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The repA gene product of the promiscuous plasmid 
pLS1 is a 45-amino acid repressor protein. The plas- 
mid initiator of replication protein, RepB, is encoded 
by the repB gene which is situated downstream of 
repA. The results presented here demonstrate that both 
genes constitute a transcriptional unit. We show that 
the repA gene product inhibits transcription from the 
repAB promoter both in vitro and in uivo. By hydroxyl 
radical footprinting on both DNA strands, we show 
that RepA binds specifically to a plasmid region in 
which a 13-base pair element, showing a a-fold rota- 
tional symmetry, is located. Within this symmetric ele- 
ment lies the -35 region of the repAB promoter. RepA 
binds into successive major grooves along one face of 
the DNA helix. The general architecture of RepA and 
of its interactions with DNA resembles that of the Cro 
repressor proteins of bacteriophages X and 434. We 
propose that RepA regulates the plasmid copy number 
by binding to its own promoter, thus controlling the 
synthesis of the plasmid initiator of replication protein. 

DNA replication is a balanced complex process in which 
the rate of initiation must be subjected to stringent regulation. 
Many bacterial plasmids are useful model systems for study- 
ing the control of the initiation of replication through regu- 
lation of gene expression. In these plasmids, synthesis of the 
initiator of replication (Rep) protein is under a tight control 
to ensure a rate-limiting concentration of the initiator and 
the coupling of the plasmid replication with the cell cycle 
(Novick, 1987; Thomas, 1988). One way of controlling rep 
gene expression is through the interaction between rep mRNA 
and antisense RNAs, the latter acting as sensors of deviations 
in plasmid copy number (Wagner and NordstrBm, 1986). In 
addition to this interaction, there are some examples of sec- 
ondary control mechanisms involving a plasmid-encoded re- 
pressor protein. This second circuit seems to represent a fine 
tuning to ensure that the rate of synthesis of the Rep protein 
is low, as in the case of the Escherichiu coli plasmid Rl. This 
plasmid encodes the repressor protein CopB which binds to 
the repA promoter, inhibiting the synthesis of the mRNA for 
the initiator protein RepA from this promoter (Riise and 
Molin, 1986). A more complex mechanism that may involve 
the interaction of two repressor proteins, TrfB and KorB, in 
keeping a low level of the initiator protein TrfA has been 
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suggested for the broad host range plasmid RK2 (Thomas and 
Smith, 1986; Bechhofer et al., 1986; Thomas, 1988). 

The above examples refer to plasmids of Gram-negative 
hosts. Small multicopy plasmids of Gram-positive eubacteria 
seem to control the synthesis of their Rep proteins only by 
interaction between rep mRNA and antisense RNAs (Novick, 
1987; Gruss and Ehrlich, 1989). For the staphylococcal plas- 
mid pT181, two small antisense RNAs transcribed from the 
same promoter have been shown to control the plasmid copy 
number (Novick, 1987). However, regulation of plasmid copy 
number through a secondary control mechanism that seems 
to involve a repressor protein has recently been reported for 
the streptococcal plasmid pLS1 (de1 Solar et al., 1989). This 
4408-base pair (bp)’ multicopy plasmid is able to colonize 
Gram-positive and Gram-negative hosts (Lacks et al., 1986) 
and it shares features with plasmids of both kinds of bacteria 
(Puyet et al., 1988). Another characteristic that contributes 
to making pLS1 unique among bacterial plasmids is that its 
Rep protein acts at a distance: replication of pLS1 is mediated 
by the plasmid-encoded 24.2-kDa protein RepB that binds to 
three ll-bp direct repeats (iterons), introducing a strand- and 
site-specific nick on the plasmid coding strand, 86 bp up- 
stream of the iterons (de la Campa et al., 1990). Replication 
of pLS1 proceeds unidirectionally from the plasmid ori 
(Fig. 1A) by asymmetric rolling circle (de1 Solar et at., 1987a), 
like the staphylococcal plasmids pT181 (Murray et al., 1989), 
PC194 and pUBll0 (te Riele et al., 1986). Replication of pLS1 
is controlled by two plasmid-encoded products: the 47-50 
nucleotide antisense RNA II* and the repA gene product, the 
5.1-kDa protein RepA. RepA has been purified from an E. 
coli expression system (Rosenberg et al., 1987) as a dimer of 
identical subunits, and its entire amino acid sequence has 
been determined (de1 Solar et al., 1989). Preliminary assays 
showed that RepA binds to a plasmid region that includes the 
putative promoter for repA and repB genes. In addition, truns- 
complementation analysis suggested that RepA regulated the 
number of copies of a repA mutant plasmid. 

We show here that purified RepA protein binds to a plasmid 
DNA region in which a 13-bp symmetric element, included in 
the repAB promoter, has been located. The protein binds to 
the same face of the DNA as shown by hydroxyl radical 
footprinting experiments. Both, repA and repB genes are 
transcribed from the same mRNA. In vitro and in uiuo assays 
demonstrated that RepA is able to specifically inhibit tran- 
scription from the repAB promoter. We propose that the 
binding of RepA to its target is a secondary regulatory circuit 
to control the synthesis of the plasmid Rep protein at the 

’ The abbreviations used are: bp, base pair(s); ORF, open reading 
frame. 

* G. H. de1 Solar and M. Espinosa, manuscript in preparation. 

12569 



12570 RepA Repressor Regulates Transcription from repAB Promoter 

transcriptional level. Such a control would be exerted by 
specific interactions of RepA with the operator region, hind- 
ering the binding of the host RNA polymerase to the repAB 
promoter. 

MATERIALS AND METHODS 

Plasmids and DNA Preparation.-Plasmids used were: pLS1 
(Lacks et al., 1986); pLS5 (an in uiuo deletion of pLS1 including 
coordinates 34-365 (Lacks et al., 1986); pLSlA24 (an in vitro clock- 
wise deletion of pLS1 including coordinates 4240-401 (Puyet et al., 
1988)); pLSlcop7 (a repA mutant of pLS1 carrying the transversion 
C to A at coordinate 743 (de1 Solar et al., 1989)); pCGA3 (repA gene 
with its own transcription and translation signals, cloned into plasmid 
pC194cop (de1 Solar et al., 1989)) and the constructions described in 
this work, based on plasmids pNM482 (Minton, 1984) and pLG339 
(Stoker et al., 1982). Plasmid DNAs were purified from Streptococcus 

pneumonias as described (de1 Solar et al., 1987b). 
RepA Protein Purification and DNA Manipulations-RepA protein 

was synthesized in the E. coli BL21 (DE3) host/PET5 vector expres- 
sion system (Rosenberg et al., 1987). The repA gene was hyperex- 
pressed and its product purified as described (de1 Solar et al., 1989). 
Restriction fragments were purified from agarose gels with the Ge- 
neclean kit (Bio-101 Inc.). Labeling of the DNA fragments was 
performed as described (Puyet et al., 1988). 

Mapping of the Initiation of Transcription-Total RNA from S. 
pneumoniae cultures was prepared as described (Lopez et al., 1989). 
Yield of RNA was approximately 10 rg/ml culture. DNA fragments 
from pLS1824 were labeled at their 5’ ends and cleaved with a second 
restriction enzyme to remove the undesired labeled end. Two 5’-end- 
labeled probes of different lengths were used: one with the label inside 
the repA gene, and the other (which included the entire repA gene) 
labeled within the repB gene. Hybridization was done by mixing DNA 
probes (50.000 cnm) and total RNA (200 UP) in 70% formamide 
followed by incubation at 48, 46, or 45 “C. Hybridized samples were 
digested with 50 units of nuclease Sl for 20 min at 30 “C and treated 
as described (Lopez et al., 1989). 

In Vitro Transcription-Run-off transcripts were synthesized from 
different purified DNA fragments: the 702-bp SspI-PuuII fragment 
from plasmid pCGA3 and the pLS1 fragments of 842-bp BanI-PstI 
(coordinates 214-1056) and of 519-bp BglI-SspI (coordinates 804- 
1323). The reaction mixtures (50 ~1) contained 40 mM Tris.HCl (pH 
8.0), 10 mM MgCl,, 150 mM KCl, 0.1 mM EDTA, 5% (v/v) glycerol, 
200 fiM GTP, 200 PM ATP, 50 /JM UTP, 50 PM CTP, 0.5 fiM [a-=P] 
UTP (specific activity 400 Ci/mmol), and 10 nM DNA fragment. 
Reactions were initiated by the addition of 0.15 unit of E. coli RNA 
polymerase and samples were incubated for 10 min at 37 “C. When 
RepA was employed, reaction mixtures were incubated with the 
protein for 10 min at 20 “C before the addition of the RNA polym- 
erase. Incorporation of the isotope was stopped by the addition of 50 
~1 of a solution containing 600 mM sodium acetate, 30 mM EDTA, 
and 0.2 pg/J tRNA. After ethanol precipitation, samples were dis- 
solved in 98% formamide, 0.1% xylene cyanol, 0.1% bromphenol blue, 
and 5,000-10,000 cpm were loaded into 8% polyacrylamide, 8 M urea 
sequencing gels (Maxam and Gilbert, 1980). A pLSl-derivative plas- 
mid digested with DdeI and labeled at their 5’ ends was employed as 
a molecular weight marker. 

DNase I and Hydroxyl Radical Footprintings-Plasmid pLS1 DNA 
(20 pg) was digested with Fnu4HI and the resulting fragments were 
labeled at their 5’ ends or at their 3’ ends (10 pg each). The labeled 
DNA fragments were then cleaved with Hinff and separated by 
electrophoresis in 5% polyacrylamide gels. The 179-bp Fnu4HI-HinfI 
fragment (coordinates 506-685 of pLS1) containing the repAl pro- 
moter was eluted, purified, and recovered at the specific activity of 
17 x lo6 cpm/pg. For DNase I treatment, 7 ng of labeled DNA 
fragment were mixed (or not) with 44 ng of purified RepA protein 
and treated as described (de1 Solar et al., 1989). For the hydroxyl 
radical footprintings, each reaction (50 ~1) contained 7 ng of labeled 
DNA fragment, 100 mM KCl, 20 mM Tris.HCI (pH 8.0), 5 mM 
dithiothreitol, 1 mM EDTA. Reaction mixtures were treated with 
various amounts of purified RepA protein (11, 22, and 44 ng) and 
incubated for 15 min at 20 “C. As controls, samples without RepA 
were used. The hydroxyl radical cleavage of DNA was initiated by 
the addition of 9 ~1 of a mixture of reactives (Fe(R)-EDTA solution, 
H202, and sodium ascorbate) prepared as described (Tullius and 
Dombroski, 1986). The mixtures were incubated at 20 “C for 10 min 
and the reactions were stopped by the addition of 15 ~1 of a solution 

containing 40 mM thiourea, 1.5 M sodium acetate (pH 6.0), and 0.7 
pg/rl tRNA. 

The DNA samples were ethanol-precipitated and dissolved in 18 
~1 of sequencing loading buffer (Maxam and Gilbert, 1980). Samples 
(3 rl,20,000 cpm) were loaded into 8 or 6% polyacrylamide sequencing 
gels and run together with the sequencing reactions of the same 
fragments (Maxam and Gilbert, 1980). 

/3-Galactosidase Enzyme Assay-fl-Galactosidase activity was as- 
sayed in cultures of exponentially growing E. coli XLl-Blue cells 
(Stratagene) harboring the appropriate plasmids. Overnight cultures 
were diluted to AeW = 0.05 and divided into two; isopropyl-&D- 
thiogalactopyranoside to 2 mM was added to one set of cultures. The 
cultures were grown until AGO0 = 0.60. Culture samples (500 ~1) were 
assayed for /3-galactosidase activity and specific activities were cal- 
culated as described (Miller, 1972). The values obtained are expressed 
as the average of four independent assays. 

RESULTS 

Genes repA and repB Are Transcribed from the Same 
mRNA-The three pLSl-encoded genes have the same ori- 
entation, which is also the direction of leading strand synthe- 
sis from the plasmid ori (Fig. IA). Four putative promoters 
were assigned to pLS1 (Lacks et al., 1986): one of them is 
probably involved in the transcription of the antisense RNA 
II, two other promoters could be used for the transcription of 
pLS1 mRNAs (Fig. 1A), and the fourth could correspond to a 
putative RNA of unknown function (Puyet et al., 1988). 
However, two possible overlapping promoters were later sug- 
gested for the repA gene (de1 Solar et al., 1989). We wanted 
to define the start point of transcription of the repA and repB 
genes and to find out whether both genes belong to the same 
transcriptional unit. To determine the 5’ end of the repA 
mRNA, a 302-bp NcoI-HinfI fragment from plasmid pLSlA24 
(coordinates 4221-685 of pLS1) was labeled at its 5’ end 
within the repA gene and annealed to total cellular RNA. 
Treatment with Sl nuclease defined the length of the pro- 
tected portion of the labeled DNA strand (Fig. 1B). After 
allowing for a 1.5-nucleotide downward shift of chemically 
cleaved relative to Sl nuclease-cleaved bands (Sollner-Webb 
and Reeder, 1979), a protected fragment of 56 nucleotides was 
observed (lane I). This protected fragment was small enough 
to define the start point of transcription at the A residue in 
coordinate 633. The variation in length of the minor bands is 
apparently due to a nibbling effect of the nuclease Sl (Sollner- 
Webb and Reeder, 1979). To find out if repA and repB are 
co-transcribed, another DNA fragment which included the 
entire repA gene and the beginning of repB was used. This 
probe was the 291-bp ApaLI-XmnI fragment of pLS1 (coor- 
dinates 607-902) labeled at its 5’ end inside of repB. After 
treatment with Sl nuclease, in addition to the reannealed 
band corresponding to the 291-nucleotide probe, only one 
band of 270 nucleotides was observed (Fig. lB, lanes 2-6). 
This demonstrates that most of the repB mRNA is synthe- 
sized from the same promoter as repA mRNA. We have 
previously isolated a high copy number pLS1 derivative hav- 
ing a point mutation in coordinate 743 (pLSlcop7). The 
mutation changed one amino acid of RepA (Ala3’ + Glu) and 
affected the function of the mutant protein, probably by 
diminishing the affinity of the mutated gene product for its 
target (de1 Solar et al., 1989). Total RNA prepared from 
pneumococcal cells harboring pLSlcop7 was hybridized with 
the ApaLI-XmnI probe and treated with Sl nuclease as above. 
The results (Fig. lB, lane 6) showed the same protected 
portion of the labeled DNA strand as the wild type plasmid, 
although the intensity of the band was augmented about 8 
times (compare lanes 4 and 6). This agrees with the cop7 
mutation leading to an increase in the plasmid copy number 
because the mutant RepA is affected in its function. We may 
conclude that the repAB transcription start site is placed at 
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FIG. 1. Mapping of repAB mRNA start site. A, physical and 
functional map of pLS1. Only pertinent restriction sites and their 
coordinates of cleavage are shown. The plasmid intergenic region 
(shadowed) includes the plasmid ori+ and ori-. Direction of DNA 
synthesis for the leading (ori+) and lagging (ori-) strands are indi- 
cated as well as the extent of the deletions in pLS5 and pLS1824. 
Promoters (small circles), RNAs (wauy arrows), gene products (broad 
arrows), and direction of synthesis (arrowheacls) are indicated. B, gel 
electrophoresis of protected DNA and schematic representation of 
the ‘“P-labeled (*) fragments used as probes. Protected DNAs from 
Sl nuclease by mRNA synthesized from the repAB promoter (PA,) 
were from two probes: the 302-bp NcoI-HinfI (lane I) and the 291-bp 
ApaLI-XmnI (lanes 2-6) fragments. Total RNA was prepared from 
S. pneumoniae cells harboring pLS1 (lanes 1-3 and 4, 5; two inde- 
pendent preparations) or pLSlcop7 (lane 6). Hybridization was at 
45 “C (lanes 2 and 5), 46 “C (lanes 3, 4, and 6) or 48 “C (lane I). 
Sequencing reactions for the same fragments were run as controls. C, 
partial DNA sequence of the coding strand of pLS1 at the repAB 
promoter region, showing transcription promoter and start site of the 
repAB mRNA relative to the ribosomal binding site (r.6.s.) and start 
codon of RepA (underlined). 

coordinate 633 of pLS1, that the two genes constitute a 
transcriptional unit and that there is one single repAB pro- 
moter (Fig. 1C). 

RepA Protein Inhibits Its Own Promoter in Vitro-To char- 
acterize further the repAB promoter, in vitro transcription 
experiments were performed. Run-off transcripts from the 
repAB promoter were synthesized from different DNA tem- 
plates. When the 842-bp BanI-PstI fragment from pLS1 was 
used as a template (Fig. 2B), a transcript of about 430 nucle- 
otides was synthesized (Fig. 2A, lane 1). Judging from its size, 
the synthesized RNA should correspond to a run-off tran- 
script starting from the repAB promoter, in accordance to the 
above results of the nuclease Sl mapping. No other main 
bands were observed, which indicates that no significant 
initiation or termination of transcription occurred before the 
PstI site. Since this site is located 204 nucleotides within the 
repB gene, these results support the above conclusion that 
repA and repB are transcribed in the same mRNA. To confirm 
that the observed transcript started from the repA promoter 
and that no other promoter exists between the end of repA 
(coordinate 789) and the beginning of repB (coordinate 853), 
the 519-bp BglI-SspI fragment from pLS1 (coordinates 804- 
1323) was employed as a template (Fig. 2B). This fragment 
begins just at the end of repA and includes the first 471 
nucleotides of repB. No bands of the expected size were visible 
in this case (Fig. 24, lane 3), which is consistent with the 
previous result. However, since the putative promoter for the 
antisense RNA II is contained within the BanI-PstI fragment, 
it could be argued that the 430-nucleotide transcript was 
synthesized from this promoter. To discard this possibility, 
we used the 702-bp SspI-PvuII fragment from pCGA3 as a 
template because it lacks the putative RNA II promoter (Fig. 
2B). A band of about 480 nucleotides was observed (Fig. 2.4, 
lane 2), which should correspond to a run-off transcript start- 
ing from the repAB promoter. We may then conclude that 
repA and repB genes are co-transcribed in vitro (as well as in 
uiuo) from the repAB promoter. 

It has been shown that RepA acts in vivo by negative 
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FIG. 2. In vitro transcription from the repAB promoter. A, 
transcripts synthesized from the repAB promoter and, as an internal 
control, from the RNA II promoter (shown in lanes 16-28). The 
following fragments (schematized in B) were used: BanI-PstI from 
pLS1 (lanes 1 and 8-18); BglI-SspI from pLS1 (lane 3), and SspI- 
PuuII from pCGA3 (lanes 2 and 4-7). Reaction mixtures were incu- 
bated without RepA (lanes 1-4, 8, 12, and 16) or with RepA at the 
amounts (in nanograms) of: 30 (lanes 5 and 9), 120 (lanes 6 and 13), 
300 (lanes 7, 10, 14, and 17), and 600 (lanes 11, 15, and 18). Numbers 
on the left and on the right indicate the size of the reference markers. 
The band above the run-off transcript from the BanI-PstI fragment 
could be due to artifacts (Hillen et al., 1984). B, restriction map of 
the pLS1 (left) and pCGA3 (right) fragments used. Sequences from 
PC194 surrounding the cloned pLS1 fragment are indicated in the 
pCGA3 fragment. The relative position of the PAs and PII promoters 
within the fragments and the transcripts (wauy lines) are also de- 
picted. 
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regulation of the copy number of plasmid pLS1 (de1 Solar et 
al., 1989). RepA protein was recently purified as a dimer of 
identical subunits, the monomer having 45 amino acids. RepA 
protein has an a helix-turn-a helix motif and was shown to 
bind to a DNA region that includes the repAB promoter (de1 
Solar et al., 1989). To find out if RepA was able to inhibit in 
vitro transcription from the repAB promoter, various amounts 
of RepA protein were assayed and the 702-bp SspI-PvuII 
fragment from pCGA3 was used as a template. The results 
showed that transcription from the repAB promoter was 
inhibited by RepA, the extent of inhibition being dependent 
upon the concentration of RepA protein used (Fig. 2A, lanes 
4-7). The specificity of the RepA repression on the repAB 
promoter was tested by the use of the S42-bp fragment, since 
the putative promoter for the RNA II (contained within this 
fragment) served as an internal control. When transcription 
was assayed in the presence of RepA protein, repAB promoter 
was switched off (lanes B-11). The band above the run-off 
transcript from the BanI-PstI fragment could be due to arti- 
facts observed in fragments with protruding ends, in which 
the RNA polymerase does not “fall” off the fragment (Hillen 
et al., 1984). However, even with concentrations of RepA that 
blocked transcription from the repAB promoter, the synthesis 
of RNA II was unaffected (Fig. 2A, lanes 16-18). The above 
experiments were done by addition of RNA polymerase to 
previously formed RepA. DNA complexes. RepA-dependent 
inhibition was also observed when increasing amounts of 
RepA protein were added after the RNA polymerase had 
bound to the DNA (Fig. 2A, lanes 12-15). However, a residual 
transcription at the highest RepA concentrations was de- 
tected, as opposed to the above experiments (compare lanes 
10, I1 and 14, 15 in Fig. 2A). This suggests that, once bound, 
the RNA polymerase would not be displaced by RepA and 
could initiate one round of transcription. We may conclude 
that RepA protein specifically inhibits in vitro transcription 
from its own promoter and that this repression is independent 
of the foreign pC194-surrounding sequences (in pCGA3) that 
might alter the DNA structure at this region. 

RepA Represses Its Own Promoter in Vivo-To find out 
whether RepA represses its own synthesis in uivo, two plas- 
mids were constructed: pLSMlac5 and pLSMrepA (Fig. 3). 
Plasmid pLSMlac5 contains the 1274-bp HidI fragment from 
pLS5 (coordinates 3488-685 of pLS1) cloned into the single 
BamHI site of plasmid pNM482 (Minton, 1984). As a conse- 
quence, pLSMlac5 has a translational fusion in which the 
first 11 residues of RepA are fused to the lad gene product 
of pNM482, and the la& gene is placed under the control of 
the repAB promoter (Fig. 3). The second plasmid, pLSMrepA, 
was constructed in two steps. First, the 295-bp ApaLI-XmnI 
fragment of pLS5 (coordinates 607-902 of pLS1) was cloned 
into the SmaI of pUC19 to construct plasmid pUC-A (Fig. 3). 
This construction placed the promoterless repA gene under 
the control of the lacUV5 promoter. In addition, two stop 
codons are located between the promoter and the initiation 
codon of RepA, thus ensuring that initiation of translation 
starts only from the repA start codon. Afterward, the 620-bp 
PuuII fragment from pUC-A (carrying the lacUV5 promoter/ 
repA gene construction) was cloned into an EcoRI-HincII- 
cleaved plasmid pLG339 (Stoker et al., 1982). Plasmid 
pLG339 has 6-8 copies/genome equivalent and pLSMlac5 is 
a high copy number ColEl-based replicon. Both plasmids are 
compatible. They were transferred to E. coli XLl-Blue, a 
strain that contains a F’ which supplies the lacP gene product 
in trans. When the cultures were not induced with isopropyl- 
P-D-thiogalactopyranoside, although we expected no repres- 
sion, a 4-fold decrease in the levels of /?-galactosidase was 

FIG. 3. Strategy for the constructions of plasmids 
pLSMlac5 and pLSMrepA. The relative position of the repAB 
promoter (white arrowhead) to the lacZ gene (in pLSMlac5) and that 
of the lacUV5 promoter (black arrowhead) to the repA gene (in 
pLSMrepA) is indicated. Cloned DNA from pLS1 is shadowed. The 
restriction sites shown are: H, Hid; B, BanHI; A, ApaLI; X, XmnI; 
Sm, SmaI; S, SalI; Pv, PvuII; E, EcoRI; and Hn, HincII. The p- 
galactosidase specific activity (Miller units; Miller, 1972) determined 
from E. coli cell extracts harboring plasmids or not and the rate of 
repression by RepA are shown below. kb, kilobases. 

observed. This repression under uninduced conditions could 
be due to the combination of the high strength of the lac 
promoter responsible for RepA synthesis and the low gene 
dosage of lad. However, in the presence of isopropyl-@-D- 
thiogalactopyranoside, a 25-fold repression of the /3-galacto- 
sidase synthesis was observed (Fig. 3). The results demon- 
strate that in uiuo (as well as in uitro) repA gene product 
represses its own promoter. 

Location of the Target of RepA-DNase I footprinting on 
the noncoding strand of pLS1 DNA-RepA protein complexes 
allowed us to define four protected regions from coordinates 
581-628, a region that includes the repAB promoter (de1 Solar 
et al., 1989). The 179-bp Fnu4HI-HinfI pLS1 DNA fragment 
(containing the repAB promoter; coordinates 506-685) labeled 
at the 5’ or at the 3’ Fnu4HI-end, defined the coding and 
noncoding strands, respectively. When DNase I footprinting 
was performed on both strands, four (noncoding strand) and 
five (coding strand) protected regions were observed. Each 
footprint in the noncoding strand had a corresponding foot- 
print in the coding strand, displaced l-3 bp (Fig. 4A, lanes 5- 
6 and 11-12). However, the second 19-nucleotide footprint 
(from bottom to top in the gel) on the noncoding strand was 
divided into two protected regions on the coding strand. 
Refinement of the contacts between RepA and its target DNA 
was achieved by hydroxyl radical footprinting, because of the 
high resolution potential of this technique (Tullius and Dom- 
broski, 1986). All of the DNase I footprints were also detected 
by hydroxyl radical, although the second DNase I footprint 
on the noncoding strand was divided into two (Fig. 4A, lanes 
7-10). No further protected regions were observed, neither by 
running the gels for longer periods of time nor by the use of 
a different DNA fragment (not shown). It was apparent that 
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FIG. 4. A, DNase I and hydroxyl radical footprints of RepA on 
both strands of the 1$9-bp Frzu4HI-HinfI fragment carrying the 
repAH promoter. Sequencing reactions performed on the same DNA 
fragment labeled at the coding (lanes 13-16) and noncoding (lanes l- 
4 and 29-32) strands are shown. + and - indicate the presence or 
absence of RepA, respectively. Lanes 5, 6, 11, 12, 17, 18, 27, and 28, 
products of DNase I digestion of DNA complexed (or not) with 44 ng 
of RepA. Lanes 7-10 and 19-26, products of hydroxyl radical cutting 
of DNA complexed with RepA or not. The amounts of RepA used 
were: 11 ng (lanes 20 and 25), 22 ng (lanes 21 and 24), and 44 ng 
(Innes 8, 9, 22, and 23). Samples were run on a 8% polyacrylamide 
gel. R, schematic representation of the DNase I footprints on pLS1 
DNA relative to the position of the three plasmid iterons (II to 13), 
the repAH promoter, the start point of transcription and the trans- 
lation signals for RepA (SD, ribosome binding site). 

the hydroxyl radical cutting patterns were symmetric, since 
the footprints on each strand were separated lo-11 bp and a 
footprint displacement of 3-4 bp was observed between the 
coding and the noncoding strands. The first footprint (from 
bottom to top in the gel; lanes 7-10) was hardly detectable, 
even though this region is the closest to the labeled end. The 
fifth hydroxyl radical footprint (topmost in the gel; lanes 7- 
10) was also weak. The same results were obtained when the 
footprinting experiments were done with the same fragment 
but labeled at the Hinff ends, indicating that the “weakness” 
of the footprints was not due to their relative position to the 
label (not shown). This weak protection of the backbone 
cleavage at the outer footprints was not due to an insufficient 
amount of RepA protein being used either, because we ob- 
served the same cutting pattern when the amount of RepA 
was increased lo-fold (not shown). A backbone hyperexposed 
to radical hydroxyl cleavage was clearly observed in the non- 
coding strand. This cleavage was also detected in the presence 
of RepA, and corresponded to the adenine residue at position 
615 (Fig. 4A, lanes 7-8 and 23-26). Although we do not have 
an explanation for this finding, it could be that a local 
deformation of the DNA helix occurs at this precise position. 
To determine whether RepA exhibited a higher affinity for 
any of the protected regions, a hydroxyl radical protection 
experiment in which the amounts of RepA varied from 11 to 
44 ng was performed. The results showed that the extent of 
the cutting inhibition by RepA depended on the amount of 
protein added (Fig. 4A, lanes 19-26). The protection of the 
outer regions showed the same dependence on the RepA 
concentration as the internal ones, as calculated from densi- 
tometer scans of the gels, the intensity of the footprints being 
much weaker at the ends of the protected region than at its 

center (not shown). No DNA sequence homologies among the 
regions corresponding to the footprints were found. These 
observations indicate that the five footprints do not result 
from the independent binding of the repressor to five unre- 
lated targets. The weak outer footprints could be due to 
“shadowing” rather than to full contact with RepA, since a 
strong bend induced by this protein has been observed (Pkrez- 
Martin et al., 1989). Similar cutting patterns have also been 
reported for the X repressor-DNA complexes (Tullius and 
Dombroski, 1986) and for LexA-recA operator contacts (Hur- 
stel et al., 1988). Alternatively, the footprints generated by 
RepA could be due to the formation of a highly cooperative 
multiprotein complex. DNase I and hydroxyl radical foot- 
printings performed with DNA cut and labeled at the ApaLI 
site (included into the repAB promoter) showed a totally 
different cutting pattern: nonspecific contacts between RepA 
and DNA were evenly distributed over every helix turn (not 
shown). All of these contacts disappeared when competing 
DNA was added, which was not the case when specific binding 
was observed. A schematic representation of the pLS1 region 
from coordinates 530 to 665, showing the three iterons, the 
repAB promoter, the mRNA and RepA start points and their 
relative positions to the RepA-protected regions, as deter- 
mined by DNase I footprinting, is depicted in Fig. 4B. 

To get a better resolution of the central footprint, a 6% 
polyacrylamide gel was run (Fig. 5A). A clear picture of the 
2-fold symmetry of the contacts between RepA and DNA was 
observed. All the footprints on the coding strand had their 
corresponding reflection on the noncoding strand through a 
hypothetical axis of dyad symmetry (Fig. 5A, lanes 7-10). This 
axis would be centered on the third footprint because this is 
the central one. On this footprint, the first protected base of 
the coding strand is separated from the first protected base 
of the noncoding strand by 4 bp, indicating that RepA is 
bound to one face of the DNA helix across the minor groove. 
Since the outer footprints on the same strand are lo-11 bp 
apart from the central footprint, we conclude that the contacts 
between RepA and DNA are on the same face of the helix. 
An inspection of the DNA sequence around the central foot- 
print, showed the existence of a 13-bp sequence with a 2-fold 
rotational symmetry around the central G.C pair placed on 
the seventh position (Fig. 5B). Ten out of the twelve remain- 
ing bases exhibit this symmetry. In addition, a 4-bp internal 
palindrome (5’-TGCA-3’) is found at both ends of the sym- 
metric element, thus creating an additional internal symme- 
try. Within this 13-bp region, the first (5’ to 3’) 4-bp internal 
palindrome belongs to the -35 region of the repAB promoter, 
whereas the second one is included in the pLSl-ApaLI single 
site. No further symmetry was found outside this region. 

DISCUSSION 

We show here that the repA gene product of the promis- 
cuous plasmid pLS1 is a transcriptional repressor protein that 
binds to a region containing a 13-bp symmetric sequence. Part 
of the -35 box of the repAB promoter is included in this 
sequence and is contacted by RepA protein, which acts by 
repression of its own promoter. In the same transcriptional 
unit as repA, gene repB is included. Consequently, repB gene 
product (the Rep protein of plasmid pLS1) is also subjected 
to control by RepA. RepA has 45 amino acids, has only two 
predicted N helices, shows the LY helix-turn-a helix motif 
present in many DNA-binding proteins (Pabo and Sauer, 
1984) and shares homologies with a variety of repressors (de1 
Solar et al., 1989). To our knowledge, RepA is the first 
described plasmid-encoded repressor protein that contacts 
with a symmetric element. Judging from a search performed 
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FIG. 5. A, hydroxyl radical footprints of RepA bound to its target 
DNA. Sequencing reactions performed on DNA labeled on the coding 
(lanes 3-6) and noncoding (lanes 11-13) strands are indicated. + and 
- indicate the presence or absence of RepA, respectively. Lanes 1, 2, 
14, and 15, products of DNase I cutting of the 179-bp Fnu4HI-HinfI 
fragment complexed with 44 ng of RepA or not. Lanes 7-10, products 
of hydroxyl radical cutting of the same fragment complexed with 44 
ng of RepA or not. Samples were run on a 6% polyacrylamide gel. B, 
summary of chemical and enzymatic footprinting of RepA bound to 
its target. The 13-bp symmetric element is boxed with the pseudo- 
dyad axis of symmetry indicated by a dot. The symmetric bases are 
underlined. The -35 and -10 sequences of the repAL promoter are 
indicated in boldface. DNase I footprints on both strands are indicated 
by brackets. Bases whose deoxyriboses are protected by RepA from 
attack by hydroxyl radical are indicated by arrows. 

in the PIR data bank resource, RepA seems to be the smallest 
repressor protein so far described. The symmetry of the 
contacts between pLS1 DNA and RepA protein in conjunction 
with the predicted structure of RepA (de1 Solar et al., 1989) 
creates a picture that resembles the interactions between Cro 
proteins of bacteriophages h and 434 and their operators 
(Ptashne, 1986). Based on the structural (de1 Solar et al., 
1989) and functional (this work) similarities between RepA 
and Cro proteins, we suggest that the bihelical unit of RepA 
has the structure depicted in Fig. 6A. Interactions between 
Ala” and Met”’ should help to position the two helices as 
described for Cro repressors (Ptashne, 1986), since the side 
chain of Met (in RepA) is similar to that of Ile (in Cro). We 
may hypothesize that helix 2 of RepA would be equivalent to 
helix 3 of Cro proteins and would be the one that makes 
contacts with bases within the pLS1 operator. The distribu- 
tion of bases whose deoxyriboses are protected by bound RepA 
at the operator region is depicted in Fig. 6B. Considering a 
helical periodicity of 10.5 bp/turn (Rhodes and Klug, 1980), 
it is clear that RepA contacts with the DNA backbone on one 
face of the helix and these interactions extend beyond the 13- 

bp symmetric element. Sequence-directed curving at a region 
including the RepA target has been shown to exist in pLS1 
DNA (Perez-Martin et al., 1988). A strong RepA-induced 
bending centered in this region has also been observed (Perez- 
Martin et al., 1989). This induced bend could increase the 
length of the RepA-protected DNA and be responsible for the 
outer footprints, as proposed for X repressor-DNA complex 
(Tullius and Dombroski, 1986). Contacts between RepA and 
DNA span over a region of 44 bp (Fig. 6B), which seems to 
be long in comparison with the 22 bp covered by X repressor 
(Tullius and Dombroski, 1986). If the weak outer footprints 
result from shadowing by RepA on a bent region, the actual 
region covered by RepA would extend 24 bp or less. However, 
at present we cannot discriminate whether the outer foot- 
prints are due to shadowing or to additional binding of RepA 
starting from the initial complex in a highly cooperative form. 
Preliminary results with a plasmid mutant having an intact 
symmetry element and a small insertion downstream of it 
suggest that RepA is still able to specifically repress in uitro 
transcription.R In addition, RepA protein binds to a region 
that includes the symmetric element in plasmid DNAs in 
which the sequence downstream of it has been totally altered.4 
The above results, together with the central position of the 
13-bp symmetry element in the RepA-protected region 
prompt us to propose that this element could be the RepA 
operator. 

The biological role of RepA is not yet fully understood. The 
main regulatory element of pLS1 seems to be the antisense 
RNA II and repression by RepA could represent a secondary 
control mechanism. The repA gene is dispensable3 and, unlike 
RNA II, no incompatibility towards pLS1 was observed when 
repA gene was cloned with the target of its gene product in a 
compatible replicon (de1 Solar et al., 1989). How could we 
envisage a multicopy plasmid subjected to such a double 
repression? It may be critical for a naturally transmisible 
plasmid (as pLS1) to have an initially high rate of transcrip- 
tion from its rep promoter when colonizing a new host. In 
this sense, a repressor protein could play a key role by the 
inhibition of the rep promoter only when a certain plasmid 
copy number is reached. This has been suggested for the low 
copy number plasmid Rl (Nordstrom and Nordstrom, 1985) 
and could be the case of plasmid pLS1. However, whereas the 
CopB repressor of Rl inhibits transcription of the rep gene 
from the rep promoter and not from its own promoter (Riise 
and Molin, 1986), RepA repression is simultaneously exerted 
on repA and repB genes. This could reflect fundamental 
differences between the mechanisms of action of CopB and 
RepA. In viuo, RepA inhibits its own synthesis although a 
residual level could be observed, even in conditions of over- 
expression (Fig. 3). 

From the evolutionary point of view, the homologies be- 
tween RepA and the Gram-negative plasmid repressor pro- 
teins CopB and TrfB are striking (de1 Solar et al., 1989). If a 
common ancestor is to be assumed for these proteins, they 
could also be present in the phylogenetically closer Gram- 
positive replicons. A search for short open reading frames 
(ORF) just upstream of the Rep proteins in various Gram- 
positive plasmids proved that this could be the case. Among 
the plasmids analyzed, no such ORFs seemed to exist in 
pC221, pUB112, and pC194. ORFs of 46 residues (pT181 and 
pNS1) and 58 residues (pUB110) were found although no 
significant homologies with RepA existed. RepA-like proteins 
were found for the staphylococcal plasmid pE194 and the 
mycoplasma plasmid pADB201 (Fig. 6C). The a helix-turn-a 

’ G. H. de1 Solar and M. Espinosa, unpublished results. 
4 J. Perez-Martin and M. Espinosa, manuscript in preparation. 
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FIG. 6. A, schematic representation 
of the hihelical subunits of RepA, based 
on the proposed structure of Cro proteins 
(Ptashne, 1986). Residues at positions 
21 and 31 could interact to stabilize the 
two helices. The cop7 mutation resulting 
in a 5-fold increase in plasmid copy num- 
ber (Ala”’ to Glu) is indicated. B, sche- 
matic diagram of the contacts of RepA 
with its target on a representation of B- 
DNA (10.5 bases/helix turn). The 13-bp 
symmetric element is boxed with the 
center of symmetry indicated by a dot. 
With this representation, contacts of 
RepA with DNA (shadowed areas) are 
on one face of the helix. C, comparison 
of the amino acids sequences of RepA of 
pLS1 and the RepA-like putative pro- 
teins of plasmids pADB201 and pE194. 
Residues identities are boxed and func- 
tional substitutions are indicated in bold- 
face. In these comparisons no gaps were 
allowed. 

Helix 2 

B 

helix motif seems to exist in ORFB, the RepA-like protein of 
pADB201 (Bergemann et al., 1989), because: (i) it shows the 
highly conserved residues Ala”, Gly’“, and Se?‘, and (ii) the 
residues within this motif fulfil the proposed stereochemical 
requirements (Pabo and Sauer, 1984) except for residue Gin”. 
No such motif was apparent for the RepA-like protein of 
pE194, although homologies between this putative protein, 
ORFB and RepA were observed (Fig. 6C). This was not 
surprising since homologies between pLS1 and those plasmids 
have been reported at their Rep proteins (Bergemann et al., 
1989) and at their ori (de la Campa et al., 1990). It would 
thus seem that several Gram-positive replicons could encode 
small proteins that, as RepA is of pLS1, would be a key 
element of the plasmid control system that has been over- 
looked so far (Gruss and Ehrlich, 1989; Projan and Novick, 
1988). If, indeed, these plasmids synthesize repressor proteins 
and if they regulate their plasmid copy number, it would be 
most interesting to find out the evolutionary mechanisms of 
divergency from a common plasmid ancestor that could evolve 
from the simpler pLS1 to the sophisticated genetic organiza- 
tion of RK2 (Thomas, 1988). 
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