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Abstract

The global regulatory protein CsrA binds to the 5’-untranslated leader of target transcripts and alters
their translation and/or stability. CsrA is a symmetrical homodimer containing two identical RNA-
binding surfaces. Gel shift assays with model RNA substrates now show that CsrA can bind
simultaneously at two target sites within a transcript (bridging or dual site binding). An intersite
distance of ~18 nucleotides (nt) was optimal, although bridging occurred with an intersite distance
of 10 to > 63 nt. The close 10-nt spacing reduced the stability of dual site binding, as competition
for one site by a second CsrA dimer readily occurred. Both RNA-binding surfaces of a single CsrA
protein were essential for efficient in vitro repression of a glgC’-‘lacZ translational fusion that
contains four CsrA target sites within the untranslated leader. Heterodimeric CsrA (HD-CsrA)
containing a single R44A replacement, which was defective for binding at its mutant surface but
bound RNA normally at its wild-type (WT) surface, was ~14-fold less effective at repression than
homodimeric WT-CsrA. Furthermore, deletion of a CsrA target site of glgC that lies upstream from
the Shine-Dalgarno sequence did not affect regulation by HD-CsrA but decreased regulation by WT-
CsrA, confirming a regulatory role of dual site binding. Finally, we propose a mechanism whereby
a globular ribonucleoprotein complex is formed between CsrA and its noncoding RNA antagonist,
CsrB. Because many target sites of CsrB are located closer together than is optimal for bridging,
binding to non-adjacent sites should be energetically favored, causing multiple CsrA dimers to tether
CsrB into the observed globular form rather than an extended CsrA-CsrB complex.

Introduction

RNA-binding proteins participate in a myriad of cellular processes and are necessary for all
known forms of life to exist.1 2 The abundance of these proteins mirrors their diverse functions,
yet only a relatively small number of known RNA-binding motifs are distributed throughout
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this large family.2 3: 4 The disparity is due to modularity in protein design and multimerization
of RNA binding motifs. Multiple binding sites within the same protein can increase target
specificity and RNA-binding avidity.> Both bacterial and eukaryotic RNA-binding proteins
with multiple RNA binding motifs are known.%: 7+ 8 9 For example, the eukaryotic proteins
Dicer and U2AF35 contain 3 and 4 different RNA-binding motifs, respectively, while Vigilin
has 14 copies of the same motif;* 8 the bacterial transcriptional terminator NusA contains an
S1 and dual K-Homology domains (KH)10: 11 while the circular, homo-undecameric trp RNA-
binding attenuation protein (TRAP) is composed of 11 identical surfaces capable of binding
(GIU)AG triplet repeats.12

The molecular interactions between RNA and RNA-binding proteins are guided by the nature
of the protein motifs that are present; however, the spacing of RNA-binding motifs and their
target sequences is also essential for tight protein-RNA association and proper gene regulation.
For example, TRAP was unable to bind RNA when the distance between trinucleotide repeats
was changed from the optimum of 2 nt to either 1, 3 or 4 nt.13 Conversely, deletion of the linker
between RRM2 and RRM3 in the mammalian CUG-binding protein (CUG-BP) severely
compromised rUrG interaction, presumably by inhibiting cooperativity between two regions
of the protein.1# The present study addresses questions about the spacing of RNA target sites
and the biological necessity of multiple RNA-binding surfaces in the E. coli RNA-binding
protein CsrA.

CsrA (and its orthologs RsmA, RsmE) is a global regulatory protein that controls carbon
metabolism,15: 16 biofilm formation,17> 18 motility,1% 20 peptide uptake,?! quorum-
sensing?2 and virulence functions23: 24: 25 26 of many eubacteria. Regulation is accomplished
by specific binding of CsrA to conserved sequences in the 5'-untranslated leader of target
mRNAs, leading to effects on their translation and/or stability.17> 19 In addition to its MRNA
targets, CsrA interacts with small noncoding RNAs, CsrB27 and CsrC28in E. coli, that sequester
and antagonize this protein. These SRNAs are predicted to form multiple stem-loops containing
conserved sequences resembling CsrA target sites in mRNA.

Studies of CsrA have culminated in the recent determination of its 3D-structure. Solution NMR
studies?? and crystallography30: 31 demonstrated that CsrA represents a new class of RNA-
binding protein containing a unique RNA-binding motif. It is assembled via the interdigitation
of 5 B-strands of two identical polypeptides, forming a bilaterally symmetrical protein that is
stabilized by a hydrophobic core and extensive hydrogen bonding. Two identical RNA-binding
surfaces are located on opposite sides of the protein, each of which is composed primarily of
the N-terminal B-strand (B1) of one polypeptide and the parallel Bs strand of the second
polypeptide. These surfaces contain several amino acid residues that are needed for optimal
RNA binding and regulation, the most important of which was R44.32 NMR studies of a CsrA
ortholog (RsmE) complexed with target RNAs confirmed the protein-RNA contacts that were
implied by alanine substitution studies.33 Thus, as in TRAP12: 34: 35 and MBNL1,36 an RNA
binding surface is formed by the interface of two interacting polypeptide subunits.

Electrophoretic mobility shift assays (EMSA), RNA footprinting and other studies have shown
that multiple CsrA proteins can bind to a single mRNA or sRNA transcript that contains
multiple binding sites.1”> 37 In conjunction with the evidence that CsrA contains two RNA-
binding surfaces, we hypothesized that a single CsrA dimer might bridge two target sites on
the same RNA.32 The mirrored orientation of the dual CsrA binding surfaces combined with
the flexibility of single-stranded RNA should dictate the positioning of the second RNA target
site after initial contact is made. Furthermore, the local concentration of a secondary target
should be greatly increased upon CsrA binding to a primary site38, thus increasing the
probability of a secondary intramolecular interaction, which should increase binding avidity.
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Here, we demonstrate that a CsrA dimer can indeed bind two target sites on a single RNA
simultaneously, resulting in a compact “bridge complex”, whose stability depended on the
distance separating the RNA target sites. Our findings further revealed that both RNA-binding
surfaces of CsrA must function simultaneously for efficient post-transcriptional regulation,
and in glgC repression, they facilitate bridging from a high-affinity stem-loop in the
untranslated leader to a downstream inhibitory site that overlaps the SD sequence. A model
for CsrA binding to RNAs with multiple target sites is presented and its implications for
regulation of mMRNA translation and CsrA sequestration by regulatory SRNAs are discussed.

WT-CsrA dimer binds two RNA oligonucleotides simultaneously

We previously demonstrated that a CsrA dimer contains two identical surfaces that are critical
for RNA binding and regulation of gene expression.32 Subsequently, 3D-NMR analysis
revealed that a CsrA ortholog can bind two RNA oligonucleotides in solution.33 To further
examine CsrA binding properties, the WT-CsrA protein was tested for binding to a high
affinity, SELEX-derived oligonucleotide,3° referred to as RNA-1A (Table 1). In this EMSA
experiment, both a major and a minor complex were formed (Fig.1a). Because these reactions
were conducted at a substantial excess of protein vs. RNA, and yet both complexes were
relatively abundant, the binding may have been cooperative, as has been reported. 37 The
addition of increasing amounts of specific unlabeled RNA competitor to the binding reaction
with WT-CsrA resulted in the formation of the faster mobility minor complex at the expense
of the slower moving major complex (Fig. 1b, lanes 2-6). Because this exchange was due to
the addition of the RNA oligonucleotide to the complex, we concluded that the faster moving
species was composed of one CsrA protein bound to two independent RNAs and that the slower
moving species was composed of one CsrA dimer bound to one RNA. The increased mobility
of the larger complex (1 CsrA:2 RNA) must have been due to the greater influence of the
negative charge conferred by the binding of a second RNA relative to its effect on the Stokes
radius.

RNA binding by a CsrA heterodimer (HD-CsrA) containing mutant and wild type RNA-binding

surfaces

To better understand how CsrA interacts with RNAs containing multiple target sites we
prepared a heterodimeric CsrA protein that is composed of one wild-type polypeptide and one
his-tagged polypeptide containing an alanine substitution (R44A). This substitution reduces
the affinity of the homodimer mutant protein for a high-affinity RNA target by ~150-fold.32

To test whether both RNA-binding surfaces of HD-CsrA were functional, increasing amounts
of unlabeled RNA-1A were added to a binding reaction containing HD-CsrA. Unlike the
reaction with WT-CsrA, the HD-CsrA protein never exhibited a second shift (Fig. 1b, lanes
7-10), confirming that it was unable to bind two RNAs simultaneously under our reactions
conditions. The mobility of the HD-CsrA/RNA complex was slightly faster than the WT-CsrA
complex on native polyacrylamide, presumably due to the R44A substitution, which results in
a net increase in negative charge. HD-CsrA bound to RNA-1A with approximately one third
of the binding affinity (Kq = 3.4 nM £ 0.4) of WT-CsrA protein (Kq = 1.25 nM £ 0.3) (Fig. 2).

Binding of the CsrA dimer to a series of RNAs containing dual target sites separated by
varying distances

Most RNAs bound by CsrA (RsmA) contain multiple target sites that are related to the SELEX-
derived consensus sequence “RUACARGGAUGU” where the underlined nucleotides were

100% conserved and were present in the loop of a hairpin structure,17: 21; 27; 28; 37; 39; 40; 41,
42, 43, 44 |n native RNA molecules, the GGA motifs of sequential CsrA target sites may be as
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close as 6 or 7 nt, as predicted in CsrC28 and CsrB,2’ respectively, or they may be more than
50 nt apart, as determined in the 5'-leader of the pgaABCD message.1’ Nevertheless, the way
in which the respective RNA binding sites of a CsrA dimer interact with paired target sites has
not been determined for any of these RNAs. Furthermore, we have proposed that the
symmetrical structure of CsrA, with two identical binding surfaces on opposite sides of the
dimer, appears to account for the observation that CsrB, which contains ~18-22 target
sequences, forms a globular complex with ~9-10 CsrA dimers.32 The implication is that all or
most of the CsrA dimers of this complex should form noncovalent bridges between two target
sites on the same RNA.

To test the hypothesis that a CsrA dimer bridges two binding sites in target RNASs, and to probe
the minimum and maximum intersite distances at which this occurs, we designed a series of
RNA oligonucleotides containing dual high-affinity target sites set at varying distances from
each other (Table 1: RNA10-2BS, RNA14-2BS, RNA18-2BS, RNA28-2BS, RNA43-2BS and
RNAG3-2BS). These RNAs were examined by EMSA for the binding of WT-CsrA or HD-
CsrA (Fig. 3a-f). A second series of RNAs were prepared, identical to the first series, except
that the 3’-high-affinity binding sites were altered (i.e., the central GGA was changed to AAA
or CCC; see Table 1 for an explanation of the use of CCC or AAA) to prevent CsrA binding
(Table 1: RNA10-1BS, RNA14-1BS, RNA18-1BS, RNA28-1BS, RNA43-1BS and
RNAG3-1BS). The single-site RNAs were expected to form only a 1:1 complex with HD-CsrA,
in which the WT surface of the protein is bound to the high affinity GGA site, providing a
series of standard shifts to which the other complexes can be compared (Fig. 3a-f, complex 6).
Complexes formed by two CsrA dimers bound to a single RNA should migrate considerably
slower than the standards. Complexes that travel faster than the 1:1 standards should be more
compact, consistent with dual site bridging by CsrA. The design of all oligonucleotides except
RNAZ10-2BS and RNA10-1BS included 16 nt RNA hairpins with stems of 6 base pairs, which
was previously established to be a high affinity target for CsrA.32: 45 To decrease the distance
between CsrA target sites, we constructed RNA10-2BS and RNA10-1BS with 12 nucleotide
hairpins (4 base pair stems). The in silico analysis*6: 47 of smaller RNA stems did not predict
the formation of stable hairpin structures at a reaction temperature of 37 °C.

To characterize the target sites of the model RNAs, we initially confirmed that WT-CsrA bound
with equal affinity to the target sites at the 5’ and 3'-termini of dual target RNAs by synthesizing
each stem loop independently (Table 1: RNA-1A and RNA-1B) and testing them for binding
(Fig. 1 and data not shown). We also established that target sites that were designed to have
negligible affinity for CsrA (Table 1: RNA-2A and RNA-2B) showed no binding up to 160
nM CsrA by EMSA (data not shown).

All reactions containing HD-CsrA with a single-target RNA revealed a single complex, which
was concluded to be composed of the WT RNA-binding surface of HD-CsrA bound to the high
affinity stem-loop of the RNA (a 1:1 standard complex, labeled “6” in Fig. 3a, lanes 9 and 10;
3b-f, lanes 8 and 9). Strikingly, most of the dual site RNAs with intersite distances from 10 to
43 nt exhibited a WT-CsrA:RNA band (complex 1) of greater mobility (more compact) than
the 1:1 standard complexes formed by HD-CsrA and the single-site RNAs (complex 6). This
finding suggested that WT-CsrA can bridge closely adjoining RNA target sites in addition to
distantly separated ones. At low HD-CsrA concentrations, every binding reaction with a dual
high affinity target RNA (Fig. 3a-f, lane 4) exhibited a fast moving shift (complex 3) similar
to the 1:1 complex 6. As the concentration of HD-CsrA was increased, a complex with
considerably slower mobility (Fig. 3a-f, lane 5, complex 4) was formed at the expense of
complex 3, implying that it is composed of 2:1 CsrA:RNA. This complex was expected,
because the affinity of the R44A substitution, which is present at mutant binding surface the
HD-CsrA, for a high-affinity target site is very low (K4 of the R44A homodimer was ~180
nM) 32 and should not compete effectively with the WT surface of a second HD-CsrA molecule
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for RNA-binding. The concentration of free HD-CsrA required to fully compete for the second
high-affinity site after the initial binding event was between 2.5 nM and 62.5 nM for every
RNA (complex 4) except for RNA18-2BS (Fig. 3). Thus, the second high affinity target site
on RNA18-2BS appears to have a tighter association with the initially bound HD-CsrA dimer
compared to the other RNAsS, resulting in a complex that apparently hindered competition by
the second HD-CsrA dimer (Fig. 3c, lane 5, complex 4). Notably, the mobility of complex 3
(HD-CsrA bound to a dual site RNA) was not consistently equal to that of complex 6 (HD-
CsrA bound to single-site RNA) for every pair of synthetic oligonucleotides, as might have
been predicted (compare Fig. 3a, lane 4 with 3d, lane 4). It is known that while the R44A
mutation severely reduces the binding affinity of a CsrA homodimer double mutant for RNA
(~180 nM), it does not eliminate it.32 Therefore, this variation may be due to the residual
affinity between the mutant RNA binding surface of CsrA and the second high affinity binding
site of the RNA (e.g., Fig. 3d lane 4).

Unlike the HD-CsrA, addition of the higher concentration of WT-CsrA to RNAs with two high
affinity binding sites only led to putative 2:1 CsrA:RNA complexes with the two shortest
RNAs, RNA10-2BS and RNA14-2BS (Fig. 3a, b, lanes 2 and 3, complex 2). At an intersite
distance of 10 nt, WT-CsrA appears to be only weakly associated to one of the two target sites
to which it is bound, allowing a second WT-CsrA to successfully compete for binding at one
site. Because dual site RNAs with intersite distances > 18 nt (RNA18-2BS, RNA28-2BS,
RNA43-2BS and RNA63-2BS) did not show any evidence of forming 2:1 complexes, they
apparently associate rapidly and tightly with a single WT-CsrA protein at both GGA targets,
preventing competition by a second CsrA protein for binding to either target site. We conclude
that RNAs with target sites separated by only 10 nt do not form stable bridge complexes with
both RNA binding surfaces of CsrA, presumably due to steric restrictions. Curiously, the
smallest synthetic RNA tested (RNA10-2BS) exhibited a distinct shifted species (Fig. 3a, lane
2, top band) that is not consistent with complexes 1 through 6. This may represent an alternate
protein-RNA conformation or more likely, acomplex of higher stoichiometry (2:2 CsrA:RNA).
Recall from Fig. 1 that addition of a small RNA to a CsrA-RNA complex can cause increased
gel mobility.

At target separation distances > 18 nt there was apparently no steric restriction imposed by the
protein or RNA for dual-site binding. Therefore, 18 nt may be near the optimum spacing
distance between RNA targets. As seen in Figure 3c, the WT-CsrA/RNA18-2BS shift (lanes
2 and 3, complex 1) exhibited the same apparent mobility as the HD-CsrA/RNA18-2BS (lanes
4 and 5, complex 3) and WT-CsrA/RNA18-1BS (lanes 6 and 7, complex 5). These three
complexes exhibited greater mobility than the 1:1 complex formed by HD-CsrA and
RNA18-1BS (lanes 8 and 9, complex 6), which contained a single high-affinity site. The
implication of this observation is that the high affinity target sites of RNA18-2BS, as well as
the high and low affinity targets of RNA18-1BS, are optimally spaced and situated for dual
binding. Thus, near-optimal spacing may counteract the effect of the R44A mutation in the
HD-CsrA/RNA18-2BS complex, as well as the effect of the low affinity target site on
RNA18-1BS as it binds WT-CsrA. Since the mobility of these shifts resembles that of the WT-
dual site reaction (Fig. 3c, lanes 2 and 3, complex 1), these complexes probably represent bridge
complexes in which relatively weak protein-RNA interactions are facilitated by tethering (see
Discussion). Nevertheless, the combined effects of an R44A protein substitution and a low
affinity RNA target site in the HD-CsrA/RNA18-1BS combination (Fig. 3c, lanes 8 and 9,
complex 6) apparently prevented the formation of a bridge complex despite near optimal
spacing.

At intersite distances greater than 28 nt the WT-CsrA:dual site RNA complexes began to smear
in a native polyacrylamide gel and the exact composition of the species was unclear (Fig. 3e
and f, lanes 2 and 3, complex 1). Smearing may be due to the extensive linker size of
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RNAA43-2BS and RNA63-2BS (30 and 50 nt respectively), which allows multiple degrees of
freedom in the single-stranded intersite region when both target sites are bound. However, we
cannot eliminate the possibility that smearing is caused by loss of a compact structure due to
transient dissociation of one interaction.

Theoretically, when WT-CsrA is combined with a single-target RNA (e.g., RNA14-1BS), two
simple complexes may form, a 1:1 protein-RNA and a 1:2 protein-RNA combination. The
presence of only one species (Fig. 3b-f, lanes 6 and 7, complex 5) in all but one of these reactions
suggests that although WT-CsrA has the capacity to bind two oligonucleotides, binding of one
RNA may sterically inhibit the binding of a second RNA at the free surface (i.e. there is bridging
to the low affinity site). An exception to this observation was RNA10-1BS (Fig. 3a, lane 7),
which formed a second shift at low protein concentrations that migrated slightly slower than
the apparent 1:1 HD-CsrA:RNA complex (Fig. 3a, lanes 9 and 10). We have not determined
the basis of the latter observation. However, we suspect that the small size of RNA10-1BS
decreases steric (bridging) constraints and allows binding of two RNASs to the same protein.
In this case, the RNA oligonucleotide appears to be of sufficient size such that the relative
influence of the Stokes radius of the putative 1:2 CsrA:RNA outweighs that of the increased
negative charge, resulting in a slower migrating shift.

Stoichiometry of CsrA:RNA complexes

The experiments described above suggested that fast moving complexes formed between WT-
CsrA and RNAs with two high-affinity binding sites differed in conformation but not in
stoichiometry from the 1:1 complexes formed between HD-CsrA and single-site RNAs. To
test this hypothesis, the protein:RNA stoichiometries of four representative CsrA-RNA
complexes were examined by EMSA. As described in the Materials and Methods, [y-32P]-
labeled RNAs in gels were detected by phosphorimager analysis, followed by transfer of CsrA
protein to a PVVDF membrane and subsequent immunoblotting using a polyclonal antibody for
CsrA.*8 The stoichiometries of WT-CsrA and HD-CsrA complexes with RNA28-2BS and
RNAZ28-1BS were chosen for this analysis because they yielded unambiguous shifts. Under
the chosen conditions, the HD-CsrA:RNA28-1BS reaction yielded only a single shift (Fig. 4,
lane 1), which was concluded to represent the 1:1 complex of HD-CsrA dimer bound to RNA,
and its RNA:protein ratio was assigned a value of 1.0. The stoichiometries of the other shifted
complexes were determined by comparison to this one (Fig. 4). The stoichiometry of the slow-
moving complex formed by HD-CsrA:RNA28-2BS (Fig. 4, lane 3) was determined to be 1.9
+0.1, indicating that it contains two HD-CsrA dimers, each of which is bound to a high-affinity
site of this RNA. The fast-moving WT-CsrA:RNA28-1BS complex (Fig. 4, lane 2) was present
at a protein-RNA ratio of 1.1 £ 0.2. This species traveled significantly faster than HD-
CsrA:RNAZ28-1BS (lane 1). This difference was likely due to an additional weak association
between the low affinity RNA target site from RNA28-1BS and the free RNA binding surface
of the WT-CsrA protein to which it was tethered. The fastest migrating complex, WT-
CsrA:RNAZ28-2BS (Fig. 4, lane 4), had a protein-RNA ratio of 0.96 £ 0.1, consistent with one
WT-CsrA protein bound to a single RNA. This experiment demonstrated conclusively that
although WT-CsrA/RNA28-2BS exhibits greater mobility, it nevertheless contains the same
ratio of protein to RNA as the apparent 1:1 HD-CsrA/RNA28-1BS complex. These results
support the interpretations from gel shifts (Fig. 3) that WT-CsrA bridges both high affinity
target sites of RNA28-2BS forming a compact structure that migrates faster than HD-CsrA/
RNAZ28-1BS. By extrapolation, the fast-moving complexes formed by the other dual site RNAs
and WT-CsrA are also inferred to represent bridge complexes (Fig. 3 complex 1).

Both CsrA RNA-binding surfaces are necessary for efficient regulation

Having established parameters by which WT-CsrA protein can bind simultaneously to two
target sites on a single RNA, we next explored the biological relevance of this arrangement.
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The presence of two or more RNA target sites within a CsrA-regulated transcript could cause
tighter binding of a single CsrA protein, the formation of an RNA secondary structure such as
a loop, and/or the recognition of a low affinity target by tethering of CsrA at a nearby high
affinity site. Each of these consequences may result in increased translational inhibition with
respect to a CsrA protein with a single binding surface. To test whether both CsrA binding
surfaces of a dimer were necessary for efficient gene regulation, we performed S30-directed
in vitro coupled transcription-translation*? experiments using either WT-CsrA or HD-CsrA
protein (Fig. 5). The 5’-untranslated leader of glgCAP contains two previously characterized
CsrA target sites; one that overlaps the SD sequence and one that is situated 28 nt upstream.
37 Supercoiled plasmids containing a wild-type glgC'-‘lacZ translational fusion (pCZ3-3) or
the same construct with a 3 nt deletion of the upstream CsrA target site (JIgCAGGA'-‘lacZ,
pCSB25),37 were used as DNA templates for the reactions. An analysis of the expression data
at 50% relative GlgC-LacZ polypeptide synthesis revealed that WT-CsrA was ~14 fold more
efficient at repressing expression from the wild-type glgC template (IC5q & 22 nM) compared
to the HD-CsrA (ICsp = 323 nM) (Fig. 5a). When this value is corrected for the number of
RNA-binding surfaces per dimer, repression by the WT-CsrA was ~7-fold greater than HD-
CsrA. When the upstream CsrA binding site of the glgC’-lacZ fusion was deleted from the
template, repression by HD-CsrA was unaffected (ICsg = 310 nM). In contrast, translational
repression by the WT-CsrA protein decreased to ~7-fold (1C5q = 44 nM) compared to the HD-
CsrA, or ~3.5-fold when adjusted for the number of binding surfaces per dimer (Fig. 5b). These
results indicated that both RNA-binding surfaces of CsrA and both CsrA binding sites of the
glgCAP 5'-leader are required for maximal regulation of this operon.

Additional, uncharacterized CsrA target sites in the glgCAP 5'-leader RNA

HD-CsrA was expected to repress protein expression at similar levels from the WT and mutant
glgC’-‘lacZ templates because binding to the upstream CsrA target site should not block
translation, and both templates contained the same CsrA binding site overlapping the SD
sequence. However, a greater difference in ICsg might have been anticipated for WT-CsrA
with these templates if the upstream binding site of glgC mRNA was primarily responsible for
differential repression by the two proteins (because of the ability of WT-CsrA to bridge). A
possible explanation was that the WT glgCAP leader contained additional CsrA binding sites,
which could mediate bridging of WT-CsrA to the SD sequence in the mutant transcript.
Therefore, we searched for additional CsrA target sites in the glgC leader. While previous
footprinting results identified only two CsrA binding sites in the glgCAP leader transcript (Fig.
6b, BS2 and BS4), a position-weighted matrix (pwm) search tool identified a total of four
potential CsrA binding sites, including the two identified by footprinting.3”: 45 As protection
at BS1 and BS3 (Fig. 6b) was not observed by footprinting, a 3'-boundary analysis was
performed to search for evidence of these additional CsrA binding sites. The information
derived from a boundary experiment differs from the information obtained from a footprint
analysis. Whereas a footprint reveals the nucleotides that are protected from enzymatic or
chemical probes, 3'-boundary experiments reveal the 3'-nucleotides that are required for
binding. Thus, the two techniques are complementary. After RNAs were 5’-end-labeled, base
hydrolyzed and incubated in the presence of 1 uM CsrA, samples were fractionated through a
native polyacrylamide gel followed by autoradiography. Four diffuse bands were observed
corresponding to CsrA-glg leader RNA complexes and a single band containing unbound RNA.
The RNA from each of these bands was gel purified and subsequently fractionated side by side
under denaturing conditions. The cutoffs for the 3'-boundary analysis were relatively sharp
and revealed the 3'-boundaries of CsrA binding sites at positions C86, U97, G113 and G128
(Fig. 6a and b). Each of these binding sites (BS1-BS4) corresponds to those identified by RNA
footprinting and/or the pwm. Thus, boundary analysis confirmed that two CsrA target
sequences (BS1 and BS3) lie on either side of the originally characterized upstream site within
astem loop (BS2), for a total of four target sites. The two new sites also are reasonable matches
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to the SELEX-derived consensus of 5-RUACARGGAUGU-3"39 and an RNA secondary
structure algorithm predicted that BS1 may form a stem loop structure (Fig. 6¢).5% 51 The
presence of two additional sites strongly suggests a redundant binding mechanism, wherein
the deletion of a high affinity CsrA target site, which was identified by footprinting, was
partially compensated by one or both of the nearby sites that remained in the mutant glgC
transcript, reducing the overall impact of the GGA deletion on CsrA-mediated translational
repression.

Discussion

CsrA represents a novel class of RNA-binding global regulatory proteins that possess two
binding surfaces located on opposite sides of a symmetrical dimer.29-33 The amino acids that
mediate RNA binding have been thoroughly defined, the most important being R44.3% 32 The
RNA target to which CsrA binds has also been well characterized, consisting of a semi-
conserved sequence surrounding a nearly invariant “GGA” motif, which is often centered in
the single-stranded loop of a hairpin.3”; 39 42 The present study examined the higher order
binding properties of the CsrA dimer. The intervening spacing between RNA target-sites was
found to be important for the stability of the resulting ribonucleoprotein complexes, and the
presence of both RNA-binding surfaces of CsrA was determined to be important for its function
as a translational repressor in a well-defined in vitro model system. Thus, our findings further
define the complex manner in which CsrA interacts with RNA targets and ultimately regulates
gene expression.

By comparing recombinant CsrA proteins containing one (HD-CsrA) or two (WT-CsrA)
functional RNA-binding surfaces, we demonstrated that a WT-CsrA dimer can bind to either
one or two RNA molecules. Furthermore, CsrA can form a bridge complex wherein one protein
is bound to two target sites of an RNA when they are located as close together as 10 nt or as
distant as 63 nt. An intersite distance of 18 nt may provide near optimal spacing between target
sites because this distance appeared to compensate for defects in either a secondary RNA target
site or a CsrA binding surface, but not both. A spacing of < 18 nt was detrimental for tight
bridging, as binding to one of the target sites was easily displaced by the addition of excess
CsrA to form a tripartite complex containing two CsrA dimers and one RNA molecule.
Conversely, RNAs with intersite distances of > 18 nt formed stable bridge complexes with
WT-CsrA, and neither of the protein-bound target sites could be displaced by free CsrA. We
note that the RNAs used in these studies were designed to contain CsrA binding sites within
single-stranded loops of hairpins, the preferred recognition site.39 It is possible that spacing
constraints may differ in unstructured or alternatively structured RNAs. Presumably, the
sequence recognition and spacing constraints of CsrA have evolutionary implications, wherein
gene expression may be fine-tuned by altering the sequence of a CsrA target or by increasing
or decreasing the distance between binding sites in the 5'-leader of a transcript.

Tethering of CsrA at one RNA target should lead to an increase in the local concentration of
secondary sites in the RNA, favoring formation of a bridge complex.38 It follows that such
binding may create an RNA repression loop or other secondary structure. Research by Rippe
(2001) supporting such a model calculated that the optimum interaction distance between two
proteins bound to the same RNA is 15-20 nt, and the local protein concentration increases to
approximately 1 mM in this case.38 As this distance deviates from the optimum, the apparent
local protein concentration decreases. While this cited work was based on protein-protein
association on single-stranded RNA, our studies examined RNAs containing some secondary
structure and dual target sites tethered by a single protein. Nevertheless, the conclusions can
be generally applied to the present study. Thus, we estimate that given an RNA containing two
optimally spaced target sites, initial binding of CsrA at one site should produce a local
concentration on the order of 1 mM for the remaining target site, facilitating low affinity
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binding interactions. This principle was illustrated by the apparent formation of bridge
complexes between HD-CsrA and a dual site RNA with 18 nt spacing (Fig. 3c, d, lane 4) or
between WT-CsrA and RNA with a single high-affinity binding site (Fig. 3c, d, lanes 6 and
7).

Based on previous studies,*8 we calculated the CsrA binding surface concentration in the
cytoplasm to be ~20 uM (data not shown), which is nearly two orders of magnitude below the
theoretical local concentration of CsrA when it is bound to a dual-site transcript. Consequently,
CsrA binding at one site almost certainly leads to a cooperative interaction at an adjacent site,
as opposed to contact by a second free CsrA dimer, under physiological conditions. Indeed,
cooperative CsrA-RNA interaction has been observed previously.1”s 21, 28 Note that our
calculation for CsrA surfaces does not distinguish between surfaces bound to RNA (CsrB/C
and mRNA) or RNA-free surfaces. The actual free concentration is likely much lower (sub-
micromolar), because most target transcripts identified to date are bound with K4 (apparent
equilibrium binding constant) values in the range of 1-40 nM, making bridging interactions
even more certain.17; 21; 28, 37

The observed spacing requirement for optimal binding may explain a long-standing
observation that the CsrA-CsrB complex is globular in shape.2” E. coli CsrB contains as many
as 22 possible CsrA target sites with an average spacing of 12.25 nt, and all but 2 pairs of sites
are separated by fewer than 18 nt (Table 3). This short average spacing distance suggests that
a single CsrA protein would not tightly associate with most adjacent target sites. Instead, it is
more likely that CsrA usually bridges non-adjacent sites (i.e., sites separated by > 18 nt), giving
rise to an energetically stable globular complex. A review of other small regulatory RNAs in
the CsrA/RsmA circuitry of related bacteria revealed a similar pattern of short intersite
distances (Table 3). Consequently, V. cholerae CsrB, P. fluorescens CHAO RsmX and RsmZ,
and P. aeruginosa PrrB would be expected to adopt a globular form when bound by CsrA/
RsmA. We previously found that turnover of E. coli CsrB and CsrC RNAs requires a hon-
nucleolytic specificity factor, CsrD, in conjunction with the endonuclease RNase E.52 Whether
the formation of a globular complex with CsrA affects turnover of CsrB through the CsrD-
RNaseE pathway or other biological properties of this complex remains an open question. In
contrast, CsrA/RsmA-regulated mRNAs contain a higher proportion of target sites separated
by > 18 nt compared to the noncoding regulatory RNAs (Table 3), strongly suggesting that
CsrA often binds to adjoining target sites in CsrA-regulated mMRNAs.

Our studies provide the first experimental demonstration of the function of dual RNA-binding
sites of CsrA in regulation. The glgCAP 5'-leader contains two previously characterized CsrA
target sites, one overlapping the SD sequence and the other 28 nt upstream in an RNA hairpin.
37 Two additional target sites were identified in the present study, which are located on either
side of the original upstream hairpin. We found that while the HD-CsrA protein displayed
approximately one third the affinity for a single-site oligoribonucleotide target compared to
the WT-CsrA (Fig. 2), it was ~14-fold less efficient (7-fold based on molar equivalence of
RNA binding surfaces) in repressing a glgC’-‘lacZ reporter fusion (Fig. 5). When the GGA
sequence of the upsteam RNA target site (Fig. 6, BS2) was deleted, regulation by HD-CsrA
was unaffected, while the relative difference in regulation between the WT-CsrA and HD-CsrA
proteins decreased to 7-fold (~3.5-fold based on equal numbers of binding surfaces) (Fig. 5).
This finding supports a model of repression wherein two RNA target sites mediate translational
repression by interacting simultaneously with one CsrA dimer (Fig 7). Apparently, binding of
HD-CsrA only inhibits translation if it blocks the SD sequence, but not if it binds to an upstream
stem-loop. For that reason, deletion of one upstream site negatively impacted WT-CsrA activity
but did not affect regulation by HD-CsrA. WT-CsrA exhibited a modest, yet still significant,
two-fold decrease in activity after deletion of the original stem-loop target (BS2) in the
glgCAP leader. Deletion of the conserved GGA at BS2 was previously found to decrease, but
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did not abolish, CsrA binding to this leader (Kq was increased from 39 to 150 nM).37 The
unexpectedly modest effect of this deletion on regulation by WT-CsrA might be partially
explained by residual affinity for the deleted upstream site. More likely, the presence of two
additional upstream targets (BS1 and BS3), including one that could form an RNA hairpin
(Fig. 6), compensates for the loss of the apparent high-affinity binding site. Given the distances
between adjacent binding sites in the gIgCAP 5'-leader (Table 3), bridging by CsrA is likely
restricted to BS1 and BS3, BS1 and BS4, or BS2 and BS4.

While binding of CsrA at two sites was needed for complete repression in the glgC studies,
our data suggest that it was not necessarily the occlusion of both target sites by one protein that
is essential. Rather, efficient interaction with a low affinity target that directly overlaps the SD
may require the tethering of CsrA to a nearby high affinity target within a stem-loop to increase
the local concentration of this protein. Note that while primary sequence is critical for RNA
recognition by CsrA, localization of a target sequence within the loop of a hairpin, as observed
in the glgC leader, substantially improves binding to RNA.3? Thus, the apparent way in which
CsrA regulates glgC expression may reflect a general repression mechanism that involves
initial binding to a high affinity primary RNA target site (Fig. 7a), in the case of glgC regulation,
this is the upstream hairpin (BS2) that was observed in previous footprinting studies or the
alternate upstream hairpin (BS1) identified by boundary analysis.3” A tethered CsrA protein
would then recognize and bind to the possibly lower affinity target that overlaps the SD
sequence (Fig. 7b, c). Considering that CsrA regulates expression of horizontally acquired
virulence factors of many species, an important evolutionary implication of this mechanism is
that the SD sequence need not be altered extensively to accommodate weak CsrA binding,
which might otherwise affect intrinsic translational capacity of the translation initiation region.

Most negatively-regulated transcripts studied to date contain at least one CsrA target site in

the 5'-leader mRNA in addition to a site that overlaps the SD (Table 3).17: 21, 40; 53 While our
model in Figure 7 describes the mechanism for an mRNA with two CsrA binding sites, several
MRNA targets contain four or more binding sites, including glgCAP (Table 3). The presence
of four CsrA binding sites in the glgCAP leader suggests that two CsrA dimers could be bound
to any given transcript. While BS3 does not overlap the SD sequence, it is part of the ribosome
binding site. Thus, the presence of one CsrA dimer bound to BS1 and BS3 and a second dimer
bound to BS2 and BS4 should further reduce ribosome binding, and hence GIgC synthesis.

Because tethering increases the probability of molecular interaction and thus proper regulation,
itis not surprising that examples can be found in both eukaryotes and prokaryotes. For instance,
translational initiation in eukaryotes involves a large, complex structure which includes the
poly(A)-binding protein (PABP), that is tethered to the mRNA 5'-leader and interacts with the
poly(A) tail and other regulatory proteins found at the 3'-untranslated region (UTR), such as
the GAIT complex.2 In addition, the bacterial endoribonuclease RNaseE may specifically
recognize monophosphates and tether itself to the 5’-termini of transcripts (and possibly to the
3"-poly(A) tail via bacterial PABP) while it cleaves internal targets.>% 55 Additional examples
of tethering include the classic prokaryotic transcriptional regulators CI (. phage repressor),
GalR (galactose repressor), Lacl (lactose repressor) and AraC (arabinose activator/repressor)
which bind operator sequences near DNA promoters. Tethering promotes protein self-
association, bringing non-contiguous stretches of double stranded DNA together, creating
repression loops in the case of gal®®: 57 and lac+®8 activation loops for ara®®: €0 and a
combination lytic repressing/lysogenic activating loop for 1.61: 62 Similar to these
transcriptional regulators, CsrA may alter the structure of the 5’-leader of a message by
tethering distant sites, which by itself, could affect ribosome access and translational capacity.
However, we suspect the primary regulatory capability of CsrA is based on RNA-binding and
direct occlusion of the translation initiation region of repressed genes. In support of this
interpretation, we recently demonstrated that CsrA binds and modestly regulates hfg mRNA
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translation using only a single CsrA target site that overlaps the hfq SD sequence.*® A role of
higher order RNA structural alterations in CsrA-mediated activation processes, such as
stabilization of lnDC MRNA,1? is also possible, but at the present time, no molecular model
exists for activation.

We should note that while a looping mechanism may be common to both CsrA and
transcriptional regulators, the persistence length (measure of relative polymer stiffness, also
known as Kuhn length) of double stranded DNA (~150 bp) dictates that it is approximately
20-fold less flexible than a similar length of single-stranded DNA or RNA.38 Therefore, CsrA
can bridge targets that are much closer together than those of a dsSDNA-binding protein;
minimum of 90 bp for LacI®8 and 2.4 kb for CI81 vs. < 10 nt for CsrA.

As mentioned above, CsrA inhibits hfq expression by binding to a single RNA target site that
blocks access to the SD sequence.*® Is it possible that another RNA could be bound to the
second CsrA binding surface that should be available in this case? Because CsrA contains two
independent RNA-binding surfaces, a single CsrA dimer might bind two different messages
or small RNAs in a manner reminiscent of Hfq itself. Hfq facilitates RNA-RNA interactions
through two independent RNA-binding surfaces located on opposite sides of the hexamer; for
instance, Hfq facilitates the interaction of DsrA sRNA with the rpoS message.83: 84 Although
CsrA can bind simultaneously to two independent oligoribonucleotides, further studies are
required to know whether such intermolecular bridging has any biological relevance.

Materials and Methods

Bacterial Strains and Plasmids

All strains and plasmids used in this study are listed in Table 2. For routine culture of bacteria,
strains were grown in Luria-Bertani (LB) medium at 37 °C with shaking.> Antibiotics were
added to media as needed at the following concentrations: ampicillin, 100 ug ml-1; kanamycin,
100 pg mlL; chloramphenicol, 25 ug mlL; tetracycline, 10 ug ml-; spectinomycin, 35 g
ml-1; streptomycin, 35 pg mi-L,

Recombinant DNA techniques

Plasmid pJMCN4 that expresses awild type CsrA-Intein/Chitin Binding Domain (CBD) fusion
monomer was constructed as follows: DNA encoding the exact csrA coding region, minus the
termination codon, was cloned into the CBD-fusion plasmid pTWIN1 (NEB, Ipswich, MA)
creating the CsrA-CBD fusion construct pTC14 (K. Suzuki, unpublished). The Xbal to Pstl
DNA fragment from pTC14 containing the CsrA-CBD fusion was subcloned into the
arabinose-inducible expression vector pPBAD33% creating plasmid pBATC6 and the insert was
then confirmed by sequencing (SeqWright DNA Technology, Houston, TX). This plasmid was
then converted to Str/SpcR by cloning a Clal to Notl DNA fragment from pAH144%7 into the
Scal site of pBATCS, creating plasmid pJMCN4. This plasmid was designed such that the
CBD was removed from the CsrA-CBD fusion by intein-mediated cleavage.

Protein purification

WT and HD-CsrA proteins were purified from strain TRCF7789B-C- harboring both plasmids
pCSRH6-19 and pJMCN4 or pPCSRR44A and pJMCN4 as follows: 20 L of culture was grown
overnight at 37°C in LB medium with shaking and arabinose (0.2% final concentration) was
added 3 hours prior to cell harvest. The cells were concentrated by centrifugation, resuspended
in NEB wash buffer (50 mM NaH,PO,, 300 mM NaCl, 10 mM imidazole, pH 8.0) at 1 g per
ml and lysed by sonication or French press. The resulting lysate was cleared by centrifugation
and combined with 3 ml of Ni-NTA (NEB, Ipswich, MA) for 1 hr to allow binding of CsrA-
Hisg to the nickel-NTA beads. The lysate-Ni-NTA mix was applied to a gravity flow column
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and the beads were washed with 30 ml of wash buffer containing 20 mM imidazole. CsrA
protein was eluted with 10 ml wash buffer containing 250 mM imidazole and then dialyzed
against at total of 8L of CBD Buffer #2 (20 mM Tris-HCI pH 7.0, 500 mM NaCl, 1 mM EDTA,
NEB Impact Kit). The dialyzed protein was then passed by gravity flow over a column
containing chitin beads (NEB, S6651S) that were previously equilibrated with Buffer #2. 10
ml of Buffer #3 (20 mM Tris-HCI pH 8.5, 500 mM NaCl, 1 mM EDTA, 40 mM DTT) was
passed over the column, flow was stopped and the intein cleavage reaction was allowed to
continue overnight at 4°C. Flow was continued and the eluant was collected as one fraction.
The column was then washed twice with 5 ml Buffer #2 and this was combined with the initial
eluate. The pooled eluate was dialyzed against a total of 8L of NEB wash buffer without
imidazole. Imidazole was then added to the dialyzed protein to 10 mM and 0.25ml of Ni-NTA
slurry was added, incubated at 4°C for 1 hour with gentle shaking and the beads were then
applied to a gravity flow column. The beads were washed with wash buffer containing 10 mM
imidazole and the HD-CsrA or WT-CsrA were eluted with 5 ml of wash buffer containing 250
mM imidazole and collected in ~1 ml fractions. Protein size and purity was assessed by SDS-
PAGE (15%) and Coomassie blue staining, which for the WT-CsrA dimer revealed two closely
migrating protein bands of equal staining intensity and of sizes consistent with a WT CsrA
monomer released by intein cleavage (6,855 Da) and a WT CsrA monomer containing a hexa-
histidine tag (7,678 Da). The HD-CsrA dimer revealed a similar pair of bands corresponding
to a site-directed alanine-substituted CsrA monomer with a C-terminal hexa-histidine tag
(7,593 Da) and a WT CsrA monor released by intein cleavage (data not shown). Protein
concentration was measured using the bicinchroninic acid (BCA) assay®8 (Pierce Biotech,
Rockford, IL).

RNA Electrophoretic Gel Mobility Shift Assay

RNA gel mobility shift assays were carried out according to previously published procedures.
17, 32 protein calculations were based on the mass of the CsrA-Hisg/CsrA WT dimer (14,516
Da) or the CsrAR44A-Hisg/CsrA heterodimer (14,448 Da). RNA probes were designed based
on the high-affinity consensus CsrA binding sequence determined by SELEX analysis.17: 32
RNA probes were either synthesized by Integrated DNA Technologies (Coralville, 1A) or
synthesized in vitro with the Megashortscript Kit (Ambion, Austin, TX) and 5’-end-labelled
using T4 polynucleotide kinase and [y-32P]-ATP. RNA radiolabeling, gel shift experiments,
detection, quantitation and calculations were conducted according to previously published
procedures.32: 69 All EMSAs were performed with [y-32P]-labeled RNA at 0.06 nM final
concentration, unless stated otherwise. EMSAs were conducted at least twice for each set of
RNA probes to confirm banding patterns and/or K4 measurements.

Protein-RNA Stoichiometry Measurements

RNA28-2BS and RNA28-1BS (Table 1) were 5'-end-labeled with [y-32P]-ATP and EMSAs
were conducted as previously detailed using WT-CsrA and HD-CsrA.17: 32: 39 After
electrophoresis, gels were wrapped in plastic and exposed to a flexible Kodak storage phosphor
plate (Rochester, NY) for 1 hour, radioactive bands were then visualized with a GE
LifeSciences Phosphoimager (Piscataway, NJ). CsrA protein was transferred from the
previously visualized gels to a Biorad Immunoblot PVDF membrane (Hercules, CA) by
electroblotting in 1x TBE buffer for 45 minutes at 4°C. Blots were blocked with Superblock
T20 (cat.# 37536, Pierce Biotech, Rockford, IL) for 1 hour at room temperature according the
manufacturer's recommendations. Blots were probed with a CsrA-specific polyclonal primary
antibody“8 at 1:10,000 in blocking reagent overnight at 4°C with gentle shaking, they were
then washed 12 times with 30 ml of Tris-Buffered Saline with Tween (0.05%) (cat # 28360,
Pierce Biotech, Rockford, IL) then probed with anti-rabbit IgG secondary antibody conjugated
to HRP (cat.# 31460, Peirce Biotech, Rockford, IL) diluted in blocking buffer at 8 ng/ml for
1 hr at room temperature with gentle shaking. The blot was washed again 12 times with Tris-
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Buffered Saline with Tween and developed with SuperSignal West Femto chemiluminescent
substrate (cat.# 34095, Pierce Biotech, Rockford, IL) according to the manufacturer's
recommendations. Blots were then placed in a plastic development folder and visualized using
a Biorad Versadoc for chemiluminescent detection. Radiolabeled RNA bands and
chemiluminescent protein bands were physically matched up for size and migration distance
and then quantified with ImageQuant (GE Life Sciences, Piscataway, NJ) and Quantity One
Software (Biorad, Hercules, CA) respectively. The HD-CsrA/RNA10-1BS standard complex
was assigned a stoichiometry of 1.0 because this combination of protein and RNA was
specifically designed to only allow for a 1:1 ratio; all other protein:RNA ratios were compared
relative to this standard complex. Stoichiometry values represent the average of triplicate
experiments.

In vitro coupled transcription-translation

Effects of WT-CsrA or HD-CsrA proteins on glgC*-‘lacZ (pCZ3-3) and glgC'AGGA-‘lacZ
(pCSB25) expression were examined by S30-driven transcription-translation using an S30
extract from a csrA mutant strain (TRBW3414), as previously described.2’: 49 Reaction
products were separated by 7.5% SDS-PAGE and radiolabeled proteins were detected by
fluorography using sodium salicylate.”® 35S-methionine incorporation was measured by
densitometry as well as by dissolving excised gel slices in hydrogen peroxide and liquid
scintillation counting.?

Boundary Analysis

A 3'-boundary analysis was carried out by modifying previously published procedures.? 71
Plasmid pAltC4 contains portions of the WT glgCAP operon leader and glgC coding regions
(+46 to +179 relative to the start of transcription) cloned downstream of a T7 RNA polymerase
promoter.”2 RNA was synthesized in vitro using the Ambion MEGAscript kit and plasmid
pAItC4 that had been linearized with BamH1 as template. Gel-purified RNA was
dephosphorylated with calf intestinal alkaline phosphatase and subsequently 5'-end-labeled
using [y-32P] ATP and polynucleotide kinase. Labeled RNA was gel purified, suspended in
TE (10 mM Tris-HCI, pH 8.0, 1 mM EDTA) and renatured by heating to 85 °C followed by
slow cooling to room temperature. To generate 5'-labeled alkaline hydrolysis ladders, 60-ul
RNA samples (200 nM) were incubated for 5 min at 95 °C in alkaline hydrolysis buffer (100
mM NaHCO3/Na,CO3, pH 9.0, 2 mM EDTA) and then recovered by ethanol precipitation.
Hydrolyzed RNAs were mixed with 1 uM CsrA (20 ul reaction volume) in binding buffer (10
mM Tris-HCI, pH 7.5, 100 mM KCI, 10 mM MgCl,, 10% glycerol, 20 mM DTT). Reaction
mixtures were incubated for 30 min at 37 °C to allow CsrA-glgC RNA complex formation.
Samples were fractionated through 10% native polyacrylamide gels. Bound and unbound
transcripts were visualized by autoradiography, excised and eluted from the gel. RNAs were
ethanol precipitated and fractionated through 10% denaturing polyacrylamide gels. RNase T1
and alkali digestion ladders of the same transcript were prepared as described previously and
used as molecular size standards.”3
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Fig. 1.

Electrophoretic Mobility Shift Assay (EMSA) demonstrating that WT-CsrA contains 2
independent RNA binding surfaces while the HD-CsrA contains only one. a) EMSA with WT-
CsrA protein showing the presence of a “major” and “minor” shifted complex (arrows), as well
as “free RNA”, suggesting that CsrA can bind 2 independent RNAs. b) Competition experiment
with increasing concentrations of specific unlabeled competitor RNA. Note that addition of
competitor RNA caused a redistribution of the WT-CsrA complex to the lower “minor”
position, while HD-CsrA failed to exhibit a secondary complex with additional competitor,
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Fig. 2.

EMSA demonstration that HD-CsrA binds to a single-site RNA with approximately one third
the avidity of WT-CsrA. a,b) EMSA of WT-CsrA and HD-CsrA proteins and their
corresponding binding curves. The avidity of WT-CsrA for RNA, as reflected in the apparent
equilibrium binding constant (K4 = 1.3 nM), is greater than that of the HD-CsrA (Kg = 3.4 nM)
for the same labeled RNA oligonucleotide. Note that the shorter development time and contrast
adjustment in this image vs. Fig. 1 deemphasized the “minor complexes”. Graphpad Prism
version 3 was used for graphical representations and calculations
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Fig. 3.

EMSA analysis of the optimal CsrA binding site spacing using a series of synthetic RNA
oligonucleotides. EMSAs were performed with the RNAs listed in Table 1. Two concentrations
of WT-CsrA or HD-CsrA protein were employed for each series of binding reactions, the first
reaction in each binding set (i.e., gel “a” lane 2) contains a low concentration (2.5 nM) of the
protein listed, while the reaction to the right of it (i.e., gel “a” lane 3) contains a high
concentration (62.5 nM) of CsrA protein. RNAs containing either one or two high affinity
binding sites are also shown. Important shifted species are numbered, described in the results,
and correspond to the structural interpretations in the boxed area to the right. The intersite
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distance and linker size (N) for each RNA oligo used is measured in nucleotides. Experiments
were performed at least twice to confirm banding patterns and migration distances.

J Mol Biol. Author manuscript; available in PMC 2010 September 18.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mercante et al.

Free RNA

RNA
CsrA

F—RNA28-1BS— ——RNA28-2BS—— +H—RNA28-1B5— ———RNA28-2BS—
HD WT HD WT 0 HD WT HD WT 0

Fig. 4.

Stoichiometric measurements of CsrA:RNA ratios within shifted complexes. EMSA
experiments were conducted similar to Figure 3 with WT-CsrA or HD-CsrA in combination
with either RNA28-2BS or RNA28-1BS. After detection of labeled RNA by Phosporimager
analysis (left panel, “RNA-EMSA”), protein was transferred to a PVDF membrane by
electroblotting and probed for CsrA protein (right panel, “Western Analysis”) using a CsrA-
specific polyclonal antibody8; the exact protocol is outlined in the Materials and Methods.
RNA and protein bands were quantified using Quantity One software (Biorad, Hercules, CA)
and the HD-CsrA:RNA28-1BS (complex 1) ratio was set to 1.0 (explained in materials and
methods and results). All other protein:RNA complexes were compared to HD-
CsrA:RNAZ28-1BS for determination of their relative CsrA:RNA ratios as follows: WT-
CsrA:RNA28-1BS (complex 2) = 1.1 + 0.2; HD-CsrA:RNA28-2BS (complex 3) = 1.9 £ 0.1;
WT-CsrA:RNA28-2BS (complex 4) = 0.96 + 0.1. Stoichiometric analyses were performed in
triplicate and representative EMSA and western blots are shown.
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Effects of WT-CsrA or HD-CsrA on the expression of glgC
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translational fusions in S-30 coupled transcription-translation reactions. a) Reactions contained

2 ug of supercoiled plasmid pCZ3-3 (glgC'-‘lacZ) and eithe

r WT-CsrA (top panel) or HD-

CsrA (bottom panel) at the concentrations indicated; right panel graphically displays quantified
results. b) Similar reactions were conducted with 2 ug of supercoiled plasmid pCSB25

(9lgCAGGA'-‘lacZ). The concentration of CsrA that leads to a 50% inhibition of gene

expression (ICsq) was calculated based on a simple point-to-point curve and a Hill-Slope (4PL)
model, both of which gave similar values. Simultaneous expression from the bla gene of these
plasmids (Bla) served as an internal control for nonspecific inhibition. Graphpad Prism version
3was used for graphical representations and ICsq calculations. In vitro transcription-translation

assays were conducted at least twice for each set, with simil

ar results.
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Boundary Analysis revealing additional uncharacterized CsrA target sites in the glgCAP 5'-
leader. A) Limited alkaline hydrolysis ladders of glg RNA incubated with 1 uM CsrA. CsrA-
RNA complexes were separated from unbound RNA on a native gel and subsequently
fractionated through a 10% denaturing gel (shown). Lanes corresponding to distinct bound
complexes (B1, B2, B3 or B4) and unbound (U) RNA are shown. Lanes corresponding to
limited base hydrolysis (OH) and RNase T1 digestion (T1) ladders are indicated. Positions of
the boundaries are marked with arrows on the right. Numbering on the left is from the start of
glgCAP transcription. b) The glgCAP leader transcript contains four CsrA binding sites (BS1-
BS4). Positions of the 3’ boundaries (B1-B4), as well as the previously identified CsrA
footprints are shown.37 Positions of the glgC SD sequence and translation initiation codon
(Met) are also shown. ¢) UNAfold model (an algorithm based on Mfold®8) of RNA structure
that includes BS1 within the single-stranded region of a hairpin loop. Note that hairpins
containing BS1 and BS2 will not form simultaneously because they share common stem
sequences. AG of this structure and a comparison of BS1 with the SELEX-derived CsrA
consensus sequence is shown.39
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Fig. 7.

A model for CsrA regulation by binding to the 5’ leader of repressed transcripts, based on
results from RNA gel shifts and glgC S30 transcription-translation. a) CsrA initially binds at
a high affinity to a target site, commonly located within a hairpin structure that lies proximal
to the SD. b) After initial binding, the increased local concentration of CsrA allows the free
RNA-binding surface to interact with the downstream low affinity target site overlapping the
SD sequence. ¢) Binding of the low affinity target site sequesters the SD sequence, thereby
blocking ribosome loading and decreasing translational initiation. SD = Shine Dalgarno; AUG
= methionine start codon.
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Table 1

Synthetic RNA oligonucleotides used in this study.?
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Name Intersite Distance Linker size (N) Sequence
RNA-1A
5
3 -GGCACAAGGAUC
RNA-1B 5-CGCACAAGGAUGUGCG-3"
RNA-2A 5"-GGCACAACCCUGUGCC-37
RNA-2B - &
5-GGCACAAAAALC
RNA10-2BS 10 1 SEACHAGNLIIE® ampeaN ey
RNA10-1BS 10 1
1 L] L L
S-CACAAGGAUGUG (N) GA
—h. .q— e
RNA14-2BS 14 1 T S N
RNA14-1BS 14 1 - v
5°-GGCACAAGGAUGUGCC (N) CGCACA
EEE——— .+ —
RNA18-2BS 18 5 e
RNA18-1BS 18 5 5 " 1471 6 1
5-GGCACAAGGAUGUGCC (N) CGCACA.
—_—— - —_——
RNA28-2BS 28 15 5 Ta
5°-GGCACAAGGAUGUGCC (N) CGCACA
RNA28-1BS 28 15 e
RNA43-2BS 43 30 e
RNA43-1BS 43 30 TR s
63-2BS 63 0 . o
AR ’ 5'-GGCACAAGGAUGUGCC (N) CGCACA.
S, -— -
RNA63-1BS 63 50 TmmEmRnaaaaee

a . . . L . s . . . .
Unless otherwise noted, the linker (N) was composed of a poly (A) tract. The intersite distance is measured in ribonucleotides starting on either side of

the invariant “GGA” motif. Arrows under each sequence indicate annealing strands of a stem in a likely stem-loop structure as modeled by MFOLD.47:

74 The conserved GGA nucleotides of high affinity binding targets are highlighted in gray. Oligoribonucleotide nomenclature reflects both the intersite
distance and the number of functional target sites (ie., intersite distance of 10 nt with 2 binding sites = RNA10-2BS). RNAs were supplied by Integrated
DNA Technologies (Coralville, 1A) or synthesized using the Megashortscript Kit (Ambion, Austin, TX). During the course of experiments, GGA

replacements were changed from CCC to AAA when it was revealed that a CCC trinucleotide could potentially facilitate unwanted RNA oligonucleotide

secondary structures as predicted by MFOLDA7: 74,
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Table 2

Bacterial strains and plasmids used in this study.
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Strain or plasmid

Description or relevant genotype

Source or reference

E. coli K-12 Strains
TRBW3414
TRCF7789B°C”

Plasmids
pJMCN4
pCZz3-3
pCSB25
pAltC4

pPMLB1034
PCSRH6-19
pAH144
pTWIN1
pTC14
pBAD33
PBATC6
PCSRR44A

csrA::kan, rpoS

CF7789 csrA::kan AcsrB::cam AcsrC::tet

aadA gene from pAH144 cloned into pBATCS; StrR/Spc?
@glgC'-‘lacZ in pMLB1034, AmpR
pCZ3-3 with upstream AGGA

T7-driven glgCAP RNA expression construct (+46 to +179 relative
to the start of transcription)

1aZ translational fusion vector; AmpR

pKK223-3 expressing C-terminal Hisg-tag CsrA; AmpR
CRIM plasmid, aadA; StrR/Spc?

Chitin Binding Domain (CBD) fusion plasmid

CsrA-CBD fusion in pTWIN1

Arabinose inducible vector; CmR

CsrA-CBD fragment from pTC14 cloned into pBAD33
csrA R44A C-terminal Hisg tag, derived from pCSRH6-19

75
32

This Study
49
37
72

76

27

67

NEB

K. Suzuki
66

This Study
32
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