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Phosphoproteomic Analysis Reveals the
Effects of PilF Phosphorylation on Type IV
Pilus and Biofilm Formation in Thermus

thermophilus HB27*s

Wan-Ling Wut§, Jiahn-Haur Liao§, Guang-Huey Lin{], Miao-Hsia Lin§,
Ying-Che Chang§, Suh-Yuen Liang§|, Feng-Ling Yang§, Kay-Hooi Khoot1§||,

and Shih-Hsiung Wut§**

Thermus thermophilus HB27 is an extremely thermophilic
eubacteria with a high frequency of natural competence.
This organism is therefore often used as a thermophilic
model to investigate the molecular basis of type IV pili-
mediated functions, such as the uptake of free DNA, ad-
hesion, twitching motility, and biofilm formation, in hot
environments. In this study, the phosphoproteome of T.
thermophilus HB27 was analyzed via a shotgun approach
and high-accuracy mass spectrometry. Ninety-three
unique phosphopeptides, including 67 in vivo phosphory-
lated sites on 53 phosphoproteins, were identified. The
distribution of Ser/Thr/Tyr phosphorylation sites was
57%/36%/7%. The phosphoproteins were mostly involved
in central metabolic pathways and protein/cell envelope
biosynthesis. According to this analysis, the ATPase mo-
tor PilF, a type IV pili-related component, was first found
to be phosphorylated on Thr-368 and Ser-372. Through
the point mutation of PilF, mimic phosphorylated mutants
T368D and S372E resulted in nonpiliated and nontwitching
phenotypes, whereas nonphosphorylated mutants T368V
and S372A displayed piliation and twitching motility. In
addition, mimic phosphorylated mutants showed elevated
biofilm-forming abilities with a higher initial attachment
rate, caused by increasing exopolysaccharide production.
In summary, the phosphorylation of PilF might regulate
the pili and biofilm formation associated with exopolysac-
charide production. Molecular & Cellular Proteomics
12: 10.1074/mcp.M113.029330, 2701-2713, 2013.

Thermus thermophilus HB27 is a Gram-negative, rod-
shaped, and extremely thermophilic eubacterium isolated
from a geothermal area (1). This organism grows at temper-
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atures up to 85 °C and has an optimal growth temperature of
70 °C. The thermostable enzymes obtained from members of
the genus Thermus are of considerable interest because of
their potential in research, biotechnological, and industrial
applications (2, 3). In addition, T. thermophilus HB27 is a
suitable laboratory model for genetic manipulation, as it is
easily cultured under laboratory conditions and has a natural
transformation system that is much more efficient than those
of other Thermus spp. (4). Intriguingly, thermophiles are also
found in biofilms, enclosed within a matrix consisting of ex-
tracellular polymeric substances, in various natural and artifi-
cial thermal environments (5, 6). Bacteria form biofilms in
order to adapt and survive in harsh environments (7, 8). Over
the past few decades, biofilm formation has been a major
focus of microbial research and, as such, has been studied in
relationship to bacterial pathogenesis, immunology, biofoul-
ing, microbial technology, and industrial applications (7,
9-12).

Members of the genus Thermus, like many other thermo-
philes, have evolved two main mechanisms for thermoadap-
tion. One is biofilm formation, which confers protection
against environmental stresses such as high temperature and
the presence of antibiotics (8). In previous studies, a novel
exopolysaccharide, TA-1, was isolated from a T. aquaticus
YT-1 biofilm, and both its primary structure and its immuno-
logical activity were determined (13). In addition, we showed
that the overexpression of uridine diphosphate (UDP)-galac-
tose-4'-epimerase (GalE), which catalyzes the reversible in-
terconversion of UDP-galactose and UDP-glucose, in T. ther-
mophilus HB27 increases biofilm production because of the
enzyme’s involvement in an important step of exopolysaccha-
ride (EPS)' biosynthesis (14). The other mechanism that en-
ables Thermus to thrive in extreme habitats is natural trans-

" The abbreviations used are: ACN, acetonitrile; EPS, exopolysac-
charide; HB27, Thermus thermophilus strain HB27; LB, Luria-Bertani
(medium); PilF, ATP-binding motif-containing protein; SCX, strong
cation exchange; T4P, type IV pili; TFA, trifluoroacetic acid; TiO,,
titanium dioxide; TM, Thermus modified.
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formation (.e. the ability to take up free DNA). In hot
environments, natural transformation allows the horizontal ex-
change of genetic information between extremophiles, includ-
ing of genes that promote thermoadaptation (15-17). Recent
studies showed that the type IV pili (T4P) on the cell surface of
T. thermophilus HB27 not only are required for natural trans-
formation (18, 19), but also mediate adhesion and twitching
motility (20). Also, together with the degree of EPS produc-
tion, the presence of T4P on the bacterial cell surface con-
tributes to the regulation of biofilm formation (21). However,
despite extensive research on the physiological, biochemical,
and genetic traits of thermophiles, the mechanisms underly-
ing these functions and their role in thermal adaptation have
not been fully elucidated (16, 22-24).

Advances in the field of phosphoproteomics have come
from high-resolution mass spectrometry and prokaryotic ge-
nome sequencing, which have confirmed the phosphorylation
of many bacterial proteins on serine/threonine and tyrosine
residues (25, 26). In surveys of phosphorylation-related func-
tions, bacterial serine, threonine, and tyrosine phosphopro-
teins have been shown to regulate many physiological and
adaptation processes, such as central carbon catabolism, the
heat shock response, osmolarity, starvation, EPS synthesis,
virulence, and sporulation (25-27). These observations have
been followed by more detailed, species-specific phospho-
proteomics investigations, including in Bacillus subtilis (28),
Escherichia coli (29), Lactococcus lactis (30), Halobacterium
salinarum (31), Klebsiella pneumonia (32), Pseudomonas spp.
(83), Rhodopseudomonas palustris (34), and T. thermophilus
HB8 (35). In this study, the role played by the global phos-
phorylation network of the thermophile T. thermophilus HB27
in the physiological processes that mediate the stress re-
sponses and thermotolerance of this bacterium was exam-
ined. Specifically, we used strong cation exchange (SCX)
chromatography and titanium dioxide (TiO,) (28-30) enrich-
ment to characterize the phosphoproteomic map of T. ther-
mophilus HB27. Genetic manipulation of this strain indicated
that phosphorylation of the PilF protein, which contains an
ATP-binding motif (TTC1622/pilF) and drives T4P formation, is
involved in both EPS production and piliation, thereby influ-
encing the biofilm formation during thermophilic adaptation.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions—Wild-type PilF and its
mutant versions were expressed in the host strain T. thermophilus
HB27, grown under aerobic conditions at 70 °C in Thermus modified
(TM) medium (4). E. coli DH5« and BL21 (DE3) competent cells (No-
vagen, Madison, WI) were used as hosts for genetic manipulations of
plasmids and for the overexpression of proteins, respectively. E. coli
strains were grown in Luria-Bertani (LB) medium (36) at 37 °C. When
needed, kanamycin (30 wg/ml) and/or ampicillin (100 pg/ml) was
added to TM or LB plates for plasmid selection.

Protein Extraction, Digestion, and Phosphopeptide Enrichment—T.
thermophilus HB27 was grown aerobically to mid-exponential phase
(optical density at 600 nm [OD 600] = 0.8). The cells were harvested,
and the resulting pellets were washed twice with PBS and then

resuspended in fresh lysis buffer containing 50 mm Tris-HCI (pH 7.5),
PhosSTOP phosphatase inhibitor mixture tablets (Roche), 6 m urea,
and 2 m thiourea. Cell extracts, obtained using a French press, were
subsequently centrifuged at 25,000g for 30 min at 4 °C. The protein
concentration was measured using the Bradford protein assay (Bio-
Rad). Samples containing 25 mg of protein were disulfide-reduced
with 1 mm dithiothreitol for 1 h at 37 °C, alkylated with 5 mm iodoac-
etamide for 1 h in the dark, and trypsin digested (1:50 w/w) at 37 °C
overnight. The tryptic peptides were acidified with 5% trifluoroacetic
acid (TFA) to pH 2.7. SCX and TiO, chromatography were used to
fractionate and enrich the phosphopeptides (37, 38). Briefly, the tryp-
tic peptides were loaded onto a 1-ml Resource S column (GE Health-
care) in solvent A (5 mm KH,PO,, 30% acetonitrile (ACN), adjusted to
pH 2.7 with TFA) at a flow rate of 1 ml/min and the flow-through was
collected. The bound peptides were eluted in a gradient of 0%-30%
solvent B (56 mm KH,PO,, 30% ACN, 350 mm KClI, adjusted to pH 2.7
with TFA) over 30 min. For phosphopeptide enrichment, TiO, beads
(GL Sciences, Tokyo, Japan) were pre-incubated with the loading
buffer (1 m glycolic acid in 80% ACN and 5% TFA). Each SCX fraction
was then mixed and incubated with 2 mg TiO, beads for 30 min at
room temperature. The beads were washed with loading buffer and
wash buffer (80% ACN and 5% TFA), and the bound phosphopep-
tides were eluted with 1% NH,OH in 40% ACN, pH > 10.5. The
eluates were desalted and dried for LC-MS/MS analysis.

Liquid Chromatography-Mass Spectrometric Analysis—Nano-
HPLC-MS/MS analysis was performed on a nanoAcquity system
(Waters, Milford, MA) connected to an LTQ-Orbitrap XL hybrid mass
spectrometer (Thermo Electron, Bremen, Germany) equipped with a
PicoView nanospray interface (New Objective, Woburn, MA). Peptide
mixtures were diluted with 1% formic acid, loaded onto a C18 BEH
column (75-um inner diameter, 25-cm length; Waters, Milford, MA),
and separated using a linear gradient of 5%-40% ACN in 0.1%
formic acid run over 90 min at a flow rate of 300 nl/min at a column
temperature of 35 °C. The mass spectrometer was operated in data-
dependent mode. A survey scan of the MS spectra (m/z 300-1800)
was acquired in the Orbitrap, with a resolution of 60,000 at m/z 400
after the accumulation of 108 ions. The most intense ions (up to 10)
were further sequenced via collision-induced dissociation fragmen-
tation (normalized collision energy 35%) in the LTQ after the accu-
mulation of 7000 ions. An activation g = 0.25 for 30 ms and a
multistage activation at 97.98, 48.99, 32.66, and 24.49 Thomson (Th)
were applied in the MS? acquisitions. The dynamic exclusion list was
restricted to a maximum of 500 entries with a maximum retention
period of 90 s. The Orbitrap measurements were performed with the
lock mass option enabled to improve mass accuracy.

Data Processing and Validation—The raw data were processed
using MaxQuant software, version 1.1.1.25 (39), to generate the peak
lists. High-resolution profile MS/MS data were deconvoluted before
the 10 most abundant peaks per 100 Th were extracted. Using the
Andromeda search engine (40), we analyzed the derived peak lists
against a composite target-decoy protein database constructed from
the NCBI T. thermophilus HB27 protein database of a total of 2210
sequences (accession numbers: AE017221 and AE017222) down-
loaded from the NCBI Reference Sequence database (www.ncbi.
nlm.nih.gov/protein) on March 30, 2009 (15). The database also in-
cluded commonly observed contaminants of 101 protein sequences
(version 1.0 of the common repository of adventitious proteins down-
loaded from the Global Proteome Machine) and 5880 Saccharomyces
cerevisiae protein sequences downloaded from NCBI Reference Se-
quence database on March 30, 2009, that also serve as possible
contaminants during cell culture. A search parameter of cysteine
carbamidomethylation was set as the fixed modification; methionine
oxidation, protein N-terminal acetylation, and phosphorylation on ser-
ine, threonine, and tyrosine residues were set as variable modifica-
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tions. The digestive enzyme was trypsin, and the maximum number of
missed cleavages was two. The minimum peptide length was six
amino acids. The Andromeda search results were further processed
by MaxQuant. In order to achieve reliable identifications, the maxi-
mum false discovery rate of peptides and proteins was set at 0.01,
which allowed the posterior error probability of peptide-spectrum
matches to be less than 0.05.

Bioinformatics Analysis—The biological function and cellular com-
ponent of each identified phosphoprotein were grouped using the
Blast2GO tool (41). The Blast2GO suite is primarily based on the Gene
Ontology annotation to perform functional annotation. Using Fisher’s
exact test, we obtained the Gene Ontology categories that were
statistically overrepresented. All Gene Ontology terms of overrepre-
sented proteins were selected based on p < 0.05. In addition, we used
the prediction tool pSORTDb (version 3.0) (42) to classify bacterial protein
localization. BLASTP, a phylogenomic database (ProtClustDB) (43),
protein family and domain databases (UniPort, InterPro, Pfam, and
PROSITE), and the pathway database (KEGG) were used in parallel as
complementary methods to further classify each identified protein. In-
formation on Enzyme Code, the KEGG pathway, and motifs was also
extracted and compiled into a dataset provided in supplemental Table
S1.

Construction of PilF Expression Plasmids and Site-directed
Mutagenesis—Chromosomal DNA from T. thermophilus HB27 was
isolated according to a standard phenol extraction protocol (44).
Plasmid DNA was purified using the Bioman plasmid purification kit
(Bioman, Taipei, Taiwan). Phusion High-Fidelity DNA Polymerase
(Finnzymes, Espoo, Finland) was used for all PCR amplifications.
Based on its DNA sequence, the pilF (GenelD: 2774631) gene was
PCR-amplified using the primers listed in supplemental Table S2.
Ndel and Hindlll restriction enzyme sites (MBI Fermentas, Vilnius,
Lithuania) were added to the N and C termini of pilF, respectively. The
PCR product of pilF was inserted into a linearized pGEM7Z vector
(Promega, Madison, WI) for nucleotide sequence determination
(Genomics BioSci & Tech, Taipei, Taiwan). Subsequently, pilF was
subcloned into the pET28a expression vector (Novagen) at the cor-
responding Ndel and Hindlll restriction sites to generate plasmid
pET28a-pilF.

Mutations at the identified phosphorylation sites of PilF were gen-
erated using the mutagenic primers in overlap extension PCR (45), in
which two rounds of PCR were performed to generate mutations at
the desired positions of a gene. pET28a-pilF served as the template
in the first round, with two flanking primers and two internal primers
(each containing the mutated nucleotides) used to generate the N-
and C-terminal PCR products in separate reactions. The primers were
designed to create an overlap region in the two resulting PCR frag-
ments. In the second round, the purified PCR products from the first
round served as templates. The two flanking primers were used to
amplify the full-length mutant PilF gene. Finally, the mutant pilF con-
structs were ligated with pET28a as described above to create mutant
versions of pET28a-pilF.

To aerobically overexpress wild-type and mutant PilFs in T. ther-
mophilus HB27, the inducible nitrate reductase promoter (Pnar) re-
gion in plasmid pMKE2 (46) (Biotools B&M, Madrid, Spain) was re-
placed with the endogenous pilF promoter (PpilF). A 157-bp PpilF
promoter containing the flanking region of the Xbal-Ncol sites was
PCR-amplified, and the resulting DNA fragment was cloned into the
corresponding sites of plasmid pMKE2 to replace the Pnar promoter,
yielding pMKE2-PpilF. The expression vector pMEK2, allowing over-
expression of His-tagged enzymes in T. thermophilus, was developed
based on pET28b(+). To generate pMKE2-Pro-pilF, the wild-type and
mutant pilF genes, derived from pET28a-pilF and its mutant versions,
were directly subcloned into pMKE2-PpilF containing the same mul-
tiple cloning sites (Ndel and Hindlll).

Overexpression of Recombinant PilFs in T. thermophilus HB27 —
Successful recombinant pMKE2-Pro-pilF and its mutant derivatives
were transformed into T. thermophilus HB27 using a modified version
of the protocol described by Koyama et al. (4). Briefly, T. thermophilus
HB27 was grown overnight at 70 °C in 10 ml of TM medium. Over-
night cultures were diluted 1:10 in fresh medium and grown for an
additional 6 h at 70 °C. One-milliliter aliquots of these cells were
transformed with the required amount of plasmids. The transformants
were selected 2 h later on 2% agar plates containing 30 png kanamy-
cin/ml and then incubated for 2 to 4 days at 70 °C. To verify the
overproduction of PilF and its mutant forms in T. thermophilus HB27,
each transformant colony was inoculated in 5 ml of TM medium
containing 30 ug kanamycin/ml and then grown overnight with shak-
ing at 200 rpm for plasmid mini-preparations and anti-His-tag anti-
body detection.

Expression and Purification of Recombinant PilFs in E. coli—Re-
combinant wild-type and mutated forms of PilF were obtained using
the respective plasmids to transform E. coli BL21 (DE3). E. coli cells
containing the distinct plasmids were grown overnight at 37 °C in 100
ml of LB medium containing 30 ng kanamycin/ml. Overnight cultures
were transferred into 1000 ml of fresh medium and inoculated until
Asoo = 0.6 was reached. The cultures were induced with isopropyl-
B-D-thiogalactopyranoside (final concentration of 0.5 mwm) for 4 h and
then harvested via centrifugation at 6000g for 15 min at 4 °C, resus-
pended in cold lysis buffer (50 mm Tris-HCI pH 7.5, 0.25 m NaCl, 5 mm
imidazole), and disrupted by sonication on ice. The E. coli proteins
were precipitated by heating the cell lysates at 65 °C for 20 min and
then separating the soluble proteins from the debris in a 10-min
centrifugation step at 8000g. The clear supernatant was filtered
through 0.45-um pore size filters (Millipore, Bedford, MA) and incu-
bated with resins containing nickel ions (Ni?*). Recombinant PilF and
its site-specific mutants carrying the hexahistidine tag were purified
via Ni-affinity chromatography (Novagen) and eluted in 250 mm imid-
azole. Fractions containing the desired protein were identified by
means of SDS-PAGE on a 12% gel and concentrated via ultrafiltration
through a pore membrane with a 30-kDa cutoff (Amicon Ultra-15,
Millipore).

Transmission Electron Microscopy of T4P—Thermus cells were
grown on TM agar plates for 2 days and then directly resuspended on
a copper grid (300 mesh) containing a drop of PBS buffer. After three
washes in drops of PBS buffer, the grids were stained with 2% uranyl
acetate for 3 min (the excess stain was drawn off with filter paper) and
then dried in vacuo overnight. The cells were then observed using a
120-kV transmission electron microscope (JEOL JEM 1400) equipped
with a Gatan UltraScan 4000 CCD camera. Images were taken at a
magnification of 25,000X with a defocus of ~1.5 um.

Biofilm Formation Assays— Static biofilms of Thermus spp. that
developed on microtiter plates or glass slides were characterized as
described previously (14). The inoculated broth cultures were grown
to stationary phase in 5 ml of TM medium at 70 °C and then used to
prepare serial dilutions in fresh medium down to Agy, = 0.006. Ali-
quots of the diluted cells were dispensed into each of the wells of a
96-well plate. A set of eight wells filled only with 300 wl TM medium
served as the control in each plate. The plates were incubated at
70 °C for 24 h without shaking, after which 0.1% crystal violet was
added to each well for 10 min at room temperature. Unbound crystal
violet stain was removed and the wells were washed gently three
times with distilled water. The bound crystal violet in each well was
solubilized via the addition of 300 ul of 95% ethanol. A microtiter plate
reader (MRX Revelation, Dynex Technologies, Denkendorf, Germany)
was used to read the optical density at 595 nm. For analyses of
biofilm architecture, glass slides were placed into 12-well microtiter
plates containing diluted cells at Agyq = 0.06. The plates were incu-
bated at 70 °C for 3 h. The slides were then gently taken out, rinsed
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once in PBS buffer (pH 7.5) to remove nonadherent planktonic cells,
air-dried overnight, and processed for scanning electron microscopy
(described in the supplementary “Materials and Methods” section).

Quantitative Measurement of EPSs—The sugar content of the bio-
films was estimated via the phenol-sulfuric acid method (47). T.
thermophilus HB27 strains were grown on TM agar plates at 70 °C for
2 days. The bacterial culture on each agar plate was scraped into 2 ml
of PBS buffer, separating the soluble EPS dissolved in the PBS buffer
by means of centrifugation at 10,000g for 10 min. The EPS concen-
tration was determined using a phenol-sulfuric acid assay, with dex-
trans as the standard. The total sugar content was normalized to the
bacterial concentration. The EPS preparation was then dialyzed over-
night with water for subsequent use in GC-MS analyses.

RESULTS

Phosphoproteome of Exponentially Growing T. thermophi-
lus HB27—To identify phosphorylated proteins in extremely
thermophilic eubacteria, a phosphoproteomic analysis of T.
thermophilus HB27 was carried out using the gel-free shotgun
LC-MS/MS approach (28-31). Extracts of trypsin-digested
proteins from exponentially growing T. thermophilus HB27
were fractionated via SCX. The resulting 15 SCX peptide
fractions, including the flow-through, were subjected to phos-
phopeptide enrichment using TiO, and then analyzed five
times on a high-accuracy LTQ-Orbitrap MS. Ninety-three
unique phosphopeptides were identified from 53 proteins,
with an estimated false-positive rate of less than 1% (Table I).
Among the identified phosphopeptides, the locations of 67
nonredundant phosphorylation sites were determined with
the highest level of confidence (class | sites: 99% peptide
identification confidence (48)): 38 (56.7%) on serine, 24
(35.8%) on threonine, and 5 (7.4%) on tyrosine. The relative
Ser/Thr/Tyr phosphorylation ratio was similar to that of other
bacterial phosphoproteomes (28, 29, 31, 33, 35). Annotated
MS/MS spectra of all identified phosphopeptides and a de-
tailed list of the identified phosphoproteins are provided
in supplemental Fig. S1 and supplemental Table S1,
respectively.

Classification of the Identified Phosphoproteins—The iden-
tified phosphoproteins in T. thermophilus HB27 were catego-
rized according to their cellular localization and biological
function (Fig. 1), as determined using the databases noted in
“Materials and Methods.” Accordingly, as shown in Fig. 1A,
37 phosphoproteins could be assigned to the cytoplasm, 4 to
the ribosome, 2 to the cytoplasmic membrane, and 1 to the
nucleoid. Of the 53 phosphoproteins identified in this study,
44 (86.8%) could be functionally annotated, and 7 remained
hypothetical proteins and were therefore placed within the
“Unknown” category. From the biological process perspec-
tive, the 46 phosphoproteins were mostly involved in meta-
bolic pathways, including amino acid (22.6%), carbohydrate
(18.9%), and nucleotide (13.2%) metabolism (Fig. 1B). These
results are consistent with those of other studies, and the
functional distribution was similar to that determined for other
bacteria, in which proteins involved in housekeeping path-

ways and central metabolisms are significantly overrepre-
sented (28-30, 32, 33, 49).

Key glycolytic, tricarboxylic acid cycle, and gluconeogene-
sis enzymes that were determined to be phosphorylated are
shown in Fig. 1C. These phosphoproteins and phosphosites
in the central metabolic pathways of T. thermophilus HB27
were found to be highly conserved with respect to their coun-
terparts in other bacteria (supplementary Table S3) (28-31,
35). Moreover, several phosphoproteins essential to nucleo-
tide metabolism, protein biosynthesis, and cell envelope bio-
synthesis were also annotated (supplemental Table S4), in-
cluding the phosphoproteins Ndk (TTC1798), Cmk (TTC0089),
and phosphopentomutase (TTC1659), involved in the home-
ostasis of nucleoside triphosphates and their deoxy deriva-
tives (13, 50-52); EF-Tu (TTC1330), RF2 (TTC1852), and
chaperonin GroEL (TTC1714), which facilitate translation and
protein synthesis (53-55); and DAG kinase (TTC1957), MurE
(TTC1904), and PilF (TTC1622), which are involved in phos-
pholipid, peptidoglycan, and T4P biogenesis, respectively
(56-59). This comprehensive analysis provided the first insights
into the importance of phosphoproteins in regulating the bio-
logical functions of thermophiles that allow their efficient adap-
tation to extreme and nutrient-limiting environments.

Phosphorylation of Thr3®® and Ser®”? Residues of the ATP-
binding Motif-containing Protein PilF—In many species of
bacteria, biofilm formation and natural competence have been
shown to depend on the retractable protein appendages of
T4P, located on the cell surface (19, 24, 60, 61). One of the
phosphoproteins identified in this analysis was PilF, which
contains an ATP-binding motif (TTC1622/pilF). PilF is essen-
tial for correct T4P synthesis and, through its ATPase activity,
drives the natural transformation system, as shown in several
species of bacteria (59). This protein is phosphorylated at two
sites of phosphorylation, Thr-368 and Ser-372, located on the
two individual phosphopeptides RGGGRLEDpTLVQSGK and
RGGGRLEDTLVQpSGK (Table I). The MS/MS spectra of
these peptides, indicating the exact sites of their phosphory-
lation, are shown in Fig. 2. In a previously described sequence
alignment of ATPase families within type Il and type IV secre-
tion systems (59), the double phosphorylation sites of PilF
were localized to the third conserved GSPII (general secretion
pathway) motif at the N terminus of the protein. This domain
is crucial for normal protein functioning in type Il and IV
secretion systems (62, 63).

Effects of Site-directed Mutagenesis of PilFs on Colony
Morphology and Piliation—In order to elucidate the role of
Thr-368 and Ser-372 phosphorylation in PilF, plasmids ex-
pressing wild-type or site-specific mutagenized PilFs (T368V,
T368D, S372A, S372E, and the double mutants T368V/S372A
and T368D/S372E) under the control of the constitutively
active pilF promoter were generated and individually trans-
formed into T. thermophilus HB27. A transformant containing
the unmodified vector (PMEK2) was used as the control strain.
All of the transformants were examined for twitching motility,

2704

Molecular & Cellular Proteomics 12.10


http://www.mcponline.org/cgi/content/full/M113.029330/DC1
http://www.mcponline.org/cgi/content/full/M113.029330/DC1
http://www.mcponline.org/cgi/content/full/M113.029330/DC1
http://www.mcponline.org/cgi/content/full/M113.029330/DC1

Phosphoproteomics and T4P-mediated Functions of T. thermophilus

[982L
‘212S ‘122S ‘0.2S ‘89zl]d

[eLes
‘122S ‘0.2S ‘89zl ‘vSelld

[222s “122S ‘0/2S ‘89z1]d
[22es ‘122S ‘0.2S ‘89z.1]d
[ozysld ‘6Ly1d

[ozys ‘6Ly1]d

[62LL ‘LgkL ‘6LLS ‘ZLLAlD
(121l ‘6LIS “ZLLAID
[66S ‘261 ‘G6Ald

[66S ‘261 ‘G6Ald

66Sd

zgl1d

[zg11]d ‘og1L1d

[¥z1 “121]d ‘Z28d

geld

[901A ‘golLS]d

[90LAld ‘G0LSd

zessd

[9gs]d ‘ggsd

Glzsd

[o8s]d ‘zgsd

08sd

[28s ‘08s]d ‘g2sd

26Sd

[SOLA ‘LOLS ‘66S ‘e6.1]d
[GOLA ‘1OLS ‘66S ‘e6.1]d
Lorsd

[Lo1s]d ‘66Sd

[2eA “1€S ‘PeLld

[ozs ‘gLl ‘z11]d
[6Les]d ‘z1g1d

[61eS ‘2legl]d ‘goesd
[2121 ‘802S ‘vozs]ld ‘6Lesd
6lzsd

[zo1s]d ‘0011d

zolsd

Lgesd

[g1s]d ‘111d

oezld

Gglsd

[z1S ‘91s ‘€IS “LISld
Lisd

[gel ‘ezsld

¥61d

£zsd

[8ees ‘vees ‘ogzlld
geesd

HYAD[LINTTOAINMHHANSSSOLIdDDIHAIIOVIINIL

MMHAN[SSSDLODIHAJIOVIIAILID

HYAD LINTTOAINMHMHAN[SSSOLIdDDIHAJIOVIINIL
MMHAN[SSSD1L]dODIHAdIOVITAIL
HYAIVVYH[S]dLdyDD

HYAIVVYH[SL]d49DD
H43IMIIA[LIHAIADALDSTAldIDY
HIMIFALIHAIADALLOSTAldIDY
MADDHY4dHH[SOLIAIdTOVYS
d[SHLIAld1OVYINY

4sdo TATOVYI

4SHATIVV IHOAITTLAN LM
HSOATIVYIHD43T[L]dyd
d[1]ddsd[1]dyyD4T11YHOSTI
dIVVIAYdYIIVAAMIaTaM.Ldd
dAIddddOO[AS]dHY

HAIddddDO[A]dsdHY

YIAWITdAIANDYS

HINDVYSdd[s]dOM

HYADSAIVATADDAD
4SAA[S]dYSAYIADdDVYITYI
YSASAYSAVIADdDVIT
d[sAs]ldvsdAYIADdDYIaYI

HOSAIANASYL

MIONAO[ADNHSYSIAYOV.LIdY
H431333v3AdTHID LADAIMONAO[AINHSVSIAVOV.LIdY
MIONAOAINHSAYSIAVOY LY
MIONADAINH[S]AVSAIAVOV LY
HYDOLAMALADDIVHSIAHATOL]dS
d[s1LLldd3dIADYHTO L3S
Hddy[s]dd1dd33HddDdSYddSYavYIAIALTY
4dy[Sd1]dd334ddDdSdVddSYavYIAIALTH
4ddsdd[1d33HddDdSYddS]dvavyIAIAdTY
ddysddid3a
MADTADIANH[S]AYLATAVYOOYYNTH
MADTADAANHSAY L TAVYOOYY
NdVSAYDOIIDANDH

H31aOASILADDA

HIDOD1LdHLIDANYAD
MOOTTHHANASANATVALAYILT
HYALSSHOSYS]AdOAlLAID
MOSYSAdOAILAID

YHlLASIAMaDdA

HATLIDYNDOATAdIdINA
HHIASANADdAYT
470303A3d[SHOVSAAALID
HNa3d1030INIdSAHOVSAAL

uiejoid aseA| ajeuoonsojAuspe aAlzeINd
aseyjuAs ayeaniAdjousoydsoyd

aselayuAs 4190

asejnwouuewoydsoyd/sseinwoon|boydsoyd

620LOLL uteroid [eoley1odAH
aseusboipAysp 91eJ}I00SIOWOoH

266001 uteroid [eoneylodAH

uigjoid pajeloosse [ewosoqu aAleInd
asejoyiuAs YNHI-IAA

aseyluAs areydsoyd [0490A|6-g-aj0pu|

Joye|nba. esuodsal Jusuodwod-om |
aseyjuAs arelApiwAy) uspuadap-qy4

asenwouuewoydsoyd/aseiniy
aujwesoon|BjA1eoeoydsoyd/eseinw aujwesoon|foydsoyd
aselajsueljoulwe SUIYHUIQ

ase|fpAyyns suuas(owoy)-1-|A190e-0

89¢0011 utejoid [eoneyiodAy
asejnwouuewoydsoyd/eseinwoon|boydsoyd
ureyd eydje asejdyiuAs yon-|Auioong

aseup| ajepedsy

aseJajsueli|AjAuspe NNd/eseuny uineyoqiy
aseyjuAs aujuoaiy ]

aseuny| e1ejApiho

aseJasuelyAuinixogies- | ayewnjiysoydsoyd-g

8selayuAS suluolyeWASouspE-G

6711011
9€L10LL

9IAd/z01 1011

€90101L
6201011
PaIU/gLoLOLL
¢6600.LL

/260011
SIeA/G08001L

0d43/008001 L

1210011
XAuy1L€2001 1

INWIB/16900.LL
€G5001L
LUeo/80¥001 L

8960011
16¢001L
aons/6910011L
>Se/991001L
6G100LL
110011

3Wo/68000.LL

VVOIe/88000.LL

MPW/6Lc1oLL

saysoydsoyd

apiidaedoydsoyd

uonduosep uielold

aweu wcw@\wrcmr_ Slptelon |

/29H snjiydowusyy | wouy sepidadoydsoyd pue suigjoidoydsoyd paipuspl Jo 1SI7

| Fav]

2705

Molecular & Cellular Proteomics 12.10



Phosphoproteomics and T4P-mediated Functions of T. thermophilus

'LS 9|qe] [euswalddns ul punoy 8q ued sepidaedoydsoyd pajosiap 8y} uo uoljewlojul pajielsq [A]d pue {1]d [s]d se sieyoeIq yum pjog ul pajedipul aJe se)s snonbigquuy "BulSOJA}

-oydsoyd ‘Ad ‘suiuoaiyioydsoyd ‘1d ‘suuesoydsoyd ‘Sd :pjog ul pa1edIpul aJe alemyos Juendxe|N Aq paubisse aouspluod uoneoiiuapl apidad o566 yum uonejAioydsoyd jo seus

[965d ‘G6S]d

[o81]d ‘g21d

[81Les]d ‘zeead

[8zes ‘22l ‘gzeA ‘gLesld
9gsd

9611d ‘gg11d

9GzAd

0/8d

[6S1S ‘vSLAld

[891L ‘Z9LA ‘S9LL ‘e9L1]d

[VZIA ‘€211
‘LZLL ‘89LL ‘Z9LA ‘G9LL ‘€9L1]d

[LZ11‘89LL ‘Z9IA ‘GOLL ‘€911]d
g9L1d

[8911 ‘Z9LA ‘GoL1]d ‘€9L1d
651sd

gesd

9esd

162Ad

90l1d

6vAd

[6vAld ‘Lysd

9L1d

6vesd

gegsd

[9ez1]d ‘yezsd
[181 ‘081]d ‘zg1d
[181]d ‘0g1d
[oels]d ‘gzL1d
oelsd

g9¢g1d

glesd

[161S ‘06LA ‘2811]d
[ose1]d ‘gge1d
[gges ‘zsel ‘0gelld
6esd

661d

[eviL ‘6gis]d ‘zz11d
[orLAld ‘6eL1d
[ovLA ‘6ELL]d
[1r1]d ‘gesd

gsd

29LAd

¥Ge1d

[e61]d ‘zZesd

1gsd

g62sd

MADOSAVYNOVVISSIAIIAASLISALNITONGA
dHM3S[L]dD1dDAVYADIdSADHYAV v
dA3AdVIdSLANTAADAYD[S]ddHAY
HYA3IAdVId[SLANTAALYOSIAdUAY
dY4ANDSADIdAADTIA
H14VAAIdYIdLLAAHOADHYITDT
MAANDASYIVVCLT

H4dAAD TV IHOIDSAD Y IODAND LTIDTVSIIV ]
H[STOTIAIdYID4ANA
MVOIdVYINALDLDTLAAD[L]dy1dTH

MVOIdVYIN[ALDLDTLADLHLIATH
MYOIdVYINAL[LOTLADLHL]ATH
MVOIdVYINALDLDTIADL
MVOIdVYINALDLDTLADL]dY1dTH
HSAIOTIAVIDIANA

HAAISANSAT

HAAISHSAAT

MMHITIA]

M1dDOdAVLAYITION
HHIVAAHYIVI30SI
YHIv[AldHY3v130sd]|
MIFIALAYOSTIIMI
MAADIVOATISAADdVAYI
4aNaoYHVYSdvd1S3
MO[1]dDsd1H44AVAaDT
H4dMITHIDAIIMHOLA[L1]daNDdNAT
HAdMTTHIDAIIMHO L[ L1d LAaMDdNATHIN
M4990a3ddNH[slddLdTIADaY
M495AIddNHSAd 1L TIADAY
MOSOATLAATTHDDDY
MHSAOATLATTHODOY
HIMSADNLIIHADSSd TV TIVaD3
dvSHoLdy[1]dJAAIY
dv[SDOLVLIdAAAIY

HYHA3IdVYOHSAANT
MVYIOVddMddIdddvv.Ldvy

H190Vdddd 1d[1dVddd3IAdv1aAS]dd LdNYddITIMALY
MVITVHAA[LL]AISIHOITONADIIAADIADIHAT
MV IVH[ALIAIIIHOITONADIAADIADIHAT
HddHOTYIVAUNLLIAIYSADOHATT
d|3713sd

MIAAHAMNN

H1aLdaini

dvAvav[Lldsdoiany

MIHVHSANDITH

H43A3aHsdAD

asejeydsoyd auley|y
aselajsueljouiwe ayeydsoyd-joulpisiH

aselajsueljoulwe ajepedsy
nJwq ueioid
a1ejswidoulwelp-9‘g-arewein|B-a-jAueejfoweinwiAieoe-N-ddn

asenw ajess9A|boydsoyd juspuadapul-i030e400

aseupy ueoid sujuosIyl/euLIeS

GG81OLL ureloid [eonsyiodAH
2 J010B} asesja. ureyo apnded
/281 D11 uloid [eonayjodAH

aseupy ayeydsoydip apisos|onN
Z17/271 uielold [ewosoqu S0
aseury|

73045 uluosadey)

ase|AxoqJed ayeaniAdiousoydsoyd

asenwojuadoydsoyd
asenwoon|Boydsoyd

dlid uielod Buiureuoo-yiow buipulg-d 1y
asejeyjuis ajozepiwioujwelAsoqrioydsoyd

aseury ayeaniAd

L091OLL ueoid [eonayjodAy

asejeydsoydolAd ojuebiou)

aseupy ayeweln|bjA1eoy

ulejoud Buipuig-d1Y Jeuodsuel; gy
ase|opAyoydsoyd juspuadsp [e1v N
ose|op|e ajeydsoydsiq-asojoni
ase|Axoqueosp areydsoyd-,G auipnoiQ
LGELO1 1 ueloid [eoneyiodAy

n} Jojoe} uonebuoje uone|suel |

voud/yg00d LL
2200d L1

0961011
nwaq/661011L
7061011

Wbde/gggLol L

9981011

GG810LL
cG8ILOLL
1¢81011

APU/86LLOLL
TdI/9LL1OLL
2LLIOLL
73046/71L2LOLL
v0d/60. 1011

6991011
0€91011

/229 LOLL
6191011

1191011
1091011

0091011
LPGLOLL

88y 1OLL

02y LOLL
YLYLOLL
HAd/18E1L01L
LGELOLL
4M/0EELOLL

saysoydsouyd

apndadoydsoyd

uonduosep ulgiold

aweu susb/eweu snooT

panuiuoo—| Iav|

Molecular & Cellular Proteomics 12.10

2706


http://www.mcponline.org/cgi/content/full/M113.029330/DC1

Phosphoproteomics and T4P-mediated Functions of T. thermophilus

(A) Cytoplasm ©
69% _— GLYCOLYSIS
nl 7'},;)“’“ glucose  TTC0201Q)
° TTC1030
glucosamine-1P g J 6P @ glucose-1P
§ TTC0691Q t TTC1630Q
glt ine-6P fr 6P
Ribosome fructose-1,6P,
Cytoplasmic  Nycleoid 8% TTC1414Q
membrane 2% glyceraldehyde-3P
4%
glycerate-1,3P,
(B) Carbohydrate Amino acid e
'cerate-,
metabolism metabolism 9 TTC1888Q)
1999 239%p IVGorate-2P
Nucleotide i
Unknown metabolism phosphosnolpyruvate
13% 13% @rrciize 1) T1ci1611@
pyruvate
Slgnal- Translation @TICi709
transduction 904 acetyl-CoA
mechanisms anenorter _L.
49/ Transporter and oxaolacetate citrate
“®  Energy Cellular process binding proteins @TTC1960
production 11% Cell envelope 6% o  malate = cis-aconitate
and conversion T L-aspartate
4%
6% fumarate CYCLE isocitrate
succinate 2-ketoglutarate
GTIENS Ecclnyl-(:o

Fic. 1. Classification of the identified phosphoproteins in T. thermophilus HB27. The phosphoproteins were grouped by (A) cellular
location and (B) biological function based on Gene Ontology terms as assigned by Blast2GO. Hypothetical proteins were grouped into the
“Unknown” category of the pie chart. C, this simplified diagram shows the central metabolic pathways that link glycolysis and the tricarboxylic
acid cycle for glucose. Other carbohydrates can also be metabolized, via glucose-1-phosphate or glucosamine-1-phosphate. The shaded

boxes show the phosphorylated enzymes identified in this study.

discernible in T. thermophilus HB27 by the formation of large,
flat, spreading colonies on agar surfaces (20). Interestingly,
the results showed that the colonies formed by the control
strain and by mutants expressing a nonphosphorylatable form
of PilF (i.e. T368V, S372A, and T368V/S372A) were large, flat,
and spreading, whereas the colonies of mutants with mimic
phosphorylated forms of PilF (T368D, S372E, and T368D/
S372E) and the strain overexpressing wild-type PilF (PilF wt)
were smaller (Fig. 3A). Moreover, both PilF wt and the mutant
strains T368D, S372E, and T368D/S372E, carrying phosphory-
lation mimic PilFs, lost their twitching motility and exhibited
pili-formation-deficient phenotypes (Fig. 3C). When the strains
were grown in liquid medium, the nonphosphorylated mutant
strains (S372A and T368V/S372A) had a lower gravity sedimen-
tation rate, indicating that the mutants form pili and have higher
twitching motility (Fig. 3B).

To further examine the stoichiometry of phosphorylation
in the PilF wt strain, the relative quantities of the dephos-
phorylated phosphopeptides (RGGGRLEDTLVQSGK and
GGGRLEDTLVQSGK) in phosphorylated and phosphatase-
treated PilF were measured via mass spectrometry, and the

areas of the respective peaks were compared. The results
showed 63% phosphorylation site occupancy in cells grown
to mid-exponential phase (supplemental Table S5).

PilF ATPase activity powers the mechanical force neces-
sary for T4P pilus extension; conversely, following a reduction
in ATPase activity, T4P function is interrupted (64). We found
that both the PilF wt strain and the serial mutant PilF strains
retained weak ATPase activity, as measured by y-phosphate
release from ATP hydrolysis (supplemental Fig. S2). Also, the
secondary and quaternary structures of these strains were
similar with respect to their circular dichroism spectra and the
results of analytical ultracentrifugation analyses, respectively
(supplemental Figs. S3 and S4 and supplemental Table S6).
Thus, all of the recombinant proteins formed hexameric com-
plexes, and there was no disruption of their ATPase activity.
These results implied that seryl/threonyl phosphorylation of
PilF is essential to pili formation and pili-mediated twitching
motility but does not determine or alter the conformation,
quaternary assembly, and ATPase activity of the protein.

Effects of Site-directed Mutagenesis of PilFs on Biofilm
Formation and EPS Production—Apart from twitching motil-
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Fic. 2. MS/MS spectra of the threonine and serine phosphorylated peptides belonging to ATP-binding-motif-containing protein PilF.
Rich backbone fragmentation (RGGGRLEDpTLVQSGK and RGGGRLEDTLVQpSGK) was shown in the MS/MS spectra, in which (A) Thr-368

and (B) Ser-372 were identified as the sites of PilF phosphorylation.

ity, T4P is known to involve in the formation of complex
colonial structures in biofilms (60). In a previous study, we
demonstrated the ability of T. thermophilus HB27 to form
biofilms (14). Thus, in the present work we further investigated
the effect of PilF phosphorylation on biofilm-formation ability,

using crystal violet staining and scanning electron micros-
copy. The results showed significant reductions (p < 0.05) in
the biofilm-formation ability of strains expressing nonphos-
phorylatable forms of PilF (T368V, S372A, and T368V/S372A)
relative to the PilF wt strain or the strains with phosphorylation
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(A) Vector PilF wt S372A S372E

BU0

T368V

T368D T368V/S372A T368D/S372E

Q0

A

PilF S372E

[

PilF T368D

PilF T368V

PilF T368D/S372E

Fic. 3. Colony morphology and piliation of T. thermophilus HB27 strains. A, the effects of the overexpression of various PilF proteins in
T. thermophilus HB27. Strains containing a plasmid expressing the indicated PilF allele were incubated on 1.6% Thermus medium plates for
3 days at 70 °C under humid conditions. Scale bar represents 5 mm. B, precipitation of the overexpressed PilF proteins in T. thermophilus
HB27. After a 6-h incubation at 70 °C and an initial Agyo Of 0.6, the cells were transferred to 2-ml tubes containing PBS buffer and subjected
to gravity sedimentation at 4 °C for 1 day. C, images of T. thermophilus HB27 strains overexpressing the various PilF proteins. Cells from 2-day
cultures on agar plates of the indicated strains were directly transferred to a grid and stained with 2% uranyl acetate for transmission electron
microscopy. Approximately 20 cells of each strain were analyzed for piliation. Bar, 0.1 um.

simulated PilFs (T368D, S372E, and T368D/S372E), in which
biofilm formation was normal (Fig. 4A). Additionally, strains
T368V, S372A, and T368V/S372A had a lower initial attach-
ment rate during biofilm formation (supplemental Fig. S5), and
their cell surfaces had a granular appearance (supplemental
Fig. S6), unlike the thick and smooth matrix that normally
coats the bacterium and that was also seen in the transfor-
mants with normal biofilm production. These differences in
biofilm formation and the nature of the cell surface led us to
further explore EPS production and the maintenance of bio-
film structure (7, 8). In an EPS quantitative assay, the PilF
mutant strains T368V, S372A, and T368V/S372A produced
less EPS than strains S372E, T368D, and S372E/T368D with
the mimic phosphorylated PilF, strain PilF wt, or vector control
(Fig. 4B). The relative quantities of EPS measured via GC-MS
were similar to the amounts determined using the phenol-
sulfuric acid method (supplemental Table S7). In terms of
sugar composition, the glycosyl residues of the EPS pro-
duced by all of the examined strains consisted of 75%
galactose, 15% mannose, and 7% glucose. These results
indicated a relationship between PilF phosphorylation and

EPS production in regulating biofilm formation in thermo-
philic bacteria.

DISCUSSION

To date, global phosphoproteome analyses from archaea
(31) to eubacteria (28-30, 32, 33) have identified quite a few
phosphoproteins. Despite the presence of the same phos-
phosites, there is very little overlap between these phospho-
proteins and thus between the respective phosphoproteomes
(49). In a comparison of phosphoproteomes within the same
species (i.e. T. thermophilus strains HB27 (this study) and HB8
(35)), ~45% of the phosphoproteins were found to be identi-
cal (supplemental Table S8), and, with the exception of
valyl-tRNA synthetase (TTC0805) and chaperonin GroEL
(TTC1714), the phosphorylation sites of these proteins were
the same. The remaining 55% of the phosphoproteins of
these two closely related thermophiles were distinct, perhaps
accounting for strain-specific differences in regulatory mech-
anisms and biological functions.

Protein Phosphorylation Regulates T4P-mediated Func-
tions in T. thermophilus HB27—In this study, the phospho-
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Fic. 4. Biofilm formation and EPS production by T. thermophi-
lus HB27 strains. A, biofilm formation by strains of T. thermophilus
HB27 overexpressing various PilF proteins. Biofilms formed on 96-
well microtiter plates after 24 h were stained with crystal violet.
Surface-attached cells were quantified by solubilizing the dye in eth-
anol and determining the absorbance at 600 nm. Data are the means
of three independent experiments, with each sample tested in tripli-
cate. The asterisks (*) indicate statistical significance (p < 0.05). B, the
total EPS content extracted from T. thermophilus HB27 strains ex-
pressing wild-type or mutant PilF proteins normalized to each of their
bacterial concentrations, as determined in a phenol-sulfuric acid
assay. Error bar represents the standard deviations of three inde-
pendent measurements. Asterisks indicate statistical significance
(p < 0.05).

protein PilF (TTC1622) was shown to have two phosphoryla-
tion sites, Thr-368 and Ser-372, located on distinct
monophosphopeptides (Table | and Fig. 2). In many species of
bacteria, PilF is essential to T4P-mediated natural transfor-
mation, which in T. thermophilus HB27 is required for DNA
uptake from thermal environments and has allowed thermo-
adaption (17-19). Furthermore, PilF forms hexameric com-
plexes at the bacterial inner membrane and is the only ATPase
driving T4P-mediated functions (59). This study is the first to
describe PilF phosphorylation and thus to suggest a mecha-
nism for its regulation with respect to T4P.

Phosphorylated PIlF Interferes with Pilus Formation and
Retards Motility in T. thermophilus HB27—In a previous study,

it was found that long pilus structures are still formed but
competence is defective in T. thermophilus with a deleted pilF
gene (65). We found that overexpression of wild-type PilF
resulted in a nonpiliated phenotype (Fig. 3C, PilF wt). This
inhibition of pilus formation was likely due to the higher levels
of phosphorylated PilF, as the phosphorylation stoichiometry
of strain PilF wt was 63% higher than that of the control
(vector) strain (supplemental Table S5). Interestingly, natural
transformation ability was nonetheless maintained in strain
PilF wt, as evidenced by transformation frequencies of 10~*
to 107° transformants per viable count. This result is consis-
tent with that of the previous report (20).

In terms of the role of PilF phosphorylation, an interesting
point is that the phosphorylation-simulated mutants including
single or double acidic residue substituted PilFs (T368D,
S372E, and T368D/S372E) all displayed nonpiliated and non-
twitching phenotypes (Fig. 3). Conversely, in these nonphos-
phorylated mutants (T368V, S372A, and T368V/S372A), pili
were formed and, at the same time, twitching motilities were
retained (Fig. 3). In other words, the nonphosphorylation of
PilF might possess a functional pilus apparatus because of its
twitching motility. Likewise, in our results, natural competence
was independent of piliation and preserved in all of the trans-
formants at frequencies similar to those of the wild-type con-
trol (~10~* to 10~° transformants per viable count) (20). Ad-
ditionally, neither ATPase activity nor hexameric complex
formation was lost in any of the mutated strains, including PilF
wt (supplemental Figs. S2-S4). Taken together, these findings
suggest that PilF functions regulated by serine/threonine
phosphorylation are required for T4P formation and T4P-
driven motility but not for natural transformation and ATPase
activity. Accordingly, the two independent phosphorylation
sites, Thr-368 and Ser-372, in PilF may individually have the
same regulatory ability in the switch from the assembly to the
retraction of T4P.

Phosphorylated PilF Increases EPS Production and Thus
Enhances Biofilm Formation—T4P is a multifunctional protein,
involved not only in natural competence but also in adher-
ence, movement, biofilm formation, and virulence in a wide
variety of bacterial species, including Myxococcus xanthus, P.
aeruginosa, Neisseria spp., E. coli, and Vibrio cholerae (60, 66,
67). In T. thermophilus HB27, T4P was shown to be important
in natural transformation (17-19), adhesion, and twitching
motility (20). In this study, we examined not only the regulation
of these T4P-mediated functions by PilF phosphorylation but
also the role of T4P-mediated motility in promoting the initia-
tion of biofilm formation. Our results suggested that the re-
tarded motility exhibited by mutants carrying the mimic phos-
phorylated PilF proteins (T368D, S372E, and T368D/S372E)
enhanced biofilm formation (Fig. 4A). This observation is in
contrast to reports on P. aeruginosa (68) and M. xanthus (69)
in which bacterial movement by twitching motility and social
motility, respectively, was shown to facilitate surface attach-
ment, microcolony formation, and therefore biofilm maturation.
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In our mutants, it is tempting to consider that phosphorylated
PilFs enhance biofilm formation by interfering with pili formation,
which limits motility and thereby increases initial adhesion (sup-
plemental Fig. S5).

In M. xanthus, the membrane accumulation of pilin subunits
(PilA) was shown to alter EPS production and social motility
(70), whereas in our T. thermophilus HB27 mutants the ex-
pression of mimic phosphorylated or phosphorylatable PilFs
influenced the degree of EPS production and thus of biolfim
formation (Fig. 4B). According to Cava et al. (71), the compo-
sition of polysaccharides detected in T. thermophilus cell wall
is 74% reducing sugars. In addition, previous studies indi-
cated that in T. thermophilus HB27, the overexpression of
GalE, which participates in the Leloir pathway for galactose
metabolism, leads to an increase in biofilm formation (14). In
this study, these mutant strains also incorporated a higher
proportion (~75%) of galactose into the EPS on their cell wall
(supplemental Table S7). These findings are consistent with
the results of our study, in which galactose was the major
component extracted from EPS and its relative amount was
positively related to effects on the ability to form biofilm. In
terms of the relationship between bacterial phosphorylation
and EPS biosynthesis, current evidence suggests that either
deletion of specific bacterial tyrosine kinases or mutation of
the phosphorylation sites on EPS biosynthetic proteins results
in the loss of EPS production, especially in pathogens (32, 72,
73). Consequently, in T. thermophilus HB27, phosphorylated
PilF might influence sugar incorporation into the cell wall and
thereby biofilm production capacity.

T4P-driven moatility is typically powered by the two-protein
systems ATPase PilB/PilF (pilin polymerase) and PilT/PilU
(pilin depolymerase), controlling pilus fiber extension and re-
traction, respectively (64, 67, 74). This is the case in mesoph-
ilic bacteria such as P. aeruginosa (64), Neisseria spp. (75),
and M. xanthus (74), whereas in T. thermophilus HB27 there is
only one T4P-related ATPase, PilF (17, 59). Although we did
not carry out structure-function analyses of T. thermophilus
PilF, this protein is unusual because although its primary
sequence is closely related to PilB/PilF, it is functionally closer
to PIlT/PilU (59). How Thermus cells coordinate pilus fiber
retraction and extension using only one ATPase and the
mechanism by which protein phosphorylation coordinates
these functions in thermophilic bacteria are challenging ques-
tions to be addressed in future studies.

The phosphoproteins identified in our global phosphopro-
teome analysis of T. thermophilus HB27 were shown to be
involved in a diverse range of cellular processes. One such
phosphoprotein, PilF, powers the multiple functions of T4P in
this bacterium, including the acquisition of DNA for transfor-
mation, in addition to playing an essential role in thermoad-
aptation. PilF phosphorylation was shown to be related to the
sugar composition of the EPSs, which are secreted into the
cell wall to assist in cell attachment preceding biofilm forma-
tion. Our results provide insights into the mechanisms under-

lying the well-regulated balance in thermophiles between
phosphorylation-regulated T4P and EPS production.
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