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ABSTRACT

Prokaryotic ribosomal protein genes are typically grouped within highly conserved operons. In many cases, one or more of the
encoded proteins not only bind to a specific site in the ribosomal RNA, but also to a motif localized within their own mRNA,
and thereby regulate expression of the operon. In this study, we computationally predicted an RNA motif present in many
bacterial phyla within the 5 untranslated region of operons encoding ribosomal proteins S6 and S18. We demonstrated that
the S6:518 complex binds to this motif, which we hereafter refer to as the $6:518 complex-binding motif (56S18CBM). This
motif is a conserved CCG sequence presented in a bulge flanked by a stem and a hairpin structure. A similar structure
containing a CCG trinucleotide forms the $S6:518 complex binding site in 16S ribosomal RNA. We have constructed a 3D
structural model of a S6:518 complex with S6S18CBM, which suggests that the CCG trinucleotide in a specific structural
context may be specifically recognized by the S18 protein. This prediction was supported by site-directed mutagenesis of both
RNA and protein components. These results provide a molecular basis for understanding protein-RNA recognition and suggest
that the S6S18CBM is involved in an auto-regulatory mechanism.
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INTRODUCTION According to the mimicry hypothesis proposed more than
three decades ago by Nomura et al. (1980), regulatory binding
sites on r-protein mRNAs have evolved to resemble native r-
protein binding sites on rRNA. Numerous studies have shown
that the similarity between these two types of binding sites
is detectable at the structural level (Serganov et al. 2003; Mer-
ianos et al. 2004; Nevskaya et al. 2005), and sometimes they
also share common sequence patterns (Olins and Nomura
1981; Iben and Draper 2008). The regulatory sites can be con-
served in closely related bacteria (Robert and Brakier-Gingras
2001; Aseev et al. 2008), between different bacterial phyla
(Fu et al. 2013), or even between domains of life (Kraft et al.
1999), but in many cases they appear to have originated in-
dependently in the individual taxonomic groups (Allen et al.
1999; Springer and Portier 2003).

S6 and S18 are bacteria-specific r-proteins with undefined
functions (Melnikov et al. 2012). They bind cooperatively as
a heterodimer to a specific 16S rRNA region previously stabi-
lized by another ribosomal protein, S15 (Held et al. 1974;
Agalarov et al. 2000; Recht and Williamson 2001). Since the
structure of S18 is irregular, it has been suggested that it is ca-

In prokaryotes, most ribosomal protein (r-protein) genes are
organized within highly conserved operons (Roberts et al.
2008). In a number of cases their expression is regulated
through a feedback mechanism, in which one or more protein
products of a given operon acts as a regulator (Babitzke et al.
2009). Upon saturation of the binding site on a ribosomal
RNA (rRNA), aregulator-protein binds to its own mRNA, fre-
quently within the 5" untranslated region (5 UTR) (Nomura
et al. 1980; Freedman et al. 1987; Thomas and Nomura 1987;
Portier et al. 1990; Philippe et al. 1993; Guillier et al. 2002).
This interaction inhibits translation initiation by occlusion
of a ribosome binding site or ribosome entrapment, permit-
ting maintenance of the balance of r-protein and rRNA levels.
In Escherichia coli, there are 12 known distinct mRNA regula-
tory elements that control 11 r-protein operons, i.e., a, spc,
S10, str, rpsT, rpsB-tsf, rspA, rpmI-rplT, rpsO, rplK-rplA, and
rplJ-rplL (Fu et al. 2013).
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pable of folding only in the context of S6 and/or the 16S rRNA-
S15 complex (Agalarov et al. 2000). In most bacteria, the rpsF
and rpsR genes—coding for S6 and S18, respectively—are lo-
cated within one operon. However, no mechanism regulating
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their expression has been proposed so far. In a high-through-
put bioinformatics screening study, the Breaker group identi-
fied a conserved RNA motif associated with rpsF (Yao et al.
2007), suggesting presence of a regulatory mechanism.
However, this study focused only on Firmicutes bacteria and
did not elaborate on the structure or the potential role of
this motif.

Using a comparative genomics approach, we have defined
an RNA motif present in most bacterial phyla within operons
encoding the S6 and S18 proteins. This motif adopts a hairpin-
like structure that contains a predicted r-protein binding site,
and it is characterized by the presence of a three-nucleotide
CCQG pattern. We found that this pattern is present in an anal-
ogous structural context in the $6:518 binding site on the 16S
rRNA, suggesting that the motif identified in the rpsF 5 UTR
may also constitute a binding site for the S6:518 complex.
Using electrophoretic mobility shift and nitrocellulose filter
binding assays, we demonstrated that the S$6:5S18 complex
indeed binds specifically to the motif, which we hereafter
refer to as the S6:518 complex-binding motif (S6S18CBM).
Moreover, the replacement of the CCG trinucleotide with
AAA abolishes the interaction. A possible mechanism for
the regulation of the rpsF operon by the S6S18CBM is
discussed.

RESULTS

The 5'-UTR region of the rpsF operon contains a
conserved RNA structural motif

Experimental data on prokaryotic operon architecture is too
sparse for comparative genomics analyses; therefore, we pre-
dicted operons computationally for all fully sequenced ge-
nomes, using an intergenic distance criterion (see Materials
and Methods). For further analysis, we considered only oper-
ons containing at least one copy of rpsF. Although gene order
in the predicted operons differs across phyla, they almost al-
ways start with rpsF and usually contain rpsR coding for r-pro-
tein S18 (Table 1). Coexpression of these two proteins is
favorable, as S6 and S18 form a native complex, which binds
cooperatively to the 16S rRNA with bound S15 (Agalarov
etal. 2000). Besides rpsF and rpsR, the predicted operons, de-
pending on a phylum (Table 1), often contain the following
genes: priB (coding for primosomal replication protein b),
rpll (r-protein L9), ssb (single-stranded DNA binding pro-
tein), rnb (ribonuclease II), and rpmG (r-protein L33).
Analysis of the 5'-UTR sequences of the operons encoding
S6 r-proteins led us to the discovery of the highly conserved
S6S18CBM RNA motif. The S6S18CBM consists of two
parts: an irregular hairpin of 7-25 bp (15 bp on average) and
a bulged loop of 8-23 nt (Fig. 1). Despite divergence (i.e.,
deletions and insertions) across bacterial phyla, S6S18CBM
shows a clear pattern of correlated substitutions, implying
the relevance of the consensus structure (Figs. 1, 2). The
base-paired region contains the consensus Shine-Dalgarno
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TABLE 1. Distribution of the S6518CBM and most common rpsF
operon structures across prokaryotic phyla

Occurrence Most common operon
Taxonomic group of S6518CBM architecture
a-Proteobacteria - rpsF-rpsR-rpll
B-Proteobacteria ++ rpsF-priB-rpsR-rpll
y-Proteobacteria +++ rpsF-priB-rpsR-rpll
8/e-Proteobacteria +++ rpsF-ssb-rpsR and rspF-rpsR
Actinobacteria ++ rpsF-ssb-rpsR-rpll
Bacteroidetes/Chlorobi — rpsF-rpsR-rpll
Cyanobacteria + rpsF
Firmicutes +++ rpsF-ssb-rpsR
Spirochaetes + rpsF-ssb-rpsR
Tenericutes ++ rpsF-ssb-rpsR
Thermotogae + rpsF-ssb-rpsR
Archaea - rpsée

() The motif was found in <5% of the analyzed genomes of a given
phylum; (+) in 5%-33%; (++) in 34%—66%; and (+++) in 67%—
100%.

(SD) sequence at its 3’ end, whereas the bulged loop includes
a highly conserved short sequence pattern CCR (R = A/G) lo-
cated 2—-3 nt upstream of the SD sequence.

The newly discovered S6S18CBM motif is broadly distrib-
uted among bacteria. To investigate its taxonomic distribu-
tion, we represented the initially discovered motif instances
as a covariance model and used it to scan all fully sequenced
prokaryotic genomes (see Materials and Methods for details;
see Supplemental Data 1 for the results). Results showed that
despite its simplicity, the motif is specific for rpsF operon 5
UTRs, i.e., does not occur in other genomic locations. The
distribution of the S6S18CBM instances across different
phyla is presented in Table 1. It was found in most y-
Proteobacteria, Firmicutes, and Tenericutes; however, it is ab-
sent in Chlorobi, a-Proteobacteria, and Archaea groups.
Examination of DNA sequences upstream of chlorobial rpsF
gene clusters revealed that the predicted transcriptional units
do not contain SD sequences, suggesting an alternative mech-
anism of regulation. Although the S6S18CBM was not found
in a-Proteobacteria, the rpsF operon of Sinorhizobium meliloti
contains a ~200-nt long 5" UTR (Ulve et al. 2007). However,
its predicted secondary structure differs substantially from
the S6S18CBM, suggesting that a-Proteobacteria may employ
a distinct regulatory system. Interestingly, the two bacterial
phyla that do not contain the S6S18CBM motif share the
same dominant operon organization, in which rpsR gene
directly follows rpsF (Table 1). We analyzed all predicted bac-
terial rpsF operons and found that this organization strongly
correlates ()(2 P-value of 2.92 x 107°%) with the absence of a
S6S18CBM motif in the 5" UTR, implying the presence of a
general rule. The archaeal counterparts of rpsF and rpsR
genes—rps6e and rps26e (Malygin and Karpova 2010)—are
located separately in the genome, and in Sulfolobus solfa-
taricus, both are expressed with short leaders (Wurtzel et al.
2010), which nonetheless do not resemble S6S18CBM.
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FIGURE 1. Secondary structures of the S6S18CBM in rpsF operon mRNAs and the structurally
corresponding junction in 16S rRNA. (A) Predicted RNA secondary structure of the S6S18CBM
in rpsF operons. (B) Three-way junction of 16S rRNA—a binding region of the S6:S18 protein
complex in the ribosome crystal structure. Conservation of individual nucleotides is calculated
based on rRNA sequences from organisms with predicted S6S18CBM instances. (C) Proposed
secondary structure of the S6S18CBM in Escherichia coli, with a depicted CCR trinucleotide motif.
SD sequence is colored red; nucleotides forming the predicted S6:518 binding interface are out-
lined in red and gray. (D) Three-way junction of the Thermus thermophilus 16S rRNA. Depicted is
a 56:518 binding interface; nucleotide residues contacting the complex in a base-specific manner
are marked in red. Green and yellow transparent ovals indicate S6 and S18 proteins, respectively.

According to the recent study on RNA motifs regulating
r-protein biosynthesis (Fu et al. 2013), such universal
occurrence puts the S6518CBM motif among most wide-
spread cis-regulatory motifs in bacterial r-protein operon
leaders.

The CCR sequence pattern is conserved in 16S rRNA

During the assembly of the central domain of the ribosomal
small subunit, the S6:S18 complex binds to the rRNA across
the junction of helix (h) 22, h23a, and h23b (Fig. 1;
Agalarov et al. 2000). The complex cannot bind (Held et al.
1974) or binds very weakly (Recht and Williamson 2001) to
the junction in the absence of the S15 protein. S15 stabilizes
the 16S rRNA tertiary structure and organizes the binding
site for the S6:518 complex (Agalarov et al. 2000), but does
not interact with it directly. In the structure of T. thermophilus
small ribosomal subunit, bulged-out nucleotides C720, C721,
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ACCRrug h23b and G722 make four base-specific hydro-
éﬂ és % gen bonds to residues Lys71 and Arg74 of
Y=R""GgA r-protein S18 (Figs. 1, 3). These are the
——— only base-specific contacts in the S6/
g:g S18-RNA interface; and importantly, the
—— CCR (R = A/G) sequence is conserved in
o) s all genomes where the S6 RNA motif is
. found (Fig. 1). Furthermore, both amino
;:ﬁo acid residues involved in this interaction
— are highly conserved in S18 proteins
A=U (data not shown). The aforementioned

evidence, in addition to the fact that the
CCR sequence pattern is localized in
equivalent structural positions in the
S6S18CBM and 16S rRNA, suggests that
it is the key element for the binding of
the S6:518 complex to both rRNA and
to the S6S18CBM in mRNA.

Itis difficult to assess the significance of
. the structural similarity between the
i S6S18CBM and the $6:S18 binding site
G in rRNA based solely on the compari-
c son of secondary structure, because the
2
s
u

111

protein-bound RNA conformation of
¢ S6S18CBM most likely mimics the con-
formation of the $6:S18 binding site in
rRNA altered by the interaction with
S15. To this end, and to better understand
the potential role of the CCR pattern, we
built a tertiary structure model of the E.
coli S6S18CBM bound by the S6:518 com-
plex (Figs. 1, 3). The model shows conser-
vation of the binding interface (Fig. 1C,
D). In the protein-S6S18CBM model,
S6, which contacts the minor groove of
h22 and h23b in 16S rRNA (Fig. 1D, resi-
dues shown in gray), binds to the RNA
backbone of helix P1 (Fig. 1C, residues shown in gray) with
the purine-rich tract containing the SD sequence (nucleotide
residues 55-58 colored red). S18 contacts phosphate groups in
the helix P1 and, analogously to the ribosome structure, makes
base-specific contacts to the single-stranded CCR sequence
(residues 51-53) within a bulged-out loop. This model sug-
gests that despite differences in sequence and structure be-
tween rRNA and mRNA, their recognition by the S6:518
complex may occur in a similar way.

TrOoO 0COOOrP0 OO0

In Escherichia coli S6S18CBM is specifically recognized
by the S6:518 protein complex

Reconstitution studies of the E. coli 30S ribosomal subunit
have shown that S6 r-protein binding depends on the presence
of the S18 r-protein (Mizushima and Nomura 1970). Central
domain assembly studies using the Aquifex aeolicus system re-
vealed that S6 and S18 r-proteins form a tightly associated
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-35 box -10 box CCR  SD start

E.coli* TTGAGT (14) AAGTACTAT (31) GUU...... C.CUUGCCUC. .CccgGGA. . . .. uucGge. ... ... ughA CCcagacaG.GAGGC......... UgAAUA.A....-UCCGUAAGGAGC (6) ATG
S.enterica* TTGCCC (8) CAGTATTAT (31) GUU...... C.CUUGCCUC. .Ca.uGGGCCgcg-=-==gC. ... ... ugA CCcagacaG.GAGGC......... UgAAUA.A....-UCCGUAAGGAGC (6) ATG
Y.pestis TTGAGT (14) AAGTATAGT (31) GUU...... C.CUUGCCUC. .Ca.uGGGccgcgG---u . UgAAUA.A....-UCCGUAAGGAGC (8) ATG
H.influenzae TTGCGG (14) CAGTATAAT (28) GUU...... C.CUUGCCUU. . UgAUUA.A....-CCCGUAAGGAGC (4) ATG
P.fluorescens TTGCCT (5) CTCTACAAT (65) ACU...... C.CUUGUCUGacC U.AC-A.A....-CCCGUAAGGAGC (4) ATG
S.aureus TTGTAA (14) TGATATAAT (25) AUU...... C.CUUGC-UU. . . C.GUAU.A....GACCACAAGGAGG (12) ATG
B.subtilis* TTGTAA (14) TGGTATAAT (26) GCU...... C.CuuGcceC-. . . C.GCUU.A. ...GUCCAAAAGGAGG (9) ATG
C.botulinum TTGATT (14) TGATAAAAT (18) A-U...... C.CCUGC-UG. . . C.GUUA.-....GUCCGUGGGGA-G (12) ATG
S.pneumoniae TTTACT (19) TAGTATAAT (17) CCU...... CaCUUACCCC. . . C.AUUA.-....GACCAAAAGGAGG (9) ATG
L.delbrueckii TTGGTA (14) TGCTAAAAT (27) ACU...... C.CUUGU-UC. . B C.AUUU.A....GUCCAAAAGGAGG (11) ATG
M.tuberculosis* TTTTCG (15) GTGTAGCCT (24) CCU...... C.CU-GC-CA. . G. CgCACA.C....GACCAC-AGGAGG (13) ATG
C.glutamicum TCGACA (14) GTGTACCTT (23) CCU...... C.CU-GCUAU. . C.AUGGC......... C.GAAA.A (11)GACCAU-AGGAGG (11) GTG
P.acnes TTGAAT (20) CGGTATCCT (63) CCU...... C.CU-GCCAC. . C.GUGGC......... C.GCUG.A....GACCAG-AGGAGG (12) ATG
S.coelicolor* TTTCAA (16) GGGTACGCT (115)CCU...... C.CU-GC-CA. . G.UG-GC......... C.GUUG.A....GUCCAA-AGGAGG (10) ATG
B.mallei TTGCAT (14) GGTTAGAAT (8) UCU...... CaCUUGCCAC.aC. . .CGA UUCAG........... AcgccCG. .. ... G.GUGGC......... U.-UCU.A....-UCCACAAGGAGU (4) ATG
B.petrii TTGCGT (14) GGCGATAAT (40) GCUg...ccC.CUUGCUUA.cC...--—..... GGCG........... e e e T T e GCUAGGCcccggccagC.GAGACA. . . . ~UCCUCAAGGAGU (7) ATG
D.autotrophicum ATGCTA (19) GGGTATATT (66) A-U...... C.CUUGCUCC. .GaugGG-. . ... AACA........... A....CCg uC.GGGGC. ........ U.GA-A.A....-UCCGAGAGGA-A (8) ATG
H.pylorix TTTAAT (19) AGGTATAAT (9) UUUa...gaC.CUUGCUCU..U...UU-..... UUAGU. ....... aaA....AA...... A.AGGGC......... U.AU-AcA....-ACCACAAGGAGA (4) ATG
C.hominis TTTARA (13) CGAAAAAAT (66) A-U...... C.CUUGCUUG. .U...GCA..... AAAG........... A....GC...... A.UAAGC......... U.AAAA.A....-UCCAUAAGGA-G (12) ATG
M.bovis TTTACT (14) GAGTATTTT (39) ACU...... C.CUUGAUCA. .U...AA-..... T A....UU...... A.UGAUC......... C.-AGA.U....GUCCAUAAGGAGA (8) ATG
B.burgdorferi TTGAAA (14) TTATATACT (1) ACUaaguaaC.CUUUG-UU..G...CAU..... AUU-........... U....UG...... C.AA-UG......... C.GAUA.-....GACCAUAAGGAGU (7) ATG
Synechococcus CTAAAA (12) TAGTAGAAT (5) A-U...... C.CUUGCUUC.uC...G-A..... AUCGuaaaa (18)acA....UC...... GaGCGGC. ........ C.-UUAuU. .. .GUCCAGAAGGA-U (15) ATG
T.thermarum TTAACA (17) TTGTATAAT (7) GCU...... C.CC-GCUUU. .G...CC-..... GGAGg......... UA....GG...... C.AAGGC......... C.GU-A.A....GACCGA-GGGAGG (11) ATG
R.marinus TTGCTT (14) CCGTACCTT (13) C-U...... C.CCUGCUCC. .C...GCC....cACCG........... -....GC...... G.GGGGCau (10) cggUaAUCA.U. . ..-UCCACAGGGA-C (6) ATG
motif secondary structure L Coceeeeeee o« (( B )) ) ))))) ) M) e e ))))))

motif logo i C CU A C M

o E ¥ Yyyy Cgfn = .\g AALY E A‘XUA A ®! A

FIGURE 2. Constrained sequence alignment of representative sequences of the S6SI8CBM. Sequences experimentally proved to be transcribed
(Lindner et al. 2004; Sharma et al. 2010; Arnvig et al. 2011; Maciag et al. 2011; Vockenhuber et al. 2011; Ramachandran et al. 2012) are marked
with an asterisk, and insertions are shown as lowercase letters and dots. Possible promoter —35 and —10 boxes and start codons of downstream

rpsF are highlighted; unpaired conserved motif CCR and Shine-Dalgarn

heterodimer prior to binding to ribosomal RNA and showed
no evidence for binding of either protein alone (Recht and
Williamson 2001). Due to the fact that the structure of S18
is quite irregular, it is unlikely that S18 is folded alone, and it
is thought to fold only upon binding to S6. Therefore, we de-
cided to coexpress and copurify the E. coli $6:518 complex.
The hypothesis that the $6:S18 protein complex binds to the
S6518CBM RNA was tested experimentally using in vitro tran-
scribed RNA and purified S6 and S18 proteins. Titration of the
$6:518 complex with the 5 UTR of the E. coli rpsR gene allowed
for monitoring of the S6:518-RNA complex formation by an
electrophoretic mobility shift assay (EMSA). Addition of in-
creasing amounts of $6:S18 causes a shift of the RNA band

A

S6 protein

S18 protein

o sequence are indicated.

in the gel (Fig. 4A), indicating an interaction. The supershifted
bands visible at S6:518 concentrations >5 UM are presumably
the result of unspecific binding of protein aggregates.

The CCG sequence pattern in the S6S18CBM of
RNA is required for recognition by the S6:518
protein complex

Because the unpaired CCR trinucleotide is present in both 16S
rRNA and in the S6S18CBM, we asked whether it is essential
for mRNA binding by the S6:518 complex. To this end, we
prepared a variant of the E. coli 5-UTR sequence in which
the CCG trinucleotide was replaced by AAA. This replacement

FIGURE 3. Interfaces of interactions between the S6:5S18 complex and RNA. (A) Modeled interaction interface between S6:518 and the S6S18CBM of
the rpsF operon mRNA in E. coli. Residues proposed as recognition determinants (K60, R63 of S18 protein and C51, C52, G53 of S6S18CBM) are labeled.
Nucleotides corresponding to the Shine-Dalgarno (SD) sequence are colored blue. Numbering of S6S18CBM residues follows that in Figure 1C. (B)
Interaction interface between the S6:518 r-protein heterodimer and 16S rRNA in the S15,56,518-rRNA complex of Thermus thermophilus (PDB
code: 1G1X). Amino acid and nucleotide residues making specific contacts (K71, R74 of S18 protein and C719, C720, G721 of 16S rRNA) are labeled.

1344 RNA, Vol. 19, No. 10
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FIGURE 4. Binding of the S6:518 r-protein complex to a 5'-UTR RNA
[(A) wild-type, (B) mutant with “CCG” substituted by “AAA”] from the
E. coli rpsF gene containing the S65S18CBM, monitored by EMSA. In vi-
tro-transcribed **P-labeled 5'-UTR RNA was incubated with an equi-
molar mixture of the wild-type $6:518 complex (0.3, 0.7, 1.3, 2.7, 4.0,
and 5.5 uM; indicated by wedges above the figure).

free RNA

ceRNA O b b b b

was predicted to have no significant effect on the secondary
structure of the S6S18CBM by the RNA mutants program
(Waldispuhl et al. 2009). The mutant RNA was unable to
bind the S6:S18 protein dimer according to both EMSA
(Fig. 4) and filter-binding assay (data not shown), validating
our hypothesis that the CCG trinucleotide is important for
protein binding. This result is in agreement with the structural
model that predicted that bases of the CCG trinucleotide are
directly contacted by the $6:S18 protein complex. On the oth-
er hand, an RNA molecule with length and predicted second-
ary structure content similar to that of rpsF mRNA, was not
bound by the S6:S18 protein complex (data not shown).

To analyze the importance of amino acid residues forming
the base-specific contacts with RNA, two variants of the S6:
S18 complex were created, carrying substitutions K60 or
R63 to alanine in the S18 protein. The filter binding assay
was used to measure the binding affinity of the two S6:518
mutant complexes relative to the wild-type complex. Under
the conditions tested, substitutions of Lys60 and Arg63 result-
ed in a decrease in the binding affinity, confirming the impor-
tance of the selected residues for RNA recognition. The wild-
type S6:S18 complex binds to the 5'-UTR mRNA with a dis-
sociation constant (K4) of 0.3 uM (£0.05), whereas the variant
with the K60A substitution binds with a K4 of 1.9 pM (£0.38)
(Supplemental Fig. 1). The saturation curve generated for the
R63A variant could not be fitted using a one-site-specific
binding model; and although it indicates very weak binding,
no Ky value could be reliably calculated.

DISCUSSION

A newly discovered RNA motif, S6S18CBM,
presumably participates in the translational
regulation of the rpsF operon

In this study, we identified a conserved RNA motif, termed
S6S18CBM, present in most bacterial phyla within 5 UTRs
of rpsF operons encoding r-protein S6. The motif, which is
characterized by a conserved CCG sequence presented in a
bulge flanked by a stem and a hairpin structure, is located im-
mediately upstream of the start codon of rpsF gene and in-

cludes the ribosome-biding site. Comparative sequence
analysis and structural modeling led us to hypothesize that
the S6S18CBM mimics the native S6:S18 complex binding
site in 16S rRNA, and thus is capable of recognizing the S6:
S18 complex. This hypothesis was confirmed experimentally
using in vitro binding assays and the determinants of the in-
teraction were identified.

We propose that the S6SI8CBM competes with the ribo-
some for binding to the $6:518 complex, and $6:5S18 complex
binding stabilizes the structure of the S6S18CBM, thereby
leading to a conformation in which the SD sequence is seques-
tered (Fig. 1). This sequestration, in turn, may provide the
rpsF operon with a regulatory feedback mechanism that en-
sures the balanced and coordinated synthesis of the proteins
encoded. In analogous systems, associated with other r-pro-
tein operons, the regulatory effect is either entirely coupled
(e.g., affects equally translation of all genes) or weakens in
downstream genes (Nomura et al. 1980; Baughman and
Nomura 1984). As most of the bacterial rpsF operons encode
both components of the S6:518 complex, the coupled mech-
anism of regulation appears to be more appealing. However,
considering the fact that S18 folding depends on S6, it is
also possible that only S6 translation is regulated, and the con-
centration of the functional form of S18 is controlled on the
level of folding. Further in vivo experiments are required to
assess the influence of $6:518 binding to the 5 UTR on the ex-
pression levels of the individual rpsF operon proteins.

RNA recognition by the $S6:518 complex

Despite no sequence resemblance, the predicted structure of
the S6S18CBM is similar to the structure of the $6:518 binding
site in 16S rRNA. Furthermore, the S6:518 complex appears to
bind both RNAs using the same interface involving positively
charged amino acid residues in S18 (Fig. 3). To gain more in-
sight into the structural features governing the RNA recogni-
tion by the S6:518 complex, we compared the S6S18CBM-S6:
S18 model with the crystal structure of T. thermophilus small
ribosomal subunit (Fig. 3). In the ribosome, the 16S rRNA-S6:
S18 protein complex interface contains 19 electrostatic and
hydrogen-bonding contacts; however, only four of them are
base-specific (Agalarov et al. 2000). Interestingly, these posi-
tions involve nucleotide residues that are preserved in both
the 16S rRNA and in the structurally corresponding region
of the S6S18CBM (Figs. 1, 3). We therefore hypothesized
that they may be essential for the recognition of the $6:518
complex. Indeed, mutation of the CCG pattern in the E.coli
S6S18CBM considerably reduced $6:S18 complex binding,
indicating that these residues are essential for the interaction
and may be involved in base-specific contacts, as predicted
by our structural model. These findings demonstrate that
structural similarity to a S6:518 binding site in 16S rRNA is
not sufficient for recognition, and base-specific contacts ap-
pear to play a key role in defining the binding specificity of
the S6:S18 complex. This result is also in line with studies
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showing that single-base bulges modulate the strength of in-
teractions between mRNA and r-proteins S8 (Wu et al.
1994) and S15 (Serganov et al. 2003).

S6 and S18, as secondary r-proteins in ribosome assembly,
bind to16S rRNA only if it is structurally modified by a pre-
vious interaction with S15 (Agalarov et al. 2000). We showed
that the S6:518 complex alone is capable of binding to the
S6S18CBM, suggesting that the S65S18CBM may mimic the
rRNA region already altered by S15. This, in turn, indicates
that in S15-depleted conditions, the expression of the rpsF
operon should be down-regulated and suggests that the
S6S18CBM may by involved in a more complex regulatory
network.

MATERIALS AND METHODS

Sequence analysis

DNA sequences of 1306 fully sequenced prokaryotic genomes with
annotated ncRNA and protein-coding genes were obtained from
the NCBI database (Sayers et al. 2012). A sequence of genes tran-
scribed from the same strand, with intergenic regions not longer
than 100 nt and containing an rpsF, was considered as a gene cluster
belonging to an rpsF operon (throughout the study, we define an op-
eron as a polycistronic mRNA and its 5 UTR). Definition of rpsF
genes was based on the KEGG Orthology (K02990 cluster)
(Kanehisa et al. 2012). A nucleotide sequence between the first
gene upstream of an rpsF operon gene cluster and the first gene of
the cluster was considered as a 5 UTR. Sequences with a 5 UTR
shorter than 40 nt were removed, and those longer than 400 nt
were limited to 400 residues at the 5" end. The 5-UTR sequences
were searched for conserved RNA motifs with CMfinder (Yao et al.
2007), a local RNA sequence alignment algorithm based on covari-
ance models. The program was started using two parameter sets:
(1) returning up to five candidate motifs of length 30-100 nt and
containing one stem—loop; and (2) returning up to five motifs of
length 40-100 nt and containing two stem—loops. Overlapping mo-
tifs were subsequently combined using the CombMotif.pl script
from the CMfinder package. To favor thermostable motifs present
in many genomes, with conserved sequence and secondary structure,
for each of the motifs a score was assigned according to the heuristic
function proposed by Yao et al. (2007). The best-scored motif was
used to calculate a covariance model, subsequently used to scan
the entire genome sequences with cmsearch (Nawrocki et al. 2009)
and e-value threshold of 0.01. Only three of 713 significant matches
were present in another genomic context than the rpsF operon, im-
plying high specificity of the obtained covariance model. Matches
from rpsF operons were aligned with cmalign from the Infernal pack-
age, and their taxonomic distribution was analyzed. Full sequence
alignment is available as Supplemental File 1. 0”° promoters associ-
ated with the representative motifs (Fig. 2) were predicted with
BPROM  (http:/linuxl.softberry.com/berry.phtml). To estimate
the sequence conservation of the S6:5S18 complex binding site, 16S
rRNA sequences from the genomes containing the S6S18CBM
were extracted and aligned using SSU-ALIGN (Nawrocki 2009).
Consensus secondary structure diagrams were created based on
alignments with R2R using GSC-weighting (Weinberg and Breaker
2011).
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Modeling the tertiary structure of the S6518CBM-S6:
$18 complex interaction

The 3D structure of the E. coli S6S18CBM (Fig. 1) in complex with
the S6 and S18 proteins was modeled using methodology previously
validated in the course of the RNA-puzzles experiment (Cruz et al.
2012). A part of an RNA helix and a loop were modeled using the
comparative approach with ModeRNA (Rother et al. 2011). As the
template, we used helix 22 and the junction region of the rRNA
three-way junction from the crystal structure of the S15,56,S18-
rRNA complex from T. thermophilus (PDB code: 1G1X).
Insertions were modeled de novo with MC-SYM (Parisien and
Major 2008), with constraints on secondary structure and with a
fragment-based approach using the RNABricks database of RNA
structure fragments (G Chojnowski, unpubl.). Structures of E. coli
S6 and S18 r-proteins were taken from the crystal structure of
the 70S E. coli ribosome (PDB code: 311M). RNA and protein com-
ponents of the modeled complex were evaluated with Model Quality
Assessment Tools, i.e., RASP (Capriotti et al. 2011) and MolProbity
(Davis etal. 2007). Poorly scored regions in RNA (in particular in re-
gions modeled de novo and at the insertion/deletion sites) were re-
fined with SImRNA, a method for RNA folding simulations that
uses a coarse-grained representation and a statistical potential
(Rother et al. 2012). The final full-atom model was obtained follow-
ing local refinement using HyperChemPro 7.51 (Hypercube, Inc.)
with the AMBER force field (Case et al. 2005), followed by global
refinement using PHENIX (Adams et al. 2010). Atom coordinates
of the model are available from ftp://genesilico.pl/iamb/models/
S6S18CBM/S6S18CBM&RNA.pdb.

RNA transcription

A DNA fragment coding for the Escherichia coli K12 5" UTR of the
rpsF operon (93 nt) was amplified by PCR and cloned into the
PTZ19R vector as an Ncol-Xhol fragment. Site-directed mutagene-
sis of the CCG motif was performed by a PCR-based technique. All
constructs were linearized with Xhol, gel purified, and used as tem-
plates (1 ug) for in vitro transcription (T7-Flashscribe Transcription
Kit, CellScript) in the presence of 10 pCi of [a**P] guanosine-5'-tri-
phosphate (GTP), performed according to the manufacturers’ pro-
tocol. Following incubation for 2 h at 37°C, the template DNA was
digested with 1 unit of RNase-free DNasel for 15 min at 37°C. The
labeled RNA molecules were phenol/chloroform extracted and
passed through mini Quick Spin oligo columns (Roche) to remove
free radionucleotides. RNA transcripts were resolved on 8% poly-
acrylamide/8 M urea gel and visualized by autoradiography. Full-
length products were excised and extracted from the gel.

Cloning, expression, and purification
of S6 and S18 r-proteins

The E. coli rpsF and rpsR genes have been cloned previously with
noncleavable N-terminal His6 tags into the recombinant expression
plasmid pCA24N by Saka et al. (2005). The rpsF gene with T5 pro-
moter originating from pCA24N was amplified in a PCR reaction
and cloned into pET28a as a BglII-Xbal fragment, resulting in the
pETrpsE. Subsequently, rpsR was cloned into pETrpsF as Ncol-
Xhol fragment, resulting in a pETrpsFrpsR construct express-
ing full-length S6 with an N-terminal His6 tag and S18 without a
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tag. Mutant variants of the rpsR gene corresponding to r-protein
variants with K60A and R63A substitutions were constructed by
site-directed mutagenesis in PCR reactions by amplifying the whole
pCA24NrpsR plasmid. Mutant genes were sequenced and found to
contain only the desired changes. The E. coli BL21(DE3) strain
(Novagen) was used for protein overexpression. Cells were grown
in LB medium containing 50 pg/mL kanamycin at 37°C. Protein ex-
pression was induced with 1 mM IPTG for 4 h at 37°C. Cells were
harvested by centrifugation (4000g for 15 min, 4°C) and pelleted.
The cell pellet was first washed with STE buffer (10 mM Tris—
HCI, pH 8.0, 150 mM NaCl and 1 mM EDTA), resuspended, and
lysed by sonication in lysis buffer (50 mM Hepes, pH 8.0, 300
mM NaCl, I mM PMSF, 10 mM f-mercaptoethanol, 10% glycerol,
10 mM imidazole). The lysate was clarified by centrifugation at
40,000¢ for 30 min at 4°C, and the soluble fraction was incubated
with His-Select Nickel Affinity Gel (Sigma) for 1 h at 4°C.
Subsequently, the resin was washed with 10 bed volumes of wash
buffer 1 (lysis buffer with 2 M NaCl), 5 bed volumes of wash buffer
2 (lysis buffer with 20 mM imidazole), and the proteins were eluted
with elution buffer (lysis buffer with 250 mM imidazole). Samples
of eluates were resolved in 20% SDS-PAGE, and protein concentra-
tion was determined using ImageQuant TL image analysis software
(GE Healthcare). Proteins were expressed in a molar ratio close
to 1:1.

Electrophoretic mobility shift assay

A constant amount of internally *2P-labeled RNA (0.1 uM) was incu-
bated with increasing concentrations of equimolar mixture of S6/518
proteins (0.3-5.5 uM). The RNA transcript was heated to 90°C for
2 min and slowly cooled down. The RNA:protein complexes were as-
sembled in 20 mM Hepes-KOH (pH 7.6 at 25°C), 330 mM KClI, 10
mM MgCl,, 0.1 mM EDTA, 2 pg/uL poly(dI-dC), 5 pg/mL heparin,
and 0.01% nondenaturing detergent Igepal CA630. Reactions of
20 pL were incubated for 1 h at 25°C prior to addition of 4 uL of glyc-
erol (50% w/v). The complexes were resolved by native PAGE. Gels
were vacuum dried, exposed to a Storage Phosphor Screen (GE
Healthcare), and visualized by Phosphorlmaging (Typhoon Trio,
GE Healthcare).

Nitrocellulose filter binding assay

Binding reactions were performed with internally >*P-labeled RNA
(0.01 uM) and equimolar mixture of S6/S18 proteins (0.05-10 pM)
in the presence of 20 mM Hepes-KOH (pH 7.6 at 25°C), 330 mM
KCl, 10 mM MgCl,, 0.1 mM EDTA, 2 pg/pL poly(dI-dC), 10 ug/
mL bovine serum albumin (BSA), 5 pg/mL heparin, and 0.01%
Igepal CA630. The nitrocellulose membrane was soaked in the
wash buffer (20 mM Hepes-KOH [pH 7.6 at 25°C], 330 mM
KCl, 10 mM MgCl,, 0.1 mM EDTA, 5 pg/mL heparin, and
0.01% Igepal CA630) for at least 30 min, with agitation. Following
1-h incubation at 25°C, the reactions of 100 uL were spotted onto
nitrocellulose membrane with Bio-Dot Microfiltration Apparatus
(Bio-Rad). The membrane was washed four times with 100 pL of
wash buffer, dried, and subjected to autoradiography. The obtained
data were analyzed using the GraphPad Prism Version 6.01 for
Windows software (GraphPad Software; http:/www.graphpad.
com). Ky values were calculated by nonlinear curve fitting using a
one-site specific binding model.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article and contains the
sequence alignment of the S6S18CBM instances in the Stockholm
format (Supplemental File 1.stk) and a plot showing relative binding
affinity of S6:S18 variants measured using filter binding assay
(Supplemental Fig. 1.pdf).
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