View metadata, citation and similar papers at core.ac.uk

Cell, Vol. 83, 227-235, October 20, 1995, Copyright © 1995 by Cell Press

brought to you by .{ CORE

provided by Elsevier - Publisher Connector

A Role for a Small Stable RNA in Modulating
the Activity of DNA-Binding Proteins

Diane M. Retallack and David I. Friedman
Department of Microbiology and Immunology
The University of Michigan Medical School
Ann Arbor, Michigan 48109-0620

Summary

The 10Sa RNA, encoded by the E. coli ssrA gene, ap-
pears to modulate action of some DNA-binding pro-
teins. When ssrA is inactivated, /acZ expression from
the fac operon, as well as gal/K from: a gal operon fused
to a phage i promoter, is reduced from that observed
in bacteria wild-type for ssrA. These differences are
not observed if the relevant repressor is inactive, sug-
gesting that in the absence of 10Sa RNA binding of
Lacl and i cl repressors is enhanced. Gel mobility
shifts show that 10Sa RNA binds these repressors and
that an excess of 10Sa RNA competes for binding of
A cl with a DNA fragment containing the Or2 repressor-
binding sequence. Similar observations were made in
studies of the E. coli LexA repressor and phage P22 C1
transcription activator proteins. These results suggest
that direct interaction with 10Sa RNA may explain this
modulation of protein-DNA interactions.

Introduction

Classically, RNA molecules have been identified as ribo-
somal, transfer, and messenger RNAs according to their
roles in the translation process. However, it is now recog-
nized that RNA also functions in a variety of other roles,
including, but not limited to, those of catalysis, regulation
of gene expression, and secretion (for examples see
Wightman et al., 1993; Darr et al., 1992; Aliman et al.,
1993; Takayamaand Inouye, 1990; Brockdorffetal., 1992;
Brunkow and Tilghman, 1991; Inouye and Delihas, 1988;
Jensenetal., 1994). In Escherichia coli, small stable RNAs
have been identified that are not recognizable as one of
the three classical types of RNAs (reviewed by Inouye and
Delihas, 1988). Although the functions of some of these
RNAs have been identified, the functions of others remain
a mystery.

We focus on one such RNA, the E. coli 10Sa RNA. En-
coded by the ssrA gene, which lacks significant open read-
ing frames, the 362 nt 10Sa RNA is derived from a 457
nt precursor that is processed at its 5’ and 3’ ends by
RNases P and lll, respectively (Subbarao and Apirion,
1989; Chauhan and Apirion, 1989; Komine et al., 1994).
Homologs of this relatively abundant RNA, which is found
at ~1000 copies per haploid genome in E. coli (Subbarao

and Apirion, 1989), have been identified in such diverse ’

bacteria as Mycobacterium tuberculosis (Tyagi and Kinger,
1992), Alcaligenes eutrophus (Brown et al., 1990), Vibrio
cholerae (C. Huang, V. DiRita, and D. I. F., unpublished
data), Bacillus subtilis, and Mycoplasma capricolum

(Ushida et al., 1994), leading us to suspect that homologs
may be present in most, if not all, bacteria.

Although E. coli ssrA mutants are viable, indicating that
10Sa RNA is not essential, subtle differences in the growth
rate and physiological response of these mutants have
been observed. E. coli with point, deletion, or insertion
mutations in ssrA exhibit slow growth, delayed recovery
from carbon starvation, and decreased motility in soft agar
(Oh and Apirion, 1991; Komine et al., 1994). Although
10Sa RNA is not essential, the conservation of ssrA in a
wide range of bacterial genera and the abundance of 10Sa
RNA in E. coli suggest a physiologically important role
for this RNA. This is not without precedent, since other
functions with important physiological roles first identified
in E. coli and tater identified in other bacteria, such as
integration host factor, HU, H-NS, (Drlica and Rouviere-
Yaniv, 1987), RNase Ill (Court, 1993), and cyclic AMP-
cyclic AMP receptor protein (Adhya and Garges, 1990),
are not essential for viability.

Studies from both this laboratory and that of S. Gottes-
man have exploited an unusual ssrA mutation, sipB3971
(also known as A(CP4-57)), to identify additional pheno-
types resulting from alterations in 10Sa RNA (Kirby et al.,
1994; Retallack et al., 1994). First identified because of
its effect on the growth of certain phages (Strauch et al.,
1986), the sipB397 mutation is an ~ 3-4 kb deletion cre-
ated by the excision of a cryptic prophage adjacent to the
sequences encoding the 3’ terminus of mature 10Sa RNA
(Kirby et al., 1994). The deletion leaves the sequence en-
coding the mature form of 10Sa RNA essentially unaf-
fected, but deletes the sequence encoding the 3’ pro-
cessed portion of precursor 10Sa RNA. Kirby et al. (1994)
observedthatthese mutants express a new protease activ-
ity that is also observed in E. coli carrying an insertionally
inactivated ssrA gene, ssrA::cat. Using Northern blot anal-
ysis, we identified an RNA corresponding to 10Sa RNA
in the sipB397 mutant (Retallack et al., 1994), but failed
to detect 10Sa RNA in the ssrA::cat mutant (D. M. R. and
D. I. F., unpublished data).

We found that our original sipB397 mutant, as well asthe
ssrA::cat mutant, failed to support growth of some hybrid
phages formed from E. coli phage A and the related Salmo-
nella typhimurium phage P22 (Strauch et al., 1986; Retal-
lack et al., 1994). Based upon genetic and physiological
studies, we proposed that 10Sa RNA modulates the bind-
ing of the P22 C1 protein to its specific DNA-binding site,
Pre (Retallack et al., 1993, 1994). The inhibition of P22
growth in the absence of functional 10Sa RNA was postu-
lated to result from unusually avid binding of C1 to Pgg,
which could block expression of genes encoding functions
essential for iytic growth (Retallack et al., 1993, 1994). To
explore further the interaction between 10Sa RNA and
DNA-binding proteins, we have examined the effect of
10Sa RNA in vivo on the activities of three well-defined
repressor proteins, A cl as well as E. coli Lacl and LexA,
to their cognate operators and assessed binding of these
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Figure 1. Effect of ssrA::cat and sipB397 Mu-
tations on Lac! Activity as Measured by lacZ
Expression

The relevant genotypes of the bacteria tested
are shown on the Y axis, and JacZ expression
is shown on the X axis. B-Galactosidase units
are defined as Miller units divided by 1000. The
inset graph is an enlargement of the portion of
the graph describing the basal levels of expres-
sion (without IPTG induction). Each value rep-
resents the average of three experiments, and
the error bars represent standard deviations.

proteins, along with the P22 C1 protein, to 10Sa RNA syn-
thesized in vitro.

Results

Effect of ssrA Mutations on Lacl Activity In Vivo

The E. coli /ac operon, repressed by /ac/ gene product,
is derepressed in the presence of compounds, such as the
gratuitous inducer isopropyl-p-D-thiogalactopyranosidase
(IPTG), that bind and inactivate Lacl (Beckwith, 1987). To
assess the role of 10Sa RNA in Lacl binding to its operator
DNA, we determined levels of the /JacZ gene product,
B-galactosidase, as a measure of /ac operon expression.
Enzyme levels were determined following induction with
varying amounts of IPTG in congenic ssrA* and ssrA:;
cat strains. The level of lacZ expression was consistently
10-fold lower in the ssrA::cat strain at concentrations of
IPTG ranging from 0 to 4 mM. Figure 1 shows the effect
of 10Sa RNA on the expression of the /ac operon as mea-
sured by B-galactosidase synthesis. We emphasize the
following observations about the ssrA::cat strain. There
is a consistent 10-fold lower basal, as well as induced
(in the presence of 0.01 mM IPTG), level of /ac operon
expression in the ssrA::cat strain. The effect of the ssrA::
cat mutation appears to be due to an interaction between
Lacl and 10Sa RNA, since wild-type levels of p-galac-
tosidase were expressed in the ssrA::caf strain under two
conditions: if the bacterium carried a plasmid, pSP100
(Retallack et al., 1994), expressing a wild-type ssrA gene
or if the bacterium was also /lac/~ and thus did not express
active Lacl. The expression of lacZ in the sipB397 mutant,
which produces 10Sa RNA with an altered 3’ terminus at
approximately wild-type levels (Retallack et al., 1994), is
reduced only about 4-fold (Figure 1).

Effect of 10Sa RNA on L ¢l Activity In Vivo

The activity of A ¢l in vivo was assessed using a chromo-
somally located fusion of a defective A prophage to the
E. coligaloperon, rendering gal operon expression depen-
dent on franscription from the A P promoter (Reyes et
al., 1979; Dambly-Chaudiere et al., 1983). The essential
components of this fusion are shown in Figure 2A. Ele-
ments from phage X include the N gene, the operator—
c/-promoter region, the tR1-Rho-dependent transcription

terminator, and the nutR antitermination signal. Other ele-
ments include an 1S2, with its strong Rho-dependent termi-
nator (De Crombrugghe et al., 1973), followed by the fused
gal operon. Because the 1S2 blocks transcription from the
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Figure 2. Effect of ssrA::cat on A cl Action Measured with a A~ga/
Fusion

(A) Shown at the top is a diagram of the A—gal chromosomal fusion
(not drawn to scale). Expression of the ga/ operon is driven from the
A Pr promoter. The gal promoter is rendered inactive by the gal3 152
insertion (Reyes et al., 1979). The nutR signal in this fusion carries the
boxAcon mutation (Friedman et al., 1990). The lines with arrowheads
below the genetic map show the transcription from P_ and Pr, and the
thickness of the lines indicates the differences in levels of expression
from the phage promoters at high and low temperatures. Atlow temper-
ature (32°C), the c!8571s repressor is active and binds to the operator
sites, repressing transcription from the Pr and P. promoters. At high
temperature (42°C), the cI857ts repressor is inactive, allowing a higher
level of iranscription from P and P.. See text for more details on the
fusion.

(B) The graph illustrates the effect of ssrA::cat on galK expression
from the A Pr promoter at temperatures at which the cl857 repressor
is active (32°C) or inactive (42°C). For purposes of comparison, the
levels of galactokinase measured in the fusion strain carrying ssrA*
(stippled bars) are set at 100%, with the levels in the congenic strain
carrying the ssrA::cat allele (hatched bars) indicated as percentages
of those levels. Each bar represents the average of at least five experi-
ments, and error lines indicate standard deviations.
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P-gal promoter (Adhya et al., 1974), expression of the ga/
operon depends on transcription from the A Pg promoter.
Additionally, the A N antitermination protein, which modi-
fies RNA polymerase at the nut sites, allows transcription
to proceed through the IS2 and tR1 terminators into the
gal operon. Therefore, the level of galactokinase, encoded
by the galK gene, provides a measure of expression from
the A promoters. Since expression from Pg and Py is re-
pressed by cl, galK expression from the fusion is inversely
related to A cl activity; i.e., when A ¢l is bound to one
of its DNA targets, Og, expression from Px is repressed,
resuiting in low galK expression. Conversely, when A cl
is not bound to operators, there should be high levels of
galK expression. The fusion carries the ¢/857 mutation and
thus expresses a temperature-sensitive ¢/ gene product
(Sussman and Jacob, 1962). Therefore, in this bacterium
Pr and P, are repressed at low (32°C) but not high (42°C)
temperature.

We have previously observed that when the fusion has
the boxAcon mutation in the boxA component of the A nut
region, N action is enhanced (Friedman et al., 1990); there
is a low level of gal expression in the presence of cl, a
level of expression not observed with the fusion carrying
a wild-type nut region (D. M. R. and D. I. F., unpublished
data). This indicated that repression was incomplete and
suggested that the fusion with the boxAcon mutation could
provide a sensitive means to assess the biological role of
10Sa RNA in A ¢l action. We reasoned that in the absence
of 10Sa RNA, increased activity of A ¢l would reduce this
low level of gal expression. The leve!l of expression from
the fused gal operon could be quantified by measuring
levels of galactokinase. Moreover, because of the ¢/857ts
mutation, by choosing appropriate temperatures for the
assay, we could assess expression of ga/K from the fusion
in both the presence and absence of active repressor.

The results of two experiments, shown in Figure 2B,
suggest that the presence of 10Sa RNA influences the
activity of A cl protein in vivo. First, we find that at 32°C,
a temperature at which the cl857 repressor is active, ga/K
expression in the ssrA* strain (K5316) is 10-fold higher
than in the congenic ssrA::cat strain (K7823). Second, at
42°C, a temperature at which the cI857 repressor is inac-
tive, expression from both the ssrA* and ssrA::cat deriva-
tives are essentially the same. Thus, the effect of 10Sa
RNA on expression of galK is observed in the presence,
but notin the absence, of repressor. Provided that temper-
ature does not influence the action of 10Sa RNA (and
we have no evidence suggesting that temperature has an
effect on 10Sa RNA action), these experiments indicate
that A cl action is more effective in the absence of 10Sa
RNA.

Interactions between 10Sa RNA and the 2 cl and
Lacl Repressors In Vitro

One possible explanation for these in vivo observations
is that a physical interaction with 10Sa RNA reduces the
effective binding of some proteins to their specific DNA
targets. To assess the possibility of a direct interaction,
we tested the binding of purified A repressor, A cl, and
lactose repressor, Lacl, proteins to 10Sa RNAs synthe-

5'108a
ATTCTGGA TTCGACGGGA TTTGCGAAAC CCAAGGTGCA
TGTAACCCCG ACTAAGACCT AAGGTGCCCT AAACGCTTTG GGTTCCACGT

TGCCGAGGGG CGGTTGGCCT CGTAAAAAGC CGCAAAAAAT AGTCGCAAAC
ACGGGTCCCC GCCAACCGGA GCATTTTTCG GCGTTTTTTA TCAGCGTTTG

GACGAAAACT ACGCTTTAGC AGCTTAATAA CCTGCTTAGA GCCCTCTCTC
CTGCTTTTGA TGCGAAATCG TCGAATTATT GGACGAATCT CGGGAGAGAG

ccTaGCCTAC _GCTCTTAGGA CGGGGATCAA GAGAGGTCAA ACCCAAAAGA
GGATCGGAGG CGAGAATCCT GCCCCTAGTT CTCTCCAGTT TGGGTTTTCT

GATCGCGTGG AAGCCCTGCC TGGGGTTGAA GCGTTAAAAC TTAATCAGGC
CTAGCGCACC TTCGGGACGG ACCCCAACTT CGCAATTTTG AATTAGTICCG

TAGTTTGTTA GTGGCGTGTC CGTCCGCAGC TGGCAAGCGA ATGTAAAGAC
ATCAAACAAT CACCGCACAG GCAGGCGTCG ACCGTTCGCT TACATTTCTG

TGACTAAGCA TGTAGTACCG AGGATGTAGG AATTTCGGGA CGCGGTTCAA
ACTGATTCGT ACATCATGGC TCCTACATCC TTAAAGCCCT GCGCCAAGTT

CTCCCGCCAG CTCCACCAAA ATTCTCCATC GGTGATTACC AGAGTCATCC

GAGGGCGATC GAGGTGGTTT TAAGAGGTAG CCACTAATGG TCTCAGTAGG
3' 10Sam

GATGAAGTCC TAAGACCCGC ACGGCGCACC AGTGCGGGCT TTTTTGTGCC

CTACTTCAGG ATTCTGGGCG TGCCGCGTGG TCACGCCCGA AAAAACACGG

CTCAATTT
3' pllSsa

Figure 3. Sequence of the ssrA Gene Indicating the 5" and 3’ Ends
of the Mature and Preprocessed RNAs Used in the Gel Retardation
Studies

Data published by the Apirion laboratory provided this sequence infor-
mation (Chauhan and Apirion, 1989). Underlining indicates sequences
of oligonucleotides used as polymerase chain reaction primers. A
Hindlll restriction site was engineered onto the 5 end of the 5’ 10Sa
primer, and a BamHl| restriction site was engineered onto the 5' end
of the 3’ mature 10Sa (10Sam) and 3’ preprocessed 10Sa (p10Sa)
primers to facilitate cloning into pGEM-3Z. The boxed area outlines
a sequence identical to the phage . boxA sequence. The significance
of this boxA sequence for 108a RNA function, if any, is unknown.

sized in vitro using gel mobility shifts. The sequences of
preprocessed and mature forms of 10Sa RNA prepared
in vitro were based on the work of Chauhan and Apirion
(1989) (Figure 3). Computer analysis revealed no similarity
between 10Sa RNA sequence and that of the Lacl- or A
cl-binding sites (data not shown). Therefore, any RNA-
protein interactions detected would be with sequences
other than those resembling the natural binding sites of
the repressors.

The gel mobility studies indicate that A cl binds to both
mature and preprocessed 10Sa RNAs. As shown in Fig-
ures 4A and 4B, radioactively labeled 10Sa RNAs are
shifted in the presence of A cl. Western blot analysis con-
firmed that the protein associated with the shifted bands
was A cl (data not shown). Although a 200-fold molar ex-
cess of transfer RNA (tRNA) does not compete with 10Sa
RNA for A ¢l binding, a 10-fold excess of unlabeled 10Sa
RNAs competes with labeled 10Sa RNA.

Lacl, like A cl, binds to both forms of 10Sa RNA, as
shown by the shifted bands in Figures 4C and 4D. A 200-
fold molar excess of tRNA does not compete with 10Sa
RNA for Lacl binding, while a 10-fold excess of unlabeled
10Sa RNA does compete. The nature of Lacl binding to
10Sa RNA must differ from that to /ac operator DNA, since
binding to the preprocessed form of 10Sa RNA is not af-
fected by the addition of millimolar amounts of IPTG to the
shift reaction mixture, concentrations significantly higher
than those necessary to derepress the /ac operon (data
not shown).
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Figure 4. Mobility Shift Analysis of the Association of A cl and Laci
Repressors with 10Sa RNA

The amounts of protein and RNA added are listed above each lane.
Nonspecific tRNA competitor (400 pmol) was added to each reaction.
Arrows indicate positions of the free probe and the shifted protein—
RNA complex. Shown are binding of & cl fo mature 10Sa RNA (A},
bindingof & clto preprocessed 10Sa RNA (B), binding of Lacl to mature
108a BNA (C). and binding of Lacl to preprocessed 10Sa RNA (D).

Specificity for 105a RNA

The observation that a 200-fold molar excess of tRNA
failed to compete with 10Sa RNA for binding of either 2
cl or Lacl suggested that binding of the proteins could be
an unusual property of 10Sa RNA. We assessed the ability
of ancther RNA to bind these two proteins. An ~360 nt
RNA synthesized using a portion of the tetR gene of
pBR322 as the template was tested in the gel mobility shift
assay. Unlike 10Sa RNA, the tetR RNA failed to show a
shift in mobility following incubation with either A ¢! or Lacl
(data not shown).

Competition between 10Sa RNA

and a i cl-Binding Site

We nextdetermined whether 10Sa RNA is able to compete
with a site on DNA known to bind a specific protein. Using
gel mability shift analysis, we determined the effect of a
4-fold molar excess of preprocessed 10Sa RNA on & cl
binding to a 25 bp DNA fragment containing the A operator
site, Oa2. The amount of A cl bound to Oa2 is reduced
~3-fold in the presence of preprocessed 10Sa RNA, as
shown by the decrease in the intensity of the shifted band
(Figure 5A). The addition of an ~ 25-fold molar excess of
E. coli tRNA did not reduce & cl binding to Os2. Aithough
two sets of bands can be seen on the gel, only the set
at the higher position in the gel represents the specific
interaction between X ¢l and the Og2 site. This interaction
is specific, since a similar band was not observed when
A clwas mixed with a variant of the 25 bp operator fragment
having four base pair changes known to eliminate A cl
binding (Harrison, 1992), Os2M, while the lower band was
still detected (Figure 5B). The observation that the higher
band was supershifted in the presence of an antiserum
raised against A ¢l (Figure 5B) confirms that A cl was com-
plexed with the DNA in the higher shifted band.

Effect of 10Sa RNA on LexA Repressor Activity

To assess the range of 10Sa RNA action, we examined
its effect on the activity of a third repressor, the E. coli
LexA protein. The LexA repressor controls the expression
of a regulon whose gene products are involved in pro-
tecting the cell from DNA damage (Little and Mount, 1982).
Cleavage of LexA leads to the expression of these prod-
ucts, an event called the SOS response. The sulA gene,
whose product interferes with cell division, is a member
of this regulon (Huisman and D'Ari, 1981). Because ex-
pression of sulA is repressed by LexA, a sulA-jacZ fusion
in a bacterium deleted for the chromosomal lacZ gene
could be used to measure LexA activity. The level of
B-galactosidase expressed is inversely related to the activ-
ity of LexA.

Mitomycin C was used to create DNA damage neces-
sary to induce an SOS response. A consistently lower level
of p-galactosidase expression from the sulA-lacZ fusion
was observed inthe ssrA::cat bacterium over time, as com-
pared with the ssrA wild-type control. An ~ 4-fold differ-
ence was observed following a 60 min induction with mito-
mycin C (Figure 6).

Gel mobility shift analyses, like those performed with
cland E. coliLacl proteins, showed that LexA protein could
bind to both mature and preprocessed 10Sa RNAs. Figure
7 shows binding of LexA to preprocessed 10Sa RNA. LexA
binding to 10Sa RNA was found to be specific, since a
200-fold excess of tRNA did not compete for binding of
LexA, while a 10-fold excess of unlabeled 10Sa RNA did
compete.

Interactions between 10Sa RNA and the P22 C1
Protein In Vitro

As discussed above, our previous studies suggesting that
P22 C1 protein binds more avidly to its DNA-binding site,
Pge, in E. coli derivatives with ssrA mutations (Retallack
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Figure 5. Competition of Preprocessed 10Sa RNA with & Os2 DNA
for A cl Binding

The amounts of protein, labeled DNA, and unlabeled RNA used in each
reaction are listed above the figure. Addition of anti-A ¢l antiserum is
indicated by a plus. Arrows indicate positions of the free probe, the
shifted protein-DNA complex, and the supershifted protein—-DNA anti-
body complex.

(&) Comparison of the competition of preprocessed 10Sa (p10Sa) RNA
or control tRNA with Or2 DNA.

(B) Sequence specificity of &, cl—-& Og2 interaction. The left three lanes
show supershift with antiserum raised against % cl. The right three
lanes show the lack of a shift when the DNA fragment carries a mutant
0On2, Or2M, which contains four base pair mutations that are known to
decrease binding to A ¢l (Harrison, 1992). The wild-type Os2 sequence,
5-TATCTAACACCGTGCGTGTTGACTA, is changed to the mutant
0:2M sequence, 5-TATCTTACATCGTGCATGTAGACTA (altered
bases shown in bold).

etal., 1993; 1994) led to the studies reported in this paper.
We therefore used the gel mobility assay to determine
whether P22 C1 protein bindsto 10Sa RNA. Asin the case
of the repressor proteins, P22 C1 was able to bind both

W ssrA (WT)
[ ssrAscat

Beta-galactosidase Units

0 30 45 60
Miutes Induced With 5 ug/ml Mitormycin C

Figure 6. Effect of ssrA::.cat on LexA Activity

Shown is the level of B-galactosidase expressed from a sulA:lacZ
fusion in bacteria carrying AlacZ and either ssrA" or ssrA:.cat. Because
LexA represses sulA expression, its activity is inversely related to the
level of f-galactosidase expressed. Time of treatment with mitomycin
C (5 pg/mi) is shown on the X axis. p-Galactosidase activity is shown
onthe Y axis. f-Galactosidase units are defined as Miller units divided
by 1000. The closed bars represent activity in an ssrA* bacterlum, and
the hatched bars represent activity in an ssrA::cat bacterium. Each
value represents the average of three experiments. The standard devi-
ations are indicated by the error bars.

RNA (pmol) 2 2 2
LexA (pmol) 0 25 25
cold competitor (pmol) 0 0 20

shifted complex

i '
free probe - . .
Figure 7. Mobility Shift Analysis of LexA Binding to Preprocessed
105a RNA

The amounts of protein and RNA used are indicated above each lane.
Arrows point to the positions of free probe and the shifted protein-
RNA complex.

forms of 10Sa RNA, even in the presence of a 200-fold
molar excess of tRNA (data not shown).

Using gel mobility shift analysis, we determined whether
the binding of P22 C1 to its Pre DNA-binding site is affected
by a 20-fold molar excess of preprocessed 10Sa RNA.
The amount of P22 C1 bound to the labeled DNA fragment
containing Pre is reduced ~ 3-fold in the presence of pre-
processed 10Sa RNA, as shown by the decrease in the
intensity of the shifted band (Figure 8). However, the addi-
tion of a 20-fold molar excess of tRNA did not reduce the
binding of P22 C1 to the DNA fragment containing Phre.

Specificity of 105a RNA for DNA-Binding Proteins

The fact that bovine serum albumin (BSA) (up to 1 ug) did
not bind to 10Sa RNA (data not shown) suggests that 10Sa
RNA may have some preference for DNA-binding proteins.
To examine this question further, we tested whether an-
other protein that does not bind to DNA, the E. coli Pl
protein, which is involved in nitrogen assimilation (Kamb-
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Figure 8. Campetition of Preprocessed 10Sa RNA with P22 Pr: DNA
for P22 C1 Binding

The amounts of protein, labeled DNA, and unlabeled RNA used in
each reaction are listed above the figure, Arrows point to positions of
the free probe and the shifted protein-DNA complex.

free probe

erov et al., 1994), binds to 10Sa RNA. We found that even
3 ug of Pl fails to bind 10Sa RNA, as measured by a
mobility shift assay (data not shown). Since to date we
have examined only a small number of proteins, we can
only speculate as to the nature of proteins that are capable
of binding to 10Sa RNA.

Discussion

Both the in vivo physiological studies and the in vitro RNA-
binding studies reported here are consistent with a model
in which the association of some DNA-binding proteins
with 10Sa RNA changes the nature of the interaction of
the proteins with their DNA targets. First, in vivo studies
of at least four proteins, A cl, Lacl, and LexA reported
in this communication and P22 C1 reported in previous
communications (Strauch et al., 1986; Retallack et al.,
1993, 1994), suggest that binding of each of these proteins
to its cognate target is enhanced in the absence of 10Sa
RNA. Second, the DNA-binding proteins E. coli Lacl, LexA,
A cl, and P22 C1 bind to 108a RNA in vitro, while Pll and
BSA, which are not DNA-binding proteins, do not bind to
10Sa RNA. Third, gel mobility shift experiments suggest
that 10Sa RNA can compete successfully with & cl protein
for binding to the Oa2 operator DNA site and with P22 C1
protein for binding to its Pre DNA site.

QOur gel mobility shift experiments indicate that the P22
Pre site has ~ 30-fold higher affinity for the P22 C1 protein
than the & Or2 site has for . cl protein. This is consistent
with our observation that it takes substantially more pre-
processed 10Sa RNA to compete successfully with the
binding of P22 C1 to its DNA site than it takes to compete
with binding of X cl to bind to its DNA site.

We have initiated studies on the interactions of 10Sa
RNA with other DNA-binding proteins. Preliminary results
show that two well-characterized DNA-binding proteins
are unable to bind specifically to 10Sa RNA in vitro. E. coli
integration host factor, which binds to the minor groove
of DNA primarily via two pairs of B-sheet arms (Yang and
Nash, 1989) and TFIllA, a Xenopus laevis zinc finger pro-
tein that binds specifically to both DNA and RNA (Pieler
and Theunissen, 1993}, are both unable to bind 10Sa RNA

in the presence of nonspecific tRNA competitor (D. M. R.,
J. Withey, and D. I. F., unpublished data).

There are examples of molecules that share some of
the attributes we have outlined for 10Sa RNA. First, the
P22 Ant protein removes repressors from their operators
(Susskind and Botstein, 1975), Second, the eukaryotic
Mot1 protein (also known as ADI) removes TATA-binding
protein from its binding site in an ATP-dependent reaction
(Auble et al., 1994). Third, the X. laevis transcription factor
TFIIA, aspecific DNA-binding protein, activates transcrip-
tion of the 55 RNA gene and also binds to the 58 RNA
product of that gene. TFIIIA binds to both DNA and RNA
through zinc fingers, although the nature of the binding
to the two molecules is different. It has been suggested
that the partitioning of TFIIIA between its DNA target and
55 RNA might be a means of feedback regulation (re-
viewed by Pieler and Theunissen, 1993). Fourth, the agr
regulatory locus of Staphylococcus aureus, which regu-
lates expression of toxins, is thought to operate through
a multifunctional RNA that has been postulated to interact
with regulatory proteins (Novick et al., 1993). Fifth, RNAs
can be engineered to bind a wide array of proteins, pro-
vided there is a powerful selection mechanism (Tuerk and
Gold, 1990). Sixth, chaperones, proteins that interact with
a wide variety of polypeptides without any apparent se-
quence specificity to facilitate proper folding (Zeilstra-
Ryalls et al., 1991), provide a useful precedent for ration-
alizing our observations that a single RNA molecule inter-
acts with at least four different proteins.

Our studies to date have not provided evidence of a
functional role for 10Sa RNA. The observations indicating
that activities of all the DNA-binding proteins we tested,
though small in number, are modulated by 10Sa RNA sug-
gests that 10Sa RNA may serve as a global regulator.
Variations in the levels of 10Sa RNA could regulate expres-
sion of genes either by altering the effective levels of a
number of requlator proteins or by controlling action of a
single protein that, in turn, regulates expression of a num-
ber of genes. Levels of 10Sa RNA could be changed by
regulating ssrA transcription, altering the RNA structure,
or degrading the RNA.

Although results from our studies do not lead to a defini-
tive model of 10Sa RNA action, the following is one of the
more attractive models we have entertained. According
to this model, 10Sa RNA acts competitively to sequester
proteins from specific binding sites. The need to consider
nonspecific binding in formulating a quantitative descrip-
tion of repressor binding was recognized by Kao-Huang et
al. (1977). The fact that 10Sa RNA outcompetes a 10-fold
excess of E. coli DNA for A cl (data not shown) is consistent
with a model in which 10Sa RNA serves as a source of
nonoperator binding sites. Two observations argue against
this idea. First, the amount of 10Sa RNA in the bacterium,
~1000 copies of a 362 nt RNA per haploid genome, is
obviously significantly less than that of total cellular DNA.
Second, von Hippel et al. (1974) determined that 7% or
less of Lacl in the cell is not associated with the nucleoid,
suggesting that those repressor tetramers not bound spe-
cifically are bound to nonoperator sites on the DNA. The
assay employed in the latter study, however, may not have
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scored Lacl bound to 10Sa RNA as nonnucleoid. If there
were a limited number of proteins affected by 10Sa RNA,
this model would be more attractive, since it is difficult to
see how 1000 RNA molecules could sequester a large
number of different DNA-binding proteins. At this time we
have noidea of the number of DNA-binding proteins whose
actions in vivo are influenced by 10Sa RNA. However,
studies to date limit the proteins able to bind to 10Sa RNA
to proteins with the helix-turn-helix motif (J. Withey and
D. I. F., unpublished data). We also do not know if or how
10Sa RNA levels may vary. It is possible that under some
yet to be determined conditions there are significantly
more (or less) than 1000 copies of 10Sa RNA per haploid
genome. Alternatively, 10Sa RNA might alter the binding
equilibrium by selectively facilitating release of proteins
bound to specific sites. If nonspecific DNA serves as a
sink for unbound repressor, the relative increase in binding
at the nonspecific sites would decrease the availability of
proteins for binding at specific sites.

Computer analysis indicates that 10Sa RNA has the po-
tential to form complex secondary structures (B. Shapiro,
personal communication). This secondary structure could
provide a double-stranded nucleic acid, with associated
loops, as a target for the DNA-binding proteins. Our stud-
ies suggest that both the preprocessed and mature forms
of 10Sa RNA may be functional. Komine et al. (1994) have
shown that the 5’ end of E. coli 10Sa RNA is processed
by RNase P and that the fully processed form can poten-
tialty form an acceptor stem resembling that of alanine
tRNA. Further, these workers showed that this RNA could
be charged in vitro with alanine. Examination of the se-
quence of the 10Sa RNA homologs identified in other spe-
cies show that those RNAs may also form similar tRNA-like
structures (Ushida et al., 1994). Whether 10Sa RNAs are
charged in vivo is unknown, but it is possible that either
the association of 10Sa RNA with the alanyl-tRNA synthe-
tase or the charging of 10Sa RNA could influence its struc-
ture and binding potential. In fact, a Neurospora mitochon-
drial tyrosyl-tRNA synthetase bound to group | introns
promotes splicing (Mohr et al., 1994; Guo and Lambowitz,
1992; Lambowitz and Perlman, 1990). An enhancement
of 10Sa RNA activity following association with alanyl-
tRNA synthetase, or charging with alanine, might explain
the apparently paradoxical findings with the sipB397 mu-
tant. This mutant, which exhibits a less stringent pheno-
type than the ssrA::cat mutant, expresses a 10Sa RNA
that is approximately the same size and is present in rela-
tively the same abundance as that found in the otherwise
isogenic bacterium wild-type at the ssrA locus (Retallack
et al.,, 1994). The sjpB397 10Sa RNA has a different 3’
end (Retallack et al., 1994) and may not be chargeable.
Thus, uncharged 10Sa RNA may be only partially active
in facilitating derepression. Alternatively, the difference in
the 3' end of the preprocessed form of the sipB397 10Sa
RNA might influence the ultimate folding of the processed
form, leading to a structural isomer with functional proper-
ties different from the wild-type processed form.

Regardiess of the molecular mechanism of 10Sa RNA
action, we suspect that further studies will identify other
DNA-binding proteins whose affinity for their target sites

are influenced by 10Sa RNA or other RNAs with similar
function. Indeed, recent studies from S. Gottesman’s labo-
ratory have identified another small RNA in E. coli that
appears to modulate silencing of the rcsA promoter by
the H-NS DNA-binding protein (Sledjeski and Gottesman,
1995).

Experimental Procedures

Bacteria, Plasmids, and Phage

Bacteria used in this study and their relevant genotypes are as follows:
K5316, containing a Ac/857-Pa—boxAcon-nutR—-gal fusion (derived
from OR1150; Reyes et al., 1979; Dambly-Chaudiere et al., 1983);
K7823, an ssrA::cat (Kirby et al., 1994) derivative of K5316; K37, ssrA*
(Friedman et al., 1973); K7649, sipB397 (derived from K37) (Retallack
et al., 1994); K6678, ssrA::cat (derived from K37) (Retallack et al.,
1994); JL2497, (N99) Alac FlacZ:: Tn9 (Lin and Little, 1988); K8216,
JL2497 cured of F’; KB220 (derived from K8216), ssrA* AsulA::lacZ;
K8221 (derived from K8220), ssrA::cat, AsulA:lacZ. The pSP100 plas-
mid is a derivative of pBR325 that contains the wild-type E. coli ssrA
gene (Retallack et al., 1994). The phage isulA::lacZ (Lin and Little,
1988) was used to construct K8220.

Media
TB and LB agars and broths were prepared as previously described
(Friedman et al., 1990).

Galactokinase Assay

Overnight cultures of each bacterial strain tested were grown in LB
broth, one each at 32°C and 42°C. These cuitures were diluted 40-fold
in LB broth and again grown at either 32°C or 42°C for 2.5 hr. A5 ml
aliquot from each culture was used to measure galactokinase levels
essentially as described by Adhya and Miller (1979). Results are pre-
sented as a percentage of the galactokinase level determined for the
congenic SsrA* strain.

p-Galactosidase Assay

Overnight cultures of bacterial strains grown in LB broth were diluted
30-fold and divided into aliquots. Aliquots were grown to log phase at
37°C in the presence or absence of IPTG as indicated, and B-galac-
tosidase activity was measured according to Miller (1992).

Mitomycin C Treatment

Overnight cultures of bacteria containing the AsulA::lacZ fusion were
diluted 30-fold, divided into four aliquots, and grown for a total of 2
hrat 37°C. Mitomycin C was added to aliquots, yielding a final concen-
tration of 5 pg/ml at the staggered times indicated in Figure 6.
B-Galactosidase activity was measured according to Miller (1992).

Construction of Vectors with the ssrA Gene

for In Vitro Transcription

Polymerase chain reaction (PCR) was used to generate double-
stranded DNA fragments containing the coding region for both the
mature 10Sa and precursor 10Sa forms of 10Sa RNA. The plasmid
pSP100, which contains the intact wild-type ssrA gene, was used as
template with the primers described in Figure 3. Primers were synthe-
sized by the University of Michigan Core Facilities. A reaction buffer
of 50 mM KCI, 10 mM Tris—HCI (pH 7), 2.5 mM MgCl,, 0.01% gelatin,
and 0.2 mM dNTPs was used for each PCR reaction, along with 50
pmol of each of the appropriate primers and 0.1 pug of template DNA.
PCR was performed in a COY thermocycler for 20 cycles of 94°C for
1 min, 50°C for 1 min, 72°C for 1 min. The products of these reactions
were gel purified, digested with Hindlll and BamHI, and ligated to
pGEM-3Z (Promega) linearized with Hindlil and BamHI. The resulting
clones contain mature 10Sa and preprocessed 10Sa under control of
the SP& promoter for in vitro transcription.

Cloning

Standard cloning procedures were employed as detailed in Sambrook
et al. (1989). Restriction enzymes and buffers were obtained from New
England Biolabs, Bethesda Research Laboratories, or Promega and
used according to the instructions of the manufacturers.
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DNA Sequencing

Mature and preprocessed 10Sa clones were sequenced to ensure that
no mutations were introduced by the PCR reactions. The same primers
used for the PCR reaction were used for sequencing using the fmo/
sequencing system (Promega). Primers were end labeled with
[y-*P]ATP (Amersham) using T4 polynucleotide kinase (New England
Biolabs). Dideoxy sequencing reactions were carried out according
to the instructions of the manufacturer and run on a 6% polyacrylamide
gel for varying lengths of time. Both strands of DNA were sequenced.

In Vitro Transcription

Derivatives of pGEM-3Z containing the coding sequences for mature
10Sa and preprocessed 10Sa, as well as a derivative with a Hindill-
BamH! fragment containing the 5 360 bp of the tetR gene from
pBR322, were linearized with Aval. Linearization resulted in the addi-
tion of six nucleotides, CCUAGG, to the 3 end of each RNA. The
linearized DNAs were gel purified and used as templates for in vitro
transcription. The Riboprobe in vitro transcription kit (Promega) em-
ployed in the transcription reactions was used with 8P6 polymerase
and [a-**P]CTP according to the instructions of the manufacturer. Unin-
corporated nucleotides were removed using a Sephadex-G50 Quick
Spin Column (Boehringer Mannheim Biochemicals).

RNA Mobility Shift Assays

Binding reactions contained 10 mM Tris base (pH 7), 50 mM KCI, 1
mM MgCl, 0.1 mM NaEDTA, 100 ug/ml BSA, and 400 pmol of E. coli
tRNA. The appropriate amounts of purified protein and 10Sa RNA
(labeled or unlabeled) were mixed and allowed to react for 15 min
at 4°C. Bound and unbound RNAs were separated on a 5% native
polyacrylamide gel. The gel was dried and exposed to film.

Competition for % cl Binding between Preprocessed 10Sa RNA
and the i, Og2 Site

Oligonucleotides corresponding to both strands of the wild-type or
mutant A Or2 sequence were purchased from the University of Michi-
gan Core Facilities and hybridized to produce 25 bp double-stranded
fragments containing the Os2 sites. Any single-stranded DNA present
after hybridization was removed by digesting with S1 nuclease (Boeh-
ringer Mannheim Biochemicals) for 45 min. The resultant double-
stranded DNA was phenol-extracted, ethanol-precipitated, and end
labeled using [y-**P]ATP (Amersham) and T4 kinase (New England
Biolabs). Preprocessed 10Sa RNA was produced in vitro essentially
as described above, but in the absence of [a-**P]JCTP. Binding reac-
tions were prepared essentially as described for RNA mobility shift
analysis, but tRNA was added to the reactions only when indicated
above the figure. DNA and RNA were added together in reaction mix-
tures containing both molecules. The amount of the fragment con-
taining Og2 bound to protein was determined from data obtained by
scanning the gel using the Ambis 4000 Radioanalytic Imaging System.

Competition for P22 C1 Binding between Preprocessed 10Sa
and P22 Pg:

A 400 bp EcoRV fragment containing the P22 Pge site isolated from
a pKO1 derivative with a cloned fragment containing the wild-type P22
P site (Retallack et al., 1993) was used as a probe. This fragment
was dephosphorylated using calf intestine alkaline phosphatase
(Boehringer Mannheim Biochemicals) and end labeled using [y-*°P]
ATP and T4 kinase (New England Biolabs). Unlabeled preprocessed
10Sa RNA was prepared and binding reactions were performed as
described in the previous section. The amount of the fragment con-
taining Pre bound to protein was determined from data obtained by
scanning the gel using the Ambis 4000 Radioanalytic Imaging System.

Acknowledgments

The authors thank Sankar Adhya for Lacl repressor, Alex Ninfa for
Pll protein, Ann Hochschild for A ¢l repressor, and John Little for LexA
repressor, AsufA::lacZ, and bacterial strains. These four, along with
Michael Chamberlin, Larry Gold, and Michael Savageau are thanked
for helpful discussion. Martin Rosenberg and Yen Sen Ho are thanked
for P22 C1 protein. Canhui Huang is thanked for help in preparing
additional A ¢! protein and the anti-\ cl antiserum. Jeff Withey is
thanked for allowing citation of his unpublished studies. ira Herskowitz,

Robert Fuller, Victor DiRita, Max Gottesman, Robert Weisberg, David
Engelke, John Little, Jeff Withey, and Susan Gottesman are thanked
for helpful suggestions in the writing of the manuscript. This work was
supported by National Institutes of Health (NIH) grants Al1459-10 to
D. I. F. and MO1-RR00042 to the University of Michigan. D. M. R.
acknowledges support from NIH training grant 5T32GM07544-14.

Received April 13, 1995; revised September 1, 1995.

References

Adhya, S., and Miller, W. (1979). Modulation of the two promoters of
the galactose operon of Escherichia coli. Nature 279, 492-494.

Adhya, S., and Garges, S. (1990). Positive control. J. Biol. Chem. 265,
10797-10800.

Adhya, S., Gottesman, M., and De Crombrugghe, B. (1974). Release
of polarity in Escherichia coli by gene N of phage A: termination and
antitermination of transcription. Proc. Natl. Acad. Sci. USA 77, 2534~
2538.

Altman, S., Kirsebom, L., and Talbot, S. (1993). Recent studies of
ribonuclease P. FASEB J. 7, 7-14.

Auble, D.T., Hansen, K.E., Mueller, C.G.F., Lane, W.S., Thorner, J.,
and Hahn, S. (1994). Mot1, a giobal repressor of RNA polymerase
Il transcription, inhibits TBP binding to DNA by an ATP-dependent
mechanism. Genes Dev. 8, 1920-1934.

Beckwith, J. (1987). The lactose operon. In Escherichia coli and Salmo-
nella typhimurium: Cellular and Molecular Biology, F.C. Neidhardt,
J.L. Ingraham, K.B. Low, B. Magasanick, M. Schaechter, and H.E.
Umbarger, eds. (Washington, D.C.: American Society for Microbiol-
ogy), pp. 1444-1452.

Brockdorff, N., Ashworth, A., Kay, G.F., McCabe, V.M., Norris, D.P.,
Cooper, P.J., Swift, S., and Rastan, S. (1992). The product of the
mouse Xist gene is a 15 kb inactive X-specific transcript containing
no conserved ORF and located in the nucleus. Cell 71, 515-526.
Brown, J.W., Hunt, D.A_, and Pace, N.R. (1990). Nucleotide sequence
of the 10Sa RNA gene of the B-purple eubacterium Alcaligenes eutro-
phus. Nucl. Acids Res. 718, 2820.

Brunkow, M.E., and Tilghman, S.M. (1991). Ectopic expression of the
H19 gene in mice causes prenatal lethality. Genes. Dev. 5, 1092-
1101.

Chauhan, A.K., and Apirion, D. (1989). The gene for a small stable
RNA (10Sa RNA) of Escherichia coli. Mol. Microbiol. 3, 1481-1485.
Court, D. (1993). RNA processing and degradation by RNase lii. In
Control of mRNA Stability, G. Brawerman and J. Belasco, eds. (New
York: Academic Press}), pp. 71-116.

Dambly-Chaudiere, C., Gottesman, M., Debouck, C., and Adhya, S.
(1983). Regulation of the pR operon of bacteriophage A. J. Mol. Appl.
Genet. 2, 45-56.

Darr, 8.C., Zito, K., Smith, D., and Pace, N.R. (1992). Contributions
of phylogenetically variable structural elements to the function of the
ribozyme ribonuclease P. Biochemistry 37, 328-333.

De Crombrugghe, B., Adhya, S., Gottesman, M., and Pastan, I. (1973).
Effect of Rho on transcription of bacterial operons. Nature New Biol.
241, 260-264.

Drlica, K., and Rouviere-Yaniv, J. (1987). Histone-like proteins of bac-
teria. Microbiol. Rev. 57, 301-319.

Friedman, D.I., Jolly, C.T., and Mural, R.J. (1973). Interference with
the expression of the N gene function of phage X in a mutant of Esche-
richia coli. Virology 51, 216-226.

Friedman, D.l., Olson, E.R., Johnson, L.L., Alessi, D., and Craven,
M.G. (1990). Transcription-dependent competition for a host factor:
the function and optimal sequence of the phage A boxA transcription
antitermination signal. Genes Dev. 4, 2210-2222,

Guo, Q., and Lambowitz, A.M. (1992). A tyrosyl-tRNA synthetase binds
specifically to the group | intron catalytic core. Genes Dev. 6, 1357~
1372.

Harrison, S.C. (1992). Molecular characteristics of the regulatory
switchin phages 434 and A. In Transcription Regulation, S.L. McKnight



Modulation of DNA-Binding Protein Activity by an RNA
235

and K.R. Yamamoto, eds. (Cold Spring Harbor, New York: Cold Spring
Harbor Laboratory Press), pp. 449-473.

Huisman, O., and D’Ari, R. (1981). An inducible DNA replication-cell
division coupling mechanism in £. coli. Nature 290, 797-799.
Inouye, M., and Delihas, N. (1988). Smail RNAs in the prokaryotes:
a growing list of diverse roles. Cell 63, 5-7.

Jensen, C.G., Brown, S., and Pedersen, S. (1994). Effect of 4.5S RNA
depletion on Escherichia coli protein synthesis and secretion. J. Bacte-
riol. 176, 2502-2506.

Kamberov, E.S., Atkinson, M.R., Ninfa, E.G., Feng, F., and Ninfa, A.J.
(1994). Regulation of bacterial nitrogen assimilation by the two-
component system NRI and NRIi (NtrC and NtrB). In Cellular and
Molecular Biology of Phosphate and Phosphorylated Compounds in
Microorganisms, A, Torriani-Gorini, E. Yagil, and S. Siiver, eds. (Wash-
ington, D.C.: American Society for Microbiology), pp. 302-308.

Kao-Huang, Y., Revzin, A., Butler, A.P., O’Conner, P., Noble, D.W.,
and von Hippel, P.H. {1977). Nonspecific DNA binding of genome-
regulating proteins as a biological control mechanism: measurement
of DNA-bound Escherichia coli lac repressor in vivo. Proc. Natl. Acad.
Sci. USA 74, 4228-4232.

Kirby, J.E., Trempy, J.E., and Gottesman, S. (1994). Excision of a
P4-like prophage leads to protease expression in E. coli. J. Bacteriol.
176, 2068-2081.

Komine, Y., Kitabatake, M., Yokogawa, T., Nishikawa, K., and Ino-
kuchi, H. (1994). A tRNA-like structure is present in 10Sa RNA, a small
stable RNA from Escherichia coli. Proc. Natl. Acad. Sci. USA 97, 9223~
9227.

Lambowitz, A.M., and Perlman, P.S. (1990). Involvement of aminoacyl-
tRNA synthetases and other proteins in group | and group !l intron
splicing. Trends Biochem. Sci. 75, 440-444.

Lin, L.L., and Little, J.W. (1988). Isolation and characterization of non-
cleavable (Ind”) mutants of the LexA repressor of Escherichia coli K-12.
J. Bacteriol. 770, 2163-2173.

Little, J.W., and Mount, D.W. (1982). The SOS regulatory system of
Escherichia coli. Cell 29, 11-22.

Miller, J.H. (1992). A Short Course in Bacterial Genetics: A Laboratory
Manual for Escherichia coli and Related Bacteria (Cold Spring Harbor,
New York: Cold Spring Harbor Laboratory Press).

Mohr, G., Caprara, M.G., Guo, Q., and Lambowitz, A.M. (1994). A
tyrosyl-tRNA synthetase can function similarly to an RNA structure in
the Tetrahymena ribozyme. Nature 370, 147-150.

Novick, R.P., Ross, H.F., Projan, S.J., Kornblum, J., Kreiswirth, B., and
Moghazeh, S. (1993). Synthesis of staphylococcal virulence factors is
controlled by a regulatory RNA molecule. EMBO J. 72, 3967-3975.
Oh, B.K., and Apirion, D. (1991). 10Sa RNA, a small stable RNA of
Escherichia coli, is functional. Mol. Gen. Genet. 229, 52-56.

Pieler, T., and Theunissen, O. (1993). TFlllA: nine fingers—three
hands? Trends Biochem. Sci. 78, 226-230.

Retaliack, D.M., Johnson, L.L.., Ziegler, S.F., Strauch, M.A., and Fried-
man, D.1. (1993). A single-base-pair mutation changes the specificities
of both a transcription activation protein and its binding site. Proc.
Natl. Acad. Sci. USA 90, 9562-9565.

Retallack, D.M., Johnson, L.L., and Friedman, D.l. (1994). Role for
10Sa RNA in the growth of A-P22 hybrid phage. J. Bacteriol. 7786,
2082-2089.

Reyes, O., Gottesman, M., and Adhya, S. (1979). Formation of A lyso-
gens by IS2 recombination: gal operon- pR promoter fusions. Virol-
ogy 94, 400-408.

Sambrook, J., Fritsch, E., and Maniatis, T. (1989). Molecular Cloning:
A Laboratory Manual (Cold Spring Harbor, New York: Cold Spring
Harbor Laboratory Press).

Sledjeski, D., and Gottesman, 8. (1995). A Small RNA Acts as an
anti-silencer of the H-NS-silenced rcsA gene of E. coli. Proc. Natl.
Acad. Sci. USA 92, 2003-2007.

Strauch, M.A., Baumann, M., Friedman, D.1., and Baron, L.S. (1986).
Identification and characterization of mutations in Escherichia coli that
selectively influence the growth of hybrid A bacteriophages carrying
the immunity region of bacteriophage P22. J. Bacteriol. 767, 191-200.

Subbarao, M.N., and Apirion, D. (1989). A precursor for a small stable
RNA (10Sa RNA) of Escherichia coli. Mol. Gen. Genet. 217, 499-504.
Susskind, M.M., and Botstein, D. (1975). Mechanism of action of Sa/-
monella phage P22 antirepressor. J. Mol. Biol. 98, 413-424.
Sussman, R., and Jacob, F. (1962). Sur un systéme de répression
thermosensible chez le bacteriophage A d'Escherichia coli. CR Acad.
Sci. (Paris) 254, 1517-1519,

Takayama, K.M., and Inouye, M. (1990). Antisense RNA. Crit. Rev.
Biochem. Mol. Biol. 25, 155~184.

Tuerk, C., and Gold, L. (1990). Systematic evolution of ligands by
exponential enrichment: RNA ligands to bacteriophage T4 DNA poly-
merase. Science 249, 505-510.

Tyagi, J.S., and Kinger, A.K. (1992). Identification of the 10Sa RNA
structural gene of Mycobacterium tuberculosis. Nucl. Acids Res. 20,
138.

Ushida, C., Himeno, H., Watanabe, T., and Muto, A. (1994). tRNA-like
structures in 10Sa RNAs of Mycoplasma capricolum and Bacillus subti-
lis. Nucl. Acids Res. 22, 3392-3396.

von Hippel, P.H., Revzin, A., Gross, C.A., and Wang, A.C. (1974).
Non-specific DNA binding of genome regulating proteins as a biologi-
cal control mechanism. |. The /ac operon: equilibrium aspects. Proc.
Natl. Acad. Sci. USA 77, 4808-4812.

Wightman, B., Ha, |., and Ruvkun, G. (1993). Posttranscriptional regu-
lation of the heterochronic gene lin-14 by lin-4 mediates temporal pat-
tern formation in C. elegans. Cell 75, 855-862.

Yang, C.C., and Nash, H.A. (1989). The interaction of E, coli IHF pro-
tein with its specific binding sites. Cell 57, 869-880.

Zeilstra-Ryalis, J., Fayet, O., and Georgopoulos, C. (1991). The univer-
sally conserved GroE (Hsp60) chaperonins. Annu. Rev. Microbiol. 45,
301-325.



