with pDM12-pilFH783A/C784A, BleoR, KanR This study
C816A (C3A) �pilF complemented with pDM12-pilFC816A, BleoR, KanR This study
C819A (C4A) �pilF complemented with pDM12-pilFC819A, BleoR, KanR This study
C781A/C784A (2CysA) �pilF complemented with pDM12-pilFC781A/C784A, BleoR, KanR This study
C781A/C784A/C816A (3CysA) �pilF complemented with pDM12-pilFC781A/C784A/C816A, BleoR, KanR This study
C781A/C784A/C816A/C819A (4CysA) �pilF complemented with pDM12-pilFC781A/C784A/C816A/C819A, BleoR, KanR This study

TABLE 2
Primers and templates for site-directed mutagenesis of pilF

Primer Sequence 5�-3� Template plasmids for PCR Resulting plasmids

pilF_pDM12_for ATTACATATGCACCATCATCACCACCATCATAGCGTGCTCACCATAGGGGACAAAAGG pET28a-pilF wild type and variants pDM12-pilF wild type and variants
pilF_pDM12_rev ACTTAGATGCGGCCGCTTACTCAATGGTACGCGCCAG
MutA781_for GGTGGAGGTCAAGCCGGACCCC pET28a-pilFwt pDM12-pilFC781A
MutA781_rev TTGCAGTGCTCGGCCACCCTGCGC
MutA784_for AGCCGGACCCCGAGACCCTCAG pET28a-pilFwt pDM12-pilFC784A
MutA784_rev TGACCTCCACCTTGGCGTGCTCGCACAC
MutA784_for AGCCGGACCCCGAGACCCTCAG pET28a-pilFC784A pDM12-pilFH783A/C784A
MutA783/784_rev TGACCTCCACCTTGGCGGCCTCGCACAC
MutA816_for TGCGGCGGCACCGGGTACAAGGG pET28a-pilFwt pDM12-pilFC816A
MutA816_rev CCGCTCGGCCCCCATGCCCTTGTAG
MutA819_for GGGCATGGGGTGCGAGCGGGCCGGCGGCACC pET28a-pilFwt pDM12-pilFC819A
MutA819_rev GGATGGCGTAGCGGCCCTTGTACCC
Mut2Cys_for GCGCAGGGTGGCCGAGCACGCCAAGGTGGAG pET28a-pilFwt pDM12-pilFC781A/H783A/C784A
Mut2Cys_rev CCTGAGGGTCTCGGGGTCCGGCTTGAC
Mut3Cys_for GGCATGGGGGCCGAGCGGTG pET28a-pilFC781A/H783AC784A pDM12-pilFC781A/H783A/C784A/

C816AMut3Cys_rev CCTTGTACCCGGTGCCGCCG
Mut4Cys_for CGAGCGGGCGGGCGGCACCG pET28apilFC781A/H783A/C784A/

C816A/C819A
pDM12pilFC781A/H783AC784A/

C816A/C819AMut4Cys_rev GGCGTAGCGGCCCTTGTACC

Functional Dissection of the Tetracysteine Motif of PilF

30344 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 44 • OCTOBER 31, 2014



expression was induced by the addition of 1 mM isopropyl �-D-
1-thiogalactopyranoside at A600 0.8 –1. After induction, the
temperature was reduced to 30 °C, and the cells were harvested
3.5 h after induction. Heat precipitation of E. coli proteins was
carried out for 5–20 min at 68 °C depending on the PilF variant.
PilF proteins were purified by nickel-nitrilotriacetic acid affin-
ity chromatography and size exclusion chromatography as
reported previously (14). The Gel Filtration HMW Calibration
kit (GE Healthcare) was used as molecular weight standard.
The protein concentration was analyzed according to Bradford
(18).

Complementation of a �pilF::bleo Deletion Mutant with
Wild-type pilF and Cysteine-depleted pilF Variants—The
mutated pilF genes were amplified from the recombinant
pET28a-pilF plasmids with the primers pilF_pDM12-for1 and
pilF_NotI (Table 2). The amplified DNA fragments were
digested with NdeI and NotI and ligated into the E. coli/Ther-
mus shuttle vector pDM12. The resulting plasmids were desig-
natedpDM12-pilFC781A,pDM12-pilFC784A,pDM12-pilFH783A/
C784A pDM12-pilFC816A, pDM12-pilF819A, pDM12-pilFC781A/
H783A/C784A, pDM12-pilFC781A/H783A/784A/C816A, and
pDM12-pilFC781A/H783A/784A/C816A/C819A (Table 2) and
transformed into the T. thermophilus �pilF::bleo mutant via
electroporation as described recently (13).

Analyses of PilF Complex Stability—The purified PilF com-
plexes were diluted in Bicine buffer (50 mM Bicine, pH 8.5, 200
mM NaCl) to a concentration of 2 �g/�l, incubated for 0, 2.5, or
5 min at 70 °C, and subsequently analyzed by clear-native
PAGE (19).

Analyses of the Zinc Content by Inductively-coupled Plasma
Mass Spectrometry (ICP-MS)—The zinc content of the PilF
complexes was analyzed by ICP-MS with 0.1 and 0.25 mg of
protein as reported recently (20).

ATPase Assay—The determination of the ATPase activity
was performed according to the method of Heinonen and Lahti
(21). 200 �g of protein were diluted with 1 ml of TCM buffer (50
mM Tris, 50 mM MOPS, 50 mM CHES, 50 mM glycine, 150 mM

KCl, 5 mM MgCl2, pH 9.5) to a final concentration of 0.2 �g of
protein/�l and preincubated for 3 min at 70 °C before the reac-
tion was started by the addition of ATP (final concentration 2.5
mM). The assay was performed at 70 °C, and 200-�l samples
were taken at different time points. The reaction was stopped
by the addition of 30 �l of 30% trichloroacetate. Precipitated
protein was removed by centrifugation. 200 �l of the samples
were mixed with 0.5 ml of acetone, 0.25 ml of 2.5 M sulfuric acid,
and 0.25 ml of ammonium molybdate (10 mM)). The absor-
bance was measured after 10 min at 355 nm.

Thermofluor Assays—Heat stability of the wild-type PilF
complex and the PilF mutant complexes was analyzed by ther-
mofluor assays in a Rotor Gene Q5 Plex high resolution melt
(HRM) thermocycler (Qiagen, Hilden, Germany). The fluores-
cent dye SYPRO� Orange was purchased from Invitrogen as a
5000� stock concentration in DMSO. 50 mM sodium acetate.
pH 4, 4.5, 5, and 5.5, 50 mM MES, pH 6 and 6.5, 50 mM HEPES,
pH 7 and 7.5, 50 mM Bicine, pH 8 and 8.5, and 50 mM CHES, pH
9 and 9.5, were used to analyze the effect of pH on thermosta-
bility of PilF. All buffer systems contained 200 mM NaCl.

10 �g of the PilF stock solution (5 �g of protein/�l buffer
(Tris/HCl, 300 mM NaCl, pH 7.5)) were mixed with 10 �l of 2�
buffer, 1 �l of 40� SYPRO� Orange, and 7 �l of H2Odest. The
thermal protein denaturation was monitored by the increase in
fluorescence intensity of the SYPRO� Orange dye as described
by Niesen et al. (22). For fluorescence measurements the HRM
channel was used with the excitation wavelength at 460 nm and
the emission wavelength at 510 nm. All measurements were
performed in triplicate.

The effect of AMP-PNP and ADP on the thermostability of
the wild-type PilF complex and the mutated PilF complexes was
analyzed by thermofluor assays in 50 mM Bicine buffer with 200
mM NaCl, pH 8.5, in the presence of different AMP-PNP and
ADP concentrations ranging from 0 to 20 mM and from 0 to 10
mM, respectively.

Electron Microscopy—Electron microscopical analyses were
performed according to Salzer et al. (13). 250 cells of the wild-
type strain and the different mutants were investigated.

Twitching Motility Studies—Cells were grown on minimal
medium (MM) plates containing 1% bovine serum albumin
(BSA). The plates were incubated at 64 and 72 °C for 72 h and at
55 °C for 120 h, respectively. After staining with Coomassie
Blue, cells were removed from the surface, and the twitching
zone was visible as a clear zone, which appears as a dark zone
after inversion of the pictures (13).

Microtiter Adhesion Assays—Microtiter adhesion assays
were performed according to Salzer et al. (23). Cells were inoc-
ulated to an A600 of 0.05 and incubated for 3 days at 55 °C, 64 °C,
or 72 °C. After incubation the optical density (600 nm) was
measured. This step was followed by washing steps to remove
non-sessile cells. Adhering cells were stained with 0.1% crystal
violet solution. The remaining staining solutions were removed
by washing three times with H2O. Crystal violet of the adhering
cells was solved in ethanol, and the absorbance was measured at
570 nm. Adherence was calculated by the quotient of 570 nm to
600 nm.

Natural Transformation—Transformation studies were per-
formed at 68 °C on TM� agar medium using 5 �g of genomic
DNA of a spontaneous streptomycin-resistant T. thermophilus
HB27 mutant (24). The transformation frequency was calcu-
lated as transformants per living count. All transformation
assays were performed in triplicate.

RESULTS

Generation of PilF Variants with Mutations in the Tetracys-
teine Motif—To elucidate the role of the individual cysteine
residues in the various functions of PilF, single, double, triple,
and quadruple cysteine mutants were generated by site-di-
rected mutagenesis. Conserved motifs of PilF and the relative
positions of the cysteine residues are indicated in Fig. 1A. Eight
different variants were generated: C781A (C1A), C784A (C2A),
H783A/C784A (HC2A), C816A (C3A), C819A (C4A), C781A/
H783A/C784A (2CysA), C781A/H783A/C784A/C816A (3CysA)
and C781A/H783A/C784A/C816A/C819A (4CysA). Histidine
residues are also known to coordinate zinc (25); therefore, the
variants exhibited also amino acid substitutions in the histidine
residue next to one of the cysteine residues (His-783). The iden-
tity of the variants was confirmed by DNA sequencing. The
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variants were produced in E. coli BL21 (DE3) and purified by
affinity and size exclusion chromatography.

The Tetracysteine Motif Is Neither Essential for Oligomeriza-
tion of PilF nor ATPase Activity—To examine the role of the
cysteine residues in complex assembly the purified PilF wild-
type protein and the mutant proteins were subjected to clear-
native PAGE. The PilF wild-type protein was found to form a
high molecular mass complex of �669 kDa (Fig. 1B, 0 min),
which corresponds our recent findings that PilF forms hexa-
meric complexes (14). The finding that all PilF variants had an
apparent molecular mass comparable with the wild-type com-
plex leads to the conclusion that the cysteine residues are not
essential for complex assembly (Fig. 1B, II–IX, 0 min).

The close vicinity of the Walker A and the Walker B motifs to
the tetracysteine motif at the C terminus of PilF (Fig. 1A)
prompted us to analyze the effect of the cysteine mutations on
ATPase activity. These studies revealed that ATPase activity
was unaffected by the different substitutions (p � 0.05). The
wild-type PilF complex exhibited an ATPase activity of 54 � 1.6
nmol of Pi mg of protein�1 min�1, and all PilF complexes
formed by the variants had comparable ATPase activities in the
range from 46.32 to 53.16 nmol of Pi mg of protein�1 min�1

(see Table 4).
The Tetracysteine Motif Is Essential for Zinc Binding—Previ-

ous studies led to the detection of a six zinc atoms per hexa-
meric PilF complex (20), and mutant studies indicated the con-
served tetracysteine motif in zinc binding (14). To elucidate the
role of the individual cysteine residues in zinc binding, the zinc
content of the PilF complexes was analyzed by ICP-MS. The
wild-type PilF protein had a zinc content of 6.03 � 0.52 zinc
atoms per hexamer, which was consistent with our recent find-
ing (20). A similar zinc content was observed in variants in

which only one cysteine was replaced (p � 0.05), except for
the mutant protein C4A, where the cysteine 819 was
replaced by alanine. In this mutant a slightly decreased zinc
content of 4.73 � 0.43 zinc atoms per hexamer was found
(p � 0.05) (Fig. 2). PilF variants with a substitution in two or
three cysteine residues had a dramatically reduced zinc con-
tent of 1.19 � 0.13 and 0.99 � 0.12 zinc atoms per PilF
hexamer, respectively (p � 0.01) (Fig. 2, see Table 4). Dele-
tion of all four cysteine residues abolished zinc binding com-
pletely, which is consistent with our recent findings (14, 20).
Taken together, our results suggest that three cysteine resi-
dues still mediate zinc binding, whereas two cysteine resi-
dues cannot stably coordinate the zinc atom.

FIGURE 1. Organization of the PilF domains (A) and heat stability of PilF variants (B). The general secretory pathway domains are abbreviated with GSPII.
The Walker A and Walker B motifs are indicated. The conserved tetracysteine motif is enlarged. The purified complexes of the PilF variants were incubated for
0, 2.5, or 5 min at 70 °C, and then the samples were cooled on ice. 35 �g of the treated samples was separated by clear-native PAGE, and the proteins were
stained with Coomassie Blue (B).

FIGURE 2. Determination of the zinc content of PilF variants via ICP-MS.
0.1 and 0.25 mg of purified PilF complexes were used for the determination of
the zinc content by ICP-MS. Results were calculated from three biological
independent experiments.
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The Tetracysteine Motif and Zinc Binding Are Essential for
Thermostability—Zinc binding of proteins is known to serve in
both catalytic and structural capacities. However, most of the
Zn(II)-4Cys are structurally relevant, important for the correct
folding of proteins into their unique tertiary structure essential
for biological function. To analyze the contribution of cysteine
residues and zinc binding to the PilF complex stability, the PilF
wild-type complex and the mutant complexes were subjected to
heat treatment at 70 °C for 2.5 or 5 min. Separation of the PilF
wild-type complex by clear-native PAGE revealed that heat treat-
ment had no effect on oligomer stability (Fig. 1B). Preincubation of
the variants C1A, C2A, HC2A, C3A, and C4A for 2.5 min at 70 °C
still led to the detection of the �669-kDa complexes; however, in
addition smaller oligomeric complexes of 200, 400, or 600 kDa
(Fig. 1B, II–VI), corresponding to PilF dimers, tetramers, and hex-
amers, respectively, were found. Even higher amounts of these
smaller oligomerization products were detected after 5 min of heat
treatment (Fig. 1B, II–VI), whereas the amounts of the native PilF
complex (�669 kDa) were significantly reduced (Fig. 1B, II–V) or
even completely abolished (Fig. 1B, VI). The variant C4A (C819A)
had the highest heat instability among the single mutants. After 5
min of heat treatment, the 669-kDa complex was completely abol-
ished and in addition to the 200-, 400-. and 600-kDa complexes
several high molecular mass complexes exceeding the apparent

molecular mass of the wild-type complex were detected (Fig. 1B,
VI). The finding that variants C1A, C2A, HC2A, and C3A were
already significantly impaired in thermostability whereas the zinc
content of these PilF complexes were nearly unaffected suggests
that the individual cysteine residues contribute to complex
stability.

Double, triple, and quadruple variants were even more unstable
at 70 °C (Fig. 1B, VII–IX). The correlation of increasing instability
and decreasing zinc content of the C4A mutant and the multiple
cysteine mutants support our conclusion that zinc binding is
essential for complex stability. Taken together, our results suggest
that the cysteine residues and zinc binding are essential for ther-
mostability of the PilF complex and that the cysteine residue 819 is
most critical for thermostability. The detection of PilF complexes
ranging from 200 kDa to high molecular mass complexes exceed-
ing �669 kDa suggests the unstable mutant complexes dissociate
during heat treatment and then associate again forming different
multimeric PilF complexes.

To analyze the effect of the tetracysteine motif on thermo-
stability more quantitatively, we analyzed the effect of temper-
ature on denaturation of PilF wild-type protein complex and
the PilF complexes of the variants by thermofluor assays. A
representative result of the melting curve at pH 8.5 and its first
derivative are shown (Fig. 3, A and B). Interestingly, at each pH

FIGURE 3. Thermofluor assays of the purified PilF wild-type complex. Thermofluor assays were performed at pH 8.5 (50 mM Bicine buffer with 200 mM NaCl). 20 �l
of purified PilF complex (0.1 �g/�l) were used in thermofluor assays. The melting curve of PilF wild-type complex was measured in Rotor Gene Q5 Plex HRM thermo
cycler (A). SYPRO� Orange was used to measure fluorescence in the HRM channel with the excitation wavelength at 460 nm and the emission wavelength at 510 nm.
The first derivative of the melting curve is shown in B. Two transition temperatures were observed at 80.8 � 0.8 °C and 90.5 � 0.0 °C. The effect of cysteine mutations
on AMP-PNP- and ADP-mediated stabilization of PilF complexes is shown in C. Unfolding of the PilF complexes was measured by thermofluor assays. The bars indicate
the first melting transitions of different PilF complexes in the absence or in the presence of 5 mM AMP-PNP and 2.5 mM ADP, respectively. Black, wild type; white, C1A;
light gray, C2A; middle gray, HC2A; dark gray, C3A; vertical stripes, C4A; diagonal stripes, 2CysA; horizontal stripes, 3CysA; black and white boxes, 4CysA.
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tested, a biphasic unfolding was found. In a buffer at pH 8.5 the
first melting transition (t1) of the PilF complex was at 80.8 �
0.8 °C, and the second (t2) was detected at 90.5° � 0.0 °C (Fig. 3).
Because the pH is known to have a significant effect on thermo-
stability of protein complexes, the effect of the pH on thermo-
stability of the PilF wild-type complex was analyzed. A decrease
of the pH to 7 led to a decrease of t1 and t2 by 3.2 °C to 77.6 °C
and by 7.2 °C to 83.3 °C, respectively (data not shown). An
increase of the pH had an even more severe effect on the melt-
ing transitions, such as at pH 9.5 t1 decreased by 5.9 °C to
74.9 °C and t2 decreased by 9.2 °C to 81.3 °C (data not shown).
Taken together, the highest thermostability was observed in 50
mM Bicine buffer, pH 8.5, containing 200 mM NaCl. Therefore,
all further thermofluor assays with the PilF variants were per-
formed in 50 mM Bicine buffer with 200 mM NaCl at pH 8.5.

All PilF variants had two temperature-induced unfolding
events. The second (t2) unfolding event was unaffected by the
mutations in the 4Cys motif, such as a second melting transi-
tion was observed at 	90.5 °C with all PilF variants (see Table
4). In contrast, the first unfolding event differed significantly. A
mutation of cysteine 781 resulted in a reduction of t1 by 2.2 °C
(78.6 � 1.7 °C) (Fig. 3C, see Table 4), and the mutation of C2A
and HC2A reduced t1 by 9.2 °C to 71.6 � 0.3 °C or by 8 °C to
72.8 � 0.1 °C, respectively. The mutation of C3A reduced t1 by
6.9 °C (73.9 � 0.6 °C) (Fig. 3C, see Table 4). Among the PilF
variants with single cysteine substitutions, C4A had the most
profound effect on t1. A decline of 10.8 °C down to 70 °C �
0.3 °C was observed (Fig. 3C, see Table 4). This corresponds to
our findings that cysteine 819 was most critical for heat stability
and zinc binding of the PilF complexes. The effect of double,
triple, and quadruple mutations within the 4Cys motif led to
almost identical dramatic declines in t1 by 	15 °C down to
	66 °C (Fig. 3C).

AMP-PNP and ADP Increase Thermostability of PilF—
Recently it has been shown that AMP-PNP binding results in
structural changes of the PilF wild-type complex (15). To assess
the effect of ATP binding on the thermostability of the wild-
type PilF complex and the variants, we analyzed temperature-
dependent denaturation using thermofluor assays in the pres-
ence of 5 mM AMP-PNP as the ATP analog or in the presence of
2.5 mM ADP in 50 mM Bicine buffer containing 200 mM NaCl,
pH 8.5. Again we observed two transitions; both AMP-PNP and
ADP increased t1 by 4 and 4.9 °C, respectively (Fig. 4, Table 3),
whereas the second transition at 	90.5 °C was unaffected by
the addition of AMP-PNP or ADP. The finding, that two differ-
ent concentrations of AMP-PNP (5 mM) or ADP (2.5 mM)
resulted in the same change of �t1, suggested different affinities
of PilF to AMP-PNP and ADP. To test this hypothesis, varying
concentrations of AMP-PNP (0 –20 mM) and ADP (0 to 10 mM)
were used in the thermofluor assays. In both cases a concentra-
tion-dependent increase of the first transition temperature
(Fig. 4) was found. For AMP-PNP a dissociation constant at
83.2 °C of 1.67 � 0.3 mM and for ADP at 83.3 °C of 0.38 � 0.03
mM was calculated. Taken together, AMP-PNP and ADP stabi-
lize the wild-type PilF complex, and the significantly higher
affinity of PilF for ADP leads to an increased thermostability
compared with AMP-PNP.

Effect of AMP-PNP and ADP on the Thermostability of the
PilF Variants—As observed for the wild-type PilF, an increase
in the first melting transition was detected in the presence of
AMP-PNP or ADP for all PilF complexes formed by the PilF

FIGURE 4. Dissociation temperature of PilF wild-type protein in presence of
different concentrations of AMP-PNP (A) or ADP (B). Calculation of the disso-
ciation constant by subtracting the melting transition without AMP-PNP or
ADP from the melting transitions with different amounts of AMP-PNP (f) or
ADP (�) (C). The values are plotted against the nucleotide concentration.
Dissociation constants are calculated by Graph Pad Prism 4.

TABLE 3
Increase in melting transitions in the presence of AMP-PNP and ADP,
respectively

PilF variant �tAMP-PNP
a �tADP

b

°C °C
Wild type �4.0 � 0.6 �4.9 � 0.6
C1A �4.6 � 1.7 �6.2 � 1.7
C2A �6.6 � 0.6 �7.5 � 0.7
HC2A �6.8 � 0.6 �9.8 � 0.2
C3A �6.9 � 0.8 �9.5 � 0.7
C4A �6.4 � 0.3 �8.1 � 0.3
2CysA �7.5 � 1.2 �8.7 � 1.1
3CysA �7.6 � 0.2 �8.3 � 0.5
4CysA �5.8 � 0.4 �7.6 � 0.3

a�tAMP-PNP was calculated by subtracting the melting transition without AMP-
PNP from the melting transition with 5 mM AMP-PNP.

b�tADP was calculated by subtracting the melting transition without ADP from the
melting transition with 2.5 mM ADP.
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variants. However, AMP-PNP or ADP had different effects on
the first transition temperature (Fig. 3C, Table 3). AMP-PNP
led to an increase of the first melting peak temperature by
4 – 6.8 °C in wild-type PilF and the variants C1A, C2A, and
HC2A (p � 0.05). An even higher stabilization effect was
observed with the PilF variants C3A, C4A, 2CysA, 3CysA, and
4CysA. Here t1 was increased by 5.8 °C to 7.6 °C (p � 0.05). ADP
had an even more severe effect with respect to stabilization of
the PilF variants, such as t1 was elevated in the presence of ADP
by 6.2 °C to 9.8 °C (Fig. 3C, Table 3), whereas t1 of the PilF
wild-type complex was increased by ADP by 4.9 � 0.6 °C (Fig.
3C, Table 3). Taken together, AMP-PNP and ADP mediate an
elevated stabilization of the complexes formed by the cysteine-
depleted PilF proteins in comparison to the PilF wild-type
complex.

Role of the Cysteine Residues in Piliation—Previous studies
showed that a �pilF::bleo mutant was completely impaired in
piliation as observed by electron microscopy, which led to the
conclusion that PilF is essential for pilus biogenesis (13). To
analyze the role of the 4Cys motif in piliation the PilF variants
were produced in trans in the �pilF::bleo T. thermophilus
mutant strain. Therefore, the mutated pilF genes were cloned
into the E. coli/Thermus shuttle vector pDM12. The recombi-
nant plasmids were transformed into the T. thermophilus
�pilF::bleo deletion mutant by electroporation, and the pilia-
tion phenotypes of the complemented �pilF::bleo mutants
were analyzed by electron microscopy after growth on TM�

medium at 64 °C (Table 4). No pili were detected on the surface
of the �pilF::bleo mutant, which corresponds to our previous
results (13). Complementation of the �pilF::bleo mutant with
the wild-type gene (pDM12-pilFwt) restored piliation. 80% of
the cells were piliated with 7 � 3 pilus structures per cell, which
was comparable with the piliation phenotype of the HB27 wild-
type strain (78% piliated cells, 6 � 2 pili per cell). Similarly,
complementation with pDM12-pilFC784A or pDM12-
pilFH783A/C784A restored the piliation phenotype such that
	77% or 83% of the cells were piliated, and 6 � 1.5 or 8 � 2.5

pili were detected per cell, respectively. In contrast, the con-
struct pDM12-pilFC816A only partially restored the piliation
phenotype (44% of the cells were piliated, and 1.5 � 1 pili were
detected per cell). Complementation with pDM12-pilFC781A
resulted in a dramatically reduced piliation phenotype. Only
6.3% of the cells were piliated, and maximally 2 pili were
detected per cell. The pilF mutant strains carrying pDM12-
pilFC819A or multiple mutated pilF-genes were not piliated at
all (Table 4). Taken together, all but cysteine residue 784 were
implicated in or are even essential for the function of PilF in
piliation.

The Tetracysteine Motif Is Essential for Twitching Motility
and Adhesion—The pilus structures were found to be essential
for twitching motility and adhesion of T. thermophilus (7, 13).
To understand the role of the cysteine residues in pilus func-
tions, twitching motility was analyzed. Therefore, the cells were
grown on MM containing 1% BSA at 64 °C and stained with
Coomassie Blue. Cells of the �pilF::bleo mutant carrying
pDM12-pilFwt and the HB27 wild-type strain were used as con-
trols and found to form large, uniform motility zones of 1 to 2
cm in diameter, whereas the �pilF::bleo mutant was completely
defective in twitching motility (Fig. 5). These results corre-
spond to our former findings (13). The variants C2A (C784A)
and HC2A formed twitching zones comparable with those of
the HB27 wild type (p � 0.05), but variants C1A (C781A), C3A
(C816A), and C4A (C819A) were drastically impaired in
twitching motility (p � 0.05) (Fig. 5, Table 4). These results are
consistent with the significantly impaired piliation phenotypes
of these three cysteine mutants.

To determine the role of the tetracysteine motif in T4P-me-
diated adhesion, microtiter adhesion assays were performed.
Therefore, the complemented T. thermophilus �pilF::bleo
mutants were grown in microtiter plates in 200 �l of medium at
64 °C. All PilF single cysteine mutants were significantly
affected in adhesion (Fig. 6A, Table 4). Nearly no adhesion was
even found with the double, triple, and quadruple cysteine
mutants (Fig. 6A), which is consistent with the non-piliated

TABLE 4
Features of the purified PilF complexes and phenotypes of the T. thermophilus pilF mutants
NA, not applicable.

Strain/protein
Zinc per

hexamera
ATPase
activityb

Complex
formationc

Thermostabilityd Piliatione Adherence f Twitching motility f

Transformation
frequencyg

Unfolding
(t1)

Unfolding
(t2) 55 °C 64 °C 72 °C 55 °C 64 °C 72 °C 55 °C 64 °C 72 °C

milliunits/mg °C
HB27 NA NA NA NA NA �� � � �� � � � � � �
�pilF::bleo NA NA NA NA NA � � � � � � � � � �
Wild type 6.03 54.00 � 80.8 90.5 �� � � �� � � � � � �
C1A 5.65 46.32 � 78.6 91.0 ��� �/� � � �/� � � �/� � �
C2A 5.16 49.86 � 71.6 91.2 �� � � � � � � � � �
HC2A 5.28 49.27 � 72.8 90.8 �� � � � � � � � � �
C3A 5.67 46.84 � 73.9 90.6 � �/� � � �/� � � �/� � �
C4A 4.73 52.62 � 70.0 90.9 � � � � � � � � � ���
2CysA 1.26 53.16 � 65.4 90.6 ��� � � � � � � � � �
3CysA 0.86 46.84 � 65.5 90.3 ��� � � � � � � � � �
4CysA 0.28 48.25 � 66.3 90.7 ��� � � � � � � � � �

a Zinc content was analyzed by ICP-MS.
b ATPase activity of PilF variants was analyzed by the method described by Heinonen and Lahti (21).
c Complex formation of purified PilF proteins was analyzed by calibrated size exclusion chromatography.
d Thermostability was measured via thermofluor assays.
e Piliation was analyzed by electron microscopy (250 cells).
f Adherence was measured in microtiter adhesion assays. Twitching motility was analyzed on MM containing 1% BSA.
g Transformation frequencies were calculated as transformants per living count. �, wild-type phenotype; ��, increase compared to the wild-type; ���, strong increase

compared to the wild-type; �/�, decrease compared to the wild-type; �, lack of the analyzed feature.
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phenotype of these mutants. Moreover, the finding that a
single mutation in Cys-784 led to a 5-fold decrease in adhesion
despite its nearly wild-type piliation phenotype suggests that
the majority of the pili detected on the surface of this mutant
are defective with respect to their adhesion function. This sug-

gests that Cys-784 plays a major role in PilF-mediated assembly
of adhesive pili.

Growth Temperature Modulates the Motility, Adhesion, and
Piliation Phenotype of the T. thermophilus PilF Mutants—
Recently we reported that growth of T. thermophilus HB27 at
low temperatures (55 °C) leads to hyperpiliation, thereby
resulting in an increase in adhesion to plastic surfaces (23). This
together with the finding that distinct cysteine residues of PilF
play an essential role in motility, adhesion, and piliation raised
the question of whether lowering the growth temperature
would restore these phenotypes in the cysteine mutants. Dur-
ing growth at 55 °C the �pilF::bleo mutant carrying pDM12-
pilFwt exhibited twitching zones with a diameter of 2–3 cm
(Fig. 7A). This is comparable with those found with the T. ther-
mophilus HB27 wild-type strain (13, 23). The piliation pheno-
type of the �pilF::bleo mutant carrying pDM12-pilFwt was also
comparable with those of the HB27 wild type (13) such that
90.3% of the cells were piliated with 14 � 3 pili per cell (Fig. 7B,
Table 4). Interestingly, growth at 55 °C restored twitching
motility in the �pilF::bleo mutant carrying pDM12-pilFC781A,
pDM12-pilFC784A, pDM12-pilFH783A/C784A, or pDM12-
pilFC816A (Fig. 7, C1A, C2A, HC2A, and C3A). The twitching
zones of these mutants were comparable (p � 0.05) to those of
the �pilF::bleo mutant carrying the wild-type pilF gene (Fig.
7A). Piliation analyses revealed that the mutant C1A had a
strong increase in piliation with a non-countable number of
pili. C2A and HC2A had 13 � 2 and C3A had 6.5 � 1.5 pili per

FIGURE 5. Effect of the cysteine mutations in PilF on twitching motility of
T. thermophilus at 64 °C. Cells were grown for 3 days on MM containing 1%
BSA under humid conditions. After growth plates were stained with Coomas-
sie, cells were removed, and pictures were inverted. The scale bar corresponds
to 0.5 cm.

FIGURE 6. Effect of growth temperature on adhesion of pilF mutants.
T. thermophilus cells were incubated in TM� medium at 64 °C (A) or at 55 °C (B)
in 96-well plates for 3 days. Adherence was calculated by the absorbance of
crystal violet (570 nm) mediated by the adhered cells deviated by the amount
of planktonic cells (600 nm). The mean was built from three independent
cultures and in triplicate.

FIGURE 7. Effect of the growth temperature on twitching motility (A) and
piliation (B) of T. thermophilus pilF mutants. Cells were grown at 55 °C for 5
days on MM containing 1% BSA. Plates were stained with Coomassie Blue,
and the cells were removed after staining. Pictures were inverted. For piliation
analyses the cells were transferred to copper grids and covered with 1.5-nm
platinum/carbon in an angle of 25° and at minimum 250 cells per variant, and
temperature was analyzed.
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FIGURE 7—continued
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cell (Fig. 7B, Table 4). The twitching phenotypes of the
�pilF::bleo mutants carrying pDM12-pilFC819A (C4A) and of
mutants with double (2CysA), triple (3CysA), and quadruple
(4CysA) cysteine exchanges were not restored at 55 °C (p �
0.01) (Fig. 7A, Table 4).

This raised the question of whether these mutants exhibited
non-functional pili or were piliation-defective. To address this
question the piliation phenotypes of these mutants were ana-
lyzed. Ninety-nine percent of the cells of the non-motile vari-
ants 2CysA, 3CysA, and 4CysA were piliated with a non-count-
able number of pili per cell (Fig. 7B, Table 4). The motility
defect of the hyperpiliated 2CysA, 3CysA, and 4CysA mutants
suggests that the pili on the surface were non-functional with
respect to twitching motility. A cysteine mutant carrying a
mutation in cysteine 819 (C4A) in PilF did not exhibit any pili
on the surface at 55 °C (p � 0.01) (Fig. 7B). Therefore, we con-
clude that a single substitution of cysteine 819 has a dramatic
effect on PilF function in pilus biogenesis.

To address the question of whether lowering the growth
temperature to 55 °C restores the adhesion function of the pili
formed by the cysteine mutants microtiter adhesion assays
were performed. The �pilF::bleo mutant carrying the pDM12-
pilFwt was used as the positive control and was found to exhibit
a �3-fold increase in adhesion compared with adhesion at
64 °C (Fig. 6). These findings correspond to our recent obser-
vation with the HB27 wild type, which showed a significantly
increased adhesion phenotype at low growth temperatures
(23). After growth at 55 °C, the single mutants C1A, C2A,
HC2A, and C3A exhibited an adhesion phenotype comparable
with the adhesion phenotype of the wild-type cells grown at
64 °C (Fig. 6). The hyperpiliated, non-motile 2CysA, 3CysA,
and 4CysA mutants also exhibited adhesion phenotypes com-
parable with those of the wild-type strain grown at 64 °C (Fig.
6B). Only the adhesion of the C4A cysteine mutant could not be
restored at 55 °C, which is consistent with the absence of pili.
Taken together the pili of the hyperpiliated double, triple, and
quadruple mutants grown at 55 °C were non-functional with
respect for twitching motility and impaired in adhesion. How-
ever, the restoration of the pilus biogenesis of the 2CysA,
3CysA, and 4CysA mutants at 55 °C supports our conclusion
that the cysteine residues in PilF play an important role in PilF
complex thermostability.

To verify the hypothesis that the cysteine residues are critical
for thermostability of PilF, we enhanced the growth tempera-
ture to 72 °C and analyzed the piliation, twitching motility, and
adherence of the cysteine mutants. As a control the �pilF::bleo
mutant carrying pDM12-pilFwt was used. Analogously to
recent findings for the HB27 wild-type strain, the piliation (5 �
1.5 pili per cell, 77% piliated cells) and the adhesion (570
nm/600 nm 
 0.5) were slightly reduced at elevated tempera-
tures (23). Twitching motility at 72 °C was comparable (2.5–3
cm) to twitching at 64 °C. None of the PilF mutants exhibited
twitching motility, adherence, or piliation at 72 °C (data not
shown). These findings support our hypothesis that the tetra-
cysteine motif is essential for thermostability of the PilF com-
plex and, therefore, for a proper functioning of PilF in the pilus-
mediated adhesion and twitching motility (Table 4).

Role of the Cysteine Residues in Transformation—PilF is
essential for both piliation and natural transformation (13).
Both systems are functionally linked, although there is substan-
tial evidence that the pili themselves are not implicated in DNA
uptake. This led to the question of whether the cysteine resi-
dues are important for the functionality of PilF in the DNA
translocator. To analyze the role of the cysteine residues in
natural transformation, the transformation frequencies of pilF
mutants were analyzed. With the �pilF::bleo deletion mutant
carrying the pilF wild-type gene, in trans transformation fre-
quencies of 2.8 � 10�3 were obtained that were comparable
with those of the HB27 wild-type strain (2.6 � 10�3) (Table 4).
The mutants C1A, C2A, HC2A, C3A, 2CysA, 3CysA, and
4CysA were unaffected in natural transformations with 3.3 �
10�3, 2.6 � 10�3, 2.1 � 10�3, 2.2 � 10�3, 3.3 � 10�3, 2.7 �
10�3, and 3.6 � 10�3 transformants per living count, respec-
tively (p � 0.05). These findings suggest that the cysteine resi-
dues are not essential for the function of PilF in natural trans-
formation. Interestingly, the non-piliated C819A mutant
exhibited a hypertransformability. Each cell was transformable
(9.8 � 10�1 transformants per living count) (p � 0.01) (Table
4). This finding leads to the conclusion that the pilus structures
are not required for natural transformation.

DISCUSSION

The AAA-ATPase PilF of T. thermophilus belongs to the
PilF/PilB subfamily of traffic ATPases, which mediate the
assembly of pilins into T4P and are also associated with natural
competence and type II secretion systems (4, 26 –29). These
ATPases share highly conserved Walker A and Walker B boxes,
histidine and aspartate boxes and a C-terminal tetracysteine
motif (14, 30 –32). The extended N terminus of PilF differs from
all other known traffic ATPases and is predicted to contain
three copies of a GSPII detected in proteins of type II secretion
system (14, 33).

Recently we reported that PilF forms a homohexameric com-
plex with six zinc atoms bound (20) Mutant studies suggested
that zinc is coordinated by a conserved tetracysteine motif. The
quadruple cysteine mutant proteins still assembled to hexa-
meric PilF complexes, demonstrating that zinc binding is not
essential for complex formation. In contrast PilF complexes
comprising of PilF monomers with single cysteine substitutions
still contained six zinc atoms. A coordination of zinc by just
three cysteine residues or three histidine residues has also been
found in alcohol dehydrogenases and carbonic anhydrases.
Here the fourth residue is replaced by H2O (25). Analogously,
we suggest that the fourth cysteine residue within the tetracys-
teine motif can be replaced by H2O.

However, one of the single cysteine substitutions, C819A, led
to a statistically relevant decrease in zinc binding such as only
	5 zinc atoms were detected in the hexameric complexes
formed by the C819A mutant proteins (p � 0.05). The decrease
in zinc binding of the C819A mutant protein complexes led to a
decrease in thermostability. The correlation of reduced zinc
binding and decreased thermostability of the C819A mutant
protein complex indicates that zinc is of importance for com-
plex stability. Analyses of PilF complexes formed by double and
triple cysteine mutant proteins supported this conclusion as
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these PilF complexes showed a further decline in complex sta-
bility and were nearly completely devoid of zinc (maximal one
zinc atom per complex). Moreover, the zinc-free PilF complex
formed by the quadruple cysteine mutant protein exhibited the
highest decline in complex stability. Taken together, these find-
ings lead to the conclusion that zinc plays a major role in PilF
complex stability. Moreover, these findings together with the
broad distribution of tetracysteine motifs in polymerization
AAA-ATPases lead to the conclusion that zinc binding is of
great structural relevance. We suggest that zinc binding is
important for correct folding and interactions of the AAA-
ATPase subunits, thereby contributing to complex stability.

Analyses of the PilF complex stability by thermofluor assays
unraveled two unfolding transitions of the PilF complexes, and
only the first was affected by the cysteine mutations. The find-
ing that even the quadruple mutant exhibited a wild-type
ATPase activity at 70 °C together with the first unfolding event
at 66.3 °C strongly suggests that the first unfolding event
reflects the disassembly of the hexameric complexes, whereas
the second transition represents unfolding of the monomers.
This leads to the conclusion that the ATPase activity represents
monomer-linked activity.

The assembly of some well investigated polymerization
ATPases, such as GspE from Vibrio cholerae and TrbB from
Helicobacter pylori requires ATP (34, 35). In contrast the
assembly of the PilF complex in T. thermophilus does not
require ATP. The ATP-independent assembly of PilF complex
in T. thermophilus might be the result of an adaptation of
T. thermophilus to its extreme environment.

This raises the question: Why does the assembly of the PilF
complex of T. thermophilus not require ATP? An answer to this
question might be derived from the unique triplicated GSPII
domain at the N terminus of PilF. A triplicated GSPII domain has
not been found in any other polymerization ATPase. It is tempting
to speculate that these domains might function as an assistant plat-
form for the ring formation of six C-terminal domains.

In many Gram-negative bacteria, pili and transformation were
found to be functionally linked. However, despite this finding the
relationship between these two features and the role of pilus struc-
tures in transformation is not understood. We found that multiple
mutations in the tetracysteine motif resulted in a non-piliated phe-
notype but with normal transformation frequencies. Furthermore,
one of the single cysteine mutants (C819A) did not exhibit any
pilus structures but was hypertransformable. These findings pro-
vide clear evidence that in T. thermophilus pilus structures are not
required for DNA uptake. This is different from the findings in
other Gram-negative bacteria, such as N. gonorrhoeae and V. chol-
erae (36, 37). Here the pilus structures are suggested to be impli-
cated in DNA uptake.

How could the hypertransformability of mutant C819A be
explained? The C819A mutation had the most profound effect
on PilF complex stability, zinc binding, and piliation, which
suggests that Cys-819 plays a major role in the structural orga-
nization of the PilF monomers. A mutation in Cys-819 might
abolish interactions of the PilF complex with components of
the T4P assembly platform, leading to the non-piliated pheno-
type of this mutant. As a consequence, all of the PilF complexes
might be available for interactions with components of the

DNA translocator, such as the T4P-unrelated pilins PilA1–3
(10) leading to hypertransformability.

The absence of pili on the multiple cysteine mutants corre-
lated with the significant decrease of zinc binding to the
mutated PilF complexes, indicating that zinc binding is impor-
tant for pilus biogenesis. However, a decrease in growth tem-
perature to 55 °C restores the piliation phenotype of all, but one
(Cys-819), cysteine mutants. This provides clear evidence that
the tetracysteine motif and zinc binding are not essential for the
PilF-mediated pilus assembly. Taken together, the finding that
the piliation defects of cysteine mutants can be overcome by
lowering the growth temperature strongly suggests that the
increased instabilities of the PilF mutant complexes are respon-
sible for the piliation defects of the mutants grown at 64 °C. The
increased piliation of all PilF mutants and the wild type after
growth at lower growth temperatures is consistent with our
recent finding that the growth temperature has a significant
effect of expression of T4P genes (23). We found that a decrease
in growth temperature significantly increases the expression of
the structural subunit of the pili, pilA4, leading to an increase in
piliation (23). However, it has to be noted that despite their
hyperpiliation, the multiple cysteine mutants were non-motile
even at 55 °C and reduced in adhesion. Lowering the tempera-
ture to 55 °C is sufficient to increase the amount of stable PilF
complexes thereby leading to pilus assembly. The adhesion and
motility defects of the piliated mutants lead to the conclusion
that cysteine residues and/or zinc binding of the PilF complex
are essential for pilus functions.

The cysteine mutants with multiple mutations were non-
motile but hyperpiliated. How can this be explained? One pos-
sibility might be that the mutations significantly affect the
interactions of PilF with the antagonistic ATPases PilT1 and
PilT2, which recently have been found to be essential for T4P-
mediated twitching motility and adhesion of T. thermophilus
(13). This would abolish depolymerization of pilus structures,
thereby leading to the hyperpiliated phenotype. Another clue to
answer this question might be derived from the finding that the
pilus-mediated surface motility of Myxococcus xanthus and
V. cholerae requires the translocation of polymerization
ATPases such as PilB from the leading to the lagging pole and
vice versa (38 – 40). For M. xanthus it was shown that this relo-
cation of the ATPase requires parts of the cytoskeleton and a
Ras-like G protein, MglA, and its cognate GTPase-activating
protein (GAP), MglB (38). Proteins that show homologies to
these proteins were also found in T. thermophilus and might be
also required for the relocation of PilF from T. thermophilus
(41). The multiple cysteine mutations in the tetracysteine motif
and the absence of zinc in the mutant PilF complexes might
have a significant effect on the structure of the PilF complexes
and/or the transfer of structural changes through the PilF com-
plex, thereby affecting the interaction of PilF complexes with
cytoskeletal components. This might inhibit the movement of
PilF from one pole to the other and thereby diminish or even
abolish twitching motility.
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