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MicL, a new o"-dependent sSRNA, combats
envelope stress by repressing synthesis

ot Lpp, the major outer membrane
lipoprotein

Monica S. Guo,'” Taylor B. Updegrove,>® Emily B. Gogol,'* Svetlana A. Shabalina> Carol A. Gross,"*
and Gisela Storz**

'Department of Microbiology and Immunology, University of California at San Francisco, San Francisco, California 94158, USA;
2Cell Biology and Metabolism Program, Eunice Kennedy Shriver National Institutes of Health, Bethesda, Maryland 20892, USA;
3National Center for Biotechnology Information, National Institutes of Health, Bethesda, Maryland 20894, USA

In enteric bacteria, the transcription factor o maintains membrane homeostasis by inducing synthesis of proteins
involved in membrane repair and two small regulatory RNAs (SRNAs) that down-regulate synthesis of abundant
membrane porins. Here, we describe the discovery of a third o*-dependent sRNA, MicL (mRNA-interfering
complementary RNA regulator of Lpp), transcribed from a promoter located within the coding sequence of the cutC
gene. MicL is synthesized as a 308-nucleotide (nt) primary transcript that is processed to an 80-nt form. Both forms
possess features typical of Hfq-binding SRNAs but surprisingly target only a single mRNA, which encodes the outer
membrane lipoprotein Lpp, the most abundant protein of the cell. We show that the copper sensitivity phenotype
previously ascribed to inactivation of the cutC gene is actually derived from the loss of MicL and elevated Lpp levels.
This observation raises the possibility that other phenotypes currently attributed to protein defects are due to
deficiencies in unappreciated regulatory RNAs. We also report that o* activity is sensitive to Lpp abundance and
that MicL and Lpp comprise a new ¢ regulatory loop that opposes membrane stress. Together MicA, RybB, and

MicL allow o* to repress the synthesis of all abundant outer membrane proteins in response to stress.

[Keywords: sRNA; Hfq; cutC; copper; outer membrane homeostasis; o]
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The outer membrane (OM) of Gram-negative bacteria is its
first line of defense against the environment, as it is
a barrier against antibiotics and other stresses (for review,
see Nikaido 2003). The OM is a complex environment
consisting of outer leaflet lipopolysaccharide (LPS), inner
leaflet phospholipids, and proteins such as OM porins
(OMPs) and lipoproteins (for review, see Narita and Tokuda
2010; Silhavy et al. 2010; Ricci and Silhavy 2012; Zhang
et al. 2013). The major Escherichia coli lipoprotein Lpp
resides in the OM and is the most abundant protein in the
cell (~1 million copies), comprising 2% of its dry weight
(Narita and Tokuda 2010; Li et al. 2014). Approximately
a third of the Lpp pool is conjugated to the peptidoglycan
layer, serving as a structural element that connects the
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OM to the peptidoglycan (Braun and Rehn 1969; Inouye
et al. 1972), while the remainder exists, at least in part, as
a surface-exposed form that can be recognized by anti-
microbial peptides (Cowles et al. 2011; Chang et al. 2012).
Since cells synthesize a new OM each cell cycle, OM
components are synthesized and transported at a tremen-
dous rate. Indeed, at 37°C, >5% of all active ribosomes are
devoted to Lpp translation (Li et al. 2014). Therefore,
balancing the massive flux of membrane components with
sufficient transport and assembly factors is vital for OM
homeostasis.

In E. coli and related y-proteobacteria, OM homeostasis
is monitored by the essential transcription factor oF,
which responds to perturbations to OMP and LPS folding
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(Walsh et al. 2003; Barchinger and Ades 2013; Lima et al.
2013; Zhang et al. 2013). ¢F activity is regulated by the
degradation rate of its negative regulator, RseA, which
holds oF inactive in the inner membrane. RseA cleavage
is initiated by Deg$ in response to unfolded OMP stress,
but a second regulator, RseB, binds to RseA and protects
it from cleavage by DegS (Walsh et al. 2003; Chaba et al.
2011). Off-pathway LPS can bind to RseB and relieve its
inhibition of DegS (Lima et al. 2013). Once RseA is
cleaved, it undergoes proteolytic degradation and releases
oF (Chaba et al. 2007). As oF activation is thus dependent
on two signals, only concomitant OMP and LPS dysfunc-
tion will lead to maximal induction of ¢f (Lima et al.
2013).

Activation of ¢ induces expression of ~100 genes,
including all of the machinery required for the transport
and assembly of LPS and OMPs into the OM (Braun and
Silhavy 2002; Wu et al. 2005; Rhodius et al. 2006;
Skovierova et al. 2006). As the synthesis rate of new OM
components is so high, increasing production of chaper-
ones and transport factors may not be sufficient to rapidly
restore folding during stress conditions. To combat this
problem, ¢F additionally induces expression of two small
regulatory RNAs (sRNAs), MicA and RybB, which act to
inhibit synthesis of all major OMPs (Rasmussen et al.
2005; Udekwu et al. 2005; Johansen et al. 2006; Papenfort
et al. 2006, 2010; Thompson et al. 2007; Udekwu and
Wagner 2007).

sRNAs are integral to a myriad of bacterial stress re-
sponses, usually interacting with their trans-encoded tar-
get mRNASs via base-pairing to change message stability or
translation (for review, see Richards and Vanderpool 2011;
Storz et al. 2011). In enteric bacteria, these base-pairing
sRINAs are associated with the RNA chaperone Hfq, which
binds to and protects sSRNAs from nuclease degradation
and facilitates the intermolecular contacts between
sRNAs and target mRNAs (for review, see Vogel and
Luisi 2011). Only limited base-pairing is required for
productive interaction. This inherent degeneracy in tar-
geting sequences allows sRNAs to have multiple targets
and, conversely, allows for specific mRNAs to have
multiple SRNA regulators.

The of-dependent sRNAs MicA and RybB bind to Hfq
and together target 31 messages for degradation, includ-
ing mRNAs encoding the major porins as well as proteins
in metabolism, ribosomal biogenesis, a toxin anti-toxin
system, and the transcriptional factor PhoP (Coornaert
et al. 2010; Gogol et al. 2011). The promoters of MicA and
RybB are the second and third strongest in the oF regulon,
weaker than only the ¢® promoter itself (Mutalik et al.
2009). These sRNAs have strong protective effects on
membrane homeostasis, as they can rescue cell death
resulting from the membrane blebbing and lysis associ-
ated with loss of ¢ activity (Hayden and Ades 2008;
Gogol et al. 2011), presumably by down-regulating omp
mRNA and rebalancing the membrane (Papenfort et al.
2010; Gogol et al. 2011).

Here we report the discovery and characterization of
a third o®-dependent sSRNA and show that this sSRNA is
dedicated to the regulation of Lpp. We name this sSRNA

Small RNA repression of abundant Lpp

MicL for mRNA-interfering complementary RNA regu-
lator of Lpp, following the nomenclature of Mizuno et al.
(1984). MicL is transcribed from a strong o®-dependent
promoter within the cutC coding sequence and subse-
quently processed into a smaller transcript (MicL-S). It is
responsible for all phenotypes previously associated with
loss of cutC. We discuss how our finding that MicL/Lpp
constitute a novel regulatory loop modulating ot activity
expands our view of the cellular mechanism for main-
taining OM homeostasis as well as the implications of
sRNAs evolving from the 3’ end of transcripts.

Results

MicL is a third o*-regulated sRNA

To identify novel ot-dependent sSRNAs in E. coli, we used
a tiled microarray to examine whole-genome expression
after ectopic of overexpression. Along with the previ-
ously identified o®-dependent SRNAs MicA and RybB, we
observed two overlapping transcripts that were strongly
up-regulated in a o®-dependent manner within the 3’ end
of cutC and the intergenic region between cutC and torY
(Fig. 1A). These transcripts are likely the same as RyeF,
a putative sRNA previously identified in the cutC/torY
intergenic region of E. coli and Salmonella (Zhang
et al. 2003a; Chao et al. 2012). We did not observe a o*-
dependent transcript upstream of cutC, suggesting that
cutC itself is not o*-dependent (data not shown). Addi-
tionally, we did not observe the previously postulated o*
regulation of CyaR (Johansen et al. 2008), suggesting that
this SRNA is unlikely to be directly regulated by oF (data
not shown).

Northern analysis of total RNA isolated from cells
with and without ectopic expression of ¢ validated the
presence of two oF-dependent transcripts, an ~300-
nucleotide (nt) transcript denoted as MicL and an ~80-nt
transcript denoted as MicL-S, which were detected
with a probe to the 3’ end of cutC (Fig. 1B). Both MicL
and MicL-S are induced during transition to stationary
phase, a time when o activity increases dramatically
(Ades et al. 1999; Costanzo and Ades 2006). The two
bands showed maximal expression during late station-
ary phase in defined rich medium (around ~15 h) (Fig.
1C) and in LB (data not shown), consistent with oF
induction.

Primer extension and total mRNA sequencing (mRNA-
seq) analysis revealed that the 308-nt MicL transcript
begins within cutC (226 nt before the cutC stop codon) and
ends at the cutC intrinsic terminator, significantly up-
stream of the start of torY (Supplemental Fig. S1A,B; data
not shown). The 80-nt MicL-S begins with the last base of
the cutC stop codon and ends at the cutC terminator.
Thus, both forms of MicL contain the full cutC 3’ un-
translated region (UTR).

We identified a putative ¢f promoter upstream of the
start of MicL (P,,;.) (Fig. 1D; Rhodius et al. 2006) but not
in front of MicL-S. Strong conservation of this sequence
within the cutC coding sequence is observed in Shigella,
Salmonella, Citrobacter, Klebsiella, Cronobacter, and
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Figure 1. MicL expression is regulated by oF. (A)
Schematic of the genomic context of MicL; its
processed transcript, MicL-S; and cutC (see Supple-
mental Fig. S1B). (B) MicL levels increase following
o overexpression. Cells harboring either vector or
a oF expression plasmid growing exponentially in EZ
rich defined medium were induced with 1 mM IPTG
for 1 h. RNA was extracted and probed for the 3’ end
of MicL and 5S RNA. (C) MicL levels increase in
stationary phase. Total RNA was extracted at the
indicated times during growth in EZ rich defined
medium and probed for MicL and 5S RNA. (D) The
micL promoter is similar to a logo for ¢® promoter
sequences (Rhodius et al. 2012). (E) Ppyicr, is oF de-
pendent. Cells carrying either the vector control or
the pTrc-RpoE plasmid, expressing GFP from the
indicated minimal promoters (—65 to +20 relative
to transcription start site), and growing exponentially
in LB were induced with 1 mM IPTG, and GFP
fluorescence was monitored. Promoter activity was
measured by normalizing GFP fluorescence by OD
(see the Materials and Methods). (F) MicL-S is a pro-
cessed transcript. RNA isolated following induction
of MicL for 3 h from an IPTG-inducible promoter was
left untreated, incubated in buffer, or incubated in
buffer with 5’ monophosphate-dependent terminator
exonuclease (TEX). MicL-S levels were subsequently
probed.
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Enterobacter species but not in more distantly related
enteric bacteria (Supplemental Fig. S2A-D). A fusion of
the minimal putative P,,,;.; promoter (—65 to +20) to GFP
is induced by ectopic of overexpression and is only
slightly weaker than the strong ¢®-dependent micA and
rybB promoters in the same vector background (Fig. 1E).
Together, these data show that MicL is a third o®-dependent
sRNA in E. coli and likely in related enteric bacteria.

MicL-S is processed from MicL

MicL-S may be processed from MicL, as we did not
observe a promoter for MicL-S. We tested this by treating
total RNA with 5" monophosphate-dependent terminator
exonuclease (TEX), which degrades processed transcripts
but spares primary transcripts, as they have 5’ triphos-
phates. Following TEX treatment, MicL-S is degraded,
but the MicL level is virtually unchanged (Fig. 1F),
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suggesting that MicL-S is generated by ribonucleolytic
cleavage of MicL.

We examined MicL levels after 15 min of MicL in-
duction from Pp,.o.; and subsequent IPTG washout
(Supplemental Fig. S3A). The observations that MicL-S
is detected only after induction of MicL and that MicL
and MicL-S disappear with similar kinetics support the
idea that MicL-S is derived from MicL. Importantly,
MicL-S expressed independently from the Pp,.o.1 pro-
moter has the same half-life as MicL-S cleaved from MicL
(Supplemental Fig. S3B), demonstrating that cleavage
does not impact MicL-S stability.

We next investigated the mechanism of MicL process-
ing. Although the MicL cleavage site is within the cutC
TGA stop codon, this sequence is not a cleavage signal, as
a TGA-to-GGA mutation did not alter processing (Sup-
plemental Fig. S3C). RNase E is the primary RNase in E.
coli and mediates processing of other sSRNAs (Massé et al.



2003), but production of MicL-S was not abolished in
a rne-3071 mutant (Supplemental Fig. S3D) or in strains
lacking various other RNases (Opdyke et al. 2011), in-
cluding RNase III (rnc), RNase G (rng), RNase BN (elaC),
five toxin endonucleases (Supplemental Fig. S3E), and the
broadly conserved YbeY RNase (data not shown). Either
uncharacterized ribonucleases mediate MicL processing
or other combinations of RNases perform this function.

Lpp is the sole target of MicL

Transcripts from the 3" UTR of cutC (RyeF) coimmuno-
precipitate with Hfq in E. coli and Salmonella (Zhang et al.
2003a; Chao et al. 2012). We validated this observation for
both MicL and MicL-S, which coimmunoprecipitate with
Hfq at ratios consistent with their levels, suggesting that
both forms bind Hfq with similar affinity (Fig. 2A). In
addition, both MicL transcripts are virtually undetectable
in strains lacking Hfq (hfq-1), indicating that their stabil-
ities are Hfq-dependent (Fig. 2A).

Hiq-binding sRNAs in E. coli have all been found to
regulate target mRNAs via limited base-pairing, enabling
them to regulate expression of multiple targets. With this
expectation, we searched for targets of MicL. However,
analysis of mRNA-seq data taken before and after expres-
sion of MicL for 4, 10, and 20 min identified only a single
MicL target, Ipp (Fig. 2B; Supplemental Fig. S4A; Supple-
mental Table S1). The levels of Ipp mRNA were reduced
starting 4 min after induction and were down-regulated
by 20-fold after 20 min (Supplemental Fig. S4C). The OM
lipoprotein Lpp, the most abundant protein in the cell, is
a key component of the membrane. o* was previously
reported to repress Ipp via an unknown mechanism that
required Hfq (Rhodius et al. 2006; Guisbert et al. 2007).
Stunningly, even after the 20-fold reduction in Ipp mRNA
due to MicL overexpression, Ipp is still the 12th most
abundant mRNA in the cell (Supplemental Table S1).

We examined the possibility that other MicL targets
might be regulated solely at the level of translation by
sequencing ribosome-protected mRNA fragments (ribo-
some profiling) (Ingolia et al. 2009) after ectopic expression
of MicL at the same time points used above for mRNA-seq
(Fig. 2C; Supplemental Table S2). Similar to what we
observed for the steady-state mRNA levels, expression of
MicL decreased translation of Ipp ~10-fold after a 20-min
induction of MicL. For all other transcripts, translation
was not significantly altered by MicL overexpression
(Supplemental Fig. S4E,F). Ipp is the most well-translated
mRNA in the cell and remains the 30th most well-trans-
lated mRNA after MicL expression (Supplemental Table
S2). Together, these experiments strongly suggest that Ipp
is the sole MicL target under the conditions tested.

MicL repression of Lpp mimics Ipp deletion phenotypes

Strains lacking Lpp were reported to be sensitive to
membrane perturbants such as dibucaine, deoxycholate,
sodium dodecyl sulfate (SDS), and ethylenediaminetetra-
acetic acid (EDTA) (Hirota et al. 1977; Suzuki et al. 1978;
Nichols et al. 2011). Using the reported concentrations
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A total P
Vi 1 o
A <O A
¢ &
e X
-— MicL
S - MicL-S
- 55
—_—
B ¢
J . S
) MicL-S o
. 3
_ MicL o
—1 105
L i
= e t
§ 104 YL S Ipp
E 3 oyt o
> 107 ¥
@
c
3 2l
g .
* T T T T T
102 10° 10* 10° 108
mean expression (vector)
€ &
S
T 40 24
L2 10 ‘J‘-\e\;"
=
-t °
8 10% @
2 . d Lpp
8 o §
2 10°- -
g i °
] :
g 10° y
=
E o
@ 40 o
g 10 e .
3 T T T
10 102 10° 104 10°

mean translation (pre-MicL)

Figure 2. Ipp is the sole target of MicL. (A) MicL interacts with
Hfq. Extracts were prepared from wild-type cells after 16 h of
growth in LB medium and subjected to immunoprecipitation with
a-Hfq or preimmune serum. MicL was probed in the immunopre-
cipitated samples (0.5 wg of RNA loaded) as well as on total RNA
isolated from wild-type and the isogenic hfg-1 mutant cells (5 pg of
RNA loaded). (B) MicL expression reduces Ipp mRNA levels ~20-
fold. mRNA-seq was performed in exponential phase after 20 min
of MicL induction from pBR’-MicL at 30°C in EZ rich defined
medium and compared with a similarly treated vector control
strain. Expression level is in reads per kilobase per million (RPKM).
(C) MicL expression reduces translation on Ipp mRNA ~10-fold.
Ribosome profiling was performed in exponential phase after 20
min of MicL induction from pBR’-MicL at 30°C in EZ rich defined
medium and compared with profiles taken before MicL induction.
Relative translation is in RPKM. Other genes (fepA and fiu) close to
the fivefold cutoff are repressed by growth (Supplemental Fig. S4F).
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for these chemicals, we found that dibucaine yielded the
strongest distinction between wild-type and Alpp strains,
with the latter having small, translucent colonies in the
presence of dibucaine. (Fig. 3A). Cells harboring MicL or
MicL-S appeared mildly translucent on dibucaine in the
absence of inducer and become markedly translucent
after addition of inducer (cf. Fig. 3A and Supplemental
Fig. S5). Alpp cells additionally display a small (~10-fold)
decrease in viability, but this was not observed for wild-
type cells overexpressing either MicL or MicL-S, possibly
because such cells still retain some Lpp. Overexpression
of MicL or MicL-S in a Alpp background did not further
sensitize cells to dibucaine (Fig. 3A), supporting the
conclusion that the dibucaine sensitivity associated with
MicL overexpression is due to decreased Ipp levels.

Endogenous levels of MicL are sufficient to repress Ipp

To determine whether MicL expressed from its native
locus had the capacity to repress Ipp, we assayed Ipp
mRNA levels upon ¢ overexpression. Indeed, elevated
oF led to reduced Ipp mRNA in wild-type cells but not in
a strain lacking MicL (AcutC) (Fig. 3B). We also tested
whether Ipp mRNA was down-regulated in stationary
phase when MicL levels are highest (Fig. 1C). As can be
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seen in Figure 3C, in stationary phase (10 or 15 h of
growth), Ipp transcript levels are less abundant in wild-
type cells than in cells lacking MicL. We also observed
higher accumulation of Lpp protein in the AcutC strain
compared with the wild-type strain. The Lpp protein level
does not mirror changes in Ipp mRNA, as the protein is
stable and therefore accumulates in stationary phase
because proteins are no longer diluted by cell division.
Interestingly, even in the AcutC strain, we saw a sharp
decrease in Ipp mRNA levels during stationary phase,
suggesting the existence of additional regulators of Ipp
expression and highlighting the importance of reducing
Lpp levels in stationary phase (Fig. 3C).

MicL-S base-pairs directly with Ipp mRNA

To test for direct base-pairing between MicL and Ipp, we
generated a translational fusion by integrating the Ipp 5’
UTR (containing sequences from the transcription start
site through 102 nt of the Ipp coding sequence) in-frame
to the seventh codon of lacZ gene, all downstream from
the heterologous Pgap promoter in the chromosome of
PM1205 (Mandin and Gottesman 2009). The B-galactosi-
dase activity of this reporter strain was reduced more
than twofold by ectopic overexpression of both MicL

Figure 3. MicL repression of Ipp is physiologically
important. (A) Expression of MicL phenocopies the
dibucaine sensitivity of Alpp. Wild-type or Alpp cells
carrying pBR*-MicL, pBR*-MicL-S, or empty vector
were spotted at the indicated dilutions on LB plates
containing 1.4 mM dibucaine with or without 1 mM
IPTG. (B) MicL represses Ipp RNA levels following o
overexpression. Wild type and a AcutC strain with
either control vector or pRpoE growing exponentially
in LB (ODggg ~0.1) were induced with 1 mM IPTG for 2
h. Total RNA was isolated and probed for Ipp, MicL, and
55 RNA. (C) Ipp mRNA and Lpp protein levels in wild-
type and AcutC mutant backgrounds. At the indicated
times, total RNA was extracted from wild type and the
AcutC mutant strain grown in LB. Total RNA was
probed to examine Ipp, MicL, and 5S RNA levels, and
Lpp and GroEL protein levels were examined by immuno-
blotting protein samples taken at the same time points.
For B and C, the intensity of the Ipp RNA or protein
band for each strain was quantified using Image]J soft-

h ware, and the ratios between the corresponding sam-
ples for the AcutC mutant and wild-type strains are

Ipp given.

MicL

58

Lpp
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and MicL-S but not by overexpression of MicA or RybB
(Fig. 4A). As both forms of MicL down-regulate Ipp, the
region required for regulation must be within MicL-S. To
further define the regulatory sequences, we tested
whether 5’ truncations of MicL-S retained the ability
to regulate the Ipp-lacZ translational reporter. A MicL-S
variant lacking the first 12 nt (MicL-SA1) fully repressed
the fusion, while a MicL-S variant lacking the first 45 nt
(MicL-SA2) did not, placing the sequence required for
regulation between nucleotides +13 and 44 of MicL-S
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(Supplemental Fig. S6). We similarly defined the MicL-
responsive region of Ipp, finding that a truncation retaining
the first 33 nt of the Ipp coding sequence is repressed by
MicL-S (IppA2), but a truncation that retains only the first
6 nt of the coding sequence is not (IppA3), suggesting that
a portion of the sequence targeted by MicL lies between +6
and 33 nt of the Ipp coding sequence (+43-70 nt from the
start of the of Ipp mRNA) (Supplemental Fig. S6).

Computational analysis of these regions using Thermo-
Composition software (Matveeva et al. 2007) also sug-
gested possible base-pairing between +19 and 49 of
MicL-S (Fig. 4B,C) and +16 and 46 of the Ipp coding
sequence. Indeed, MicL-S-1, harboring a 4-nt mutation in
the predicted pairing region of MicL-S (altered nucleotides
+41-44) (Fig. 4B,C), was unable to repress the Ipp-lacZ
reporter (Fig. 4D), but a compensatory mutation in Ipp (Ipp-
lacZ-1, altered nucleotides +21-25 of the coding sequence)
restored repression to levels comparable with wild-type
regulation (Fig. 4D). We verified that MicL-S and MicL-S-1
accumulate to similar levels, and while MicL-S noticeably
reduced Ipp mRNA and Lpp protein levels, MicL-S-1 does
not (Fig. 4E). Thus, MicL-S is an sRNA that directly base-
pairs with and represses Ipp.

Stable duplex predictions between cutC and Ipp in
various bacteria revealed that the extensive region of
base-pairing—and particularly a stable core (seed) inter-
action between +38 and 49 of MicL-S and +16 and 28 of
the Ipp coding sequence—is conserved in only a select
group of enteric bacteria, consistent with a recent evolu-
tion of the MicL RNA (Supplemental Figs. S2A-D, S7).
Interestingly, while Salmonella enterica contains two Ipp
genes (IppA and IppB), the long stretch of MicL comple-
mentarity is detected for only one of the two Ipp genes
(IppA) found in this organism.

MicL represses Ipp by inhibiting translation

Most sRNAs inhibit translation by sterically occluding
the Shine-Dalgarno sequence or the start codon, prevent-

Figure 4. MicL base-pairs with Ipp. (A) MicL and MicL-S, but not
MicA and RybB, repress an Ipp-lacZ translational fusion. B-Ga-
lactosidase activity of the Ipp-lacZ fusion preceded by a Pgap
promoter was assayed in strains with control vector, pBR-MicL,
pBR-MicL-S, pBR-MicA, and pBR-RybB plasmids after 3 h of
induction with 0.2% arabinose (for fusion) and 1 mM IPTG (for
sRNA) (final ODggg ~1.0) in LB. Average values and standard
deviations from four independent experiments are shown. (B)
Predicated structure of MicL-S. Nucleotides predicted to comprise
the core of base-pairing with Ipp are shaded. (C) Predicted MicL
and Ipp base-pairing core with mutations designed to disrupt
interaction. (D) Effect of disruption and restoration of base-pairing
on MicL repression of Ipp-lacZ. Plasmids carrying wild-type MicL-S
or the MicL-S-1 derivative were transformed into strains contain-
ing Ipp-lacZ or Ipp-1-lacZ, which carries compensatory muta-
tions to restore base-pairing with MicL-S-1. B-Galactosidase
activity was assayed as in A. (E) MicL-S but not MicL-S-1 lowers
Ipp RNA and Lpp protein levels. The Ipp-lacZ fusion strain was
transformed with pBR-MicL-S or pBR-MicL-S-1 and induced as in
A. Samples were collected after 3 h, and levels of Ipp, the MicL-S
and 58 RNA, or the Lpp and GroEL proteins were probed.

GENES & DEVELOPMENT 1625



Guo et al.

ing ribosomes from accessing target mRINA (for review, see
Desnoyers et al. 2013). As the core of MicL base-pairing
with Ipp is downstream from the translation start site
(+16-28 nt of the Ipp coding sequence) (Fig. 5A), at the edge
of the region where sRNA binding is known to interfere
with translation initiation (Bouvier et al. 2008), it is
unclear whether MicL represses translation or affects
mRNA stability independently of translation. To examine
this, we tested whether MicL-S overexpression reduces
the mRNA levels of Ipp derivatives harboring early stop
mutants (stop codon at the start and second and fourth
codons) (Fig. 5A). While the Ipp stop mutant at the start
codon cannot be translated, translation should initiate for
the other two derivatives. Although the absolute levels of
Ipp mRNA are altered, we no longer observed a significant
decrease in Ipp mRNA levels following MicL-S overex-
pression in any of these strains (Fig. 5B). This suggests that
the primary effect of MicL is to inhibit translation of Ipp
rather than to mediate Ipp mRNA degradation and that
increased degradation is a consequence of the fact that
untranslated mRNAs are not protected from ribonucleo-
lytic cleavage (Nilsson et al. 1984).

Consistent with the idea that Ipp mRNA is rapidly
degraded in the absence of active translation, we observed
that expression of MicL did not significantly decrease the
translation efficiency (ribosomes per unit mRNA) of Ipp
(Fig. 5C). This suggests that every Ipp mRNA is being
translated by the same number of ribosomes regardless of
the level of MicL. Thus, Ipp mRNA either is undergoing
active translation or is rapidly cleared when MicL binding
blocks translation.

Phenotypes ascribed to AcutC are due to eliminating
MicL repression of Ipp

The cutC gene was reported to be involved in copper
homeostasis because missense mutations in cutC alone
and in combination with mutations in nIpE lead to copper
sensitivity (Gupta et al. 1995). Interestingly, the cutC
mutations leading to copper sensitivity are clustered
around the P,,;,; promoter: One lies between the P,
—10 and —35 motifs (nucleotide change G197A, amino
acid change R66H), and the other is located at —67 from
the P, start (nucleotide change A146G, amino acid
change K49R), raising the possibility that the copper
phenotype of cutC could be due to misregulation of MicL.
We tested this possibility by determining the copper
phenotype of two constructs: a 5’ deletion of cutC that
maintains MicL but deletes the first 104 codons of cutC
(cutCA5’) and a MicL promoter mutant (point mutations
in Pp,;.; —10 and —35 motifs) that conserves CutC protein
sequence (P, mutant). Northern analysis confirmed
that MicL and MicL-S expression was nearly abolished
by P,,;.; mutation (Supplemental Fig. S8B), and Western
analysis confirmed that CutC is not synthesized in the
cutCA5’ mutant (Supplemental Fig. S1C). The MicL levels
were moderately reduced in cutCA5' cells, possibly due to
effects on P,,;.; (Supplemental Fig. S8B). However, only
the P,,;.; mutant has a copper sensitivity phenotype that
closely matches that of AcutC (Fig. 6A; Supplemental
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Figure 5. MicL repression of Ipp is dependent on translation. (A)
Diagrammatic representation of the derivatives carrying early
stop codon mutations Ipp-1 (ATG to TAG at the first codon), Ipp-2
(AAA to TAA at the second codon), and Ipp-4 (ACT to TAA at
the fourth codon). (B) The pBR*-MicL-S plasmid was transformed
into wild-type and Ipp translation-defective cells, MicL-S was
induced with 1 mM IPTG in LB for 3 h, and RNA was extracted
(final ODggg ~1.0) and probed for Ipp, MicL-S, and 5S RNA. The
intensity of the Ipp band from each strain was quantified using
Image] software, and the fold changes listed below are calculated
for the corresponding samples with and without IPTG. Immuno-
blot analysis for Lpp confirmed that translation was eliminated in
the stop codon mutants (data not shown). (C) Translation effi-
ciency of Lpp is unchanged after MicL expression. Translation
efficiency per gene after 20 min of MicL induction is plotted
versus translation efficiency before MicL induction. Translation
efficiency was calculated as the number of ribosome footprints
per gene/mRNA reads per gene from the ribosome profiling and
mRNA-seq data.

Fig. S9). Furthermore, ectopic expression of either MicL
or MicL-S dramatically increased the viability of AcutC
on copper (Fig. 6B) without affecting growth (Supplemen-
tal Fig. S8D). MicL overexpression also enhanced copper
resistance in wild-type cells (Fig. 6B).

As Ipp is the sole target of MicL, we tested whether
reduced synthesis of Lpp underlies copper resistance. In-
deed, a Alpp strain was slightly more resistant to copper
than wild-type cells (Fig. 6A; Supplemental Fig. S9), and
overexpression of MicL and MicL-S did not increase the
copper resistance of Alpp mutants (Fig. 6B). Together, these
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Figure 6. Copper sensitivity of AcutC is due to loss of MicL. (A)
Sensitivity of wild-type strains and variants with P,,;.; mutant
(-10C-T/-35A-G), cutCA5’ (which preserves MicL), AcutC, and
Alpp to 4 mM Cu(l)JCl,. Three microliters of each strain in
exponential phase was spotted on LB supplemented with 4 mM
Cu(M)Cl, at the indicated dilutions (Tetaz and Luke 1983; Gupta
et al. 1995). (B) Sensitivity of wild-type cells, AcutC, and Alpp
transformed with pBR* control vector, pBR*-MicL-S, and
pBR*-MicL to 4 mM Cu(II)Cl, using conditions in A with the
exception that the medium was additionally supplemented with
kanamycin. Some differences in sensitivity between A and B may
be due to a synthetic effect between copper and the kanamycin
used for plasmid selection in B.

data suggest that high levels of Lpp result in copper
sensitivity and that MicL confers copper resistance by
reducing Lpp levels.

of, MicL, and Lpp form a protective regulatory loop

The essential transcription factor oF regulates the folding
and levels of abundant membrane proteins such as OMPs.
In a previously described regulatory loop (Papenfort et al.
2010; Gogol et al. 2011), o¥ is activated by unfolded OMPs
and in turn induces expression of the MicA and RybB
sRNAs, which oppose stress by down-regulating OMP
mRNAs. MicL and Lpp may constitute another ot-de-
pendent regulatory loop that opposes stresses associated
with Lpp accumulation. We tested whether the MicL,
Lpp, and oF relationship was similar to that established
for RybB and MicA, OMPs, and oF. Indeed, of activity
responds to Lpp levels. Although Lpp is already the most
abundant protein in the cell, mild overexpression of Lpp
(approximately twofold) leads to activation of the oFf
response, and high overexpression (approximately three-
fold) leads to significant of activity and growth arrest
(Fig. 7A; Supplemental Fig. S10A).

Small RNA repression of abundant Lpp

Others have found that of activity is inhibited in cells
that have lost Ipp (Mecsas et al. 1993). Similarly, we
observed that reducing Lpp levels 10-fold by MicL over-
expression leads to a reduction in o activity (Fig. 7B;
Supplemental S10B). In addition, Northern analysis showed
that cells lacking MicL (AcutC strain) have ~1.5-fold higher
RyDbB levels in stationary phase (Supplemental Fig. S10C),
consistent with higher of activity.

Finally and most importantly, overexpression of MicL is
able to rescue the growth defect associated with depletion
of oF activity (Fig. 7C; Supplemental Fig. S10D; De Las
Penas et al. 1997; Hayden and Ades 2008), as was observed
for MicA and RybB overexpression (Papenfort et al. 2010;
Gogol et al. 2011). The ~50-fold to 100-fold decrease in
viability caused by overexpressing the oF negative regula-
tors RseA and RseB is rescued comparably by coexpressing
either MicL or MicA (Fig. 7C; Supplemental Fig. S10D). We
conclude that MicL and Lpp represent an additional sSRNA
loop with an OM-protective function similar to the other
oF-dependent sRNAs.

Discussion

Lpp is the most abundant protein in the cell and is of
central importance in OM homeostasis. It is both em-
bedded in the OM and covalently linked to the peptido-
glycan layer, forming an important linkage that connects
the OM to the rest of the cell. In this study, we established
that MicL, a o®-dependent SRNA, specifically targets Ipp
mRNA, preventing its translation. We show that Ipp is
the sole MicL target under conditions that we tested. This
stands in contrast to most SRNAs, which act via limited
base-pairing to regulate multiple targets. Additionally,
MicL is transcribed from within the coding region of
the gene cutC, and we show that it is responsible for all
known phenotypes of cutC. Our results put of at the
center of an sSRNA and protein network that monitors
lipoprotein biogenesis and regulates the majority of pro-
teins destined for the membrane.

MiclL is a dedicated regulator of Lpp

Lpp exists in ~1 million copies per cell (~2% of dry cell
weight) (Narita and Tokuda 2010; Li et al. 2014) and
comprises ~10% of all cellular mRNA and ~8% of all
translation events in our conditions. Loss of Lpp leads to
a weakened and less tethered OM, causing increased
vesiculation, leakage of periplasmic contents, and sensi-
tivity to a variety of compounds (Hirota et al. 1977;
Suzuki et al. 1978). Inappropriate up-regulation of Lpp
likewise is deleterious: Defects in Lpp transport or mis-
localization of Lpp to the inner membrane leads to cell
death (Yakushi et al. 1997). Thus, the levels of this protein
must be maintained in a narrow range for optimum
growth.

Two unique features of the Lpp life cycle make post-
transcriptional regulation by MicL attractive. First, the
cell cannot respond to defects in Lpp transport by up-
regulating lipoprotein chaperones and transport machines,
as these factors use some of the same transport machines
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as Lpp (Narita and Tokuda 2010). Second, transcriptional
repression will not rapidly lower Lpp flux, since Ipp mRNA
is unusually stable (T;, ~10 min in vivo) (Nilsson et al.
1984; Ingle and Kushner 1996). MicL repression of Lpp
translation elegantly solves both problems: Blocking ribo-
some initiation on Ipp decreases Lpp translation and
accelerates degradation of Ipp mRNA to <4 min based on
analysis of our mRNA-seq data. Increased degradation is
likely the result of both increased access to RNases,
resulting from decreased translation, and recruitment of
RNase E through its association with Hfq. MicL-mediated
regulation has a further advantage because sSRNAs contin-
ually inhibit their targets. This is likely to generate less
variance in mRNA expression than inhibition of transcrip-
tion (Levine et al. 2007), which can generate bursts in
mRNA synthesis when repressors transiently dissociate
from DNA (for review, see Eldar and Elowitz 2010).
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It is notable that MicL has only a single mRNA target.
This stands in contrast to all other Hfg-binding sRNA
regulators characterized thus far. Lpp might necessitate
an sRNA dedicated to controlling the rate of its synthe-
sis due to its enormous abundance. Since Ipp is in such
high excess over other mRNAs, a second target may be
difficult to regulate, as competition for base-pairing with
MicL could prevent the down-regulation of the less well-
expressed transcript (Levine et al. 2007) such that the
secondary mRNA targets would not be regulated until
most of the IJpp mRNA is degraded.

of-Regulated SRNAs repress protein synthesis of all
of the most abundant OM proteins

Our results place of at the center of an elaborate

regulatory system that monitors and responds to defects
in all aspects of the OM biogenesis (Fig. 8). ¥ senses OM
status through the degradation rate of its negative regu-
lator, RseA, which is mediated by DegS and RseB. DegS
and RseB respond, respectively, to misaccumulation of
OMPs and LPS. Upon stress, o= up-regulates proteins
facilitating OMP and LPS assembly and transport. In
addition, o® up-regulates the MicA and RybB sRNAs to
down-regulate OMP synthesis and, as we showed here,
MicL to down-regulate Lpp synthesis. The MicA and
RybB sRNAs are part of a regulatory loop that opposes
stresses associated with OMP folding and assembly. Our
data for MicL/Lpp indicate that they constitute a second
of-dependent protective regulatory loop to oppose
stresses associated with Lpp folding. We suggest that o*
senses Lpp status as an indirect consequence of monitor-
ing OMP and LPS assembly. The essential lipoprotein
components of the OM assembly machines of OMPs
(BamD) and LPS (LptE) (for review, see Silhavy et al.
2010) are in direct competition with Lpp, as all lipopro-

Figure 7. MicL and Lpp are part of an envelope protective
regulatory loop. (A) Overexpression of Lpp increases o activity.
Cells with either control vector or pTrc-Lpp were induced with
either 50 pM or 1 mM IPTG (at the time indicated). & activity
was measured from a o®-dependent rpoHp3-lacZ reporter. The o
activity for the vector control strain treated with 50 pM or 1 mM
IPTG was similar at all points (data not shown). (B) Overexpres-
sion of MicL lowers o activity. Cells with empty vector or
pBR*-MicL were induced with 1 mM IPTG when overnight cultures
were diluted to ODggo ~0.01. o activity was measured as in A.
Notably, MicL overexpression lowers Lpp protein levels to an
extent similar to that observed in ribosome profiling (~10-fold)
(cf. Fig. 2C; Supplemental Fig. S10B). The inset provides the
average and standard deviation for increased oF activity for all
pBR* and pBR*-MicL points, normalized to pBR* at each time
point. (C) Shutoff of ¢F activity leads to cell death and can be
rescued by concomitant expression of MicA or MicL from de-
rivatives of the pEG plasmid. ¢ activity is shut off by over-
expressing the oF-negative regulators RseA/B from pTrc-RseAB.
Aliquots (2 uL) of cells growing exponentially in LB with
ampicillin (amp) and cm were plated at the indicated dilutions
on LB plates + 1 mM IPTG, which induces both RseA/B and the
sRNA (MicL or MicA).
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Figure 8. Model of the envelope protective o™~MicL-Lpp loop.
oF transcribes genes encoding proteins that relieve folding stress
and sRNAs that inhibit new synthesis of the abundant proteins of
the OM (OMPs and Lpp). Defects in lipoprotein transport inhibit
proper OM assembly of both LPS and OMPs, which then bind to
RseB and DegS, respectively, inducing RseA cleavage and oF
activation. In response, o* activates the sSRNA MicL to specifically
down-regulate synthesis of Lpp, the major lipoprotein. (Inset) ot is
held inactive by RseA in the inner membrane. RseB binds to RseA
and prevents DegS from cleaving RseA.

periplasm

teins are chaperoned by the LolA/LolB system. Thus,
transient overexpression of Lpp will decrease OM in-
sertion of the BamD/LptE lipoproteins and assembly of
their respective machines. This will disrupt LPS and
OMP insertion into the membrane, triggering the con-
comitant accumulation of both LPS and OMPs and o&
activation.

Together, MicL, MicA, and RybB regulate not only the
majority of protein flux targeted to the OM (>85% of the
translation of OM proteins) but also a large fraction of
total cell protein (~12% of all translation events) (Sup-
plemental Table S3). As production of OM proteins
consumes a large fraction of the cellular resources
(~14% of all transcription and translation is devoted to
OM proteins) (Supplemental Table S3), o is the regulator
of a large section of cellular physiology. Given the central
role of these sSRNAs in controlling flux of membrane
proteins, it is not surprising that their overexpression
relieves cell death resulting from insufficient of. Al-
though physiological levels of these sSRNAs do not fully
eliminate Lpp or OMP synthesis, they cause a modest
decrease in translation, which nonetheless may have
a large effect due to the abundance of these proteins.
Even a twofold change in the availability of Ipp mRNA
would affect 4% of all translation events and alter the
composition the membrane.

During transition to stationary phase, nutrient limita-
tion severely curtails cell growth, requiring a significantly
reduced rate of membrane synthesis. Indeed, we observed
a dramatic decrease in the levels of the Ipp and omp
mRNAs during this condition. The necessity of down-
regulating new synthesis of Lpp and OMPs may explain

Small RNA repression of abundant Lpp

why there is a dramatic rise in oF activity and the levels of
MicL, RybB, and MicA during this transition. As both Ipp
and omp mRNAs are exceptionally long-lived and well
translated, up-regulating these SRNAs simultaneously in-
hibits new synthesis of these proteins and allows RNases
to degrade the mRNAs, thereby facilitating adaptation to
stationary phase.

Copper sensitivity is related to lipoprotein biogenesis

We found that cells lacking MicL misregulate Lpp and are
sensitive to copper stress. Interestingly, defects in other
aspects of lipoprotein homeostasis also lead to increased
copper sensitivity. Two additional cut genes, the OM
lipoprotein nlpE (cutF) and apolipoprotein N-acyltransferase
Int (cutE) (Gupta et al. 1993), are involved in lipoprotein
homeostasis. Lnt is an essential protein that catalyzes lipid
attachment to lipoproteins such as Lpp and is the last step in
lipoprotein maturation (Narita and Tokuda 2010). Impor-
tantly, Alpp complements the copper sensitivity of partially
defective Int alleles (Gupta et al. 1993) as well as AnIpE and
AnlipE AcutC (data not shown), suggesting that these copper
sensitivity phenotypes reflect Lpp misregulation arising
from altered Lpp insertion into the OM or an altered OM
environment. Thus, monitoring and controlling Lpp bio-
genesis is a key component of resistance to copper.

The cutC gene received its name because mutations in
the coding sequence conferred sensitivity to copper. Since
our investigations establish that this phenotype instead
derives from misregulation of MicL and consequent
alteration of Lpp biogenesis, the function of CutC should
be re-examined. However, it is intriguing that CutC and
the YecM protein encoded in the same operon have been
hypothesized to be metal-binding proteins (Gupta et al.
1995; Zhang et al. 2003b). While there is no direct ev-
idence for copper association with bacterial CutC, the
conserved human variant of CutC has been shown to bind
Cu(l) (Li et al. 2010). Are the functions of CutC and MicL
related and are there advantages of hosting MicL within
cutC? Since MicL-S can be processed from the cutC
mRNA (Supplemental Fig. S3F), MicL levels could be
tied to cutC levels, allowing MicL to be made during
exponential phase when oF activity is low.

Identification of increasing numbers of 3' UTR-
embedded sRNAs warrants reconsideration of
phenotypes attributed to proteins

It is becoming appreciated that sRNAs are not only
encoded as independent transcripts in intergenic regions
but also originate from within coding regions. sSRNAs can
be generated by the processing of a larger transcript, as in
the case of s-SodF in Streptomyces coelicolor (Kim et al.
2014), or transcribed as a primary transcript like MicL
(described here) and DapZ in S. enterica (Chao et al. 2012).
Intriguingly, many of the other candidate 3’ UTR-embed-
ded sRNAs identified in S. enterica (Chao et al. 2012) can
be observed in our data set. The fact that the majority of
these sSRNA transcripts are associated with Hfq strongly
implies that they are functional (Chao et al. 2012).
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Most sRNA discovery efforts have focused on unique
transcripts in intergenic regions, but redirected searches
to identify further coding region-embedded sRNAs are
likely to be worthwhile. With the need for bacteria to
rapidly generate novel regulators to fine-tune gene ex-
pression, 3’ UTRs are an ideal region of the genome to
evolve novel trans-encoded sRNA regulators. Since Hfq-
binding sRNAs appear to require strong transcription
terminators, co-opting existing terminators abrogates
the need to evolve this structure de novo. Additionally,
the UTRs of genes are the perfect platform for natural
selection to search for beneficial mutations in a manner
that is less likely to be deleterious. Thus, 3’ UTRs may be
a reservoir for evolution and may diversify faster than
other parts of the genome.

The question of evolution is also interesting to con-
sider in the case of MicL. oF and its protein regulators are
broadly conserved among the y-proteobacteria, and the
existing data suggest that the pathways activating o are
broadly conserved as well. For example, in Pseudomonas
aeruginosa, homologs of the oF regulators respond to the
same OMP peptide sequences and LPS stimuli as in the
E. coli system (Cezairliyan and Sauer 2009; Lima et al.
2013). Our phylogenetic analysis suggests that MicL,
like MicA and RybB, is limited to only a subgroup of
y-proteobacteria (Johansen et al. 2006; Papenfort et al.
2006), but sRNAs whose expression is o"-dependent
have been reported for other bacteria in this phylum
(Park et al. 2014). Some of these o-dependent sRNAs
may fulfill a role similar to E. coli MicA, RybB, and
MicL. Alternatively, MicL, MicA, and RybB could have
evolved in response to a particular lifestyle of enteric
bacteria. Since the major factors of the OM (OMPs, LPS,
and Lpp) are recognized by the host immune system (for
review, see Galdiero et al. 2012), regulating their levels
with sRNAs could be an adaptation to evade detection.

Our study of MicL indicates that investigations of
sRNA function continue to provide fundamental insights
into bacterial cell physiology. We suggest that additional
sRNAs important to cellular physiology are masked in
protein-coding regions and that existing phenotypes as-
sociated with protein products may be misattributed and
instead arise from misregulation of sSRNAs.

Materials and methods

Strains and plasmids

The bacterial strains and plasmids used in the study are listed
in Supplemental Tables S4 and S5, respectively. Gene knock-
outs or mutants were constructed in strain NM500 or NM400
using A Red-mediated recombination with DNA fragments
generated by PCR using oligonucleotides listed in Supplemen-
tal Table S6 (Datsenko and Wanner 2000; Yu et al. 2000; Court
et al. 2003). The mutations linked to markers flanked by FRT
sites were moved into new backgrounds by P1 transduction,
and, where indicated, antibiotic resistance markers were re-
moved using plasmid pCP20 (Cherepanov and Wackernagel
1995). For the Ipp-lacZ translational fusions (and mutant
derivatives), the entire 5 UTR, beginning with the major
Ipp transcription start at position 1,755,407 to the indicated
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position in the coding sequence, was fused to the coding
sequence of lacZ behind a Pgap promoter (Mandin and Gottesman
2009). A second Ipp promoter was annotated in EcoCyc at
position 1,755,320, but only a very weak signal was detected in
our deep sequencing analysis (MK Thomason, T Bischler, SK
Eisenbart, KU Forstner, A Zhang, A Herbig, K Nieselt, CM
Sharma, G Storz, in prep.). In all cases, point mutations were
introduced in the fragments used for recombination using over-
lapping PCR as described previously (Ho et al. 1989).

For plasmid construction, the desired gene fragments were
generated by PCR amplification using MG1655 genomic DNA as
a template and, after digestion with restriction enzymes, were
cloned into the corresponding sites of the indicated vectors.
PBR* is a derivative of the pBR322-derived pBRplac vector (here
denoted as pBR) (Guillier and Gottesman 2006) in which the
ampicillin cassette was replaced by the kanamycin cassette.
pBR’ contains both the ampicillin and the kanamycin cassettes.
We found transforming with pBR*-MicL to be more efficient
than transforming with pBR-MicL, possibly due to the effects of
kanamycin versus ampicillin. All cloning was performed using
E. coli TOP10 cells (Invitrogen), and all mutations and plasmid
inserts were confirmed by sequencing.

Growth conditions

Unless indicated otherwise, strains were grown aerobically at
37°C in either LB (10 g of tryptone, 5 g of yeast extract, 10 g of
NaCl per liter) or EZ rich defined medium (MOPS, Teknova). The
copper sensitivity was monitored on LB plates supplemented
with 4 mM Cu(II)Cl, (diluted from 1 M stock solution; Sigma)
and incubated overnight at 30°C (Tetaz and Luke 1983; Gupta
et al. 1995). Where indicated, IPTG was added at a final concen-
tration of 1 mM or as noted, and antibiotics and chemicals were
added when appropriate at the following concentrations: 100 pg
mL~! ampicillin, 30 ug mL~! kanamycin, 12.5 ng mL ™! tetracy-
cline, 25 pg mL ™! chloramphenicol, or 1.4 mM dibucaine.

Tiling array analysis

Cultures of E. coli carrying the of overexpression plasmid
(PRpoE) were grown to ODgyo ~0.3 at 30°C in LB, and pre-
induction (0 min) and post-induction (20 min) samples were
harvested. After RNA extraction with hot phenol chloroform as
described (Massé et al. 2003), each sample was hybridized to
a custom Affymetrix E. coli tiling array, and an antibody specific
for RNA-DNA complexes detected “ON” tiles as described (Hu
et al. 2006). The tiling array tools provided by Affymetrix, tiling
analysis software (TAS) and the integrated genome browser
(IGB), were used to analyze the data set.

Deep sequencing and analysis

mRNA-seq and ribosome profiling were performed as previously
described, with a few modifications (Ingolia et al. 2009; Li et al.
2012). Briefly, cells were grown in MOPS to OD ~0.3 and
induced with 1 mM IPTG; at the indicated times, 200 mL of
cells was harvested. Two replicates were performed for all MicL
experiments, with high levels of correlation between experi-
ments. For RNA-seq, the cell pellet was phenol-extracted, and
ribosomal RNA was removed with the MICROBExpress kit (Life
Technologies). tRNAs were not removed to recover the small
RNAs of the cell. For ribosome profiling, ribosome-protected
fragments were generated as previously described, yielding 25-
to 40-nt footprints (Ingolia et al. 2009; Oh et al. 2011). rfRNA
was removed, samples were converted to a sequencing library
(Ingolia et al. 2009; Li et al. 2012), and sequencing was performed



on an Illumina HiSeq 2000 and aligned to NC_000913.fna
(MG1655), allowing for one mismatch.

Analysis was restricted to genes with >128 total counts,
a cutoff determined empirically to prevent false positives (Ingolia
et al. 2009). Mean mRNA density and ribosome density were
calculated excluding the 5’ and 3’ UTRs and were corrected for
total number of reads and the length of each gene and reported in
reads per kilobase per million (RPKM) (Ingolia et al. 2009).
Translation efficiency was calculated on a gene-by-gene basis,
where translation efficiency was the ratio of ribosome footprints
to mRNA fragments for that gene (mean translation/mean
expression) (Ingolia et al. 2009). To calculate each fraction of
the total mRNA and translation that each protein represents, the
total number of reads per coding region was divided by the total
number of reads across all coding regions. All of the deep
sequencing data sets are available at Gene Expression Omnibus
(GSE58637).

Northern analysis

For Northern analysis, total RNA was extracted by hot acid
phenol as described previously (Massé et al. 2003), with minor
modifications. Briefly, cells in 1.5 mL of culture (the equivalent
of ODggg ~3) were collected, resuspended in 650 pL of buffer A
(0.5% SDS, 20 mM NaOAc, 10 mM EDTA), and immediately
added to 750 uL of hot acid phenol chloroform (pH 4.5; Ambion).
The mixture was vortexed vigorously and incubated for 10 min
at 65°C. The sample was then centrifuged at 30,000 rpm for 10
min, and the upper aqueous phase was subjected to another
round of hot acid phenol chloroform treatment. The aqueous
phase from the second acid phenol extraction was added to
a Phase Lock Gel Heavy 2.0-mL tube (5Prime) containing 1 mL of
phenol chloroform (pH 8; Invitrogen) and mixed and spun at
30,000 rpm for 10 min at 4°C. The supernatant was combined
with 1 mL of 100% ethanol containing 1 pL of 20 mg/mL
glycogen and precipitated at —80°C. The RNA was collected by
centrifugation at 30,000 rpm for 30 min at 4°C, washed twice
with 1 mL of 70% ethanol, air-dried, and resuspended in
nuclease-free dH,O. Total RNA concentration was determined
based on OD,q.

Northern blots were performed as previously described
(Thomason et al. 2012) with minor modifications. Briefly, 10 pug
of total RN A was separated on an 8 % polyacrylamide-7 M urea gel
(USB Corporation) in 1X TBE and transferred to Zeta-Prove
membrane (Bio-Rad) overnight at 20 V in 0.5X TBE. Oligonucle-
otides were end-labeled with vy-3P-ATP by T4 polynucleotide
kinase (New England Biolabs). Membranes were UV cross-linked
and hybridized overnight at 45°C in UltraHyb (Ambion) hybrid-
ization buffer. Following hybridization, membranes were
washed once with 2X SSC + 0.1% SDS followed by a 10-min
incubation at 45°C with 2X SSC + 0.1% SDS. Membranes were
subsequently washed five times with 0.2x SSC + 0.1% SDS,
allowed to air dry for 5 min, and exposed to KODAK Biomax
X-ray film at —80°C.

Hfq coimmunoprecipitation

Hfq coimmunoprecipitation was carried out as described (Zhang
et al. 2003a). Briefly, cells in 15 mL of wild-type or Ahfg-1::cm
cultures grown to late stationary phase (~14 h) were pelleted,
resuspended in 400 pL of lysis buffer (20 mM Tris-HCI at pH 8.0,
150 mM KCl, 1 mM MgCl,, 1 mM DTT, 0.2 U RNaseOUT
[Ambion]), and lysed by vortexing with ~0.6 g of glass beads for
10 min. To immunoprecipitate Hfq, 200 uL of cell lysate was
combined with 24 mg of protein A Sepharose CL-4B beads
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(Amersham Biosciences) complexed with 20 uL of a-Hfq serum,
200 pL of Net2 buffer (50 mM Tris-HCl at pH 7.4, 150 mM NaCl,
0.05% Triton X-100), and 1 puL of RNaseOUT. The mixture was
incubated for 2 h at 4°C with rotation then washed five times
with 1.5 mL of Net2 buffer. Following the washes, the beads
were extracted with 400 pL of Net2 buffer, 50 uL of 3 M NaOAc,
5 uL of 10% SDS, and 600 uL of phenol:chloroform:isoamyl
alcohol (Ambion), and RNA was ethanol-precipitated. Total
RNA was isolated by Trizol (Invitrogen) extraction followed by
chloroform extraction and ethanol precipitation. Total RNA (5
ug) or coimmunoprecipitated RNA (0.5 pg) was then subjected to
Northern analysis as described above.

Immunoblot analysis

Western blot analysis was performed as described previously
with minor changes (Beisel and Storz 2011; Thomason et al.
2012). Samples were separated on a precasted 5%-20% Tris-
Glycine (Bio-Rad) or 16% Tris-Tricine (Invitrogen) and trans-
ferred to a nitrocellulose membrane (Invitrogen). Membranes
were blocked in 5% milk. To detect Lpp, the blocked membranes
were probed with a 1:100,000 dilution of a-Lpp antibody (kindly
provided by the laboratory of T. Silhavy) followed by incubation
with a 1:20,000 dilution of HRP goat anti-rabbit IgG (Abcam) or
a 1:10,000 dilution of IRDye800 goat anti-rabbit IgG (Licor). To
detect GroEL, the membranes were incubated with a 1:20,000
dilution of a-GroEL mouse monoclonal (Abcam) followed by
incubation with a 1:40,000 dilution of HRP goat anti-mouse IgG
(Abcam). For both Lpp and GroEL, the membranes were de-
veloped using SuperSignal West Pico chemiluminescent sub-
strate (Thermo Scientific) and exposed to KODAK Blue-XB film.
To detect RpoA, the membranes were incubated with a 1:1000
dilution of a-RpoA mouse monoclonal antibody (Neoclone)
followed by incubation with 1:10,000 IRDye680 goat anti-mouse
1gG (Licor). Fluorescent antibodies were visualized on an Odyessy
imager (Licor).

B-Galactosidase assays

B-Galactosidase assays were performed as described previously
(Beisel et al. 2012), with some minor modifications. Briefly, four
separate colonies were grown overnight in LB with appropriate
antibiotics, diluted 1:200 to ODgpp ~0.03 in the same medium
supplemented with 1 mM IPTG and 0.02% L-arabinose, and
grown to final ODggy = ~1 at 37°C. Five microliters of cells
was lysed in 700 pL of Z buffer with 15 uL of 0.1% SDS and 30 pL
of chloroform. The ODggg and A4y of the cultures were measured
using an Ultrospec 3300 UV/Vis spectrophotometer (Pharmacia
Biotech).

For oF activity assays, B-galactosidase activity was measured
from an rpoHp3-LacZ reporter as described previously (Ades
et al. 1999; Costanzo and Ades 2006). Briefly, cells were grown to
ODgpp ~0.1 in LB at 30°C. Four samples were taken at different
times, and the B-galactosidase activities of these samples were
plotted against their ODggo. The slope of this plot represents o=
activity. Four independent experiments were performed for each
strain. For Figure 7B, a mean and standard deviation of pMicL to
pBR* were calculated at each time point and aggregated across
all time points.

Promoter activity assays

The MicL promoter-GFP fusion was constructed as described
previously (Mutalik et al. 2009), placing the P,,;.; —65 to +20
sequences in front of GFP. Other promoter-GFP fusions are from
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Mutalik et al. (2009). GFP fluorescence was measured using
a Varioskan (Thermo) as previously described (Mutalik et al.
2009). Briefly, promoter strength is a function of the fluorescence
and the cell density. GFP fluorescence was measured at four ODs
after oF induction, and the fluorescence was plotted versus OD.
The slope of the linear portion of this plot is reported as the
promoter activity of the specific promoter-GFP fusion in that
reporter strain.
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