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The rpsB-isf-x operon of Spiroplasma citri encodes
ribosomal protein S2 and elongation factor Ts, two com-
ponents of the translational apparatus, and an uniden-
tified X protein. A potential DNA-binding site (a 20-base
pair (bp) inverted repeat sequence) is located at the 3’
end of rpsB. Southwestern analysis of S. citri proteins,
with a 30-bp double-stranded oligonucleotide probe
(IRS), containing the 20-bp inverted repeat sequence
and the genomic flanking sequences, detected an IRS-
binding protein of 46 kDa (P46). P46 protein, which dis-
plays preferential affinity for the IRS, was purified from
S. citri by a combination of affinity and gel filtration
chromatographies. The native form of P46 seems to be
homomultimeric as estimated by SDS-polyacrylamide
gel electrophoresis analysis and gel filtration, A 3.5-ki-
lobase pair 8. citri DNA fragment comprising the P46
gene and flanking sequences was cloned and sequenced.
Sequence analysis of this DNA fragment indicated that
the P46 gene is located within the S10-spc operon of S.
citri at the position of the gene coding for ribosomal
protein L.29 in the known S10-spc operons. The similar-
ity between the N-terminal domain of P46 and the L29
ribosomal protein family and the presence of a 46-kDa
IRS-binding protein in S. cifri ribosomes indicated that
P46 is the 129 ribosomal protein of 8. citri. We suggest
that P46 is a bifunctional protein with an L29 N-termi-
nal domain and a C-terminal domain involved in IRS
binding.

Spiroplasmas are wall-free bacteria belonging to the class
Mollicutes, a group of microorganisms phylogenetically related
to Gram-positive bacteria with low guanine + cytosine contents
{1). Sequence analysis (70) of a 6.8-kbp' DNA fragment (Gen-
Bank™ accession number AF012877) of the phytopathogenic
mollicute Spiroplasma citri (2) made it possible to identify
eight putative ORFs that encode ribosomal protein S2, elonga-
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tion factor Ts, spiralin, 8-phosphofructokinase, pyruvate ki-
nase, and three unidentified proteins (A, B, and X) (Fig. 1).
Ribosomal protein S2 and the translational elongation factor
Ts (Ef-Ts), respectively, encoded by rpsB and tsf genes, are both
components of the translational apparatus in prokaryotes.
These genes are adjacent in Escherichia coli (3, 4) and Bacillus
subtilis (5), whereas in the genome of the two mollicutes My-
coplasma genitalium (6) and Mycoplasma pneumoniae (7) they
reside at different locations, and thus each of them may con-
stitute monocistronic transcriptional units or be part of two
different polycistronic operons.

The organization and relative orientation of rpsB and tsf of 8.
citri (Fig. 1) are analogous to those reported for E. coli (3, 4) and
B. subtilis (5). In E. coli, rpsB and tsf form a single transcrip-
tional unit, and an attenuation mechanism was proposed to
explain the 1 to 3 ratic of EfTs to 82 (3). In B. subtilis a
potential terminator is found between rpsB and tsf. In S. citri,
the absence of a rho-independent termination signal in the
spacer region between rpsB and tsf, and between tsf and x,
indicates that rpsB, tsf, and X might represent a single tran-
scriptional unit. Transcriptional analyses of 7psB, tsf, and x
genes of S. citri have recently revealed two different transcripts
(70), one corresponding to the rpsB/tsf/x operon and the second
to rpsB alone. These results suggested that a regulatory mech-
anism may act at the transcriptional level at the spacer region
between rpsB and tsf. The only “regulatory” like sequence
found in the rpsB-tsf region is an inverted repeat sequence at
the 3’ end of rpsB (Fig. 1). This inverted repeat sequence is 20
bp long and represents two turns of helical DNA. It could be a
binding site for a regulatory DNA-binding protein (8, 9).

In the study reported here, we have purified, by a combina-
tion of affinity and gel filtration chromatographies, a 46-kDa
protein (P46) that displays preferential binding to a 30-bp
double-stranded oligonucleotide containing the inverted repeat
sequence. The gene coding for P46 has been cloned and se-
quenced. Sequence analysis has revealed significant similari-
ties between the N-terminal part of P46 and the L29 eubacte-
rial ribosomal protein family. Surprisingly, the S. citri protein
is much larger than its eubacterial homologs, and the C-termi-
nal domain of P46 shows significant similarities with the DNA-
binding histone H1-like proteins found in some bacterial spe-
cies. These results suggest a bifunctional role for P46. The
protein could act as a ribosomal protein but also as a DNA-
binding protein with a potential regulatory function.

EXPERIMENTAL PROCEDURES

Preparation of Crude Extracts—Crude extracts were prepared from
S. citri strain R8A2 (ATCC 27556) cultivated in 5 to 10 liters of SP4
medium (10) at 32 °C. Cells from exponential growth phase were har-
vested by centrifugation at 17,000 X g for 40 min, washed with phos-
phate-buffered saline containing 70 g/liter sorbitol, and frozen at
—20 °C overnight. Cells were then thawed on ice, resuspended in 10 to
30 ml of binding buffer BB (10 mm HEPES, pH 7.9, 50 mm KCI, 1 mm
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EDTA, 1 mum dithiothreitol, 12.5% glycerol) containing 1 mm phenyl-
methylsulfonyl fluoride, and disrupted by sonication (5/10-s pulses, 50
watts, 0 °C, 1 min sonication, and 1 min on ice alternatively, 8 to 10
times with a Vibracell sonicator). Mixture was cleared by centrifugation
at 12,000 X g for 20 min; the pellet was discarded, and the supernatant
was directly loaded onto heparin chromatography column or frozen at
~70 °C for storage. The protein concentration of the supernatant, as-
sayed by the Bradford procedure (11) using the Bio-Rad Protein Assay
Kit with bovine serum albumin as a standard, was in the range of 1-10
mg/ml.

Southwestern Blot Analysis of Protein-DNA Interactions—The
method used for Southwestern analysis is a modification of previously
described “protein blotting” methed (12). Crude or purified proteins
were resolved by SDS-PAGE on 10% polyacrylamide gel using standard
procedures (13). After electrophoresis, proteins were electroblotted (14)
to nitrocellulose membranes (C extra, Amersham Pharmacia Biotech)
for 45 min at 8 watts in transfer buffer (25 mM Tris base, 190 mwm
glycine, and 15% methanol) using a semi-dry transfer apparatus (Fast-

blot Biometra). Membranes were dried 15 min at 37 °C and blocked for .

60 min at 26 °C in buffer S (BB buffer containing 0.02% Ficoll, 0.02%
polyvinyl pyrrolidone, and 0.02% bovine serum albumin). Membranes
were incubated in 10 ml of S buffer containing 10¢ cpm/m] end-labeled
specific IRS probe. This probe is the synthetic double-stranded oligonu-
cleotide (5'-GGATTTGCTTTACCAAAAGCAAAAAAGCTG-3' and 3'-
CCTAAACGAAATGGTTTTCGTTTTTTCGAC-5') containing the in-
verted repeat sequence (Fig. 1). It was end-labeled with [y-32PJATP
(ICN Biochemicals) using T4 polynucleotide kinase and purified using a
Sephadex G-25 column (15).

Incubations were at 26 °C for 60 min in screw-capped glass tubes
with gentle rotation in rotating hybridization oven (Robbins Scientific),
followed by three washes of 15 min in S buffer. The blots were then
exposed 1-12 h for autoradiography.

Preferential affinity of P46 for the IRS sequence was examined by
competition experiments; 15 min prior to the addition of the radiola-
beled IRS, blots were incubated with a 200-fold molar excess of unla-
beled IRS (specific competitor) or with a 200-fold molar excess of an
unlabeled double-stranded oligonucleotide that does not contain the
inverted repeat sequence (5'-GGTTATTAAGTTATCGATTT-3' and 3'-
CCAATAATTCAATAGCTAAA-5') (nonspecific competitor). After addi-
tion of the radiolabeled IRS to these hybridization mixtures containing
the competitors, the incubation was for 1 h as described above.

Heparin-Agarose Affinity Chromatography—Column operations
were carried out by using a Bio-Pilot Scale FPLC system (Amersham
Pharmacia Biotech). About 70 mg of total proteins were loaded onto
HiTrap heparin column (1 ml, Amersham Pharmacia Biotech) equili-
brated at a flow rate of 1 ml/min with ice-cold BB buffer. The column
was washed with ice-cold BB buffer until the 280-nm absorbance read-
ing returned to the base line, and proteins were eluted with a 20-ml
linear gradient of 50 mum to 1 M KCl in BB buffer. Fractions of 0.3 ml
were collected, and 10-50-ul aliquots from each fraction were analyzed
on SDS-PAGE gels by Coomassie Blue staining and tested for the
presence of IRS-binding proteins by Southwestern blot analyses. Frac-
tions containing IRS-binding proteins were loaded on a gel filtration
chromatography column without freezing. Remaining fractions were
stored frozen at —70 °C.

Gel Filtration Chromatography—Fractions (200 ul) collected from
the affinity chromatography containing IRS-binding proteins were
loaded onto an FPLC Superose 12 column (Amersham Pharmacia Bio-
tech) equilibrated with running buffer (BB buffer containing 200 mm
KCl) at a flow rate of 0.2 ml/min. The column was eluted at 0.2 ml/min
with running buffer; and 0.2-ml fractions were collected, and 10-100-p1
aliquots of each fraction were analyzed on SDS-PAGE gels by Coomas-
sie Blue staining and tested for the presence of IRS-binding proteins by
Southwestern analysis. Column calibration was performed using blue
dextran 2000 (for void volume), catalase (232 kDa), aldolase (158 kDa),
bovine serum albumin (67 kDa), ovalbumin (43 kDa), chymotrypsino-
gen A (25 kDa), and ribonuclease A (13.7 kDa) (low molecular weight gel
filtration calibration kit from Amersham Pharmacia Biotech).

Sequencing of the Purified P46 Protein—P46 containing fraction,
recovered from gel filtration chromatography, was resolved on a 10%
SDS-polyacrylamide gel. P46 protein was visualized by an overnight
amido black staining (16). P46 band was excised and brought to near
dryness under vacuum. P46 micrusequencing was made by the “Labo-
ratoire de Microsequencage des Proteines” (Institut Pasteur, Paris,
France). After proteolytic digestion with endopeptidase Lys-C, throe
peptides, designated P1, P2, and P3, were sequenced on an Applied
Biosystems 473A protein sequencer.

General Methods in Molecular Biology—Standard procedures in mo-

lecular biology were used for preparation of plasmid DNA, restriction
enzyme digestion, DNA agarose gel electrophoresis, DNA ligation, and
transformation of £. coli (15).

Cloning and Sequencing of the P46 Gene—To amplify S, citri genomic
DNA, two pairs of degenerated primers were synthesized based on
amino acid sequences of two peptides (P1 and P2) derived from purified
P46. The codon usage of S. citri, based on previously sequenced genes
(17}, was used fo reduce degeneration of the primers. PCR amplification
was performed for 40 cycles in a DNA thermal cycler (Perkin-Elmer),
using 40 cycles, each of 1 min at 92 °C, 1 min at 37 °C, 1 min at 72 °C.
The primer pair, P46-2, 5'-GAAAA(C/T)ACA/T)GCIA/T)AT(A/T)AA(C/
T)GT(A/T)AA-3' (a sense oligonucleotide corresponding to the C-termi-
nal end of internal peptide sequence P2, KNSGENTAINVK), and P46-
le, 5'-TT(C/TICAA/G)TT(A/T)GT(A/C/TICC(A/G)TA-3' (an antisense
oligonucleotide corresponding to the N-terminal end of internal peptide
sequence P1, KEYTYGTNWK), was found to drive the amplification of
a 0.7-kbp DNA fragment. This fragment was cloned into the pTAG
vector (R & D Systems) that has complementary T overhangs, suitable
for ligation of PCR fragments. This fragment was sequenced using T7
sequencing kit (Amersham Pharmacia Biotech) together with pTAG
SEQ 5’ and pTAG SEQ 3' primers (R & D Systems). The insert was
excised from the vector, separated on agarose gel, purified by the
GeneClean Kit (Bio 101, La Jolla, CA), random primer-labeled with
[«-32P]ATP (ICN Biochemicals), purified on a Sephadex G-50 column
(15), and used as a probe in Southern blot experiments (18) with S. citri
restricted genomic DNA. A 3.5-kbp EcoRI DNA fragment was detected.
The probe was then used to screen an S. citri genomic library, con-
structed in E. coli XL1 Blue by cloning EcoRI-restricted DNA fragments
into plasmid pBS+ (Stratagene Cloning Systems). One positive clone
containing the 3.5-kbp EcoRI insert was selected. Insert was sequenced
using the T7 sequencing Kit (Amersham Pharmacia Biotech) or the
Thermo Sequenase Radiolabeled Terminator Cycle Sequencing Kit
(Amersham Pharmacia Biotech).

Sequence Analysis—Sequences were analyzed using the Wisconsin
Package (version 9.0) of software programs from Genetics Computer
Group (GCG, Madison, WI) (19). Potential ORFs were examined by
codon bias analysis (20) from Sequaid II software with the codon fre-
quency table of 8. citri based on previously sequenced genes (17). The
proteins deduced from the ORFs were submitted for BLASTP (21)
analysis against GenBank™ (National Center for Biotechnology Infor-
mation at the National Library of Medicine, National Institutes of
Health, Bethesda). Potentially homologous proteins were compared
using GAP from GCG Package. The ProDom protein domain families
data base® (22, 23) was used for analysis of domain arrangement of
proteins. Multiple alignments were computed with MultAlign (24).

8. citri Ribosomes Purification—Enriched ribosomal fraction was
obtained using a modification of previously described methods (25, 26).
8. citri cells were ground with alumina and suspended in buffer A (10
mM Tris-HC], pH 7.8, 10 mM magnesium acetate, 60 mm NH,Cl, 6 mm
2-mercaptoethanol) containing DNase I at 2 ug/ml. The extract was
centrifuged at 22,000 X g for 30 min to remove cell debris and then at
33,000 X g for 30 min to obtain the S-30 fraction. The S-30 fraction was
centrifuged at 105,000 X g for 2 h to sediment the ribosomes. The
supernatant solution (S-106) was aspirated, and the ribosomes were
suspended in buffer A and were washed by centrifuging again at
105,000 X g for 2 h. The supernatant fluid was decanted and discarded,
and the ribosomes were suspended in buffer A. Enriched ribosomal
fraction was aliquoted an stored at —70 °C or used directly in South-
western experiments. Final protein concentration was 0.7 mg/ml in the
ribosome fraction and 1.5 mg/ml in the S-105 fraction. 50-u] aliquots of
ribosome fraction and S-105 fraction were tested for the presence of
IRS-binding proteins by Southwestern analysis (see above).

RESULTS

We describe here the purification, preliminary characteriza-
tion, and identification of an S. citri protein that displays
preferential binding affinity for a 30-bp oligonucleotide con-
taining the 20-bp inverted repeat sequence present at the
3'-OH end of rpsB and preceding #sf (Fig. 1). The 30-bp se-
quence will be designated IRS.

Heparin-Agarose Affinity Chromatography—Crude extract
of S. citri cells obtained by sonication in binding buffer BB, as
described under “Experimental Procedures,” was applied onto

% Available on the WWW at httpz/protein.toulouse.inra.fr/prodom.html.
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EDTA, 1 mum dithiothreitol, 12.5% glycerol) containing 1 mM phenyl-
methylsulfonyl fluoride, and disrupted by sonication (5/10-s pulses, 50
watts, 0 °C, 1 min sonication, and 1 min on ice alternatively, 8 to 10
times with a Vibracell sonicator). Mixture was cleared by centrifugation
at 12,000 X g for 20 min; the pellet was discarded, and the supernatant
was directly loaded onto heparin chromatography column or frozen at
—-70 °C for storage. The protein concentration of the supernatant, as-
sayed by the Bradford procedure (11) using the Bio-Rad Protein Assay
Kit with bovine serum albumin as a standard, was in the range of 1-10
mg/ml.

Southwestern Blot Analysis of Protein-DNA Interactions—The
method used for Southwestern analysis is a modification of previously
described “protein blotting” method (12). Crude or purified proteins
were resolved by SDS-PAGE on 10% polyacrylamide gel using standard
procedures (13). After electrophoresis, proteins were electroblotted (14)
to nitrocellulose membranes (C extra, Amersham Pharmacia Biotech)
for 45 min at 8 watts in transfer buffer (25 mM Tris base, 190 mM
glycine, and 156% methanol) using a semi-dry transfer apparatus (Fast-
blot Biometra). Membranes were dried 15 min at 37 °C and blocked for
60 min at 26 °C in buffer S (BB buffer containing 0.02% Ficoll, 0.02%
polyvinyl pyrrolidone, and 0.02% bovine serum albumin). Membranes
were incubated in 10 ml of S buffer containing 10® cpm/m]} end-labeled
specific IRS probe. This probe is the synthetic double-stranded oligonu-
cleotide (5'-GGATTTGCTTTACCAAAAGCAAAAAAGCTG-3’ and 3'-
CCTAAACGAAATGGTTTTCGTTTTTTCGAC-5") containing the in-
verted repeat sequence (Fig. 1). It was end-labeled with [y-**P]ATP
(ICN Biochemicals) using T4 polynucleotide kinase and purified using a
Sephadex G-25 column (15).

Incubations were at 26 °C for 60 min in screw-capped glass tubes
with gentle rotation in rotating hybridization oven (Robbins Scientific),
followed by three washes of 15 min in S buffer. The blots were then
exposed 1-12 h for autoradiography.

Preferential affinity of P46 for the IRS sequence was examined by
competition experiments; 15 min prior to the addition of the radiola-
beled IRS, blots were incubated with a 200-fold molar excess of unla-
beled IRS (specific competitor) or with a 200-fold molar excess of an
unlabeled double-stranded oligonucleotide that does not contain the
inverted repeat sequence (5-GGTTATTAAGTTATCGATTT-3' and 3'-
CCAATAATTCAATAGCTAAA-5') (nonspecific competitor). After addi-
tion of the radiolabeled IRS to these hybridization mixtures containing
the competitors, the incubation was for 1 h as described above.

Heparin-Agarose Affinity Chromatography—Column operations
were carried out by using a Bio-Pilot Scale FPLC system (Amersham
Pharmacia Biotech). About 70 mg of total proteins were loaded onto
HiTrap heparin column (1 ml, Amersham Pharmacia Biotech) equili-
brated at a flow rate of 1 ml/min with ice-cold BB buffer. The column
was washed with ice-cold BB buffer until the 280-nm absorbance read-
ing returned to the base line, and proteins were eluted with a 20-ml
linear gradient of 50 mm to 1 M KCl in BB buffer. Fractions of 0.3 ml
were collected, and 10-50-u] aliquots from each fraction were analyzed
on SDS-PAGE gels by Coomassie Blue staining and tested for the
presence of IRS-binding proteins by Southwestern blot analyses. Frac-
tions containing IRS-binding proteins were loaded on a gel filtration
chromatography column without freezing. Remaining fractions were
stored frozen at —70 °C.

Gel Filtration Chromatography—Fractions (200 wl) collected from
the affinity chromatography containing IRS-binding proteins were
loaded onto an FPLC Superose 12 column (Amersham Pharmacia Bio-
tech) equilibrated with running buffer (BB buffer containing 200 mm
KCD at a flow rate of 0.2 ml/min. The column was eluted at 0.2 ml/min
with running buffer; and 0.2-ml fractions were collected, and 10-100-ul
aliquots of each fraction were analyzed on SDS-PAGE gels by Coomas-
sie Blue staining and tested for the presence of IRS-binding proteins by
Southwestern analysis. Column calibration was performed using biue
dextran 2000 (for void volume), catalase (232 kDa), aldolase (158 kDa),
bovine serum albumin (67 kDa), ovalbumin (43 kDa), chymotrypsino-
gen A (25 kDa), and ribonuclease A (13.7 kDa) (low molecular weight gel
filtration calibration kit from Amersham Pharmacia Biotech).

Sequencing of the Purified P46 Protein—P46 containing fraction,
recovered from gel filtration chromatography, was resolved on a 10%
SDS-polyacrylamide gel. P46 protein was visualized by an overnight
amido black staining (16). P46 band was excised and brought to near
dryness under vacuum. P46 microsequencing was made by the “Labo-
ratoire de Microsequencage des Proteines” (Institut Pasteur, Paris,
France). After proteolytic digestion with endopeptidase Lys-C, three
peptides, designated P1, P2, and P3, were sequenced on an Applied
Biosystems 473A protein sequencer.

General Methods in Molecular Biology—Standard procedures in mo-

lecular biology were used for preparation of plasmid DNA, restriction
enzyme digestion, DNA agarose gel electrophoresis, DNA ligation, and
transformation of E. coli (15).

Cloning and Sequencing of the P46 Gene—To amplify S. citri genomic
DNA, two pairs of degenerated primers were synthesized based on
amino acid sequences of two peptides (P1 and P2) derived from purified
P46. The codon usage of 8. citri, based on previously sequenced genes
(17), was used to reduce degeneration of the primers, PCR amplification
was performed for 40 cycles in a DNA thermal cycler (Perkin-Elmer),
using 40 cycles, each of 1 min at 92 °C, 1 min at 37 °C, 1 min at 72 °C.
The primer pair, P46-2, 5'-GAAAA(C/T)AC(A/T)GC(A/TAT(A/T)AA(C/
T)GT(A/T)AA-3' (a sense oligonucleotide corresponding to the C-termi-
nal end of internal peptide sequence P2, KNSGENTAINVK), and P46-
le, 5'-TT(C/T)CAA/G)TT(A/T)GT(A/C/T)CC(A/G)TA-3' (an antisense
oligonucleotide corresponding to the N-terminal end of internal peptide
sequence P1, KEYTYGTNWK), was found to drive the amplification of
a 0.7-kbp DNA fragment. This fragment was cloned into the pTAG
vector (R & D Systems) that has complementary T overhangs, suitable
for ligation of PCR fragments. This fragment was sequenced using T7
sequencing kit (Amersham Pharmacia Biotech) together with pTAG
SEQ 5' and pTAG SEQ 3’ primers (R & D Systems). The insert was
excised from the vector, separated on agarose gel, purified by the
GeneClean Kit (Bio 101, La Jolla, CA), random primer-labeled with
[a-*2P]ATP (ICN Biochemicals), purified on a Sephadex G-50 column
(15), and used as a probe in Southern blot experiments (18) with S. citri
restricted genomic DNA. A 3.5-kbp EcoRI DNA fragment was detected.
The probe was then used to screen an S. citri genomic library, con-
structed in E. coli XL1 Blue by cloning EcoRI-restricted DNA fragments
into plasmid pBS+ (Stratagene Cloning Systems). One positive clone
containing the 3.5-kbp EcoRI insert was selected. Insert was sequenced
using the T7 sequencing Kit (Amersham Pharmacia Biotech) or the
Thermo Sequenase Radiolabeled Terminator Cycle Sequencing Kit
(Amersham Pharmacia Biotech).

Sequence Analysis—Sequences were analyzed using the Wisconsin
Package (version 9.0) of software programs from Genetics Computer
Group (GCG, Madison, WI) (19). Potential ORFs were examined by
codon bias analysis (20) from Sequaid II software with the codon fre-
quency table of 8. citri based on previously sequenced genes (17). The
proteins deduced from the ORFs were submitted for BLASTP (21)
analysis against GenBank™ (National Center for Biotechnology Infor-
mation at the National Library of Medicine, National Institutes of
Health, Bethesda). Potentially homologous proteins were compared
using GAP from GCG Package. The ProDom protein domain families
data base® (22, 23) was used for analysis of domain arrangement of
proteins. Multiple alignments were computed with MultAlign (24).

8. citri Ribosomes Purification—Enriched ribosomal fraction was
obtained using a modification of previously described methods (25, 26).
8. citri cells were ground with alumina and suspended in buffer A (10
mM Tris-HCI, pH 7.8, 10 mm magnesium acetate, 60 mM NH,CI, 6 mM
2-mercaptoethanol) containing DNase I at 2 pg/ml. The extract was
centrifuged at 22,000 X g for 30 min to remove cell debris and then at
33,000 X g for 30 min to obtain the S-30 fraction. The S-30 fraction was
centrifuged at 105,000 X g for 2 h to sediment the ribosomes. The
supernatant solution (S-105) was aspirated, and the ribosomes were
suspended in buffer A and were washed by centrifuging again at
105,000 X g for 2 h. The supernatant fluid was decanted and discarded,
and the ribosomes were suspended in buffer A. Enriched ribosomal
fraction was aliquoted an stored at —70 °C or used directly in South-
western experiments. Final protein concentration was 0.7 mg/ml in the
ribosome fraction and 1.5 mg/ml in the S-105 fraction. 50-ul aliquots of
ribosome fraction and S-105 fraction were tested for the presence of
IRS-binding proteins by Southwestern analysis (see above).

RESULTS

We describe here the purification, preliminary characteriza-
tion, and identification of an S. citri protein that displays
preferential binding affinity for a 30-bp oligonucleotide con-
taining the 20-bp inverted repeat sequence present at the
3'-OH end of rpsB and preceding tsf (Fig. 1). The 30-bp se-
quence will be designated IRS.

Heparin-Agarose Affinity Chromatography—Crude extract
of 8. citri cells obtained by sonication in binding buffer BB, as
described under “Experimental Procedures,” was applied onto

2 Available on the WWW at httpv/protein.toulouse.inra.fr/prodem.htm).
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The rpsB-tsf-x operon of Spiroplasma citri encodes
ribosomal protein S2 and elongation factor Ts, two com-
ponents of the translational apparatus, and an uniden-
tified X protein. A potential DNA-binding site (a 20-base
pair (bp) inverted repeat sequence) is located at the 3’
end of rpsB. Southwestern analysis of 8. citri proteins,
with a 30-bp double-stranded oligonucleotide probe
(IRS), containing the 20-bp inverted repeat sequence
and the genomic flanking sequences, detected an IRS-
binding protein of 46 kDa (P46). P46 protein, which dis-
plays preferential affinity for the IRS, was purified from
S. citri by a combination of affinity and gel filtration
chromatographies. The native form of P46 seems to be
homomultimeric as estimated by SDS-polyacrylamide
gel electrophoresis analysis and gel filtration. A 3.5-ki-
lobase pair S. citri DNA fragment comprising the P46
gene and flanking sequences was cloned and sequenced.
Sequence analysis of this DNA fragment indicated that
the P46 gene is located within the S10-spc operon of S.
citri at the position of the gene coding for ribosomal
protein L29 in the known S10-spc operons. The similar-
ity between the N-terminal domain of P46 and the 129
ribosomal protein family and the presence of a 46-kDa
IRS-binding protein in S. citri ribosomes indicated that
P46 is the L29 ribosomal protein of S. citri. We suggest
that P46 is a bifunctional protein with an L29 N-termi-
nal domain and a C-terminal domain involved in IRS
binding.

Spiroplasmas are wall-free bacteria belonging to the class
Mollicutes, a group of microorganisms phylogenetically related
to Gram-positive bacteria with low guanine + cytosine contents
(1). Sequence analysis (70) of a 6.8-kbp! DNA fragment (Gen-
Bank™ accession number AF012877) of the phytopathogenic
mollicute Spiroplasma citri (2) made it possible to identify
eight putative ORFs that encode ribosomal protein S2, elonga-
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tion factor Ts, spiralin, 6-phosphofructokinase, pyruvate ki-
nase, and three unidentified proteins (A, B, and X) (Fig. 1).
Ribosomal protein S2 and the translational elongation factor
Ts (Ef-Ts), respectively, encoded by rpsB and ¢sf genes, are both
components of the translational apparatus in prokaryotes.
These genes are adjacent in Escherichia coli (3, 4) and Bacillus
subtilis (5), whereas in the genome of the two mollicutes My-
coplasma genitalium (6) and Mycoplasma pneumoniae (7) they
reside at different locations, and thus each of them may con-
stitute monocistronic transcriptional units or be part of two
different polycistronic operons.

The organization and relative orientation of rpsB and tsf of S.
citri (Fig. 1) are analogous to those reported for E. coli (3, 4) and
B. subtilis (5). In E. coli, rpsB and tsf form a single transcrip-
tional unit, and an attenuation mechanism was proposed to
explain the 1 to 3 ratic of Ef-Ts to S2 (3). In B. subtilis a
potential terminator is found between rpsB and tsf. In S. citri,
the absence of a rho-independent termination signal in the
spacer region between rpsB and tsf, and between tsf and x,
indicates that rpsB, tsf, and X might represent a single tran-
scriptional unit. Transcriptional analyses of rpsB, tsf, and x
genes of S. citri have recently revealed two different transcripts
{70), one corresponding to the rpsB/tsfix operon and the second
to rpsB alone. These results suggested that a regulatory mech-
anism may act at the transcriptional level at the spacer region
between rpsB and tsf. The only “regulatory” like sequence
found in the rpsB-tsf region is an inverted repeat sequence at
the 3' end of rpsB (Fig. 1). This inverted repeat sequence is 20
bp long and represents two turns of helical DNA. It could be a
binding site for a regulatory DNA-binding protein (8, 9).

In the study reported here, we have purified, by a combina-
tion of affinity and gel filtration chromatographies, a 46-kDa
protein (P46) that displays preferential binding to a 30-bp
double-stranded oligonucleotide containing the inverted repeat
sequence. The gene coding for P46 has been cloned and se-
quenced. Sequence analysis has revealed significant similari-
ties between the N-terminal part of P46 and the L29 eubacte-
rial ribosomal protein family. Surprisingly, the S. citri protein
is much larger than its eubacterial homologs, and the C-termi-
nal domain of P46 shows significant similarities with the DNA-
binding histone H1-like proteins found in some bacterial spe-
cies. These results suggest a bifunctional role for P46. The
protein could act as a ribosomal protein but also as a DNA-
binding protein with a potential regulatory function.

EXPERIMENTAL PROCEDURES

Prepuration of Crude Extracts—Crude extracts were prepared from
S. citri strain R8A2 (ATCC 27558 cultivated in 5 to 10 liters of SP4
medium (10) at 32 °C. Cells from exponential growth phase were har-
vested by centrifugation at 17,000 x g for 40 min, washed with phos-
phate-buffered saline containing 70 gfliter sorbitol, and frozen at
—20 °C overnight. Cells were then thawed on ice, resuspended in 10 to
30 ml of binding buffer BB (10 mm HEPES, pH 7.9, 50 mm KCI, 1 mm

24379

Supplied by the British Library - "The world's knowledge" www .bl.uk



S. citri Ribosomal Protein with DNA Binding Capacity

24381

pyk

[

spirali
TP, IT
ir )

L
I D

IRS

Fic. 1. Organization of genes on the chromosomal DNA of S. cifri in the spiralin gene region. Translational products of ORFs a, b, and
x are not significantly similar to any other proteins in the data banks. rpsB, tsf, spiralin, pfk, and pyk code, respectively, for ribosomal protein 52,
elongation factor Ts (Ef-Ts), spiralin, 6-phosphofructokinase, and pyruvate kinase. The 30-bp sequence, designated IRS, used as a probe in
Southwestern experiments is presented at the bottom. The 20-bp inverted repeat sequence is boxed. Potential promoters (P) and terminators (T)

are represented by open and solid circles, respectively.

a heparin-agarose affinity column. Bound proteins were eluted
with a linear gradiant of 0.05-1 M KCl. Protein concentration
was monitored by absorbance at 280 nm (Fig. 24). Aliquots of
the eluted fractions were first analyzed by SDS-PAGE electro-
phoresis and Coomassie Blue staining (Fig. 2B). Detection of
IRS-binding proteins was carried out by Southwestern blots
(12, 27, 28). In short, proteins were resolved on SDS-PAGE,
transferred on a nitrocellulose sheet, and incubated with ra-
diolabeled IRS. After washing, IRS-binding proteins were de-
tected by autoradiography. Southwestern analysis of eluted
fractions detected a predominant IRS-binding protein of 46
kDa (P486) (Fig. 2C) eluted at approximately 0.37—0.42 M KCl as
indicated in Fig. 24. Two other minor IRS-binding protein
species of approximately 25 and 38 kDa were detected in frac-
tions 31-32 and 36, respectively. Part of the binding activity
was lost after freezing/thawing cycles; therefore active frac-
tions were used for further experiments immediately after
preparation.

Preferential Affinity of P46 for IRS—To determine if the P46
protein displays some preferential affinity for the IRS se-
quence, we have used Southwestern competition assay. Ali-
quots of fraction F29 containing P46 protein eluted from the
heparin column (Fig. 2) were resolved on three separate tracks
(Fig. 3) by 10% SDS-PAGE and subjected to Southwestern
analysis. Membranes were incubated with radiolabeled IRS
(Fig. 3 lane A) or with radiolabeled IRS in the presence of cold
competitors (Fig. 3, lanes B and C). Binding of radiolabeled IRS
to P46 was not significantly reduced by a 200-fold molar excess
of a non-labeled double-stranded oligonucleotide (Fig. 3, lane
B), which does not contain the inverted repeat sequence, as
compared with the IRS binding in the absence of competitor
(Fig. 3, lane A). Competition by a 200-fold molar excess of
non-labeled IRS reduced dramatically, or made undetectable,
the binding of radiolabeled IRS (Fig. 3, lane C). These results
strongly suggested that P46 exhibits preferential binding af-
finity for IRS.

Gel Filtration Chromatography—In a second step toward
P46 purification, 200-ul aliquot of fraction F29 containing P46
protein retrieved from the heparin-agarose affinity column
(Fig. 2) was loaded onto an FPLC Superose 12 column, Proteins
were eluted at 0.2 ml/min with running buffer. Protein concen-
tration was monitored by absorbance at 280 nm (Fig. 4A4).
Aliquots of eluted fractions were analyzed by SDS-PAGE, and
proteins were stained with Coomassie Blue (Fig. 4B). IRS bind-
ing proteins were analyzed by Southwestern blots (Fig. 4C).
Almost all of the P46 IRS binding activity was present in
fractions 26-28, and, as judged by SDS-PAGE and Coomassie
Blue staining, P46 was practically the only protein seen in
these fractions. Comparison of the elution time of P46 from the
Superose column with that of molecular mass markers includ-
ing catalase (232 kDa), aldolase (158 kDa), bovine serum albu-
min (67 kDa), ovalbumin (43 kDa), chymotrypsinogen A (25
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Fic. 2. Fractionation of 8. citri IRS-binding proteins by hepa-
rin-agarose affinity chromatography. A, elution profile of S. citri
proteins from heparin-agarose column. Crude extracts (approximately
70 mg of total protein) were loaded onto the pre-equilibrated heparin
column (see “Experimental Procedures”). After washing, proteins were
eluted with a linear gradient from 50 to 1000 mm KCl. Eluted proteins
were monitored by absorbance at 280 nm (A280). Fractions (300 pl)
were collected. The hatched area on protein profile represents the P46
containing fractions. B, SDS-PAGE analysis of fractions eluted from the
heparin-agarose column. 50-ul aliquots of eluted fractions from the
heparin-agarose column were resolved on 10% denaturing SDS-poly-
acrylamide gel, and proteins were detected by Coomassie Blue staining.
C, Southwestern analysis of proteins eluted from the heparin-agarose
column. 50-ul aliquots of eluted fractions from the heparin-agarose
column were resolved on 10% denaturing SDS-polyacrylamide gel and
electroblotted onto nitrocellulose membrane. The blot was incubated
with radiolabeled IRS oligonucleotide. Details of the procedure are
described under “Experimental Procedures.”
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Fic. 3. Effect of competitors on P46 affinity for IRS. 10 ul (4 pg)
(tracks A-C) of P46 containing fraction 29 eluted from the heparin-
agarose column (see Fig. 2) were resolved by 10% SDS-PAGE and
electroblotted onto a nitrocellulose membrane. Tracks A-C were cut and
treated separately. Control track A was directly incubated, for 1 h, with
radiolabeled IRS. Tracks B and C were preincubated for 15 min before
the addition of the radiolabeled IRS probe, with a 200-fold molar excess
of an unlabeled double-stranded oligonucleotide competitor that does
not contain the IRS (track B) or with a 200-fold molar excess of unla-
beled IRS (track C) (see “Experimental Procedures”). After addition of
the radiolabeled IRS to the hybridization mixtures containing the com-
petitors, incubation was conducted as for the control track A. After
washing, the membranes were subjected to autoradiography.

kDa), and ribonuclease A (13.7 kDa) indicated that P46 eluted
at a position consistent with a molecular mass of approximately
180 kDa. This suggest that the native form of P46 is a
homomultimer.

Identification of the Gene Coding Protein P46—To charac-
terize further P46 we cloned its gene. First, P46 was partially
sequenced. To that purpose an aliquot of fraction F27 contain-
ing P46 from the gel filtration purification step (Fig. 4) was
resolved by 10% SDS-PAGE, and proteins were stained with
amido black (16). The P46 band was excised from the gel and
submitted to endoproteolysis with Endo Lys-C. The proteolytic
products were separated by reversed phase high performance
liquid chromatography and three peptides (P1, P2, and P3)
were sequenced. None of these sequences exhibited homology
to any known protein sequence available in the data bases.
Amino acid sequences of peptides P1 (KEYTYGTNWK) and P2
(KNSGENTAINVK) were used to design two pairs of degener-
ated primers in order to amplify by polymerase chain reaction
(PCR) part of the gene of the P46 protein. An amplified DNA
fragment of 700 bp was generated using the P462/P461¢ primer
pair (see “Experimental Procedures”), cloned into pTAG vector,
and sequenced. Sequence analysis of the cloned DNA fragment
revealed that the amino acid sequence predicted from the am-
plified product contained the N-terminal sequence of the P1
peptide and the entire sequence of the P3 peptide (KIDLELK),
confirming that this amplified product was generated from the
P46 gene.

Cloning of the full-length P46 gene was undertaken to gain
further sequence information. A 3.5-kbp EcoRI S. citri DNA
fragment was detected by Southern blot analysis of restricted
genomic DNA using the 700-bp DNA fragment as a probe.
Screening of an EcoRI S. citri genomic library with this probe
yielded a clone containing a 3.5-kbp insert which was se-
quenced. Sequence analysis (details are described under “Ex-
perimental Procedures”) of the 3.5-kbp insert gave the follow-
ing results.

Authenticity of the insert was confirmed by perfect matches
with the sequence of the three peptides (P1, P2, and P3) derived
from purified P46 (Fig. 5).

The molecular mass deduced from the ORF of the cloned P46
gene was 37 kDa, whereas its apparent molecular mass in
SDS-PAGE was 46 kDa.

Sequence similarities between deduced amino acid se-
quences of the insert and protein data bases (see Table I)
showed that the gene coding for the P46 protein was located

S. citri Ribosomal Protein with DNA Binding Capacity
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Fic. 4. Purification of P46 by gel filtration chromatography. A,
elution profile of proteins from the gel filtration chromatography of P46
containing fraction ¥29. 200 ul of fraction F29 eluted from the heparin-
agarose column (Fig. 2) were loaded onto the pre-equilibrated Superose
12 column (see “Experimental Procedures”). The proteins were eluted
from the column at 0.2 ml/min, and eluted proteins were monitored by
absorbance at 280 nm (A280). The hatched area represents the P46
containing fractions. Ca, A, B, O, Ch, and R indicate the positions of the
molecular mass markers catalase (232 kDa), aldolase (158 kDa), bovine
serum albumin (67 kDa)}, ovalbumin (43 kDa), chymeotrypsinogen A (25
kDa), and ribonuclease A (13.7 kDa), reapectively. B, SDS-PAGE anal-
yeis of fractions eluted from the Superose 12 column. 100-ul aliquots of
eluted fractions from the Superose 12 column were resolved by 10%
SDS-PAGE, and proteins were detected by Coomassie Blue staining. C,
Southwestern analysis of the fractions eluted from the Superose 12
column. 100-ul aliquots of eluted fractions from the Superose 12 column
were assayed for IRS binding activity using Southwestern analysis.

within a ribosomal protein operon corresponding to the S10 and
spc operons of E. coli (29-31), B. subtilis (32-34), Mycoplasma
capricolum (35), M. genitalium (6), and M. pneumoniae (7, 36)
(see Fig. 6).

No transcriptional signal sequences were found between the
genes for ribosomal proteins S17 and L14, and therefore it
appears that in S. citri, as in M. capricolum (35), M. genitalium
(6), M. pneumoniae (36), and B. subtilis (34), operons S10 and
spe are fused into one operon (Fig. 6), whereas in E. coli they
are not (29, 37).

Two of the intergenic regions, between the genes for S3 and
L16, P46 and S17, have overlapping translational stop/start
codons, in which the third nucleotide of the stop codon TAA is
the first nucleotide of the start codon ATG of the gene follow-
ing. This kind of overlapping was also reported in E. coli (30,
31) and in M. capricolum (35) between the genes for L4 and
123, L16 and L29, and L29 and S17.

The gene coding for P46 is located within the $S10-spc operon
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Fic. 3. Effect of competitors on P46 affinity for IRS. 10 pl (4 pg)
(tracks A-C) of P46 containing fraction 29 eluted from the heparin-
agarose column (see Fig. 2) were resolved by 10% SDS-PAGE and
electroblotted onto a nitrocellulose membrane. Tracks A-C were cut and
treated separately. Control frack A was directly incubated, for 1 h, with
radiolabeled IRS. Tracks B and C were preincubated for 15 min before
the addition of the radiolabeled IRS probe, with a 200-fold molar excess
of an unlabeled double-stranded oligonucleotide competitor that does
not contain the IRS (track B) or with a 200-fold molar excess of unla-
beled IRS (track C) (see “Experimental Procedures”). After addition of
the radiolabeled IRS to the hybridization mixtures containing the com-
petitors, incubation was conducted as for the control track A. After
washing, the membranes were subjected to autoradiography.

kDa), and ribonuclease A (13.7 kDa) indicated that P46 eluted
at a position consistent with a molecular mass of approximately
180 kDa. This suggest that the native form of P46 is a
homomultimer.

Identification of the Gene Coding Protein P46—To charac-
terize further P46 we cloned its gene. First, P46 was partially
sequenced. To that purpose an aliquot of fraction F27 contain-
ing P46 from the gel filtration purification step (Fig. 4) was
resolved by 10% SDS-PAGE, and proteins were stained with
amido black (16). The P46 band was excised from the gel and
submitted to endoproteolysis with Endo Lys-C. The proteolytic
products were separated by reversed phase high performance
liquid chromatography and three peptides (P1, P2, and P3)
were sequenced. None of these sequences exhibited homology
to any known protein sequence available in the data bases.
Amino acid sequences of peptides P1 (KEYTYGTNWK) and P2
(KNSGENTAINVK) were used to design two pairs of degener-
ated primers in order to amplify by polymerase chain reaction
(PCR) part of the gene of the P46 protein. An amplified DNA
fragment of 700 bp was generated using the P462/P461c primer
pair (see “Experimental Procedures”), cloned into pTAG vector,
and sequenced. Sequence analysis of the cloned DNA fragment
revealed that the amino acid sequence predicted from the am-
plified product contained the N-terminal sequence of the P1
peptide and the entire sequence of the P3 peptide (KIDLELK),
confirming that this amplified product was generated from the
P46 gene.

Cloning of the full-length P46 gene was undertaken to gain
further sequence information. A 3.5-kbp EcoRI S. citri DNA
fragment was detected by Southern blot analysis of restricted
genomic DNA using the 700-bp DNA fragment as a probe.
Screening of an EcoRI 8. citri genomic library with this probe
yielded a clone containing a 3.5-kbp insert which was se-
quenced. Sequence analysis (details are described under “Ex-
perimental Procedures”) of the 3.5-kbp insert gave the follow-
ing results.

Authenticity of the insert was confirmed by perfect matches
with the sequence of the three peptides (P1, P2, and P3) derived
from purified P46 (Fig. 5).

The molecular mass deduced from the ORF of the cloned P46
gene was 37 kDa, whereas its apparent molecular mass in
SDS-PAGE was 46 kDa.

Sequence similarities between deduced amino acid se-
quences of the insert and protein data bases (see Table I)
showed that the gene coding for the P46 protein was located
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FiG. 4. Purification of P46 by gel filtration chromatography. 4,
elution profile of proteins from the gel filtration chromatography of P46
containing fraction F29. 200 ul of fraction F29 eluted from the heparin-
agarose column (Fig. 2) were loaded onto the pre-equilibrated Superose
12 column (see “Experimental Procedures”). The proteins were eluted
from the column at 0.2 ml/min, and eluted proteins were monitored by
absorbance at 280 nm (A280). The hatched areac represents the P46
containing fractions. Ca, A, B, O, Ch, and R indicate the positions of the
molecular mass markers catalase (232 kDa), aldolase (158 kDa), bovine
serum albumin (67 kDa), ovalbumin (43 kDa), chymetrypsinogen A (25
kDa), and ribonuclease A (13.7 kDa), respectively. B, SDS-PAGE anal-
ysis of fractions eluted from the Superose 12 column. 100-ul aliquots of
eluted fractions from the Superose 12 column were resolved by 10%
SDS-PAGE, and proteins were detected by Coomassie Blue staining. C,
Southwestern analysis of the fractions eluted from the Superose 12
column. 100-u] aliquots of eluted fractions from the Superose 12 column
were assayed for IRS binding activity using Southwestern analysis.

within a ribosomal protein operon corresponding to the S10 and
spc operons of E. coli (29-31), B. subtilis (32-34), Mycoplasma
capricolum (35), M. genitalium (6), and M. pneumoniae (7, 36)
(see Fig. 6).

No transcriptional signal sequences were found between the
genes for ribosomal proteins S17 and L14, and therefore it
appears that in S. citri, as in M. capricolum (35), M. genitalium
(6), M. pneumoniae (36), and B. subtilis (34), operons S10 and
spe are fused into one operon (Fig. 6), whereas in E. coli they
are not (29, 37).

Two of the intergenic regions, between the genes for S3 and
L16, P46 and S17, have overlapping translational stop/stert
codons, in which the third nucleotide of the stop codon TAA is
the first nucleotide of the start codon ATG of the gene follow-
ing. This kind of overlapping was also reported in E. coli (30,
31) and in M. capricolum {(35) between the genes for L4 and
1.23, L16 and L29, and L29 and S17.

The gene coding for P46 is located within the S10-spc operon
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F1G. 1. Organization of genes on the chromosomal DNA of S. citri in the spiralin gene region. Translational products of ORFs a, b, and
x are not significantly similar to any other proteins in the data banks. rpsB, tsf, spiralin, pfk, and pyk code, respectively, for ribosomal protein 52,
elongation factor Ts (Ef-Ts), spiralin, 6-phosphofructokinase, and pyruvate kinase. The 30-bp sequence, designated IRS, used as a probe in
Southwestern experiments is presented at the bottom. The 20-bp inverted repeat sequence is boxed. Potential promoters (P) and terminators (T)

are represented by vpen and solid circles, respectively.

a heparin-agarose affinity column. Bound proteins were eluted
with a linear gradiant of 0.05-1 m KC1. Protein concentration
was monitored by absorbance at 280 nm (Fig. 24). Aliquots of
the eluted fractions were first analyzed by SDS-PAGE electro-
phoresis and Coomassie Blue staining (Fig. 2B). Detection of
IRS-binding proteins was carried out by Southwestern blots
(12, 27, 28). In short, proteins were resolved on SDS-PAGE,
transferred on a nitrocellulose sheet, and incubated with ra-
diolabeled IRS. After washing, IRS-binding proteins were de-
tected by autoradiography. Southwestern analysis of eluted
fractions detected a predominant IRS-binding protein of 46
kDa (P46) (Fig. 2C) eluted at approximately 0.37-0.42 M KCl as
indicated in Fig. 24. Two other minor IRS-binding protein
species of approximately 25 and 38 kDa were detected in frac-
tions 31-32 and 36, respectively. Part of the binding activity
was lost after freezing/thawing cycles; therefore active frac-
tions were used for further experiments immediately after
preparation.

Preferential Affinity of P46 for IRS—To determine if the P46
protein displays some preferential affinity for the IRS se-
quence, we have used Southwestern competition assay. Ali-
quots of fraction F29 containing P46 protein eluted from the
heparin column (Fig. 2) were resolved on three separate tracks
(Fig. 3) by 10% SDS-PAGE and subjected to Southwestern
analysis. Membranes were incubated with radiolabeled IRS
(Fig. 3 lane A) or with radiolabeled IRS in the presence of cold
competitors (Fig. 3, lanes B and C). Binding of radiolabeled IRS
to P46 was not significantly reduced by a 200-fold molar excess
of a non-labeled double-stranded oligonucleotide (Fig. 3, lane
B), which does not contain the inverted repeat sequence, as
compared with the IRS binding in the absence of competitor
(Fig. 3, lane A). Competition by a 200-fold molar excess of
non-labeled IRS reduced dramatically, or made undetectable,
the binding of radiolabeled IRS (Fig. 3, lane C). These results
strongly suggested that P46 exhibits preferential binding af-
finity for IRS.

Gel Filtration Chromatography—In a second step toward
P46 purification, 200-ul aliquot of fraction F29 containing P46
protein retrieved from the heparin-agarose affinity column
(Fig. 2) was loaded onto an FPLC Superose 12 column. Proteins
were eluted at 0.2 ml/min with running buffer. Protein concen-
tration was monitored by absorbance at 280 nm (Fig. 44).
Aliquots of eluted fractions were analyzed by SDS-PAGE, and
proteins were stained with Coomassie Blue (Fig. 4B). IRS bind-
ing proteins were analyzed by Southwestern blots (Fig. 4C).
Almost all of the P46 IRS binding activity was present in
fractions 26-28, and, as judged by SDS-PAGE and Coomassie
Blue staining, P46 was practically the only protein seen in
these fractions. Comparison of the elution time of P46 from the
Superose column with that of molecular mass markers includ-
ing catalase (232 kDa), aldolase {158 kDa), bovinc serum albu-
min (67 kDa), ovalbumin (43 kDa), chymotrypsinogen A (25
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Fic. 2. Fractionation of S. citri IRS-binding proteins by hepa-
rin-agarose affinity chromatography. A, elution profile of S. citri
proteins from heparin-agarose column. Crude extracts (approximately
70 mg of total protein) were loaded onto the pre-equilibrated heparin
column (see “Experimental Procedures”). After washing, proteins were
eluted with a linear gradient from 50 to 1000 mm KCl. Eluted proteins
were monitored by absorbance at 280 nm (A280). Fractions (300 ul}
were collected. The hatched area on protein profile represents the P46
containing fractions. B, SDS-PAGE analysis of fractions eluted from the
heparin-agarose column. 50-ul aliquots of eluted fractions from the
heparin-agarose column were resolved on 10% denaturing SDS-poly-
acrylamide gel, and proteins were detected by Coomassie Blue staining.
C, Southwestern analysis of proteins eluted from the heparin-agarose
column. 50-ul aliquots cf cluted tractions from the heparin-agarose
column were resolved on 10% denaturing SDS-polyacrylamide gel and
electroblotted onto nitrocellulose membrane. The blot was incubated
with radiolabeled IRS oligonucleotide. Details of the procedure are
described under “Experimental Procedures.”
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ATGAATGATTTAACCAAAAAATCAGTTGAAGAATTGAAAAAACTGGAAGARGARTCACGTGCTGARTTAT 70
M NDLTXK XK SV EETLTZ KZXTILETEESRAEHTL 23
TTGCGTTACGATTCCAATCAGCAATGGGGAATTTAGAAARACCACATCGCATTGGGGART TARARARTCA 140
fF ALRTFOSA AMGEGNTLTEZEK®PHRTIGETLZEKTINDQQ 47
AATTGCTCGCATTTFARCAATCTTATCTGCTCGTAAAAATTCTGGGGAARATACAGCRATTAATGTTAAR 210
T ARTIULTTITULS AR 70
GTTAATTTAAATGRAACATATGCGAAAATTGAARAAGAATCACAAGCATTTGCARARCARCGCARGGCAR 280
vV NLNZETT YA AT KTIET KTES SO QATFA ATZKT OQRTIKHA 93
ARATTGAACARATGATGGCTGAGCAACAAGCTGCTGAAGGARRRATGGCAART TTARTGGATTTACCAGT 350
Fic. 5. Nucleotide and predicted XK I EQ M M A E Q QAAEGTE KMANTLMDTILZ®P?YV 117
tide ::S i?i(\’:; ':gg‘;?;f-:e;il 1;:(& lf\iu:ieg: AAATGATGCAATGGATTTAACAGARGAACAAGCTGT TG TTTCAACACCAACAGGAGRARCARATGGTCTT 420
vsT®PTGETNGTL 140
starting with the first residue of the ATG D AMDLTEREQGAY
;?Sfﬁoﬁifgda?fe géguz:;a;xf & ;n;gadh:; GATGAACAAAAAGCACCAGTTGCTGCAAAGAAACCAGCCGCTGCTAAAGATTTTCCTARGCARARAGATG 490
; 3 A K P A A A KDTF P K QKD 163
quence is displayed below the nucleotide DEQXXE®VA K
sequence in one-letter code starting from I TCTGGAAGARAAAACTGCAACTGGARRACCAGCCGCACCATCTGCTAARRARGCACCAGTGGCTAARRA 560
the methionine. The three peptide se- VVETET KTA ATGEKT®P®HARAPSAEKTEKHAZPVAKHK 187
quences obtained from the purified P46
a:; higph21ig11;t3ed bﬁs‘gi‘i black l;?”f inTt;:e AGATGTTGCACAAGARACTARAACTGATAAGGATGCAGCATTARAAGCTTTARTTAAAGARRARGCTGCG 630
order P2, P3, an , Tespectively. lhe D VA QETT KTDJE KD ARARMLTEKALTIIKTETZKH® A 210
potential ribosome-binding site is under-
lined, and the stop codon is indicated by GCAAAGAAACCAGCCGCAAARAGTAAAACATCAACACCARGCGGCARAACAACAGTGACTGTTARATCAG 700
L A K K P AAKSZ KTSTT®PSGXKTTUVTVKS 233
T TACTTCTGCTAAAGCAGATATTGAAGTACCGAAAGAAACATCARAACCAGTACCARCAAAGRCTGTCAR 7170
v T S AKATDTITETYVTPZXETSZXZPVPTZ KTVK 257
AARAGCAGCTGAACTTAATGCARAAGARARATTAGTAGCAATTAAAAGTTCTGTTGCGATGGGTGGTACT 840
XK A AELNAEKTETKTLTYVHBSAETIZXKSSVAMNGGT 280
GCAMAAGAGCCTCGGTCAGGAGTTARGATTGATTTAGAATTAAARGCAAAAGAT CCTAACGCARAAGAAT 910
A K E P G S G V A XK D P N A EEE 303
ATACTTACGGCACARATTGARAAGAAAATCGTGATAAARTTTTAACCGCTAGTARAACRACARARARAGT 980
ENRDIKILTA®ASTZ KTTZXKTZEKA 327
CGATGACAAAACAACTAAGAARGGGACAGGAAAAARATAATGGAAAGAARTAGTCGTAAAGTCTTACAAG 1050
D DK TTZXKKGT G K K#er 339
TaBLE I
ORFs and putative proteins of the 3.5-kbp S. citri DNA insert, containing the P46 gene (ORF V)
and homologous genes and proteins from eubacteria
Location Df) 1\stAiﬂ:np]aan:la] Size of putative Siiaiin _ .
ORF . Eg:ggi:ﬂ';l Homologous protein (origin) amino Identity Corn egﬂel’:;ldmg A:&;izleorn
nutﬁg-:éde nuclizg’tt.ide amino acids) acidal
%
1 1¢ 58 >19 Ribosomal protein S19 (M. capricolum) 88 89.5 rpsS pl0132
II 90 426 112 Ribosomal protein L22 (M. capricolum) 111 62.2 rplV pl0139
I 448 1204 252 Ribosomal protein S3 (M. capricolum) 232 62 rpsC p02353
v 1206 1617 137 Ribosomal protein L16 (M. capricolum) 137 78.1 rplP p02415
v 1623 2640 339 Ribosomal protein L29 (M. capricolum) 138 40.6 romC pl0142
Vi 2642 2897 85 Ribosomal protein S17 (M. eapricolum) 85 75.3 rpsQ pl0131
VII 2921 3287 122 Ribosomal protein L14 (M. capricolum) 122 4.6 rplN p10137
VIII 3301 3475% >58 Ribosomal protein L24 (M. capricolum) 108 51.7 rplX pl10141

“ The genes are truncated.

between the rplP and rpsQ genes that code, respectively, for
ribosomal proteins L16 and S17. As shown in Fig. 6, compari-
son with similar operons in E. coli, B. subtilis, and several
mollicutes revealed that P46 gene is at the position of riboso-
mal protein L29.

Only the N-terminal sequence of P46 shares similarities with
the sequences of L29 ribosomal proteins in protein data bases.
Domain analysis of P46 using the Prodom protein domain
families data base (22, 23) revealed a unique feature of this
protein among other known L29 proteins. P46, which is much
larger than other L29 proteins, could be arranged into three
domains (Fig. 7A). The first domain {domain I, from position
1-57 of the P46 sequence) matches the Prodom domain 1463

(Prodom 34.1) which is a common domain of the prokaryotic
L29 family (Fig. 7B). The second domain {domain II, from
position 58-137 of P46) matches the Prodom domain 24734
(Prodom 34.1) which is the C-terminal sequence of the M.
capricolum L29 ribosomal protein (Fig. 7C). The third domain,
ranging from position 138—339 on the P46 sequence shares no
significant similarities with any Prodom domains.

However, BlastP analysis of this domain revealed significant
similarities with DNA-binding histone H1-like proteins. It ex-
hibits 28.6% amino acid identity to Pseudomonas aeruginosa
transeriptional regulatory protein AlgP (38) also termed algR3
(39), 31.83% amino acid identity to Bordetella pertussis histone
H1 homolog BpH1 (40), and 26.3% amino acid identity to
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Fic. 6. Comparison of the organization of the S. citri riboso-
mal protein gene cluster with the $10 and spc operons of E. coli,
B. subtilis, and several mollicutes. Transcription initiation (P} and
termination (T signals are indicated. Drawing is not to scale.

Chlamydia trachomatis histone H1 homolog He2 (41). Histone
Hi-like proteins exhibit sequence similarities to eucaryotic
histones H1 and are involved in bacterial nucleoid organization
and/or transcriptional regulation through their interactions
with bacterial DNA. These observations suggested that the
C-terminal domain (domain III, Fig. 7A) of P46 is implicated in
DNA-protein interaction.

Localization of P46—The above results suggested that P46 is
the L29 ribosomal protein of S. citri. To confirm this finding, we
have analyzed S. citri ribosomal proteins. S. citri ribosomes
were partially purified by differential ultracentrifugation (25,
26). Proteins from the supernatant (S-105) and the washed
ribosomes were resolved on SDS-PAGE and examined by
Southwestern analysis (Fig. 8). A 46-kDa IRS-binding protein
was detected in both the S-105 supernatant (Fig. 8, lane 1) and
in the washed ribosome fraction but in much larger quantities
in the latter (Fig. 8, lane 2). These results indicated that P46 is
present in the ribosomal fraction. Three other IRS-binding
protein species of approximately 25, 26, and 38 kDa were
detected in the ribosome fraction (Fig. 8, lane 2). These proteins
are probably the DNA-binding proteins detected in crude ex-
tracts of spiroplasmal cells and in the eluted fractions of the
heparin-agarose affinity column (Fig. 2C). The binding affinity
of these proteins has not been investigated.

DISCUSSION

Despite the large amount of work on the regulation of ribo-
some synthesis (see Ref. 42 for a review), molecular mecha-
nisms of regulation of some ribosomal protein operons have not
been elucidated completely. This is the case of the E. col:
rpsB-tsf operon for which an attenuation mechanism was pro-
posed but has not been demonstrated (3). In S. citri, rpsB, tsf,
and x represent the three genes of a single transcriptional unit,
and a potential regulatory sequence (a 20-bp inverted repeat
sequence) was found at the 3 end of the rpsB gene (70). In the
study reported in this paper we have detected, by Southwest-
ern blot analysis, a protein (P46) that binds with preferential
affinity to a 30-bp oligonucleotide (IRS) containing the 20-bp
inverted repeat sequence. We have partially purified the P46
protein, cloned, and sequenced its gene.

The deduced amino acid sequence from the cloned gene in-
dicated that the N-terminal end of P46 shared significant sim-
ilarity with the L29 ribosomal protein family. In addition,
sequcnce analysis of the whole cloned DNA insert carrying the
P46 gene indicated that the P46 gene is located within the
$10-spc operon, and more precisely between the rpsL and rpsQ
enes coding, respectively, for ribosomal proteins L16 and S17
Fig. 6). Thus, the P46 gene is located at the position of the L29
ene in the previously described S10-spc operons and repre-
ents a ribosomal protein gene. Indeed, Southwestern analysis

of 8. citri ribosomal proteins revealed the presence of the 46-
kDa IRS-binding protein (Fig. 8). These findings suggested that
P46 is the L29 ribosomal protein of S. citri.

The native form of P46 has an apparent molecular mass of
approximately 180 kDa, as estimated by gel filtration chroma-
tography. This represent about four times the value of 46 kDa
determined by SDS-PAGE and five to six times the theoretical
molecular weight of P46 (36.559). Hence, the native form of P46
should be homomultimeric. The multimeric form of P46 is seen
as that existing out of the ribosome (extraribosomal form) but
not within the ribosome. Indeed, the only multi-copy ribesomal
protein found in eubacterial ribosomes is the L7/12 ribosomal
protein with four copies per ribosome (43, 44). The extraribo-
somal form of L7/L12 is a stable dimer (45-47). We have no
experimental proof that P46 binds the IRS as a multimer; as in
our Southwestern analyses, samples containing P46 were sub-
mitted to an SDS denaturing step before electroblotting. How-
ever, it is known that renaturation to the native conformation
during electrotransfer of the protein from the gel to the cellu-
lose membrane does oceur (27).

The apparent molecular mass of P46 observed in SDS-PAGE
(46 kDa) is larger than that calculated from the amino acid
sequence (36,569 Da). Abnormal electrophoretic migration in
SDS-PAGE has been described for other ribosomal proteins for
which the apparent molecular mass in SDS gels is up to 30%
higher than that calculated from the primary sequence (48).
The molecular mass of P46 (apparent or calculated) is larger
than that of all other eubacterial L29 proteins. P46 could be
divided into three domains. The N-terminal domain of P46
(domain I) showed significant similarity with the L29 riboso-
mal protein family (60% identity with the N-terminal domain
of M. capricolum L29 ribosomal protein) (Fig. 7, A and B). The
internal domain of P46 (domain II) matched the C-terminal
domain of M. cepricolum 129 ribosomal protein (Fig. 7, A and
C). The C-terminal domain of P46 (domain III) (Fig. 7A) shared
significant similarities with the histone H1-like proteins found
in some bacterial species such as He2 from C. trachomatis (41)
and AlgP (algR3) (38, 39) from P. aeruginosa. The C. tracho-
matis He2 histone H1-like protein, initially identified by South-
western blotting of chlamydial lysates (49), has been implicated
in DNA binding, nucleoid compaction, and in vitro transerip-
tion/translation repression (41, 50, 51). The AlgP (algR3) his-
tone H1-like protein is a DNA-binding protein involved in the
transcriptional activation of algD, a necessary step for the
establishment of mucoidy in P. aeruginosa (38, 39, 52). Re-
peated tetrapeptides like KPAA and variants are found in
eukaryotic H1 histones and AlgP. Such repeated sequences
appear to be crucial for DNA binding by AlgP (38). Repeats of
such KPAA motifs and variants are also found, to a lower
extent, within the C-terminal domain of P46. With these ob-
servations, it is tempting to associate the third domain of P46
with the IRS-binding property of the protein. We have made
some preliminary experiments in order to confirm this hypoth-
esis. The presence of a unique asparaginyl-glycyl peptide bond
between position 138 and 139 of P46, i.e. between domain II
and III (Fig. 7A), should allow cleavage of P46 at this position
with hydroxylamine (63-57). This cleavage should generate a
138-amino acid peptide (domains I and II) and a 201-amino
acid peptide (domain III). Keeping in mind the altered electro-
phoretic mohility of the P46, the 201-amino acid peptide should
behave on SDS-PAGE as a polypeptide of apparent molecular
mass of 28 kDa. Southwestern analysis of peptides generated
by the action of hydroxylamine on P46 has indeed revealed only
one IRS-binding peptide of approximately 29 kDa.? Altogether,

3 L. Le Dantec, C. Saillard, and J. M. Bové, unpublished results.
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mal protein gene cluster with the $10 and spc operons of E. coli,
B. subtilis, and several mollicutes. Transcription initiation (P) and
termination (T) signals are indicated. Drawing is not to scale.

Chlamydia trachomatis histone H1 homolog He2 (41). Histone
Hil-like proteins exhibit sequence similarities to eucaryotic
" histones H1 and are involved in bacterial nucleoid organization
and/or transcriptional regulation through their interactions
with bacterial DNA. These observations suggested that the
C-terminal domain (domain III, Fig. 7A) of P46 is implicated in
DNA-protein interaction.

Localization of P46 —The above results suggested that P46 is
the L29 ribosomal protein of S. citri. To confirm this finding, we
have analyzed S. citri ribosomal proteins. S. citri ribosomes
were partially purified by differential ultracentrifugation (25,
26). Proteins from the supernatant (S-105) and the washed
ribosomes were resolved on SDS-PAGE and examined by
Southwestern analysis (Fig. 8). A 46-kDa IRS-binding protein
was detected in both the $-105 supernatant (Fig. 8, lane 1) and
in the washed ribosome fraction but in much larger guantities
in the latter (Fig. 8, lane 2). These results indicated that P46 is
present in the ribosomal fraction. Three other IRS-binding
protein species of approximately 25, 26, and 38 kDa were
detected in the ribosome fraction (Fig. B, [ane 2). These proteins
are probably the DNA-binding proteins detected in crude ex-
tracts of spiroplasmal cells and in the eluted fractions of the
heparin-agarose affinity column (Fig. 2C). The binding affinity
of these proteins has not been investigated.

DISCUSSION

Despite the large amount of work on the regulation of ribo-
some synthesis (see Ref. 42 for a review), molecular mecha-
nisms of regulation of some ribosomal protein operons have not
been elucidated completely. This is the case of the E. coli
rpsB-tsf operon for which an attenuation mechanism was pro-
posed but has not been demonstrated (3). In S. ¢itri, rpsB, tsf,
and x represent the three genes of a single transeriptional unit,
and a potential regulatory sequence (a 20-bp inverted repeat
sequence) was found at the 3’ end of the rpsB gene (70). In the
study reported in this paper we have detected. by Southwest-
ern blot analysis, a protein (P46) that binds with preferential
affinity to a 30-bp oligonucleotide (IRS) containing the 20-bp
inverted repeat sequence. We have partially purified the P46
protein, cloned, and sequenced its gene.

The deduced amine acid sequence from the cloned gene in-
dicated that the N-terminal end of P46 shared significant sim-
ilarity with the L29 ribosomal protein family. In addition,
sequence analysis of the whole cloned DNA insert carrying the
P46 gene indicated that the P46 gene is located within the
S10-spc operon, and more precisely between the rpsL and rpsQ
genes coding, respectively, for ribosomal proteins L16 and 817
{Fig. 6). Thus, the P46 gene is located at the position of the L29
gene in the previously described S10-spe operons and repre-
sents a ribosomal protein gene. Indeed, Southwestern analysis
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of S. citri ribosomal proteins revealed the presence of the 46-
kDa IRS-binding protein (Fig. 8). These findings suggested that
P46 is the 129 ribosomal protein of S. citri.

The native form of P46 has an apparent molecular mass of
approximately 180 kDa, as estimated by gel filtration chroma-
tography. This represent about four times the value of 46 kDa
determined by SDS-PAGE and five to six times the theoretical
molecular weight of P46 (36.559). Hence, the native form of P46
should be homomultimeric. The multimeric form of P46 is seen
as that existing out of the ribosome (extraribosomal form) but
not within the ribosome. Indeed, the only multi-copy ribosomal
protein found in eubacterial ribosomes is the L7/12 ribosomal
protein with four copies per ribosome (43, 44). The extraribo-
somal form of L7/L12 is a stable dimer (45—-47). We have no
experimental proof that P46 binds the IRS as a multimer; asin
our Southwestern analyses, samples containing P46 were sub-
mitted to an SDS denaturing step before electroblotting. How-
ever, it is known that renaturation to the native conformation
during electrotransfer of the protein from the gel to the cellu-
lose membrane does occur (27).

The apparent molecular mass of P46 observed in SDS-PAGE
(46 kDa) is larger than that calculated from the amino acid
sequence (36,559 Da). Abnormal electrophoretic migration in
SDS-PAGE has been described for other ribosomal proteins for
which the apparent molecular mass in SDS gels is up to 30%
higher than that calculated from the primary sequence (48).
The molecular mass of P46 (apparent or calculated) is larger
than that of all other eubacterial L29 proteins. P46 could be
divided into three domains. The N-terminal domain of P46
(domain I) showed significant similarity with the L29 riboso-
mal protein family (60% identity with the N-terminal domain
of M. capricolum 129 ribosomal protein) (Fig. 7, A and B). The
internal domain of P46 (domain II) matched the C-terminal
domain of M. capricolum 129 ribosomal protein (Fig. 7, A and
C). The C-terminal domain of P46 (domain III) (Fig. 7A) shared
significant similarities with the histone H1-like proteins found
in some bacterial species such as Hc2 from C. trachomatis (41)
and AlgP (algR3) (38, 39) from P. aeruginosa. The C. tracho-
matis He2 histone H1-like protein, initially identified by South-
western blotting of chlamydial lysates (49), has been implicated
in DNA binding, nucleoid compaction, and in vitro transcrip-
tion/translation repression (41, 50, 51). The AlgP (algR3) his-
tone H1l-like protein is a DNA-binding protein involved in the
transcriptional activation of algD, a necessary step for the
establishment of mucoidy in P. aeruginosa (38, 39, 52). Re-
peated tetrapeptides like KPAA and variants are found in
eukaryotic H1 histones and AlgP. Such repeated sequences
appear to be crucial for DNA binding by AlgP (38). Repeats of
such KPAA motifs and variants are also found, to a lower
extent, within the C-terminal domain of P46. With these ob-
servations, it is tempting to associate the third domain of P46
with the IRS-binding property of the protein. We have made
some preliminary experiments in order to confirm this hypoth-
esis. The presence of a unique asparaginyl-glycyl peptide bond
between position 138 and 139 of P46, i.e. between domain II
and III (Fig. 74), should allow cleavage of P46 at this position
with hydroxylamine (53-57). This cleavage should generate a
138-amino acid peptide (domains I and II) and a 201-amino
acid peptide (domain I1I). Keeping in mind the altered electro-
phoretic mobility of the P46, the 201-amino acid peptide should
behave on SDS-PAGE as a polypeptide of apparent molecular
mass of 28 kDa. Southwestern analysis of peptides generated
by the action of hydroxylamine on P46 has indeed revealed only
one IRS-binding peptide of approximately 29 kDa.? Altogether,

3 L. Le Dantec, C. Saillard, and J. M. Bové, unpublished results.
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Fic. 5. Nucleotide and predicted
amino acid sequence of P46. Nucleo-
tide residues are numbered from 5' to 3’
starting with the first residue of the ATG
codon encoding the putative initiation
methionine. The deduced amino acid se-
quence is displayed below the nucleotide
sequence in one-letter code starting from
the methionine. The three peptide se-
quences obtained from the purified P46
are highlighted by solid black boxes in the
order P2, P3, and P1, respectively. The
potential ribosome-binding site is under-
lined, and the stop codon is indicated by

*¥kk

AGCATTACGATTAGCAATGCATARATTACCAGTAAGATGTAAGATTGTTARARAAGGAGARGAGTARGAG

ATGRATGATTTAACCAAAAAATCAGTTGAAGAATTGAAARAACTGGAAGAAGART CACGTGCTGAATTAT
M N DL T X K SV EETLZ KZXULETETESRAETL

TTGCGTTACGATTCCAATCAGCAATGGGGARTTTAGARARACCACATCGCATTGGGGAARTTARAAAATCA
F ALRTUPFOQSAMSOGNTLTEIZ KU®PHZRTIUGETLIKHENDQ

AATTGCTCGCATTTFAACAATCTTATCTGCTCGTAAARATTCTGGGGARAATACAGCAATTAATGTTAAA
I AR IULTIUL S AR

GTTAATTTAAATGAAACATATGCGARAATTGAAARAGAATCACAAGCATTTGCAAAACARCGCARGGCAA
V NL NETVYAZ KTITEZ KTESOQATFA AIKTU QRIKA

AMATTGAACAAATGATGGCTGAGCAACAAGCTGCTGAAGGARAAATGGCAAATTTAATGGATTTACCAGT
K I EQ MM A EQ QAAEGI KMANTELMDTLPV

ARATGATGCAATGGATTTAACAGAAGAACARGCTGTTGTTTCAACACCARCAGGAGARACAAATGGTCTT
N DA MDULTETEG QA AUV YV STU?PTZGEGETWNGTL

GATGAACAAAAAGCACCAGTTGCTGCAAAGAARCCAGCCGCTGCTAAAGATTTTCCTARGCARARAGATG
D EQ XK A PV A A KX P AAOZAIKDTFPZKUQZKTD

TTGTGGAAGAAAARACTGCAACTGGAARACCAGCCGCACCATCTGCTAAARARGCACCAGTGGCTAARAR
v vV EEKTA ATTGTE KT P AR ARARPSAIZ KT EKAPVATIKK

AGATGTTGCACAAGAAACTAARACTGATAAGGATGCAGCATTAAAAGCTTTAATTARAGAAAAAGCTGCG
D VA QETXTDE KUDA ARAMLI KA ALTIIZKTETIKH AA

GCAAAGBAACCAGCCGCARAAAGTAAAACATCAACACCAAGCGGCAAARCAACAGTGACTGTTAAATCAG
A K K P AA K S X TSTU®PSGKTTWVTV K S

TTACTTCTGCTAAAGCAGATATTGAAGTACCGAAAGARACATCARAACCAGTACCARCAARGACTGTCAA
v T S A KA DI E VP KETSXKPVPTIEKTUVK

AARAGCAGCTGAACTTAATGCARARGAAARATTAGTAGCAATTAARAGTTCTGTTGCGATGGGTGGTACT
XK A A EL NAIKTET KTULVATIZ KTSSVAMGOGGT

GCARAAGAGCCTGGGTCAGGAGTTAAGATTGATTTAGAATTAAAAGCAAAAGATCCTARCGCARAAGART

24383
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70
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93

350
117

420
140

490
163

560
187

630
210

700
233

770
257

840
280

910

A K E P G S 6 VFANENAWIEMIS > K P P N A NN 303

ATACTTACGGCACARATTGARAAGAAAATCGTGATARARTTT TAACCGCTAGTAARACAACAAAAARAGC 980

E N R D XK I L T A S KT TZKK A 327

CGATGACAARACAACTAAGAAAGGGACAGGAAARAMATAATGGAAAGAAATAGTCGTARAGTCTTACAAG 1050

D D K T T K K G T G K K #= 339
TaBLE I

ORF's and putative proteins of the 3.5-kbp S. citri DNA insert, containing the P46 gene (ORF V)
and homologous genes and proteins from eubacteria

Location n]x; ;ﬂimp!asmal Size of putative

. Size (no. dine A -

ORF = e sggttlgin“(;‘:l Homologous protein (origin) :21%13 Identity Corr gene st
nucleotide nucleotide amino acids)
%

1 1¢ 58 >19 Ribosomal protein S19 (M. capricolum) 88 89.5 rpsS pl0132
I 90 426 112 Ribosomal protein L22 (M. capricolum) 111 62.2 rplV p10139
1 448 1204 252 Ribosomal protein 83 (M. capricolum) 232 62 rpsC p02353
v 1206 1617 137 Ribosomal protein L.16 (M. capricolum) 137 78.1 rplP p02415
v 1623 2640 339 Ribosomal protein L29 (M. capricolum) 138 40.6 rpmC pl0142
vl 2642 2897 85 Ribosomal protein 817 (M. capricolum) 85 75.3 rpsQ p10131
VII 2921 3287 122 Ribosomal protein L14 (M. capricolum} 122 74.6 rplN p10137
VIII 3301 3475° >58 Ribosomal protein L24 (M. eapricolum) 108 51.7 rpiX pl0141

“ The genes are truncated.

between the rp/P and rpsQ genes that code, respectively, for
ribosomal proteins L16 and S17. As shown in Fig. 6, compari-
son with similar operons in E. coli, B. subtilis, and several
mollicutes revealed that P46 gene is at the position of riboso-
mal protein L29.

Only the N-terminal sequence of P46 shares similarities with
the sequences of L29 ribosomal proteins in protein data bases.
Domain analysis of P46 using the Prodom protein domain
families data base (22, 23) revealed a unique feature of this
protein among other known L29 proteins. P46, which is much
larger than other L29 proteins, could be arranged into three
domains (Fig. 7A). The first domain (domain I, from position
1-57 of the P46 sequence) matches the Prodom domain 1463

(Prodom 34.1) which is a common domain of the prokaryotic
129 family (Fig. 7B). The second domain {domain II, from
position 58-137 of P46) matches the Prodom domain 24734
(Prodom 34.1) which is the C-terminal sequence of the M.
capricolum L29 ribosomal protein (Fig. 7C). The third domain,
ranging from position 138-339 on the P46 sequence shares no
significant similarities with any Prodom domains.

However, BlastP analysis of this domain revealed significant
similarities with DNA-binding histone H1-like proteins. It ex-
hibits 28.6% amino acid identity to Pseudomonas aeruginosa
transcriptional regulatory protein AlgP (38) also termed algR3
(39), 31.8% amino acid identity to Bordetella pertussis histone
H1 homolog BpH1 (40), and 26.3% amino acid identity to
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A

E.coli (63)

: B. subtilis (66)

Fic. 7. Comparison of P46 with sev-
eral eubacterial ribosomal proteins
L29. A, schematic representation of pri-
mary structure and potential domain or-
ganization of P46 in comparison with
those of several eubacterial ribosomal
protein L29s. Numbers in parentheses af-
ter the names of eubacterial species refer
to the length, in amino acid residues, of
the protein. Scale at the bottom is in
amino acids. 1, I, and III represent the
potential N-terminal, internal, and C-ter-
minal domains of P46, respectively. Boxes
with similar internal motifs represent the
same domain in the Prodom protein do-
main families data base. B, alignment of
amino acid sequence of domain 1 of P46
with that of five L29 ribosomal proteins
from several eubacterial species. Num-
bers in parentheses after the names of eu-
bacterial species refer to the number of
residues preceding the first residue
shown in the alignment. Conserved resi-
dues that are present in all or most of
these proteins are indicated by the black
areas. Hyphens represent gaps introduced
for maximal alignment. C, alignment of
amino acid sequence of domain II of P46
with that of M. capricolum ribosomal pro-
tein L29.

M. preumonie (110)
. geniealium (200)
M. capricolum (138)

& citri (339)

B

E. coli (4)
B. subtilis (4)

M. capricolum (T)
8. citri (23)

C
S. citri (57)

M. capricolum
X citri

1 2

FI1G. 8. Southwestern analysis of S. citri ribosomal proteins.
The S. citri ribosome purification procedure is described under “Exper-
imental Procedures.” 50-ul aliquots of the supernatant (8-105) fraction
(75 ug) (lane 1) and washed ribosome fraction (35 ng) (lane 2) were
resolved on SDS-PAGE and assayed for IRS binding activity using
Southwestern analysis.

these data support the role of the C-terminal domain of P46 in
DNA-protein interaction.

Thus P46 could be a bifunctional protein. The N-terminal
domain has a ribosomal function as it has high homology with the
129 ribosomal protein family. The C-terminal domain is seen as
the one involved in IRS binding and might have regulatory func-
tion at the IRS of the genomic DNA. The bifunctional nature and
the presence of DNA binding motifs in some ribosomal proteins
has been reported and has led to speculations on the origin of the
ribosomal proteins (58—64). It is interesting to note that in B.
subtilis the HPB12-L24 protein has been described as a bifunc-
tional ribosomal protein (L24) with histone-like properties and
DNA binding activity (63, 65, 66).

Mollicutes are the smallest and simplest self-replicating or-
ganisms, and the currently dominating hypothesis is that they
have evolved by degenerative (regressive) evolution from
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Gram-positive bacteria with low guanine + cytosine genomes
(1, 67, 68). In term of evolution strategy, mollicutes may have
concentrated two different functions in a single gene during
genome size reduction. Evidence for a single gene affording
dual enzymatic function (malate/lactate dehydrogenase) has
been described in M. genitalium by Cordwell and co-workers
(69). Similarly, analysis of the complete sequence of the M.
genitalium genome led Fraser and co-workers (6) to state that
some M. genitalium proteins may have become adapted to
perform more than one function. P46 has most likely a riboso-
mal protein function by its N-terminal L29 domain and a pu-
tative regulatory function on the IRS of the rpsB/tsfix operon by
its C-terminal domain. S2 and Ef-Ts are components of the
translational machinery, and P46 may play an interconnecting
role in the coordinated regulation of the components of the
translational apparatus. However, the mechanism by which
the binding of P46 on the IRS could influence the transcription
of the rpsB/tsf/x operon is still unknown. In vitro studies of the
transcriptional regulation of the rpsB/tsf/x operon with and
without the presence of the P46 protein may help understand
the extraribosomal function of P46.
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S. citri Ribosomal Protein with DNA Binding Capacity

Fic. 7. Comparison of P46 with sev-
eral eubacterial ribosomal proteins
L29. A, schematic representation of pri-
mary structure and potential domain or-
ganization of P46 in comparison with
those of several eubacterial ribosomal
protein L29s. Numbers in parentheses af-
ter the names of eubacterial species refer
to the length, in amino acid residues, of
the protein. Scvale at the bottom is in
amino acids. I, II, and III represent the
potential N-terminal, internal, and C-ter-
minal domains of P46, respectively. Boxes
with similar internal motifs represent the
same domain in the Prodom protein do-
main families data base. B, alignment of
amino acid sequence of domain I of P46
with that of five L29 ribosomal proteins B
from several eubacterial species. Num-
bers in parentheses after the names of eu- E coli “)
bacterial species refer to the number of B. snbilis (4)
residues preceding the first residue
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shown in the alignment. Conserved resi- g genitaliun: (5) 8
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dues that are present in all or most of 8. citri (23)

these proteins are indicated by the black

areas. Hyphens represent gaps introduced

for maximal alignment. C, alignment of

amino acid sequence of domain II of P46 C

with that of M. capricolum ribosomal pro-

tein L29.

S. citri (57)

M. capricolum
5. citri

1 2

FIG. 8. Southwestern analysis of S. citri ribosomal proteins.
The 8. citri ribosome purification procedure is described under “Exper-
imental Procedures.” 50-ul aliquots of the supernatant (S-105) fraction
(75 ug) (lane 1) and washed ribosome fraction (35 ug) (lane 2) were
resolved on SDS-PAGE and assayed for IRS binding activity using
Southwestern analysis.

these data support the role of the C-terminal domain of P46 in
DNA-protein interaction.

Thus P46 could be a bifunctional protein. The N-terminal
domain has a ribosomal function as it has high homology with the
L29 ribosomal protein family. The C-terminal domain is seen as
the one involved in IRS binding and might have regulatory func-
tion at the IRS of the genomic DNA. The bifunctional nature and
the presence of DNA binding motifs in some ribosomal proteins
has been reported and has led to speculations on the origin of the
ribosomal proteins (58—64). It is interesting to note that in B.
subtilis the HPB12-1.24 protein has been described as a bifunc-
tional ribosomal protein (L24) with histone-like properties and
DNA binding activity (63, 65, 66).

Mollicutes are the smallest and simplest self-replicating or-
ganisms, and the currently dominating hypothesis is that they
have evolved by degenerative (regressive) evolution from

20
M. capricolum (62) W—-mq GQOSQTKVNE
1 SQAF. o,

Gram-positive bacteria with low guanine + cytosine genomes
(1, 67, 68). In term of evolution strategy, mollicutes may have
concentrated two different functions in a single gene during
genome size reduction. Evidence for a single gene affording
dual enzymatic function (malate/lactate dehydrogenase) has
been described in M. genitalium by Cordwell and co-workers
(69). Similarly, analysis of the complete sequence of the M.
genitalium genome led Fraser and co-workers (6) to state that
some M. genitelium proteins may have become adapted to
perform more than one function. P46 has most likely a riboso-
mal protein function by its N-terminal 129 domain and a pu-
tative regulatory function on the IRS of the rpsB/tsf/x operon by
its C-terminal domain. S2 and Ef-Ts are components of the
translational machinery, and P46 may play an interconnecting
role in the coordinated regulation of the components of the
translational apparatus. However, the mechanism by which
the binding of P46 on the IRS could influence the transcription
of the rpsB/tsf/x operon is still unknown. In vitro studies of the
transcriptional regulation of the rpsB/tsfix operon with and
without the presence of the P46 protein may help understand
the extraribosomal function of P46.
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