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The gene for spiralin, the major membrane protein of the helical mollicute Spiroplasma citri, was cloned in
Escherichia coli as a 5-kilobase-pair (kbp) DNA fragment. The complete nucleotide sequence of the 5.0-kbp
spiroplasmal DNA fragment was determined (GenBank accession no. M31161). The spiralin gene was identified
by the size and amino acid composition of its translational product. Besides the spiralin gene, the spiroplasmal
DNA fragment was found to contain five additional open reading frames (ORFs). The translational products
of four of these ORFs were identified by their amino acid sequence homologies with known proteins: ribosomal
protein S2, elongation factor Ts, phosphofructokinase, and pyruvate kinase, respectively encoded by the genes
rpsB, tsf, pfk, and pyk. The product of the fifth ORF remains to be identified and was named protein X (X gene).
The order of the above genes was tsf—X—spiralin gene—pfk—pyk. These genes were transcribed in one
direction, while the gene for ribosomal protein S2 (rpsB) was transcribed in the opposite direction.

Spiroplasmas are mollicutes (mycoplasmas) (class Molli-
cutes) with motility and helical morphology (33). Analysis of
the Spiroplasma genome by classical genetic techniques has
been difficult. The dependence of these organisms on com-
plex growth media and their poorly defined metabolic path-
ways explain the paucity of auxotrophic mutants and hence
of genetic markers in these procaryotes. In the absence of
such markers, characterization of cloned DNA fragments
provides the means for analyzing the structural organization
of Spiroplasma genes.

The gene for spiralin seemed to be of particular interest.
Spiralin (35) is the major membrane protein of Spiroplasma
citri, an important plant pathogen (28). It is apparently a
transmembrane amphiphilic protein (34), and it is acylated
(37). Acylation seems to be a characteristic of several
membrane proteins of mollicutes. The role of spiralin is not
known. It must, however, be a key protein of the spiroplas-
mal membrane, since spiralinlike proteins occur in Spiro-
plasma species other than S. citri (37) and probably in all
spiroplasmas. Elucidation of the amino acid sequence of
spiralin as deduced from the nucleotide sequence of its gene
would undoubtly contribute to a better understanding of its
structure and function, as well as the organization of its
gene. Sequence determination of the spiralin gene was made
possible by the fact that we have previously cloned the gene.
A library of cloned genomic sequences of S. citri R§A2 (28)
was constructed by incorporation of HindIIl restriction
fragments into plasmid pBR328 and cloning in Escherichia
coli (21). The bacterial clone harboring recombinant plasmid
pES1 was selected by its ability to express spiralin. Spiralin
was indeed expressed in E. coli and was the first mollicute
gene product to be fully expressed in a bacterium (21).

Recombinant plasmid pES1 was subcloned into plasmid
pES3’. The 5-kilobase-pair (kbp) spiroplasmal insert of
pES3’ has been entirely sequenced. Sequence analysis of the
5-kbp spiroplasmal insert of pES3’ made it possible to
identify the spiralin gene and five additional open reading
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frames (ORFs). Four of these ORFs have been tentatively
identified as genes for ribosomal protein S2, elongation
factor Ts, pyruvate kinase (PYK), and 6-phosphofructoki-
nase (PFK) by protein bank sequence comparisons. The
organization of these genes is presented.

We further show that the gene for spiralin contains no
UGA codons, accounting for the full expression of the
spiralin gene in E. coli. We also report that the spiralin gene
can be inactivated by mutational integration of the insertion
element IS].

MATERIALS AND METHODS

Bacterial strains and plasmids. E. coli TG1 was used as the
host for bacteriophage M13. All recombinant plasmids were
propagated in E. coli HB101. The spiroplasmal DNA insert
in plasmid pES1 (21), derived from S. citri R8A2 (28), was
used as the source of the spiralin gene. The promoter
selection vector pKK232.8 was obtained from Pharmacia
Biochemicals (Uppsala, Sweden).

Chemical reagents and enzymes. Isopropyl-B-D-thiogalac-
toside, 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside,
restriction enzymes, calf intestine phosphatase, and T4
DNA ligase were obtained from Boehringer (Mannheim,
Federal Republic of Germany [FRG]). The Klenow fragment
of DNA polymerase I was obtained from Pharmacia Bio-
chemicals. The random primed DNA labeling kit, the M13
sequencing Kit, and the labeled nucleotides [a->?P]dCTP (110
TBg/mmol) and [a-**S]JdATP (22 TBg/mmol) were pur-
chased from Amersham Corp. (Arlington Heights, IlL.).
N,N’-Methylene-bisacrylamide and acrylamide were from
Bio-Rad Laboratories (Richmond, Calif.). Urea was ob-
tained from Merck (Darmstadt, FRG). Agarose and low-
melting-point agarose were from Bethesda Research Labo-
ratories (Gaithersburg, Md.).

Isolation of plasmid DNA. Analysis of recombinant plas-
mids was performed by the miniscreen method (5). Large-
scale purification of plasmid DNA was done by the method
of Rodriguez and Tait (26).

Analysis of spiralin expression in E. coli. The expression of
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FIG. 1. Restriction maps of recombinant plasmids pES1 (21) and pES3’ expressing spiralin in E. coli. The heavy lines represent the
pBR328 vector (3.7 kbp). ori, Origin of replication; Amp", gene for ampicillin resistance; Cm", gene for chloramphenicol resistance.

spiralin in E. coli was determined by enzyme-linked im-
munosorbent assay (ELISA) and sodium dodecyl sulfate-
polyacrylamide gel electrophoresis followed by immunoblot-
ting, as described previously (21).

Subcloning of pES1. Subcloning of pES1 was carried out as
described previously (21). The recombinant DNA of this
clone was labeled pES3’'.

Shotgun cloning and dideoxy sequencing of the spiroplasmal
DNA insert of pES3’. Recombinant plasmid pES3’ was used
for shotgun cloning and sequencing of the EcoRI-HindIII
restriction fragment of the spiroplasmal DNA insert. pES3’
was sonicated at 10 W for 45 s. The resulting randomly
generated fragments were separated by gel electrophoresis
with 1% low-melting-point agarose. Fragments of 400 to 800
bp were excised from the gel and purified by a procedure
described by Guo and Wu (13), taking care that the melting
temperature did not go beyond 65°C. The purified fragments
were made blunt ended by a fill-in reaction with the Klenow
enzyme. The blunt-ended fragments were ligated to the
dephosphorylated Smal-linearized M13mp8 RF vector and
used to transform E. coli TG1 cells (14). In situ hybridization
(20) was used to select the recombinant phages harboring
spiroplasmal DNA by using the EcoRI-HindIII S. citri DNA
insert purified from pES3’ as a radioactive probe. A total of
230 hybridization-positive subclones were obtained.

Preparation of single-stranded templates, annealing reac-
tions, and sequencing reactions were carried out according
to the ‘“‘M13 Cloning and Sequencing Handbook’ (Amer-
sham Corp., London, England) except that lowered concen-
trations of ddATP (0.015 mM) and ddTTP (0.05 mM) were
used as described previously (24). [a->°S]dATP was used as
the labeled nucleotide.

Sequence analysis. Gel reading was performed with a
translucent digitizing pad for direct input of the sequence
data into a computer file. The NUCALN alignment program
of Wilbur and Lipman (32) was used for nucleotide sequence
analysis. Predicted amino acid sequences were obtained
with the NUMSEQ translational program of Fritensky et al.
(10). Identification of proteins coded by the ORFs was done
with the FASTP amino acid sequence alignment program of
Lipman and Pearson (17), using the protein data bank of the
National Biomedical Research Foundation (Georgetown
University Medical Center, Washington, D.C.). ‘

Characterization of the spiralin gene promoter. The EcoRI-
HindIII spiroplasmal DNA insert of pES3’ was digested by
the restriction enzyme Rsal. The resulting restriction frag-
ments were separated by electrophoresis in a 1% low-
melting-point agarose gel. A 292-bp Rsal-Rsal fragment

containing the spiralin gene promoter sequence was purified
from the agarose and made blunt ended with the Klenow
enzyme. It was then ligated into the promoter selection
vector pKK232.8, which had been linearized with Smal and
dephosphorylated. The ligation mixture was used to trans-
form E. coli HB101 cells. Recombinant clones were selected
on LB medium containing ampicillin (30 pg/ml) (Sigma
Chemical Co., St. Louis, Mo.). Ampicillin-resistant trans-
formants were transferred to LB medium containing chlor-
amphenicol (50 wg/ml) (Sigma Chemical Co.).

RESULTS

Subcloning the spiralin gene of plasmid pES1 into plasmid
pES3’. Plasmid pES1 contains a 6.5-kbp fragment of S. citri
DNA (21). The recombinant plasmid pES3’ is composed of
the EcoRI-HindIII fragment of pBR328 (3.7 kbp) and the
EcoRI-HindIII fragment (5.0 kbp) of the S. citri DNA insert
carried by pES1 (Fig. 1). Plasmid pES3’ was in all respects
identical to plasmid pES3 obtained previously (21). The
bacterial transformant carrying pES3’ expressed spiralin as
measured by ELISA (data not shown) and Western immu-
noblot (Fig. 2). The difference in migration between the S.
citri spiralin (track 1) and the spiralin synthesized in both E.
coli clones (tracks 2 and 3) has been discussed previously
(21). It should be noted that the 5.0-kbp spiroplasmal DNA
insert is much larger than the DNA required to encode
spiralin (about 0.8 kbp).

FIG. 2. Western blot of S. citri R8A2 lysate (track 1) and of two
E. coli lysates harboring recombinant plasmid pES1 (track 2) or
pES3’ (track 3). Polyclonal antibodies against whole S. citri cells
detected spiralin as the major antigen in spiroplasmal lysates (arrow,
track 1). Spiralin from bacterial lysates (track 2 and 3) had a slightly
lower electrophoretic mobility (21).
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Nucleotide sequence of the spiroplasmal DNA insert of
plasmid pES3’. The complete nucleotide sequence of the
pES3’ insert was determined by the dideoxynucleotide chain
termination method (29) and was found to comprise 5,025
bp. Sequence data were obtained for both strands. The
nucleotide sequence of the 5'—3’ EcoRI-HindIIl strand,
referred to as the plus strand, is shown in Fig. 3. The
complementary sequence (minus strand) of the first 700
nucleotides is also shown in Fig. 3.

The base composition (molar percentage) was as follows:
37.3% A, 33.0%T, 17.0% G, and 12.7% C. The G+C content
was 29.7%, a value slightly higher than that of S. citri
genomic DNA (26.2%) (6).

Distribution of ORFs on the spiroplasmal DNA insert of
pES3’. Six ORFs were found to be located on the S. citri
DNA insert of pES3’. Their locations are shown in Fig. 4.
Four complete ORFs (II to V) occurred on the DNA strand
with the EcoRI site as the 5’ end (plus strand). They
extended, left to right, from nucleotides 739 to 4401. A fifth
OREF (VI) began at nucleotide 4455, but was interrupted at
nucleotide 5025, the HindIII boundary of the spiroplasmal
DNA fragment. No coding region was found on the plus
strand from nucleotides 1 to 739. However, in this region,
the start of a sixth ORF (ORF I) was present on the
complementary strand (minus strand), beginning at nucleo-
tide 549 and reading from right to left. The EcoRI boundary
of the spiroplasmal DNA fragment interrupted ORF I. ORF
I and ORF II are thus read in opposite directions.

An ATG served as the initiation codon of each ORF
except for ORF III, where it was GTG. Each complete ORF
(II to V) was terminated by TAA. Table 1 summarizes the
positions of the six ORFs on the respective DNA strands of
the EcoRI-HindIlI spiroplasmal DNA insert of pES3’. The
sizes of the putative proteins coded by each ORF are also
given in Table 1. ORFs I and VI, located at the two ends of
the spiroplasmal DNA insert, were incomplete, since ORF I
and ORF VI were interrupted by the EcoRI and HindIII
cloning sites, respectively. Hence, as indicated in Table 1,
the complete translational products of ORF I and ORF VI
have more amino acids than their partial ORFs situated at
the ends of the spiroplasmal insert.

A bacterial ORF possesses a Shine-Dalgarno (SD) se-
quence 5 to 10 nucleotides upstream of the initiation codon.
This sequence is complementary to the 3’ end of the 16S
rRNA (30). Each of the six ORFs of the spiroplasmal DNA
insert had an SD sequence. Figure 5 lists these sequences in
comparison with the sequence of the 3’ ends of the 16S
rRNAs of S. citri, Bacillus subtilis, and E. coli.

Identification of proteins encoded by different ORFs. Since
the bacterial clone harboring pES3’ synthesized the com-
plete spiralin protein, one of the four complete ORFs of the
insert must be the spiralin gene.

The following results indicate that ORF IV is the spiralin
gene. (i) The protein encoded by ORF IV had a mass of
25,282 Da, a value very close to that of purified spiralin (35).
(ii)) The amino acid composition of the ORF IV protein, as
deduced from the sequencing data, was almost identical to
that obtained by Wroblewski et al. (37) for purified spiralin
(Table 2). Spiralin is composed of 241 amino acids. Four
amino acids, alanine, valine, lysine, and threonine, account
for more than 47.8% of all amino acids in the protein.
Spiralin contains a low number of tyrosine, phenylalanine,
and cysteine residues and lacks arginine, histidine, tryp-
tophan, and internal methionine. (iii) The localization of
ORF 1V overlapping the Clal restriction site and ending 151
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nucleotides upstream of the Sphl site agrees well with data
from subcloning experiments (6).

Identification of the proteins encoded by the other ORFs is
summarized in Table 1. The protein product encoded by the
interrupted ORF I shows 38% homology with the NH,-
terminal amino acid sequence of ribosomal protein S2 of E.
coli (1) (Fig. 6A), indicating that ORF I is probably the S.
citri rpsB gene. The amino acid sequence of the ORF II
translational product had 46.0% homology with E. coli
elongation factor EF-Ts (1) (Fig. 6B), suggesting that ORF II
represents the S. citri tsf gene. The S. citri EF-Ts protein
(297 amino acids) was 14 amino acids longer than that of E.
coli (283 amino acids). No significant homology was ob-
served between the putative protein of ORF III and any
protein identified through the bank. The ORF III protein,
which remains unidentified, has been named protein X. The
protein encoded by ORF V had 45.8% homology with the
sequence of PFK from Bacillus stearothermophilus (Bs-
PFK) (16) (Fig. 6C). ORF IV may thus be the pfk gene of S.
citri. The S. citri enzyme (327 amino acids) was seven amino
acids larger than Bs-PFK (320 amino acids). Among the
proteins listed in the bank, two showed homology with the
truncated sequence of the ORF VI translational product:
PYK from Saccharomyces cerevisiae (35.0% homology) and
a similar enzyme from chicken muscle (40.0% homology) (7,
18) (Fig. 6D). ORF VI may thus correspond to the pyk gene
encoding the S. citri PYK. The locations of the identified
genes on the spiroplasmal DNA insert are indicated in Fig. 4.

Codon usage. The codon usage for spiralin was determined
from the nucleotide sequence of its gene (Table 3). A
preferential use of A- and T-rich codons was observed,
especially when A or T occurred at the 3’ end of codons
specifying the same amino acid; less than 8.0% of the codons
(18 of 241) had a C or a G at the third position. For instance,
among the 32 alanine codons, only 2 were terminated with G
and none ended with C. Similar results applied to valine. All
codons for phenylalanine, leucine, isoleucine, proline, thre-
onine, glutamine, lysine, cysteine, and glycine were termi-
nated by A or T. Among the six codons for leucine, those
starting with T were preferentially used over those having a
C at position 1 (11 TTC versus 2 CTT). Spiralin contains no
tryptophan, and its gene lacks TGA as well as TGG triplets.

The preferred usage of codons with A or T in the first or
third position as described above for the spiralin gene was
also operative for the five other genes rpsB, tsf, X, pfk, and
pyk. The genes for EF-Ts and protein X did not contain
tryptophan codons and thus should be expressed entirely in
E. coli. However the 5’ portion of the gene for ribosomal
protein S2 had seven TGA codons (and one TGG codon), the
pfk gene had two TGA codons, and the 5’ portion of the pyk
gene had four TGA codons.

Regulatory signals. Four putative promoterlike sequences
were identified (Fig. 7). Their positions on the spiroplasmal
DNA insert are shown on Fig. 4.

Upstream of the spiralin gene, the sequence TGTAAT
(Fig. 3, nucleotides 2477 to 2482) was only one nucleotide
short of the consensus sequence of the —10 region
(TATAAT) characteristic of promoters recognized by E. coli
RNA polymerase carrying sigma factor ¢’°, or the B. subtilis
enzyme functioning with o** (8, 25). At the corresponding
—35 region, the sequence TGTTATTT (Fig. 3, nucleotides
2452 to 2459) had the first four nucleotides of the consensus
sequence TGTTGACA. An A+T-rich region occurred at
—45. The transcription starting point (+1) could be the
adenine residue (nucleotide 2493) of the sequence CAT, also
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FIG. 3. Nucleotide sequence of the spiroplasmal DNA insert of plasmid pES3’ and amino acid sequence of corresponding ORFs. The
sequence of the first 700 nucleotides is given for both DNA strands. Restriction sites are boxed. For each ORF, the direction of transcription
is 1ndlcateq b){ small arrows. The —10 regions of promoters are boxed. The ribosome-binding sites (SD) are underlined. Regions of inverted
repeat are indicated by underlining arrows.
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Reat fisix
AROACARCAARCGETATATCATTAACAACAATTAATTT AGOTANCGTTOAAGITTATOTTCAAATTACTCCAGCAAARGATAAAACTGTTOTTAT 2900

GlnAspAeniysOlyThrserleuThrThrileAsnLeudludluGlyAenvValGluvValTyrvalolnileThrProAlaLysAsplysThrvalvellle

TOGTOARACAGOATACATTARRGTAACTTTACCARAAATAAAAGTAGATATTTCAGGTOTAGTAATAGATCAACAAATTOTAGAAATTAAAGCAGCAGAC 3000
0l1y0luthrOlyTyrileiysvalThrieuProlyslileLysValAsplileSeralyvalvallleAspGinOlnilevalolulleLysAlaAlanep

CCAAAACAAGTTACAAAAOATOAGTTAAATOCAGTTAATACTTATOCAACTCTTOCAAOTOCTATTTTAGAOOCTATAAAAAATAAAGCACCAAATAGCAG 3100
ProLysdinvValThriysAspOluLeuAenAlaValAsnThrTyrAlaThrlevAleSerAlavValleuGluAlallelysAsniysAlaProAsnils

OAOCAAGTOATTTTOAAATTACAAATAATTOTOATOCGOOAGACTATTCAGCTCAAAAACATOTTAAAGTAACAOTTAAAROCA TOAAT AR 3200
Olaal heOlulleThrAsnA pAlaGilyAspTyrSerAladinlysAspVallysValThrVallysAlalysAspOluSerProAsn
CATTTCTOOTOAATTTAAROTTAATOCAAAAGTAAAAGCTACATT AR AAGAATTAACTTTTTCTTATTTAGAACAAAATAAA 3300

1leSerOlyGluPhelysVelAasnAlalysVallysAlaThrleuAlaProProlysiladly

Ddel «10 —
AAACACTIATTAANGTOTTIITTTATOTTTTTTAGTTAAAAAARTCTTTACAATETTAGAATATCAACTAAMATTANTATAARCAAGATAAAACARGCAAA 3400

sphi
AGAGAAGOAGAA ICATGCTTAARAAAATTOOAATTTTAACATCTGOTOOTOATTCACAAGOOATOAATOCTOCAATTOCOOOAGTTATTAAAACAGC 3500
80 (ORF V) METLeulyslLyelleOlylleLeuThrSerO0lyOlyAspSerdinGilyNETAsnAleAlalleAladlyValllelysThrAla
—

ACATOCAAAAGGACTAGAARCATATATTATTCOTOATOOTTATTTAGOATTAATTAATAATTOAATAGAAGTTOTTGATAATAATTTTOCOGATAGTATT 3600
NisAlelLyeOlylLeuOluThrTyrilelleArgAspOlyTyrieudlyleulleAsnAsnTrplleOluvValValAspAsnAsnPheAlsAsplerile

ATOCTTTT TOTOATTOOAAGT TT ATTTAA TACAAAAAAAAGCTOTTOATATTTTAAAAAAGCAAGAAA 3700
NETLeuLeuGlyOlyThrVallleGlySerAlaArgleuProGluPhelysAepProGluvalGinlyslysAlaValAsplleleulyeslys0lnGlu

TTOCOOCATTAGTAGTTATTOOTOOTOATGOTAGTTATCAAGOTOCTCAACCOTTAACACAGCTOOGAATTAATTGTATTOCTTTACCGGGAACAATTOA 3800
1leAlaAlaleuvalVellledlyClyAspOlySerTyradindlyAladinArgleuThroluLleudliyileAsnCysileAlaleuPro0lyThrileAsp

EcoRV

1&‘1@!!!::’C?TCI?CAOA?IAT‘COl?fﬂﬂﬂfffﬂhflcfOCIA?TAATATTO?TOT?GAIOCAITTOACCOfT?Oeofolflﬂhlfockllchchf 3900
AsnAsplleThrBerSerAspTyrThrileOlyPheAspThrilalleAsnilevalValOluAlalleAspArgleuArgAspThrNETOlnSerHiis

AATCOTTOTTCAATTOTTOAROTAATOCOTCATOCTTOCGOTOATATTOCTTTATACGCTGGOATTOCTOGTOGAGCAGATATTATTTCAATTAATGAAG 4000
AsnArgCysSerIlevalOoluvalNETOlyHisAlaCyeGlyAsplleAlaleuTyrAlaClylleAladlyOlyAlaAspilellesSerileAsndlu

CTOCTTTATCTOAAACAOAAATTGCTOATCOOOTTOCAATOTTACATCAAGCACAAAAGCOAAGTOTCATTOTTOTTOTTAGTOAAATOATTTATCCAGA 4100
1leAleteuserdluthrolulleAledspArgValAlanETLeulia0lnAladinlysArgservalilevValValValseroluNET ileTyrProAsp

TOTOCATAAATTAGCARAATTACTTOAAROTAAAAGTOOTTACATTACTCATGCAACAGTTTT TCA TOOTAATCCA ATO 4200
ValNisLysLeuAlalysleuvValOluSerlyeSerOlyTyrileThrArgAlaThrValleudlyNiaThrOlnArgolyOlyAsnProThrAlaNET

Bcll
GACCOTTATCOTOCTTTTCAAATCOCACAATTTOCTOTTOAACARATTATTGCAGOCOTAGGTGATTTAGCAATTGCGAAATCAAOGTGATCARATTATTO 4300
AspArgTyrArgAlaPheCinNETALaCInPheAlavVelOluGinilelleAla0lyVelGlyOlyleuAlalleGlyAsnOinOlyAspOinilelle

Bcll
CTCAGTCCAATTAT TTAAGTATTCCOCOTTCAT AGAAATTTOAGCTARATTTGATCARTTAAATCAGAATATTTATCAARAATCATA 4400
AlaArgProllenETOluAleleuserileProArgsersSerArglysGlulleTrpAlalysPheAspOlnleuAsnCinAsnileTyrdlnlyssSer

ATTTT () TTTTAGAAOGAGTTTOTCAARAGAATOCATAAATTTAATATTAACOAGAAAATOAAAAOAACGAAAATTA 4500
[1) (ORF V1) METAsplysPheAsnlleAenGlulysMETLysArgThriyelle
—

TTA TY TACACATT TOCCATTOGAAGAATTOTTTAAAACAGOAATOACAACAATTCOCTTAAACTTTTCACATOOAGATCA 4600
1leThrThriledlyrr rThrNieSerProdlyAleiledludluLeuPhelysThrolyNETThrThrileArgleuAsnPheSeriisGlyAsphie

TOCTOAACA TTOTAT TTAOTOCTAAAATTOOAAAACCAATTTCAGTOTTATTAGATACOAARGGACCAGAAATTCAT 4700
Alnoluolnolyllclr'llc'altrpax.lr.oxuVullnrAlaLy-xlooly;yo'rnlxo)crv.)LouL.uA.prhtLylolyrroolull-ut-

T
TrpArgllelLyecly

TTACT TCTTTAAATATATATCATCAAATOAATAATTCATTAATOTTTTCTCCCTCTTTTTOTAAATTITCTTCACTATC 4800
LCuLouclll,.lorLcnlnnlloT]rutlﬂlnnlthonlonlors.uultrh.s.r'rol.r'n.c,a&y.'hcbounllfyr

Af?l'lc?eTACT?T?OTCAA&AAIAACAAAAAAACAIYYAT?I‘AAATTOT?AA&AAGTTOAAAAAAT?OCAAAOCCAACACTATAA?CYCOCTCATGG 4900
Il-tyrthrkoutautcui.tbyobrathrlyotliolnlcvloulynxloVAlLylby.t.uby.&y.bouﬂlnlorﬂlnnl-T,rA.nLcuAllnllﬂlr

CCTAIOOOAAAS‘TOIACAAO?TCITTTTcT?TTAACGAAAOICCT?CAA?ATOAAGA??AT?ATCATCTTTTAAACAAATTO?TACTTCOTTT&AAATT 5000
LOuUArgOlutThrTrpThr heCye?r luArgProSerileTrpArgleuleuserserPhelysdlnilevalThrserrhelyslle

Hind11t
AOTTTAOTTTCTARGOTTTTARTTRAGCTT ==~ 3'on
SerLeuvValseriysValleullelyaleu ... 4

FIG. 3—Continued.
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FIG. 4. Localization of ORFs and organization of corresponding genes on the §. citri DNA insert of plasmid pES3’. For each ORF, the
direction of transcription is indicated by an arrow and the numbers of the first and last nucleotides are given. Promoters (P) and terminators
(T) are represented by solid and open circles, respectively. Ribosome-binding sites are indicated by stars.

a consensus sequence, but less conserved than the —10 and
—35 regions.

The promoter function of sequences composing the —10
and —35 regions of the putative spiralin promoter was
examined by cloning the Rsal-Rsal restriction fragment
(Fig. 3, nucleotides 2368 to 2660) into the Smal site of the
promoter selection vector pKK232.8. Insertion of a func-
tional promoter sequence into Smal, one of the multiple
cloning sites of pKK232.8, resulted in expression of the
chloramphenicol acetyltransferase gene and consequent
chloramphenicol resistance of the relevant bacterial trans-
formant.

Cloning the 292-bp-long Rsal fragment into the Smal site
yielded 15 chloramphenicol-resistant transformants, all car-
rying the Rsal insert in the same orientation (data not
shown). The linearized vector, when treated in the same way
but in the absence of foreign DNA, did not give rise to
chloramphenicol-resistant transformants. Since the only
promoterlike sequence present on the Rsal restriction frag-
ment is that extending from nucleotides 2452 to 2482, these
results indicate that it is probably this sequence which is
recognized as a promoter, at least in E. coli.

Upstream of the coding sequences of the spiroplasmal
rpsB, tsf, and pfk genes, three respective promoterlike
sequences were present (Fig. 4). The —10 sequences of these
putative promoters were close to the bacterial consensus

sequence (Fig. 7). The —35 regions were more poorly
conserved with respect to the —35 consensus sequence
TTGACA, but there was in all three an A+T-rich region at
—43,

Two DNA sequences that could lead to transcription
terminators on the mRNA were found downstream of the
spiralin gene (Fig. 3, inverted repeat around nucleotide 3310)
and the gene for protein X (Fig. 3, inverted repeat around
nucleotide 2372). The putative terminator of the spiralin gene
was followed by a row of uridine residues and could thus be
independent of a termination factor such as rho (27). The
stem of the protein X gene terminatorlike structure had an
internal loop and ended with a row of seven U-A pairs,
without a series of uridine residues at the 3’ end.

The intergenic region between the termination codon of
the tsf gene and the initiation codon of the adjacent protein
X gene had only 31 nucleotide residues. The SD sequence
for the protein X gene was the only remarkable sequence
within this region. The tsf gene and the protein X gene are
thus combined in a single transcription unit; transcription
probably begins at the promoter located upstream of the zsf
gene and ends at the terminator downstream of the protein X
gene. Similarly, the pfk and pyk genes were also linked
together in a single transcription unit. Whether this tran-
scription unit contains only pfk and pyk or additional genes
remains to be determined. However, the transcription prod-

TABLE 1. ORFs and putative proteins of Spiroplasma citri DNA insert of plasmid pES3’ and
homologous genes and proteins from eubacteria and eucaryotes

. Location on X X

ORF spiroplasmal DNA spg:’z;;tg:‘t:?g; in Homologous protein Size (no. of % Corresponding

First Last (no. of amino acids) (origin) amino acids) Homology gene

nucleotide nucleotide
1 549 14 >183 Ribosomal protein S2 (E. coli) 240 38 rpsB
I 739 1632 297 Elongation factor Ts (E. coli) 283 46 tsf
I 1664 2298 211
v 2542 3267 241
\% 3418 4401 327 PFK (B. stearothermophilus) 320 45 pfk
VI 4455 5025¢ >192 PYK (S. cerevisiae) 499 35 pyk
PYK (chicken muscle) 530 40

“ The genes are truncated. ORF I is read on one DNA strand (minus strand), while ORFs II, III, IV, V, and VI are read on the other strand (plus strand).
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ORF Nucleotide sequence
550
1 ARcanrralaraAAarTATO
739
1t TTBCAAAGGAGAATTAGTATG
1664
111 tRoaanrncaoNaacccljarnangro
2542
v choanrnconNaraffarancannrse
3418
v Aocrcfpacaordaaal@accars
4455
vi rracRArccoArgdrfrofcaaancannrts
16S rRNA 3°OH end of :
s.citrd HO - UCUUUCCUCCACUAG - ...
B.subtilis HO - UCUUUCCUCCACUAG - ...
E.coll HO~-AUUCCUCCACUAG - ...

FIG. 5. SD sequences associated with the six ORFs on the spiroplasmal DNA insert of plasmid pES3’. Upstream of the initiation codon,
the six ORFs have sequences that are complementary to the 3’ end of 16S rRNAs of S. citri, B. subtilis, and E. coli. These sequences are

indicated within boxes. The initiation codons are underlined.

ucts of these two genes probably belong to the 4-kb mRNA
that was revealed by Northern (RNA) blot analysis previ-
ously described (6).

A third inverted repeat (around nucleotide 585) was lo-
cated between the promoter and the initiation codon of the
rpsB gene, 86 bp downstream of the promoter or 28 bp
upstream of the initiation codon ATG.

Insertional mutation of the spiralin gene. After transforma-
tion of E. coli by plasmid pES3’, a clone was obtained that
lacked spiralin expression. The DNA insert of the recombi-
nant plasmid harbored by this clone was found to be about

TABLE 2. Amino acid composition of spiralin

% of total (mol%)
Amino acid No./molecule®
Sequence® Protein®

Ala 32 13.28 12.84
Val 32 13.28 11.81
Lys 27 11.20 10.84
Thr 23 9.54 9.64
Asp 13 5.39

Asn 17 7.05 13.62
Glu 13 5.39

Gin 9 3.73 10.02
Ile 16 6.64 6.35
Leu 13 5.39 4.79
Ser 12 4.98 6.68
Gly 12 4.98 5.00
Pro 9 3.73 3.50
Tyr 5 2.07 2.45
Phe S 2.07 1.83
Cys 2 0.83 0.55
Met 1 0.41 0
Arg 0 0 0
His 0 0 0
Trp 0 0 0

“ Determined from nucleotide sequence.
® Determined from purified protein (37).

1,000 nucleotides larger than the insert present in pES3’.
Sequencing showed that the spiralin gene of this plasmid was
interrupted by the insertion element variant ISI/K (15), and
thus this clone represents an insertional mutation of the
spiralin gene. As expected, this insertion resulted in a
duplication of the spiroplasmal sequence at the target site.
The 768-bp sequence of IS/K was inserted in the mutated
spiralin gene after the final T (Fig. 3, nucleotide 2858) of
CGTTGAAGT; this sequence was repeated at the end of
ISIK.

DISCUSSION

The full 5.0-kbp spiroplasmal insert of pES3’ containing
the spiralin gene was sequenced. Six ORFs were found. The
translational product of one of these (ORF IV) had a size and
an amino acid composition very similar to those of spiralin
purified from S. citri (37). The only discrepancy found was in
the N-terminal methionine, since no methionine was de-
tected in purified spiralin (37). It is known that methionine is
cleaved from the N-terminal end of native peptides when it is
followed by Ala, Ser, Gly, Pro, Thr, or Val as the second
amino acid; but with Arg, Asn, Asp, Gln, Glu, Ile, Leu, Lys,
or Met as the second amino acid, methionine is not cleaved
(31). In the spiralin gene, the initiator methionine codon is
followed by AAA, a codon for Lys, and according to the
above rule, methionine should remain present. As spiralin
does not have an N-terminal methionine, the rule apparently
does not apply to S. citri.

In Mycoplasma spp. (38) and in Spiroplasma spp. (23, 24),
TGA does not serve as a termination codon, but as a codon
for tryptophan, in addition to the ‘‘universal’’ tryptophan
codon TGG. The coding portion of the spiralin gene contains
neither TGA nor TGG codons, in agreement with the ab-
sence of tryptophan in spiralin. The absence of TGA codons
(read as tryptophan in S. citri but as ‘‘stop’’ in E. coli)
accounts for the full expression of spiralin in the bacterial
transformant.
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FIG. 6. Sequence homologies between products of the different spiroplasmal ORFs and known proteins from the data bank. Product of

interrupted ORF I with E. coli ribosomal protein S2 (1) (A); product of ORF II with E. coli elongation factor Ts (1) (B); product of ORF V
and B. stearothermophilus PFK (16) (C); product of ORF VI and PYK from bakers’ yeast (7) and chicken muscle (18) (D).
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TABLE 3. Codon usage for spiralin

1st 2nd base 3rd
base "y No. C No. A No. G No. base
U Phe S Ser 1 Tyr 4 Cys 2 U
Phe 0 Ser 0 Tyr 1 Cys 0 C
Leu 11  Ser 7 Ter 1 Trp 0 A
Leu 0 Ser 1 Ter 0 Trp 0 G
C Leu 2 Pro 1 His 0 Arg 0 U
Leu 0 Pro 0 His 0 Arg 0 C
Leu 0 Pro 8 Gin 9 Arg 0 A
Leu 0 Pro 0 GiIn 0 Arg 0 G
A Ile 12 Thr 7 Asn 12 Ser 3 8]
Ile 0 Thr 0 Asn S Ser 0 C
Ile 4 Thr 16 Lys 27 Arg 0 A
Met 1 Thr 0 Lys 0 Arg 0 G
G Val 18 Ala 8 Asp 10 Gly 6 U
Val 1 Ala 0 Asp 3 Gly 0 C
Val 11 Ala 22 Glu 11 Gly 6 A
Val 2 Ala 2  Glu 2 Gly 0 G

The codon usage for spiralin is very similar to that
described for the capsid protein of SpV4 (24): a preferred
usage of A (or T)-terminated codons is observed, reflecting
the high A+T content (74%) of S. citri DNA.

In addition to ORF IV (the gene for spiralin), five other
ORFs have been located on the spiroplasmal DNA insert of
pES3’ (Fig. 4). Each of these six ORFs is characterized by
an initiation codon, a termination codon, and an SD se-
quence, complementary to the 3’ end of 16S rRNA. In §.
citri, the 3’ end of 16S rRNA is identical to that of B. subtilis
(OH-UCUUUCCUCCACUAG) and is 2 bases longer than in
E. coli (where the terminal OH-A replaces the OH-UCU of
S. citri). These observations agree with the finding that
gram-positive bacteria generally have SD sequences longer
than those found in gram-negative bacteria (20), and this rule
appears to apply to the SD sequences of ORFs II, III, and
IV, where the base-pairing between the SD sequence and the
16S rRNA can occur over 8 bases in a row (Fig. 5). For
ORFs V and VI, 6 bases are involved, but only 4 bases for
ORF 1. In all cases except ORF I, the characteristic se-
quence AAGGA occurs.

«43 region =35 region
' l ¥ L]
) 12-14 bp

A=T rich ecec=- TOTTOACAAT eccceccccc-
15 bp

A-T rich ec--- GCTTCTATTO G eccccccas
19 bp

A-T rich ee=-= AOGTAAAAAADR ccccccecc-
15 bp

A-T rich e---- TOGTTATTTTT ecoceccae-
14 bp

A-T rich eecc-- TCTTAGAATA -cccccce-
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Sequence analysis software programs have suggested that
the products of ORFs I, II, V, and VI correspond respec-
tively to ribosomal protein S2, elongation factor Ts, PFK,
and PYK. Identification of these components seems unam-
biguous, since only one candidate protein was given by the
bank for each one of the ORFs. Homology between the
candidate protein and the ORF translational products was
moderately high (between 35 and 46%) (Table 1), even when
the sequence comparisons involved eucaryotic proteins such
as PYK from S. cerevisiae or chicken muscle. On the basis
of these results, it is likely that ORFs I, II, V, and VI
correspond respectively to S. citri genes rpsB, tsf, pfk, and
pyk.

Four promoterlike sequences on the spiroplasmal DNA
insert (Fig. 4) were identified upstream of ORFs I, II, IV,
and V. The promoter of the spiralin gene was shown to be
functional in an E. coli promoter selection vector. The
spiroplasmal core RNA polymerase has the eubacterial
subunit structure (a,8B’') (11), which recognizes spiroplas-
mal promoters with the consensus sequence TATAAT at
—10 and TTGACA at —35 (6). '

Two regions with inverted repeats, leading to possible
transcription terminators, were found downstream of ORF's
IIT and IV. Assuming that the four promoterlike sequences
and the two terminatorlike sequences described above are
functional, it follows (Fig. 4) that the spiralin gene (ORF IV)
is transcribed from a monocistronic transcription unit but
that the genes for PFK (ORF V) and PYK (ORF VI) are
linked together as a single transcription unit. Similarly, tsf
(ORF II) and the gene for the unidentified protein X (ORF
III) represent a single transcription unit. Nothing can be said
about the transcription unit of rpsB (ORF I). It is noteworthy
that in S. citri the genes for two key enzymes of glycolysis,
PEK and PYK, are part of the same transcription unit, which
suggests that these enzymes must be produced at the same
time and in similar amounts. In E. coli the situation is
different. The pfkA gene is 48 min away from the pyk gene,
with the rpsB-tsf transcription unit in between (2, 9). Re-
cently, the presence of PFK and PYK in S. citri has been
demonstrated (22). The PFK in S. citri is of the ATP-
dependent form; no pyrophosphate-dependent PFK activity

«10 region +1

ﬁ m
4-7 bp

TATPULT Pu ==-=-= CAT “Consensus”
S bp 675

TATAATT ecccce- TT?T ORPF 1
S bp 695

TATATTA cccc== aTT ORF 11
8 bp 2493

TOTAATT ecc—-- CAT ORF 1V
S bp 3390

TATAAAC ------ AAA ORF V

FIG. 7. Comparison of the four promoterlike sequences identified on the spiroplasmal DNA insert of plasmid pES3’ with a consensus
promoter sequence (27). Underlined residues are those that agree with the consensus sequence. Pu, Purine.
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was found. The PFK gene that we have identified in S. citri
probably codes for the ATP-dependent PFK.

As shown in Fig. 4, rpsB (ORF 1) and tsf (ORF II) are
divergent genes with overlapping promoters (3). The results
of this study provide the first description of divergent genes
in mollicutes. The region between the promoter of rpsB
(ORF 1) and the ATG initiation codon contains an inverted
repeat, 28 bp upstream of the ATG codon. This sequence is
such that a protein dimer with dyad symmetry would be able
to bind to the same side of the DNA helix, one monomer in
contact with the direct sequence, the other with the inverted
sequence. Hence the inverted repeat would represent a
region where a polypeptide with regulatory functions could
bind to control transcription in both directions. It would be
interesting to investigate whether protein X may function as
a regulatory protein that acts at the inverted repeat (within
the divergent transcription unit) to control transcription of
the nonregulatory S2 protein.

In E. coli, the genes for S2 (rpsB) and EF-Ts (tsf) are not
divergent as they are in S. citri. They belong to a single
transcription unit, with rpsB being promoter proximal (1, 3),
and are transcribed in the same direction (12).

Currently, efforts are being directed towards understand-
ing the organization of the spiralin molecule in the Spiro-
plasma membrane. The results of these studies will form the
basis of a subsequent report.
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