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Structural features of the two-component system
LisR/LisK suggests multiple responses for the
adaptation and survival of Listeria monocytogenes
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Edgar Reyes Montafio'™

Abstract

Here, we charactetized the structure of the two-component regulatory system, LisR/LisK, in Listeria
monocytogenes. To predict the structure of both proteins and the relationship between them, we employed
several bioinformatic tools and databases. Based on our results, LisK protein is embedded in the cell
membrane and its modular composition (HAMP, histidine kinase and ATPase domains) is associated
with its autophosphorylation (His-266). A stimulus-response likely determines the sequential signal
propagation from the bacterial cell surface to its cytoplasmic components. According to our results,
LisR is a cytoplasmic protein with a receptor domain (homologous to CheY) that comprises a phospho-
acceptor residue (Asp-52) and a DNA-binding domain, which may allow the transmission of a specific
transcriptional response. LisR/LisK has been expetimentally chatracterized both biochemically and
functionally in other Bacilli pathophysiology; our structure-function approach may facilitate the design of
suitable inhibitors.
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Introduction

Listeria monocytogenes is a ubiquitous pathogen
that is well adapted to its environment; it can
successfully infect animals and humans, primarily
individuals,  pregnant
women and newborns; consumed in contaminated
food, the pathogen can produce infection and
even cause death (Freitag et al. 2009). While it is
not the most prevalent foodborne bacterium, L.
monocytogenes outbreaks have been recorded since
1981; it has significantly impacted human morbidity
and mortality (annual incidence varies from 0.1 to
0.7 cases/100000 inhabitants) and has generated
economic losses in high-income countries from

immunocompromised
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1996 to 2005 (Warriner & Namvar 2009). The
bacilli’s ecological ubiquity, its stress tolerance
and high virulence have made the implementation
of guidelines to control listeriosis outbreaks
difficult. Therefore, finding potential drugs and
methods to allow the eatly diagnosis and control
L. monocytogenes outbreaks is essential.

L. monocytogenes has effectively adapted to the
selective pressures generated by industrial and
manufacturing food preservation procedures.
The preservation of its own homeostatic balance
and bacterial colonization is determined by its
response to these environments. Several of
these external stimuli are decoded and processed
by versatile signaling proteins, including two-
component regulatory systems, transcription
factors and phosphatases (Gandhi 2007). Because
the L. monocytogenes genome encodes a wide array
of signal transduction proteins, L. monocytogenes
bacilli have been catalogued as “the multifaceted
model” for bacterial signal transduction research
(Hamon et al. 2006). The availability of the L.
monocytogenes genome sequence has facilitated the
development of new approaches to determine the
function of gene products and their possible roles
in pathogenesis ( Glaser et al. 2001).

In this work, we focused on the LisR/LisK
proteins of L. monocytogenes. The LisK gene
encodes a histidine kinase sensor, and LisR
encodes a transcriptional regulator; together,
the genes comprise an essential two-component
regulatory system. The inactivation of LisK
results in the high attenuation of activity of L.
monocytogenes strains and growth variations in
acidic conditions; accordingly, the mutant displays
impaired proliferation in BALB/c mouse spleens
(Cotter et al. 1999). LisR/LisK mutants can grow
at alkaline pH wvalues; the proteins are deduced
to support oxidative, ethanol stress and high
salt concentrations. These mutants also display
reduced tolerance to moderate concentrations
of certain antibiotics, such as nisin and some
cephalosporins (Cotter et al. 2002; Sleator and
Hill 2005).

The molecular mechanisms used by L.
monocytogenes to survive are uncertain and no
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crystal structures are obtainable for the LisR/
LisK  two-component system, in fact, key
questions regarding the life-cycle biology and
environmental responses mediated by LisR/LisK
still remain unanswered (Vazquez-Boland et al.
2001). Therefore, studies on the structure and
phylogenetic features of LisR/LisK proteins may
promote a better understanding of their roles in
functional stress and their response mechanisms
so that they may be used in new pharmacological
applications (Rowland et al. 2004). The purpose
of this study is to provide insights into the unique
structural features of the LisK sensor and the
LisR chemoreceptor and to elucidate specific
protein-protein interactions and the mechanism
of phosphotransfer between them.

Materials and methods

Sequence screening and alignments: We
obtained FASTA sequences for LisK (genome
accession number LMOO01378, GenBank
accession code CAC99456.1, 483 residues long)
and LisR (genome accession number LMOO01377,
GenBank accession number CAC99455.1, 226
residues long) from the ListiList (http://genolist.
pasteur.fr/ListiList/index.html)  and  Uniprot
(http:/ /www.uniprot.org/) databases. We screened
homolog sequences using the PSI-BLLAST system
(http:/ /blast.ncbi.nlm.nih.gov/)  and  default
parameters (Altschul et al. 1997) using the L.
monocytogenes LisR /LisK sequences as queries. Very
similar sequences were used to generate multiple
sequence alignments using the ClustalW server
(http:/ /align.genome.jp/); because it was the best
choice for homology analysis, we set the weight
matrix to Blosum.

Domain search and homology modeling: We
performed the domain assignmentusing the SMART
(http://smart.embl-heidelberg.de/) database search
engine (Letunic et al. 2008) together with the Pfam
database of domains and protein families (http://
pfam.sanger.ac.uk/) (Finn et al. 2006) and NCBI’s
Conserved Domain Database (CDD) (Marchler-
Bauer et al. 2009). Domain schematic representation
was performed using DOG, the domain illustrator
program (Ren et al. 2009). We assessed membrane
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association using a consensus of transmembrane
topology prediction tools: TopPred (http://mobyle.
pasteur.fr/cgi-bin/portal.py?form=toppred),
TMPred  (http://www.ch.embnet.org/software/
TMPRED_form.html) and TMHMM (http://
www.cbs.dtu.dk/services/ TMHMM/)  (Hofmann
& Stoffel 1993; Claros & Heijne 1994; Krogh et
al. 2001). Using the PSORT server (http://psort.
hgcjp/), we established the subcellular location
was (Gardy et al. 2003) and determined potential
phosphorylation sites using the KinasePhos
server (http://kinasephos.mbc.nctu.edu.tw/index.
php) (Huang et al. 2005). To estimate possible
interactions and partner proteins, we used the String
8.0 database and web-tool (Search Tool for the
Retrieval of Interacting Genes/Proteins; http://
string-db.org/) to then assess the involvement of
L. monocytogenes LisR /LisK in metabolic pathways ot
cellular processes (Jensen et al. 2009).

A LisK fragment (residue range 226 to 479)
incorporating its intracellular domains was
modeled based on the crystal structure of the
entire cytoplasmic portion of a Thermotoga maritima
sensor histidine-kinase protein (pdb code 2C2A)
solved at 1.9 A resolution (Marina et al. 2005) using
the Swiss Model server (http://swissmodel.expasy.
org/) (Arnold et al. 20006). PrrA was selected as a
good template for homology modeling because
the X-ray crystal structure of the response
regulatory protein PrrA (resolution 1.77 A) from
Mycobacterium tuberculosis (pdb code 1YS6) (Nowak
et al. 2006) shares 41% sequence identity with
LisR (residue range from 2 to 225). We assessed
the overall stereo-chemical quality of the models
using a Ramachandran-plot through RAMPAGE
analysis (http://motrdred.bioc.cam.ac.uk/~rappet/
rampage.php) (Lovell etal. 2003). Using the Chimera
program, we visualized the model and generated the
drawings (Pettersen et al. 2004). For further analysis
we used the Profunc server (http://www.ebi.ac.uk/
thornton-srv/databases/profunc/) (Laskowski et
al. 2005) to examine the three-dimensional models
to find other LisR functions. Lastly, we placed
the models in the protein PMDB model database
(Castrignano et al. 2000).

Phylogenetic analyses: We used two approaches
to examine the evolutionary relationship between
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LisR and LisK proteins. First, we calculated
phylogenetic trees using MEGA4.1 (Tamura et
al. 2007) using the neighbor-joining (NJ) method
(Saitou & Nei 1987). We inferred the bootstrap
consensus tree from 5000 replicates and used it
to represent the evolutionary history of the two-
component system. The evolutionary distances
were computed using the Poisson correction
method (Nei & Kumar 2000).

In the second approach, we analyzed the same
alignments using ProtTest (Abascal et al. 2005) to
determine the protein evolution model that was
the best fit for the LisR/LisK sequences. Using
Phyml 3.0.1 (Guindon & Gascuel 2003) with 1000
bootstrap repeats, we carried out the phylogenetic
reconstruction and visualized the phylogenetic
tree using the NJplot software program (Perric¢re
& Gouy 1996); the best tree topology is shown in
the results section.

Results

Domain assessment and subcellular location
suggestthatLisKfunctions as anenvironmental
receptor and LisR functions as a signal
transducer: Our LisK transmembrane helix
calculation denotes two primary helices, expected
to form distinct hydrophobic domains, embedded
within the membrane bilayer. The first helix is
located at the N-terminus and spans the membrane
(from residues 17-37, designed TM-1) from the
cytosolic side to the extracellular side, trailed by
a large loop that defines a periplasmic-sensing
region (shaped by 139 residues, unrecognized as
a domain in the databases). LisK is additionally
membrane-anchored by its second transmembrane
helix (from amino acids 177-197, TM-2) (Figure
la). This topology indicates that LisK is like
a polytopic membrane protein; its functional
domains are arranged on the cytoplasmic face of
the membrane toward the C-terminal end.

The domain prediction of LisK established
the following three functional domains: HAMP
(residues 201-255; E-value: 7.04e-32), histidine-
kinase (residues 256-323; E-value: 5.82¢-15) and
ATPase (residues 367-479; E-value: 7.04e-32).
According to the Pfam database, these domains
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Fig. 1. a. Domain composition of the LisK sensor protein. The following domains were identified: HAMP
(found on histidine kinases, adenylyl cyclases, methyl-accepting chemotaxis proteins and phosphatases), histidine
kinase and ATPase; H, N, G1 and G2 boxes and the histidine kinase-265 residue are also depicted. b. Schematic
representation of the LisR regulator response. The CheY homologous receptor and transcriptional regulatory
domains are distributed at the extreme N- and C-termini, respectively. The regions containing signatures of the
receptor module are aspartic acid-54 (phospho-acceptor residue), loop-5, proline-101 and lysine-102.

have been described in modular sensor kinases
and are involved in signal transduction in two-
component systems. LisK showed remarkable
topological similarity with other bacterial histidine
kinases, such as the sensor proteins, PhoQ), CheA
and EnvZ (Bilwes et al. 1999; Stock, Robinson
et al. 2000; Teng et al. 2002). According to the
KinasePhos prediction, the histidine-kinase domain
contains a histidine phosphoryl-residue (residue
260, score 0.972) that may confer the phosphorelay
step to the response regulator (Figure 1a).

LisR likely interacts with LisK as a cytoplasmic
protein; this was determined using the PSORT
analysis (score of 7.5; cytoplasmic proteins range
1-10) and its biological process information in the
SwissProt protein database. We predicted a lack
of transmembrane helices, signal peptides as well
as other consensus sequences that would suggest
membrane association or transportation; in fact,
the Smart analysis suggests a strong biochemical
function that indicates a transcriptional response
association. LisR is composed of two distinct
domains, an N-terminal receptor or CheY-
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homologous domain (positions 2 to 112; E-value:
0.09e-42) and a C-terminal DNA-binding domain
(transcriptional regulation, positions 149 to 224;
E-value: 1.50e-23) (Figure 1b). Because protein
activation requires phosphorylation of the receptor
domain, Asp-52 is likely involved, according to
our phoB sequence comparison. Additionally,
the Profunc results showed that the C-terminal
effector domain contains DNA binding sites and
indicates sequence similarity with other response
regulators consisting of CheY-like receptors and
winged-helix DNA-binding domains (Martinez-
Hackert & Stock 1997).

LisK structure is consistent with a two-
component regulatory transducer: We
generated consistent structural and functional
descriptions for LisK histidine kinase; despite
unexceptional sequence similarities, we predicted
an accurate structural model and associated
homologous function with the template protein
(Figure 2a). Using the Swiss Model alignment
mode implemented in the server (PMDB ID:
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Fig. 2. a. Ribbon diagrams of the LisK (ADP complexed) are depicted; a-helices are shown in cyan, strands in
green and the remaining backbone in yellow. Phosphohistidine 266 and ADP are represented by balls and sticks
and are colored by heteroatom as red and magenta, respectively. b. The HAMP domain homodimer is represented
in depth cue by ribbons rounded in light sea-green. c. Representation of the ADP-bound catalytic site focusing on
the H-bond network (depicted as black lines) in the catalytic site. The model was created by labeling and drawing
selected residues from the kinase boxes and ADP as ball-and-stick molecules (carbon, grey; nitrogen, blue; oxygen,
red; phosphorus, green). The LisK backbone is shown as cyan ribbons.

PM0076533), we modeled a three-dimensional the RAMPAGE server showed that the main-

structure of L. monocytogenes LisK. The quality chain conformations for 98.8% of the amino
and stereochemistry assessment performed using acid residues were within the favored or allowed
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zones of the Ramachandran plot, and 1.2%
of the residues were in the outlier region; this
result suggests that the model had good-quality
molecular geometry.

Because the LisK structural model had no
HAMP domain, we modeled it separately based on
the homodimer structure of _Archaeoglobus fulgidus
(PM0076535 based on pdb code 2ASW) (Inouye
2006). The predicted HAMP model is composed
of two large alpha helices (helices alpha-1and alpha-
2) separated by a flexible loop; the parallel helices
comprise each monomer and primarily contain
hydrophobic residues, which are likely involved
in packing interactions within two wrapped cores
(Figure 2b). In addition, a possible conformational
change may occur with the presence of a repulsive or
attractive environment; this would afford movements
to the left or right. As described previously, this
rotation may be triggered by a specific recognition
stimulus in the membrane-bound, periplasmic-
sensing region (Hulko et al. 2000).

We also observed that the histidine-kinase
domain contains phosphohistidine-265 located in
the center of the extended and flexible alpha-1 helix.
According to our predicted model, the conserved
histidine kinase core is positioned in the parallel
helix-helix dimerization region and connected
to the ATP-binding catalytic domain (Figure 2a);
therefore, homodimerization forms a four-helix
bundle. By performing a CDD comparison, we
predicted that the following residues might stimulate
this homodimerization process: Phe-260, Ala-264,
Leu-268, Pro-271, Met-275, His-278, Ser-296, Set-
300, Glu-303, Met-307, Leu-310 and Met-314.

Consensus-sequence comparisons support the
delineation of the ATP-binding pocket which
comprises the conserved H (266-His-Glu-Leu-
Arg-Thr-Pro-271), N (378-Ile-lle-Met-Asp-Asn-
382), G1 (410-Asp-Tyr-Gly-Glu-Gly-414) and
G2-kinase boxes (440-Gly-Asn-Gly-Leu-Gly-Leu-
445) but not the conserved F-box (Figure 2c);
this indicates that LisK is a class I histidine kinase
(Szurmant et al. 2007).

The sequence comparison also showed that
a DXG motif (410-Asp-Tyr-Gly-412 included
in Box G1), formally named D-box, is placed
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into the G1 box; together with Asn-382, the D-
box likely matches the metallic ions required for
phosphorylation. This phenomenon has been
observed in other glycine-rich-motif-containing
kinases whose backbones may form hydrogen
bonds with ATP phosphoryl groups, and was also
established by our model (Figure 2c). This catalytic
domain contains a disordered ATP-binding loop
between alpha helix-6 and beta sheet-5; this has
been perceived as a sensory-exposed region, which
may interact directly or indirectly with the ADP
ligand and may become a flexible lid.

LisR protein participates as transcriptional
regulator and response effector protein: The
predicted model comprises two compactly folded
domains connected by a flexible linker (PMDB
model code PM0076534). The LisR monomer
contains a helix-turn-helix motif found in many
DNA-binding proteins; the motif is formed by
8 alpha helices and 10 beta-sheets and a coiled-
regions layer surrounds it. Its active site is N-
terminally located and looped by an acidic pocket
in which Asp-52 is the phospho-receptor residue.
The activation of this residue may induce a
conformational change, which would expose its
hydrophobic surface and basic face, leading to
increased DNA affinity (Figure 3). We inferred
the presence and position of loop 5 (55-Leu-
Pro-His-Leu-Asn-Gly-60), which is located near
the active site and is highly solvent-accessible, as
well as the small motif (101-Lys-Pro-Phe-103),
which is located on long loop 9. This loop may
be implicated in the activation process through
proline-102, which orients the side chain of lysine-
101 toward the active site to form a salt bridge
with the putative phosphorylation site. These
findings are consistent with previous mechanisms
reported for homologous proteins; however,
additional residues involved in the activation
process, such as conserved Asn, Ser and Val, were
not identified.

A comparison of the Escherichia coli LisR and
PhoB structures (1GXP, chains A and B) (Blanco
et al. 2002) shows sequence similarity (32.67%),
structural similarity (99%, E-value 7.08E-08) and
backbone RMSD (2.01 A); this prediction also
identifies residues that are likely to be implicated in
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Fig. 3. Graphical representation of the LisR three-dimensional structure. The stereo view is colored by its secondary
structure as follows: red a-helices, green B-sheets and yellow for the remaining backbone. Select residues in loop-5,
Pro-101 and Lys-102 from the cheY homologue domain and DNA-binding residues are sketched in blue.

DNAbinding (Thr-155,Thr-174, Arg-175,Val-193,
Val-196, Lys-204, Ile-205, Thr-216 and Gly-221)
(Figure 4a). The DNA-binding domain displayed
the proper grooves required to accommodate the
substrate without steric hindrance; this enables
positioning of the nucleic acid target near the
catalytic pocket (Figure 4b). LisR clearly represents
a putative bacterial secondary signaling molecule

that causes several responses at the transcriptional
level (Parkinson and Kofoid 1992).

Using a Ramachandran plot we performed an
evaluation of the model and obtained a good-
quality model for LisR, which indicated that 90.1%
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of the residues were present in the favored region,
0.8% in the allowed region and 3.2% in the outlier
region.

Phylogenetic implications for LisK/LisR
two-component systems suggest a virulence
linkage to related organisms: Ancient gene
duplications (supported by high basal bootstrap
values) and deep bifurcations characterize LisR
evolution; this may indicate that a birth-and-death
model under strong natural selection operated on
these proteins. Both LisR evolutionary strategies
(see Materials and Methods) displayed parsimony;
both strategies required fewer steps to reproduce

www,javeriana.edu.co/ scientiarum/ ofs
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Fig. 4 a. Structural overview of the LisR-DNA complex. Ribbon diagrams of the superimposition of LisR (cyan)
and the PhoB-DNA complex (magenta) (RMSD 2.01 A) are shown. The amino acids contacting the DNA grooves
from the LisR homodimer are colored red and are represented as balls and sticks. b. The LisR homodimer is
represented by a hydrophobic surface tethered with a likely DNA target. The electrostatic contacts are colored
blue for basic and red for acidic contacts. The double-stranded DNA is colored yellow for the phosphate-sugar
backbone and blue for the nitrogenous bases.

the topology with good bootstrap values (the We tested natural selection using several
summary tree is shown in (Figure 5a). approaches; the results suggested that the dS
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Fig. 5. a, b. Phylogenetic summary trees developed using the MEGA 4.0 software program and Phyml 3.0.1.
Fourteen LisR and 18 LisK protein sequences were aligned separately in Muscle. The alighments were used to
construct a tree using the NJ, the LG+G and the Poisson correction methods using 5,000 bootstrap repetitions for
statistical robustness. Only the nodes with values of more than 50% statistical significance have been shown..

level was higher than the dN level (Table 1). The  according to the SNAP server. These values suggest
statistical significance detected a 0.000 probability ~ that a genetic birth-and-death model subjected
in the Z-test for purifying selection. The Tajima  to strong purifying selection best fit LisR protein
test D-value was 0.823535, and dS/dN was 2.4055 evolution.

Table 1. The Tajima test statistic was estimated using MEGA4. All positions containing gaps and missing data
were eliminated from the dataset (complete deletion option). The following abbreviations were used: m = number
of sites, S = Number of segtegating sites, ps = S/m, ® = ps/al and © = nucleotide diversity. D is the Tajima
test statistic (see chapter 12 of ref. 3 for equations). The Z-test was estimated in the overall population using
MEGAA4. All positions containing gaps and missing data were eliminated from the dataset. The SNAP server was
used with a standard bacterial genetic code using nucleotide sequences, and two sequences were eliminated for the
populations.

Test Parameters

Tajima M S Ps ) I1 D
LisR 14 150 0,678733 0,213429 0,252598 0,823535
LisK 18 371 0,958656 0,278715 0,670011 5,984902

Z-test Neutral/stat Positive/stat Purifying/stat
LisR 0,000/-5,746  1,000/-5,725  0,000/5,699

LisK - - -

SNAP dsS dN dS/dN ps/pn
LisR 1,6937 0,7665 2,4055 1,5532
LisK - - - -

Universitas Scientiarum Vol. 18 (2): 189-202
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The combination of the birth-and-death model
and purifying selection has led to the formation
of polymorphisms adapted to specific niches and
species; this suggests that LisR genes have existed
in the bacterial genome for millions of years and
that LisR was a determinant of natural selection
and thereby could have participated by inducing the
divergence of these types of bacterial species. Both
evolutionary strategies (see Materials and Methods)
appeared to be very parsimonious for LisR; both
required fewer steps to reproduce the topology
with good bootstrap values (the summary tree is
shown in Figure 5a).

We manually edited the LisK alignments because
of the high frequency of low-complexity regions in
the proteins; this process modified the entire gene
structure and prevented us from developing deeper
dS/dN analyses, but it facilitated the Tajima test
(REF). LisK evolution is determined by an ancient
gene duplication followed by several bifurcation
processes, which generated two principal clades;
each clade displays a separate evolutionary history.
The Tajima test D-value was 5.984902, which may
indicate that a genetic birth-and-death evolutionary
model subjected to very strong purifying selection
explicates LisK evolution.

The members of the LisR/LisK complex display
the same biological evolutionary strategy; both
enzymes possibly require archetypal timeframes
for data mining, which is necessary to explore the
co-evolution hypothesis (Figure 5b) and to explain
the evolutionary history of this complex in depth
(Table 1).

Discussion

LisK/LisR two-component regulatory system
orchestrates multicellular responses for L.
monocytogenes: Our results suggest that LisK
contains a homodimeric extracytoplasmic-sensing
domain in which a stoichiometric reaction (ATP +
protein L-histidine = ADP + protein N-phospho-
L-histidine) most likely entails protein activation,
which is dependent upon the formation of a two-
helices homodimer. It is likely then that the HAMP
domain positions the protein in proximity to other
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auxiliary domains following ligand binding, and
interaction between them is most likely the initial
step in the stabilization of the closed conformation.
Therefore, the HAMP domains may have regulatory
roles in the phosphorylation of homodimeric
receptors and transmit conformational changes
from the periplasmic stimuli-sensing region to the
cytoplasmic signaling kinase (Szurmant et al. 2007).

The ligand-binding energy may align the
monomers in a particular orientation and provide
a complex network of contacts to regulate dimer
affinity. Initially, the histidine residue undergoes
autophosphorylation and transference of the
phosphoryl group to the conserved His-266 in
LisK; it then transfers the high-energy y-phosphoryl
group to the conserved Asp-54 of the receptor
domain. Either the phosphorylation of LisR or
the receptor domain results in homodimerization
and exposes the DNA-binding site of the effector
domain, enabling it to bind DNA and consequently
regulate gene-specific transcription (Figure 4b).

Many of these systems are enmeshed in
various processes of a signaling cascade involving
multiple proteins or they may contribute to
several simultaneous responses (Viadas et al
2010). Therefore, we verified possible protein
interactions of LisR/LisK using the String tool. We
predicted that at least 9 proteins associated with a
transcriptional response (LisR, phoP, cesR, resD,
126, 1mo1060, Imo1172, Imo1507 and 1mo2583)
are down- or upregulated by LisK; this suggests
promiscuous signal activation for several response
effectors and cross-talk between these regulators
(suppl. 1). Regulators are primarily involved in
processes such as chemotaxis, osmoregulation, ion
transport, pH tolerance, growth or the response
of virulent L. monocytogenes strains to the host’s
cells and to environmental niches (Figure 6). For
example, h#rA, a gene linked to osmolarity tolerance
and virulence regulation in L. monocytogenes, is now
known to be transcriptionally controlled by LisR/
LisK (Stack et al. 2005). Interestingly, network
interactions include the PhoB and LisR proteins.
This finding could explain dramatic changes in
other related transcriptional regulators; experiments
have revealed that PhoP is a masterful regulator of
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mo2712

Fig. 6. Network interactions for the LisR/LisK two-component system. The nodes represent individual proteins
and are connected with lines if they interact with one another. The classes of proteins and lines are colored
differently as indicated by the STRING database. The protein names are shown according to their genome

annotations.

persistence and virulence in human pathogens such
as Mycobacterinm tuberculosis (Gonzalo-Asensio et al.
2008).

Conclusion

Our results further explain the LisR/LisK two-
component regulatory system and underscore
its flexibility in switching between positive or
negative feedback of the molecular device during
L. monocytogenes adaptation and persistence during

Universitas Scientiarum Vol. 18 (2): 189-202

life-threatening conditions in host tissues or
food-shortage conditions (Ray & Igoshin 2010).
Moreover, the structural characterization of LisK
and LisR performed here proposes that an integral
two-component signal-transducing pair is the
initial step to a pathway that affects L. monocytogenes
physiology and pathogenesis. By understanding this
step, we can begin to understand the full function
of this system. Suitably, future studies on animal
models of new LisR/LisK proteins, which inhibit
listeriosis, should confirm the potential of this
target as a treatment.



200

Structural features of two-component system LisR/1isK

Acknowledgments

We acknowledge Professor Leonardo Lareo (R.L.P)
for mentoring this research (RIP). This work was
conducted using the computational resources
provided by the Chemistry Department of the
Universidad Nacional de Colombia.

Conflict of Interest

The authors declare that there are no competing
interests.

References

Abascal F, Zardoya R, Posada D (2005) ProtTest:
selection of best-fit models of protein evolution.
Bioinformatics  21(9):  2104-2105. doi:  10.1093/
bioinformatics,/bti263

Altschul SF, Madden TL, Schiffer AA, Zhang ], Zhang Z,
Miller W, Lipman DJ (1997) Gapped BLAST and PSI-
BLAST: a new generation of protein database search
programs. Nucleic Acids Research 25(17): 3389-3402

Arnold KL, Bordoli J, Kopp T, Schwede (2000)
The SWISS-MODEL workspace: a web-based
environment for protein structure homology
modelling. Bioinformatics 22(2): 195-201. doi: 10.1093/
bioinformatics,/bti770

Bilwes AM, Alex LA, Crane BR, Simon MI (1999)
Structure of CheA, a signal-transducing histidine
kinase. Ce// 96(1): 131-141.

Blanco AG, Sola M, Gomis-Ruth FX, Coll M. (2002)
Tandem DNA recognition by PhoB, a two-
component signal transduction transcriptional
activator. Structure 10(5): 701-713

Castrignano T, De Meo PD, Cozzetto D, Talamo IG,
Tramontano A (2006) The PMDB Protein Model
Database. Nucleic Acids Research 34(suppl_1): D306-
309

Claros MG, Heijne G (1994) TopPred 1I: an improved
software for membrane protein structure predictions.
Bioinformaties 10(6): 685

Cotter PD, Emerson N, Gahan, C, Hill M (1999)
Identification and disruption of lisRK, a genetic locus
encoding a two-component signal transduction system
involved in stress tolerance and virulence in Listeria
monocytogenes. Journal of bacteriology 181(21): 6840

Cotter PD, Guinane CM, Hill C (2002) The LisRK
signal transduction system determines the sensitivity
of Listeria monocytogenes to nisin and cephalosporins.
Antimicrobial agents and chemotherapy 46(9): 2784. doi:
10.1128/AAC.46.9.2784-2790.2002

Universitas Scientiarum Vol. 18 (2): 189-202

Finn RD, Mistry |, Schuster-Bockler B, Griffiths-Jones
S, Hollich V, Lassmann T, Moxon S, Marshall M,
Khanna A, Durbin R, Eddy SR, Sonnhammer
EL, Bateman A (2006) Pfam: clans, web tools and
services. Nucleic Acids Research 34(suppl_1): D247-
251

Freitag NE, Port GC (2009) Listeria monocytogenes [mdash|
from saprophyte to intracellular pathogen. Nature
Review  Microbiology 7(9): 623-628. doi: 10.1038/
nrmicro2171

Gandhi M, Chikindas ML (2007) Listeria: A foodborne
pathogen that knows how to survive. Infernational
Journal of Food Microbiology 113(1): 1-15. doi: 10.1016/
jjfoodmicro.2006.07.008

Gardy JL, Spencer C, Wang K, Ester M, Tusnady GE, et
al. (2003) PSORT-B: improving protein subcellular
localization prediction for Gram-negative bacteria.
Nucleic  Acids  Research 31(13):  3613-3617. doi:
10.1093/nar/gkg602

Glaser P, Frangeul L, Buchrieser C, Rusniok C, Amend
A, et al. (2001) Comparative genomics of Listeria
species.  Science 294(5543):  849. doi: 10.1126/
science. 1063447

Gonzalo-Asensio |, Mostowy S, Harders-Westerveen
J, Huygen K, Hernandez-Pando R, et al. (2008)
PhoP: a missing piece in the intricate puzzle
of Mycobacterium tuberculosis virulence. PLoS
One  3(10) ) e3496.  doi:10.1371/journal.
pone.0003496

Guindon S, Gascuel O (2003) A Simple, Fast, and
Accurate Algorithm to Estimate Large Phylogenies
by Maximum Likelihood. Systematic Biology 52(5):
696-704. doi: 10.1080/10635150390235520

Hamon M, Bierne LH, Cossart, P, et al (2000) Listeria
monocytogenes: a multifaceted model. Nature
Review Microbiology 4(6): 423-434. doi:10.1038/
nrmicrol1413

Hofmann, K and W. Stoffel (1993). TMbase - A database
of membrane spanning proteins segments. Biol.
Chem. Hoppe-Seyler 374,166

Huang HD, Lee TY, Tzeng SW, Horng JT (2005)
KinasePhos: a web tool for identifying protein
kinase-specific phosphorylation sites. Nucleic Acids
Research 33(suppl_2): W226-229. doi: 10.1093/nar/
gki471

Hulko M, Berndt F, Gruber M, Linder JU, Truffault V,
Schultz A, Martin ], Schultz JE, Lupas AN, Coles M.
(2006) The HAMP domain structure implies helix
rotation in transmembrane signaling. Ce// 126(5):
929-940. doi: 10.1016/j.cell.2006.06.058

Inouye, M. (2006) Signaling by transmembrane proteins
shifts gears. Ce// 126(5): 829-831

www,javeriana.edu.co/ scientiarnm/ web



Aprenas et al.

201

Jensen LJ, Kuhn M, Stark M, Chaffron S, Creevey C,
et al. (2009) STRING 8--a global view on proteins
and their functional interactions in 630 organisms.
Nucleic Acids Research 37(suppl_1): D412-416. doi:
10.1093 /nar/gkn760

Krogh A, Larsson B, von Heijne, G and Sonnhammer,
E.L. Predicting transmembrane protein topology
with a hidden Markov model: Application to
complete genomes. Journal of Molecular Biology,
305(3):567-580, January 2001. doi: 10.1006/
jmbi.2000.4315

Laskowski RA, Watson JD, Thornton JM (2005)
ProFunc: a server for predicting protein function
from 3D structure. Nucleic Acids Research 33(suppl_
2): W89-93. doi:10.1093/nar/gki414

Letunic I, Doerks T, Bork P (2008) SMART 6: recent
updates and new developments. Nucleic Acids Research.
doi: 10.1093/nar/gkn808

Lovell SC, Davis IW, Arendall WB, de Bakker, PI,
Word JM, Prisant MG, Richardson ]S, Richardson
DC (2003) Structure validation by Co geometry:
I1, $ and CB deviation Proteins: Structure, Function
and  Bioinformatics 50(3): 437-450. doi: 10.1002/
prot.10286

Marchler-Bauer AJ. Anderson B, Chitsaz F, Derbyshire
MK, DeWeese-Scott C, et al. (2009) CDD: specific
functional annotation with the Conserved Domain
Database. Nucleic Acids Research 37 (suppl_1): D205-
210. doi: 10.1093/nat/gkn845

Marina AC, Waldburger D, Hendrickson W (2005)
Structure of the entire cytoplasmic portion of a
sensor histidine-kinase protein. EMBO | 24(24):
4247-4259. doi:10.1038/sj.emb0j.7600886

Martinez-Hackert E, Stock AM (1997) Structural
relationships in the OmpR family of winged-helix
transcription factors. Journal of Molecular Biology
269(3): 301-312. doi: 10.1006/jmbi.1997.1065

Nei M, Kumar S (2000) Molecular evolution and phylogenetics,
Oxford University Press, USA.

Nowak E, Panjikar S, Konarev P, Svergun DI, Tucker PA
(2006) The Structural Basis of Signal Transduction for
the Response Regulator PrrA from Mycobacterium
tuberculosis. Journal of Biological Chemistry 281(14):
9659-9666. doi: 10.1074/jbc.M512004200

Parkinson JS, Kofoid EC (1992) Communication
Modules in Bacterial Signaling Proteins. Awnunal
Review of Genetics 26(1): 71-112

Perriere G, Gouy M (1996) WWW-query: An on-line
retrieval system for biological sequence banks.
Biochinzie 78(5): 364-369

Pettersen EF, Goddard TD, Huang CC, Couch GS,
Greenblatt DM, Meng EC, Ferrin TE. (2004). UCSF

Universitas Scientiarum Vol. 18 (2): 189-202

Chimera—A visualization system for exploratory
research and analysis. Jowrnal of  Computational
Chemistry 25(13): 1605-1612. doi: 10.1002/jcc.20084

Ray JC, Igoshin OA (2010) Adaptable Functionality
of Transcriptional Feedback in Bacterial Two-
Component Systems. PLoS Computational Biology 6(2):
¢1000676. doi:10.1371 /journal.pcbi. 1000676

Ren J, Wen L, Gao X, Jin C, Xue Y, Yao X.. (2009) DOG
1.0: illustrator of protein domain structures. Ce// Res
19(2): 271-273

Rowland SL, Burkholder WEF, Cunningham KA,
Maciejewski MW, Grossman AD, King GE (2004)
Structure and mechanism of action of Sda, an
inhibitor of the histidine kinases that regulate
initiation of sporulation in Bacillus subtilis.
Molecutar Cell 13(5): 689-701. doi: 10.1016/S1097-
2765(04)00084-X

Saitou N, Nei M (1987) The neighbor-joining method:
a new method for reconstructing phylogenetic trees.
Molecutar biology and evolution 4(4): 406

Sleator RD, Hill C (2005). A novel role for the LisRK
two-component regulatory system in listerial
osmotolerance. Clinical Microbiology and Infection 11(8):
599-601

Stack HM, Sleator RD, Bowers M, Hill C, Gahan
CG. (2005) Role for HtrA in Stress Induction and
Virulence Potential in Listeria monocytogenes.
Applied and Environmental Microbiology 71(8): 4241-
4247. DOI: 10.1111/}.1469-0691.2005.01176.x

Stock AM, Robinson VL, Goudreau PN. (2000) TWO-
COMPONENT SIGNAL TRANSDUCTION.
Annunal Review of  Biochemistry 69(1): 183-215. doi:
10.1146/annurev.biochem.69.1.183

Szurmant HR, White A, Hoch JA.. (2007) Sensor
complexes  regulating  two-component  signal

transduction. Current Opinion in Structural Biology
17(6): 706-715. doi: 10.1016/j.sb1.2007.08.019,

Tamura K, Dudley J, Nei M, Kumar S. (2007) MEGAA4:
Molecular Evolutionary Genetics Analysis (MEGA)
Software Version 4.0. Molecular Biology and Evolution
24(8): 1596-1599. doi: 10.1093/molbev/msm092

Teng I, Wang L, Singh KV, Murray BE, Weinstock GM.
(2002) Involvement of PhoP-PhoS Homologs in
Enterococcus faecalis Virulence. Infection and Immunity
70(4):  1991-1996. doi: 10.1128/IAL70.4.1991-
1996.2002

Vazquez-Boland JA, Kuhn M, Berche P, Chakraborty
T, Dominguez-Bernal G, Goebel W, Gonzalez-Zorn
B, Wehland J, Kreft J. (2001) Listeria Pathogenesis
and Molecular Virulence Determinants. Clinical
Microbiology Reviews 14(3): 584-640. doi: 10.1128/
CMR.14.3.584-640.2001



202

Structural features of two-component system LisR/1isK

Viadas CM, Rodriguez C, Sangari FJ, Gorvel |P, Garcia-
Lobo JM, Lépez-Goni 1. (2010) Transcriptome
Analysis of the Brucella abortus BvtR/BvtS Two-
Component Regulatory System. PLoS One 5(4):
¢10216. doi:10.1371 /journal.pone.0010216

Rasgos estructurales de los componentes LisR/LisK
sugieren multiples respuestas para la adaptacion y la
supervivencia de Listeria monocytogenes

Resumen. Se caracterizé la estructura del sistema de
regulacién de dos componentes LisR/LisK de Listeria
monocytogenes. Se emplearon herramientas bioinformaticas y
bases de datos para predecir la estructura e interacciones de
las dos proteinas y se modelaron. Los resultados predicen
que la proteina LisK esta embebida en la membrana celular
y su composicion modular (dominios HAMP, histidina
kinasa and ATPasa) estid asociada a su autofosforilacién
(His-266). Un efecto estimulo respuesta determina la
propagacion secuencial de la sefial desde la membrana
celular hacia componentes citoplasmaticos. A su vez, se
predice que LisR es una proteina citosélica con un dominio
de receptor (homologo a cheY) que incluye el residuo
fosfo-aceptor (Asp-52) y el dominio de unién a ADN,
el cual puede permitir la transmisiéon de una respuesta
especifica a nivel transctipcional. Los componentes LisR/
LisK han sido bioquimica y funcionalmente caracterizados
experimentalmente en la patofisiologia de otros bacilos. Es
por ello, que la aproximacién de los resultados basados en
estructura-funcién podtfa facilitar el disefio de inhibidores
especificos.

Palabras clave: Listeria monocytogenes; LisR/LisK; sistemas
reguladores de dos componentes; proteina-histidina kinasa.
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Warriner K, Namvar A (2009) What is the hysteria with

Listeria? Trends in Food Science & Technology 20(6-7):
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Caracteristicas estruturais do sistema de dois
componentes LisR/LisK as quais sugetem varias
respostas para a adaptagio e sobrevivéncia de Listeria
monocytogenes

Resumo. O objetivo do estudo foi caracterizar
estruturalmente o sistema de regulacao de dois componentes
LisR/LisK de Listetia monocytogenes. Foram utilizadas
diversas ferramentas de bioinformatica e bancos de dados
para predizer a estrutura das duas proteinas, modela-
las e prever suas interacoes. Os resultados predizem
que a protefna Lisk esta incorporada na composicao da
membrana celular e sua composicao modular (dominios
HAMP, histidina quinase e ATPase) esta associada com a
sua autofosforilacio (His-266). Um efeito de estimulo e
resposta determina a propagac¢ao sequencial do sinal a partir
da membrana celular em componentes citoplasmaticos. Os
resultados predizem que LisR é uma proteina citosolica
com um dominio recetor (homdélogo a CheY) que inclui o
residuo fosfo-aceitador (Asp-52) e o dominio de ligacdo ao
ADN, o que pode permitit a transmissao de uma resposta
especifica a nivel transcricional. Como LisR/Lisk foi,
quimica e funcionalmente, caracterizada experimentalmente
na fisiopatologia de outros bacilos, esta abordagem baseada
na estrutura-funcao pode facilitar a concegao de inibidores
especificos.

Palavras-chave: Listeria monocytogenes; LisR /LisK; sistema de
regulacdo de dois componentes; protefna-histidina kinasa.
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Fig. S1. Proposed model for the LisR /LisK two-component regulatory system interaction through the phosphoryl-
transfer that affects a specific response upon gene expression.
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