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ABSTRACT
A 7 kb chromosomal DNA fragment from R. melilotii was cloned,

which complemented temperature-sensitivity of an E. coli amber
mutant in rpsA, the gene for ribosomal protein Si (ES1). From
complementation and maxicell analysis a 58 kd protein was identi-
fied as the homolog of protein Sl (RS1). DNA sequence analysis of
the R. melilotii rpsA gene identified a protein of 568 amino
acids, which showed 47% identical amino acid homology to protein
Si from E. coli. The RS1 protein lacked the two Cys residues
which had been reported to play an important role for the func-
tion of ES1. Two repeats containing Shine-Dalgarno sequences were
identified upstream of the structural gene. Binding studies with
RNA polymerase from E. coli and Pseudomonas putida located one
RNA-polymerase binding site close to the RSI gene and another one
several hundred basepairs upstream. One possible promoter was
also identified by DNA sequence comparison with the corresponding
E. coli promoter.

INTRODUCTION

Ribosomal protein Si from E. coli is the largest of all ribo-

somal proteins with a molecular weight of 61 kd. It was found to

stimulate translation by facilitating mRNA binding to ribosomes

(1). The gene rpsA and the protein have been sequenced (2,3,4).
The sequence data and functional studies allowed a division of

protein Si into two domains of which the largest one is an RNA

binding domain which consists of four repeats, with high internal

amino acid and DNA sequence homology (5,6). The rpsA gene is

preceded by an open reading frame coding for a 25 kd protein in

which several promoters for the SI gene were located (7).
The expression of protein SI is translationally controlled by

an autoregulatory mechanism (8). Recently, several rpsA gene

fragments were expressed from plasmids. It was shown that over-

production of the 100 N-terminal amino acids of the protein re-
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duced the amount of chromosomally encoded protein Si, which

suggested that this fragment significantly contributes to the

regulation of the synthesis of protein Si (5).

Since protein S1 has an essential function in E. coli (9) and

is one of the major host components of the replicase complex of

bacterial RNA-phages like MS2 (10), we regarded it to be impor-

tant to analyse Sl genes from other organisms. Hybridization

experiments suggested that most or all Gram-negative bacteria

have a gene which codes for a protein similar to protein Sl from

E. coli (11). But we did not find evidence for an rpsA like gene

in Bacillus or other Gram-positive bacteria which supported an

earlier finding that antibodies against protein Sl did not react

with protein extracts from Bacillus stearothermophilus (12).

In an attempt to continue this comparative study we decided

to clone an rpsA gene from an organism which is not closely rela-

ted to E. coli. We chose Rhizobium melilotii, because Southern-

-blot analysis had revealed that among all Gram-negative bacteria

chromosomal DNA from R. melilotii gave the weakest signal after

hybridization with a structural gene fragment from the E. coli

gene for protein S1 (11). Therefore, our aim was to find out whe-

ther R. melilotii has a gene which corresponds to the rpsA gene

from E. coli.

In this paper we describe the cloning, expression, promoter

and DNA sequence analysis of the gene rpsA from Rhizobium

melilotii and the identification of its gene product, protein

RS1.

MATERIALS AND METHODS
Bacterial strains, plasmids and culture media.

Strain Rhizobium melilotii 2011 was used as a source for

chromosomal DNA. The recipient E. coli strain for cloning was

strain FS10 (F-, leuam, trpam, lac2amt galKam, galE, tsx, relA,

supD43, 74, rpsL, sueA, sueB, sueC, rpsAam, hsdRl7, recA,

srl::TnlO). This strain was derived from mutant MB3001 (9) by

transducing hsdR17 from strain MM294 (F-, thil, endAl, hsdRl7,

supE44). Then recA was introduced from strain UH748 (F506/UH69,

aroD, man, pps, thi, rpsL, supF(?), trg::Tn5, recA, srl::TnlO).

For maxicell analysis strain CSR603 (F-, thrA, leuB6, proA2,
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phrl, recAl, argE3, thil, uvrA6, aral4, lacYl, galK2, xyl5, mtll,

rpsL31, tsx33, A-, supE44) was used. The cloning vector was plas-

mid pACYC184. The derivatives of plasmid pACYC184 are listed in

Fig. 1. Bacteria were grown in L-Broth. Antibiotics, if neces-

sary, were added: chloramphenicol (25 p.g/ml) and tetracycline

(10 Wtg/ml) final concentration.

Enzymes and chemicals

Restriction endonucleases, DNA ligase and 'Klenow' fragment

of DNA polymerase I were purchased from Bethesda Research Labo-

ratories, alkaline phosphatase, E. coli RNA-polymerase and exo-

nuclease Bal31 from Boehringer Mannheim, deoxy- and dideoxy-

nucleotides from Pharmacia. Pseudomonas putida RNA polymerase was

a gift from Nicola Mermod (University of Geneva). [35S-]methio-

nine (800 Ci/mmol) and [35S-]deoxy ATP (1000 Ci/mmol) were from

Amersham Corp.

Preparative and analytical techniques

DNA techniques were generally carried out as described by Ma-

niatis et al. (13). Chromosomal DNA was isolated with Sarcosyl

LN97 according to Chow et al. (14). DNA sequence analysis was

carried out according to Sanger et al. (15) using M13 phages

(16). For autoradiography gels were dried and exposed to X-ray

film (Fuji Film, Japan). RNA polymerase binding studies were

carried out as described (17). Maxicell analysis to detect

plasmid encoded gene products was carried out according to Sancar

et al. (18). Proteins were separated by 15% SDS gel-electro-

phoresis according to Laemmli (19).

RESULTS

Cloning of the rpsA gene from R. melilotii

In order to clone a possible rpsA gene from R. melilotii we

made use of the fact that there was weak hybridization of chromo-

somal DNA from R. melilotii with a 1.2 kb structural gene frag-

ment from E. coli as a probe (11). The size of the DNA fragment

after digesting with restriction endonuclease HindIII was esti-

mated to be about 7 kb. We therefore digested chromosomal DNA

from R. melilotii 2011 with HindIII and separated the DNA by

agarose gel-electrophoresis. DNA of the size of 7 kb was eluted
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from the gel and ligated into plasmid pACYC184 which was pre-
treated with alkaline phosphatase.

If there is an rpsA gene in R. melilotii which codes for a
protein which is functionally homologous to the E. coli protein
Sl, it might be possible to find complementation of a mutation in

the E. coli rpsA gene. Therefore, we transformed the E. coli

strain FS10, which is a derivative of MB3001 harbouring a tempe-
rature-sensitive amber suppressor and an amber mutation in rpsA
(9). This strain is unable to grow at 420C. We selected for
temperature- and chloramphenicol-resistance. Six clones were ob-

tained from which we isolated plasmids and retransformed mutant

FS10. All plasmids were able to complement the amber mutation in
rpsA. Analysis of the plasmid DNA showed that they all posessed
an identical 7 kb DNA fragment which differed in its orientation

on the plasmid. We concluded that the fragment contained a gene

which was most probably homologous to the rpsA gene from E. coli.

Identification of the rpsA gene

In order to identify the location of the Sl gene on the 7 kb
DNA fragment we subcloned fragments which expressed a functional
protein RS1. We digested plasmids pFS300 and pFS301 with BamHI,
since the fragments generated were quite large compared to the
ones created by other endonucleases. Plasmid pFS300 (Fig. 1) was,

therefore, digested with BamHI, religated and then strain FS10
was transformed. We screened the transformants for complementa-
tion of the rpsA amber mutation and isolated plasmids from these

transformants and also from those which did not show complementa-

tion. We obtained plasmid pFS302 which had lost the 2.8 kb BamHI

fragment and was still able to complement temperature-sensitive
growth of strain FS10 to the same extent as the original plasmid

pFS300 (Fig. 1, plasmid pFS302). Plasmid pFS303 which had also

lost the 2.8 kb fragment but which contained the 3.8 kb BamHI

fragment in the opposite orientation as the original plasmid was

unable to support growth of strain FSJO at 420C. A derivative of

plasmid pFS302 which had maintained only a 1.7 kb fragment from

the HindIII site to the first SaII site had also lost the ability

to complement the S1 amber mutation (pFS304). We attempted dele-

tion of the PstI fragment of plasmid pFS302. Some clones which we

obtained were unable to complement the S1 amber mutation (e.g.
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Fig. 1: Restriction map of plasmid pFS300 and its derivatives.
The thin line is the DNA insert. The thick line is the plasmid
part. The arrows indicate a reverse orientation of a fragment.
The symbols are: Ba, BamHI; Ec, EcoRI; Hi, HindIII; Ps, PstI; Sa,
SalI for restriction endonucleases and tet for tetracycline
resistance gene.

pFS306). Restriction endonuclease analysis of such plasmids did

not show any apparent difference to plasmid pFS302 itself. None

of the plasmids had lost the PstI fragment. Our conclusion was,

therefore, that plasmid pFS306 had the PstI fragment in the

opposite orientation.

When plasmid pFS301 (Fig. 1) was digested with BamHI, reli-

gated and the rpsA amber mutant was transformed, we did not

obtain any plasmid which complemented the amber mutation. This

result indicated that the BamHI fragment alone was not sufficient

for complementation which was in accordance with the above

result. By chance we obtained a plasmid (pFS305) derived from

plasmid pFS300 containing a rearrangement of fragments, with a

small deletion which altered the flanking HindIII/SalI 1.7 kb

fragment (Fig. 1). This plasmid could still complement the amber

mutation. These results suggested that DNA from a part of the

HindIII site in plasmid pFS302 continuing to the second BamHI

site is required for the complementation of temperature-sensitive

growth of mutant FS1O.

Another possibility to identify the location of the RS1 gene

is Southern Blot analysis. We digested plasmids pFS300 and pFS301
with various restriction endonucleases, separated the fragments
by agarose electrophoresis and used a 1.2 kb structural gene

fragment from the E. coli Si gene as a probe (11). The 3.8 kb
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Fig. 2: Maxicell analysis of various plasmids. Samples were
applied on a 15% SDS-gel and proteins separated. The numbers next
Ato the arrowheads refer to the molecular weight in kilodalton.
The symbols are (A) protein Sl from E. coli, (B) 58 kd poly-
peptide, (C) 43 kd polypeptide and (D) 40 kd polypeptide. Ex-
tracts were derived from cells containing plasmids pACYC184 (lane
1), pJS200 (lane 2), pFS300 (lane 3), pFS301 (lane 4), pFS303
(lane 5), pFS304 (lane 6), pFS302 (lane 7) and pFS305 (lane 8).

BamHI fragment, the 0.9 kb EcoRI fragment as well as several

smaller (0.2 to 0.3 kb) SalI fragments gave a signal (data not

shown). This showed the location of the RSI structural gene as

indicated in Fig. 3.

Maxicell analysis of various plassids

In order to identify the polypeptides encoded by the various

plasmids we performed maxicell analysis. The proteins were sepa-

rated by SDS gel-electrophoresis (Fig. 2). Both plasmids, pFS300
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and pFS301, containing the 7 kb HindIII fragment in different

orientations on the plasmid expressed at least two proteins (-

lanes 3 and 4) which were not expressed by plasmids pACYC184 or

pJS200, a plasmid containing the rpsA gene from E. coli (lanes 1

and 2). These proteins had a molecular weight of about 43 kd and

58 kd. Since both proteins were also expressed from plasmid

pFS302 (lane 7) the corresponding genes were localized to the 4.2

kb HindIII / BamHI DNA fragment (Fig. 1). Plasmid pFS303 which

had the same BamHI fragment as pFS302 but in the opposite orien-

tation gave rise to a very weak band at 58 kd, but the 43 kd

protein was completely missing (lane 5). Plasmid pFS305 expressed

one protein band at 58 kd (lane 6). Plasmid pFS304 with a DNA

fragment extending from the HindIII site of pFS302 to the first

SalI site of 1.7 kb length gave rise to a new protein of about 40

kd molecular weight. From these results we concluded that

only plasmids expressing this protein were able to complement

temperature-sensitive growth caused by the amber mutation in the

rpsA gene in strain FS10.

Identification of RNA-polynerase binding sites

The E. coli rpsA gene is preceded by four promoters clustered

in two regions. Two promoters are comparable in strength with the

promoters of the tet gene (7). For comparison, we wanted to loca-

lize possible promoters on the fragment containing the RS1 gene.

One of the possibilities is to determine the number of RNApoly-

merase molecules which are bound specifically to certain regions

of the DNA by the aid of electron microscopy as it is shown in

Fig. 3A. We could identify the plasmid vector promoters among

which P1 to P4 have been previously described (23). However, the

number of RNA-polymerase molecules bound to the inserted DNA

fragment from R. melilotii under the same conditions was several

fold lower indicating that RNA-polymerase from E. coli has a low

affinity for insert promoters. But we could localize at least

three binding regions for RNA-polymerase which are called P6, P7

and P8.

We repeated the experiment with plasmid pFS302, digested with

BamHI and selected only BamHI fragments which had bound RNA-poly-
merase molecules neglecting the vector part (Fig. 3B). We con-

firmed the binding sites P6 and P7, and we found another weak
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Fig. 3: RNA-polymerase binding sites on plasmid pFS302. A: plas-
mid pFS302 was linearized with HindIII after the binding of RNA-
polymerase. B: plasmid pFS302 was digested with BamHI after the
binding of RNA-polymerase and only DNA fragments with RNA-poly-
merase bound were selected; C: the binding assay was done with
purified 1.1 kb EcoRI fragment and RNA-polymerase from Pseudo-
monas putida; D: as C but with RNA-polymerase from E. coli. P1 to
P4 are plasmid promoters as reported (23). The dashed line is the
plasmid part and the thin line the insert DNA. The arrow shows
the direction of transcription for the 43 kd and the 58 kd pro-
tein genes as concluded from various data. The symbols for
restriction endonucleases are those described in Fig. 1.
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binding site (P5) which, however, may be an artefact. With the

aid of purified DNA fragments the two sites P6 and P7 were

located more precisely on a 1.1 kb EcoRI fragment with E. coli

RNA-polymerase (Fig. 3D). We also observed a strong binding peak

at one end of the fragment which, however, is most probably an

artefact. We carried out the binding studies with RNA-polymerase

from Pseudomonas putida and obtained a similar result (Fig. 3C).

It should be noted, however, that there is a clear difference in

the heights of the peaks in Fig. 3C but much less in Fig. 3D.

From our previous analysis we concluded that P6 and P7 are

located upstream from the 58 kd coding region which we identified

as the structural gene for protein Sl but several hundred nucleo-

tides away from each other so that most probably only one of the

two binding sites belongs to the RSI gene.

DNA sequence of the RSI gene

In order to elucidate the fine structure of the RS1 gene we

determined the DNA sequence of the relevant regions. We detected

an open reading frame whose corresponding protein sequence showed

homology to the ES1 gene (Fig. 4). The number of amino acids

deduced from the DNA sequence was 567 compared to the E. coli Sl

gene with 556 amino acids. This was surprising, since the RS1

protein showed a smaller molecular weight than the ES1 protein.

Differences in the number of residues were found at the N-ter-

minal end, which is longer in case of the RS1 protein, and at the

C-terminal end (see also Fig. 5). A comparison between the amino

acid sequences showed an overall 47% identical homology, with a

higher local homology from amino acid position 195 to about 450

of the RS1 protein. This region which forms the RNA binding

domain of protein SI with several repeats of internal homology

(20) had 58% identical amino acids in the proteins from both

organisms. It is also interesting to note that the RSI lacks the

two Cys residues.

Behind the stop codon of the RS1 gene we found a palindromic

structure which is followed by a row of T bases. This is typical

for a rho-independent terminator (22). We also investigated the

region preceding the RS1 gene for possible regulatory sequences.

We found two repeats of 9 basepair identity both of which con-

tained Shine-Dalgarno sequences (Fig. 4). Furthermore, the
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GCACTCCATCGACGACCGTCCTT TCCGAG CATTCGATCGGCGACG ACGGCGTCGAAG ATCGCTCAT CCGCCC TGCGCCG

GCGCTGGTCGAGGCGCACGGAGCCTTCGCGCGAACCAGCCGGGTACCGTCCTCCACGCGCGACATCGCACCGTCCGTCTGC
CCTGATGCGGCGGTGAAGCTCTATGTGACCGCTTCCCCCGAAGTGCGGCCCAACCGCCGCCATCACGAGATCGTGCCCGCCG

CGGAAAGGCTGACTACACCGCCATTTTCGACGACGTGAACAACGCCGACGGCCCCGACATCCCCCCTCCCCACAGTCCTTTC

AGACCTGCCGAGGACCCGCACTTCCTTGATACTTCCGAAATCAGTATAGAGGCGGCATTCCAGGCCGCAACAACCCTCGTCG

ACGCCGCCCTGAAAGAGAAAATTTGACAACCACCTGTCCCCCGCCCAG CCCTTCTTGCAAATACCCCCC
-10

TCCACCCGCCGCATTGCTCCATGACAGGAGCGGACTGGGTTCAGCCCTCTCTAACACCAACCCCGCCCCA rATCCCTCTCCC

GCAGGAGATGCAGCACGAGATTAT ATG TCT CCA ACC AAC CCC ACC CGT CAT GAT TTC CCA CCG CTT
11- Met S.r Al. Tbr A.n Pro Tbr Arg Asp Amp Phe Ala Al. Leu

CTC GAA GAO TCC TTC GCC AAG ACG CAC CTC GCC GAA CGC TAT CTC CCC AAG CCC ATC GTC
Leu Glu Clu Ser Phb Ala Lys Thr A.p Leu Al. Clu Gly Tyr Val Ala Lys Cly fiI Val

ACG CCC ATC CAA AAA CAC GTC GCA ATC GTC GAC GTC GGC CTG AAG CTC CAA CGC CCC GTA CCC
Thr Ala li Glu Lys Asp Val Al. lie Val Asp V1l Gly Lou Lyx Val Clu Cly Arg Val Pro

CTG AAC GAA TTC CCC CCC AAC CCC AAG GAC CCC ACG CTG AAC GTC CCC CAC CAA CTC GAA CTC
Lou Lys Clu Pb. Gly Ala Lys Al. Lys Asp Gly Tbr Leu Lys Val Cly Asp Clu Val Clu Val

TAT GTC GAG CCC ATT GAA AAC GCA CTC GGC GAA CCA GTC CTC TCG CCC GAG AAC GCC CCC CGC
Tyr V.l Clu Arg Ile Clu A.n Al. Leu Gly Clu Arg V.l Lou Ser Arg Clu Lys Al. Arg Arg

CAA GAG AGC TGG CAG CGC CTG GAA GTC AAG TTC GAA GCC GGC GAA CCC CTC CAA CCC ATC ATC
Clu Clu Ser Trp Cln Arg Lou Clu Val Lys Phb Clu Al. Cly Clu Arg V.l Glu Gly Ile 11e

TTC AAC CAG GTC AAG GCC GCC TTC ACC GTC GAT CTC GAC CGC CCC GTA CCC TTC CTG CCC COT
Phb Ann Cln V.l Lys Cly Oly Pb. Thr Val Asp Lou Asp Cly Al. Val Al. Phb Lou Pro Arg

TCG CAC GTC GAC ATC COT CCC ATC CCC GAC GTG ACG CCT GCT GAT CCA CAA CCC GCA CCC CTT
S-r Cln Val Asp Ile Arg Pro Ile Arg Asp Val Thr Pro Al. Asp Al. Cln Pro Al. Al. Leu

CGA AAT CTC AAC ATC CAC AAC CCC CCC CCC AAC ATC GTC GTT TCC CGC CCC ACO CTT CTC CAA
Arg A.n Leu Lys Net Asp Lys Arg Arg Gly A.n Ile Val Val Ser Arg Arg Thr Val Lou Glu

GAG TCC CGC CCC CAC CAG CGT TCT GAA ATC GTT CAG AAC CTC GAG GAA CCC CAG OTT CTC GAG
Clu Ser Arg Al. Clu Cln Arg Ser Clu Ile V1l Gin Ann Leu Cl Clu Cly Cln Val Val Clu

OCT GTC GTC AAC AAC ATC ACC OAT TAC COT CCC TTC GTC CAC CTC CGC CGC ATC CAC CCC CTC
Gly Val V.l Lys A.n lie Tbr Asp Tyr Gly Al. Ph. Val Asp Leu Oly Gly Ile Asp Gly Leu

CTG CAC GTC ACC GAC ATC GCA TGO CCC CCC GTC AAA CAT CCC TCG GAO ATC CAG AAC ATC CCC
Leu His Val Thr Asp Met Al. Trp Arg Arg Val Lys His Pro Ser Glu liI Cln Asn lie Cly

CAG CAC GTC AAG OTT CAG ATC ATC CCC ATC AAC CAC OAA ACC CAC CGC ATC TCG CTC GGC ATC
Cln Cln Val Lys V1l Gln li1 Ile Arg Ile A.n Cln Glu Thr His Arg li1 S-r Leu Oly Met

AAG CAC CTC GAO TCC OAT CCC TOO OAT CCC ATC COT CCC AAO TAT CCG GTC GCC AAG AAG ATC
Lys Cln Leu Clu Ser Asp Pro Trp Asp Cly li1 Cly Al. Lys Tyr Pro V1l Gly Lys Lys Ile

TCC GCT ACC GTC ACG AAC ATC ACC GAC TAC GCT CCC TTC GTC GAG CTG GAG CCC CCC ATC GAA
S-r Gly Tbr Val Thr A.. Ile Thr Asp Tyr Gly Ala Ph. V1l Glu Leu Clu Pro Cly li1 Clu

CGC CTG ATA CAC ATC TCC GAA ATG TCC TOO ACG AAG AAG AAC GTT CAC CCC GCC AAC ATC CTG
Cly Leu IIe His IIe S-r Clu Met Ser Trp Tbr Lys Lys Asn Val His Pro 0ly Lys lie L.u

TCC ACG AGC CAG CAA GTC CAC GTG GTC OTT CTC GAA GTC CAC CCC ACC AAG CCC CCC ATC TCC
S-r Thr Ser Cln Clu Val Asp V.l V.l Val Lou Glu V.l Asp Pro Thr Lys Arg Arg Ile S-r

CTC CCC CTC AAG CAC ACG CTC GAO AAC CCC TOO CAG CCC TTC CCC CAT ACC CAT CCC OCT CGC
Leu Cly Leu Lys Cl, Thr Lou Glu Ann Pro Trp Cln Ala Phe Al. Hi. S-r His Pro Al. Gly

ACG GAA GTC CAA CCC CAA CTC AAG AAC AAG ACC GAA TTC GCT CTG TTC ATC GCC CTC CAT CCC
Thr Glu Val Glu Oly Clu V.l Lys A.n Lys Thr Clu Phe Cly L.u Phb I.e Cly Leu Amp Cly

OAT CTC CAC CCC ATG CTC CAC CTC TCC GAC CTC CAC TOO AAC CCC CCC GCC GAG CAG GTC ATC
Asp V.l Asp Gly Met V.l His Leu S-r Asp Leu Asp Trp A.n Arg Pro 0ly Glu Cln V.l li1

GAA CAA TTC AAC AAG GGC CAC GTC GTC COT OCT GTC OTT CTC OAT GTG CAC GTC CAC AAG GAO
Glu Clu Phe Amn Lys 0ly Asp Val Val Arg Ala Val Val Leu Asp V.l Asp Val Asp Lys Glu

CCC ATC TCC CTC CCC ATC AAG CAG CTC GCC COT CAT CCC CTC OCT GAA OCT CCC OCT TCC CCC
Arg li1 S-r Leu Gly II- Lym Cln Lou 0ly Arg Asp Al. V.l Cly Clu Al. Al. Al. Ser Cly

GAA CTG CCC AAC AAC CCC GTC OTT TCG OCT GAA CTC ATC CCC GTC AAC CAT GCC CCC ATC GAA
Glu Lau Arg Lym Amn Ale Val Val Smr Al. Clu V1l Ile Cly V.l Amn Asp Oly Cly 11- Glu

GTG CCC CTC GTC AAC CAC GAO CAC GTC ACC CCC TTC ATC COT CCC CCC CAC CTC TCG CCC OAT
Val Arg Leu Val An His Glu Asp Val Thr Al. Phe Ilm Arg Arg Al. Asp Leu S-r Arg Amp

CCC CAC CAA CAC COT CCC GAO COT TTC TCG GTC CCC CAG ACC GTC GAT CCC COO GTC ACC AAC
Arg Asp Glu Cln Arg Pro Glu Arg Phe Ser V.l Cly Cln Thr V.l Amp Al. Arg Val Thr Amn

TTC TCC AAC AAG CAC CCC AAC ATC CAC CTG TCG ATC AAG OCT CTG GAA ATC CCC GAA GAO AAG
Ph. S-r Lys Lys Asp Arg Lys Ile Cln Leu Ser lie Lys Ale Lou Glu lie Al. Glu Glu Lys

GAA CCC GTC OCT CAC TTC CCC TCT TCC CAC TCC GCT COT TCG CTC CCC CAC ATT CTC CCC OCT
Clu Al. Val Ala Cln Phb 0ly Ser Ser Asp Ser 0ly Arg Ser Lou 0ly Amp Ile Leu 0ly Al.

CCC CTC AAG AAC CCC CAC AAC AAC GAO TAA TCGTTGACGGACTTGAAATGATAAGCCCOCCGAOAGCGATCTC
Ala Leu Lys A.n Arg 0ln Amn Amn lub m.

CCCCCOCTTTTTCGTGGGCAGCCCCAAAACCCTTCCGCACTTTTCCTCAAAGTGCTCCAAGGCCTGTCCAGATTCGGGATAGC

CCCCGCCGCTGGCTTGCCTTGATCTCCTCATCCCTGTGCTCGTCATCAGCGATC
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repeats were partly contained within a secondary structure (see

also Fig. 6). Since we mapped RNA-polymerase binding sites in the

neighbourhood of the RSI gene, we looked for promoter sequences

by comparing the RSI sequence with the corresponding sequence in

the E. coli rpsA gene. We found a sequence showing homology to a

region in the ES1 gene which is identical to promoter P3 (7). We

did not detect any other promoter-like sequences or other

striking homologies to the ES1 gene.

DISCUSSION

We have cloned and identified a gene from R. melilotii

corresponding to ribosomal protein Sl from E. coli. Not only

is there sequence homology between the two genes but the protein

products are functionally interchangeable in vivo. There are,

however, a number of differences between the proteins and the

genes. One of the differences is the molecular weight. Although

the migration of the RSI protein suggests a smaller molecular

weight than ES1, the deduced amino acid sequence would suggest a

larger molecular weight. It could either be that the RS1 protein

is proteolytically digested in E. coli or that its synthesis is

prematurely terminated. In both cases the C-terminal portion of

Sl should be affected, since the N-terminal part is essential for

the function (5). A third possibility could be a migration arte-

fact. It is known that also the ES1 protein does not migrate at

the molecular weight position where it is expected. Instead its

molecular weight was estimated to be about 10000 dalton larger

than other proteins with a similar molecular weight (e.g. 24).

A comparison between both proteins revealed that like the ES1

protein (6), the RS1 protein also can be subdivided into regions

of internal homologies. Those are from amino acid position

196-279 (R1), 280-366 (R2) and 367-453 (R3, for positions see

Fig. 5). In contrast to the ESI protein the fourth repeat at the

C-terminal end shows low homology to the other repeats. This part

Fig. 4: DNA sequence of the rpsA gene from R. melilotii. The

boxed sequences contain possible promoters. The dots above the

bases show identical residues to the corresponding E. coli rpsA

gene sequence (3,7). The thin lines are two repeats. The arrows

point to palindromic structures.
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RS1 1 MSATNPTRDD rnA A L r 1FAKTDLAEf YVAK( I M T r[TT EIV A I VM VrT Vm GRVF LKEKF1 GAKAKD 65

ESI 1 MTES S QL F IEESI LKEIETRPGWSIVRW V VJVIJD|KDVJ VL A GLK| S KNAQGE 59

RS1 66 GTLK VGDEV| E| 1YVERIrNAL GE RV LSREKA MR E E Sr] QRFAGEEERVKE[A I r FNQ V 128
ESI 60 LEIQ IVCDEV DLJ ALDAVLIDGF GE TL LSREKA K R H E A IT LE KAY E DADE T TW VW NGK IVKGGFT 122

RS1 1291 D LDGAV AFLPISQ VD I RP I rD VTPADAQPAALRNL KMMD KR [-G[T I VVSRR TM LrE ESRAEQM S 190

ESI 123 E ILDCI 1RIAFLPJGL§LLYJ V IJ VLJ TLHLEGKELEFKVI L L D QK RNLNV AVVSRRIALYI SKNSAE D 184

RS1 191 EIVQ WLEKEC QV E G VrfTK I rTDYGAFVDLGGJ| I [|IDLLVfH7[TDMA R RVKHPSEII Q I CMQQVKrFVQIIRINQ 256

ES1 185 QLLELJJQLEJ ME KLJ I|VN L|NTDYGAFVDLGI VDGLLH ITDMAW K|RVKHPSEI VN V G DEITLJKVLKFDR 250

RSI 257 METH[R IfS 4MFKQL ES DPW DrGGAKVrP1 KfISTVT I |TDYG|AFVE| L E PM I EL I r IFlI 314

ES1 251 WERTLJVLSC LILIGKLEIDPWI VAEAKRUTJ C T LJLTLJRIVTNI L ITDYGICIFVE I WKWVI.GLJVLjVW 308

RS1 315 Fi S TK[K;N1 V[i[H] GroT ILSTSQEMDVV rL EV DF PTK RRSLCLKQ| TLErPTWQAFA] HSPT1 PAtTI TE V 376

ESI 309 LM D WT N KN I PJ SLDJVVNVGDV ELYJ M DILV J EER RRISGLKQI CKA| NPW Q FA ETK[HNK Lgj DR |VEG 370

RS1 377 EV1 NK[ ] K FIGLWGIDVND IVHLSDI LD 1 RP jFE QVI ErM FNrxR VVR rAVVE1 DfVM VDK TERTsG I 441
ES1 371 KI DJSILJHDSDJ IS [WNLEVAjJJAVRYKIK9GDJEIA[AVVLjQLDAERIjRISLGIV 4

RS1 442|Ql GRRFDAVGEAArA SGELR K N A V V SAEK IGM NDG 0 IEVRR rVNHEDrn TAFIMRADLISRDR DMQR 501
ESI 436 JLJ AELJ PFNNWV ±J--LNKKJ C IW TGK LXJ TA J DAK ATI.J E --ADG V EGYLLR ASEA |SRDRI V JDA 491

RSI 502 PERFr VGO QT[V[D0Ri RVrMNFSKK DMR KM Q LS 1Kr[LEIKRA E R1Vr;QFGSSDSGRSLGDILGARL[ 562
ESI 492 TLVLISVGI DEW EWKFWOVORLJNWAWSLESJ VRA KDEL]A D EKD AITVNKQEDANFSNNAMAEK FL 552

RS1 563 NRENN E
ES1 553 AAKG- E.

Fig. 5: Comparison between the protein sequences of the ES1 and
RS1 proteins. The amino acids are shown as one-letter code.
Identical amino acids are boxed.

of Si is dispensable both in vitro and in vivo (21,5) which might

explain its divergency. The three internal repeats R1-R3 show the

highest number of conserved amino acid residues in comparison

with the ES1 protein. This part is the major RNA binding domain

(20) and it is essential (5), which seems to be confirmed by the

natural conservation of amino acids.

Another difference between both proteins is the absence of

the two Cys residues in the RS1 protein. Based on chemical

studies it had been suggested that they might play an important

A B
G

T G.
GO*I.A A.

*G A . C=G.
.C=G *G=C
.C=G . .G=C
*T-A . A
C=G. *C=G
T-A .C=G
G.T .T
C=G A-T
G=C C=0
T-A, C=0

GCATA GCAGGAGATTA ATG ... ACAACC ACGTTAAATATAAACCTGAAGATTAAAC ATG

FitR. 6: Comparison of the RS1 (A) and ES1 (B) gene ribosome
initiation sites. The dots show'homologous regions between the
two sequences. The lines in A point to repeats. The start codons
are boxed.
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role in the RNA unwinding property of protein Si (25) as well as

in the binding of fMet-tRNA to a 30S-MS2 RNA complex (26). On the

other hand, ribosomes containing the same modified S1 could

translate QPRNA as well as polyU (27,28). Whatever the reason for

these discrepancies might be, the lack of the Cys-residues in RS1

suggests that they themselves are of minor importance. These

results do not exclude the possibility that amino acids other

than Cys, e.g. Ala as found here, influence essential properties

of the SI protein.

We also tried to find RNA-polymerase binding sites preceding

the structural gene for RS1. A sequence comparison with the E.

coli gene showed sequence homology of one promoter (P3, see 7),

although parts of the -35 and -10 region are different. In this

region we have mapped one of the RNA-polymerase binding sites. It

is therefore likely that this is a promoter for the RS1 gene. We

failed to detect another RNA polymerase binding site or sequence

homology to the Pl/P2-promoters which are located about 100 base-

pairs upstream from P3 in E. coli. Either these promoters are

absent or they are highly specific to RNA-polymerase from R.

melilotii. In this connection the apparent low expression of RS1

in E. coli should be noted, which was obvious in the maxicell

analysis as well as by the fact that a fragment containing two

RNA-polymerase binding sites did not complement the defect of the

rpsA amber mutant. Apart from the possibility of proteolytic

degradation, it could be that either transcription of the RS1

gene is inefficient in E. coli due to differences in the RNA

polymerases or that translation is impaired due to different

codon usages.

We further compared the initiation sites for ribosome binding

between both the ES1 and the RS1 genes. The RSI gene has two 9

basepairs consecutive stretches before the start codon which are

identical and contain Shine-Dalgarno sequences. One sequence is

located within a possible stem-loop structure (Fig. 6). When we

compared the initiation sites from both the ES1 and the RSI genes

we detected sequence homology. This suggested a possible second-

ary structure with a second Shine-Dalgarno sequence preceding

also the ES1 gene (Fig. 6). The two regions with Shine-Dalgarno
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sequences might represent different ribosome binding sites impor-
tant for the regulation of the rpsA gene.
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