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The periplasmic flagellum of Treponema phagedenis consists of the flagellar filament and hook-basal body.
We report here a characterization of the hook gene and flagellar hook of T. phagedenis, and in the process of
this analysis we found evidence that the hook polypeptide is likely cross-linked in situ. A 7. phagedenis genomic
library was screened with a Treponema pallidum antiserum, and the DNA segments from several positive
plaques were subcloned and sequenced. DNA sequencing of two overlapping segments revealed a 1,389-
nucleotide (nt) open reading frame (ORF) with a deduced amino acid sequence that was 36% identical to that
of FIgE, the hook polypeptide of Salmonella typhimurium. This gene was designated T. phagedenis figE.
Beginning at 312 nt downstream from flgE was a partial ORF of 486 nt with a deduced amino acid sequence
that was 33% identical to that of MotA of Bacillus subtilis, a polypeptide that enables flagellar rotation.
Upstream of figE, separated by 39 nt, was a partial (291-nt) ORF with a deduced amino acid sequence that was
homologous to that of ORFS, a polypeptide of unknown function located in an operon encoding polypeptides
involved in motility of B. subtilis. The T. phagedenis figE gene was cloned into an Escherichia coli protein
expression plasmid, and the purified recombinant protein was used to prepare a FIgE antiserum. Western blots
(immunoblots) of whole-cell lysates probed with this antiserum revealed a 55-kDa polypeptide and a ladder of
polypeptide bands with increasing molecular masses. T. phagedenis hooks were then isolated and purified, and
electron microscopic analysis revealed that the morphology of the hooks resembled that in other bacteria. The
hooks were slightly curved and had an average length of 69 = 8 nm and a diameter of 23 = 1 nm. Sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and Western blots of purified hook preparations using the
FIgE antiserum also revealed a polypeptide ladder, suggesting that the hooks are composed of a covalently

cross-linked polypeptide.

Treponema phagedenis is an anaerobic, host-associated spi-
rochete that is used as a model for studying spirochete motility.
The general structure of T. phagedenis resembles that of other
spirochetes, including Treponema pallidum and Borrelia burg-
dorferi (5, 7, 8, 15, 39), whose motility plays an important role
in the pathogenesis of both syphilis and Lyme disease (22, 41).
Therefore, our initial studies have focused on the periplasmic
flagella (PFs) of T. phagedenis, which are essential structures
for motility (23).

The PFs of T. phagedenis consist of the filament and the
hook-basal body (HBB) apparatus (18, 19). T. phagedenis has
between four and six PFs that are inserted at each end of the
cell cylinder and extend backwards along the cell body between
the inner and outer membranes. Occasionally, the filaments of
T. phagedenis may protrude from the cell but remain enclosed
within membranous material (6). Extensive studies of the
filament ultrastructure and molecular composition have re-
vealed a complex structure consisting of multiple protein
components comprising the filament core and sheath (for
reviews, see references 32 and 40).

In contrast to the filament, little is known about the HBB of
T. phagedenis. The filament is connected to the hook; however,
hook-associated proteins which link the filament to the hook in
other bacteria have not yet been identified in the spirochetes.
The hook is connected via the rod to the basal disk, which is
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embedded in the inner cell membrane (19). It is not clear
whether the basal disk of T. phagedenis consists of a single ring
structure or two closely spaced ring structures. Although the
structure of other spirochete PFs resembles that of 7. phage-
denis, there are variations in the number of filaments, the
protein composition of filaments, and the number of rings
making up the basal body apparatus of various spirochetes (4,
31).

We were interested in extending our previous molecular
characterization of treponemal PF proteins to include the
HBB apparatus of 7. phagedenis. By analogy with other
bacteria, the HBB apparatus is likely to play an essential role
in the motility of spirochetes. We now report the purification
and unique composition of 7. phagedenis hooks and the
identification and DNA sequence of the T. phagedenis hook
gene.

MATERIALS AND METHODS

Strains, plasmids, and reagents. The culture conditions for
T. phagedenis Kazan 5 have been described previously (23). T.
pallidum subsp. pallidum cells were kindly provided by K.
Wicher (Wadsworth Center for Laboratories and Research
[WCLR], Albany, N.Y.), and DNA was isolated by standard
methods (28). Escherichia coli ER1578 has been described
elsewhere and was grown in L broth containing 50 pg of
ampicillin per ml (26). E. coli IM101 and JM109 have been
described elsewhere and were grown in L broth (29, 43). The
culture and manipulation of bacteriophages M13mp18 and
M13mp19 have been described previously (26, 43). Restriction
enzymes, T4 DNA ligase, and materials for cloning and
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expression of antigens in the maltose-binding-protein (MBP)
vectors by using the Protein Fusion and Purification System
were obtained from New England BioLabs (Beverly, Mass.)
Isotopes were purchased from Amersham Corporation (Ar-
lington Heights, IIl.). The Erase-a-Base system for generating
exonuclease III deletions was obtained from Promega Corp.
(Madison, Wis.). Tag polymerase was purchased from PE
Express (Norwalk, Conn.). DNA manipulations were done by
standard methods (28).

Identification, subcloning, and DNA sequencing of the T.
phagedenis hook gene. Construction of the T. phagedenis
genomic library in A gt11 has been described previously (26).
The library was screened by standard methods (38), using a T.
pallidum antiserum obtained from rabbits that were infected
intratesticularly with viable T. pallidum cells (kindly provided
by K. Wicher, WCLR). DNA was purified from positive
recombinant plaques (26), digested with EcoRI to liberate the
insert DNA, and then subcloned into M13mp18 and M13mp19
for sequencing. DNA sequencing was done on both single- and
double-stranded DNA by the dideoxy method (37) with Se-
quenase (U.S. Biochemical Corp., Cleveland, Ohio) or Ampli-
taq (PE Express). Sequencing of the cloned DNA was accom-
plished by generating deletions with either exonuclease I1I (14)
or the appropriate restriction endonucleases. Remaining gaps
in the DNA sequence were filled by using synthetic oligonu-
cleotide primers prepared at the Molecular Genetics Core
Facility of the WCLR. Sequences were analyzed by using
programs available through the University of Wisconsin Ge-
netics Computer Group (10).

Expression and purification of T. phagedenis hook protein in
E. coli. The Protein Fusion and Purification System (New
England BioLabs [11]) was used to express and purify T.
phagedenis hook protein in E. coli. The hook gene was synthe-
sized in vitro by a PCR-based approach (36). The primers
DAM1 (5'-TTTAGAATTCACCACAGGTTTTAAGCGCG
GC-3' [nucleotide {nt} 424 to 444, Fig. 1]) and KC1 (5'-GT
GCGCATACTTTGATACCG-3' [anneals at nt 2205 to 2227,
Fig. 1]) were used to amplify the hook gene from T. phagedenis
genomic DNA by PCR. To facilitate cloning, primer DAM1
contains a synthetic EcoRI restriction endonuclease site. There
is a native Nsil site in the DNA sequence downstream from the
3’ end of the hook gene at nt 1992 to 1997. After amplification,
the DNA product was purified by agarose gel electrophoresis
and digested with EcoRI and Nsil. The DNA was further
purified by using a Spin Bind column (FMC Corp., Rockland,
Maine) and then ligated into the plasmid p770R and trans-
formed into E. coli IM109. The plasmid p770R is similar to the
pMAL-c plasmid available from New England BioLabs. Plas-
mid DNA was isolated from transformed cells and sequenced
adjacent to the cloning site to confirm that the T. phagedenis
hook gene was properly linked to the gene encoding the E. coli
MBP. Plasmids containing the proper fusion were transformed
into E. coli JM101 for protein expression.

Recombinant hook-MBP fusion protein was expressed and
purified from E. coli JM101 harboring the recombinant plas-
mid by previously described methods (11). Briefly, overnight
cultures were diluted 1:100 in L broth with ampicillin and
grown for 2 h at 37°C prior to induction with 1 mM isopropyl-
B-p-thiogalactopyranoside (IPTG) for 1 h. Cultures were
washed, sonicated, and poured over a column of amylose resin.
After extensive washing of the column with 10 mM Tris (pH
7.2)-0.5 M NaCl, the fusion protein was eluted with 10 mM
maltose and concentrated with a Centricon 30 (Amicon,
Danvers, Mass.). Purified proteins were analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
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PAGE) and stained with Coomassie blue R-250 (23) or silver
(Bio-Rad Laboratories, Richmond, Calif.).

Preparation of antiserum and Western blotting. Antiserum
was generated against purified MBP (control) and MBP-hook
fusion protein by immunization of 5-week-old BALB/c mice.
The mice were injected with 50 pg of protein and Ribi adjuvant
(Ribi Immunochemicals, Hamilton, Mont.); this was followed
by a second injection 2 weeks later. Four weeks after the first
injection, the antiserum was collected and tested for reactivity
to the recombinant fusion protein. Western blots (immuno-
blots) using this antiserum were performed as previously
described (23) and developed with alkaline phosphatase-con-
jugated anti-mouse antibody (Bio-Rad), using 5-bromo-1-
chloro-3-indolyl phosphate (BCIP) and nitroblue tetrazolium
(Promega Corp.). Lysates of T. phagedenis and T. pallidum
cells were prepared after multiple washes with Tris-buffered
saline. T. phagedenis hook structures were purified for Western
blotting as described below.

Isolation of hook structures of T. phagedenis. Hooks were
isolated from T. phagedenis by a procedure similar to those
used to isolate hooks from other bacteria (1, 4). Briefly, the
outer cell membrane was removed and the PFs were sheared
from the cells by using a blender and then purified by cesium
chloride isopycnic gradient ultracentrifugation in the presence
of N-lauroyl sarcosine as described by Isaacs et al. (20). The
band containing PFs was dialyzed overnight in water, and the
filaments were then dissociated by adjusting the pH to 2.2 with
0.2 N HCI (4) or glycine-Triton X-100 (pH 2.2) (1). After a
60-min incubation at 25°C, the hooks were overlaid on a 60%
sucrose cushion and recovered by centrifugation at 100,000 X
g for 2 h. The pellet was resuspended in the sucrose cushion
and then extensively dialyzed against 10 mM Tris, pH 7.5, prior
to concentration with polyethylene glycol.

Electron microscopy. For negative staining, purified hook
preparations (10 nl) were applied to Formvar- and carbon-
coated copper grids. After 3 min, the sample was removed, the
grid was washed with 10 mM ammonium acetate to remove
residual salts, and the sample was immediately stained with a
1% aqueous solution of uranyl acetate.

Nucleotide sequence accession number. The GenBank nu-
cleotide sequence accession number for 7. phagedenis figE and
flanking DNA is U04619.

RESULTS

DNA and deduced amino acid sequences of the T. phagedenis
hook gene. To identify the gene encoding the hook structure of
T. phagedenis, we reasoned that many of the motility proteins
of T. phagedenis and T. pallidum were well conserved and were
therefore antigenically similar. Screening of a T. phagedenis
genomiic library in A gt11 with an anti-T. pallidum serum should
result in the selection of recombinant clones expressing related
conserved antigens, some of which should be related to
motility. The initial screening of approximately 30,000 plaques
resulted in 27 positive plaques. The DNA from four of these
recombinant phages was subcloned into M13 and sequenced.
The sequence from two clones revealed overlapping DNA
sequences, which were assembled and are shown in Fig. 1. One
complete open reading frame (ORF), ORF2, was identified on
this DNA segment, which was flanked by two truncated
potential ORFs (ORF1 and ORF3).

ORF?2 is 463 amino acids long, with a putative ribosome
binding site and a predicted mass of 49 kDa (Fig. 1). A
comparison of the deduced amino acid sequence of ORF2 with
the sequences of other known polypeptides revealed a 36%
identity to the hook polypeptide (FIgE) of Salmonella typhi-
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QORFL
CCGGCTCCAATGGAAGACACACAGTTTGTTGCGCAAATGGCGCAGTTTACCTCGCTTGAA
P A PMET DT QFVAQMAQTF TS L E
CAAATGACAAACGTAAGCCAGAGTTTTGAAAAACTGAACAACTTACTTTCCGGATCGGAG
Q M T NV S Q S F E KL NNUILUL S G S E
GCGGTGAATGCGGTTGGAAAGCAGGTAAATATTGAAGACGGTTCAATAAAGGTTTCCGGT
AV NAV G K QVNTETUDSGSTI KV S G
GTCATCACTGCTGCTACACGAGGGGAAATTCCTCAAGTACAGGTTGACGGAAAATGGTAC
v I T AATWU RGETIUPOQUV QVDGI KWY
GATTGGTCTACGGTAAAAACCGTATATATAGGCGAAGCTCAGGCAAATCGCTAAGCTTAA
DWSTVZ XTUVYIGEAQ QA ANTR *
AACTTTTAGAAGAAATTTAGGAGACAAAACACTATGATGAGATCATTATTTTCCGGCGTT

QRF2 M M R S L F § G V
TCCGGAATGCAAAATCACCAGACAAGAATGGATGTTATCGGAAATAACGTCGCAAACGTG
S G MQ NHQ T RMDUVIGNNUVANUWV
AATACCACAGGTTTTAAGCGCGGCAGAGTTAATTTCCAGGATTTAATTTCTCAACAATTG
N T TG F KRG RVNVFQDULTI S Q QL
AGCGGTGCATCCCGTCCGAATGAAGAAGTCGGCGGTGTTAACCCGAAAGAAGTAGGGCTC
S G A S RPNEEV GGV NUPIKEV G L
GGTGTTATGGTCGCAAGCATTGATACGGTACACACACAAGGAGCCTTGCAAACTACCGGA
G VMV ASTIDTUVHTQGATLOQTTG
ATCAATACTGATATTGCGATACAAGGAAACGGATTCTTTATTTTAAAAGACGGAGAAAAG
I NTD I A I Q GNGYV FF I L KDGE K
AGTTTCTACACAACAGCAGGTGCATTCGGTGTTGACAGAGACGGCACATTGGTAAATCCT
S F YTTAGA ATFSGVDIRDGTTLV NP
GCCAACGGAATGCGCGTGCAAGGTTGGATGGCGGAAGACATTGAGGGGCAGCAAATAATC
A NGMUBRV QGWMAETDTIETGUOQOQTITI
AATACATCCGATCAAACCGAAGACTTAATTATTCCGATTGGTCAAAAAATTGATGCAAAG
N T sS Do TEDTULTITIU®PTIG QI KIDATK
GCTACAACCGATGTTGCCTATGCGTGCAACCTTGATAAACGTTTACCCGAATTGCCCGAA
AT TDVAYACNTULUDI KT RIULUPETLPE
GGTGCAAATCAAGCGGATATATTACGATCAACGTGGGCAACCGATTTTAACGTATACGAT
G A NOQADTIU LIRS STWATUDTFNUV Y D
ACTTTCGGGGAACAACATAAACTGCAGATGGTTTTCTCAAGGGTCCCCGGTACAAACAAC
T F GE Q H KL QMVF SRV P GTNN
CAGTGGCTCGCAACCGTAAATGTTGATCCGGAAAATCAGGCCGGAACGGAAACGCGTGTA
Q WL ATVNUVDUPEN QA AGTETRYV
GGTATTGGAACAACCGACGGAACGGAAAATACCTTTATTGTCAGCTTTGACAACTATGGG
G I 6T TDGTENTT FTI VS F DNYG
CATTTGGCCTCGGTTACCGACACGGCGGGAAATGTTACAGCGCCGGCGGGACAGGTTTTA
HLASUVTIDTA AGNUVTAUPAGTU QV L
GTGCAGGCTTCTTATAATGTTGTCGGCGCAAACCCTGATGAAGGCGGTGCTCCCACTCGT
V Q A S YNUVV GANUPUDETGSGAUPTR
CATACTTTTAACATCAATCTTGGAGAAATAGGAACATCTCGCAATACGATTACACAGTTT
H TP FNTINULGETIGTSRNTTITOQF
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GCCGAAAGAAGCACTACAAAAGCATATCAGCAGGACGGTTACGCAATGGGCTATCTTGAG
A E R S TTKAY Q QD GY A MG Y L E
AATTTCAAAATTGACCAAAGTGGTATTATCACCGGCGTATATTCAAACGGTGCAAGCCGT
N F K I DQ S G I I TGV Y S NGA SR
GAAATCGGGCAGCTTGCTTTGGCAGGTTTTGCCAACCAGGGCGGTTTGGAAAAAGCAGGG
E I G Q L ALAGTFANZGQGSGTULETZKASG
GAAAACACTTATATTCAATCGAACAACTCGGGTATTGCGAACATTACCGTATCAGGAGTT
ENTY I Q S NNSGIANITUVS GV
ATGGGTAAAGGAAAGCTTATTGCAGGAACACTTGAAATGAGTAACGTGGATTTAACCGAT
M G K G KL IAGTULEMSNUVDIULTD
CAATTTACCGACATGATTATTACACAAAGAGGGTTTCAGGCGGGAGCAAAAACCATTCAA
Q F T DbDMTITIT QIR GT FOQAGA AT KTTIDQ
ACTTCCGATACAATGCTGGAAACTGTGTTGAATTTGAAACGGTAATATGATATAATTTCT
T S D TMULET VL NUL KR *
GCACTTTTATAAGCAACTTIGTCTACGTTGCTTATAAAAGTCCAATGTATCTTGTATTATA
TACTTGATAATTGAGGATAATAAAGTGATAAAGGTTACCAGATTAAACGGAAAAGAATAT
TGGATCAATCCTCACCAGATTGAAATTATCGAAAGCAACCCCGACGTAACTTTGCAAATG
CTGTCGGGAAAATACTATGTGGTAAAAGAAAAGCCTGAAGAAATCCTCAATAAGATAATA
GAATATCGAAAATGCATCGGGTGTTTTAAAAATGAGTTGTAAAGGAGCGAGGTTTATATG
QRF3 M
GATTTAGCATCGTTTATAGGATTTTTCGGAGCTTTTGCTATTATCTTGATGGGCGGTATT
DL ASVPF I GPFF GATFATITIULMMGSGTI
CTCGGAGGATCCGCAAGCGGGTTCTTTCACTTGCCATCAGTATTTATTACTGTCGGAGGC
L GG S A S GVFF HULUP SV F I TV G G
TCTTATCTCACGCTCTTTTTAGCTTACCCTCTTTCATACACACTCGGTATCTTTAAAGTA
s yL TULPFLAYPULSYTULGTIF KV
TGCGCACGAGTTTTTAAATCTGCCGATTTCCATGAAAAAGAAATTGTGCAGCGTCTGTAT
C ARV F K SADVFHEI KETIUVQRILY
GCGCTTGCGGAAAAAAGCCGAAGAACGGGCTTGCTCGCTTTGGAAGAAGAGATTCAAGAC
AL A E K SURURTSGILULAULEEETINOQTD
TTTGATGATGAGTTTATGCGGACGGGGCTTCGAAATGTTGTTGACGGCATTGACGGAGAA
F D DEVFMURTGIULIRNWVV D GTI D G E
GCAATTCGAAACTTAATGGAAAATGAATTGAGCCATATGGAAGAGCGGCATAACCGATGG
A I R NL M ENUETULS HMEEU RUHNRW
ATATCTTTTATAAATGCATGGGCAACCTTAGCGCCTGGCTACGGAATGTTAGGTCC
I S F I NA WATULA AUPGYGMIUL G

FIG. 1. DNA and deduced amino acid sequences of one complete ORF (ORF?2 or figE) and two partial ORFs (ORF1 and ORF3) from T. phagedenis. An inverted repeat (underlined at
nt 1740 to 1783) may be involved in regulation of transcription. ORF3 is homologous to motd of B. subtilis. The function of ORF1 is unknown:
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B.
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AN E RN RE RN O P R RN N
C. coli VC1676-T1 MMRSLFSGVSGLQATQVAMDVIGNVI

FIG. 2. (A) Comparison of the deduced amino acid sequences of
FIgE of T. phagedenis and S. typhimurium. Identical matches (|) and
strongly (:) and weakly (.) conserved amino acid sequences are
indicated. The sequences corresponding with the conserved SGL,
GNNIAN, and ELVNMI sequences of S. typhimurium FIgE are
underlined. (B) Comparison of the known N-terminal amino acid
sequence of the C. coli hook polypeptide (34) with the deduced amino
acid sequence of the corresponding region of T. phagedenis FIgE.

murium (16) (Fig. 2A) and a 73% identity to the known
N-terminal amino acid sequence of the Campylobacter coli
hook (34) (Fig. 2B). ORF2 also shared a 38% identity with
FlgG, the distal rod protein of S. typhimurium, though FlgG is
only 260 amino acids long, which resulted in numerous exten-
sive gaps in the alignment, primarily in the central region of
ORF2 (17). The amino acid sequences and composition of
ORF2 were further compared with those of FIgE and FigG.
The regions most conserved with both Salmonella polypeptides
were located near the N and C termini, including hydrophobic
residues located at every seventh residue near the termini.
However, T. phagedenis ORF2 contains a sequence that is
poorly conserved with the ELVNMI sequence found at the C
termini of FIgG and FIgE of S. typhimurium. In contrast, as
shown in Fig. 2, the amino terminus of T. phagedenis ORF2

J. BACTERIOL.

does contain the amino acid sequences SGM and GNNVAN,
which are similar to the conserved SGL and GNNIAN se-
quences found in the amino terminus of S. fyphimurium FIgE
(16) and the TGL and ANNLAN sequences in the amino
terminus of FlgG (17). As with the deduced Salmonella
polypeptide sequences, no typical signal sequences were noted
at the N terminus. Only one cysteine was noted at amino acid
178, and prolines were located only in the central region of the
polypeptide in a manner resembling the composition of the
hook polypeptide of S. typhimurium. On the basis of the similar
features and strong homology to the entire length of S.
typhimurium figE, we have designated ORF?2 figE, the gene that
likely encodes the polypeptide comprising the hook of T.
phagedenis. Additional evidence indicating that this gene en-
codes the hook protein was obtained by Western blots of
purified hook preparations (see Western blot results below).

Sequence analysis of DNA flanking fiIgE of T. phagedenis.
The DNA and deduced amino acid sequences flanking T.
phagedenis figE were examined in greater detail. Downstream
of figE is a noncoding region of 312 nt followed by ORF3. In
this intergenic region, there is a sequence of DNA 14 nt
downstream of flgF that may form considerable secondary
structure in the RNA transcript (Fig. 1), but there is no string
of U’s characteristic of prokaryotic transcription terminators
(35). Following this region lies the ORF3-encoded polypeptide
which is at least 162 amino acids long, but the cloned DNA
segment ends before encountering a stop codon. The predicted
amino acid sequence of ORF3 was 33% identical to that of
MotA of Bacillus subtilis, which encodes one of the genes
enabling flagellar rotation (9, 30).

Examination of the DNA sequence upstream of figE re-
vealed no obvious consensus promoter sequences (3, 13).
Rather, there is the putative ORF (ORF1) separated from figE
by 39 nt of noncoding DNA, suggesting that flgE is part of a
larger operon. ORF1, which consists of at least 97 amino acids,
was 30% identical to ORF8 of the fla4 locus of B. subtilis (2).
ORFS8 of B. subtilis is part of a locus encoding motility proteins
but has not been assigned any function because there is no
homolog in S. typhimurium. Therefore, we are unable to assign
a function to ORF1 of T. phagedenis on the basis of amino acid
sequence identity.

Expression and purification of T. phagedenis hook protein in
E. coli. To express and purify large quantities of T. phagedenis
FIgE, fleE DNA was amplified and cloned into a plasmid in E.
coli and expressed as a fusion with MBP. The initial attempts
to express FIgE in E. coli were unsuccessful, possibly because
of protease cleavage near the amino terminus of FIgE, which
would separate the recombinant protein from the MBP protein
and destroy the one-step purification capability of the amylose
column. To avoid the problems associated with protein pro-
cessing, flgE was cloned into the MBP vector by using a 5’
oligonucleotide primer (DAMI1) that annealed about 90 nt
downstream from the ATG initiation codon. A 1-liter culture
of E. coli containing this plasmid yielded approximately 1 mg of
fusion protein with an approximate mass of 88 kDa on
SDS-PAGE (42 kDa for MBP and 46 kDa for this truncated
FIgE) (Fig. 3). The 42-kDa polypeptide noted on the gel is
MBP that is cleaved in vivo from the fusion protein but
copurifies on the affinity column. This preparation of protein
was used to immunize mice to produce antibodies for Western
blotting analysis (see the description below).

Ultrastructure of the 7. phagedenis hook. Hooks were iso-
lated and purified from T. phagedenis by a combination of cell
shearing in a blender, isopycnic density gradient ultracentrifu-
gation, and dissociation of flagellar filaments at pH 2.2. After
CsCl centrifugation, two sharp bands were detected on the
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FIG. 3. SDS-PAGE of a purified MBP-FIgE fusion protein sample
isolated from E. coli containing the cloned figE gene. Arrows indicate
the MBP (42 kDa) and MBP-FIgE (88 kDa) polypeptides that are
visible after staining with Coomassie blue. The numbers at the right
indicate the molecular mass standards.

gradient, though on occasion only one band was noted. The
granular upper band was composed primarily of PFs, whereas
the viscous lower band contained some PFs along with uniden-
tified material. Occasionally, the positions of these bands were
reversed. After dissociation of the filaments at pH 2.2, the
material from the upper band was composed primarily of
hooks, with an occasional basal body (Fig. 4A). The lower band
contained considerable unidentifiable debris along with hooks
and some HBBs (not shown). The rather harsh nature of the
isolation procedure would likely result in detachment of the
basal body while leaving the hook structure intact. The mor-
phologies of the hooks in both preparations were similar. The
hooks were slightly curved, and measurement of 50 hooks
indicated an average length of 69 = 8 nm and a diameter of 23
= 1 nm. We noted a sharp indentation at one end and a small
knob at the other end where the hook is connected to the rod,
similar to the morphologies of Spirochaeta aurantia and
Campylobacter hook structures (4, 34) (Fig. 4B).

Western blot and SDS-PAGE analysis of T. phagedenis
hooks. The following evidence suggests that ORF2 encodes the

FIG. 4. Electron micrographs of hooks purified from T. phagedenis.
(A) Typical hook sample from the upper granular band from a CsCl
gradient. (B) Closer view of a hook, with the arrow indicating the
V-shaped indentation where the hook presumably connects to the
filament. Bar, 100 nm.
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FIG. 5. SDS-PAGE (12% gel) of purified hooks of T. phagedenis
after silver staining (lane A) and a Western blot probed with FIgE
antiserum (lane B). The arrows indicate the weakly reactive 55-kDa
band in lane B and the compressed polypeptide ladder that does not
migrate significantly into the gel. The numbers indicate the molecular
masses of protein size markers.

polypeptide that comprises the hook structure of T. phagedenis
and that the hook polypeptide is likely covalently cross-linked.
SDS-PAGE of the purified hooks revealed multiple protein
bands near the top of the resolving gel (Fig. 5A, lane A). The
antiserum generated against the recombinant T. phagedenis
FIgE was reacted with purified hook preparations by Western
blotting. Western blots revealed a similar reactive area at the
top of the gel (Fig. 5A, lane B). In addition to this intensely
reactive area, there was usually one additional minor band at a
molecular mass of approximately 55 kDa. Heating of hooks at
100°C in SDS-PAGE sample buffer for up to 1 h slightly
increased the amount of 55-kDa protein that was visible (data
not shown). Hooks that were not heated prior to SDS-PAGE
showed patterns similar to those of hooks that were heated for
the standard 3 min (data not shown). Treatment of the hooks
with 8 M urea, 8 M guanidine, 1 M NaOH, or an excess of
B-mercaptoethanol or dithiothreitol failed to result in a signif-
icant migration of the high-molecular-mass polypeptides into
the gel (not shown). Additional Western blots were done at
longer SDS-PAGE run times on a 4 to 15% gradient gel and
revealed a ladder of protein bands, suggesting that T. phage-
denis hooks consist of a high-molecular-weight ladder of
cross-linked polypeptides (Fig. 6, lane A). These bands had
approximate masses of 55, 155, 220, and 280 kDa, and there
were additional polypeptides of greater mass not measurable
on these gels. A weak band was often noted at approximately
102 kDa as well (data not shown).

Western blots of whole cells of T. phagedenis with the FIgE
antiserum revealed a band at 55 kDa in addition to the
high-molecular-weight protein ladder (Fig. 6, lane B). A minor

A B kDa
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— 49.5

FIG. 6. Western blots using the FIgE antiserum und a 4 to 15%
gradient gel that was run for an extended time to show the polypeptide
ladder. Lane A, purified hooks; lane B, T. phagedenis cells. The numbers
indicate the molecular masses of protein size markers. The arrow indi-
cates the weakly reactive 55-kDa band in the purified hook sample.
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polypeptide of 50 kDa was occasionally noted, although its
significance is presently unclear (data not shown). Control
blots using MBP antiserum did not react with T. phagedenis.

DISCUSSION

Analysis of the flagellar hook of T. phagedenis by electron
microscopy and SDS-PAGE revealed unique features. Al-
though the general morphology was quite similar to that of
other bacterial hooks (1, 4, 27, 34), the novel feature noted for
T. phagedenis was the unique protein ladder that was revealed
after SDS-PAGE and Western blotting of purified hook sam-
ples. Measurements of the approximate masses of the polypep-
tides indicated a 55-kDa polypeptide monomer with additional
polypeptide bands at increasing increments of about 45 to 65
kDa. Most of the hook polypeptide failed to significantly enter
the resolving gel, even after we used several different methods
to try to dissociate the polypeptide. Taken together, these
SDS-PAGE results suggested that the 7. phagedenis hooks
consist of covalently cross-linked monomers similar to the
cross-linked head proteins of mycobacteriophage LS (12) and
bacteriophage HK97 (33). For HK97, it is postulated that the
cross-linking could be accomplished by the addition of a short
peptide to a lysine residue of one monomer and the other half
of the cross-link would come from a glutamine or asparagine
residue. Although we have no direct evidence for a cross-
linked hook structure in 7. phagedenis, the similarities are
intriguing.

Additional biochemical studies are needed to precisely
measure the polypeptide masses and to reveal the nature of the
putative cross-linking in 7. phagedenis. This unusual composi-
tion of T. phagedenis hooks appears thus far to be unique
among bacteria, although the purpose or evolutionary advan-
tage is unclear. Similarly, there is no clear understanding of the
function of cross-linking in the major head shell subunits of
certain bacteriophages (12, 33). In Halobacterium spp., the
flagellins are modified by sulfated glycoproteins, which results
in multiple bands on SDS-PAGE gels (42); however, the
pattern is rather different from the extensive incremental
ladder seen in T. phagedenis hooks. However, we cannot rule
out the possibility of either posttranslational modifications of
the hook polypeptide or an unusual in vitro event that results
in an artifact upon SDS-PAGE.

The gene designated T. phagedenis figE likely encodes the hook
component of the periplasmic flagellar apparatus. The predicted
mass was 49 kDa, which is slightly smaller than the apparent
molecular mass of the 55-kDa hook monomer. Similar discrep-
ancies in predicted and observed mass have been noted for 7.
phagedenis periplasmic flagella (26) as well as components of the
Salmonella basal body (21). The deduced amino acid sequence
showed homology to that of the complete hook polypeptide of S.
typhimurium and to the available N-terminal amino acid se-
quences of the hook protein of C. coli. Homology at the amino
terminus of Salmonella FIgE included conserved sequences that
may be important for the structure or targeting of proteins to
specific cellular locations (16, 17). Because of the extensive
homology among the hook genes of these distantly related
bacteria, it was not surprising that a homologous flgE segment has
also been identified in 7. pallidum and B. burgdorferi DNAs (25).
In addition, 7. pallidum antiserum reacts with 7. phagedenis
hooks, indicating an immunological similarity (24). The remark-
able homology of 7. phagedenis FIgE with the N-terminal amino
acid sequence of the Campylobacter hook polypeptide and with
the entire S. typhimurium FIgE polypeptide strongly suggests that
figE encodes the hook polypeptide. Additional evidence was
obtained by Western blotting, which revealed that antiserum

J. BACTERIOL.

prepared from the protein encoded by the cloned figE gene
reacted with the hook polypeptide of T. phagedenis. On the basis
of the amino acid sequence homologies, Western blots, and
SDS-PAGE, we conclude that figE encodes the hook of T.
phagedenis.

DNA sequence analysis has suggested that T. phagedenis figE
is part of an operon. ORF1, which is located upstream of figE,
is separated from figF by a noncoding segment of only 39 bp.
No obvious promoters were noted in this region, suggesting
that ORF1 and figE may be transcribed from the same
promoter. At the 3’ end, T. phagedenis figE is followed by a
rather long noncoding region of 312 bp before the beginning of
ORF3 (the MotA homolog). In this noncoding region lies a
section of DNA with considerable potential secondary struc-
ture that may be involved in regulation of RNA transcription.
This sequence may be involved in transcription termination,
though it would be atypical in that there is no string of U’s
located distal to the stem. Alternatively, this region may
function to stabilize RNA transcripts by protecting them from
RNase III degradation or possibly may be involved in regula-
tion of ORF3 transcription. Additional studies are aimed at
confirming the proposed transcription pattern and operon
organization.

Apparently, we have identified a locus that is involved in
encoding polypeptides related to the motility of T. phagedenis
but has a gene organization different from those of homolo-
gous genes of B. subtilis and S. typhimurium. The partial ORF1
located upstream of T. phagedenis flgE showed a 30% amino
acid sequence identity with ORF8 of the fla4 locus of B.
subtilis, which encodes polypeptides involved in motility (2),
but the function of ORFS8 is unknown. ORF3, located down-
stream of figF, showed a 33% amino acid sequence identity
with MotA of B. subtilis and 19% identity with E. coli MotA,
which are polypeptides important for enabling flagellar rota-
tion. Therefore, we propose that the 7. phagedenis genes are
organized in the order ORF1, figE, and motA. In B. subtilis, the
gene organization at the fla4 locus consists of ORFs 1 to 7 (Fli
homologs) followed in order by ORFS, figG, fliL, and fiM
homologs. In contrast, S. typhimurium figE is preceded by figD,
which is important for hook assembly, followed by figF, a distal
rod protein. E. coli and S. typhimurium motA are part of
another operon located elsewhere on the chromosome. Thus,
it is clear that despite the conserved amino acid sequences in
the motility polypeptides of various bacteria, there is a unique
gene organization present in 7. phagedenis and additional
DNA sequencing will be useful in determining whether addi-
tional motility genes are present at this locus.

On the basis of the clustering of many bacterial motility
genes into functional operons (27), we expect that identifica-
tion of additional genes flanking flgE will reveal a family of
motility-related genes. Identification and characterization of
these genes and their regulation will help to determine the
structural and regulatory genes involved in the motility of
spirochetes. The availability of these cloned genes and devel-
opment of well-characterized motility mutants of T. phagedenis
may enable one to dissect the mechanisms involved in spiro-
chete motility and pathogenesis.
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