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Abstract

Ornate, large, extremophilic (OLE) RNAs comprise a class of large noncoding RNAs in bacteria whose members form a membrane-
associated ribonucleoprotein (RNP) complex. This complex facilitates cellular adaptation to diverse stresses such as exposure to cold,
short-chain alcohols, and elevated Mg?* concentrations. Here, we report additional phenotypes exhibited by Halalkalibacterium
halodurans (formerly called Bacillus halodurans) strains lacking functional OLE RNP complexes. Genetic disruption of the complex
causes restricted growth compared to wild-type cells when cultured in minimal media (MM) wherein glucose is replaced with
alternative carbon/energy sources. Genetic suppressor selections conducted in glutamate MM yielded isolates that carry mutations in
or near genes relevant to Mn?* homeostasis (ykoY and mntB), phosphate homeostasis (phoR), and putative multidrug resistance
(bmrCD). These functional links between OLE RNA, carbon/energy management, and other fundamental processes including protein
secretion are consistent with the hypothesis that the OLE RNP complex is a major contributor to cellular adaptation to unfavorable

growth conditions.
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Significance Statement

Ornate, large, extremophilic (OLE) RNAs represent one of the most complex and well-conserved classes of bacterial large noncoding
RNAs discovered to date, yet their exact biological functions remain ambiguous. In the haloalkaliphilic bacterium, Halalkalibacterium
halodurans, the ~600-nt OLE RNA is highly abundant in the cell and its disruption causes growth defects under diverse stress condi-
tions. In this study, we report that the absence of the OLE ribonucleoprotein complex hampers bacterial growth in minimal media
with alternative carbon sources. This growth restriction phenotype is correlated with an impairment in protein secretion and can
be overcome by supplementation with Mn** or by suppressor mutations associated with Mn** homeostasis. These findings further
expand the scope of cellular processes associated with this large bacterial noncoding RNA.

Introduction

Large noncoding RNAs (ncRNAs) are rare in bacteria but typically
perform ancient and widely essential biological functions. The
most prevalent classes are highly conserved across all (or nearly
all) bacteria, which include the 23S and 16S ribosomal RNAs (1),
RNase P ribozymes (2), transfer-messenger RNAs (3, 4), signal
recognition particle RNAs (5), and self-splicing ribozymes (6, 7).
Although additional classes of bacterial large ncRNAs have been
reported (8), the identification of their biochemical and biological
functions can be hindered by many factors, including their pre-
vailing occurrence in organisms that are unculturable and/or
are not conducive to genetic manipulation (9). However, the study
of these RNAs offers opportunities to uncover biochemical

mechanisms relevant to fundamental biological processes.
Some of these large ncRNAs might even represent RNA devices
that date back to the RNA World—a time before the evolutionary
emergence of proteins (10, 11).

Notable among these mysterious classes of large ncRNAs is or-
nate, large, extremophilic (OLE) RNA, a ~600-nt RNA mostly found
in extremophilic and/or anaerobic species of Bacillota. OLE RNAs
have been implicated in various bacterial stress responses, al-
though the exact biochemical functions of this highly structured
ncRNA remain elusive. The salt- and alkali-tolerant bacterium
Halalkalibacterium halodurans, formerly known as Bacillus halodur-
ans (12), is a genetically tractable model organism (13) that natur-
ally carries an ole gene (14). In this species, OLE RNA is known to
form a ribonucleoprotein (RNP) complex with at least three
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different proteins that are essential for its function: OapA (15),
OapB (16-18), and OapC (19). The interaction of OapA with OLE
RNA is required to localize the OLE RNP complex to the bacterial
membrane (15). The small proteins OapB and OapC are members
of distinct RNA binding protein classes (20, 21) that likely function
as OLE RNA folding chaperones (16-19). All three proteins are ne-
cessary for H. halodurans to adapt to diverse stress conditions such
as cold (<20 °C) (16), the presence of short-chain alcohols [e.g.
ethanol (~5% v/v)] (22), or the presence of modestly elevated levels
of Mg®* (>4 mM) (23).

Given these diverse phenotypes and other observations, we re-
cently hypothesized (24) that the OLE RNP complex is the bacterial
functional equivalent of mTOR (mammalian target of rapamycin)
complexes of eukaryotic cells (25, 26). Eukaryotes use mTOR com-
plexes to coordinate responses to diverse stresses by regulating
numerous metabolic and physiologic adaptations (25, 26). If OLE
RNA does participate in the formation of a “bTOR” (bacterial tasks
OLE regulates) device that serves purposes like those of mTOR,
then we predict that many other functions of OLE RNP complexes
remain to be discovered. Furthermore, we have proposed (24) that
similar regulatory networks exist in bacteria that lack the ole gene.
Therefore, investigations into the functions of OLE RNP complexes
may provide insight into stress response mechanisms utilized by
many bacterial species.

In the current study, we investigated the possibility that OLE
RNP complexes are involved in cellular adaptation to suboptimal
carbon sources when glucose is not available. This effort was mo-
tivated by the fact that several links between OLE RNA and carbon
metabolism pathways have been identified in previous studies.
For example, an OLE RNA pull-down analysis (19) revealed that
the RNA interacts with the ArgR protein, a transcriptional regula-
tor of arginine metabolism and carbon metabolism pathways (27,
28). Furthermore, the argR gene often resides near the ole and oapA
genes (16), which supports the conclusion that there are both
physical and functional links between the ArgR protein and OLE
RNA.

To search for additional links between OLE RNP complexes
and carbon/energy management, we assessed the ability of
H. halodurans strains lacking genes for both OLE RNA and
OapA protein (Aole-oapA) to grow on various gluconeogenic car-
bon sources, including TCA (tricarboxylic acid) cycle intermedi-
ates, amino acids, and pyruvate. Functional OLE RNP complexes
were found to be necessary for robust growth on nearly any al-
ternative carbon source tested, with glutamate causing the
greatest growth disparity in Aole-oapA cells. Genetic suppressor
selections using the Aole-oapA strain revealed that the majority
of mutations that restore robust growth with suboptimal carbon
sources were located in a Mn**-sensing riboswitch (29-31) asso-
ciated with the ykoY gene (recently (32) renamed to meeY), or dir-
ectly in the ykoY open reading frame (ORF), which encodes a
protein involved in facilitating protein secretion and exoprotein
metalation (32, 33).

Furthermore, the Aole-oapA strain exhibits reduced protein
secretion compared to the wild-type (WT) strain in milk agar
secretion assays and grows nearly 100-fold worse than WT
when using intact casein protein as the carbon source in minimal
media (MM). Casein requires digestion by secreted, extracellular
proteases prior to the import of proteolysis products as oligopep-
tides and amino acids to be used as carbon sources. These findings
implicate OLE RNA as an important participant in the utilization
of nonpreferred carbon sources, and also in protein secretion,
which expands the fundamental cellular processes linked to the
function of this unusual bacterial ncRNA.

Results and discussion

Evidence that the OLE RNP complex is relevant
to carbon/energy metabolism

Previous studies provide indications that the function of the OLE
RNP complex is important for growth on nonpreferred carbon
sources. For example, the gene for OLE RNA often resides near
genes whose protein products are relevant to carbon (folD, argR)
and energy (nadF) management (14, 16, 24). Genes are often clus-
tered in bacterial genomes when they are involved in the same
biological or biochemical processes (34). Indeed, the ArgR protein
(arginine repressor, also called AhrC) interacts with OLE RNA in-
side H. halodurans cells (19), and this binding interaction has
been confirmed by in vitro assays with recombinant ArgR protein
(unpublished observations). ArgR is an arginine-responsive tran-
scription factor that was originally characterized as a regulator
of arginine metabolism genes (27, 28). However, a recent study
in Bacillus subtilis demonstrates that the ArgR regulon is broader
and that it enables cells to utilize glucose via regulation of
Mn?*-homeostasis genes (35).

Furthermore, argR mRNA translation is known to be inhibited
by the SR1 RNA (36), which is a small RNA whose expression is re-
pressed by the transcriptional repressor protein CcpN when glu-
cose levels are high (37). Thus, the expression of argR is
regulated in part by the relative abundance of glucose, which is
the preferred carbon/energy source of these bacteria. SR1 RNA
also codes for a small peptide called SR1P that forms a biologically
relevant complex with glyceraldehyde-3-phosphate dehydrogen-
ase (GapA) (38), which catalyzes the sixth step in glycolysis.
Intriguingly, the substrate of GapA, glyceraldehyde-3-phosphate,
is also a substrate for the Dxs protein (1-deoxy-p-xylulose-5-
phosphate synthase), an enzyme that catalyzes the first step in
the formation of isoprenoid precursors (39) and whose gene often
resides immediately adjacent to ole and oapA (14, 16, 24). Taken to-
gether, these observations suggest that there could be multiple
physical and functional relationships between OLE RNA, other
products of the ole gene cluster, and carbon/energy metabolism.

The OLE RNP complex is required for robust
growth on alternative carbon sources

The role of the OLE RNP complex on bacterial growth using vari-
ous carbon sources was evaluated by culturing WT and
Aole-oapA strains of H. halodurans in MM supplemented with glu-
cose or various gluconeogenic carbon sources (Fig. 1A).
Importantly, we used a minimal medium (40) with scarce
amounts of trace metals, which we expected would place a high
metabolic burden on the bacterium by forcing it to synthesize
its required metabolites de novo. MM containing different carbon
sources supports the growth of WT H. halodurans cells to different
extents (Figs. 1B and S1), suggesting that the bacteria are being
challenged under these conditions. Most importantly, the
Aole-oapA strain experienced severe growth impairments com-
pared to WT cells on all carbon sources tested except for glucose
and citrate, which enabled growth like that of WT (Figs. 1B and C
and S1).

The observation that citrate as a sole carbon/energy source
supports robust growth of Aole-oapA cells is notable because sup-
plementation of citrate was previously (23) shown to overcome
the growth deficiency caused by exposure of Aole-oapA cells to ex-
cess (>4 mM) Mg?* ions. Furthermore, mutations that overcome
the growth deficiency caused by excess Mg?* occur in genes rele-
vant to the TCA cycle, which presumably increases intracellular
citrate levels. It has been proposed (23) that citrate might overcome
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Fig. 1. Disruption of the OLE RNP complex diminishes growth of

H. halodurans on alternative carbon sources. A) Abbreviated schematic of
central metabolism depicting metabolites tested as carbon sources in
MM. B) Representative growth assays of H. halodurans WT and Aole-oapA
strains on MM agar with the carbon sources as indicated in (A). Images
were recorded after 40 h of growth at 37 °C. C) Growth assays of

H. halodurans in MM with various carbon sources as indicated in (A). Bars
represent the average ODgo (optical density at 600 nm) of Aole-oapA
cultures normalized to the ODggo of WT (dashed line) when grown in MM
having the same carbon source. This study was performed with three
biological replicates that each were comprised of three technical
replicates, wherein ODgg values (see Fig. S1) were recorded 48 h after
inoculation. Error bars depict standard deviation. D) Representative
growth curve assays of H. halodurans WT, Aole-oapA containing the
PHCMCOS ole-oapA rescue vector, and Aole-oapA in glutamate minimal
media (EMM). Data points represent averages from three technical
replicates and error bars depict standard deviation. Glc, glucose; Pyr,
pyruvate; Cit, citrate; aKG, a-ketoglutarate; Succ, succinate; Fum,
fumarate; Mal, malate; OAA, oxaloacetate; Glu, glutamate; Gln,
glutamine; Pro, proline; Orn, ornithine; Arg, arginine.

Mg** toxicity due to its ability to chelate divalent metal ions. The
relevance of citrate in both the carbon source and Mg?* toxicity phe-
notypes could be due to a mechanistic link between the two pheno-
types. However, the Mg®* concentration used in the carbon source
experiments is ~0.8mM, and therefore it is unlikely that
Aole-oapA cells are experiencing Mg®* stress in the present growth
assays. Although the possible connection between citrate and the
carbon source and Mg?* stress phenotypes merits further investiga-
tion, in the current study, we chose to focus our analyses on carbon
sources where Aole-oapA cells failed to grow to WT levels.

Minimal medium supplemented with glutamate as the carbon/
energy source, called glutamate minimal medium (abbreviated
EMM), was chosen for subsequent experiments because it pro-
vided the largest growth difference between WT and Aole-oapA
strains (Figs. 1B-D and S1). In addition to its role in protein

biosynthesis, glutamateis positioned at the intersection of several
metabolic pathways (Fig. 1A) and serves various other purposes
ranging from supplying nitrogen for several biochemical reactions
to contributing to cell wall production (e.g. polyglutamate),
among many other roles (41). Importantly, the diminished growth
phenotype of Aole-oapA cells on EMM can be largely overcome by
expressing ole and oapA genes from a plasmid (Fig. 1D).
Individual Aole and AoapA strains of H. halodurans also exhibit simi-
lar growth deficiencies in EMM (Fig. S2), which is consistent with
the conclusion that robust growth in EMM depends on an intact
OLE RNP complex.

Suppressor selections in EMM often yield
mutations in genes relevant to Mn?*

After prolonged incubation in liquid EMM, all strains of H. halodur-
ans with disrupted OLE RNP complexes (Aole-oapA, Aole, or AoapA)
eventually reach cell densities comparable to WT cultures. We
speculated that suppressor mutations were occurring that per-
mitted robust growth despite the absence of a functional OLE
RNP complex. As expected, whole-genome sequencing (WGS) con-
firmed that suppressor mutations were occurring.

Atotal of 47 mutations were identified among 31 Aole-oapA sup-
pressor isolates subjected to WGS that exhibited evidence of bac-
terial growth after prolonged incubation in liquid EMM (Fig. 2A
and Table S1). Similarly, a total of 37 mutations were identified
among 27 Aole suppressor isolates (Table S2). Thus, several sup-
pressor isolates experienced at least two distinct mutations,
whereas others acquired only a single mutation. There is consid-
erable overlap in the genes acquiring mutations from the
Aole-oapA and Aole suppressor strains, indicating that the muta-
tions in these genes likely are responsible for suppression of the
minimal medium growth limitation phenotype.

Most mutations observed were found in genes related to diva-
lent manganese (Mn®*) biology (Figs. 2A and S3). For both
Aole-oapA and Aole strains, the most abundant suppressor muta-
tion (Fig. 2A) is a deletion flanked upstream by a “yybP-ykoY”
RNA motif (29) and downstream by the ykoY ORF.
Representatives of the yybP-ykoY motif class of RNAs are known
to function as Mn?*-responsive riboswitches (30, 31). These sup-
pressor mutations are predicted to disrupt the intrinsic termin-
ator stem (42, 43) of the riboswitch expression platform (44, 45).
As discussed later, this common riboswitch mutation is predicted
to increase ykoY expression and yield more YkoY protein. The
YkoY protein is a predicted membrane protein that carries a
TerC domain and was recently demonstrated to facilitate the
Sec-dependent secretion of Mn?*-binding proteins (32).

Several additional mutations were identified in other genes asso-
ciated with Mn?* biology or homeostasis. Some suppressor isolates
carry a missense mutation at a highly conserved leucine residue
(L82S) encoded by the ykoY gene (Fig. S4). Other suppressor isolates
carry unique missense mutations in the manganese homeostasis
genes mntB and mntC that, respectively, encode the ATPase and per-
mease components of the MntABC Mn?* importer (46). These find-
ings strongly implicate Mn?* as a key factor in the carbon source
growth phenotype caused by disruption of the OLE RNP complex.

The second most frequently mutated gene is phoR, which enc-
odes a phosphate-sensing sensor histidine protein kinase (47).
Only one unique missense mutation to this gene is observed at a
poorly conserved position, which results in an alanine-to-valine
substitution. The remaining mutations that occur more than
once were found in bmrC and bmrD, whose protein products are
known to form a heterodimer proposed to function as a multidrug
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Fig. 2. Halalkalibacterium halodurans Aole-oapA strain spontaneously acquires suppressor mutations that restore robust growth on EMM. A) Depiction of
the distribution of mutations (47 in total) observed across 31 unique H. halodurans Aole-oapA EMM suppressor isolates. Silent mutations were excluded.
The Mn?* riboswitch is located immediately upstream of the ykoY ORF. The protein products encoded by bmrC and bmrD form a heterodimer. B) Growth
assays in liquid EMM with H. halodurans WT, Aole-oapA, and Aole-oapA carrying various suppressor mutations as indicated. Biological replicates (n = 3) were
performed on separate days and are indicated as Rep 1 through Rep 3. Bars indicate average ODgqo Values from biological replicates wherein each
replicate was comprised of three technical replicates. Error bars indicate standard deviation. C) Representative growth assay on EMM agar with various
suppressor isolates after 4 days of growth at 37 °C. Agar spot assays were performed with at least three independent biological replicates and each
biological replicate was spotted on EMM agar three separate times, wherein all gave results similar to those depicted.

efflux pump (48, 49). Several unique nonsense mutations occur in
bmrC that result in protein truncation, whereas only missense
mutations are observed in bmrD. Although little is known about
the function of the BmrCD complex, the expression of these pro-
teins is triggered by ribosome stalling via a transcription attenu-
ation mechanism (50). In addition, B. subtilis BmrD is known to
interact with KinA, a kinase that initiates a phosphorelay process
to trigger sporulation (51). Halalkalibacterium halodurans, however,
does not appear to have a close homolog of KinA and thus a sporu-
lation role for BmrCD in this species is uncertain.

Lastly, two suppressor mutations emerged in the Aole strain
that reside in the icd gene, which codes for isocitrate dehydrogen-
ase (see also the discussion above regarding citrate). The occur-
rence of mutations in icd, bmrC, and bmrD in the carbon-source
suppressor selections described herein are notable in part be-
cause mutations in these genes were previously found in inde-
pendent genetic suppressor selections for H. halodurans
Aole-oapA cells under Mg?* stress (23). This overlap in genetic sup-
pressor hits raises the possibility that similar disruptive mecha-
nisms might be at play when bacteria lacking the OLE RNP
complex are grown under carbon- or Mg?*-stress conditions.

Individual suppressor mutations improve growth
in EMM

To investigate the impact of the acquired suppressor mutations,
the growth characteristics of certain suppressor isolates that
carry only a single genetic alteration were evaluated. All
Aole-oapA suppressor isolates carrying a single genetic change sur-
passed the growth of the H. halodurans Aole-oapA parent strain

when grown in EMM in both liquid culture (Fig. 2B) and on solid
agar (Fig. 2C). These results confirm that each individual genetic
change identified in the current study provides a growth improve-
ment to the Aole-oapA parent strain and suggest that the functions
of the mutated components are relevant to the function of the OLE
RNP complex.

Notably, the suppressor mutations facilitate growth in EMM to
different extents. Suppressor isolates containing mutations in
genes pertaining to Mn?* biology [ykoY riboswitch mutant 1
(RSM1), ykoY RSM2, ykoY L82S, and mntB F146S] were observed to
grow nearly as well as WT. Furthermore, the bmrC V238" suppres-
sorisolate also permitted growth to near WT levels. However, des-
pite being the second most frequent suppressor mutation, the
phoR A197V change yields growth that is only modestly better
than the parent Aole-oapA strain (Fig. 2B and C). Such partial sup-
pression effects could explain why some suppressor isolates carry
more than one mutation (see Tables S1 and S2) that most likely
additively improve growth characteristics in EMM.

Carbon-source suppressor mutations also
overcome other Aole-associated phenotypes

Two genetic loci that acquired mutations in the carbon-source
suppressor selections, icd and bmrC (Fig. S3), also were identified
as suppressors of Mg?" toxicity (23). Thus, we evaluated other
carbon-source suppressor isolates to determine if they could over-
come other phenotypes observed when the OLE RNP complex is
disrupted. Intriguingly, all carbon-source suppressor mutants
tested also exhibit resistance to Mg®* stress (Figs. 3A and S5, top)
with improvements in growth like that observed when cultured
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Fig. 3. Some EMM suppressor mutants also confer resistance to Mg?* and
cold stresses, but not ethanol stress. A) Growth assays with various

H. halodurans Aole-oapA EMM suppressor isolates (as annotated in C)
cultured in LB (pH 10) supplemented with 10 mM Mg?* at 37 °C for 48 h.
B) Growth assays conducted in LB (pH 10) and grown at 18 °C for 72 h.
C) Growth assays conducted in LB (pH 10) supplemented with ethanol
[5.5% v/v] and grown at 37 °C for 48 h. Biological replicates (n=3) from
each experiment were performed on separate days and are indicated as
Rep 1 through Rep 3. Bars indicate average ODgqo from biological
replicates wherein each replicate was comprised of three technical
replicates. Error bars indicate standard deviation.

in EMM. Similar results are observed for the same suppressor iso-
lates when tested under cold stress (18 °C), except that the phoR
and bmrD mutations did not improve growth under this condition
(Figs. 3B and S5, bottom). These findings again suggest that some
of the phenotypes caused by OLE RNP disruption are biochemical-
ly linked such that they can be overcome by the same suppressor
mutations.

A different pattern was observed when the carbon-source sup-
pressor isolates were tested for their ability to resist short-chain
alcohol stress. None of the suppressor mutants overcame 5.5%
[v/v] ethanol stress, but rather most appear to cause further
growth impairment (Fig. 3C). Thus, although loss of the OLE RNP
complex results in reduced growth in all four stresses, the carbon-
source suppressor mutations identified cannot overcome all
stresses. This suggests that multiple mechanisms might be

involved in causing the observed phenotypes and that their dis-
ruption cannot be universally overcome by any single suppressor
mutation.

ykoY overexpression facilitates growth of
Aole-oapA cells in EMM

The abundance of mutations in genes relevant to Mn?* that sup-
press the carbon-source phenotype (Figs. 2A and S3) suggests
that abnormally low intracellular Mn?* concentrations might be
one reason for the impaired growth of bacteria lacking a function-
al OLE RNP complex. It is known that Mn?* concentrations must
be maintained at sufficient levels to enable bacterial growth
(52). For example, B. subtilis grows poorly on glucose when Mn**
is limited, likely because the active sites of several glycolytic en-
zymes require Mn?* for catalysis (53). We have previously noted
(23, 24) that OapA, an essential OLE RNP complex partner, is
most similar in sequence to Mg?* transporters such as MpfA and
YhdP. Based on these observations, we considered the possibility
that the OLE RNP complex might influence the levels of Mg*",
Mn?*, or the ratio of these two metals, leading to the absence of
Mn?* at the active sites of certain enzymes.

As mentioned earlier, numerous suppressor isolates were iden-
tified that carried a 43-base-pair deletion upstream of the ykoY
ORF. This recurring deletion appears to disrupt a critical intrinsic
terminator hairpin (42, 43) of the expression platform for a Mn?*
riboswitch (30, 31) (Fig. 4A). Thus, we called this mutation ykoY ri-
boswitch mutant 1 or “ykoY RSM1". A similar deletion was also
identified called ykoY RSM2, although we did not further investi-
gate this suppressor mutant. The natural riboswitch sequence,
herein termed ykoY RS, is predicted to function as a genetic “ON”
switch that increases expression of the ykoY gene when Mn** is
abundant. However, we hypothesized that the disruption of the
terminator stem should result in an increase in YkoY production.

In vitro transcription termination assays were used to verify
that the natural ykoY riboswitch is a Mn?*-responsive “ON” switch.
In the absence of Mn?*, transcription strongly terminates at a site
expected for the natural terminator (Fig. 4B and T). When 200 uM
Mn?* is present in the transcription reaction, nearly 50% of the
transcripts read through the terminator to yield full-length (FL)
RNAs (Fig. 4B and FL). Surprisingly, the ykoY RSM1 construct
undergoes termination even though the natural terminator
stem has been disrupted by the 43-nucleotide deletion (Fig. 4C).
This appears to be caused by a second, fortuitous terminator
stem that is formed from a portion of the original terminator se-
quence plus an additional three base-pairs (Fig. 4A, blue shading).
Regardless, the change in the ykoY RSM1 RNA structure yields over
60% FL transcripts even in the absence of added Mn?*, which is an
~3-fold increase in the percentage of FL transcript compared to
the WT riboswitch.

In cells, the ykoY RSM1 mutation is expected to produce more
FLykoY mRNA and subsequently more YkoY protein. This hypoth-
esis is supported by the fact that overexpression of the ykoY gene
from a plasmid in H. halodurans Aole-oapA cells restores robust
growth characteristics in EMM- and Mg”*-stress conditions
(Fig. S6). Thus, bacteria lacking a functional OLE RNP complex
might suffer from Mn?* insufficiency, in part leading to insuffi-
cient YkoY levels when grown in EMM.

Mn?* supplementation facilitates growth of
Aole-oapA cells in MM

To further evaluate the hypothesis that the disruption of the OLE
RNP complex causes a deficiency of Mn**, we assessed the effects
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Fig. 4. Aole-oapA suppressor isolates carrying a 43-base-pair deletion
upstream of the ykoY gene disrupt a Mn?* riboswitch to yield increased
YkoY production. A) Sequence and secondary structure model for the H.
halodurans ykoY riboswitch inits predicted Mn?*-bound state (genetic “ON”
conformation). Brackets identify the 43-nucleotide RNA region deleted in
the RSM1 mutation, which is a deletion of nucleotides 124 through 166.
Indicated are the natural intrinsic terminator stem (T) and the predicted
fortuitous terminator (T*) formed by the RSM1 suppressor mutant.

B) Transcription termination assays using the WT ykoY riboswitch
sequence (ykoY RS). FL, full-length transcript; T, terminated transcript at
the T terminator; (), no supplemented Mn?"; (+), 200 pM supplemented
MnCl,. % FL represents the average and standard deviation of FL
transcripts based on three replicate experiments. C) Transcription
termination assay using the ykoY RSM1 riboswitch identified in Aole-oapA
suppressor selection in EMM. Annotations are as described for (B), except
that T* designates the product band resulting from termination at the T*
terminator. D) Growth assays in EMM with H. halodurans WT and Aole-oapA
strains in the absence (-) or presence (+) of 10 pM MnCl,. Cells were grown
for 48 h. Bars represent the average from three biological replicates
wherein each replicate was comprised of three technical replicates. Error
bars represent standard deviation.

of Mn?* supplementation on the growth in EMM. As expected, the
addition of Mn?* to EMM greatly improves growth of the Aole-oapA
strain but only modestly enhances the growth of WT (Figs. 4D and
S7). Likewise, we confirmed that Mn?* supplementation also res-
cues growth of the Aole-oapA strain to WT levels when cultured us-
ing various carbon sources (Fig. S8). These results suggest that
Mn?* deficiency is a major growth limitation of bacteria lacking
a functional OLE RNP complex when grown in MM with most car-
bon sources other than glucose. Furthermore, we speculate that
the ykoY and mntBC ORF mutations observed in other suppressor
isolates are likely gain-of-function mutations that, respectively,
increase YkoY activity and elevate intracellular Mn?* levels.

Because some of the carbon-source suppressor mutants also
exhibit improved growth in the presence of elevated Mg?* levels
and cold (Figs. 3A and B and S5), we sought to determine if Mn?*
supplementation also would improve the tolerance of Aole-oapA
cells to elevated Mg®*, cold, or ethanol stresses. Growth assays re-
veal that excess Mn?* supplementation improves growth of
Aole-oapA cells when under Mg?" stress but has no effect when
cells experience cold or ethanol stress (Fig. S9). These results are
consistent with our observations that carbon-source suppressor
isolates carrying mutations expected to increase ykoY expression
(ykoY RSM1, ykoY RSM2, and mntB F146S) also do not improve re-
sistance to cold stress (Figs. 3B and S5). Neither does ectopic ex-
pression of ykoY from a plasmid (Fig. S6, right). These findings
also suggest that the L82S mutation in YkoY provides a change
in protein activity that cannot be fully recapitulated by simple
overexpression of the WT protein.

Disruption of the OLE RNP complex impairs
protein secretion

As demonstrated above, either overexpression of YkoY protein or
alteration of its amino acid sequence (L82S) overcomes the growth
deficiency of the Aole-oapA strain under several stress conditions.
As mentioned above, the YkoY (MeeY) protein has been suggested
to serve a role in Mn?* metalation of Sec-dependent secreted pro-
teins, and YkoY deletion also contributes to the jamming of the
Sec translocase machinery (32). These findings prompted us to hy-
pothesize that protein secretion was impaired when H. halodurans
Aole-oapA cells encounter stress. Initially, a qualitative assess-
ment was conducted by growing bacteria on milk agar, which en-
ables visual observation of the effects of secreted proteases that
digest casein (54). Specifically, casein degradation results in a re-
duction of the white, opaque character of milk, which leads to
an increase in transparency of the agar.

The results of this initial milk agar experiment were consistent
with the hypothesis that the Aole-oapA strain has a protein secre-
tion deficiency compared to WT (Fig. SA). Intriguingly, all carbon-
source suppressor isolates examined appear to improve protein
secretion of the Aole-oapA parent strain. Some suppressor isolates,
such as mntB F146S, ykoY L82S, and bmrC V238*, even appear to
supersede the ability of the WT strain to increase the transpar-
ency of milk agar. Given the proposed function of YkoY as a major
contributor to the process of protein secretion (32), suppressor iso-
lates carrying mutations in the ykoY riboswitch, the ykoY ORF, and
mntB loci were expected to enhance protein secretion. This ex-
pectation is because YkoY expression should be increased by
the suppressor mutations in the riboswitch or by increased con-
centrations of Mn?* (Fig. 4). The mechanisms by which mutations
to phoR or to components of bmrCD also improve protein secretion
are less clear. However, PhoR is known to regulate the expression
of secreted phosphatases (55) and might be linked to the expres-
sion of an exoprotease via PhoP under phosphate limitation condi-
tions (56).

To verify that the milk agar assay results are exclusively due to
differences in protein secretion levels and not growth rates, we
sought additional data to confirm that protein secretion is rele-
vant to OLE RNP complex function. Specifically, we evaluated
the growth of H. halodurans in MM using casein protein as the car-
bon/energy source. In this assay, growth is limited by the need
for bacteria to secrete proteases prior to the uptake of the result-
ing casein proteolysis products as amino acids and oligopeptides
for use as carbon sources. Growth was measured by establishing
the number of colony-forming units (CFUSs) instead of optical
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presence (+) of 10 uM Mn?*. Experiments in (B-D) were performed in biological triplicate where each replicate comprised of one technical replicate. Bars

represent the average CFU mL™"

density due to the opacity of media containing casein. Whereas
the Aole-oapA strain struggles to grow on casein, all carbon-
source suppressor isolates exhibit improved growth—with
some strains exceeding that of WT cells (Fig. 5B). In contrast,
WT and Aole-oapA cells exhibit near equivalent levels of growth
when cultured with casamino acids (CasAAs), which are the
product of acid-hydrolyzed casein (Fig. 5C). Thus, Aole-oapA cells
grow normallyif they donot need to secrete proteases to degrade
casein.

The growth impairment of Aole-oapA cells when casein is the
carbon/energy source, presumably caused by a protein secretion
deficiency can also be overcome simply by the addition of Mn?*
to the medium (Fig. 5D). This result is consistent with the hypoth-
esis that Mn?* can boost the production of YkoY via the ykoY RS
and that this protein participates in secretion of active proteases
that degrade casein as part of the process to uptake amino acids
as a food source. At this time, we cannot be certain that the OLE
RNP complex influences protein secretion more generally, or if it
is only involved in enabling the production and transport of active
versions of the proteins required for casein utilization. Thus, add-
itional studies will be needed to validate this proposed mechan-
ism for enhancing the growth of bacteria lacking functional OLE
RNP complexes in casein.

Conclusion

The OLE RNP complex localizes to cell membranes (15), suggesting
that part of its function involves biochemical processes relevant

and error bars depict standard deviation.

to the lipid bilayer and/or the cell wall. Genetic disruption of the
OLE RNP complex was previously known to cause impaired
growth under three apparently disparate stress conditions: cold,
alcohol, and slightly elevated Mg®* concentrations (22, 23). In
the present study, we identified the fourth and fifth phenotypes
associated with OLE RNA: poor growth with nonglucose carbon
sources (Figs. 1 and 2) and diminished protein secretion (Fig. 5).
These findings increase the remarkable diversity of fundamental
processes proven to involve the OLE RNP complex.

It is possible that the carbon source and protein secretion phe-
notypes described here are related. When bacteria encounter un-
favorable carbon/energy sources, the activities of major
transcriptional factors such as CcpA and CodY are altered to pro-
mote the secretion of enzymes that break down external macro-
molecules for utilization as carbon sources (57-59). If disruption
of the OLE RNP complex does result in a Mn?" deficit when cells
are grown in MM with gluconeogenic carbon sources, then the
lack of YkoY protein might result in a greater proportion of
“jammed” Sec translocons, which has been suggested to be the
cause of the restricted growth in strains of B. subtilis lacking
ykoY and its homolog yceF (32). If this mechanism is applicable
to H. halodurans, however, it is unclear why excess Mg®" in LB me-
dia would restrict the growth of cells when there is an abundance
of other carbon/energy sources that do not require digestion.
Further investigations into this proposed mechanism are neces-
sary to assess its validity.

It remains to be determined if the OLE RNP complex functions
to regulate protein secretion indirectly by managing the cell's
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Mn?* levels or directly by interacting with the translocation pro-
tein machinery. Because OLE RNP complex function is also linked
to the prevention of Mg** intoxication, and because OapA shares
homology with Mg?* transporters (23, 24), at present, it appears
that the OLE RNP complex functions at least in part by regulating
metal ion homeostasis. Indeed, metal ion homeostasis is proving
to be a major feature of some growth inhibition phenotypes
caused by OLE RNP complex disruption and of suppressor muta-
tions that overcome these deleterious effects. The manipulation
of cellular Mn?* levels can overcome the Aole-oapA growth inhib-
ition phenotypes caused by elevated Mg®* and nonpreferred carbon
sources (Fig. 3). However, growth inhibition by cold or ethanol
stress fails to be relieved by manipulation of Mn?* levels. These re-
sults suggest that several major cellular functions feature Mn*" as
a key metal cofactor or signaling agent. Therefore, Mn?" homeosta-
sis is unlikely to be the cause of all phenotypes observed when cells
lack functional OLE RNP complexes. We also have evidence that an
OapAmutant (16) that has been previously demonstrated to exhibit
a more deleterious growth impairment than deletion of ole under
the same stressful growth conditions fails to grow on any carbon
source in the minimal medium utilized here, and this growth defect
cannot be rescued by supplementation of Mn?* to the media. These
findings point to much broader biochemical roles for OLE RNA and
the membrane-associated RNP particle it forms.

Indeed, we predict that many additional biological and bio-
chemical processes will be relevant to the function of the OLE
RNP complex. The organization of the ole gene cluster (14, 16, 24)
hints that processes involving isoprenoid biosynthesis, DNA re-
pair, ribosome assembly, and sporulation are also functionally
or even physically linked to OLE RNA. Furthermore, OLE RNA pull-
down experiments have yielded numerous additional protein can-
didates for the OLE RNP complex (19), raising the possibility that
other physical associations between OLE RNA and proteins in-
volved in fundamental biological processes occur. This diversity
of known and prospective characteristics of the OLE RNP complex
is consistent with the hypothesis (24) that this “bTOR” particle is
the functional equivalent of mTOR complexes of eukaryotes.

Materials and methods

Bacterial growth conditions

All strains and plasmids used in this study are listed in Table S3.
Halalkalibacterium halodurans strains were transformed with either
PHCMCO5 (60) or pHT254 (61) derivatives via protoplast trans-
formation as described previously (13). These plasmids contain
standard genetic elements such as chloramphenicol and ampicil-
lin resistance genes, lacl, and repA. All H. halodurans C-125
(NC_002570) strains were grown in Lysogeny Broth Ultrapure
(Thermo Fisher Scientific, Fair Lawn, NJ, USA) containing 1%
[w/v] sodium carbonate hexahydrate such that the medium was
pH 10. Unless stated otherwise, all growth media were supple-
mented with 3pgmL™' chloramphenicol (Cm) and 1mM
isopropyl-B-p-thiogalactopyranoside, and all cultures were grown
at 37 °C with shaking at 220 rpm. MM were modified from TSS me-
dium (40) to permit growth of H. halodurans. MM contained
100 mM sodium bicarbonate (pH 8.5 at ~20 °C), 2.5 mM K,HPOy,,
0.2% [w/v] NH4Cl, 0.02% [w/v] MgSO,-heptahydrate, 40 pg mL™"
FeCls-hexahydrate, 40 ugmL™' sodium citrate-dihydrate, and
20 mM of the indicated carbon source. Prior to any growth assay
experiments, glycerol stocks of the H. halodurans strains were
freshly streaked on LB (pH 10) agar supplemented with
3ugmL~! Cm at 37 °C. All H. halodurans strains grow slowly in
MM regardless of the carbon source used, unless the cells also

carried a plasmid that provided Cm resistance and 3 pgmL™"
Cm was supplemented to the media. The underlying reason for
the benefit of Cm on cell growth is unclear. However, the growth
benefit of Cm occurs with WT and mutant strains of H. halodurans.
Furthermore, the carbon source phenotype and suppressor muta-
tion effects are also observed in OLE RNP complex knockout
strains without plasmids and without added Cm (see Tables S1
and S2). These findings indicate that the growth benefit derived
by the addition of low doses of Cm is independent of the OLE
RNP complex. Thus, experiments were conducted with strains of
H. halodurans harboring empty plasmids and in the presence of
3 ug mL™! Cm unless otherwise indicated.

Growth assays in liquid culture

Bacteria were first grown overnight in 3 mL of LB (pH 10). The
next morning, ODgqo values of the overnight cultures were meas-
ured using a Cary 60 UV-Vis Spectrophotometer (Agilent
Technologies, Santa Clara, CA, USA), and the cultures were then di-
luted to an ODggp of ~0.05 in 3 mL of fresh LB (pH 10) medium and
grown for 3 to 4 h. For growth assays in MM, the bacteria were then
washed three times in phosphate-buffered saline (PBS; Gibco) to
minimize LB contamination. Next, the ODgoo of the cell cultures
was measured (usually 0.5-0.8) and the cells were then diluted to
an ODgyo of 0.01 in the designated stress media: MM containing
the indicated carbon source, LB (pH 10) (incubated at 18 °C to in-
duce cold stress), LB (pH 10) with 10 mM MgCl,, or LB (pH 10) with
5.5% [v/v] ethanol. Unless stated otherwise, all growth assays
were performed in biological triplicates wherein each biological
replicate was comprised of three technical replicates.

MM experiments (Fig. 1C) were performed in 96-well round bot-
tom plates with 200 pL culture per well. The plates were shaken
(280 rpm) at 37 °C, and after 48 h, ODgoo Was measured using a
BioTek Synergy Neo2 Multimode reader. Growth curve experi-
ments (Figs. 1D and S7) were performed using a Bioscreen C in-
strument (Growth Curves USA, Piscataway, NJ, USA) with
honeycomb plates (Bioscreen) with each well containing 200 pL
of culture. Plates were incubated at 37 °C with maximum shaking
and ODgop measurements were taken every 20 min. All other MM
growth experiments were performed with 3 mL of media in 14 mL
culture tubes with shaking (280 rpm) at 37 °C for 48 h unless indi-
cated otherwise. At the designated time point, 200 pL of these cul-
tures was aliquoted into wells of a flat-bottom 96-well plate
(Costar #3788), and the ODgoo was measured using a BioTek
Synergy Neo2 Multimode reader.

Mg”* and cold stress growth assays were performed with 3 mL
of media in 14 mL culture tubes. After 1 and 4 days, respectively,
200 pL from each culture was measured using BioTek Synergy
Neo2 Multimode reader as described above. Ethanol stress growth
assays were performed in 96-well round bottom plates (Costar
#3788) containing 100 uL culture per well. Importantly, plates
were sealed with plate adhesive (Microseal “B” seals MSB1001,
BioRad, Kidlington, UK) to prevent evaporation of ethanol. After
2 days, the ODggo was determined using the plate reader as de-
scribed above.

Agar spot assays

A total of 2.5 uL of overnight cultures were directly spotted onto
agar supplemented with 3 pg mL~* Cm. When the media compo-
nent of the agar was either LB (pH 10) (for cold stress) or LB
(pH 10) supplemented with 10 mM MgCl,, the agar concentration
was 1.5% [w/v]. We noticed that contaminants in certain regular
agars allowed growth of the Aole-oapA strain on EMM. Thus,
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for EMM agar and milk agar [5% [w/v] nonfat dry milk
(LabScientific), 20 mM CHES (pH 10), and 200 mM NaCl], Nobel
agar, ultrapure (Thermo Fisher Scientific) at a final concentration
of 0.6 and 1% [w/v], respectively, was used. Images were acquired
using the ProtoCOL3 plate imager (Synbiosis USA, Frederick, MD,
USA).

Genetic selections for suppressor mutations

Liquid cultures for genetic selections were performed with 3 mL of
EMM as detailed above except that cultures were incubated until
they became turbid (typically after 11-14 days). Once cultures ap-
peared turbid, a glycerol stock was prepared and then streaked
onto agar. A single colony was then used to inoculate a liquid cul-
ture for subsequent cryo-conservation and genomic DNA isola-
tion. WGS was performed, and mutations were identified as
previously described (23).

We observed that the parent Aole strain had acquired a back-
ground mutation that impacted growth even under standard con-
ditions in LB (pH 10), and, consequently, all Aole EMM suppressor
isolates also contained this background mutation (Table S2).
Despite this background mutation, substantial overlap was ob-
served in the mutated genes of the suppressor strains identified
(Fig. S3).

CFU assays

CFU assays were performed to determine the growth of H. halodur-
ans in MM with casein and casamino acids as carbon sources due
to the interference of casein with photometric measurements.
The composition of the MM used was the same as described above
except that the concentrations of casein and casamino acids were
both 1% [w/v]. Growth assays were performed with 3 mL of media
and incubated at 37 °C with shaking (220 rpm). After 40 h incubation,
serial dilutions (10° to 107°) were prepared in PBS and 10 uL of each
dilution was spotted onto LB (pH 10) agar containing 3 ug mL™ Cm.
Plates were subsequently incubated overnight at 37 °C. Colonies
were manually counted from the two highest dilutions displaying
colonies to derive the CFU mL™" of the undiluted cultures. The re-
ported CFU mL~" represents the average CFU mL™" from the two
highest dilutions. In these assays, biological replicates are com-
prised of a single technical replicate.

In vitro transcription termination assays

The transcription termination assays were conducted by adapt-
ing a previously established method for single-round transcrip-
tion (62). DNA templates, including the native promoter from
H. halodurans and the downstream region encompassing the ykoY
riboswitch (Fig. 4A), were generated by polymerase chain reaction
using Phusion High-Fidelity DNA Polymerase [New England
Biolabs (NEB), Ipswich, MA, USA]. The resulting double-stranded
DNA templates were purified using the QIAquick PCR Purification
Kit (Qiagen, Venlo, The Netherlands) according to the manufactur-
er'sinstructions. DNA template and primer sequences are detailed
in Table S4.

Transcription terminations were prepared by first incubating
100 nM DNA template in transcription buffer (20 mM Tris-HCl
[pH 8.0 at ~20°C], 20 mM NaCl, 100 pM EDTA, 0.01 mg mL™"
BSA, 1% [v/v] glycerol) plus 135 uM of the dinucleotide ApA,
0.04 U pL™! E. coli RNA polymerase (NEB), cytosine triphosphate
(CTP), adenosine triphosphate (ATP) (2.5 uM each), uridine tri-
phosphate (UTP) (1.0 uM), and [a->?P]-UTP (2 uCi). At this step, di-
valent ions were also added to the reaction mixture such that the
final concentration in the assay was either 1.2 mM MgCl, (Fig. 4B

and C, —-lane) or 1 mM MgCl, and 0.2 mM MnCl, (Fig. 4B and C,
+lane). This initial reaction mixture, which comprised nine-tenths
of the final reaction volume, was incubated for 20 to 30 min at
37 °C to allow the RNA polymerase to stall at the first G residue
of the transcript, which is six nucleotides downstream from the
transcription start site. The stalled complexes resumed transcrip-
tion with the addition of one-tenth reaction volume of an elong-
ation buffer composed of the aforementioned transcription buffer
supplemented with 1.5 mM each of ATP, CTP, guanosine triphos-
phate, 0.5 mM UTP, and 1 mg mL~" heparin. The mixture was incu-
bated for 30 min at 37 °C and then quenched by the addition of an
equal volume of a loading solution (8M urea, 20% [w/v] sucrose,
0.1% [w/v] SDS, 0.05% [w/v] bromophenol blue, 0.05% [w/v] xylene
cyanol, 0.09 M Tris, 0.09 M borate, and 100 mM EDTA).

Reaction products were separated by denaturing 10% polyacryl-
amide gel electrophoresis (PAGE) and visualized using a Typhoon
FLA 9500 Molecular Scanner (GE Healthcare, Chicago, IL, USA).
Band intensities were quantified using ImageQuant TL software
v8.1 (Cytiva, Hauppauge, NY, USA). Transcription termination as-
says were performed in triplicate, and a representative of the re-
sulting PAGE autoradiogram is presented (Fig. 4B and C). Using
band intensities, the amounts of FL and terminated (T) transcripts
were estimated by accounting for the different number of U resi-
dues in each transcript, and the average with standard deviation
of the percentage of FL transcript of all three replicates is specified
for each condition below the PAGE autoradiograms.
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