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Cloning and sequencing of the ftsZ gene from a deep-sea
piezophilic bacterium, (Shewanella violacea strain DSS12)

Akihiro ISHIT *'- 2 Kaoru NAKASONE *? Chiaki KATO*!- 2

We have cloned and sequenced the ftsZ gene, encoding a protein essential for cell division, from a A phage library of
the chromosome of the deep-sea bacterium Shewanella violacea strain DSS12. Thisgene, 1,179 bp in length, was found
to encode a protein consisting of 392 amino acid residues with amolecular mass of 40,727 Da. Significant homology was
evident comparing the ftsZ gene of S. violacea with that of Escherichia coli (63% identity), Pseudomonas putida (51%
identity), Bacillus subtilis (48% identity), and Streptomyces coelicolor (43% identity). Comparison of the amino acid
sequences of the FtsZ proteins of S. violacea and E. coli revealed the presence of a GTPase domain in N-terminal portion
and a specific conserved region in the C-terminal portion (extreme C-terminus) which is associated with other cell
division proteins. A variable region between the GTPase domain and the C-terminal region was also observed. Phylo-
genetic analyses of 16S rDNAs and FtsZ proteins of several bacteria showed that S. violacea is closely related to E. coli.
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1. Introduction

The moderately piezophilic and psychrophilic bacte-
rium Shewanella violacea strain DSS12 from the Ryukyu
Trench (depth 5,110 m)Y grows optimally at 30 MPaand
8°C, but also grows at atmospheric pressure (0.1 MPa)
and 8°C?. These growth properties are useful for com-
parative study of cell physiology under high and low pres-
sure conditions. S. violacea shows good growth under
high pressure conditions” ?, whereas E. coli, which is
closely related to S. violacea, shows poor growth under
the same conditions” . We are interested to further eluci-
date the differencesin cell growth properties of these
two species under high pressure conditions. When E. coli
is cultured under high pressure conditions, it grows as a
long filamentous form®. This phenomenon seemsto re-
sembl e the observed morphological features of certain E.
coli mutants, called fts mutants (the meaning of ftsisfila-
ment forming temperature sensitive), which are defec-
tive in cell division at the non-permissive temperature.
The defective gene in these mutants, designated the fts
gene”, is known to be important for cell division. The
Fts proteins are assembled into the cell division appara-
tus at the cell division site” ? and the assembly processis
initiated by the FtsZ protein, which is a tubulin-like pro-
tein with GTPase activity, and it provides the cytoskel etal
framework of a cytokinetic ring for membrane constric-
tion in bacteria®~'». Our recent observation of filamen-
tous E. coli under high pressure conditions, by immunof-
luorescence microscopy using anti-FtsZ antibody, re-
vealed that the FtsZ protein is not functional (data not
shown). This suggests that the fts-like mutant phenotype
is caused by inhibition of the function of FtsZ in E. coli
under high pressure conditions. Thus, to understand cell
division under high pressure conditions, characterization
of the FtsZ protein both in vivo and in vitro is definitely
required.

In this study, we isolated and cloned the ftsZ gene from
a deep-sea piezophilic bacterium asthe first step in study-
ing the FtsZ protein. In this report, we describe the se-
guence of the FtsZ protein and the results of phylogenetic
analyses based on comparison of the FtsZ protein and 16S
rDNA of S. violacea with those of other bacteria.

2. Materialsand Methods

2.1. Cloning of the ftsZ gene from S. violacea
Two degenerate oligonucleotides were designed and
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synthesized, based on highly conserved sequences,
TKGLGAGAN and NVDFADVR, in FtsZ proteins. The
nucleotide sequences of the oligonucleotides were 5’ -
CTIGGIGCIGGIGCIAAYCC-3’ (primer 1) and 5’-
CKIACRTCIGCRAARTCIAC-3' (primer 2). The PCR
product obtained using S. violacea chromosomal DNA as
the template and the above primers, was cloned into the
pCRZ2.1 vector (Invitrogen Co., Carlsbad, CA) and the
nucl eotide sequence was determined by the dye termina-
tor method using a DNA sequencer model 377 (Perkin-
Elmer/Applied Biosystems Co., Foster, CA). Based on
the determined nucleotide sequence, two other PCR prim-
ers were designed for use in amplification of the
digoxigenin (DI G)-labeled ftsZ fragment. The DIG-labeled
fragment was employed as the probe for plaque hybridiza-
tion in screening by means of the DIG detection system
(Boehringer Mannheim Co., Mannheim, Germany).

2.2. Construction of a A phagelibrary of the chromo-
some of S. violacea and screening of thelibrary
for the ftsZ generegion.

Chromosomal DNA isolated from S. violacea was par-
tially digested with Sau3Al. These fragments were in-
serted into the BamHI site of lambda DASH 11 (Stratagene
Co., LaJolla, CA). Then, in vitro packaging of the li-
gated DNA was performed using GIGAPACK 111 XL
packaging extracts (Stratagene Co.) according to the
manufacturer’s instructions. The A phage library was
screened for plaque hybridization with the ftsZ probe and
severa positive cloneswere obtained. The positive clones
containing the ftsZ gene were each purified by several
single plaque isolation steps. Each of the insertsin A
phage were amplified by long and accurate PCR and were
subcloned into the pCR-Blunt vector (Invitrogen Co.). For
sequencing of these cloned fragments, the random shot-
gun sequencing method was used with a DNA sequencer
model 377 (Perkin-EImer/Applied Biosystems Co.). As-
sembling and editing of the determined DNA sequences
were performed with AutoAssembler Version 2.0 (Perkin-
Elmer/Applied Biosystems Co.). GENETY X-MAC ver-
sion 10.1 from Software Devel opment (Tokyo, Japan) was
used for sequence analysis.

2.3. Phylogenetic analysis of the ftsZ genes and 16S

rDNAs
To determine the phylogenetic position of the S.
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Fig.1 Southern blot analysis and restriction map of the ftsZ gene of S. violacea.
A) S violacea chromosomal DNA was digested with Hind 111, Pst |, and Sal I. A single major band was detected
in each lane using the S. violacea ftsZ-specific probe. Lane 1 : A Hindll marker. Lane 2: Hind I11-digested
DNA with afragment approx. 2.5 kb in size showing hybridization with the probe. Lane 3 : Pst I-digested
DNA with a fragment approx. 0.9 kb in size showing hybridization. Lane 4 : Sall-digested DNA with a
fragment approx. 6 kb in size showing hybridization. The sizes of the nucleotides are indicated in kb.
B) Restriction map of the ftsZ gene region. The ftsZ ORF is shown by an arrow.

violacea ftsZ gene, evolutionary distance was calculated
and a phylogenetic tree was constructed. The evolution-
ary distance was based on comparison of 12 bacteria. The
16S rDNA sequences or the FtsZ amino acid sequences
were aligned and the tree was constructed by the neigh-
bor-joining method. The alignment and cal culation were
performed using CLASTALX and the PHY LP package
(ver. 3.573; obtained from J. Gelsenstein, University of
Washington, Seattle).

3. Resultsand Discussion
3.1. Isolation of the ftsZ gene

To clone a part of the ftsZ gene from S. violacea, the
amino acid sequences of the FtsZ proteins from several
bacteriawere aligned and ahighly conserved domain was

JAMSTECR, 42 (2000)

found in the N-terminal portion (Fig. 3). These conserved
sequences were used to design and synthesize degener-
ate oligonucleotides (primer 1 and primer 2) in order to
amplify a part of the ftsZ gene from S. violacea (Fig. 2).
A fragment containing part of the ftsZ gene, approxi-
mately 450 bp, amplified by PCR with the primers, was
cloned into the pCR2.1 vector and its nucl eotide sequence
was determined. The deduced amino acid sequence of
the cloned gene was significantly similar to the FtsZ of
other bacteria. To clone the complete ftsZ gene, the par-
tial ftsZ gene fragment was labeled with digoxigenin by
PCR for use as a hybridization probe. Southern hybrid-
ization was carried out using this probe to confirm the
restriction map of the ftsZ region. The ftsZ probe hybrid-
ized with chromosomal DNA digested with Hindl 11, Pstl
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TAAAGGTGAGTTTTAATATTAAGTTGGCGCAAGAATTAAGCGGTCGATTTGGTATTTTATATATAACGCAGGCAAAACGGAGAGAAGACC
SDh

ATGTTTGAGATCATGGACAGTCATACAGATGAAGCAGTAATCAAGGTCATCGGTGTTGGTGGTGGTGGCGGAAACGCAGTAGAGCATATG 20
M F E I M D S H T D E 2 V I K Vv I 6V 6 GG 66 GG GG N A V E H M
GTTAAACACAACATCGAAGGTGTTGAGTTTGTTGCTACTAATACGGATGCGCAAGCGCTAAGAAAATCTGCAGCAGGTACARACTATTCAA 180
VvV K H N I E G V E F V A T N T D A Q A L R K &S A A G T T I Q
TTAGGGCGTGATGTCACTAAAGGTTTAGGCGCTGGAGCTAATCCAGARATAGGCCGTCTGGCAGCAGAAGAAGACAGAGAAAGTATCAGG 270
L ¢ R DV T KL GGAGANWUPEI GRULAAEETDUZRES I R
primerl -
AATGCGCTTAAGGGCTCAGATATGATCTTCATTGCTGCGGGTATGGGCGGETGGAACTGGAACTGGAGCTGCACCTGTAGTTGCTGAAATT 360
N A L X G S pM I F I A A GMGGG TG T GA APV V A E I
GCARAAGAAGAAGGCATCTTAACGGTTGCTGTAGTCACTAAGCCGTTTCCTTTCGAAGGCCGCAAGCGCATGGCTTATGCTGAGCARGGC 450
A K E E G I L T V A vV v T K P F P F E G R KU ERMAY A E Q G
ATAGAAGAGTTGGCTAAGCATGTGGATTCATTAATCACTATTCCTAACGARARATTGCTTAAGGTCTTGGGCCGTGGCACATCATTATTA 540
I E E L A K H VYV D § L I T I P N E K L L K v L. G R GG T S L L
GATGCGTTTGCTGCGGCTAATAATGTGCTTCTTGGTGCTGTTCAGGGTATTGCCGAACTTATCACGCGTCCGGGTCTGATTAACGTCGAT 630
D A F A A ANDNVILILGAVYVY Q G I A EL I TR P G L I N V D
—
TTCGCCGATGTGAAGACTGTCATGTCAGAGATGGCTAACGCCATGATGGGTACTGGCGTAGCAAGTGGTGAAGATCGTGCCGAAGAGGCT 720
F A DV K T V M 8 EM G N A MM G T GV A 8 G E D R A E E A
primer2
GCCGAAGCTGCTGTCGCTAGTCCATTATTGGAAGATATCGATCTGGCGGGTGCCCGTGGTGTTTTGGTAAACATCACAGCGGGTATGGAT 810
A E A A V A §$ P L L EDI DL AGAZRGVVY L VNI T AGMTD
ATGAGCATAGAGGAATTTGAGACAGTGGGTAACCATGTCAAAGCTTATGCTTCAGATAATGCTACCGTAGTTGTCGGTGCGGTTATCGAT 900
M § I E E F E T V G NH V KA Y A S DNATV WV V G & V I D
CCTGARATGAGTGACGAGCTACGTGTTACTGTAGTTGCCACTGGCATAGGCGCTGAGAARAAGCCAGATATTCAACTGGTGACTAAACCT 990
P E M § D E L R V T V VvV A T G I 6 A B K K P D I Q L V T K P
GTTCCTCGCCCTGAGCCTGTCATTGCACCAGAAGTACGTACAGAGCCTCAAAGTGAAGAGCTTGTCCAATCTATGGCGAGTGGAAATGTG 1080
vV P R P E P V I A P E V R TEUP Q S E E L V Q S M A S G N V
GTTCCTGCGGCGCAAACTGCAGCGGCTCCAGCCACAGCGCTAAGGAATGAAACTGATTACTTAGATATCCCAGCTTTCTTACGTAAGCAG 1170
v P A A Q T A A A P A T AL RN E T DY L DI P A F L R K Q
GCTGATTAGGCTAGCAGTGTAGGCTGGAACTAGCTAAATTCACCCATATTTACGCAGGTGATTTTTGGTTAATGTGTAAAGGTATGCTAG 1260

A D ~*

Fig.2 Nucleotide and amino acid sequences of the S. violacea ftsZ gene.

The deduced amino acid sequence is shown in single-letter code below the nucleotide sequence and the stop codon is
shown with a asterisk. Primers 1 and 2 used for degenerate PCR amplification are indicated by arrows. A putative

ribosome binding site (SD) is underlined.

and Sall as shown in Fig. 1A, and a single major band
was detected in each lane. Based on these results, sev-
eral restriction sites in the ftsZ gene region were mapped
(Fig. 1B).

3.2. Structural analysis of the completeftsZ geneof S.
violacea

A A phage library of S. violacea chromosomal DNA
was constructed and screened using the ftsZ probe. Sev-
eral positive cloneswere isolated from among 10* plaques
and purified by repeated single plague isolation. These
clones were confirmed to contain the ftsZ gene by PCR
at each isolation step. As aresult of the screening, we
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obtained five positive clones and the nuclectide sequence
of one of these clones containing a DNA insert approxi-
mately 18 kb in size was determined by the random shot-
gun sequencing method. The open reading frame of the
ftsZ gene, 1,179 bp in length, was found to encode a
polypeptide consisting of 392 amino acid residues with a
molecular mass of 40,727 Da. A possible ribosome bind-
ing site (SD), 5’-GGAGAGAAAGA-3’, was found up-
stream of the start codon (Fig. 2). Restriction analysis
showed that the ftsZ gene region was present within a
Pstl fragment approximately 900 bp in size which hy-
bridized with the ftsZ probe (Fig. 2B). Analysis of the
deduced amino acid sequence confirmed that the cloned
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(Sv) 1 MFEIMDSHTDEAV-IKVIGVGGGGGNAVEHMVKHNIEGVEFVATNTDAQALRKSAAGTTIQLGRDVTKGLGAGANPEIGRLAAEEDRESI 89
(Ec) 1 MFEPMELTNDA-V-IKVIGVGGGGGNAVEHMVRERIEGVEFFAVNTDAQALRKTAVGQTIQIGSGITKGLGAGANPEVGRNAADEDRDAL 88
(Pp) 1 MFELVDNVPQSPV-IKVIGVGGGGGNAVNHMVKSSIEGVEFICANTDAQALKNIGARTILQLGTGVTKGLGAGANPEVGRQAALEDRERI 89
(Bs) 1 MLEFETNIDG-LASIKVIGVGGGGNNAVNRMIENEVQGVEYIAVNTDAQALNLSKAEVKMQIGAKLTRGLGAGANPEVGKKAAEESKEQI 89
(Stc) 1 ---MAAP-QNYLAVIKVIGVGGGGVNAINRMIEVGLKGVEFIAINTDAQALLMSDADVKLDVGRELTRGLGAGANPAVGRKAAEDHREEI 86
. **********_**__'*_ __***.._ kk ok ok kkk - . . * ‘k.’k*******-.*- *K .. -
(Sv) 90 RNALKGSDMIFIAAGMGGGTGTGAAPVVAEIAKEEGILTVAVVTKPFPFEGRKRMAYAEQGIEELAKHVDSLITIPNEKLLKVLGRGTSL 179
(Ec) 89 RAALEGADMVFIAAGMGGGTGTGAAPVVAEVAKDLGILTVAVVTKPFNFEGKKRMAFAEQGITELSKHVNSLITIPNDKLLKVLGRGISL 178
(Pp) 90 AEVLQGTNMVFITTGMGGGTGTGAAPIIAEVAKEMGILTVAVVTRPFPFEGRKRMQIADEGIRMLAESVDSLITIPNEKLLTILGKDASL 179
(Bs) 90 EEALKGADMVFVTAGMGGGTGTGAAPVIAQIAKDLGALTVGVVTRPFTFEGRKRQLOAAGGISAMKEAVDTLIVIPNDRILEIVDKNTPM 179
(Stc) 87 EEVLKGADMVFVTAGEGGGTGTGGAPVVANIARSLGALTIGVVTRPFTFEGRRRANQAEDGIAELREEVDTLIVIPNDRLLSISDRQVSV 176
"*‘*"*'*‘"*.*******.**.‘*‘.*‘ _*'**"***‘** ***_‘*_ *’ L . *.n**n***---* PR ..
(Sv) 180 LDAFAAANNVLLGAVQGIAELITRPGLINVDFADVKTVMSEMGNAMMGTGVASGEDRAEEAAEAAVASPLLEDIDLAGARGVLVNITAGM 269
(Ec) 179 LDAFGAANDVLKGAVQGIAELITRPGLMNVDFADVRTVMSEMGHAMMGSGVASGEDRAEEAAREMAISSPLLEDIDLSGARGVLVNITAGF 268
(Pp) 180 LSAFAKADDVLAGAVRGISDIIKRPGMINVDFADVRTVMGEMGMAMMGTGCASRPNRAREATEAAIRNPLLEDVNLOGARGILVNITAGP 269
(Bs) 180 LEAFREADNVLRQGVQGISDLIATPGLINLDFADVKTIMSNKGSALMGIGIATGENRAAEAAKKAISSPLLEAAID-GAQGVLMNITGGT 268
(Stc)177 LDAFKSADQVLLSGVQGITDLITTPGLINLDFADVKSVMSEAGSALMGIGSARGDDRAVAAAEMATISSPLLEASID-GARGVLLSISGGS 265
dkk ok, kk ok _kk |k kk ok kkkdkk |k, k k _kk ok ok kk Kk k__ hkkk Kk Kk KKk
(Sv) 270 DMSIEEFETVGNHVKAYASDNATVVVGAVIDPEMSDELRVTVVATGIGAEKKPDIQLVTKP-VPRPEPVIAPEVRTEPQSEELV-QSMAS 357
(Ec) 269 DLRLDEFETVGNTIRAFASDNATVVIGTSLDPDMNDELRVTVVATGIGMDKRPEITLVTNKQVQQ--PVMD---RYQQOHGMAPLTQEQKP 353
(Pp) 270 DLSLGEYSDVGSIIEAFASDHAMVKVGTVIDPDMRDELHVTVVATGLGARIEKPVKVVDNTLQTAQQAYEASNPQSCAGAQEQPAVNYRD 359
(Bs) 269 NLSLYEVQEAADIVASASDQDVNMIFGSVINENLKDEIVVTVIATGFIEQEKDVTKPORPSLNQSI-KTHNOSVPKRDAKREEPQOON-T 356
(Stc)266 DLGLFEINEAAQIVSEAAHPEANTTFGAVIDDALGDEVRVTVIAAGFDGGQPPSKR-DNV-T.GSSSAKRE-EPTPARPSESRPSFGSLGS 352
. . * .. - . LY - . * RO . **II***I*.* .
(Sv) 358 GNV-VPAAQTAA-APATA-—=———m———— - mm e mm e e e LRNET----DYLDIPAFLRKQAD 392
(Ec) 354 VAKVVND=NA-———PQTA= == m e o mm e e e KEP—————— DYLDTPAFLRKQAD 383
(Pp) 360 LERPTVMRNQAHAGAAAA-————————m——m—m—mm e e e m e e m o AKLNPQDDLDYLDIPAFLRRQAD 400
(BS) 357 VSRHTSQPADDTLDIP=m=mmm==mm—mm———m e e e e e TFLRNRNKRG— === === mmm——mmm e 382
(8tc)353 VKPKEE-PEPAPVPEPVADLPVSPPPVPPSRTYSDSAARELDVPDFLK-————m—mm e o e 399

Fig.3 Multi-alignment of FtsZ proteins from Shewanella violacea (Sv), Escherichia coli (Ec), Pseudomonas putida (Pp), Bacillus subtilis
(Bs), and Streptomyces coelicolor (Stc). Identical residues are indicated by asterisks. A putative GTP binding region and a GTP-

hydrolyzing region (underlined) are highly conserved.

gene contained the complete sequence of the FtsZ pro-
tein. It was found to be significantly similar to the FtsZ
protein of E. coli (63 % identity), P. putida (51% iden-
tity), B. subtilis (48% identity), and S. coelicolor (43%
identity) (Fig. 3). Comparison of the FtsZ of S violacea
with that of E. coli showed that the GTPase domain in
the N-terminus was highly conserved; the GTP binding
and GTP hydrolyzing motifs (GMGGGTGTGAAP!9~12
and INVFADV', as shown in Fig. 3), were completely
identical. The sequence at the C-terminus
(DYLDIPAFLRKQAD as shown in Fig. 3), which is as-
sociated with other cell division proteins such as FtsA
and ZipA®- 19, was a so highly conserved (Fig. 3). These
observations indicate that the FtsZ proteins of S violacea
and E. coli have the same functions, that is, GTPase ac-
tivity and protein-protein interaction.

Under high pressure conditions, S. violacea growswith-
out filamentation, but E. coli cellsform filaments. It seems
possible that the difference in morphology between these
species may depend on the functions of the FtsZ protein
under high pressure conditions. Comparing the FtsZ pro-
tein of S. violacea and that of E. coli it is evident that the
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amino acid sequence is highly conserved and thus the
function of FtsZ in these species must be very similar.
This suggests that the difference in FtsZ function under
high pressure conditions is likely to be due to the vari-
able region of the sequence. To understand the effect of
pressure on cell division, characterization of the FtsZ pro-
teinsin vitro under high pressure conditions is definitely
required. Characterization of the polymerization of FtsZ
in vitro will help us to understand the effect of pressure
on cell division.

3.3. Phylogenetic analyses of the evolutionary distance
of S. violacea FtsZ.

The ftsZ geneis conserved in awide range of eubacteria,
archaea and eukaryotes”. Because the sequence of the
16SrDNA of S violaceaisvery similar to that of E. coli,
it is evident that these species are closely related? ? . To
confirm the phylogenetic position of the S violacea ftsz,
the evolutionary distance was cal culated based on com-
parison of 12 bacteria and a phylogenetic tree was con-
structed (Fig. 4). The 16S rDNA sequences or the FtsZ
amino acid sequences were aligned and the tree was con-
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Fig.4 Phylogenetic tree inferred by neighbor joining analysis of 16S rDNA and FtsZ protein sequences.
A tree showing the positions of A) 16S rDNA sequences, B) FtsZ amino acid sequences of 12 bacteria. The
S. violacea ftsZ geneis most closely related to that of E. coli.

structed by the neighbor-joining method. The results
obtained in calculation of the evolutionary distance com-
paring the FtsZ amino acid sequences of 12 bacteria
showed that the FtsZ protein of S violaceais closely re-
lated that of E. coli. Thisfinding is consistent with the
results obtained comparing the 16S rDNA sequences.

Theresults of sequence and phylogenetic analyses dem-
onstrate that the FtsZ proteins of S. violacea and E. coli
have highly conserved sequences and are closely related,
but the difference in cell morphology under high pres-
sure conditions indicates that these FtsZ proteins differ
in terms of function under high pressure conditions.
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