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1 | INTRODUCTION

The proteobacteria are the largest division of prokaryotes which
comprises the class a-proteobacteria consisting of a diverse group
of bacteria that occupy a wide array of habitats (Batut et al., 2004).
Within this class, the agrobacteria, rhizobia, and brucellae represent
important plant pathogens, plant symbionts, and mammalian patho-
gens, respectively.
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MucR belongs to a large protein family whose members regulate the expression of
virulence and symbiosis genes in a-proteobacteria species. This protein and its ho-
mologs were initially studied as classical transcriptional regulators mostly involved
in repression of target genes by binding their promoters. Very recent studies have
led to the classification of MucR as a new type of Histone-like Nucleoid Structuring
(H-NS) protein. Thus this review is an effort to put together a complete and unifying
story demonstrating how genetic and biochemical findings on MucR suggested that
this protein is not a classical transcriptional regulator, but functions as a novel type of

H-NS-like protein, which binds AT-rich regions of genomic DNA and regulates gene

Brucella, H-NS, H-NS-like, MucR, nucleoid-associated proteins, rhizobia

The name “proteobacteria” derives from the Greek god
Proteus, who could take many different shapes, thus reflecting
the diversity of shape and physiology found within this group
(Gupta, 2000; Murray et al., 1990; Stackebrandt et al., 1988;
Zinder, 1998). Proteobacteria are also recognized as the closest
ancestor of mitochondria. Indeed, it is currently accepted that
mitochondria have arisen from an endosymbiosis established be-
tween a-proteobacteria and eukaryotic cells (Wang & Wu, 2015),
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which root their origin in an Asgard archeon incorporating an a-
proteobacteria (Lopez-Garcia & Moreira, 2020).

The division of proteobacteria is of great biological interest
because it comprises many pathogens (Balows et al., 1992; Collier
et al., 1998; Holt et al., 1994) whose virulence genes are mostly ac-
quired by Horizontal Gene Transfer (HGT) (Dimitriu et al., 2014; Lee
et al., 2022; McGinty & Rankin, 2012). In fact, a comparison of the
genomes of bacterial pathogens and their close non-pathogenic rela-
tives reveals that former differ from the latter mostly because of the
presence in pathogens of horizontally-acquired virulence-associated
genomic islets and islands (Groisman & Ochman, 1996, 1997; Will
etal., 2015).

Uncontrolled expression of genes acquired by HGT can lead to
fitness defects, and certain nucleoid-structuring proteins such as
H-NS (Histone-like Nucleoid Structuring) and the H-NS-like pro-
teins, known as Lsr2, MvaT, MvaU and Rok, have evolved to repress
the expression of these genes until this repression can be over-
come by counter-silencers which act as transcription activators by
antagonizing repression (Castang & Dove, 2010; Dorman, 2007,
Erkelens et al., 2022; Gordon et al., 2008; Li et al., 2009; Navarre
et al., 2006). H-NS and the H-NS-like proteins compete with these
counter-silencers thus ensuring that genes acquired by HGT do
not have toxic effects (Groisman & Ochman, 1996, 1997; Will
et al., 2015) and are only expressed in bacteria when their prod-
ucts provide a fitness benefit (Dorman & Dorman, 2018; Gordon
et al., 2010; Newman et al., 2018; Williams McMackin et al., 2019).
This relationship is particularly important for bacterial pathogens
because it is well-established that the proper temporal expression
of virulence genes plays a critical role in pathogenesis (Akerley
et al., 1995).

In 1985, the transcriptional regulator Ros was discovered in
Agrobacterium tumefaciens (Close et al., 1985) and subsequent ge-
netic and biochemical studies demonstrated that homologs of this
protein more widely known as MucR were present in many Rhizobia
and Brucella species (Bittinger et al., 1997; Caswell et al., 2013;
Janczarek, 2022; Janczarek & Skorupska, 2007; Keller et al., 1995;
Wau et al., 2006; Zhan et al., 1989).

MucR and its homologs were studied as classical transcriptional
regulators in the 1990s, mainly as repressors of fundamental sym-
biosis and virulence genes. Classical transcriptional regulators usu-
ally form homodimers and recognize specific DNA target sequences
through DNA-binding domains, such as helix-turn-helix domain, able
to interact with the major groove (Fernandez-Lopez et al., 2022;
Sahota & Stormo, 2010). Very recent publications provide functional
data showing that MucR acts as a new type of H-NS-like protein
(Barton et al., 2023; Shi et al., 2022) rather than as a classical tran-
scriptional regulator.

In this review, we report the earlier data about MucR and review
them in light of the new findings that have revealed that MucR can
structure the bacterial genome.

The story of MucR teaches us how every experimental detail is
to be considered in order to understand the true nature of a protein
factor and its working mechanism.

2 | THE EARLY STUDIES ABOUT MUCR
REVEALED THAT THIS PROTEIN REGULATES
VIRULENCE, SYMBIOSIS, AND CELL CYCLE
GENES IN THE a-PROTEOBACTERIA

2.1 | The first discovered MucR homologs is Ros
from A. tumefaciens

The first MucR homolog was originally identified in A. tumefaciens
during a genetic screening designed to identify regulators of the virC
and virD genes, which are required for the virulence of this bacte-
rium in plants (Close et al., 1987). This gene was named ros (rough
outer surface) based on the appearance of the colonies produced
by the mutant (Close et al., 1985). Subsequent studies identified Ros
as a 15.5kDa transcriptional repressor with a sequence resembling
the classical eukaryotic Cys,His, zinc finger DNA-binding domain
(Chou et al., 1998; Cooley et al., 1991). Zinc finger domain was first
discovered in the transcription factor IlIA (TFIIIA) from Xenopus lae-
vis (Klug & Schwabe, 1995) and later found in a very large number
of eukaryotic sequence-specific transcription factors (Gamsjaeger
etal.,, 2007; Laity et al., 2001). The protein Ros was shown to bind the
intergenic region between the virC and virD genes (Chou et al., 1998;
Cooley et al., 1991; D'Souza-Ault et al., 1993) through the part of
the protein resembling the eukaryotic zinc finger domain (Isernia
et al., 2020; Malgieri et al., 2007). This ability of Ros to interact with
DNA through a domain resembling the eukaryotic zinc finger, which
serves as a sequence-specific DNA-binding domain, led investigators
to study the DNA sequence recognized by Ros with the aim of find-
ing a DNA consensus. A 40bp AT-rich sequence was identified as the
region recognized by Ros in the promoters of the virC and virD genes,
of its own gene ros and in that of ipt, an oncogene transferred by
A. tumefaciens into its plant host during infection (Chou et al., 1998;
Cooley etal., 1991; D'Souza-Ault et al., 1993). The presence in Ros of
an eukaryotic zinc finger-like domain led to the proposition that Ros
and its homologs may be the ancestors of the eukaryotic Cys,His,
zinc-finger proteins (Netti et al., 2013). Another telling and prescient
finding during these studies were that the transcriptional activator
VirG can overcome Ros repression of virC and virD expression when
A. tumefaciens is exposed to the plant phenol acetosyringone (Close
et al., 1987). This suggests that Ros and VirG can function as a si-
lencer/counter-silencer pair and modulate the expression of these
virulence genes in response to a biologically relevant stimulus from
its plant host.

2.2 | MucR in the Sinorhizobium and
Rhizobium species

A few years after the discovery of the ros gene in Agrobacterium,
Zhan et al. described a Sinorhizobium meliloti mutant that displayed
altered exopolysaccharide (EPS) production. They labeled the gene
mucR based on the mucoid colonies produced by the mutant (Zhan
et al., 1989). The gene sequence revealed that the encoded protein

85U8017 SUOWWIOD @AIea.D 3|qeoljdde auy Aq peusenob aJe sajone O ‘88N 4O SajnJ 10} Areiq18UIUO /I UO (SUOIPUOD-pUe-SWB}W0D" A3 1M Afe.q 1 BUI|UO//SANY) SUORIPUOD PUe SWiie 1 8L 88S *[7202/90/90] U0 ARiqiTauljuo A8|IM BifelieueyooD A T9ZST  IWW/TTTT 0T/I0p/W0d 8| 1M Ateiq | pul|uo//Sdny Wwoi pepeojumod ‘0 ‘856259ET



BAGLIVO ET AL.

Wi LEYJ—?’

shared 80% identity with the A. tumefaciens Ros protein (Keller
etal., 1995).

MucR directly represses the transcription of its own gene (Keller
et al., 1995) just like A. tumefaciens Ros (Cooley et al., 1991). A direct
interaction between MucR and the promoter of its own gene was
demonstrated and a sequence of 44 nucleotides was identified as
the MucR target. It has been also noticed that the identified MucR
target was in close proximity of the mucR coding region, but approx-
imately 350bp downstream of this gene's transcriptional start site.
This observation led the authors to the conclusion that a simple in-
teraction between MucR and the RNA polymerase could not explain
the MucR repression of its own gene. Thus, Bertram-Drogatz and
coworkers proposed that DNA bending could play an important role
in the capacity of this protein to function as a transcriptional re-
pressor and suggested that further investigation was necessary for
understanding the mechanism of mucR gene repression (Bertram-
Drogatz et al., 1998).

The role of MucR in regulating the production of exopolysac-
charides biosynthesis was investigated in S. meliloti. This bacterium
produces two different types of exopolysaccharides (EPS), succino-
glycan (EPS 1) (Reinhold et al., 1994) and galactoglucan (EPS Il) (Her
et al., 1990). Genes necessary for EPS | and EPS Il synthesis are lo-
cated in the symbiotic megaplasmid pSymB and form the exo and exp
gene clusters (Glazebrook & Walker, 1989; Reuber & Walker, 1993).
MucR was found to be an essential factor for the EPS biosynthesis. In
fact, S. meliloti mucR mutants produce high levels of the EPS Il HMW
fraction and low levels of EPSI. Later, a direct MucR interaction with
the promoter regions of two EPSI genes, exoH and exoY, was demon-
strated, but the MucR binding sites in these promoters did not share
a consensus sequence with those present in the S. melilotimucR or A.
tumefaciens ros promoters. The authors also noted that the positive
effect of MucR on exoH and exoY expression at the transcriptional
level was minimal and did not explain the positive impact that MucR
has on EPSI production. Additionally, the authors demonstrated that
MucR could directly regulate expression of a gene involved in LPS
biosynthesis (envA) in E. coli and proposed that this regulation might
explain the growth defect observed when recombinant MucR is pro-
duced in this bacterium (Bertram-Drogatz et al., 1998).

Bahlawane et al. (2008a, 2008b) demonstrated that MucR re-
presses the EPSII biosynthetic genes (exp) by directly binding to
their promoters. They also observed that a high concentration of
MucR was required to see the complex with DNA in Electrophoretic
Mobility Shift Assays (EMSAs) and speculated that MucR could bind
DNA as a multimer. This hypothesis was further supported by the
observation of a strong retardation of DNA electrophoretic mobility
upon MucR binding in EMSAs. The direct binding of MucR to EPS I
biosynthesis gene promoters was proposed to be responsible for the
repression of the transcription.

MucR was also reported to bind directly to the promoter of the
rem gene, which is required for S. meliloti motility. This finding led
the authors to the conclusion that MucR regulates the expression
of both genes required for the exopolysaccharide synthesis and
motility in S. meliloti, thus coordinating two functions necessary at

different stages of the symbiotic life cycle of this bacterium. In this
study, Bahlawane et al. (2008b) showed an alignment of some se-
quences recognized by MucR in an unsuccessful attempt to find a
consensus sequence.

Moreover, these studies suggested that MucR functions as a
transcriptional repressor of genes involved in galactoglucan biosyn-
thesis until this suppression is overcome by the antagonistic tran-
scriptional activator ExpG (Bahlawane et al., 2008b). This provided
another example of MucR working in concert with an antagonistic
transcriptional activator to form a gene silencer/counter-silencer
pair. Moreover, it was also postulated that the activity of this si-
lencer/counter-silencer pair plays a crucial role in ensuring that
important symbiosis genes are only expressed when S. meliloti and
other rhizobia are in close contact with their plant hosts (Bahlawane
et al., 2008b; Mueller & Gonzalez, 2011; Udvardi & Poole, 2013).
This proposition was further supported by the observations that—(a)
the nod genes are strongly repressed by MucR in S. meliloti during
in vitro cultivation (Mueller & Gonzalez, 2011); (b) MucR has been
shown to regulate nodulation genes in Rhizobium etli (Bittinger
et al., 1997), R. leguminosarum (Janczarek & Skorupska, 2007) and S.
fredii (Jiao et al., 2016); and (c) transcriptome analysis indicates that
important symbiotic genes are dysregulated in S. fredii mucR mutants
during plant infection (Acosta-Jurado et al., 2016; Jiao et al., 2016).

In order to test the importance of MucR expression in biofilm
formation, the activity of mucR promoter in S. meliloti was examined
in a nutritionally limiting medium, which promotes the transition
from planktonic life to a sessile mode and elicits biofilm formation.
The results showed that mucR expression is not induced under these
conditions, suggesting that alterations in mucR expression are not
required for biofilm formation (Rinaudi et al., 2010). It is important to
note, however, that expression of the gene encoding the MucR ho-
molog RosR in R. leguminosarum is regulated by phosphate, plant ex-
udates, and carbon source availability (Janczarek & Skorupska, 2009,
2011) suggesting that the rhizobia may be able to adjust cellular
MucR levels in response to biologically relevant stimuli during their
symbiotic relationships with their plant hosts.

In Sinorhizobium fredii, two copies of mucR gene were identified:
mucR1 located on the chromosome and the mucR2 on the symbi-
osis plasmid in a region showing the typical features of horizontal
transfer (Jiao et al., 2016). The two encoded proteins, MucR1 and
MucR2 show a high level of amino acid sequence identity, but a
frameshift mutation in mucR2 gene causes a disruption in the protein
MucR2 of a conserved basic region (Acosta-Jurado et al., 2016; Jiao
et al., 2016) known to be fundamental for the DNA binding activity
of the MucR homologs Ros from A. tumefaciens and the Ml proteins
from Mesorhizobium loti (Baglivo et al., 2009; Esposito et al., 2006).
In S. fredii, MucR1 plays an essential role in nodulation as shown by
a mucR1 defective strain becoming unable to establish an effective
symbiosis with the host plant. In contrast, an S. fredii mucR2 mu-
tant did not show a symbiotic defect leading to the speculation that
this result is due to the frameshift mutation in mucR2, which cannot
fulfill the lack of mucR1 gene in the mutant strain (Acosta-Jurado
etal., 2016; Jiao et al., 2016).
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The analysis of the S. fredii mucR1 mutant bacteroid transcrip-
tome demonstrated that several ion transporters were down-
regulated. lons like iron, molybdenum, and sulfur are essential
components of nitrogenase, thus the downregulation of ion trans-
porters can impair nitrogen fixation, explaining the defect ob-
served in nodulation when mucR1 defective S. fredii strain is used
(Jiao et al., 2016).

2.3 | MucRin Brucella

Brucella spp. are important pathogens in food animals and wildlife.
Moreover, Brucella species are responsible for zoonosis spreading
to humans and the capacity of these bacteria to resist killing by host
macrophages plays a central role in their virulence (Roop et al., 2021).
The Brucella mucR gene was originally identified in a genetic screen
designed to detect genes required for the intracellular survival and
replication of B. melitensis 16 M in a murine macrophage-like cell
line (Wu et al., 2006). It was subsequently shown that MucR is es-
sential for the wild-type virulence of B. melitensis (Arenas-Gamboa
etal., 2011; Dong et al., 2013; Mirabella et al., 2013; Wu et al., 2006),
B. abortus (Caswell et al., 2013), B. canis (Sun et al., 2021) and B. ovis
(Tartilan-Choya et al., 2022) in the mouse model of chronic infection.
Multiple genes linked to virulence including those involved in Type
IV secretion, LPS biosynthesis, autotransporter adhesin biosynthe-
sis, quorum sensing, and iron acquisition have been shown to be
regulated by MucR (Caswell et al., 2013; Dong et al., 2013; Mirabella
etal., 2013; Sun et al., 2021; Tartilan-Choya et al., 2022), and the na-
ture of these regulatory links and their impact on Brucella virulence
are currently an area of active investigation (Barton et al., 2023;
Pirone et al., 2018). But it is important to note that the latter study
provided evidence that MucR and the transcriptional activator MdrA
have the capacity to function as a silencer/counter-silencer pair and
differentially control the expression of the gene encoding the polar
autotransporter adhesin BtaE, which is an important virulence de-
terminant for Brucella (Bialer et al., 2020; Ruiz-Ranwez et al., 2013).
This relationship is reminiscent of the role that MucR and ExpG
play in coordinately regulating the expression of the genes encod-
ing EPSII in S. meliloti (Bahlawane et al., 2008a), and in fact, MdrA
and ExpG are homologous MarR-type regulators. More importantly,
this relationship also resembles the competing regulatory roles that
H-NS and H-NS-like proteins play with counter-silencers to ensure
the proper temporal expression of virulence genes in other bacteria
(Dorman & Dorman, 2018; Williams McMackin et al., 2019).

2.4 | MucR in Caulobacter crescentus

More recently MucR homologs, MucR1 and MucR2, have been also
identified in C. crescentus.

In C. crescentus and evolutionary-related bacterial species, the
cell cycle is mostly regulated by the cell cycle transcriptional reg-
ulator A (CtrA) (Brilli et al., 2010; Quon et al., 1996). This protein

can activate or repress transcription and also inhibit DNA replica-
tion by binding the target sequence TTAA-N(7)-TTAA. CtrA under-
goes proteolysis during G1 to S transition in the cell cycle and it is
not considered a specific regulator of G1-phase transcription (Laub
et al., 2007; Wu & Newton, 1997). In an attempt to find other factors
determining the switch from S-phase to G1-phase, Viollier and co-
workers (Fumeaux et al., 2014) demonstrated that MucR1/2, able to
form heterodimer, function in a module together with CtrA and SciP,
a protein containing a helix-turn-helix motif and accumulating in G1-
phase (Gora et al., 2010; Tan et al., 2010), to regulate cell cycle pro-
gression. The authors reported that MucR1 and MucR2 have both
negative and positive impacts on cell cycle genes and work in con-
cert with CtrA and SciP in maintaining proper temporal progression
through the cell cycle in Caulobacter (Fumeaux et al., 2014). Even if C.
crescentus is not a pathogen, knowing the role of MucR in pathogenic
and symbiotic bacteria, the authors proposed to consider MucR and
its homologs not as a simply regulators of virulence and symbiosis
genes, but as fundamental factors in the regulation of cell cycle tran-
scription that allow virulence gene expression only in a specific cell
cycle stage (Fumeaux et al., 2014).

MucR was also reported to cause DNA hypomethylation in C.
crescentus. The bacterial genome is methylated by the DNA adenine
methyltransferase CcrM and this epigenetic modification is involved
in regulation of gene transcription, DNA replication, and repair (Laub
et al., 2000; Marinus & Casadesus, 2009; Stephens et al., 1996).
CcrM methylates position 6 of adenines in the recognized sequence
5-GANTC-3/, introducing the methylation mark méA. MucR can
cover the CcrM target sequence, thus blocking the action of this
DNA methylase and causing hypomethylation. It has been also
shown that environmental conditions such as phosphate starvation
promote methylation of the sites covered by MucR, thus demon-
strating an ability to overcome the control system creating local hy-

pomethylation during C. crescentus cell cycle (Ardissone et al., 2016).

3 | THE STRUCTURAL FEATURES OF
MUCR AND ITS HOMOLOGS

The NMR structure of the DNA binding domain present in the MucR
homolog Ros from A. tumefaciens was first solved in 2007 (Malgieri
etal., 2007).

The structure of this domain reveals a large globular domain that
folds in a pppaa topology around a zinc ion and forms a 15 residues
hydrophobic core. The metal is tetrahedrally coordinated by two
cysteine and two histidine residues and plays a key structural role
as the domain unfolds in its absence. This domain was identified
as the prokaryotic zinc finger because of some similarities with the
most common eukaryotic zinc finger, a smaller domain folding in a
Bpa topology, present in a large number of the eukaryotic sequence-
specific transcription factors and responsible for DNA binding (Laity
et al., 2001) (Figure 1).

Important structural features differentiate the prokaryotic zinc
finger domain from its eukaryotic counterpart. The zinc coordination
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FIGURE 1 (a) The NMR solution
structure of Ros87 (region spanning
from the residue in position 56 to the
last residue of the sequence in position
142) (Malgieri et al., 2007). (b) The first
zinc finger domain (PDB ID: 2DRP) of
the eukaryotic protein Tramtrack (Fairall
et al., 1993). The zinc ion (violet) and the
four coordinating side chains (green) are
shown.

(b)

spheres in both domains are constituted by the thiolate sulfurs of
the two cysteines residing on the p-hairpin and by the two histi-
dines indole Ne nitrogens, that are located in the middle and at the
C-terminus of the a-helix («1). However, while this helix shows also
a relative orientation with respect to the p-sheet similar to that
found in the eukaryotic zinc finger domain, it is one turn shorter.
Additionally, in Ros zinc-finger domain a second a-helix («2) hooks
the p-hairpin and the pppa region with an axis nearly orthogonal to
ol axis thus forming a 58 amino acids globular fold in which residues
belonging to each of the secondary structure elements contribute to
form the hydrophobic core. The N- and the C-terminal tails do not
contribute to the overall structure and are mostly flexible.

An analysis of protein sequence data banks revealed that the
family Ros/MucR comprises more than 300 members. Remarkably,
while the sequence identity to Ros can be high in these proteins, the
Cys,His, zinc coordination sphere is not conserved in most of the
members of this family that, on the contrary, shows different com-
binations of residues in the position occupied by the coordinating
cysteines and histidines in Ros. Some of them show a substitution of
the two cysteines, constituting the first and second zinc coordinat-
ing position, and of the histidine constituting the fourth coordinating
position with other amino acid residues such as serine, aspartate,
tyrosine, phenylalanine, leucine, and glycine (Figure 2) (Baglivo
et al., 2009). These residues have never been found as zinc coordi-
nating residues in eukaryotic zinc finger motifs and it is also hard to
imagine them being able to bind zinc. Nonetheless, the residues that
make up the Ros zinc finger hydrophobic core are highly conserved
and the overall high sequence identity to Ros shown in Figure 2

90°

suggests for all the members of this family a three-dimensional
structure similar to that of Ros C-terminal DNA-binding domain.

The studies of these MucR/Ros homologs led to the conclusion
that the presence of zinc is strictly related to the presence of the
first coordinating cysteine. In fact, by replacing the first cysteine
with a serine residue, the mutant protein could fold in the absence
of zinc and retain the ability to bind DNA (Baglivo et al., 2009). Five
MucR/Ros homologs from M. loti were studied showing that despite
the heterogeneity of the zinc coordination sphere or the lack of the
metal, they are all able to bind DNA and to recognize the Ros DNA
target (Baglivo et al., 2009).

These findings indicate the prokaryotic zinc finger domain has
evolved in different ways to functionally fold as it is capable to
preserve the DNA binding activity either with the zinc ion bound
through a highly variable set of coordinating residues or without
zinc as well (Baglivo et al., 2009; D'Abrosca et al., 2016; Palmieri
et al., 2013). Later, the structural characterization of the zinc-lacking
DNA binding domain revealed that the domain substitutes the struc-
tural role of zinc with a network of hydrogen bonds and a larger hy-
drophobic core (Baglivo et al., 2014). Whether the activities of this
class of proteins might be modulated by the available zinc concentra-
tions remains to be investigated.

Interestingly, MucR homologs with different “Zn binding do-
mains” are present in other a-proteobacteria in addition to M. loti. In
C. crescentus, for instance, MucR1 shows a serine instead of the first
zinc-coordinating cysteine and an aspartate instead of the second
one (Figure 2), thus resembling the zinc-lacking protein MI5 from M.
loti (Baglivo et al., 2009, 2014), while MucR2 shows a coordination
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Ros_Atumefaciens --MTETAYGNAQDLLVELTADIVARYVSNHVVPVIELPGLISDVHTALSGT SAPASVAVN

RosAR Aradiobacter --MTETAYGNAQDLLVELTADIVARYVSNHVVPVIELPGLISDVHTALSGT SAPASVAVN

MucR_Smeliloti --MTETSLGTSNELLVELTAE IVARYVSNHVVPVAELPT LIADVH SALNNT TAPAPVVVP

MucRl_Sfredii --MSENTLGTSNELLVELTAE IVARYVSNHVVPVAELPT LIADVHSALNNT TAPAPVIVP

MucR_Babortus -MENLETNDESTELLLSLTADVVARYVGNNSIRAGELPVLIREVHARFKRHVEREERPVV

MucR_Bmelitensis -MENLETNDESTELLLSLTADVVARYVGNNSIRAGELPVLIAEVHAAFKRHVEREEAPVV

MucR_Bcanis -MENLETNDESTELLLSLTADVVARYVGNNSIRAGELPVLIAEVHARFKRHVEREERPVV

M12 Mloti -MDIVETPSRNNDALIELTADVVARYVSNNPVPVGELPNLISDVHAALGRVGGTAEQPPA

M1l Mloti ---MTEEARDKNIDILIELTADVVSAYVSNNPVPVGDLPALIGQVHARLKGT AG-FVSARK

M15_Mloti ---MTEETE SKADNLIELTAHVVSAYVSNNPVPVGELPGLIGQIHIALKGT AG-GRAPEK

M13_Mloti ---MKELSNIEDKIVIELTADIVSAYVGNNPLPASGLPDLIASVSASVRKLAG--AVVVE

Ml4 Mloti MPLRRKPLTDENINLIELTADIVSAYVSNNPVPVASLPDLIHSVNLSLSKVGR--PAEPE

MucR2_Ccrescentus = -------- MEDQSDLIEMTAGIVSAYVGNNVVSTADLPALIKQVHAALANVGAP-DAERR

MucRl_Ccrescentus = -------- MEDKATLIELTAE IVANYVANNSTPVSELPALIRATHDALAGIGSPPAPTVE

ss ohkk oke Ak Ko Ak kX .

Ros_Atumefaciens VEKQKPAVSVRKSVQDDHIVC LECGGS FKS LKRHLTTHH SMTPEE YREKWDLPVDYPMVA

RosAR Aradiocbacter VEKQKPAVSVRKSVQDDHIVCLECGGS FKSLKRHLTTHH SMTPEE YREKWDLQVDYPMVA

MucR_Smeliloti VEKPKPAVSVRKSVQDDQITCLECGGT FKSLKRHLMTHHNLSPEE YRDKWDLPADYPMVA

MucRl_Sfredii VEKPKPAVSVRKSVQDDQITCLECGGT FKSLKRHLMTHHNLSPEE YREKWDLPADYPMVA

MucR_Babortus VEKPKPAVN PKKSVHDDYIVC LEDGKKFKSLKRHLVTHYNMT PEQ YREKWD LDPNYPMVA

MucR_Bmelitensis VEKPKPAVN PKKSVHDDYIVCLEDGKK FKSLKRHLVTHYNMTPEQYREKWDLDPNYPMVA

MucR_Bcanis VEKPKPAVN PKKSVHDDYIVCLEDGKK FKSLKRHIMTHYNMT PEQYREKWDLDPNYPMVA

M12 Mloti D-KQKPAVN PKRSVHDDYIVC LEDGKKFKS LKRHLMTHY DLTPDQYREKWNLDPSYPMVA

M1l Mloti PEALEPAVPIRKSVI PDYIIC LDDGKKFKSLKRHLSTHHGLT PDE YRAKWH LPADYPMVA

M1S_Mloti SEALKPAVPIRKSVT PDYIIS LEDGKKFKSLKRHLATHY GLTPDE YRAKWE LPADYPMVA

M13_Mloti SPSLVPAVN PKKSVF PDYIIC LEDGKKFKS LKRHLRTDY GLSPDDYRAKWG LPPDYPMVA

Ml4 Mloti NPVLTPAVN PKKSVF PDYIVS LEDGRKFKSMKRHLG-LLGMTPDE YRTKWDLPRDYPMVA

MucR2_Ccrescentus PTPKEPAVPVKKSIT PDYLICLEDGRKFKSLKRHLRTKY DMTPEDYRAKWG LPKDYPMVA

MucRl_Ccrescentus VVIKATPRQIRKSITPERLISFEDGKPYKTLKRHLTTHG-MIVAE YKRKWGLENDYPTTA
. sk s 2 e A R R e sk AN X JAN X

Ros_Atumefaciens PAYAEARSRLAKEMGLGQRRKANR-----=-—=—————-

RosAR Aradiobacter PAYRERARSRLAKEMG LGQRRKANR--——-———-———-————

MucR_Smeliloti PAYREARSR LAKEMG LGQRRKRRGK------------—

MucRl_Sfredii PAYAEARSR LAKEMG LGQRRKRRGK--—-—--——----~

MucR_Babortus PNYAARARSR LAKKMG LGRKPKDA---————————————

MucR_Bmelitensis PNYARARSR LAKKMG LGRKPKDA----———————————

MucR_Bcanis PNYARRARSR LAKKMG LGRKPKDA---——————=—————

M12 Mloti PNYRRARSQLAKKMG LGRKRKAR---——————=—————

M1l Mloti PNYRARRSALAKTMG LGRKPKEPERRTRKKARA -——-~

M15_Mloti PNYRARARSALAKTMGLGRKPKEPETPAPAKRARKKARR

M13_Mloti PNYSATRSALAKSTGLGRKPRAAPRAVAKKGKAKR---

Ml4 Mloti PNYRATRSALRAKASGLGRKAR PVKKAPRKR-KAKR---

MucR2_Ccrescentus PNYRERRSNLAKQMG LGOGGRKPARKAK-----—--—-

MucRl_Ccrescentus PRYSEARSQMAKALGLGOGGRKGKITRGRKG--—-----

A ke ok h 4% AAKs
. . . .

FIGURE 2 Sequences alignment of the functionally and/or structurally characterized MucR homologs. The amino acid residues identified
as crucial for B. abortus MucR oligomerization (Pirone et al., 2018) are red and underlined in the protein sequence; regions involved in zinc
coordination and the homologous zinc-lacking sequences of the DNA binding domains characterized by biochemical and structural analyses
are in blue (Baglivo et al., 2009, 2014; Esposito et al., 2006; Malgieri et al., 2007).

sphere formed by CysAspHisAsp resembling the zinc-binding pro- knowledge regarding the structural features of the DNA-binding do-
tein MI3 from M. loti (Baglivo et al., 2009, 2014). MucR from S. meli- main present in these proteins.

loti and S. fredii shows the typical zinc coordination sphere (Cys,His,) Recently, the ability to form oligomers has emerging as a funda-
of the prokaryotic zinc finger observed in Ros, while MucR from B. mental structural feature for the regulatory function played by the
abortus, B. melitensis, and B. canis resembles MI2 from M. loti pre- members of this family of proteins. Indeed, while the deletion of the
senting a CysAspHis, zinc coordination sphere. Further detailed first 55 amino acids gives soluble monomeric proteins in all the stud-
structural studies of MucR proteins would be helpful to enlarge our ied members, the full-length proteins have been proven capable of
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forming high-order oligomers (Baglivo et al., 2018; Pirone et al., 2018;
Slapakova et al., 2023) indicating that the N-terminal portion of Ros/
MucR proteins is an oligomerization domain. Molecular Dynamics
simulations (D'Abrosca et al., 2020) have shown how the Ros N-
terminal domain folds in two-antiparallel a-helices connected to the
C-terminal DNA-binding domain by a flexible linker. The two helices
define a second domain stabilized by hydrophobic interactions at the
helices interfaces. The data collected indicate that the two protein
domains define a sort of bilobed structure (Figure 3) in which each
domain works as an independent unit with specific functions: the
C-terminal zinc-binding domain is responsible for the DNA-binding
activity while the N-terminal domain controls oligomerization.

The structural model of the MucR N-terminal domain dimer pre-
dicted by Alphafold2 shows that monomers can interact through the
two a-helices longitudinally arranged in each monomer. The Alphafold2
predicted structural models of MucR tetramers and octamers show a
circular shape of the structure with a flexible linker connecting the N-
terminal domain to the C-terminal DNA binding domain (Shi et al., 2022).

4 | MUCR WORKS AS A HISTONE-LIKE
NUCLEOID STRUCTURING (H-NS) PROTEIN

All the studies of the DNA-binding activity of MucR proteins and
all the efforts to identify a DNA target sequence, which could help

DNA-Binding Domain

Oligomerization Domain

in detecting the direct MucR targeted promoters, revealed long de-
generated AT-rich sequences and failed in finding a DNA consensus
sequence. Starting in 2017, several analyses of the sequences recog-
nized by MucR and its homologs led to the understanding that MucR
proteins do not bind a specific DNA consensus sequence. Rather,
these proteins show a clear preference for AT-rich DNA targets con-
taining TA steps (Baglivo et al., 2018; Barton et al., 2023; Borriello
etal.,, 2020; Jiao et al., 2021; Shi et al., 2022; Slapakova et al., 2023).
The TA-step is an element of DNA that interrupts A-tracts, formed
by three or more successive adenines, stiffening DNA and making
the minor groove too narrow to allow the interaction with proteins
(Rohs et al., 2009).

The analysis of the quaternary structure of MucR and its homo-
logs also revealed that these proteins form high-order oligomers in
solution through an oligomerization domain. Three residues were
identified as responsible in MucR from B. abortus for oligomeriza-
tion (Figure 2), which are located in the second putative a-helix pres-
ent at the N-terminus of the protein (Pirone et al., 2018) (Figure 4).
The three identified residues are conserved in all the MucR ho-
mologs studied so far (Figure 2) and this prompted the hypothesis
that all these proteins oligomerize using the same domain and the
same mechanism (Pirone et al., 2018; Shi et al., 2022; Slapakova
et al., 2023). More importantly, the studies of Pirone et al. (2018)
demonstrated that MucR oligomerization is essential for its regula-

tory activity in Brucella.

; ‘
‘CU ”\'

\

DNA-Binding Domain Oligomerization Domain

FIGURE 3 The proposed structure of the protein Ros full-length (D'Abrosca et al., 2020).

pea CCCcccccccHHHHHHHHHHHHHHHHHCCCCCHHHHHHHHHHHHHHHHHAC
MM MENLETNDESTELLLSLTADVVAAYVGNNSI RAGELPVLI AEVHAAFKRH

FIGURE 4 Secondary structure can
. . Ppea CCCCCCCCCCCCCCCCCCCCCCCCCCEEEEECCCcccCcCCCHHHHHHHHCCC
pred|ct|onofB.abortus MucR. The MM VEREEAPVVVEKPKPAVNPKKSVHDDYI VCLEDGKKFKSLKRHLVTHYNM

structural prediction has been obtained

60 70 s0 90 100

[V e R i i

by using the PRESIPRED tool available at

can

http://bioinf.cs.ucl.ac.uk/psipred/. The
residues identified as crucial for B. abortus Legend:
MucR oligomerization (Pirone et al., 2018) = ﬁ‘;ﬁ:d
are indicated in red.

pea CHHHHHHHHCCCCcccccCCHHHHHHHHHHHHHHCCCCCCCCC
M TPEQYREKWDLDPNYPMVAPNYAAARSRLAKKMGLGRKPKDA

110 120 130 140 150

nf: - _—ccommm+ Confidence of prediction
Sanl’ roe assignment carto

Pred: 3-state prediction

AA:  Target Sequence
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The modality adopted by MucR and its homologs to bind DNA
recognizing AT-rich sequences containing TA-steps and contact-
ing the minor groove, the ability to form high-order oligomers, the
presence of an oligomerization domain at the N-terminus and a pos-
itive charged DNA-binding domain at the C-terminus led to the first
hypothesis that these proteins might be acting in a manner analo-
gous to that of the H-NS (Baglivo et al., 2018; Pirone et al., 2018).
This was a relevant proposition because the vast majority of the a-
proteobacteria lack H-NS homologs (Tendeng & Bertin, 2003).

H-NS and H-NS homologs were found to be present in many
bacterial species (Ali et al., 2012), mostly belonging to - and y-
proteobacteria. In some bacterial species, proteins that do not share
a significant sequence homology with H-NS, but play the same role in
structuring the nucleoid have been identified as H-NS-like proteins.
Well-studied examples are MvaT and MvaU proteins in Pseudomonas
(Castang & Dove, 2010; Tendeng et al., 2003; Vallet-Gely et al., 2005),
Lsr2 in Mycobacterium (Gordon et al., 2008) and Rok in Bacillus
(Erkelens et al., 2022). These proteins play a fundamental role in struc-
turing the bacterial genome, condensing it, and globally repressing
many genes. A proposed mechanism to explain H-NS gene repression
implies that the condensed structure of the nucleoid makes promot-
ers inaccessible to the transcription machinery (Dame et al., 2005;
Dorman, 2007; Qin et al., 2019; Rashid & Dame, 2023).

H-NS and H-NS-like proteins have been referred to as “xenogeneic
silencers” because they played the fundamental role in silencing genes
acquired by Horizontal Gene Transfer (HGT), as typically pathogenic
islands are, until environmental conditions required their expression.
This activity prevents the unnecessary and energetically wasteful ex-
pression of genes that are only useful to the bacterium during specific
stages of its lifecycle. When the H-NS silencing is not required, under
particular environmental conditions, antagonistic transcriptional ac-
tivators known as “counter-silencers” activate the required genes
(Dorman, 2004; Dorman, 2007; Navarre et al., 2006, 2007). Notably,
H-NS/counter-silencer pairs have been found to play vital roles in co-
ordinating the proper temporal expression of virulence genes in many
bacterial pathogens (Dorman & Dorman, 2018; Newman et al., 2018)
and this function is strikingly similar to the role that MucR and an-
tagonistic transcriptional activators like VirG, ExpG and MdrA have
been proposed to play in coordinating virulence and symbiosis gene
expression in Agrobacterium, Sinorhizobium and Brucella (Bahlawane
et al., 2008a; Barton et al., 2023; Close et al., 1987).

H-NS silencing depends also on environmental conditions.
Physicochemical conditions modulate H-NS activity and lead to
a relieve of H-NS from the bacterial genome allowing gene ex-
pression (Dorman, 2004; Dorman, 2007; Qin et al., 2019; Rashid
& Dame, 2023). Environmental stimuli affect Ros silencing in A.
tumefaciens as the expression of Ros target genes is allowed only
when phenolic compounds released by plants are sensed (Chou
et al., 1998) and in R. leguminosarum phosphate and plant exu-
dates regulate MucR levels (Janczarek & Skorupska, 2009, 2011)
thus suggesting an effect of chemical conditions on MucR activ-
ity. It has been reported that B. melitensis, B. abortus, B. canis mucR
mutants show a higher sensitivity to several environmental condi-
tions (i.e., heat stress, iron limitation, oxidative, and saline stress)
(Mirabella et al., 2013; Dong et al., 2013; Caswell et al., 2013; Sun
et al., 2021.). Further investigations will better clarify the role
of physico-chemical conditions on the activity of MucR and its
homologs.

H-NS and H-NS-like proteins show a preference for AT-rich DNA
sequences and contact the minor groove (Ding et al., 2015; Gordon
et al., 2010) extending their presence on the genome by oligomeri-
zation (Dame et al., 2000; Lucchini et al., 2006; Navarre et al., 2006;
Winardhi et al., 2012). The preference to bind AT-rich DNA se-
quences and the ability to oligomerize have been recently confirmed
for MucR purified from S. meliloti, further supporting that MucR
shows the typical features of an H-NS-like protein under its natural
condition of expression (Slapakova et al., 2023), not only when over-
expressed in E. coli and purified as a recombinant protein (Baglivo
et al., 2018; Barton et al., 2023; Borriello et al., 2020).

Chromatin immunoprecipitation paired with sequencing (ChlP-
seq) in S. fredii and in B. abortus have definitively confirmed the
preferred in vivo MucR targets that are AT-rich DNA sequences con-
taining TA-steps (Barton et al., 2023; Shi et al., 2022). ChIP-seq ex-
periments have also shown that B. abortus MucR binds 26 of the 28
genomic islands thought to be acquired by HGT (Barton et al., 2023).
These results, together with the analysis of the genes regulated by
MucR in S. fredii, mostly acquired by HGT, have led to define MucR
as a “xenogeneic silencer” (Jiao et al., 2021), by analogy with known
H-NS and H-NS-like proteins. Bridging assays carried out with MucR
from S. fredii have demonstrated the ability of the protein to bridge
DNA in vitro (Figure 5), which is a typical feature of H-NS and H-NS-
like proteins (Shi et al., 2022).

FIGURE 5 Cartoon model of DNA-
bridging by MucR. MucR can bridge DNA
(Shi et al., 2022). This activity might bend
DNA and make the promoters inaccessible
to the transcription machinery. The pink
spheres represent MucR oligomers.
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The observation that MucR can bridge DNA and the presence
of extended binding regions seen for MucR within the promoters of
regulated genes (Barton et al., 2023) suggest that MucR-mediated
bridging within promoter regions of target genes is a likely mecha-
nism of transcription regulation through direct occlusion of RNAP
binding sites and/or occlusion of sites recognized by transcriptional
activators. As seen with H-NS, RNAP entrapment is also a possibil-
ity within MucR-mediated loops. Further experiments mapping the
direct binding regions of MucR within these extended ChIP peaks
will be required to identify the mechanisms underlying transcrip-
tional regulation and whether bridging alone is the mechanism used
by MucR to silence genes and/or if other mechanisms implemented
by other nucleoid-associated proteins are occurring within MucR-
bound regions.

Complementation of E. coli hns defective strain by S. fredii mucR
gene (Shi et al., 2022) and B. abortus mucR defective strain by E. coli
hns (Barton et al., 2023) together with the experiments by chromo-
some conformation capture technique demonstrating that MucR
can structure both chromosomes in B. abortus have provided further
support for the classification of MucR as a new type of H-NS-like
protein (Barton et al., 2023).

5 | CONCLUSION

MucR and its homologs have been studied for more than three dec-
ades. The fundamental role of MucR and its homologs in control-
ling the expression of genes crucial for virulence and symbiosis was
immediately understood and the members of Ros/MucR protein
family were considered for years as classical transcription regula-
tors. The presence of a domain resembling the classical Cys2His2
eukaryotic zinc finger domain pushed to believe that the Ros/MucR
prokaryotic protein family could work as the eukaryotic counter-
part, which plays its role as a sequence-specific DNA-binding do-
main recognizing a consensus sequence present in the promoters of
a discrete number of targeted genes. In the effort to find a consen-
sus sequence recognized by MucR and its homologs and to identify
the targeted promoters, some fundamental data suggesting that
these proteins were not classical transcription factors escaped our
notice. Footprinting experiments performed to identify the DNA
region covered by Ros from A. tumefaciens could only detect a long
AT-rich sequences, the ros box (Chou et al., 1998; D'Souza-Ault
et al., 1993). The same result was obtained in the effort to identify
the MucR DNA target in S. meliloti (Bahlawane et al., 2008a, 2008b;
Bertram-Drogatz et al., 1998). This was the first indication that
the Ros/MucR proteins did not work as the eukaryotic zinc finger.
In fact, with exceptions such as the factor GAGA from Drosophila
melanogaster that binds DNA by a single zinc finger domain and
flanking basic regions (Omichinski et al., 1997), the eukaryotic zinc
finger proteins work using two or more zinc finger domains to bind
DNA with high affinity and recognize consensus sequences where
three DNA bases are recognized by each zinc finger motif (Laity
etal., 2001). Many other data suggested that MucR did not function

as a classical transcription regulator: the presence of a region tar-
geted by S. meliloti MucR far from the transcription starting site
in its own promoter gene suggested that a DNA bending had to
occur for impeding the transcription by RNA polymerase (Bertram-
Drogatz et al., 1998); the observation that a high concentration of
MucR was required to form the complex with DNA in EMSA sug-
gested the presence of a multimer to bind DNA; long AT-rich DNA
targets were required to obtain MucR-DNA complexes, which is
not typical of a sequence specific transcription factor. These ob-
servations were all overlooked, while today they support the role of
MucR in structuring the bacterial genome and acting as H-NS-like
proteins bridging DNA (Barton et al., 2023). The involvement of this
protein in cell cycle progression and in local DNA hypomethylation
(Ardissone et al., 2016; Fumeaux et al., 2014) is also in line with
the role of histone-like protein: a change of the structure of the
bacterial genome might be required to activate a particular set of
genes that can be repressed in S-phase and need to be activated for
switching to G1 phase.

The study of MucR and its homologs have taught that every de-
tail can tell us a story and place us on the right way to understand
the role of biological molecules as proteins. In this particular case,
the lack of sequence identity between MucR proteins and the al-
ready known nucleoid associated proteins (NAPs), the presence
of a domain strongly resembling the eukaryotic zinc finger in Ros/
MucR family members have made harder the identification of this
new H-NS-like protein, which is a difficult task per se, since the only
observation of a large number of target genes or aspecific DNA se-
quence binding or modifications of the DNA structure upon protein-
DNA interaction is not always enough to classify a protein as a NAP
(Dorman et al., 2020).

Under this new light, many other questions to address arise.
The H-NS and H-NS-like proteins form high-order oligomers in
filamentous structure starting from dimers which bind nucle-
ation sites (Dame et al., 2000, 2006; Qin et al., 2019). Further
structural studies are required to clarify the structure of the high-
order oligomers formed by MucR even if the absence of dimers or
lower-order oligomers when MucR has been purified from S. mel-
iloti naturally expressing the protein (Slapakova et al., 2023) sug-
gests that this new N-NS-like protein needs to oligomerize before
binding DNA and that the assembly of the high-order oligomer is
very stable.

Studies of the DNA regions targeted by MucR will help to clar-
ify whether the AT-rich sequences work as nucleation sites in the
context of GC-rich regions, thus allowing MucR to extend its pres-
ence on the genome and to condense it. The mechanism adopted by
MucR to repress target genes is not fully clarified yet.

Structuring bacterial genome is not a role played by H-NS and
H-NS-like proteins alone as protein partners are required to obtain a
condensed genome (Dorman, 2007; Singh et al., 2016). The investiga-
tion of MucR interactome will uncover the partners helping in struc-
turing the nucleoid and MucR/counter silencers in the case these
proteins interact with this new H-NS-like protein. The investigations
of the role and the mechanism adopted by MucR/counter-silencers
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will help to better understand the regulation of gene expression ob-
tained by changing the structure of the bacterial genome, opening it,
and making the promoters accessible to the transcription machinery.
A proteomic analysis of bacteria defective for the mucR gene will
reveal the effects of MucR on protein expression.

The investigation of the effects of physico-chemical changes on
the bridging activity of MucR is compelling to understand the con-
ditions and the mechanism underlying the activation of the MucR
target genes.

Thus, after uncovering the role of MucR as a new type of H-
NS-like protein, new directions for further studies are open and the
interpretation of previous data in light of new findings will help to
elucidate the remaining mysteries and contributions of MucR to the

bacterial cell.
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