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An RNA motif advances transcription by preventing
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The transcription termination factor Rho associates with most
nascent bacterial RNAs as they emerge from RNA polymerase. How-
ever, pharmacological inhibition of Rho derepresses only a small
fraction of these transcripts. What, then, determines the specificity
of Rho-dependent transcription termination? We now report the
identification of a Rho-antagonizing RNA element (RARE) that hin-
ders Rho-dependent transcription termination. We establish that
RARE traps Rho in an inactive complex but does not prevent Rho
binding to its recruitment sites. Although translating ribosomes nor-
mally block Rho access to an mRNA, inefficient translation of an
open reading frame in the leader region of the Salmonella mgtCBR
operon actually enables transcription of its associated coding region
by favoring an RNA conformation that sequesters RARE. The discov-
ery of an RNA element that inactivates Rho signifies that the spec-
ificity of nucleic-acid binding proteins is defined not only by the
sequences that recruit these proteins but also by sequences that
antagonize their activity.

Rho-dependent termination | antitermination | Salmonella | MgtC |
transcriptional polarity

ranscription factors recognize sequence and structural ele-

ments in DNA and RNA to turn genes on or off. The tran-
scription termination factor Rho is responsible for the majority
of factor-dependent termination events in enteric bacterial spe-
cies (1). Rho prevents the production of dysfunctional, and po-
tentially dangerous, RNAs (2). For instance, Rho implements
transcriptional polarity, a process whereby compromised trans-
lation of a promoter-proximal gene reduces transcription of down-
stream genes in an operon (3-5).

Rho is a hexameric helicase that binds RNA and translocates in
the 5’-to-3" direction using the energy derived from ATP hydro-
lysis. Initially, RNA is anchored to Rho primary binding sites on
the surface of the hexamer. Rho recruitment sites tend to be rich
in Cs and Us and free of strong secondary structures (6-8). In-
teraction with a recruitment site causes the Rho hexamer to open
briefly, allowing the RNA 3’ region to pass through the center,
where secondary binding sites are located (9, 10). Further contact
between the RNA and the secondary binding sites stimulates
Rho’s ATPase activity (11). Using the energy derived from ATP
hydrolysis, Rho translocates along an RNA until it reaches a
paused RNA polymerase (RNAP) and promotes transcription
termination (12).

The specificity of Rho-dependent transcription termination
has remained enigmatic because Rho associates with many newly
transcribed RNAs in Escherichia coli (13), but only a portion of
these messages is affected when bacteria are treated with bicy-
clomycin (BCM) (1), a Rho-specific inhibitor (14). In other
words, binding of Rho to a particular RNA is not sufficient for
subsequent transcription termination.

Rho-dependent terminators are typically found at the end of
operons; however, they can also be present in the leader region
of mRNAs, where they perform regulatory functions (15-17).
This appears to be the case for the 296-nt-long leader region of
the mgtCBR transcript from Salmonella enterica serovar Typhi-
murium, which controls transcription elongation into its associ-
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ated coding region (18, 19) but lacks sequences that resemble an
intrinsic terminator [i.e., a G + C-rich stem-loop followed by a
stretch of Us (12)]. The mgtCBR operon specifies the virulence
protein MgtC (20), the Mg*" transporter MgtB (21), and the
regulatory peptide MgtR (22).

We now report the identification of a Rho-antagonizing RNA
element (RARE) in the mgtCBR leader that prevents tran-
scription termination by factor Rho. We establish that RARE
traps Rho in a nonfunctional state (as opposed to hindering Rho
binding to its recruitment sites), and we define the sequences and
positions governing RARE activity. In contrast to transcriptional
polarity, wherein a translating ribosome protects RNA from Rho
invasion (12), translation of a short open reading frame (ORF)
in the mgtCBR leader actually compromised RARE action,
thereby preventing transcriptional readthrough into the associated
coding region. Our findings indicate that the arrangement of ge-
netic elements governing Rho activity, rather than simply the
coupling of transcription and translation, determines how trans-
lation of an upstream ORF influences downstream transcription.
Furthermore, they imply that nucleic-acid binding proteins mani-
fest specificity both by sequences that recruit these proteins and by
sequences that hinder their function.

Results

The mgtCBR Leader Harbors a Rho-Dependent Transcription Terminator.
We determined that the mgtCBR leader includes a Rho-dependent
terminator because the mRNA levels of the mgrC coding region
increased sixfold when bacteria were treated with the Rho-specific
inhibitor BCM (Fig. 14). To identify the site of transcription ter-
mination in the mgtCBR leader, we carried out single-round in
vitro transcription assays with purified RNAP and a DNA template
that contained the APg promoter and a 26-nt long C-less region
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Fig. 1. The mgtCBR transcript harbors a Rho-dependent transcription ter-
minator within its leader. (A) The Rho-specific inhibitor BCM derepresses
mgtC transcription in vivo. mRNA levels of the mgtC coding region produced
by wild-type Salmonella (14028s) in the presence or absence of BCM as de-
termined by gRT-PCR. Cells were harvested after 3 h of growth in N-minimal
medium with 10 pM Mg?* followed by a 15-min treatment with BCM. Shown
are the mean and SD from at least three independent experiments.
(B) Schematic of the linear DNA template and experimental strategy used in
the pause and termination assays. (C) A representative 6% denaturing gel of
pause and termination assays performed as described in (B). Pause assay is
shown (Left) and positions of pause sites are indicated by the orange dots.
Termination assay performed in triplicate is shown in the next three panels.
Positions of the pause sites and termination products mapped in the pres-
ence of chain-terminating NTPs are indicated on the Right (Materials and
Methods). The purple and blue arrows show the positions of the mgtM and
mgtP ORFs located in the mgtCBR leader.

followed by the sequence corresponding to the mgtCBR leader
(Fig. 1B). On this template, transcription elongation complexes
halted by the omission of CTP can resume transcription upon
addition of all four NTPs.

We detected bands that faded away over time (Fig. 1C), which
correspond to RNA products of RNAPs pausing at several sites
until they reach the end of the template. In the absence of Rho, the
majority of the RNAPs reached the end of the template (Fig. 1C),
supporting the notion that the mgtCBR leader lacks an intrinsic
transcription terminator. Addition of Rho to the in vitro tran-
scription reaction gave rise to prematurely terminated RNA prod-
ucts (Fig. 1C). The 3’ ends of these termination products were
distributed from positions 130-290 relative to the transcription start
site, with the strongest termination site located at positions 239-241
(Fig. 1C). This site corresponds to the most prominent pause site in
the mgtCBR leader (Fig. 1C), consistent with Rho preferentially
inducing RNA release from paused elongation complexes (12).
Together, these results demonstrate that the mgtCBR leader con-
tains a Rho-dependent transcription terminator.

The Conformation of the mgtCBR Leader Dictates Rho-Dependent
Termination. The mgtCBR leader harbors two short ORFs, mgtM
and mgtP, within or immediately adjacent to sequences with the
ability to adopt alternative stem-loop structures (Figs. 1B and 24)
(18, 19). Mutations favoring one of these structures (i.e., stem-
loop A) advance transcription into the coding region, whereas
those furthering the alternative structure (i.e., stem-loop B)
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promote transcription termination within the mgtCBR leader
(Fig. 24) (18). We investigated the ability of Rho to terminate
transcription in mgtCBR leader variants genetically locked in
the stem-loop A or B conformations. The G54C substitution,
which hinders formation of stem-loop A (Fig. 24) (18), increased
Rho-dependent termination in vitro (Fig. S14). By contrast, the
G95C substitution, which prevents formation of stem-loop B (Fig.
24), reduced the fraction of prematurely terminated products (Fig.
S1A). We concluded that stem-loops A and B exert their regulatory
effects directly by influencing Rho’s ability to terminate transcrip-
tion in the absence of any additional factors.

A Rho Recruitment Site Is Necessary for Transcription Termination in
the mgtCBR Leader. Transcription termination by Rho occurs in
several steps, beginning with Rho binding to a 7ut (Rho utilization)
site in a transcript (2, 23, 24). We identified a potential rut site
immediately downstream of stem-loop B (Fig. 24). Substitution of
nucleotides in this region (positions 105-125) dramatically in-
creased transcription of the associated coding region in vivo (Fig.
2B, [105-125]), and this was also the case when only four C resi-
dues were substituted by AUGU (Fig. 2B, [109-112]), indicating
that the identified region functions as an authentic rut site. By
contrast, deletion of nucleotides upstream and downstream of this
site had no effect on transcription elongation into the coding re-
gion (Fig. 2B, A65-70, A71-78, A128-154, and Fig. S24).

The increased transcription resulting from nucleotide substitu-
tions in the rut site is due to diminished Rho-dependent termi-
nation. This is because BCM addition to cells harboring a leader
mutated in the Cs at positions 109-112 increased the mRNA
levels of the associated coding region only threefold, significantly
less than the 16-fold increase BCM promoted in the isogenic
strain with the wild-type leader (Fig. 2C). Moreover, the [105-125]
RNA variant stimulated Rho’s ATPase activity much less than the
wild-type leader RNA (Fig. 34), indicating that this region is re-
quired for Rho function (Rho’s ATPase activity reflects both Rho
loading and subsequent translocation on its RNA substrate).

To evaluate the contribution of individual nucleotides within
and around the identified ruf site on transcription termination, we
used a variant of the mgtCBR leader locked in a conformation
favoring Rho recruitment (Fig. 24 and B, Astem B). This allowed
us to refine the borders of the rut site to positions 108-131 (Fig.
S2B). With the exception of the C119G substitution, single nu-
cleotide substitutions of the Cs or Us in the 108-131 region dis-
played only a modest increase in expression of the associated
coding region (Fig. S2B). These results are consistent with the
premise that Rho recruitment relies on multiple nonspecific and
sequence-specific contacts in RNA spread out over a large seg-
ment of a transcript (2, 23, 24). Structural probing of an RNA
fragment corresponding to the wild-type mgtCBR leader with lead
acetate revealed small but distinct changes in sensitivity within the
identified rut region upon addition of Rho (Fig. S2C). Cumula-
tively, these data identified a region of the mgtCBR leader mRNA
critical for Rho-dependent transcription termination.

RARE Inhibits Rho-Dependent Termination When Not Sequestered in a
Hairpin. Leader RNAs that harbor Rho-dependent transcription
terminators often have the ability to adopt mutually exclusive
conformations, one favoring and one hindering the ability of Rho
to terminate transcription. For example, a rut site is sequestered
within a stem in the mgt4 leader conformer hindering Rho-
dependent termination, but single stranded and available to
Rho in the conformer that favors Rho-dependent termination
(15). By contrast, the rut site identified in the mgrCBR leader is
single stranded in both the stem-loop A and B conformations (Fig.
24), which prevent and stimulate Rho activity, respectively (Fig.
S1). What, then, determines Rho recruitment and transcription
termination in the mgtCBR leader?
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Fig. 2. RARE prevents Rho-dependent termination in the mgtCBR leader RNA. (A) Schematic of two alternative conformations that the 5’ end of the mgtCBR
leader RNA can adopt (18). Positions of insertions are indicated by arrows, deletions and substitutions by brackets, and mutations that selectively destabilize
stem-loops A and B by numbers in bold face. The calculated AG values for stem-loops A and B are —14.8 kcal/mole and —17.8 kcal/mole, respectively.
(B) Fluorescence levels exhibited by wild-type Salmonella (14028s) harboring a plasmid that contains a transcriptional fusion between the wild-type mgtCBR
promoter and leader, or mgtCBR leader variants, to a promotorless gfp gene. (-) corresponds to wild-type Salmonella (14028s) harboring the plasmid vector
pFPV25. Shown are the mean and SD from at least three independent experiments. (C) gfp mRNA levels produced by wild-type Salmonella (14028s) harboring
a plasmid with a transcriptional fusion of the wild-type mgtCBR promoter and leader, or mgtCBR leader variants with the Cs at positions 109-112 substituted
by AUGU, or deleted for nucleotides 79-103 (AstemB), to a promotorless gfp gene. mRNA levels were determined by gRT-PCR. Cells were harvested after 3 h
growth in N-minimal medium with 10 M Mg?* followed by a 15-min treatment with BCM. (-) corresponds to wild-type Sa/monella (14028s) harboring the
plasmid vector pFPV25. Shown are the mean and SD from at least three independent experiments.

We hypothesized that nucleotides 92-102 regulate Rho-dependent
transcription termination because these nucleotides are single
stranded when the leader forms stem-loop A but double stranded
when the leader folds into stem-loop B (Fig. 24). We designated this
region RARE for Rho-antagonizing RNA element. If stem-loop B
promotes transcription termination by sequestering RARE, then
rendering RARE single-stranded should overcome the inhibitory
effect of stem-loop B on transcriptional readthrough. As hypothe-
sized, expression of the associated coding region increased sixfold

Sevostyanova and Groisman

when a second copy of RARE was inserted after stem-loop B (Fig. 2
A and B, insRARE), but not when a random sequence of the same
length was inserted at the identical position (Fig. 24 and B, [103]ins).

Several lines of evidence provide additional support to the
notion that a single-stranded RARE hinders termination by Rho
within the mgtCBR leader. First, removing the left arm of stem-
loop B (i.e., positions 80-89, Fig. 24), which rendered RARE
single stranded, increased expression of the coding region 17-fold
(Fig. 2B, A80-89). We ascribe the increased expression of the
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Fig. 3. RARE traps Rho in a catalytically inactive complex. (A) Stimulation of
Rho’s ATPase activity by the wild-type mgtCBR leader RNA or three variants
(Fig. 2A). ATPase activity was measured by monitoring the accumulation of
free phosphate with increasing concentrations of RNA (15). Each data point
is an average of at least three independent experiments. (B) RARE does not
affect Rho binding to the mgtCBR leader RNA. A *2P-labeled fragment of the
wild-type mgtCBR leader RNA, its mutant variants or control RNA corre-
sponding to the 3’ region of the gfp ORF was incubated with increasing
concentrations of Rho, and protein-bound RNA fractions were separated by
filtering. The amount of filter-bound 3?P-RNA was plotted against the con-
centration of Rho, and an apparent K4 was determined by fitting data to a
hyperbolic equation. Each data point is an average of at least three in-
dependent experiments. (C) Relative activity of RARE variants with single
nucleotide substitutions at each of the positions. All mutants were derived
from an mgtCBR leader variant lacking nucleotides 80-89 to lock RARE in a
single-stranded form. Fluorescence values produced by wild-type Salmonella
(14028s) harboring a plasmid that contains a transcriptional fusion between
the wild-type mgtCBR promoter and the A80-89 mgtCBR leader variant with
single nucleotide substitutions at each position of RARE to a promotorless
gfp gene were summed up and set as 1. The colored segments of each bar
represent relative activity of RARE containing G, A, U, or C at a given posi-
tion. The wild-type RARE sequence is indicated below. Bacteria were grown
as described in the legend to Fig. 2B.

latter mutant to impaired Rho function because the corresponding
RNA stimulated Rho’s ATPase activity significantly less than did
the wild-type RNA (Fig. 34). This means that RARE exerts its
antitermination effect specifically by impairing Rho function and
not by modifying RNAP or recruiting a cellular cofactor. Second,
replacement of RARE by a scrambled sequence promoted
Rho-dependent termination in vivo (Fig. 2B, [92-102]), and,
as expected, the corresponding RNA stimulated Rho’s ATPase
activity more than the wild-type leader RNA in vitro (Fig. 34).
These results indicate that the removal of RARE from the
mgtCBR leader makes the resulting RNA a better substrate for
Rho. This result is despite the fact that the mutation prevented
formation of stem-loop B. And third, removal of stem-loop B (i.e.,
positions 79-103, Fig. 24) reduced transcription of the associated
coding region to near background levels (Fig. 2B, Astem B), like
the mutant with the scrambled RARE. The silencing effect
resulting from removal of stem-loop B is due to Rho activity be-
cause addition of BCM to cells harboring this variant increased
the mRNA levels of the associated coding region 40-fold (Fig. 2C,
Astem B), significantly more than the increase observed in the
isogenic strain with the wild-type mgtCBR leader (16-fold, Fig. 2C)
or in the strain with a mutation in the rut site (threefold, Fig. 2C,
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[109-112]). We conclude that single-stranded RARE directly pre-
vents Rho from terminating transcription in the mgtCBR leader,
thereby allowing elongation into the associated coding region.

Rho Binds Normally to mgtCBR Leader Variants with RARE Single
Stranded or with a Mutant rut. The selectivity of Rho-dependent
termination has been ascribed to the initial binding of Rho to its
RNA substrate (2). However, we have now established that
RARE exerts its regulatory effect after the initial binding of Rho,
arguing against this notion. That is, Rho bound with a high affinity
to the leader variant with RARE single stranded, similar to that
exhibited toward the wild-type mgtCBR leader RNA (Fig. 3B,
apparent K4 = 1.8 = 0.2 nM, A80-89 versus 1.9 + 0.2 nM, WT),
and only slightly better to an RNA lacking RARE (Fig. 3B, ap-
parent K4 = 1.2 + 0.1 nM, [92-102]). By contrast, Rho bound with
~30-fold lower affinity to a control RNA segment of the same
length originating from the gfp coding sequence (Fig. 3B, apparent
K4 =517 + 9.4 nM, gfp ORF).

Surprisingly, Rho’s affinity for the RNA with mutations in the
rut was only twofold lower than that of the wild-type mgtCBR
leader RNA (Fig. 3B, apparent Ky = 3.6 = 0.4 nM, [105-125]
versus 1.9 = 0.2 nM, WT) even though this mutation led to
dramatic derepression in vivo (Fig. 2B, [105-125]). The modest
decrease in affinity displayed by the RNA with mutations in a rut
in the mgrCBR leader is in contrast to the effect of mutation of a
rut site in the mgtA leader region (15, 25), which decreased af-
finity for Rho eightfold [Fig. S34, apparent K4 = 2.6 + 0.3 nM
for the C145G mgtA variant promoting an RNA conformation
favorable for Rho binding (15) versus 20.1 + 2.6 nM for the R1
variant with substitutions in a rut site (15)]. Nevertheless, ex-
tensive deletion analysis revealed that nucleotides in the [105—
125] region were the only ones required for Rho-dependent
termination within the 5’ half of the mgtCBR leader (Fig. 2B,
compare [105-125] and [109-112] to A65-70, A71-80, AstemB,
A128-154, and Fig. S2B, compare [109-112] to A4-10, A11-16,
A17-23, A24-38, A39-50, and A51-60), suggesting that this re-
gion serves as a genuine rut site. Cumulatively, our findings
revealed two distinctive features of Rho interaction with the
mgtCBR RNA. First, RARE exerts its inhibitory activity after the
initial Rho binding takes place and in the absence of any addi-
tional cellular factors. And second, the role of the identified rut
site is to stimulate Rho’s activity after binding rather than simply
to tether the RNA to Rho.

The Sequences and Positions Required for RARE Activity. To define the
RARE residues hindering Rho-dependent transcription termina-
tion, we mutated each of the 13 nucleotides within the 94-106
region to each of the other three. We used as parental template a
leader variant deleted for nucleotides 80-89 so that RARE would
always be single stranded, and thus available to inhibit Rho (Fig.
2A4). Then, we measured the fluorescence produced by wild-type
Salmonella harboring a plasmid with a transcriptional fusion be-
tween the wild-type mgtCBR promoter and the mgtCBR leader
variant lacking nucleotides 80-89, and a promotorless gfp gene.
We established that G97, G98, C103, A104, and U106 are the
most important RARE residues because substitutions at these
positions to any other nucleotide severely decreased fluores-
cence (Fig. 3C and Fig. S34). Mutations at positions 99 and 102
had different effects depending on the substituting nucleotide.
For example, the G102A mutant retained the parental behavior,
whereas substitution of G102 to U or C decreased fluorescence
six- to eightfold (Fig. 3C and Fig. S34). This result suggests that
G102 is involved in wobble base pairing with a U residue that
may also establish a canonical base pair with A, but not with U or
C. Mutations at positions 100 and 101 actually increased fluo-
rescence, suppressing transcription termination even more effi-
ciently than the parental RARE (Fig. S34). Finally, substitutions
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at positions 94 and 95 did not have detectable effects on fluo-  CU-rich motif at 128-131, which would form the base of a hy-
rescence (Fig. 3C). pothetical stem-loop, were observed (Fig. 4 A and B). The only
How do the identified RARE nucleotides affect termination  putative base pair identified by a compensatory mutation analysis
by Rho? In silico secondary structure predictions raised the (C97-C129) is incompatible with the in silico model (Fig. 4 A
possibility of stem-loops forming between RARE residues and  and B), and the remaining interactions appear insufficient to
the adjacent rut nucleotides (Fig. 44). Analysis of compensatory  form a stable secondary structure (Fig. 4B).
mutations within rut (Fig. S44) that restored activity of RARE
with single-nucleotide substitutions provided evidence of limited =~ RARE Promotes a Singular Conformation of the Rho-RNA Complex.
base-pairing interaction between these regions (e.g., G102- How does RARE prevent Rho from terminating transcription?
U125, C103-G124, and A104-U123; Fig. 4B and Fig. S44). To address this question, we examined the interaction between
However, no interactions between Gs at positions 97-99 and the = Rho and mgtCBR leader RNA substrates using enzymatic probing.
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Fig. 4. RARE promotes the formation of an unusual complex between the mgtCBR leader RNA and Rho. (A) Putative secondary structures formed by RARE
(red) and rut (blue) in the mgtCBR leader. Structures were generated using the Mfold web server for nucleic acid folding and hybridization prediction (46).
(B) Graphic representation of the proposed structure formed by RARE (red) and the rut (blue) in the mgtCBR leader based on RARE mutagenesis (Fig. 3C),
compensatory mutation analysis (Fig. S4A), and the structural probing shown below. Mutant combinations that restored fluorescence to the levels displayed
by the A80-89 variant are shown in bold pink dashed lines; mutant combinations that were tested but did not restore A80-89 function are shown in thin black
dashed lines. See text for details. (C) Enzymatic probing of the wild-type mgtCBR leader RNA and the [105-125] and A80-89 variants. The 5’ *?P-labeled
fragment of the mgtCBR leader RNA was treated with different RNases in the presence or absence of Rho. T1 is for RNase T1 (cuts at G residues, used as a
molecular marker), | is for RNase I, and V1 is for RNase V1. Positions of interest are marked with colored dots and brackets (see text). Colored lines show
borders of relevant elements: blue for rut, red for RARE, and green for the left arm of stem-loop B (80-89). Only the relevant lanes from a representative gel
are shown. The experiment was performed at least three times for each sample.
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We determined that the cleavage pattern that Rho promoted in
the leader RNA with RARE single stranded (A80-89) differed
from the patterns observed in the wild-type and the rut mutant
variant [105-125] RNAs (Fig. 4C). For instance, Rho protected
the wild-type mgtCBR leader RNA at positions 105-114 from
cleavage by RNase I, an enzyme that cleaves unpaired residues
(Fig. 4C, green bracket), but not in the rur mutant variant RNA
(Fig. 4C, green bracket) even when added at saturating levels. This
protected region corresponds to nucleotides required for Rho to
terminate transcription (Fig. 2B). By contrast, Rho promoted an
RNase I hypersensitive site in the A80-89 RNA at position 107
(Fig. 4C, green bracket), which is located between RARE and rut
(Fig. 24). In addition, Rho induced the appearance of RNase I
hypersensitive sites at positions 130-145 in the wild-type RNA but
not in the A80-89 RNA (Fig. 4C, red brackets). These results
suggest that Rho promotes a conformation in the mgrCBR leader
RNA with RARE single stranded that does not stimulate Rho’s
ATPase activity (Fig. 34, A80-89).

RARE appears to contact both Rho and rut in the mgtCBR
leader (Fig. 4B) for two reasons. First, Rho partially protected G
residues within RARE in the A80-89 RNA from the G-specific
RNase T1 (Fig. S4B). Second, the digestion patterns of Rho
bound to the A80-89 RNA promoted by the RNase V1 and
RNase I suggested the presence of a stem-loop structure. That is,
there was an RNase V1-sensitive site at positions 103-105 (Fig.
4C, blue bracket) followed by RNase I-sensitive site at position
107 (Fig. 4C, green bracket) (RNase V1 cleaves double-stranded
or stacked residues). The location of this hairpin is in excellent
agreement with the model suggested by genetic analysis (Fig. 4B).
We believe that this is a bona fide stem-loop because its RNase
digestion pattern is similar to the one displayed by stem-loop B,
whose presence was verified by lead acetate (Fig. S2C), in-line
probing (18) and genetic analysis (18). In the same RNase probing
assay, stem-loop B is characterized by RNase V1-sensitive site at
positions 82-85, (Fig. 4C, blue dot, and Fig. S4C) followed by a
site sensitive to RNase I at positions 90-92 (Fig. 4C and Fig. S4C)
in the wild-type leader RNA.

Crucially, the stem-loop pattern in the A80-89 RNA appears
only in the presence of Rho, indicating that the contacts between
RARE and rut are unstable in the absence of Rho.

mgtM Translation Favors Rho-Dependent Termination in the mgtCBR
Leader by Sequestering RARE Within a Stem. What determines whether
RARE is single stranded and allows expression of downstream
genes, or sequestered within a stem and leads to premature ter-
mination within the mgtCBR leader? On the one hand, there are
intrinsic properties of the mgtCBR leader RNA: stem-loop B is
more stable than stem-loop A (AG* ~ —14.8 kcal/mole versus
AG® ~ —17.8 kcal/mole), but stem-loop A has a kinetic advantage
over stem-loop B because it emerges from the elongating RNAP
before stem-loop B (Fig. 54). On the other hand, a ribosome
translating mgtM will unfold stem-loop A because the last four
mgtM codons are embedded in stem-loop A (Fig. 24). This will
favor formation of stem-loop B, which will sequester RARE,
resulting in transcription termination within the mgtCBR leader
(Fig. 5B). By contrast, if mgtM translation is inefficient, stem-loop
A will prevail, RARE will be single stranded, Rho will be trapped,
and transcription will continue into the associated coding region
(Fig. 5C).

According to the model described above, mutations that dis-
rupt individual steps in the pathway should display 3’-to-5" hi-
erarchy when combined. In other words, mutations abolishing
formation of stem-loop A should be dominant over those com-
promising mgtM translation; mutations that preclude sequestra-
tion of RARE should be dominant over those impacting RNA
folding and mgtM translation; and mutations disrupting the Rho-
binding site should be dominant over all of the above. We have
now established that all these predictions are fulfilled.
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Fig. 5. Model of transcription termination control by the mgtCBR leader.
(A) Schematic of the DNA region corresponding to the mgtCBR leader. Small
ORFs are indicated by pink and white arrows; the position of RARE and rut
are indicated by rectangles, and transcription pause sites (Fig. 2C) by open
boxes. The leader RNA emerges from the transcribing RNAP and folds into
stem-loop A. (B) When translation is efficient, the ribosome translating mgtM
unwinds stem-loop A, allowing folding of stem-loop B, which sequesters RARE.
Rho loads onto the RNA and translocates toward a paused RNAP. Rho triggers
transcription termination, thereby turning mgtCBR expression OFF. (C) When
translation is inefficient, single-stranded RARE traps Rho in an inactive state.
Transcription continues, turning mgtCBR expression ON.

First, a mutation that abolished mgrM translation due to re-
placement of its start codon by a stop codon (Fig. 24, UAA)
caused a 15-fold derepression of the associated coding region (Fig.
6, UAA) but had no effect when combined with the substitution
G54C (Fig. 6, UAA + G54C), which weakens stem-loop A (Fig.
24, G54C) (18), or when stem-loop B was deleted (Fig. 6, UAA +
Astem B), thereby eliminating RARE (Fig. 24, Astem B). These
results support the notion that a ribosome translating mgtM exerts
its action through conformational changes in the mgtCBR leader
RNA. Second, mutations that disrupt mgtM translation or favor
formation of stem-loop B had little or no effect when RARE was
single stranded (Fig. 6, UAA + insRARE, G54C + insRARE).
These findings indicate that formation of stem-loop B and mgtM
translation promote Rho-dependent termination in the mgtCBR
leader by sequestering RARE. And third, substitutions in rut were
dominant over mutations that promote formation of stem-loop B,
lack RARE, or render RARE single stranded (Fig. 6, G54C +
[109-112], [-RARE] + [109-112], insRARE + [109-112]). Thus,
the ribosome translating mgtM disrupts stem-loop A, allowing
sequestration of RARE in stem-loop B, leading to Rho-dependent
termination within the mgrCBR leader.

Discussion

We have now uncovered an RNA element that sequesters ter-
mination factor Rho in an inactive complex, thereby preventing
transcription termination without affecting Rho binding to its
target. Rho had been known to bind preferentially to C-rich re-
gions of RNA that are free of strong secondary structures and
translating ribosomes (12). However, Rho promotes termination
only at a subset of the transcripts it binds (13). The identification
of RARE, an RNA motif that induces formation of a catalytically
incompetent complex with Rho, indicates that Rho’s specificity is
defined not only by sequences that mediate its recruitment but
also by sequences that antagonize its activity.
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Fig. 6. mgtM translation promotes transcription termination by sequestering RARE. Epistasis analysis of mutations affecting Rho-dependent termination in
the mgtCBR leader. Fluorescence levels exhibited by wild-type Salmonella (14028s) harboring a plasmid that contains a transcriptional fusion of the wild-type
mgtCBR promoter and leader, or mgtCBR leader variants, to a promotorless gfp gene. The experiment was performed as described in the legend to Fig. 1B.
Single mutations are shown with solid bars and double mutations are shown with dashed bars. (-) corresponds to wild-type Salmonella (14028s) harboring
the plasmid vector pFPV25. Data correspond to the average from three independent experiments.

Why Inefficient Translation of an Upstream ORF May Not Result in
Transcriptional Polarity. Translation is thought to be a universal
defense mechanism against Rho-dependent transcription termi-
nation because translating ribosomes protect an elongating RNAP
from Rho invasion (5, 26). This is why disrupting the coupling of
transcription with translation gives rise to transcriptional polarity,
a process whereby compromised translation of a promoter-proxi-
mal ORF impairs transcription of downstream genes in the same
transcription unit (12). For example, nonsense mutations in the
first or second genes of the gal operon silence expression of the
second or/and the third genes, respectively (27). Similarly, signif-
icant repression of tryptophanase expression due to constitutive
Rho-dependent termination was observed when the start codon of
the short ORF maC in the leader region of the tryptophanase
tnaAB operon was replaced by a stop codon (28). By contrast,
replacement of mgtM’s start codon with a stop codon derepressed
the associated coding region (18).

Our data suggest that it is the particular arrangement of rut,
RARE, and short ORF in a leader region that determines whether
translation of the short ORF actually favors transcription elon-
gation into the associated coding region instead of resulting in
polarity. Rho-dependent transcription termination in the mgtCBR
leader is actually stimulated by translation of the mgtM OREF (Fig.
6) because a ribosome translating mgrM favors a conformation in
the mgtCBR RNA that sequesters RARE and allows Rho re-
cruitment, thereby silencing the mgrCBR coding region (Fig. 5B).
And in the case of the tmaAB leader, excess tryptophan induces
ribosome stalling within #7aC in a manner uniquely dependent on
the nascent TnaC peptide (29). A ribosome stalled at a Trp codon
in the middle of tmaC occludes the rut site, thereby suppressing
Rho-dependent termination.

RARE Inhibits Rho Function. Rho-dependent termination in the
mgtCBR leader is modulated by RARE, an RNA element that
hinders Rho function (Fig. 24). RARE inhibits termination only
when not sequestered in stem-loop B (Fig. 2B, A80-89 and
insSRARE). RARE does not affect Rho binding to the mgtCBR
leader RNA (Fig. 3B), but it prevents formation of a catalytically
competent complex (Fig. 34).

Sevostyanova and Groisman

The mgtCBR leader RNA with RARE single stranded adopts
a conformation when bound to Rho that is distinct from that of
the wild-type leader RNA (Fig. 4C). In the presence of Rho,
RARE makes limited contact with the Rho-binding site: A80-89
RNA displays an RNase V1-sensitive site at positions 103-105
(Fig. 4C, blue bracket) followed by an RNase I-sensitive site at
position 107 (Fig. 4C, green bracket), a pattern suggesting the
presence of a hairpin. This pattern is in contrast to that displayed
by the wild-type RNA in the presence of Rho: RNase V1-sensitive
sites at positions 82-85, (Fig. 3C, blue dot) followed by RNase
I- and lead acetate-sensitive sites at positions 90-92 (Fig. 4C and
Fig. S2C). The former cleavage pattern was observed only in the
presence of Rho, suggesting that base pairing between RARE and
rut is unstable in the absence of Rho.

What is the fate of the complex formed by Rho and the mgtCBR
leader RNA with single-stranded RARE? Kinetic and structural
studies of Rho recruitment indicate that a Rho-RNA complex
undergoes several isomerization events before reaching a trans-
location-competent state (Fig. S5) (30, 31). RARE might
stabilize one of the intermediates on the recruitment pathway;
for example, RARE might prevent the Rho ring from opening or
closing, and in this way hinder Rho movement toward a paused
RNAP (Fig. S5). Alternatively, changes in conformation of rut
induced by RARE in the presence of Rho might affect Rho
translocation at later steps. The idea that rut can participate in
Rho-dependent termination postrecruitment is supported by the
behavior of elongation factor NusG, which is particularly impor-
tant for terminators with poor rut sites and affects RNA release in
the process of Rho-dependent termination (5).

RARE differs from RNA or DNA signals that mediate anti-
termination by recruiting protein cofactors or modifying elon-
gating RNAP (see ref. 32 for a review). This is because inhibition
of Rho by RARE does not require cellular cofactors (Fig. S14)
or active transcription (Fig. 34 and Fig. S1B).

Sequence Elements Providing Specificity to Rho. Rho exerts a wide-
spread effect in transcription (2, 33). Once Rho is recruited to a
particular site on a nascent RNA, it is thought to translocate toward
the transcribing RNAP. A translating ribosome or antitermination
factors can shield the transcribing RNAP from interaction with Rho
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(32, 33). Although these mechanisms contribute to Rho-dependent
termination, independent lines of evidence indicate that they are
not sufficient to explain Rho specificity.

First, genome-wide distribution of Rho-dependent termination
revealed that Rho affects about 20% of nascent transcripts (1),
whereas ChIP-chip data determined that Rho is associated with
almost all nascent RNAs (13). In other words, only a fraction of
transcripts that recruit Rho are subjected to Rho-dependent ter-
mination. Second, in vitro studies indicate that Rho can use RNA
substrates that are very different from canonical Rho targets (34).
Third, kinetic analysis of Rho’s ATPase activity revealed that the
process of hexamer ring opening, followed by RNA threading and
ring closing, is a rate-limiting step in Rho recruitment (30). Fourth,
structural studies demonstrated that RNA interactions with the
Rho secondary binding site bring about major structural rear-
rangements within the protein ring (9, 35). And fifth, a study of
transcription termination potency of various Rho mutants in vivo
suggested that closure of the Rho hexamer around the substrate
RNA serves as a regulatory point in Rho recruitment (31).

We propose that RARE represents a distinct class of RNA
signal: one that suppresses Rho activity by inducing formation of a
translocation-incompetent complex. This mode of action differs
from those adopted by other Rho inhibitors (Fig. S5). For ex-
ample, the YaeO protein prevents Rho from interacting with its
RNA substrate (36), whereas processive antiterminators prevent
RNA release by modifying elongating RNAP (32). Although both
the Psu protein from bacteriophage P4 (37) and the antibiotic
BCM (14) inhibit Rho’s translocation, we believe that RARE
operates by a different mechanism. The small size and location of
RARE upstream of rut suggest that it likely contacts Rho nearby
Rho’s primary binding sites, whereas Psu binds at the opposite
site of the Rho ring (37), and BCM binds deep inside the
channel where it interferes with ATP binding (14, 38). Arrest of
Rho-dependent termination by RARE is also distinct from regu-
lation of Rho recruitment by alternative RNA structures that
entrap rut (15) because the mgtCBR leader rut remained single
stranded in either RNA conformation in the absence of Rho
(Fig. 24) and because RARE did not prevent Rho binding to its
recruitment site (Fig. 3B). Moreover, once RARE was single
stranded (Fig. 24, insRARE), conformational changes in RNA
had no effect on Rho-dependent termination (Fig. 6, UAA +
insSRARE, G54C + insRARE). Therefore, formation of alterna-
tive structures in the mgtCBR leader RNA serves merely as a
means of modulating the availability of RARE. The proposed
mechanism expressly allows RARE to determine which of the
transcripts bound by Rho will be terminated.

Finally, our findings open the possibility of other RNA ele-
ments with similar properties to RARE existing in the bacterial
transcriptome and modulating Rho specificity. The availability of
RARE and RARE-like elements may be controlled by mecha-
nisms other than formation of an RNA hairpin, including ribo-
some positioning, protein binding, a riboswitch, or a small RNA.
Such elements may also affect the site of Rho-dependent ter-
mination when protecting the chromosome from R loops and
double-strand breaks (39-41) and the suppression of pervasive
antisense transcription (5).

Materials and Methods

Bacterial Strains, Plasmids, Oligodeoxynucleotides, Proteins, and Reagents.
Bacterial strains and plasmids used in this study are listed in Dataset S1.
Primers used in this study are listed in Dataset S2. E. coli strain DH5a was
used as the host for preparation of plasmid DNA. Ampicillin was used at
50 pg/mL and kanamycin at 20 pg/mL. For in vivo experiments, wild-type
S. enterica serovar Typhimurium 14028s (42) was used as the host strain.
Bacteria were grown at 37 °C in LB broth or in N-minimal medium (pH 7.4)
(43) supplemented with 0.1% casamino acids, 38 mM glycerol, and 10 pM of
MgCl,. One milliliter of the overnight culture was washed in the N-minimal
medium without Mg?* and resuspended in 1 mL of the same media. The
suspended bacteria were inoculated 1/100 volume in N-minimal medium
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with 10 pM of MgCl, and ampicillin and grown for 4 h unless indicated
otherwise. Fluorescence and ODgg of the cultures were measured in a Victor?
plate reader from Perkin-Elmer. For the experiment involving BCM treatment,
cells were harvested after 3 h of growth in N-minimal medium with 10 pM
Mg?* followed by a 15-min treatment with BCM added to the final concen-
tration of 20 pg/mL. PCR reagents were from Invitrogen, [y>2P]-ATP and [«*?P]-
GTP, from Perkin-Elmer, and other chemicals from Sigma or Fisher. Plasmid
DNAs and PCR products were purified using spin kits from Qiagen and
Promega. RNAP was purified as described (44). Rho was purified as described
in SI Materials and Methods.

Construction of Plasmids. Plasmid pAS69, carrying the mgtCBR leader sequence
downstream of the APz promoter and a C-less initial transcribed sequence, was
synthesized in vitro by GenScript USA based on vector pUC57; the full se-
quence is available upon request. Cloning was performed using modification
enzymes from NEB as indicated in the plasmid description. Site-directed mu-
tagenesis was performed using the Quikchange Il kit from Agilent with plas-
mid pAS69 (used to generate templates for in vitro transcription) and pGFP303
(used for in vivo fluorescence measurements) and their derivative as templates
and indicated oligonucleotides. See Dataset S1 for details.

Templates for in Vitro Transcription. Templates for pause and termination
assays were generated by PCR amplification using primers 12230 and 13192,
and plasmids pAS69 (wild-type), pAS75 (G54C), and pAS77 (G95C). Templates
for RNA synthesis were generated by PCR amplification using primers 13347
and 13016, and plasmids pAS69 (wild type), pAS75 (G54C), pAS77 (G95C),
pAS155 ([109-112]), pAS237 (A[80-89]), and pAS241 ([105-125]). Primers
14787/14788 were used for pYS1010-C145G (mgtA C145G) or pYS10116 (mgtA
R1) and primers 15187/15188, for pFVP25 (gfp ORF).

Single-Round Pause Assay. Halted elongation complexes (designated A26 in
Fig. 2B) were prepared with 50 nM of E. coli RNAP (core enzyme to ¢”° ratio is
1:4) and 40 nM of linear DNA template prepared as described above, in Rho
buffer [40 mM Tris-HCl pH 7.9, 50 mM KCl, 2 mM MgCl,, 0.1 mM DTT, 3%
(vol/vol) glycerol] supplemented with ApU (RiboMed) at 100 uM, ATP and UTP
at5 uM, GTP at 1 pM, and 5 mCi of [«*2P]-GTP (3000 Ci/mmol) during a 15-min
incubation at 37 °C. Transcription was restarted by the addition of CTP, ATP,
GTP, and UTP to 50 pM, and rifapentin to 25 ug/mL. Samples were removed at
15, 30, 45, 60, 120, 300, and 600 s and quenched by the addition of an equal
volume of STOP buffer [95% (volivol) deionized formamide, 50 mM EDTA, 45 mM
Tris-borate; pH 8.3, 0.1% bromophenol blue, 0.1% xylene cyanol]. For RNA se-
quencing, 10-uL aliquots of halted complexes were chased by 25 pM RNA se-
quencing mixtures (a single 3’*OMeNTP at 1/10 to the corresponding rNTP) for
10 min and quenched by the addition of an equal volume of STOP buffer.

Samples were heated at 90 °C for 2 min and separated by electrophoresis
in 6% denaturing acrylamide (19:1) gels (7 M urea, 0.5x TBE). RNA products
were visualized and quantified using a Phosphorimager Storm 820 System
(GE Healthcare), ImageQuant Software, and Microsoft Excel.

Rho-Dependent Termination Assay. Halted elongation complexes were pre-
pared as described above. Transcription was restarted by the addition of GTP,
CTP, ATP, and UTP to 1 mM, rifapentin to 25 pg/mL, and Rho to 20 nM where
indicated. Reactions were carried out at 37 °C for 15 min and stopped as
described above.

ATPase Assay. Rho ATPase activity was determined with the EnzCheck
Phosphate Assay kit from Invitrogen as described (15) using RNA fragments
corresponding to the mgtCBR leader or variants prepared as described in S/
Materials and Methods.

Filter-Binding Assay. Determination of equilibrium Ky values for binding of
RNAs to Rho was carried out by the nitrocellulose binding method (45). The
5’-end radiolabeled RNAs prepared as described in S/ Materials and Methods
were diluted to 0.01 nM in binding buffer [50 mM KCI, 1 mM MgCl,, 20 mM
Hepes pH 7.9, 3% (vol/vol) glycerol, 0.1 mM EDTA], heated to 80 °C for 3 min,
and renatured at room temperature. To prevent nonspecific binding, yeast
tRNA was added to 0.06 mg/mL. Samples were incubated with a series
of dilutions of Rho prepared in binding buffer supplemented with 10% (vol/vol)
glycerol and 4 mg/mL BSA, or storage buffer for 10 min at room temperature;
the samples were filtered through 0.45-um nitrocellulose filters (HAWP, Milli-
pore) under vacuum; and the filters were washed with 5 mL of the binding
buffer, air dried, and quantified using Phosphorimager and ImageQuant Soft-
ware (GE Healthcare). To calculate the apparent equilibrium dissociation con-
stants, the data were fit to a hyperbolic equation, B = B, X [Rhol/([Rho] + Ky),
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Quantitative RT-PCR. Total RNA was isolated using RNeasy Kit (Qiagen)
according to the manufacturer’s instructions. The purified RNA was quan-
tified using a NanoDrop machine (NanoDrop Technologies). cDNA was
synthesized using High Capacity RNA-to cDNA Master Mix (Applied Bio-
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13726) and monitored using a Fast ABI7500 machine (Applied Biosystems).
Data were normalized to the levels of 16S ribosomal RNA amplified with
primers 6970 and 6971.
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