1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Mol Microbiol. Author manuscript; available in PMC 2019 January 01.

-, HHS Public Access
«

Published in final edited form as:
Mol Microbiol. 2018 January ; 107(1): 24-33. d0i:10.1111/mmi.13869.

An account of evolutionary specialization: The AbcR small RNAs
in the Rhizobiales

Lauren M. Sheehan and Clayton C. Caswell”
Department of Biomedical Sciences and Pathobiology, VA-MD College of Veterinary Medicine,
Virginia Tech, Blacksburg, Virginia, USA

Summary

The AbcR small RNAs (sRNAS) are a fascinating example of two highly conserved sRNAs that
differ tremendously at the functional level amongst organisms. From their transcriptional
activation to their regulatory capabilities, the AbcR sRNAs exhibit varying characteristics in three
well-studied bacteria belonging to the Rhizobiales order: the plant symbiont Sinorhizobium
meliloti, the plant pathogen Agrobacterium tumefaciens, and the animal pathogen Brucella
abortus. This review outlines the similarities and differences of the AbcR sRNAs between each of
these organisms, and discusses reasons as to why this group of SRNAs has diverged in their
genetic organization and regulatory functions across species. In the end, this review will shed light
on how regulatory systems, although seemingly conserved amongst bacteria, can vary based on the
environmental niche and lifestyle of an organism.

Graphical abstract

The AbcR sRNAs have been described in detail in three members of the Rhizobiales. the plant
symbiont Sinorhizobium, the plant pathogen Agrobacterium and the mammalian pathogen
Brucella. Through the use of two 6-nucleotide motifs, the AbcR sRNAs are responsible for
regulating targets involved in nutrient acquisition. Although these two SRNAs have only been
characterized in three organisms thus far, it is likely the AbcR system is present and functioning in
other members of the Rhizobiales.
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Introduction

Small RNAs (SRNAs) are regulatory components in prokaryotes that allow organisms to
respond to stimuli through rapid alteration of gene expression. Importantly, SRNAs often
exert their regulatory functions by interacting imperfectly with target mRNASs, either by
binding to the untranslated region (UTR) or the coding region (CDR) of the target mMRNA
(Storz et al., 2006; Waters and Storz, 2009; Gottesman and Storz 2011; Storz et al., 2011).
The presence of regulatory SRNAs has been well documented in both Gram-positive
(Johansson et al., 2002; Mann et al., 2012; Soutourina et al., 2013; Guillet et al., 2013;
Miller et al., 2014) and Gram-negative (Hershberg et al., 2003; Vogel 2009; Postic et al.,
2010; Bardill et al., 2012; Gomez-Lozano et al., 2012; Schiano et al., 2014; McClure et al.,
2014; Baddal et al., 2015) bacteria. However, only a handful of SRNAs have been identified
and characterized in Alphaproteobacteria, and in this class of bacteria, one predominant
group of SRNAs is the ar15 family (del Val et al,, 2012).

The first members of the arl15 family, Smr15C2 and Smr15C1, were identified in 2007 in
the plant symbiont Sinorhizobium meliloti (del Val et al., 2007). arl5 sRNAs are around
100 nucleotides in length, and are commonly located within intergenic regions. The
secondary structures are well conserved, generally folding into three stem loops. arl15
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sRNAs are commonly trans-acting, regulating transcripts throughout the bacterial
transcriptome (del Val et al., 2012). Interestingly, the arl5 family has partial homology to
the SuhB non-coding RNA, which is commonly maintained in several copies on the bacterial
chromosome and has a secondary structure with at least one hairpin that displays a CU-rich
anti-Shine Delgarno (anti-SD) sequence (Corbino et al., 2005; del Val et al., 2012).

The AbcR (ATP-binding cassette regulator) SRNAs, AbcR1 and AbcR2, are members of the
arl5 family and have been identified throughout the RAizobiales (UIvé et al., 2007; del Val
et al,, 2007; Valverde et al.,, 2008; Voss et al., 2009; Schllter ef al., 2010; Vercruysse et al.,
2010; Wilms et al., 2011; Caswell et al.,, 2012; Torres-Quesada et al., 2013). S. meliloti has
been predicted to have a third AbcR sRNA on the pSymA megaplasmid (del Val et al,
2012), but no experimental evidence has validated this hypothesis. The AbcR sRNAs are
interesting examples of extremely conserved and structurally similar sSRNAs that have minor
differences between organisms, which allow them to have vastly different regulatory roles.
In this MicroReview, we will focus on discussing the AbcRs in three rhizobiales:
Sinorhizobium meliloti, Agrobacterium tumefaciens and Brucella abortus.

Sinorhizobium meliloti

Lifestyle

Sinorhizobium melilotiis a plant symbiont, capable of forming mutualistic associations with
leguminous plants, including those from the genera Medicago, Melilotus and Trigonella
(Roumiantseva et al., 2002). This bacterium lives either in soil, where it competes with
organisms for essential nutrients, colonizes plants as an endophyte or resides within nodules
in plant roots, where it relies on intracellular nutrients to survive and, in turn, fixes
atmospheric nitrogen for the plant (Pini et al., 2012; Jones et al., 2007). S. meliloti, along
with other rhizobial species, encodes around 200 ABC transport systems, allowing for the
bacterium to take up nutrients, metals and other molecules that are necessary for its survival
(Kaneko et al., 2000; Cheng et al., 2011). Since these transport systems are critical to the
longevity of S. melilotiboth extra- and intracellularly, it is of interest to understand the
regulatory circuitry that governs the expression of these transporters.

Expression of the AbcR small RNAs in S. meliloti

The AbcR sRNAs were among several SRNAs first identified by del Val et al. in S. meliloti
(del Val, 2007). Formally referred to as Smr15C2 and Smr15C1, the SRNAs are located in
tandem between smc01225, encoding the LysR-type transcriptional regulator LsrB, and
smc01226, encoding an ArsR-type transcriptional regulator (Figure 1A). Smr15C2, named
AbcR1, and Smr15C1, named AbcR2, are expressed independently and in response to
various stimuli (Torres-Quesada et al., 2013). Specifically, AbcR1 is predominantly
expressed in early phases of growth and can be detected in high abundance in mature M.
sativanodules. Conversely, AbcR2 reaches its highest expression at late stationary phase and
is stress-induced (i.e., osmotic stress (NaCl), membrane stress (EtOH), low pH (5.6), and
microaerobiosis). Although expression of each SRNA differs, it is interesting that the AbcR
SRNA s are strikingly similar in both nucleotide sequence (85% identity) and predicted
secondary structure. S. meliloti AbcR1 and AbcR2, in line with the arl5 sRNA family, are
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predicted to fold into 3 hairpins, where one hairpin exposes the arl5-conserved anti-SD
UCCUCCC motif (Torres-Quesada et al., 2013).

AbcR1 and AbcR2 possess both independent and redundant regulatory functions in S.

meliloti

The first target experimentally confirmed to be negatively regulated by S. meliloti AbcR1,
but not AbcR2, was LivK (Torres-Quesada et a/., 2013). LivK encodes for a periplasmic
binding protein of an ABC transporter system, which is predicted to regulate the uptake of
branched-chain amino acids. Although AbcR1 and AbcR2 possess almost identical anti-SD
sequences, computational predictions of the SRNA-mRNA interactions found AbcR1 to have
three additional complementary nucleotide sequences to the LivkK mRNA sequence as
compared to AbcR2 (Torres-Quesada et al., 2013). Although additional AbcR targets were
predicted in S. meliloti, the full regulatory profile of the AbcR sRNAs remains to be
elucidated.

Many sRNAs depend on the global RNA chaperon Hfq for both their own stability and
successful interactions with target transcripts (reviewed in Vogel and Luisi 2011). As such, it
is important to note that the AbcR sRNAs are dependent on Hfq in S. meliloti (Torres-
Quesada et al.,, 2013). A deletion of Afg results in instability and subsequent degradation of
the SRNAs, thus resulting in absence of AbcR regulation. In S. meliloti; a study utilizing
RNA-seq to analyze RNA populations following the co-immunoprecipitation (Co-IP) with
Hfq reveled new targets of the AbcR sSRNAs (Torres-Quesada et al.,, 2014). In addition to the
enrichment of LivK, the previously identified target of AbcR1, two additional targets were
identified: SMa0495, encoding an ABC transporter amino acid binding protein; and PrbA,
encoding an ABC transporter substrate-binding protein. SMa0495 and PrbA are down-
regulated by both AbcR1 and AbcR2 (Torres-Quesada et a/., 2014). Computational
bioinformatics predicted that the SRNAs bind the 5° UTRs, specifically in the ribosome-
binding site. For interactions with PrbA, AbcR1 and AbcR2 are predicted to utilize an
extended version of the previously mentioned anti-SD region, which contains a 6-nucleotide
motif (CUCCCA) referred to as M1, located in the first hairpin. Conversely, the SRNAs are
predicted to employ a 32-nucleotide motif, which contains a 6-nucleotide motif (GUUCCC)
referred to as M2, for interaction with SMa0495 (Torres-Quesada et a/., 2014). Overall,
these findings shed light on how AbcR1 and AbcR2, although strikingly similar in
appearance, have significant differences in their regulatory profiles. It will be interesting to
further define the S. meliloti AbcR regulatory profile, and determine the extent of regulatory
redundancy and/or non-redundancy that exists between AbcR1 and AbcR2 in S. meliloti.

Agrobacterium tumefaciens

Lifestyle

Agrobacterium tumefaciens, a close relative of S. meliloti, is a plant pathogen that causes
tumors, known as crown galls, in dicotyledonous plants. Following association with the
plant, A. tumefaciens takes advantage of the plant by injecting a short piece of its DNA,
known as T-DNA, into the host cells (Moore et al., 1997). This ultimately leads to tumor
formation and the production/secretion of opines, which serve as energy sources for the
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bacterium. As a defense mechanism, wounded plants secrete a molecule called -
aminobutyric acid (GABA). GABA is taken up by an ABC transport system in A.
tumefaciens, and can lead to disruption of bacterial cell-to-cell communication (Haudecoeur
et al., 2009; Chevrot et al., 2006). Importantly, A. tumefaciens has been demonstrated to
control the expression of this GABA transport system via the AbcR1 sRNA (Wilms et al.,
2011).

AbcR1 regulates the ABC transport system responsible for importing GABA

Wilms et al. was the first to begin mechanistic characterization of the AbcR sRNAs in A.
tumefaciens. Identical to the organization of the AbcRs in S. meliloti, the abcR1 and abcR2
genes are in tandem on the circular chromosome, located in the intergenic region of afu2186,
encoding a LysR-type transcriptional regulator, and atu2187, encoding a ArsR-type
transcriptional regulator (Figure 1B). In contrast to S. meliloti, AbcR1 and AbcR2 are
expressed at similar levels in A. tumefaciens during different growth phases in rich medium
(Wilms et al., 2011).

Deletion of abcR1in A. tumefaciens leads to an abundance of two proteins: Atu1879 and
Atu2422. Similar to the regulatory capacity of S. meliloti AbcR1, A. tumefaciens AbcR1
plays the predominant role in regulating these two targets (Wilms et a/., 2011). Both
Atul879 and Atu2422 putatively encode periplasmic components of ABC transport systems.
Importantly, A. tumefaciens Atu2422 is the ortholog of S. meliloti LivK, a confirmed AbcR1
target. Moreover, Atu2422 was previously shown to be a GABA and proline transporter.

To investigate the link between GABA transport and AbcR1 regulation, uptake experiments
utilizing radiolabeled GABA were conducted with A. tumefaciens strains. As expected, a
deletion of abcR1 resulted in increased import of GABA, due to the over-production of the
Atu2422 (Wilms et al., 2011). Additionally, Atu2422 was previously demonstrated to
function in the import of GABA and proline, and thus, excess amounts of unlabeled proline
abolished uptake of radiolabeled GABA. Given this, it is not surprising that AbcR1 is critical
to the process of GABA uptake as the SRNA down-regulates the expression of Atu2422,
reducing the uptake of GABA.

AbcR1 is involved in the complex regulation of myriad transcripts in A. tumefaciens

Subsequent proteomic and bioinformatic analyses demonstrates over 60 additional targets of
AbcR1, the majority of which encode components of ABC transport systems (Overloper et
al,, 2014). Overall, AbcR1 regulation in A. tumefaciens is dynamic, where the SRNA is
involved in both increased and decreased levels of transcripts. In some cases, AbcR
regulation is governed by the growth phase of A. fumefaciens. For example, ChvE is
activated by AbcR1 in exponential phase and repressed in stationary phase (Overloper et al.,
2014). ChvE is of particular interest, as this protein encodes a sugar-binding periplasmic
protein apart of an ABC transport system. Importantly, ChvE is involved in A. tumefaciens
pathogenesis, where it activates critical virulence cascades and transport systems (Winans et
al., 1986; Huang et al.,, 1999; Shimoda et al., 1999; Cangelosi ef al., 1999). These findings,
in conjunction with AbcR1-mediated regulation of Atu2422, support the hypothesis that the
AbcR system is involved in the pathogenesis of A. tumefaciens.
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Through the use of CopraRNA, two binding motifs were identified in A. tumefaciens AbcR1
(Wright et al., 2013). The first motif, called M1 (CUCCCAGU), is located in the first
hairpin, and the second motif, called M2 (GUUCCC), is located in a single-stranded region
between the first and second hairpins. M1 was previously shown to bind the anti-SD region
of Atu2422 (Wilms et al., 2011). For the additional targets identified, AbcR1 utilized M1
and/or M2 to bind the 5" untranslated region (5" UTR) or coding region (CDR) of
transcripts (Overloper et al., 2014). Overall, AbcR1 is a predominant regulatory AbcR
SRNA, and is involved in the regulation of both ABC transport system and virulence factors.

Brucella abortus

Lifestyle

Brucella spp. are pathogenic bacteria capable of causing serious infections in a wide range
of animals, such as cattle, swine, goats, sheep, and humans. In cattle, Brucella abortus
results in spontaneous abortions, which can lead to substantial economic losses (Boschiroli
et al., 2001; Pappas et al., 2005; Pappas et al., 2006). In humans, brucellosis, the disease
caused by Brucellaspp., presents as an undulating fever with common flu-like symptoms
(Franco et al., 2007). Upon infection, the brucellae reside and replicate within host
phagocytic cells, such as macrophages and dendritic cells. As such, eliminating the bacteria
can prove to be difficult. Following entry into the host cell environment, the brucellae
quickly and efficiently altering gene expression in order to adapt to the new environment by
(Kohler et al., 2003; Roop et al., 2004). A common mechanism to shift their transcriptome
to one that is favorable for their intracellular survival is through regulatory sSRNAs.

AbcR1 and AbcR2 are functionally redundant in B. abortus

Unlike the chromosomal organization in S. melilotiand A. tumefaciens, the B. abortus
AbcR sRNAs are encoded separately, with abcRZ on chromosome 1l and abcR2 on
chromosome |. abcR1 is located between bab2 0515, encoding a glycine decarboxylase, and
bab2 0516, encoding a small hypothetical protein. abcR2is positioned on the opposite
strand from babl_1515and babl 1516, both of which encode small hypothetical proteins.
abcR2is flanked by babl 1514, encoding an aspartate aminotransferase, and bab1 1517,
encoding the LysR-type transcriptional regulator VtIR (Figure 1C). VIR, for virulence-
associated transcriptional LysR-family regulator, is the bona fide transcriptional activator of
abcR2, but not abcR1 (Sheehan et al., 2015). Although the genetic organization of the B.
abortus SRNAs differs from other bacteria, a homolog of V1IR is found upstream of abcR1
and abcR2in both A. tumefaciens and S. meliloti.

Similar to S. melilotiand A. tumefaciens, AbcR1 and AbcR2 are dependent on the RNA
chaperone Hfq in B. abortus. In contrast to A. tumefaciens, B. abortus AbcR1 and AbcR2
are redundant in function, where only a double deletion of abcR1 and abcR2results in
reduced virulence (Caswell ef al., 2012). Given that AbcR1 and AbcR2 are functionally
redundant, much emphasis has been directed to defining the molecular mechanism(s) of the
redundancy between AbcR1 and AbcR2 in B. abortus.
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B. abortus AbcR1 and AbcR2 share the same regulatory roles

Microarray and quantitative proteomic analyses of a B. abortus abcR1 abcR2 double mutant
found that the AbcR sRNAs negatively regulate over 20 transcripts, the majority of which
encode components of ABC transport systems (Caswell et al., 2012). Therefore, the AbcR
regulatory profiles in S. meliloti, A. tumefaciens and B. abortus overlap, where the SRNASs
largely regulate periplasmic proteins of ABC transport systems. In fact, one target,
BAB1_1794 in B. abortus, is orthologous to LivK and Atu2422 in S. melilotiand A.
tumefaciens, respectively.

Quantitative reverse-transcriptase PCR with the B. abortus single and double abcR mutants
found that the SRNAs are truly redundant, with the isogenic abcR mutants resulting in gene
expression levels comparable to the wild-type strain, and a double abcR mutant leading to
over-expression of target genes (Sheehan and Caswell, 2017). Furthermore, AbcR1 and
AbcR2 both physically bind to the 5° UTR of one of the targets, BAB2_0879, confirming
the redundant roles these SRNAs have in Brucella. Thus far, it appears this redundancy in
both regulation and function is restricted to the Brucella AbcR sRNAsS.

AbcR1 and AbcR2 utilize two motifs, M1 and M2, to regulate transcripts

After determining the redundancy of the B. abortus AbcR sRNAs; two motifs, named M1
and M2, were identified in both AbcR1 and AbcR2 (Sheehan and Caswell, 2017). Similar to
the organization in A. tumefaciens AbcR1, M1 (CUUCCC) is located in the first hairpin, and
M2 (GUUCCC) is located in a single-stranded region between the first and second hairpin
(Figure 1C). Chromosomal mutations of either one or both motifs in the AbcR sRNAs found
that the AbcRs utilize both motifs for their regulatory activity. Interestingly, the majority of
transcripts tested were either regulated solely by M2, or by both M1 and M2. Only one
target transcript, BAB1_ 1799, encoding a putative ABC transporter permease, was regulated
by M1 alone. Conversely, four targets were regulated exclusively by M2, three of which
encode putative ABC transporter periplasmic binding proteins (Sheehan and Caswell, 2017).
Altogether, it seems that the AbcR sSRNAs have retained almost identical motifs to carry out
their regulatory roles in the Rhizobiales examined to date.

A B. abortus abcR1 abcR2 double mutant has a severe virulence defect in macrophages and
experimentally infected mice (Caswell et al., 2012). Due to the role M1 and M2 play in
regulation of transcripts, the single and double abc/” motif mutants were tested to assess the
role of these regulatory motifs in Brucella virulence. Surprisingly, while the abcR-M1
mutant exhibited wild-type infection levels, the abcR-MZ2 and abcR-M1/2 mutant strains
were attenuated in cells and mice (Sheehan and Caswell, 2017). This result was interesting,
as both motifs in the SRNAs are necessary for the proper regulation of transcripts in
Brucella. However, it stands to reason that one motif, M2, may be responsible for regulating
targets that are directly or indirectly involved in pathogenesis. One of these M2-regulated
targets, BAB2_0612, was found to be involved in Brucella pathogenesis, strengthening this
hypothesis (Sheehan and Caswell, 2017), and will be interesting to determine if any other
M2 targets are linked to Brucella pathogenesis.
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The AbcR sRNA system in other members of the Rhizobiales

Although the AbcRs have been characterized extensively in three organisms, it is plausible
that this SRNA family is conserved and functional in other bacteria in the RAizobiales. A
bioinformatics approach revealed the AbcR sRNA system in several other members of the
Rhizobiales (del Val et al., 2012; Figure 2). In addition to the presence of one or both
sRNAs, several of the AbcR targets and complementary binding motifs are found in several
organisms including Ochrobacterium anthropi, Bartonella henselae and Mesorhizobium loti.
Altogether, the AbcR system, from the LysR-type transcriptional regulator to the ABC-type
transport systems, is very well conserved in this order of bacteria. The majority of ABC-type
transporters regulated by the AbcR sSRNAs are involved in nutrient acquisition, specifically
by uptake of amino acids and polyamines (Wilms et al.,, 2011; Caswell et al.,, 2012; Torres-
Quesada et al., 2013; Torres-Quesada et al., 2014; Overloper et al., 2014). 1t is likely this is a
necessary mechanism for rhizobiales to quickly and efficiently turn-on or turn-off
transporters when in certain environments (i.e. nutrient-rich vs nutrient-limited).

ABC transport systems have been shown to play important roles in the formation of
symbiotic relationships, specifically between R. leguminosarum bv. viciae and its pea plant
host (Lodwig et al., 2003). Mutations in two ABC-type broad range amino acid transporters
result in defective symbiosis and the inability of the bacteriod to fix nitrogen. However,
mutations of these two ABC transporters in S. meliloti do not have any effect on nitrogen
fixation or symbiosis with alfalfa plants (Prell et a/, 2010). This brings up an interesting
point regarding the AbcR-regulated transport systems in rhizobiales. Although deletion of
the abcR sRNAs, and subsequent alternation of the expression of ABC transport systems, in
S. meliloti does not result in a symbiotic defect (Torres-Quesada et af., 2013), this may not
hold true in other symbionts such as R. leguminosarum bv. viciae. In this case, disregulation
of these ABC transport systems, which may play roles in proper nitrogen fixation, may lead
to the inability of the bacterium to form a symbiotic relationship with its host. It will be
interesting to see how the AbcR sRNAs effect nitrogen-fixation and subsequent symbiosis in
various rhizobiales since there are obvious differences in the role ABC transporters play in
their respective organism.

Another widely conserved sRNA that has been well studied and is involved in regulating
nutrient acquisition systems is GevB. First identified in £. coli;, GevB s a posttranscriptional
SRNA regulator responsible for regulating genes involved in amino acid transport and
metabolism (Urbanowski et af., 2000). GevB is an important regulatory component in many
Gram-negative bacteria, tightly-controlling energy expenditure linked to the transport and
biosynthesis of amino acids (McArthur et al,, 2006; Sharma et al., 2007; Sharma et al., 2011,
Miyakoshi et al., 2015). It seems likely that the AbcR sRNAs and GcvB are functional
homologs, since both SRNAs are involved in regulating nutrient uptake in several bacteria.
Moreover, at least one of the AbcR-targets in B. abortus, BAB1_1587, is shared with GevB
in Salmonella (Sharma et al., 2011; Caswell et al., 2012). Altogether, this conservation of
sRNAs involved in the precise regulation of nutrient acquisition in Gram-negative bacteria is
important for organisms to successfully adapt and survive in a variety of environment
conditions.
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The genetic organization of abcR1 and abcR2 in the Rhizobiales

The main difference in the genetic organization of the abcRs revolves around the location of
the genes: are they in tandem or separated? Evolutionarily, this split is defined where abcR1
and abcR2 can be found in tandem in the Rhizobiaceae family (Sinorhizobium spp. and
Agrobacterium spp.). In contrast, the Brucellaceae (Brucella spp. and Ochrobacterum spp.),
Bartonellaceae (Bartonella spp.) and Phyllobacteriaceae (Mesorhizobium spp.) families have
the abcR genes separated on their chromosomes (Figure 2). This divergence of the SRNAS
may prove to be beneficial for some organisms, such as Brucella, since the SRNAS are
redundant in function and regulatory capacity (Caswell et al., 2012; Sheehan and Caswell,
2017). If one AbcR sRNA is incapacitated (i.e., spontaneous mutation, loss of DNA,
degradation of RNA, etc.), the second copy located in a difference genomic locus acts as a
fail-safe. In contrast, full redundancy of the AbcRs is not observed in S. meliloti or A.
tumefaciens (Torres-Quesada et al., 2013; Torres-Quesada et al., 2014; Wilms et al., 2011,
Overloper et al,, 2014). Nonetheless, the AbcR sRNAs are critical regulatory components of
gene expression in Rhizobiales, allowing organisms to adapt to and survive in specific
environmental niches.

A LysR-type transcriptional regulator is involved in the regulation of the
AbcR sRNAs

Taken together, the AbcR sRNAs have been retained by multiple members of the
Rhizobiales, but have diverged in their genomic location and regulation. VIR, the activator
of abcR2in Brucella abortus, is highly conserved amongst the Alphaproteobacteria
(Sheehan et al., 2015), and in the bacteria examined in this review, VtIR is always found
upstream of either one or both SRNAs (Figure 1; Figure 2). It is likely that this LysR-type
regulator is involved in the regulation of either abcR1 or abcR2 across the Rhizobiales. In S.
meliloti, LsrB (for LysR-type symbiosis regulator), the ortholog of VIR, is critical for
proper symbiosis between the bacterium and its plant host (Luo et a/., 2005). LsrB has been
shown to be the transcriptional regulator of several genes involved in LPS biosynthesis,
which is required for proper nitrogen fixation in alfalfa plants (Tang et a/., 2014). Analysis
of the S. meliloti abcR promoter region revealed a putative LsrB-binding site, specifically
upstream of abcR1. Along with preliminary evidence from our laboratory, it is likely LsrB is
the transcriptional activator of abcR1 in S. meliloti. However, since both sSRNAs are
transcribed individually and, in some cases, have differential expression in their respective
organisms, what is the other abcR transcriptional regulator?

Unfortunately, this question remains to be elucidated. Analysis of the abcR2 promoter
regions in S. melilotiand A. tumefaciens revealed little nucleotide conservation, except in
their -10 and -35 sites. These promoter regions, including B. abortus abcR1, share -10 and
-35 motifs that resemble a o32 promoter sequence, which is designated RpoH, and
interestingly, RpoH is known to be involved in the regulation of SRNAs in S. meliloti
(Gruber and Gross 2003; Barnett et al., 2012). If the SRNAs are truly dependent on this heat-
shock sigma factor, this may add to the working model that the AbcRs are involved in aiding
the bacterium during adaptive response to different environmental conditions. However, this
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observation is based solely on bioinformatics, and it will be interesting to experimentally
define the transcriptional regulation of the abcR genes in each bacterium. Overall, the
genetic organization and regulation of the AbcR sRNAs are well conserved, and major
differences in the SRNAs underscore their diverse regulation in each bacterium.

sRNAs have diverged immensely in their regulatory capacity

ABC transport systems are critical for organisms to import essential nutrients and export
excess and/or toxic components (Davidson et al., 2008; Wilkens 2015), and the AbcR
SRNAs are largely involved in the regulation of ABC transporters in S. meliloti, A.
tumefaciens and B. abortus (Wilms et al., 2011; Caswell et al., 2012; Torres-Quesada ét al.,
2013; Torres-Quesada et al., 2014; Overloper et al., 2014). A handful of these AbcR target
systems are conserved between two of the three bacteria. Only one of the AbcR targets,
encoding an ABC transporter periplasmic binding protein (i.e., S. meliloti LivK, A.
tumefaciens Atu2422, and B. abortus BAB1_1794) is conserved in all three bacteria.
Moreover, the complementary AbcR M1 motif is also conserved. Another AbcR target,
encoding a putative ABC transporter amino acid-binding protein, is conserved in A.
tumefaciens (Atul879) and B. abortus (BAB2_0612). However, AbcR regulation of this
target has diverged. In A. tumefaciens, AbcR1 utilizes the M1 regulatory motif to bind
Atul879. In contrast, B. abortus AbcR1 and AbcR2 utilize the M2 regulatory motif to bind
BAB2_0612. Although the AbcRs share similar targets amongst bacteria, they have diverged
in how they mechanistically regulate these transcripts.

Aside from the different AbcR-regulated targets, there are also differences in their regulatory
capacity. In B. abortusand S. meliloti, AbcR1 and AbcR2 are involved in the negative
regulation of targets (Caswell et al, 2012; Torres-Quesada et al., 2013; Torres-Quesada et
al., 2013). In contrast, A. tumefaciens AbcR1 positively and/or negative regulates targets
(i.e., FrcB and ChvE) (Overldper et al.,, 2014). In some cases, this regulation is dependent on
the phase of growth of A. tumefaciens. This growth-phase dependent regulation would prove
to be beneficial, as AbcR1 can turn on and off targets at precise times, such as in soil vs.
during infection. In Brucella, it is hypothesized that some macrophage-derived signal drives
the expression of the AbcR sRNAsS, potentially directly through VtIR (Sheehan et al., 2015).
Going forward, it will be interesting to fully elucidate AbcR regulation in S. meliloti, as only
three targets have been experimentally confirmed to date. Altogether, the AbcR sSRNAs are
involved in the regulation of numerous ABC transport systems that, in turn, allows the
bacteria to precisely control the uptake of essential nutrients.

AbcR1 as the primary AbcR sRNA in the Rhizobiaceae

The most interesting molecular differences between the AbcRs are the two regulatory
motifs, M1 and M2 (Figure 1). These motifs were first identified in A. tumefaciens, where
AbcR1 contains M1 (CUCCCA) in the first hairpin and M2 (GUUCCC) in the single-
stranded region between the first and second hairpin (Wilms et al., 2011; Overldper et al.,
2014). Interestingly, A. fumefaciens AbcR2 is not involved in the regulation of transcripts,
and while AbcR2 does contain an intact M2 motif, M1 is absent. This small difference may

Mol Microbiol. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sheehan and Caswell

Page 11

explain why AbcR2 is non-functional in A. tumefaciens. 1t will be interesting to learn if M1
could be incorporated into AbcR2 and restore its regulatory activity.

In S. meliloti, AbcR1 and AbcR2 both have regulatory capabilities, as both SRNASs contain
M1 and M2 in their respective locations (Torres-Quesada et a/., 2013; Torres-Quesada et al.,
2014). However, M1 in AbcR2 has one slight difference: CUCCCA is changed to CUCCCC.
Although small, this may explain why AbcR1 is the major regulatory AbcR in S. meliloti.
Identification of additional AbcR-regulated targets, and subsequent examination of putative
complementary motif sequences would reveal if this M1 mutation in AbcR2 is hindering the
activity of the SRNA in S. meliloti.

Overall, the AbcR sRNAs are major players in the regulation of ABC-type transport systems
and virulence factors (Wilms et al., 2011; Caswell et al., 2012; Torres-Quesada et al., 2013;
Torres-Quesada et al., 2014; Overloper et al., 2014). Although similar in nucleotide
sequences and secondary structures, they have diverged amongst the rhizobiales to allow
organisms to adapt to their specific environmental niches. The AbcR sRNAs are a perfect
example of how seemingly conserved molecular systems have evolved greatly based on the
lifestyle of an organism.
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Figure 1.

The AbcR sRNAs and their regulatory profiles in A) Sinorhizobium meliloti, B)

Page 15

Agrobacterium tumefaciens and C) Brucella abortus. The AbcR sSRNAs are encoded either
in tandem (S. meliloti and A. tumefaciens) or on separate chromosomes (B. abortus). VIR
binds the promoter region of abcR2, and ongoing studies in our laboratory (represented by
dashed arrows) support the hypothesis that Atu2186 (VtIR) and LsrB bind the promoter

region of abcR1, but not abcR2. The second transcriptional regulator of the abcRs is

currently unknown. The AbcR sRNAs all fold into similar three hairpin structures. M 1,
colored in blue, has the sequence CUUCCA. M 2, colored in fuchsia, has a sequence of
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GUUCCC. Experimentally confirmed AbcR-targets in each organism are listed to the right.
Targets in blue are regulated by M1. Targets in fuchsia are regulated M2. Targets in blue/
fuchsia are regulated by M1 and M2. Targets in black have not been experimentally
confirmed to be regulated by a specific AbcR-motif.
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Motif consensus

Conservation of the AbcR system in Rhizobiales. (L eft) Phylogenetic tree analyzing the
conservation of a LysR-type transcription regulator commonly found upstream of one or
both abcR sSRNAs. This regulator, called VtIR for virulence-associated transcriptional LysR-
family regulator, has been previously shown to positively regulate abcR2in B. abortus
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Figure2.
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(Sheehan et al., 2015). Preliminary evidence has found S. meliloti LsrB (LysR-type
symbiosis regulator) and A. tumefaciens VIR to positively regulate abcR1. (Middle) The
AbcR sRNAs can be found in tandem or separated in the Rhizobiales. For R. palustris, B.
Japonicum, N. hamburensis, X. autotrophicus, A. caulinodans, B. henselae, B. quintana, and
B. bacilliformis, bioinformatics failed to identify the location(s) of one or both of the AbcRs.
(Right) The AbcR sRNASs contain two regulatory motifs called M1 (CUCCCA) and M2
(GUUCCQC). Black circles represent consensus with these motifs. Differences are denoted by
red text.
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