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Abstract

Ribosomal protein L4 regulates the 11-gene S10 operon in Escherichia coli by acting, in concert
with transcription factor NusA, to cause premature transcription termination at a Rho-independent
termination site in the leader sequence. This process presumably involves L4 interaction with the
leader mMRNA. Here, we report direct, specific, and independent binding of ribosomal protein L4
to the S10 mRNA leader in vitro. Most of the binding energy is contributed by a small hairpin
structure within the leader region, but a 64-nucleotide sequence is required for the bona fide
interaction. Binding to the S10 leader MRNA is competed by the 23 S rRNA L4 binding site.
Although the secondary structures of the mMRNA and rRNA binding sites appear different,
phosphorothioate footprinting of the L4-RNA complexes reveals close structural similarity in
three dimensions. Mutational analysis of the mRNA binding site is compatible with the structural
model. In vitro binding of L4 induces structural changes of the S10 leader RNA, providing a first
clue for how protein L4 may provoke transcription termination.

Ribosomal proteins are encoded on the bacterial chromosomes in multigene operons that
facilitate stoichiometric production of the more than 50 ribosomal proteins (r—proteins).1
Expression of most of these operons is translationally regulated by a single regulatory r-
protein encoded by a given polycistronic mMRNA. This operon-specific autogenous control
mechanism is elicited when repressor r-proteins are not consumed during the assembly of
ribosomal subunits. In the absence of sufficient ribosomal RNA targets, the resulting excess
of “free” repressor proteins bind to their own mRNAs and block translation of the
polycistronic mRNA (reviewed in Refs. 1 and 2).
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R-protein L4 from Escherichia coli specifically regulates the S10 operon, which codes for
11 r-proteins including L4 itself (3, 4). L4 is unique among the regulatory ribosomal
proteins because it regulates not only translation but also transcription of the S10 operon
mRNA. The latter form of regulation is accomplished by L4 stimulation of transcription
termination at a terminator (attenuator) structure in the mRNA upstream of the initiation
codon of the first gene of the operon (5). Determinants necessary for L4-mediated
autogenous control are contained within a 172-nucleotide 5’-untranslated region of the S10
operon mRNA. This region folds into six stem-loop structures termed helices HA, HB, HC,
HD, HE, and HG (Fig. 1A) (6, 7).

The mRNA sequences necessary for L4-mediated transcription and translation control
overlap, but are not identical (8, 9). Helix HE and the unstructured sequence immediately
downstream of this hairpin are necessary for translational control, whereas helices HD and
HE are required for transcriptional control (8, 10, 11). L4-stimulated transcription
termination occurs within the U cluster (nt 139-149) (9) in helix HE, which resembles a
Rho-independent terminator. In vitro transcription experiments (10, 12) suggest that the
transcription attenuation process involves three ordered steps: (i) spontaneous pausing of the
RNA polymerase at the attenuation site, (ii) NusA-mediated stabilization of the pause, and
(iii) additional stabilization of the pause involving protein L4 that leads to transcription
termination.

Binding of a regulatory r-protein to specific targets in both rRNA and mRNA is fundamental
to the autogenous control model (13). The minimal rRNA target of L4, identified by serial
selection of random E. coli rRNA fragments binding to L4 (14), is a four-helix junction
composed of nucleotides 295-343 in Domain | of the 23 S rRNA.. Binding of protein L4 to
this RNA sequence generates a characteristic iodine cleavage pattern in the U321-loop of 23
S rRNA (15). Interestingly, the same region of 23 S rRNA competes with the paused
transcription complex for L4, eliminating the ability of the protein to stimulate transcription
termination (16). These results show that binding of 23 S rRNA to L4 inactivates the
regulatory capacity of the protein and suggest that the 23 S rRNA and mRNA binding sites
for L4 might share certain critical features. However, mutations in protein L4 can
distinguish its ability to regulate the expression of the S10 operon from its ability to be
incorporated into the ribosome (17).

Here we demonstrate direct binding of r-protein L4 to the S10 mRNA leader. Furthermore,
we analyze the requirements in the RNA binding site for L4 binding. Footprinting results
indicate structural changes of the leader RNA upon binding, and reveal structural similarities
between the rRNA and mRNA L4 binding sites. A structure model for the L4-mRNA
interaction is proposed.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification

Protein L4 from E. coli (L4EC) was purified from 50 S subunits as described (18). The
clone of the full-length Thermus aquaticus L4 protein was a kind gift from Dr. Alexander
Mankin (University of Illinois, Chicago, IL). Protein LATHD?7 is a variant of T. aquaticus
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L4 with a deletion in which 46 amino acids (Thr#® to Lys%!, corresponding to Thr43 to Arg®8
in E. coli, Fig. 1B) were replaced with a single glycine. The gene was cloned into pET29b
(Novagen), protein LATHD7 was expressed in E. coli BL21(DE3) and purified from the
soluble cell extract via affinity chromatography on Ni2*-agarose (Qiagen). The histidine tag
was cleaved off with thrombin and the resulting LATHD7 protein was further purified via
ion exchange chromatography where it eluted from a Mono S column (Amersham
Biosciences) at 270 mM KCI. The protein was >95% pure and did not exhibit RNase
activity.

In Vivo Regulatory Studies

The regulatory capacity of the T. aquaticus L4 proteins was determined as described (7). A
C-terminal 6-histidine tag (no thrombin cleavage site) was introduced into both LATH (wt)
and LATHDY7 genes, and the genes were placed under control of an arabinose-inducible
promoter in a pPBAD18 derivative. The plasmids were introduced into E. coli K12 strain
LL308 containing target plasmid pACYC-S10’/’lacZ or pACYC-AHD-S10’/’lacZ. Plasmid
pACYC-S10°/’lacZ contains the entire E. coli S10 leader and proximal 54 codons of the S10
structural gene, fused in-frame with a lacZ gene (lacking the proximal 8 codons), and under
control of the isopropyl-1-thio-f-D-galac-topyranoside-inducible trc promoter. This plasmid
contains the regulatory signals necessary for both transcription and translation control of /-
galactosidase synthesis by r-protein L4 (19). Plasmid pACYC-AHD-S10’/’lacZ is a
derivative of pACYC-S10’/’lacZ that has a deletion of the S10 leader hairpin HD
eliminating L4-mediated transcription control (11).

S10 Leader mRNA Constructs

Plasmid pT724 (which encodes the entire S10 operon leader and proximal one and a half
structural genes (6)) was used as PCR template to amplify various parts of the S10 leader
MRNA. The PCR products were cloned into the BamHI/EcoRl site of pSP65 (Promega).
The 5/(+) primer introduced a T7 promotor, and the 3/(-) primer introduced a restriction site
for linearization of the plasmid for run-off T7 RNA polymerase transcription (20). We used
constructs with transcription starts at four sites of the leader: (i) at HA with G1 as the first
nucleotide, (ii) at HE with the start at GGG-C86, (iii) at HD with the start at GG-A62, and
(iv) at HD with the start at GG-A64 (Fig. 1, green arrows). The two nucleotide differences
in the latter two constructs had no effect on the experimental results reported. The 3’ termini
of the RNA transcripts were generated by digestion of the templates with restriction
enzymes Sspl (after helix HC at U66), SnaBI (after HD at C86), Bsal (in the lower HE at
C100), Hpal (C125 after the upper HE at C125), Dral (after HE at U147), or Smal (after HG
at C197) (Fig. 1A, red brackets). We also made a construct encoding a transcript with a
hammerhead generating the C125 end.

Nitrocellulose Filter Binding Assays

Nitrocellulose filtration assays, described in Ref. 20, were done in 300-pl reactions
containing 20 mM Hepes-KOH (pH 7.5), 4 mM MgCl,, 4 mM fmercaptoethanol, 200-400
mM NH4CI, RNase-free BSA and tRNA bulk (as indicated). Binding data were fitted to
single site hyperbolic curves (Fig. 1, upper panel). In competition assays, the L4
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concentration was 0.67 uM and 32P-labeled RNA A-G (5001500 dpm/pmol) was 0.33 UM.
Under these conditions about 22 pmol of complex was collected on the nitrocellulose filter.
Competitor (i.e. non-labeled) RNA was added to labeled RNA A-G before the refolding
step. Competition data were fitted with the program Sigma Plot according to Equation 5 of
Lin and Riggs (21) solved for the fraction of labeled RNA bound (Fig. 1, middle and lower
panel).

Gel Shift Assays

A 15-pl sample of an RNA-protein complex containing 75 pmol of [32P]JRNA and the
indicated amount of protein L4 was prepared by incubating for 15 min at 37 °C (20 mM
Hepes-KOH (pH 7.4), 100 mM NH4CI, 4 mM MgCl,, 10% glycerol) and then chilling on
ice. The sample was loaded onto a buffered (20 mM Hepes-KOH (pH 7.4), 100 mM NH4CI,
4 mM MgCl,) 5% acrylamide/bisacrylamide (29/1) gel (0.75 x 130 x 170 mm). The gel was
run at 110 V for 2 h at 4 °C and the electrode buffer was recirculated between the electrode
chambers with a pump. The gels were dried and exposed on a phosphoimaging plate (Fuji)
for quantification.

lodine Footprinting

RESULTS

The experiments were done as described previously for the complex of ribosomal RNA with
protein L4 (15). Phosphorothioated RNA was produced by including Sp-[a-SINTPs
(PerkinElmer Life Sciences and Glen Research) in the T7 RNA polymerase transcription
assay. The L4 concentration was 0.67 pM and that of 32P-labeled phosphorothioated RNA
was 0.33 UM or vice versa (the yield of complex was identical in both experiments). As seen
in some experiments, the mRNA fragments tend to break at C38-A39 and C63-A64 even in
the absence of iodine, and at G80-A81 in the presence of LATHD7. However, in general
control experiments carried out without addition of iodine did not result in cleavages.

Binding of Protein L4EC to the S10 mRNA Leader RNA in Vitro

To analyze L4 interaction with the S10 leader, we modified the strategy previously used to
demonstrate L4 binding to its target in Domain | of 23 S rRNA. Ribosomal protein L4EC
was incubated with 32P-labeled S10 leader RNA, or, as a control, its known target in 23 S
rRNA, and subjected to nitrocellulose filtration. The results in Fig. 2 (top panel)
demonstrated that the full-length leader mMRNA (A-G, 1-197C) bound r-protein L4 with an
apparent Kp of about 700 nM (in 4 mM MgCl,, 250 mM NH4CI; binding was strongly
dependent on the ionic condition). The affinity is in the same range as reported for the S4-a
mMRNA (22) and the S7-str mRNA interaction (23). The interaction of L4 with the full-
length S10 leader mMRNA was about 4-fold weaker than with its cognate rRNA target in
Domain | of 23 S rRNA (GG295-343CC; rRNA-DI, 53 nt) (14). Control RNAs such as
G600-C657 from Domain Il of 23 S rRNA (rRNA-DII) did not bind, even though this part
of the 23 S rRNA contains a site that cross-links to L4 in the intact ribosome (24). Other
control RNAs, e.g. fragments of ribosomal RNA of various lengths (50 to 170 nt), also
failed to bind r-protein L4 (data not shown). Likewise, the sequence comprising the first
three helices from the beginning of the S10 leader sequence did not bind (Fig. 2 top, A-C,
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1-66). This result suggests that the S10 leader contains one or more sites for L4 binding
downstream of the HC hairpin.

Because many highly positively charged ribosomal proteins, such as L4, bind with
considerable strength to nonspecific RNAs (e.g. Refs. 25 and 26), we tested the specificity
of L4 binding to the S10 leader by competition experiments (Fig. 2, middle panel). As
expected, non-radioactive S10 leader RNA (A-G) competes with binding of radioactive
leader RNA. In contrast, addition of a 218-nt mMRNA molecule that contains the interaction
site for r-protein S15 in the translational regulation of the rpsO operon (27) did not affect
complex formation between the cognate S10 leader mRNA and L4. Thus, the affinity of L4
for the S10 leader mRNA is significantly higher than its affinity for a noncognate r-operon
mRNA, indicating that the L4-S10 leader interaction is specific. On the other hand, the
rRNA binding site of ribosomal protein L4 (RNA-DI) strongly competes with binding to the
S10 leader mRNA (Fig. 2, middle). Not assuming allosteric effects, this observation is
consistent with the hypothesis that the L4 binding sites on 23 S rRNA Domain | and the S10
leader share significant structural features.

To define the binding site more precisely, we tested various S10 leader mMRNA subdomains
in the competition experiments (Fig. 2, bottom panel). Most intriguingly, the mRNA
fragments that do not contain helix HD, such as A-C (66 nt), E (65 nt), and E-G (116 nt), do
not inhibit complex formation, whereas the isolated helix HD (D, 27 nt) competes
significantly. All other constructs containing HD (viz. A-D (86 nt), D-E (88 nt), and D-G
(139 nt)) compete to the same extent as the full-length A—-G (198 nt). Consistent with data
indicating the importance of helix HD in L4-dependent transcription regulation (11, 28),
these experiments suggest that helix HD contributes the most to the specificity of L4
binding.

T. aquaticus Protein L4 Actively Regulates E. coli S10 Operon Expression

Protein L4 from E. coli is not well suited for in vitro binding experiments, because (i) it has
to be purified under denaturating conditions either from ribosomes or from inclusion bodies,
(i) it is relatively unstable, (iii) the solubility even in high salt buffers is very low (<50 uM),
and (iv) it aggregates even at low concentrations. For example, in gel-shift experiments
RNA-L4EC complexes form aggregates that remain for the most part in the gel pocket (not
shown).

To circumvent these problems we combined two strategies to develop a better behaved
protein. First, because L4 proteins from many other eubacteria regulate the E. coli S10
operon (7, 19), we switched to L4 from T. aquaticus (L4TH), which is 34% identical and
50% similar to L4 from E. coli (Fig. 1B). Proteins from such thermophilic bacterial species
have proven to be beneficial for other biochemical and biophysical experiments. Second, we
deleted 46 amino acids that, in the ribosome, form an extension protruding into the core
from a globular domain located on the surface of the ribosome (29, 30) (cf. Figs. 1B and
4C). In free L4 protein (from Thermotoga maritima) the corresponding amino acids are not
organized into a particular structure (31), and hence might contribute to the aggregation
problem. Indeed, the deletion of this region in E. coli L4 generates a protein that retains its
capacity for regulating the S10 operon, but is more soluble than the full-length protein.?
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Therefore, we constructed similar deletion derivatives of the T. aquaticus L4 and screened
them for solubility and thermostability. A deletion between Gly#® and Pro%2 of L4TH
(corresponding to Gly*2—Pro89 in L4EC) rendered the protein (called LATHD7) very soluble
and stable.

Before using L4ATHD7 for S10 mRNA binding studies we confirmed that the protein is
active in inducing autogenous control in E. coli. First, E. coli cells carrying plasmids with
either LATH or LATHD7 under control of an arabinose-inducible promoter could not form
colonies on plates containing arabinose, presumably because the induced T. aquaticus L4
proteins reduce expression of the 11 r-protein genes in the E. coli S10 operon, thereby
blocking synthesis of ribosomes. Second, we analyzed the ability of the T. aquaticus L4
proteins to inhibit expression of S10°/’lacZ reporter genes. Induced synthesis of the full-
length L4TH protein or the deletion protein (L4THD7) reduced about 3-fold the expression
of an S10°/’lacZ gene downstream of the wild type S10 leader (Table I). This result
demonstrates a substantial regulatory effect of the T. aquaticus L4 proteins, although the
regulation is less than that of the native L4 protein. Moreover, a target plasmid containing a
deletion of leader hairpin HD, which is required for E. coli L4-mediated transcription
control, was much less responsive (Table I), suggesting that the L4ATH proteins regulate
transcription, and, like E. coli L4, require the HD hairpin. Taken together, these results show
that L4ATHD?Y is a valuable analogue of the E. coli L4 with respect to repression of the E.
coli S10 operon and has the desired solubility characteristics. Highly purified protein
LATHD7 was therefore used for further in vitro studies.

RNA Determinants for L4 Binding

To determine a minimal binding site in the S10 leader mRNA, RNA leader fragments were
assayed for binding to L4ATHD?7 in gel shift assays (Fig. 3). S10 leader mRNA fragment D
(GG62-86) does not bind to protein L4 in the gel shift experiment, and there is almost no
binding to the D-loE fragment (GG64-100). The presence of helix E appears to be more
important in the band shift assays than apparent from the nitrocellulose filtration
experiments (cf. Fig. 2, bottom), because a little binding activity is seen with the complete
helix E stem-loop structure (E, GGG86-147). Nevertheless, the minimal mRNA that shows
high affinity binding is D-upE (64 nt), comprising nucleotides GG64-125 (Fig. 3, top). The
binding of the D-upE part to LATHD7 determined by nitrocellulose filter binding is shown
in Fig. 1 for comparison (upper panel, black squares). Binding is about 2-fold weaker than
binding of L4EC to the full-length mRNA fragment.

Together with HD, the upper helix HE (nt 100-125) is strictly required for high affinity L4
interaction. The D-AupE mRNA fragment, which shortcuts helix HE by connecting C100
and G132 with a UUGC-tetraloop (Fig. 1A), does not bind (cf. D-E and D-AupE in Fig. 3,
middle). The primary sequence requirements of the upper HE are not strict, because
replacement of the upHE-loop with an U1A-loop (Fig. 1A) retains significant affinity for L4
(D-U1AupE in Fig. 3, middle).

The gel shift experiments with the LATHD?7 are in good agreement with the nitrocellulose
filtrations where full-length L4AEC has been used, although the apparent dissociation
constants are higher. However, gel shift assays are known to generate apparent Kp values up
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to 1 order of magnitude higher than filter binding assays (32). Similar to the nitrocellulose
competition experiments presented above, A-D and D-G bind to LATHD?7 in the gel shift
system (not shown). Furthermore, binding is stronger with the cognate ribosomal binding
site (RNA-DI) and no binding can be detected with the dispensable A-C part of the S10
leader mRNA (Fig. 3, bottom). In summary, a minimal 64-nt fragment comprising HD, the
ascending side of HE, and the upper HE helix is sufficient for high affinity binding of
protein L4.

L4-S10 Leader mRNA Contacts Monitored by lodine Footprinting

lodine cleavage of phosphorothioated RNA is a useful tool for examining in detail RNA-
protein interactions (15, 33, 34). To execute such experiments one a-phosphorothioate
nucleotide (A, C, G, or U) per 5/-32P-labeled transcript molecule, on average, was
introduced to RNA via T7 in vitro transcription. The phosphorothioate S10 leader transcripts
were used for two types of experiments. In an interference experiment, RNA-protein
complexes were formed with phosphorothioate-containing RNA and isolated by binding to
nitrocellulose filters. The RNA was then extracted, cleaved with iodine, and subjected to gel
electrophoresis. A band that is weakened or missing on the gel indicates that the presence of
a phosphorothioate moiety at the corresponding position impairs or prevents the formation
of the RNA-protein complex. In a protection experiment, the RNA is cleaved in the complex
preceding its isolation. A weakened or absent band in this experiment indicates that iodine
does not have free access to the corresponding phosphorothioate in the backbone of the
RNA, i.e. the position is protected from iodine cleavage. In this way protein interactions
with the non-bridging Rp-oxygens of the RNA phosphate backbone can be mapped with
atomic resolution.

Full-length S10 leader A—G and the two S10 leader fragments A-D and D-G were probed in
complex with protein LAEC. Additionally, protein LATHD?7 has been footprinted in complex
with the minimal D-upE mRNA fragment, resulting in a pattern similar to that obtained with
protein L4EC on the larger fragments.

Fig. 4A shows a section of the iodine cleavage pattern of the D—G region that contains all
determinants necessary for transcription and translation control by L4. Taken together, all
signals are located in helices HD and HE clearly monitoring the L4 binding site. Protein
L4EC shows strong interference with 5’-phosphorothiolated U75, C76, C86, and to C94
(Fig. 4B, stars), and weaker interference at the positions C72, A73, G78, and A99. These
same regions are also protected. Non-bridging Rp-oxygens 5’ to the following nucleotides
are protected against iodine cleavage in the complex with L4EC: U66, G67 (note: not shown
in Fig. 4A), U69, and A74 in the 5’-strand of helix HD; in A81/85, C86-U88, A90-G95, and
U97-A99 starting from HD extending to the 5’ strand of lower helix HE and, finally, C111,
C115, U117, U124, and G132 (not shown) in the upper helix HE (Fig. 4B, dots). The signals
cover almost every phosphate in the backbone of the 5 part of loHE up to C100. This
extensive protection could either be due to direct protein contact in this region or to
structural changes induced by L4 binding to the HD region (see “Discussion”).

However, the footprint in the loop of helix HD displays very characteristic protein-RNA
contacts. Interestingly, the two interference sites 5’ and 3’ to U75 (Fig. 4B, red stars) are
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strongly reminiscent of the footprinting pattern of rRNA-DI in complex with L4, where O to
S substitutions 5" and 3’ to U321 abolish the binding of L4 (14) (Fig. 4B, inset). The three
phosphates 5" to A74 and A320 and G78 and A324 are protected in the mRNA and the
rRNA, respectively (Fig. 4B, red dots). Although the secondary structures are different,
these data raise the intriguing possibility that helix HD of the S10 leader is a close three-
dimensional mimic of the rRNA binding site (U321-loop, Fig. 4B).

Mutational Analysis of the HD Loop

Because the footprinting data suggested direct L4 binding to the loop of hairpin HD, and
because the pattern was strongly reminiscent of the interaction of L4 with its rRNA target,
we analyzed the sequence requirements for L4 interaction with hairpin HD in more detail.
Comparison of the E. coli HD loop structure with the homologous structure in S10 leader
mRNAs from other y-protecbacteria (7), and with the U321 loop in ribosomal RNA (L4-
binding site) of different species reveals the following (Fig. 5). (i) A74 in the E. coli mMRNA,
which corresponds to position 320 in rRNA, is conserved in the S10 leader of other
proteobacteria that bestow L4-mediated autogenous control; (ii) the rRNA bases 319 and
323 universally form a Watson-Crick base pair (e.g. G—C in E. coli and Haloarcula
marismortui, and C-G in T. thermophilus and Deinococcus radiodurance), whereas the
corresponding bases at positions 73 and 77 in the mMRNA occur as noncanonical A-G or G—
U combinations; and (iii) the nucleotide corresponding to C76 in E. coli mRNA is an
adenine in 23 S rRNA throughout all three kingdoms of life (A322 in E. coli). Guided by
these comparisons (Fig. 5) and assuming that the two L4 binding sites form similar
structures, we constructed 14 mutant mRNA minimal versions and tested them for binding
to protein L4THD?Y in the band shift system. Selected experiments are shown in Fig. 5,
together with a quantitative representation of the binding experiments in Table II.

The binding data support the idea that L4 recognizes specific primary or secondary structure
features in the HD loop region. First, substitutions of the conserved A at position 74
decrease the binding affinity (Table 11, mutants M1-3), particularly if the base is changed to
U (Fig. 5). Second, we were interested in nucleotides 73 and 77 in the HD loop, because
they are Watson-Crick paired in the 23 S rRNA target. Interestingly, the affinity for L4 for
the leader was significantly reduced when bases in those positions were changed to Watson-
Crick combinations (Table 11, mutants M5-8), but additional changes such as C76A (M9
which resembles E. coli rRNA) or changes weakening the loop-closing C72—-G78 base pair
(M10-14) partially or fully restored binding affinity. The C76A mutation assayed by itself
increased binding slightly above wild type (M4).

In summary, base exchanges in the loop of helix HD modulate the affinity of the S10 leader
MRNA to L4 as much as 3—-4-fold. Consistent with in vivo data suggesting that A74 is
important, and that requirements for the HD sequence are flexible (28), none of the changes
completely eliminates L4 binding. The mutational analysis reflects the phylogenetic
conservation of the two RNA sites.
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DISCUSSION

Regulatory Features of Protein L4 Are Conserved in T. aquaticus

The model for autogenous control of the expression of an r-protein operon assumes dual
RNA binding activity of the regulating r-protein (13). That is, the protein has binding sites
with affinity for both the mRNA and rRNA (1, 2, 35). Regulation of the S10 operon
transcription has been analyzed in vivo and in an in vitro transcription termination system,
but proof for the presumed interaction between the S10 leader and the L4 protein has
remained illusive. The high propensity of L4 for aggregation and unspecific affinity to
nucleic acids have in the past thwarted attempts to demonstrate a direct interaction between
L4 and leader mRNA (1, 16).

The current investigation therefore focuses on analyzing L4 interaction with the S10 leader.
To circumvent the difficulties discussed above we used competition strategies and
developed an L4 protein to overcome aggregation and precipitation problems. The
construction of this protein, derived from T. aquaticus L4, took advantage of the superior
stability of r-proteins from thermophiles, and the fact that the long loop covering about 50
amino acids in L4 (cf. Fig. 4C) (29, 30) apparently contributes to the undesirable properties
of the protein, but is dispensable for regulation (17).2 The resulting protein, LATHD7, with a
46-amino acid deletion in the extended loop, facilitated biochemical experiments. It also
regulated the E. coli S10 operon in vivo, apparently by the same mechanism as E. coli L4
(Table I).

The ability of T. aquaticus L4 to regulate the E. coli S10 operon is interesting, because the T.
aquaticus S10 operon is fused with the upstream str operon, and hence has no S10 leader
(36). One must therefore assume that LATH does not regulate the expression of the S10
operon in T. aquaticus, at least not by the mechanisms described for E. coli, yet the protein
has maintained the determinants for that function. Similar findings have previously been
made for L4 proteins from bacterial species such as Pseudomonas aeruginosa and Bacillus
stearothermophilus, species that also lack an E. coli-like S10 leader (7, 19). Taken together,
these findings suggest that determinants necessary for the interaction of L4 with the S10
operon mRNA of E. coli are conserved in other eubacteria, we presume because these same
determinants are involved in ribosome assembly and/or function in the native background.
This conclusion is consistent with our hypothesis that the targets of L4 in the S10 mRNA
and in 23 S rRNA share structural features.

The S10 Leader mRNA Binding Site of Protein L4

In this study we demonstrated for the first time direct and independent binding of L4 to the
S10 leader RNA, using both nitrocellulose filter competition binding assays (Fig. 2) and gel
shift experiments (Fig. 3). The minimal binding site for L4 binding consists of a 64-nt
fragment containing hairpin HD, the 5’ part of the lower HE, and the stem loop of the upper
HE (Fig. 3, top). We propose that L4 binding to the leader requires specific interactions with
the HD loop and non-sequence specific interaction with parts of HE.

The requirement for HD is supported by the following results: (i) no leader fragment lacking
hairpin HD has significant binding or competition activity (Figs. 2 and 3); (ii) HD competes
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by itself against binding to other, longer leader fragments and thus seems to contribute the
most to the specificity of binding (Fig. 2, bottom); and (iii) point mutations in the loop of
hairpin HD positively and negatively alter binding affinity (Fig. 5, Table II). Thus, hairpin
HD is essential for binding and seems to be the main determinant for specificity. This result
is consistent with in vivo genetic experiments showing that L4 transcription control is
abolished upon deletion of hairpin HD (Table I and Ref. 11).

Nevertheless, HD does not bind by itself, so other sequences must contribute to binding.
Because both A-D and D-G bind (Fig. 2), this extra energy can apparently be provided by
sequences on either side of HD. The relatively weak effect of substituting the loop of HE by
the U1A-loop (D-U1AupE, a change of 11 bases) implies that these sequences can add
binding energy but do not contribute significantly to specificity. Deletion of the upper HE
part, on the other hand, abolishes binding (D-AupE, Fig. 3, middle). This requirement might
be because of indirect effects, e.g. improper folding of the actual L4 target, as the upper HE
is not protected by L4 binding. Consistently, other hairpins with an intact stem can substitute
for the native upper HE hairpin with little or no loss of activity in vivo (8, 28). Nonspecific
interactions have also been observed to be an essential part of specific binding and function
in other RNA-protein complexes (e.g. Ref. 37).

Structural Mimicry between mRNA and rRNA

The phosphorothioate footprinting results further define the hairpins HD and HE as the
binding target of r-protein L4 (Fig. 4). Surprisingly, almost every phosphate in the backbone
of the 5’ part of loHE up to C100 is protected. We cannot differentiate whether the backbone
is directly shielded from iodine cleavage by protein L4 or the footprint indicates changes in
the RNA structure. We favor the latter possibility because it is difficult to see how the
protein could protect one strand of the lower helix HE for more than one turn. Rather, the
results suggest that in complex with L4, even in fully transcribed RNA and in the absence of
an RNA polymerase complex, lower helix HE as such does not exist (cf. Fig. 1A versus 4B),
and that its structure is influenced by L4 binding. Notably, secondary structure probing
results obtained with the free RNA have been ambiguous for this particular region (6).

On the other hand, the footprint in the loop of helix HD is particularly striking because the
pattern is similar to the signals that characterize the interaction of L4 with the U321-loop of
23 SRNA (14). The rRNA binding site of L4 contains a four-helix junction (RNA-DI, Fig.
4B), which, in the ribosome (29, 30, 38), forms two longer bent helixes: helices H18 and
H20 stack on each other generating one continuous helix, whereas H19 stacks on the U321-
loop to form the other (Fig. 4C). This way three non-consecutive RNA strands (color coded
in Fig. 4, B and C) contribute bases to the helix-like arrangement that is recognized by L4:
U304-G301 (green) and C334-G333 from H20 (red) base pair with G313-C318 (blue).
Stacking on top of this helix stem, the G319-C323 pair closes the three-base U321-loop
(cyan). Our interference results raise the interesting possibility that helix HD of the S10
leader RNA has a three-dimensional structure similar to the structure of the H19-U321-loop
part of the four-helix junction: the two interference sites 5 and 3’ to U75 resemble the
phosphates 5" and 3’ to U321 in 23 S rRNA, where O to S substitutions abolish L4 binding,
and the preceding three phosphates are protected, as is the phosphate 3/ to U75 and U321 in

J Biol Chem. Author manuscript; available in PMC 2015 December 28.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stelzl et al.

Page 11

MRNA and rRNA, respectively (Fig. 4, red dots and stars). The hypothesis that hairpin HD
is a three-dimensional structure mimic of the rRNA-DI binding site is supported by our
observation that binding of MRNA and rRNA are competitive.

The Watson-Crick 319-323 pair closing the three-base U321-loop in rRNA (Fig. 4D) is
phylogenetically conserved in all three domains of life (Fig. 5), whereas the phylogenetic
analysis of the mRNA suggests that the HD loop has five or more nucleotides (7). In an
attempt to change the mRNA structure to a structure more like the rRNA, we changed nt
AT73 and/or G77 to form Watson-Crick base pairs. Most pronounced in the pyrimidine-
purine combinations (i.e. M5 and M8), mutations predicted to form 73-77 Watson-Crick
base pairs in the HD loop negatively affect the interaction with L4 (Fig. 5, Table Il, M5-
MB8). In the crystal structures of the 50 S ribosomal subunit, the 3’ nucleotide of the Watson-
Crick pair (C330 of H. marismortui (38) and G334 of D. radiodurans (30)) is in a syn-
conformation causing a turn between this and the preceding base (Fig. 4D). It appears
difficult to form a Watson-Crick base pair with one base in the syn-conformation in the
context of an A-form helix like HD, because it would similarly require a local reversal of
strand direction (39).

Whereas keeping the G73-C77 Watson-Crick pair, we tried to provide a context to form a
three-base loop with a similar conformation as in the rRNA by weakening and destroying
the last base pair of the helix HD. Weakening of the closing base pair in the stem of HD, i.e.
substitution of C72-G78 with A-U or U-A, indeed increased the binding affinity (M12 and
M13). Replacing the C72-G78 base pair by a non-Watson-Crick combination even restores
binding of the G73-C77 mutant version to wild-type levels (M10, M11). Thus, the particular
backbone conformation of the three-base loop might be an important determinant for
recognition of L4. One might speculate that the HD-loop does indeed only contain three
nucleotides because of formation of A—G or G-U base pairs between positions 73 and 77
(Fig. 5) that could, in contrast to a Watson-Crick combination, enable a similar shape of the
three-base loop.

Although a three-dimensional structure of the mRNA-L4 complex is clearly needed to
substantiate these speculations, it is interesting to note that the backbone turn between A322
and C323, caused by the syn-conformation of the 323 base in the rRNA, is monitored in the
probing results. Because of this turn, the phosphate group 5’ to C323 is facing opposite to
the L4 side, and is indeed the only phosphate in the loop hardly affected in the probing
experiments of both the mRNA and rRNA L4 complexes (Fig. 4D, green).

Analogies between the L4 Contacts to mMRNA and rRNA Targets

Although L4 interacts with parts of Domains I, 11, IV, and V in the mature 50 S subunit (30,
38), the only part of 23 S rRNA that binds to L4 in the absence of other proteins is Domain |
(15). Proposing that the two RNA targets for L4 binding have a similar structure, one would
expect the same part of protein L4 to interact with each of the RNA targets.

Phylogenetically conserved amino acids in the a4/a5 regions of L4 (Fig. 1B) contact the
RNA backbone in 23 S rRNA Domain I. In the H. marismortui ribosome (38) (Protein Data
Bank number 1JJ1), residues Lys149 (E. coli Lys3%), Thr130 (E. coli Thrl3l), and Arg2%° (E.
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coli Argl62) bridge to the three phosphates in the A327-A329 (E. coli A320-A322) loop;
these contacts are compatible with phosphorothioate footprinting experiments (Fig. 4D) (14,
15). The only base directly recognized in the H. marismortui rRNA-Domain I L4 binding
site is A327 (E. coli A320), which is contacted by the universally conserved asparagine 206
(E. coli Argl63) and glutamine 151 (E. coli Lys!32). Mutations of the corresponding adenine
in the HD loop of the mRNA decrease binding affinity (Table 1I, M1-M3) and affect
regulation in vivo (28).

Mutations in the a4/a5 region of E. coli L4 (Thrl31, Leul34, Alal®0, and Vall67) abolish L4-
dependent regulation in vivo (17). Furthermore, modifications in the a4/a5 region of L4
from T. maritima bestow on this protein a capacity to regulate the E. coli S10 operon not
possessed by wild-type T. maritima L4 protein (40). Thus, amino acids in L4 that contact 23
S rRNA Domain | or are close to these L4 residues may also be involved in recognizing the
HD mRNA region, supporting the analogy between the two binding events.

Conclusions on the Mechanism of L4-mediated Transcription Termination

Studies of Rho-independent transcription termination suggest that cessation or prolongation
of transcription is caused by changes in the conformation of the nascent RNA chain (41, 42).
These changes could be effected by protein factors, such as NusA and AN protein (43, 44),
or ribosomal proteins (45). Analysis of transcription complexes paused at other terminators
(46, 47) suggests that exactly the minimal D-upE segment would be accessible to L4 binding
in the paused complex. L4-induced termination of transcription at the S10 attenuator
requires both L4 and NusA (12, 48, 49). In the current study we have found that L4 can bind
to the S10 leader mRNA in the absence of NusA. The effect of NusA is thus not related to
L4 binding. Our footprint data suggest changes in the RNA leader structure induced by L4
binding. If so, NusA might be required for propagation of this signal to the RNA polymerase
during the transcription termination event.
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A, secondary structure of the E. coli S10 leader mRNA (6, 7) and constructs derived from it.
Green arrows, with the additional Gs for efficient T7 RNA polymerase run-off transcription,

indicate transcription start sites. Red brackets indicate the ends of the RNA constructs.

Deviations from the wild-type E. coli sequence are indicated by red nucleotides. The six
helical structures (HA, HB, HC, HD, loHE (lower part of HE, upHE (upper part of HE), and

HG), the Rho-independent transcription termination site (TR-termination), the Shine-

Dalgarno sequence (SD), the translation initiation codon (TL-start), and the helix

nomenclature are shown in blue. B, sequence alignment of E. coli L4 and L4 from T.

aquaticus. Conserved amino acids are indicated in blue, residues putatively involved in
RNA binding are shown in red (see text). The 46-amino acid deletion of protein LATHD7
within the extended loop is indicated in red (cf. Fig. 4C).
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Fig. 2. Nitrocellulose filter binding assays
Symbols indicate different RNA fragments. Top, binding of the S10 leader mRNA and

rRNA fragments to L4EC, except for filled squares that show binding of protein LATHD?7 to
the D-upE minimal mRNA fragment (0.067 uM [32P]RNAs, 20 mM Hepes-KOH (pH 7.4),
250 mM NH4CI, 4 mM MgCl,, 0.01 mg/ml BSA, 1 uM tRNA). Binding curves are best fits
to the data resulting an apparent Kp = 0.23 uM for L4EC bound to rRNA-DI (filled circles),
an apparent Kp = 0.80 uM for L4EC bound to the full-length mMRNA (A-G, filled triangles),
and an apparent Kp = 1.3 uM for the LATHD7-D-upE interaction (filled squares, thin line).
We note that when bound to mRNA fragments the retention efficiency for LATHD7 (0.60) is
lower than for LAEC (0.76), which makes a direct comparison of the two curves difficult.
Middle, competition of L4 binding to full-length leader A-G by unrelated RNAs (0.33 uM
[32PIRNA A-G, 0.67 uM protein L4EC, 20 mM Hepes-KOH (pH 7.4), 225 mM NH,CI, 4
mM MgCl,, 0.01 mg/ml BSA). Bottom, competition of L4 binding to full-length leader A-G

J Biol Chem. Author manuscript; available in PMC 2015 December 28.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Stelzl et al.

Page 17

by S10 leader mRNA fragments (conditions like in middle panel). A-C, nt 1-66; E, nt
GGG86-147; E-G, nt GGG86-197C; D, nt GG62-86; D-E, GG62-147; A-D, 1-86; D-G,
GG62-197C; and A-G, 1-197C (cf. Fig. 1). The competition curves were calculated as
described under “Experimental Procedures.” The best fit gave a Kp of 0.82 pM for the
competition with the A—G mRNA (filled circle, middle and bottom), a Kp of 1.87 uM for the
helix D fragment (filled diamond), and a Kp of 30.7 uM for the E-G mRNA fragment (filled
squares).
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Fig. 3. Gel shift assays
5% polyacrylamid native gels (20 mM Hepes-KOH (pH 7.4), 100 mM NH4CI, 4 mM

MgCl,, 0.01 mg/ml AcBSA) with 5 uM [32P]JRNAs and L4THD?7 as indicated, are shown.
Top, the minimal fragment for high affinity binding is D-upE (GG64-125), whereas D-loE
(GG64-100), E (GGG86-147), and D (GG62-86) show no or little binding. Middle, upper
HE is necessary for binding (D-E (GG62-147) versus D-AupE (GG62-100-UUCG-132-
147)) but there are little primary sequence requirements (D-U1AupE (GG64-108-
CAUUGCACUCCG-121-125)). Bottom, binding of the minimal D-upE fragment is
compared with the interaction with rRNA-DI (23 S ribosomal RNA fragment GG295—
343CC) and the A-C (1-66) part of the S10 leader that has approximately the same size, but
is dispensable for function in vivo. Note that the different lengths of the internally 32P-
labeled RNAs result in different specific activities. Also, for better comparison, two similar
gel shift experiments with the minimal D-upE fragment are displayed, one in the top and the
other in the bottom panel.
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Fig. 4. lodine footprinting of the S10 leader mMRNA in complex with protein L4
A, probing of mRNA fragment D-G in complex with LAEC (section of a 10% denaturing

polyacrylamide/urea gel). s, solution lane; i, interference lane; p, protection lane. We note
that, for all constructs probed, the G80 to G87 region is strongly compressed. In particular,
A81 and A85 are hardly separated and the bands representing C83 and U84 migrate faster
than expected. The primary sequence of the constructs has unambiguously been determined
on the DNA level by sequencing. Such behavior is because of the structure of the RNA and
independent of the interaction with L4, because after iodine cleavage of mRNA fragments in
the absence of L4 (lane s) the bands migrate to the same positions. B, secondary structure of
the D—G S10 leader RNA fragment (cf. Fig. 1) indicating probing results: stars for
interference and full circles for protections. For comparison, the inset shows the interference
and protection patterns of the rRNA-DI 23 S fragment in complex with protein L4 (14).
Nucleotides in green (301-304), blue (313-323), and red (333-334) form a helix-like
structure shown in C using the same color code. Protection and interference signals in red
are to emphasize similarities between the two RNAs. C, from the 3.1-A crystal structure of
the 50 S subunit of D. radiodurance 50 S subunit (Protein Data Bank number 1KC9 (30))
with E. coli numbering: the RNA-DI binding site (D. radiodurance nt 312-315, green; 344—
345, red; 324-329, blue; and 330-334 in cyan) and protein L4 (a-helices in yellow, #-sheets
in orange, nomenclature follows (31)). D, close up of the rRNA-L4 interaction site
displaying the phosphorothioate footprinting results. Protected phosphates in red, sites of
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interference in magenta. The green phosphate, facing away form L4, is not affected by L4
binding in the probing experiments.
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Fig. 5. Phylogenetic comparison of the HD-loop in S10 mMRNA leader sequences and the rRNA
U321-loop of Domain I of 23 S RNA

mRNA-HD1 is found in E. coli (C76), Salmonella typhimurium (C76), and Citrobacter
freundii (U76). mMRNA-HD2 occurs in Yersinia enterocolitica (A76), Serratia marcescens
(A76), Morganella morganii (A76), and Haemophilus influenzae (U76). All these leader
sequences have shown an L4-dependent regulatory response in vivo (7). rRNA-cons.
indicates the minimal consensus sequence from all three kingdoms of life. The 319-323
Watson-Crick base pair and A322 are universally conserved. Boxed, gel shift assays (5%
polyacrylamide gel, 20 mM Hepes-KOH (pH 7.4), 100 mM NH4CI, 4 mM MgCl,, 0.01
mg/ml AcBSA). For every RNA mutant (3 lanes each), protein LATHD7 was added to 7.5,
12, and 17 pM. [32P]RNA mutants (5 pM) are D-upE minimal fragments. Mutated

nucleotides are indicated on the black background in the HD-loop secondary structures (see

also Table I1).
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Table |
In vivo analysis of autogenous regulation by T. aquaticus L4 in E. coli

Cells containing the indicated target plasmid and a plasmid with the indicated L4 gene were induced with
isopropyl-1-thio-/#-D-galactopyranoside or with isopropyl-1-thio-#D-galactopyranoside and arabinose and
then pulse-labeled (in duplicate) with [3®S]methionine before and after the induction of L4. Total cell extracts
were fractionated on a 7.5% SDS-PAGE gel and analyzed using a Phosphorimager. The ratio of S10°/* f-gal
synthesis rates in the presence and absence of arabinose for each protein was determined from a minimum of
two independent experiments. The average is shown, with the standard deviation given in parentheses.

L4 protein L4 regulation of S10L-S10°/’lacZ L4 regulation of SI0LAHD-S10°’/’lacZ

L4EC 0.09 (+0.02) 0.54 (+0.02)
L4TH 0.31 (£0.03) 0.71 (+0.06)
L4THD? 0.41 (+0.07) 0.81 (+0.06)

J Biol Chem. Author manuscript; available in PMC 2015 December 28.



Page 23

Stelzl et al.

Author Manuscript

20 890 VYV O V 9 n YT
[T0 €90 VvV O 9 n ST
610 890 N 2 9 Vv ZIN
900 0T VvV 2 9 9 TN
600  S60 2 9 Vv 0T
010  ¥80 2 Vv 9 6N
600 820 v n 8N
€10 950 n LN
8T0  6V0 2 9 In
00 TE0 2 SN
ST0  2TT \ PN
6T0 9.0 9 EN
ST0 990 o) N
010  8r0 n N

00T 9 9 2 N V V O w-3dn-q

¥ Dbupwg 8. 2. 9. S. vL € gL uomsodpweN

"SaLL1] 834Y) 1Se3| T JuBINW YIRS 10} sUOp Usaq aney G ‘Bi4 ul pakejdsip
Se sjuaWiadX3 "PauIquIod a1aM SUOITRIIUSIUOID U1810.d JUaaLLIp 831U1 8y) JO SaNjeA Pazijelulou ‘suoljeljuaduod uisiold moj 1e JolAeyaq Jeaulj-opnasd
B SMOYS Jay1el Ing ‘uoiieanies ul Jou st Buipuig asnedag ‘Buipuig adA1-pjim 01 pazijewlou sem ‘xajdwod ayl Ul YN JO uondely se pajejnajed ‘buipurg

/AHLYT YIIM UondeISIuL 84) U0 @H X113y Jo dooj aU1 Ul sUoIeINW JO 198)48 U1 JO sisAeue sAlzenuend

I a|qeL

Author Manuscript

Author Manuscript

Author Manuscript

J Biol Chem. Author manuscript; available in PMC 2015 December 28.



