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Abstract

Background

Carolacton is a newly identified secondary metabolite causiegedlicell morphology and
death of Streptococcus mutans biofilm cells. To unravel key regulators mediating these
effects, the transcriptional regulatory response netwogk mibitans biofilms upon carolacton
treatment was constructed and analyzed. A systems biologipabaeh integrating time-
resolved transcriptomic data, reverse engineering, transcripdictorfbinding sites, and
experimental validation was carried out.




Results

The co-expression response network constructed from transcriptotaicsiag the reverse
engineering algorithm called the Trend Correlation method cedsigt8284 gene-pairs. The
regulatory response network inferred by superimposing transcriptior fainding site
information into the co-expression network comprised 329 putative transcalptegulatory
interactions and could be classified into 27 sub-networks eaclgutated by a transcriptign
factor. These sub-networks were significantly enriched with gestearing common
functions. The regulatory response network displayed global hieranthypetwork motifs ds
observed in model organisms. The sub-networks modulated by the pyrirhidgsyathesis
regulator PyrR, the glutamine synthetase repressor GInR, $heirey metabolism regulator
CysR, global regulators CcpA and CodY and the two component syssponse regulators
VicR and MbrC among others could putatively be related to the physialogffect of
carolacton. The predicted interactions from the regulatory netetikeen MbrC, known to
be involved in cell envelope stress response, andntm®N-SMU_718c genes encoding
peptidoglycan biosynthetic enzymes were experimentally cordimmseng Electro Mobility
Shift Assays. Furthermore, gene deletion mutants of five pestliaty regulators from the
response networks were constructed and their sensitivities towardéacton were
investigated. Deletion afysR, the node having the highest connectivity among the regujators
chosen from the regulatory network, resulted in a mutant whichnsessitive to carolactgn
thus demonstrating not only the essentialitgy@R for the response @& mutans biofilms to
carolacton but also the relevance of the predicted network.

Conclusion

The network approach used in this study revealed important regudetdrgteractions as
part of the response mechanism$&afhutans biofilm cells to carolacton. It also opens a door
for further studies into novel drug targets against streptococci.
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Background

Streptococcus mutans is an oral pathogen, which along with other closely related stiegatioc
called the mutans streptococci, plays an important role in the tiormaf caries and tooth
decay in humans. This is attributed to its ability to form biofiinsch are generally difficult
or impossible to eradicate by antibiotic therapy because biafdfls are resistant to
antibiotics [1,2].

Recently, it was shown that carolacton, a secondary metabaite the myxobacterial
speciesSorangium cellulosum has a high inhibitory activity against actively growifg
mutans biofilm cells resulting in changes in cell morphology, elongatiorcelf chains,
membrane damage and death of a part of the population. Carolacgt@swdound to induce

a dose-dependent damagesofutans biofilms over a wide concentration range resembling a
sigmoid dose-response curve [3]. Carolacton inhilsts mutans biofilms even at



nanomolecular concentrations [3] implying that it primarilygéas molecular entities which
are present only as a few copies per cell. In this regardlacton is very similar to
compounds which target cellular signaling networks [4] rather thaectbir targeting

particular enzymes in pathways associated with vital processdsas protein, DNA/RNA
synthesis, cell division etc.

To decipher the genes whose expression is affected by carolactbme aresolved
transcriptome analysis & mutans biofilms after carolacton treatment was carried out by
Reck et al. [5]. Results from the study indicate that carolaeffects changes in the
expression of genes related to biofilm formation, autolysis, pynmaidand histidine
metabolism, cell shape and cell division in addition to two componeterag (TCSSs).
Among the TCSs, theicRK system shows an immediate strong downregulation, while the
comDE system controlling competence development through quorum sensing [6,7] is
upregulated. A deletion mutant for the histidine kinase encoding\gelKevhich responds
instantaneously to carolacton treatment together with alvitie coexpressed genes, was
similarly tested for carolacton-sensitivity, but since theK mutant showed very poor
biofilm growth, further inferences could not be made. VicR is an essentialage cannot be
deleted inS. mutans [8]. Meanwhile, theS. mutans eukaryotic-like serine-threonine protein
kinase pknB whose ortholog has been shown to be a master regulator of virufeige
pneumoniae [9] displayed no observable changes in transcription [5]. However, pknéns
knocked out, it results in a carolacton-insensitive mutant [5]. THate show that even
though the physiological and genetic responses of carolactoeet@atutans biofilm cells

are known, the underlying network which orchestrates the expressidfected genes in
response to carolacton still remains a mystery. This calaf@&ffort to uncover the effect of
carolacton at the network level. Although Reck et al. [5] havedreseasured the temporal
progression of theS mutans transcriptome in response to carolacton, their dataset is
characterized by a small number of sampling points (five) amg lame intervals, which
does not allow for a reliable network inference. Hence, an extemdeeéries transcriptome

is required encompassing a higher number of sampling points elatfively short intervals
and was carried out in the current study.

Reverse engineering based network reconstruction methods have bagelyused to infer
genetic networks from gene expression data measured most comosiny cDNA
microarrays. Excellent reviews about genetic network recongiruétom expression data
have been published [10]. In order to capture the network level evebislagical systems
upon exposure to various stimuli, reverse engineering methods have bekpee to infer
underlying networks from time series expression data in additistatec data [11]. For
instance, methods such as Time Series Network Identificatiddl] W8ere used for inferring
co-expression networks and compound mode of action from time-seriesxgeassion data
following interventions [12]. Although the inferred co-expression netwoilkgud SNI
involved only nine genes of tiecoli DNA-damage response pathway, it is seen as one of
the first attempts in network reconstruction for determining thepooimd mode of action
from a time series transcriptome. Further tools and algoritherse also developed to deal
with whole genome network inference [13,14], but the gene-gene interactions in suddlinfer
networks were either undirected (no assigned causality) or @alyya statistical probability

of causality. Despite lacking directionality, undirected co-exgoes networks have
nevertheless been used to infer critical genes and networks involteel Thcell functions
[15].



Meanwhile, whole genome directed networks were inferred by usorgbioatorial
methodologies [16] incorporating gene-gene interactions from revegseering algorithms
with biological information such as data on binding motifs and promdésneats [17],
functional genomics [18], genome annotation [19] and transcription factioitias [20].
Although non-exhaustive due to the lack of sufficient biological infomnatgenome wide
transcriptional regulatory networks have nevertheless been adestriitom heterogeneous
data for a few organisms such Bscherichia coli [20], Saccharomyces cerevisiae [21],
Bacillus subtilis [17], Candida albicans [22], Streptomyces coelicolor [18], Halobacterium
NRC-1 [19], Pseudomonas aeruginosa [23] and others. Despite the advances made in the
field of genome-wide regulatory network reconstruction, most of tageenpts have been
carried out for model or standard organisms (for which ample bi@logiformation exists)
such a<. coli, S cerevisiae, B. subtilis, P. aeruginosa [17,20,23,24]. Some progress has also
been made in the case of human cells as shown by Basso et i@. hwihean B cell gene
regulatory interactions were inferred [25]. Hence, one of the ncajoent challenges in the
field is the network inference for less-studied organisms waieheither pathogens or are
industrially important.

Even though genetic networks have been inferred under drug treatmernioosniir some
organisms, most of them have either been limited to compounds and n®lgboke targets
and mode of action were already known and/or limited to model orgarasm certain
human cell lines. To the best of our knowledge, reconstruction of a assltgeinome-scale
regulatory network for the human caries patho§emutans has not yet been carried out
although studies focusing on genome-wide transcriptome profiling resarereported [5,26-
29]. A workflow based on a combinatorial strategy was executeth inttempt to infer a
genome-wide network fd8 mutans biofilms under conditions of treatment with the biofilm
inhibitor carolacton. The Trend Correlation method which has been usexhstruct co-
expression networks of human T cells [15] was used for inferring. tinatans co-expression
network under carolacton treatment conditions using microarraygdatxated in this study.
This was followed by the construction of a transcriptional reguyatesponse network
(TRRN) by incorporating binding site information. From the TRRMN detected sub-
networks whose activation or repression could be related to the bidlagfeat of
carolacton. A key regulator was identified based on its connedtivttye regulatory network
and when knocked out, render8dmutans biofilms insensitive to carolacton. Furthermore,
tested interactions from the inferred regulatory response netwen confirmed usingn
vitro interaction detection assays.

Results and discussion

Dynamic genome-wide transcriptome profiling

A high resolution transcriptomic time-course experiment \@timutans biofilms (with 11
samples taken from 5 to 300 min post carolacton treatment) wisrped to capture the
temporal response over an extended period of time. Our time-sati@sncluded results
from a sample taken at 5 min post carolacton treatment and istestpge identify genes
whose expression patterns were immediately affected by camolaA total of 772 GTAAS
(genes corresponding to transcripts with altered abundances) oerifidy expressed genes
were identified at a log-fold change > =0.8.



Enrichment analysis with respect to various categories sublolagiical functional classes
and KEGG metabolic pathways was performed for the up- and dowated) GTAAs at
every time point in order to gain an overview of the various categofigenes affected by
carolacton (Additional file 1). The results from the enrichmerdlyais of upregulated
GTAAs indicated that transcripts from the pyrimidine ribonucleotisynthesis (P-value <
= 4.09E-18), nucleosides, purines and pyrimidines’ transport (P-value245&-2), and
metabolism of alanine, aspartate and glutamate (P-value < Y ®Ere most significantly
over-represented at both 5 min and 20 min but not at 40 min. These abssrgaiggest a
possible specific role of pyrimidine biosynthesis and metabolistineinnitial response db.
mutans biofilms to carolacton. At later time points however, many nuaggories were
found to be over-represented among the set of upregulated GTAAs due tbledscade
effects.

Enrichment analysis of the downregulated GTAAs at 20 min redezdéegories such as
glutamate biosynthesis, TCA cycle, anaerobic energy metaholiglyoxylate and
dicarboxylate metabolism, nitrogen metabolism as well theabkiggansduction related two
component systems (TCSs). TCSs impart various virulence chastcseto S mutans by
sensing and responding to various signals related to stress, thusgmatdi survive and
tolerate unfavourable conditions [30,31]. The transcriptional downregulatidiCS genes
could indicate a possible effect of carolacton having a repressiget on the signaling
mechanisms 0. mutans. In general, downregulated GTAAs in the early part of the response
were enriched with categories corresponding to the processemalirsy, energy and amino
acid metabolism. The set of downregulated GTAAS in the later plass 20 min was also
found to be enriched with many categories over the course of tharegperinterestingly,
the alanine, aspartate and glutamate metabolic pathwayg$omeckto be over-represented in
both the up- and downregulated GTAA sets at the time point of 20 r@n @rolacton
treatment suggesting a dual regulation of such pathway enzyntbks initial response to
carolacton. The information from our transcriptome data largelyeagith those from a
previous study by Reck et al. [5] where only five sampling poiritis large intervals were
used.

Contextual co-expression network

In order to identify co-expression relationships among genes imtelgdiaffected by
carolacton, the co-expression network was confined to statistisailyificant optimal
correlations which started either from 0, 5 or 20 min after cawmiatreatment (see
Methods). The contextual co-expression network inferred accordirgg tavdrkflow shown
in Figure 1 consisted of 8284 gene-gene co-expression relationshipsdgiigenal file 2).

5430 (65.5%) of the 8284 edges were characterized by time lagged essgopr
relationships. 3959 (47.7%) of the total number of co-expression relationsiips be

described as being inverted (opposite change trend in expressiomg)atidereas the
remaining were described as being positive (showing similar change trends).

Figure 1 Workflow to capture the network level effects of the biofin inhibitor
carolacton onS.mutans biofilms. The directions of the arrow marks denote the flow of data
processing and sequential steps. Shapes of boxes have no pastgnifasance while the
descriptions within the boxes represent the steps corresponding togeagaation,
algorithms, data processing, network and experimental anatysedicates the reference
[32].




Regulator-target gene binding site map 08. mutans UA159

The edges of the carolacton-context co-expression network derived frendyhamic
transcriptome data are undirected. In other words, the mere peesean edge between two
genes does not necessarily represent a transcriptional cegulaliationship between them.
Although time-lags between the co-expressed regulator and @ege{s) could possibly
serve as a preliminary proof of direct transcriptional requiafilO], further evidence is
required for at least assigning putative biological causality &r pursuing precise
experimental validation of transcriptional regulatory relationships.

Among the more than 100 known or predicted transcriptional regulatolse & tmutans
UA159 genome, only a few have been studied experimentally and thered with respect
to their DNA binding site(s). We compensated for the non-avaiiamli experimentally
verified transcriptional regulatory binding sites for themutans transcriptional factors by
applying comparative genomic approaches [33-35]. Binding site da#dftnanscriptional
regulators were recovered from different sources such as exmtaindata frons. mutans
itself or information from comparative genomic analysis. In €asbere the collective
number of binding sites inferred for a transcriptional regulagneviewer or equal to three,
respective regulogic [33] sites from other species within tliep®cocccus genus were
retrieved. These were then used to construct PSSMs (PositioificSgeoring Matrices, see
Methods) with improved predictive capacities. PSSMs were alsoraotest from regulogic
sites available in the RegPrecise database [36] and from phylogenetimntomistudies. An
online Regulatory Sequence Analysis Tool (RSAT) terrmattix-quality [37] was used to
objectively determine the optimal P-value for every PSSM @&editional file 3). The
PSSMs were then used to predict binding sites (at the correspamimal P-values) in the
upstream regulatory regions of all the genes irtlmutans UA159 genome. A total of 1397
unique regulator-target gene relationships (corresponding to 2056 pdeticiding sites)
based on binding site data alone corresponding td 4dhutans UA159 transcriptional
regulators were thus compiled (see Additional file 4). Afteegraiting operon structure
information, 2445 regulator-target gene relationships were found to s@mihre final
regulator-target gene binding site map. The global regulators Qcatabolite repressor
protein) and CodY (global regulator of amino acid metabolism) tegedlccounted for
~29.22% of the 2445 regulator-target gene relationships based on binding sites.

S. mutans Transcriptional Regulatory Response Network (TRRN)under
carolacton treatment

Combining inferred correlation relationships from the co-expressietwork and the
regulator-binding site map resulted in 227 transcriptional regulatelationships with
predicted direct biological causality (see Additional file SkeAoperon oriented adjustment
(see Methods), the transcriptional response regulatory networkNY Bfgure 2) comprised
329 relationships among 307 genes, of which 37 were found to be transcription factats. Base
on the predicted transcriptional regulatory connections, the TRRN gen&sbe organized
into 27 co-regulated gene groups or sub-networks. A co-regulatedygmieis defined as a
set of genes which are putatively regulated by a common tramaoriactor. 10 of the 37
regulators were associated with predicted incoming connections ndlyvare contained
within the 27 sub-networks with different size distributions. The &rgeb-network was that
putatively modulated by CodY (which is a known global regulator [38¢) @omprised 84
genes. The second largest sub-network consisted of 26 genes under tikie patdrol of
CysR (the cysteine metabolism regulatory protein encoded By 8BP) followed by two



sub-networks each containing 22 genes and predicted to be modulated bsethtitaeTCS
response regulator VicR and the global regulator CcpA, respectively.

Figure 2 Topological view of the transcriptional regulatory response network{ TRRN)
of S.mutans biofilms upon carolacton treatmentThe TRRN was inferred by overlaying
the regulator-target gene binding site map onto the co-expresswaorkelt consisted of 27
co-regulated gene groups or subnetworks each under the control of aptemstactor and
comprised 329 regulatory interactions involving 307 genes. Some of tlegwated gene
groups overlap with each other as a result of genes modulated éytiraarone transcription
factor. The 27 regulators with outgoing connections (marked wadltireles) along with 10
other regulators only with incoming connections (marked with blaakes) found to be
among target genes within the sub-networks are indicated as svabbraregulator target
genes (indicated by green circles). If the upstream regulatgigns of the target genes or
their corresponding operons harbored multiple putative binding sitess oprédicted
regulator(s), then they are indicated by yellow circles). dditeon, the regulators with
outgoing connections are also marked with their gene names abavesfipective nodes.
Blue arrows indicate a positive (activation) relationship wheredsarrows stand for a
negative (repression) effect. Connections always flow from top to bottom. Spatiiirzosf
transcription factor nodes are manipulated so as to pictoriallgtciyei possible hierarchies.
The carolacton context TRRN shown herein is observed to be orgasizedaable layered
hierarchy. The network was visualized in Cytoscape.

The TRRN (Figure 2) represented a “waterfall-like” modelhwrespect to its global
topological structure and hierarchy [39,40] with some regulators fipar modulating their
own sub-networks also exerting indirect control over other sub-netwagrkputatively
modulating the expression of the corresponding transcription faEmrexample, it can be
seen from the inferred TRRN (Figure 2) that the global regu@taty putatively regulated
the expression of two distinct genes encoding the TCS responsatoegWicR and ComE,
thus potentially exerting an indirect influence on their sub-netwasksell. Although global
hierarchical organization was observed in the inferred TRRINa# nevertheless confined
only to a double-layered hierarchy compared to multi-layered rblees reported in the
regulatory networks of well-studied organisms [40,41]. This could pilynae due to the
lack of biological connectivity data, firstly as a result loé timited experimentally verified
binding site information ofs. mutans transcription factors. Secondly, the functional and/or
evolutionary divergence @& mutans transcription factors from their corresponding orthologs
in standard organisms has a certain limiting influence on dhgparative genomic based
extrapolation of binding sites [33].

The overlap between co-regulated gene groups, which was previdasgyed in bacteria
[42,43], is also a characteristic of the inferred TRRN. 13% of theT®RN genes were
found to be under the putative control of more than one transcriptionaltedutgplying an
incoming degree > 1). From a local network structure point of viewndues putatively
controlled by just one regulator resemble single input motifs YS¥hkereas the nodes co-
regulated by several regulators form multiple input motifs (B)INKU4]. Besides MIMs,
overlap between co-regulated gene groups could be the manifestatimoeseotomplicated
network motifs such as the feed forward loop (FFL) in which a reguéncoding gene is
modulated by another regulator, both of which control the expressioroairaan gene [45].
If multiple genes are controlled by a single FFL, thersitearmed as a multi-output FFL
(MOFFL) [46]. Additional file 6 lists the various types of sificant motifs identified (P-
value < = 0.01 after 10000 randomizations) in the carolacton context depdriRiRit



among which were found FFLs including other motifs such as regulatdans [44] and
their derivatives [47]. Local network topologies such as the nfotiisd here were consistent
with previous observations in other organisms [44-46,48] and could be importehtitong
quick and flexible responses to stimuli [45]. Although the exact biologicahamesms which
give rise to such motifs remain to be understood, these observatronasteate not only the
relevance of the constructed network but can also be further osedethiled dynamic
guantitative modeling of smaller sub-systems.

Biological context within co-regulated sub-networksn the TRRN

The 27 co-regulated groups or sub-networks contained statisticallyficgighi over-
represented (significance score > =0) functional categorids asichiological functional
classes, KEGG metabolic pathways and gene ontology termadsdéenal file 7). Figure 3
visualizes the TRRN enrichment data shown in Additional file 7. dQgther, 22 enrichment
events involving 6 KEGG metabolic pathways, 7 biological functionaketasind 6 gene
ontology terms were collectively identified within the 27 sub-nekaoAt least 7 cases were
found in which the transcription factor or regulator belonged to tme $anctional category
as that found to be over-represented in its target gene group, caodfitmit the constructed
regulatory network is biologically meaningful. For instance, titersetwork co-regulated by
the glutamine synthetase repressor GInR known to control glutanatebatism [49] inS.
mutans were enriched with genes belonging to the functional categdeeiino acid
biosynthesis” and “nitrogen metabolism”. On closer observation, madsé @fenes within the
GInR co-regulated sub-network were related to glutamine metabdi€nes belonging to
the biological functional class of cell envelope metabolism wees-represented in the sub-
network co-regulated by the response regulator MbrC associatedc@litenvelope stress
response [50]. Similarly, the genes putatively modulated by the ioymenregulatory protein
PyrR contained an over-representation of pyrimidine metabolistasgeSeveral instances
were also observed in which the functional category to which the tegbkionged to was
different from that found to be over represented within the given smmrie (Figure 3,
Additional file 7). Besides the above described intra- and intexgodtal relationships
between regulators and their sub-networks, the TRRN also containgatoeg relationships
which were already verified by others (see Additional file 5).

Figure 3 Categorical enrichment within the sub-networks comprisingthe S.mutans
biofilms TRRN upon carolacton treatment. The co-regulated groups or sub-networks
within the TRRN were found to be enriched with functional categsieh as KEGG
metabolic pathways, biological functional classes and gene onttéwgys thus lending
biological meaning to the inferred regulatory response network. gigated groups denote
sets of genes predicted to be commonly modulated by a transcrigtion (indicated by
filled pink rectangles). The regulatory response network also irglather transcriptional
factors with only incoming connections (black rectangles in baid)faund to be among the
co-regulated groups. Some of the co-regulated groups were found éoricbed with
functional categories such as KEGG metabolic pathways (octadmog)gical functional
classes (circles) and gene ontology terms (triangles) afearthers (black circles filled in
with letters ‘UK’) did not display any enrichment. Black edgéth ellipsoid target edges
represent relationships with dual regulation (some of the tratiscal regulatory
relationships within the sub-network are characterized by pogdistevational) expression
patterns and others by inverted (repressive) expression pdiegween the regulator and the
target gene). The meanings of all the other arrow symbelasadescribed in the legend of
Figure 2.




TRRN sub-networks co-regulated by global transcripion factors

The sub-networks of the global transcriptional regulators affectiegtiral metabolism
namely CodY and CcpA [38,51] were among the top three sub-networksnis of the
number of genes. CcpA is reported to modulate sugar uptake and metal@don
catabolite repression and expression of virulence related gen8sniutans [51]. The
treatment ofS mutans biofilms with carolacton caused an immediate downregulation of
CcpA modulated genes (Additional file 8). The CcpA sub-network consistegenes
encoding components of two mannose specific phosphotransferase sy§te¥s
(manLM)-SMU_1879 and SMU_1960c-SMU_1961c) [52-54], as well as three ATP
dependent transporter complexemstEFG, SMU_921-SMU 922 and SMU_1315c-
SMU_1317c) among others. WhilesmEFG is reportedly involved in the energy dependent
transport of multiple sugars [55], the substrate specificitieth@fother two clusters are
unknown. Sub-networks of other sugar-specific transcription factors suitte aspressors
for galactose (GalR) and fructose (FruR) were also found to bardgulated. Sugars serve
as substrates for the synthesis of glucans and associated by-pnadugted for adherence
to the tooth surface, biofilm formation as well as for the foromatif organic acids which aid
cariogenic disease progression [56-60]. The sub-network co-regblt€éddY (Additional
file 8) meanwhile was found to be enriched with genes belongingetanetabolism and
biosynthesis of amino acids, particularly the branched chain ones simicae, valine and
isoleucine. The control of the metabolism of these amino acidsody @as already been
reported [38]. Hence, from the preliminary analysis of the regylaesponse network, it can
be stated that carolacton has an inhibitory effect on the ceng@bolism of sugars and
amino acids by downregulating genes co-regulated by the glabattiptional factors CcpA
and CodY.

Immediate induction of the pyrimidine metabolism

Peptidoglycan is an important constituent of the gram positivevadlll-It is expected that
cell membrane damage and biofilm inhibition would have a substantst effi pathways
and genes related to cell wall synthesis and metabolism. UB&fylglucosamine, a key
intermediate in the biosynthetic process of the cell walthgmnent peptidoglycan, is
produced by glycolysis, sugar metabolism as well as the pyrimidietabolic pathway [61].
Expression data indicate the absence of immediate modulation and thesdolation at
later time points of the glycolytic pathway as well as lo¢ pathways related to the
metabolism of various sugars such as fructose, mannose and galactdlse.cOntrary, two
pyrimidine biosynthesis gene clusters (namely piieEFDZ and pyrRPBA-carB operons)
belonging to the PyrR sub-network and coding for the enzymes oftimigine metabolism
pathway (Figure 4) were upregulated by about 1 to 1.8 log2-fold at Hposintreatment
(Figure 5A). It is of note that most of the genes in the pyrmeighetabolism pathway were
not transcriptionally altered with the exception of the two stronghggulategyrEFDZ and
pyrRPBA-carB operons. These operons encode enzymes catalyzing the biochstepsal
leading to the production of UMP and UDP (see Figure 4) suggdsi@ghis part of the
pathway is specifically activated. An upregulation of the pying metabolism pathway
would produce pools of UDP-N-acetlyglucosamine (UDP-N-AG) foridegtycan synthesis
compensating carolacton-induced membrane and cell wall damage. Thpilaioa of
pyrimidine biosynthetic steps was also observed iS.aureus strain harboring a mutation of
a two component system essential for cell wall metabolism [62].



Figure 4 Heat map representation of the transcriptional response othe S. mutans
pyrimidine metabolic pathway upon carolacton treatment.Genes from the pyrimidine
metabolism pathway were among the first to be modulated upon carolagatment. The
log2-fold expression change of pathway genes at 5 min post treatraee used for the heat-
map representation. Green indicates upregulation and red downreguldt®nscdle is
indicative of the corresponding changes in normalized gene expressibwa?agenes
encoding enzymes catalyzing reactions leading up to UMP wemgly upregulated while
most of the other pathway genes exhibited relatively weak modulatiayntes marked in
black bold rectangles indicate the corresponding strongly upregulitesicripts of the
pathway. White cells correspond to pathway enzymes not found irettteng ofSmutans
UA159. If a particular enzyme corresponds to multiple transcrifgsa(gesult of multiple
protein subunits constituting an enzyme), then the transcript withiginest amplitude of
log2-fold change was used. Graph generated using the Mayday zasioalitool version
2.12.

Figure 5 Normalized expression profiles of genes modulated by selegtéanscription
factors in response to carolacton treatment. (AYhe normalized expression profiles of the
genes co-regulated by the pyrimidine biosynthesis regulataseiprin the carolacton
treatment context TRRN db mutans. Two operons containing genes encoding enzymes
involved in the biosynthesis of pyrimidine ribonucleotides were upregukharply by about
1.8 to 2 log2-fold 5 min post carolacton treatméB). The expression dynamics of the genes
co-regulated by the glutamine repressor GInR in response toatarokaeatment(C) The
normalized expression profiles of the genes commonly regulatethébydownregulated
essential TCS response regulateR in response to carolacton. VicR modulated genes
include those encoding virulence attributing products such as glueosydrases B and D,
cell wall protein WapE among othe ®) Temporal behavior of the 26 genes found within
the co-regulated group/subnetwork commonly modulated by SMU.852 encoding 4Re Cy
cysteine metabolism regulatory protein. Co-regulated gene greeps constructed by
overlaying predicted regulator-binding site maps onto the co-expresstaork as shown
here(E) specifically for the network confined tysR. The node corresponding to the lone
regulator (SMU.1509 encoding a putative Rgg family transcriptioofast the gene group
co-regulated by CysR is marked in grey.

Carolacton affects glutamine metabolism

Genes in the TRRN predicted to be co-regulated by the glutayinieetase repressor GInR
along withgInR itself were associated with a sharp downregulation init{#ligure 5B). It is
known that glutamine is an important source of nitrogenSfanutans [63]. Some of the
GInR-modulated genes in response to carolacton treatment includecmigkitransporter
gene-cluster (SMU_1519-SMU_1522), the glutamine/glutamate biosysibgsion glnRA-
gltAD), as well as an operon consisting of the putative ammoniumepoater coding gene
nrgA and the nitrogen regulatory protein coding ggh®. Other glutamate and glutamine
metabolism related genes suchcda®ZH andidh [64], whose modulation was also reported to
be mediated by GInR [49], were downregulated initially until 20 mint masolacton
addition. The protein products of tlodZH andidh genes catalyze the steps leading to the
formation of alpha-ketoglutarate from oxaloacetate (feedingl¢heovo glutamine synthesis
pathway) [64]. The expression pattern of the genes predicted to belleohtty GInR
suggests an activational (positive) rather than an inverted (negati@eypnship. But GInR is
known to function as a repressor protein. However, this does not seematodndicting
observation since GInR orthologs have been known to have dual activagss@dunctions



[65]. Hence, theS mutans GInR could also be a dual regulator given that several
transcriptional regulators with dual functions have been reported ea8emitans [66-68].

Glutamate is known to play a role in the acid tolerance responER)(Aechanism of
mutans [69-71] which is crucial for the survival and adaptatiorSafutans. Carolacton has
the maximum effect in terms of membrane damage and cell ieattively growing biofilm
cultures at low pH. But the transcriptional changes (immediate mgutation until 20 min
post treatment) ofInR and its target genes occurred at a neutral pH (data not shiowen) t
ruling out ATR as a cause for the intial modulation of GInR medigienes. At later time
points which correspond to a low pH, the upregulation of the GInR-modulated genes occurred
although a downregulation should have been the expected trend to enhancdrthEnAT
suggests that carolacton directly or indirectly diminishes thR ghereafter. Alternatively,
the upregulation of the glutamine metabolism genes comprising tie €al-regulated gene
group after the initial downregulation could possibly be explained aseans to provide
precursors for peptidoglycan biosynthesis. Thus, it is plausible tthe pyrimidine
metabolism is induced to feed the peptidoglycan biosynthesis duringitibé phase (until
20 min after carolacton treatment) followed by the upregulatidgheoflutamine metabolism
related genes during the later phase.

TRRN genes co-regulated by the essential responsgulator VicR

The microarray data show thatKR, one of the earliest responding TCSs upon carolacton
treatment, was downregulated. TWieKR TCS plays a major role in the biofilm formation,
competence development, oxidative stress tolerance, acid toleranugsiauproduction,
glucan and fructan metabolism 8f mutans [27,72-77]. In addition, the response regulator
VicR has also been identified as being essential for the survival miitans, i.e. it is an
essential gene which cannot be deleted [8]. The gene group co-rédpjateR (Figure 5C)

in the TRRN consisted mostly of downregulated genes including thuseliag surface
structure and cell wall proteins such as glucosyltransfelgsgsB and D, glucan binding
protein B (gbpB), and the sortase-anchored cell wall pretapk [78] among others. This is
consistent with the previous study [5] whereby all the genes including the ongbatkbere
and co-expressed with the downregulatedR had reduced transcript abundances. The
evidence put together suggests that carolacton could interfiréheisignalling mechanisms
related to the activity of this essential response regulatoelireexerting its biofilm
inhibitory and membrane damaging effects. Some of the genes sgitB,ajppB andcomC

in the VicR co-regulated gene cluster were already known to leetdiranscriptional
regulatory targets [76,79,80] of the VicR protein thus contributing to anpémdient
verification of our network prediction based on time-series micagatata and binding motif
information.

Modulation of genes co-regulated by the cysteine riabolism controlling
transcription factor CysR

Genes connected by edgesysR (encoding a regulatory protein controlling the metabolism
of sulfur containing amino acids [81]) in the co-expression network hadimghted and
positive expression patterns compared to thaysR (Additional file 2). After combining the
CysR binding motif information [81] however, directionality was asstjto the edges after
which all of thecysR co-regulated genes were having only positive expression patterns
(Figure 5D) in relation taysR. CysR was found to modulate 26 TRRN genes (Figure 5E)
making it the transcriptional regulator with the second highesedggumber of modulated



genes) in the carolacton context TRRN. Some of the genes tptios@lly modulated by
CysR include SMU_609 encoding a putative-40 K cell wall protein precu&VU_246
encoding a putative glycosyltransferase-N-acetylglucosamamgterase and SMU_984
whose gene product has been predicted to be an uncharacterized aatoigso others.
Besides, SMU_1509 whose gene product is a Rgg family [82] regulaitgimpmwas also
observed to be among the CysR sub-network as were genes encodiivg pNifgbroteins
related to nitrogen metabolism and those such as the SMU 1074-SMU_1077 operon
involved in cysteine metabolism. Statistically significant @mment for various functional
categories was not observed within the CysR sub-network and tjid b@ attributed to the
low number of genes from any given category. Neverthellessunctional relevance of the
individual genes (such as SMU_609 which is one of the strongest nestigktes with > 2
log2-fold upregulation in response to carolacton treatment) withilCyis® sub-network as
well as its connectivity in the TRRN point out the importanc€wR in the response &
mutans biofilms to carolacton.

Experimental verification of the predicted regulatay interactions between
MbrC (BceR) and themurMN-SMU_718 operon

By combining gene expression and binding motif informatiobyC was predicted to
regulate four so far unidentified target genes (the SMU_716-SNMITFSMU_718c operon

and SMU_610 encoding the cell surface antigen SpaP) in the carotezatment context
TRRN. The autoregulatory response regulator MbrC -also known & Bcencoded within

a four-gene operomor ABCD/bceABRS) and has been shown to regulate cell envelope stress
response mechanisms B mutans [50]. Ouyang et al. have demonstrated that MbrC
transcriptionally regulates the genes SMU_302, SMU_862, SMU_1006 and SMU_1856 by
binding to their promoter elements via a conserved binding motif. bihding motif
consensus consists of a conserved pair of inverted repeats stpgrateariable nucleotides
(TTACAANNTTGTAA) [50].

Among our predicted MbrC target genes, SMU_718c codes for a hypothmbtaih with a
haloacid dehalogenase-like domain, and SMU_716 and SMU_717 encode two different
enzymes, MurN and MurM respectively. These enzymes catahgdast steps of the
peptidoglycan biosynthesis pathway and also play an important rolganting resistance to

cell wall-acting antibiotics [83-86]. Figures 6A and B illustrdhe coexpression afbrC

with the murMN-SMU_718c operon genes and the potential MbrC binding site (TTACAA-
AT-TTCTAC) upstream of the putative targetrMN-SMU_718c operon respectively. This
potential binding site differs from the motif consensus identifie@byang et al. [50] by the
presence of two substitutions in the inverted repeat and is lagasér@éam (between -33 and
—20) of the transcriptional start site of timarMN-SMU _718c operon.



Figure 6 Experimental verification of the predicted transcriptional regulation of the
murMN-SMU_718c operon by the response regulator MbrC. The predicted
transcriptional regulatory relationship was based on a well atetilA) expression profile
betweenmbrC and themurMN-SMU_718 operon as well as the presence @)aputative
MbrC binding site (TTACAA-AT-TTCTAC) in the upstream regulatoregions of the
murMN-SMU_718 operon. The alignment among the MbrC binding sites in other
experimentally verified targets (black) reported by Ouyah@l. [50] and the putative site
upstream of the predicted target (red)rMN-SMU_718 operon is shown. The signature
repeats of the MbrC binding motif are italicized, underlined &aava in bold.(C) Binding

of MbrC to the promoter region of the gene SMU_1006 (positive controlyeréged using
Electro Mobility Shift Assays (EMSA), as already reportgdduyanget al. [50]. (D) EMSA
also provided the verification of the in-vitro binding of the MbrC proteirthe promoter
region of the predicted targeturMN-SMU_718c operon via the putative binding site thus
confirming that the latter is a transcriptional regulatorgeaof MbrC. The triangles indicate
increasing concentrations of MbrC in the binding reactions. Blaakgles followed by IR
indicates target DNA fragments lacking the MbrC binding site.

To verify this predicted regulatory relationship, Electro MobiBtyift Assays (EMSA) were
carried out. The promoter region of SMU_1006 served as a positive cantha hinding of
MbrC to it was reported previously [50]. An unrelated DNA fragn{anbund 100-150 bp,
lower DNA band in all the lanes) was added in all the samplpsote the specificity of the
binding reaction. As shown in Figure 6C, the results confirmed the bindiMprC to the
SMU_1006 promoter as well as the necessity of the consensus mahié foinding of MbrC
to its target. When an unrelated transcriptional regulator WeR used instead of MbrC in
the binding reaction as a control to test the specificity of ssaya no shifting of the DNA
band was found while with increasing MbrC concentrations, a clear shift wasebéaepper
band around 350 bp). No significant shift was observed upon deletinghthiegomotif from
the SMU_1006 promoter. Similarly, MbrC also bound to the promoter region of 318c
as indicated by a band shift at MbrC concentrations higherdahaaqual to 5pmol (Figure
6D). With increasing amounts of MbrC (5—-20 pmol) present in the bindaujioa mixture,
a shift from 250 bp (upper DNA band) to around 1 kbp was observed. No akifthgerved
in the control lane corresponding to the reaction mixture containmgurarelated
transcriptional regulator VicR (whose binding site was not presetiieimurMN-SMU_718
promoter) confirming the absence of non-specific binding. Furtheintbe deletion of the
MbrC binding site from thenurMN-SMU_718 promoter also abolished the binding of MbrC
to its DNA target. Thus the observations from the EMSA studige kanfirmed that the
murMN-SMU_ 718 operon is a direct target of the MbrC response regutatoedicted from
the regulatory response network. The two substitutions present in tHé Mihding site
upstream of thenurMN-SMU_718c operon could reflect a less stringent binding of MbrC.
Accordingly, the shift of the SMU_718c target DNA occurred at ghdri MbrC protein
concentration (10 pmol) than that (5 pmol) observed for the correspondidg 1906 target
DNA.

Our finding that MbrC directly controls the expression of twoyeres involved in a central
step of cell wall synthesis further highlights the importancenisfresponse regulator for the
cell envelope stress response and for maintaining cell wall dsiass. The reconstitution of
the Gram positive bacterial cell wall during growth is cdtely linked to the synthesis of
peptidoglycan polymer chains [87]. BothurM and murN encode alanine adding enzymes
involved in the branched peptide peptidoglycan biosynthetic pathway andalsavéeen
reported to be primary determinants of the peptidoglycan stem pegitideture [83,86]



which in turn affects various virulence properties such as antibiegistance [88-90] and
pathogenesis [91]. Thus, although the transcriptional induction ofmth®N-SMU_718
operon and thelbrC gene is relatively weak following carolacton treatment, ghhstill be
significant since only a few copies of the enzymes might potignitia required to catalyze
the peptidoglycan biosynthetic reactions. Post transcriptional tegule enzymes involved
in cell wall synthesis and cell division might also significardbntribute to a quick and
efficient adaptation of the cell to maintain cell wall homeastaghus small transcriptional
changes might result in strong changes of enzyme activity. indumtthe MbrC regulon by
carolacton is reminiscent of the previously observed cell envelmgss sesponse induced by
bacitracin inS. mutans [50] mediated by this regulon. This finding further points out the
influence of carolacton on cell wall synthesis as reported previously [5].

Deletion mutants of “key” transcriptional regulator s

Based on the inferred TRRN and co-expression networks, singke dgetion mutants
corresponding to five different transcriptional regulators (CysR, Rgg, GInR,, smdA-abT)
were constructed. We chose these potential key genes for expatimealuation based on
the following criteria. Next to that of CodY, CysR (SMU_852) wasidied as the regulator
with the highest connectivity in the regulatory response network. Gsd¥ well-known
global master regulator [38] and its deletion has been shown todiai@us phenotypic
effects such as the reduced capacity to form biofilms [38].eSimafilm growth is a pre-
requisite for the inhibitory action and membrane damage causeardiactoncodY was not
chosen as a deletion candidatgg (SMU_1509) was identified as the only transcriptional
regulator encoding gene among the CysR co-regulated genes racel ai@s chosen as a
candidate for deletion. Alterations in the cell wall metabolkismld play a critical role in the
response ofS. mutans biofilms to carolacton due to the observed membrane and cell wall
damage [3,5]. GInR was chosen as a possible knock-out target dueinmpadtigance in
peptidoglycan biosynthesis and cell wall metabolism via many ofjlttamine-metabolism
and transport genes which it modulates as observed in the T®RRA(SMU_1142) and
fabT (SMU_1745) were identified as the top two nodes purely based on cortyactithe
co-expression network and hence chosen for further testing. Thegathes from the co-
expression network were not chosen in this work.

The susceptibility to carolacton treatment of 20 h-old statiglimsfof the corresponding key
regulator gene deletion mutants was tested using Live/Deadityiadining. As shown in
Figure 7A, carolacton only marginally reduced the viability (~%6lbhhibition) of the
biofilms of the cysR gene deletion strain, while complementationcg$R in trans fully
restored the carolacton sensitive phenotype of the wildtype (ap@t@tin®5-55% inhibition

of viability). It was previously shown that carolacton exclusiwddynages growing biofilms
[5]. The observed strong loss in sensitivity of tysR gene deletion strain to carolacton was
not biased due to poor or significantly slower growing mutant bisfdémce the final growth
yield and doubling time of theysR gene deletion mutant was only slightly reduced in
comparison to the wildtype (data not shown). Strikingly, $heA gene deletion strain
displayed impaired ability to grow under acidic conditions [92], a ¢mmdknown to be
essential for the carolacton induced membrane damagenmitans [5]. However, all the
tested strains with th&bT or cysR deletion showed similar susceptibilities to carolacton
relative to the wildtype (Figure 7A). For tfabT deletion mutant though, no final conclusion
regarding its sensitivity to carolacton treatment could be dravae $he mutant strain grew
very poorly under the tested conditions and formed very thin biofilmse Sjmawth is a
prerequisite for the membrane damage caused by carolactoneméed®iy the results of the



Live/Dead staining for théabT mutant should be interpreted with caution. However, the
membrane integrity of thiabT deletion mutant was highly compromised (data not shown), as
determined by live/dead staining. The importancklof for maintaining membrane integrity

in S mutans biofilms might also be indicative of its involvement in the membérdamage
caused by carolacton treatment. Furthermfaigl was identified as a top structural hub of
the inferred co-expression network, indicating its essential gplogscal role, and the
deletion of which is therefore expected to have a high chance to cause pobr growt

Figure 7 Effect of deleting five “key” transcriptional regulators and sersitivity of the
cysR deletion mutant to carolacton treatment. (A) Inhibition of viability caused by
carolacton treatment was tested for the biofilms of gene idelenhutants of 5 key
transcriptional regulators identified from network analysis. Thebitibn of viability was
determined by live/dead staining of 20 h-old static biofilms of mtutaild type andcysR
complementation strains under carolacton treatment and is expessadibition of the
green/red fluorescence ratio. The bars show the mean of three indepénuegical
replicates.(B) The effect of carolacton treatment on the number of colony fgrmnits
(cfu’s) of biofilms of theS. mutans UA159 wildtype andtysR gene deletion mutant was also
investigated. The Cfu experiment was repeated in two biologipatates. The sequences of
primers used for generating the deletion mutants are given in Additional file 9.

The role of cysR in the response ofs. mutans biofilms to carolacton

From our initial susceptibility studies of mutant biofiims undemwlzaton treatmentgysR
could be identified as being essential for the sensitivity of grg8 mutans biofilms to
carolacton treatment. The almost complete loss of sensitiviheaysk mutant to carolacton
treatment was independently confirmed by the determination ohgdiorming units of
carolacton treated and untreated biofilms of the wild type g gene deletion strains.
While the wildtype showed a reduction of CFUs of approximately 7&%f,carolacton
treated and untreated mutant cells showed almost no difference amiment of colony
forming units (Figure 7B). Thus the experiment clearly confithesessential role aysR in
the response @& mutans biofilms to carolacton treatment, as predicted from the TRRI¥.
genome ofS. mutans encodes 4 LysR-type transcriptional regulators, of which 3 (CysR
MetR, HomR) are phylogenetically linked and control the supplyutiiiis amino acids
[81,93]. CysR is known to modulate the expression of genes involved in cysteialkolism
in S mutans [81]. Here, we provide data showing that apart from its roleysteme
metabolism, CysR is essential for the responsg oiutans biofilms to the biofilm inhibitor
carolacton. This implies a potential role of CysR in cell wadiintenance, as this trait was
shown to be impaired in carolacton treated biofilm cells and @llchanges are most likely
responsible for cell death caused under acidic conditions [5].

The inferred transcriptional regulatory targets of CysR, astifterl after integration of
contextual coexpression correlation and binding motif information, indeegrismrgenes
involved in maintaining cell wall homeostasis. Genes SMU_984 and SMU meo@le two
autolysins which were not characterised so far. Interestibgti, genes were immediately (5
min after treatment) and constantly upregulated after caooldaceatment and belong to the
strongest regulated genes of our time-resolved transcriptome Sy 609 encodes a 40
K cell wall protein which was shown to exhibit murein hydrolasevig¢t using a
peptidoglycan zymogram assay and is likely linked to the celhsaivia the sortase system
[78,94]. As cell wall synthesis during growth depends on a balanced aydrgtween build-
up and breakdown of the cell-wall, enhanced autolysin activity npigimhote cell lysis [95]



and thus explain the influence of CysR on cell death. However, det#tiSMU_609 and
SMU_984 did not cause a carolacton insensitive phenotype (data not sAowtijer CysR
regulated gene,rgpG (SMU_246), encodes a putative UDP-N-acetylglucosamine
undecaprenyl-phosphate GlcNac 1-phosphate transferase. This enzghysesathe first
membrane localized step of the biosynthesis of various polymelse diacterial cell wall.
The other potential target genes include the gene cluster SMU_10744%MU which
encode putative metabolic enzymes belonging to the pathways relatgsteine metabolism
and is concurrent with the known roleaysR in cysteine metabolism [81].

It should also be noted theytsR and its paralogpsyY are located in close vicinity to the genes
of the de novo pyrimidine biosynthesis pathway on the genorSenaftans. The pyrimidine
biosynthesis genes were shown to be the strongest upregulated gemepdstnuarolacton
treatment. The functionality of pyrimidine metabolism, espsaciafl the pyr gene clusters
upregulated specifically under carolacton treatment, could possiblyinked to the
availability and synthesis of cell wall precursors. In prokayogenes encoding products
involved in the same or related biological functions are often Idéatelose neighbourhood
on the genome [96-98].

Moreover, for theS iniae cysR ortholog cpsY, it was shown that this LysR type
transcriptional regulator (LTTR) induced cell wall changesemsal for the intracellular
survival of this invasive pathogen in neutrophils [99]. Interestinglyhénstudy of Allenet

al. [99], it was determined that deletion @dsY alters the cell surface charge, muropeptide
composition and susceptibility to lysozyme treatment. This is fallgccordance with the
current understanding of the mode of action of carolacton [5]. Howauttef experiments
are necessary to verify the targets of CysR experirherag. EMSA experiments with
purified CysR protein) and to fully address the roleyaR in cell wall metabolism e.g. by
knocking out the CysR regulated autolysins. Altogether, our data btrenggest a so far
unidentified role of the CysR transcriptional regulator in cell wall homesstasi

A highly interesting aspect of the network prediction is timelifig that CysR potentially

regulates another transcriptional regulator (Rgg). As the cavalaspecific regulatory

response network contains albeit only two levels of hierarchy, €gsRhus be considered
as a potential global regulator. Rgg transcriptional regulatssocated with small

hydrophobic peptides (SHP) were identified to represent a parnof’&l quorum sensing

mechanism in Streptococci [82,100]. Rgg proteins have been identifeeccanserved in

nearly all streptococci [101]. This mechanism works independentlyT@3 but senses the
signalling molecule inside the cell after its internalisati@an oligopeptide permease [82].
But the Rgg knockout strain showed comparable susceptibility to camolkeatment as the
wildtype strain (Figure 7A) thus excluding the possibility of Rgg @peancritical regulator

mediating the observed effects of carolacton.

With respect taysR however, its deletion mutant displayed a loss of sensitivityrtmazon
as a result of a reduction in the inhibition of viability causecc#éylacton. Nevertheless,
CysR might not represent the primary target of carolactaheatreated biofilm cells of the
cysR gene deletion mutant still exhibit an inhibition of about 10%. Moregpleenotypic
differences between carolacton treated and untreeysd mutant biofilm cells were
observed, indicating that carolacton can still bind to its tafget(d induce changes in the
cellular morphology. Nevertheless, the lethal effects of camlaiteatment apparently rely
to a large extent on the presence of an intact copy oty gene. Another interesting
guestion is the link of CysR to the PknB controlled regulorpkaB was also shown to be



essential for carolacton mediated cell death [5]. With PknB beigiglzl regulator of cell
division [102] and virulence attributes [103], the regulons of PknB and @ygRt converge

at the level of the modulated autolysins. The CysR coregulateds geli®) 984 and
SMU_609 were 2 of the 3 strongest modulated genes in the trans@ighoalysis of an
exponentially growingpknB deletion strain [103]. However, as the deletion mutants of
SMU_609 and SMU_984 are still susceptible to carolacton treatmenpatastial overlap

of the regulatory systems does not provide an explanation why botpknBeand cysR
deletion mutant biofilms exhibited almost no sensitivity to carolacton treatme

Since LTTRs show a high degree of sequence conservation, canpoftant metabolic
pathways of sulfur containing amino acids, and since sulfur is ealstemtthe active sites of
many enzymes, the transcriptional regulator CysR might &smkattractive drug target. Co-
factor binding is required for its transcriptional activation, andikaty cofactor could be O-
Acetylserine (OAS) [81]. Thus, small molecule inhibitors could paaéiytbe designed to
compete with the co-effector molecule for the binding site anlifiifR and to finally block
its biological function. To conclude, we have shown here strong evideatehe role of
CysR may be much more diverse and important than previously expbcigsd.essential for
survival like cell wall metabolism and sulfur amino acid supplycargrolled by this LTTR.
Thus CysR might represent an attractive novel streptococcal drug target.

Linkage between the PknB and CysR regulons

Deletion of cysR almost completely prevents cell death in carolacton treatefiinis, a
finding previously reported for the gene deletion strain of the Sé&rmeonine Protein
Kinase (STPK) encoding gepknB as well [5]. This instantly raises the question whether the
regulons of these two proteins overlap or if PknB is located upstoda@ysR in the
regulatory cascade and thus controls the latter’'s activity. Egillators putatively modulate
the expression of the two carolacton responsive autolysins SMU_984 and6®®Wvhich
might explain the shared insensitive phenotype to carolacton of their mutarg. stra

However, in this study, we focus only on the transcriptional networkysisawhile PknB
modulates its target genes via protein phosphorylation at the puostripgional level
[9,103,104]. Thus the question whether and on which level the modulated netwBtiksBof
and CysR converge and if they represent the essential patbwthefcarolacton mediated
cell death cannot be fully answered from the transcriptional regylaetwork analysis. To
guantitatively understand the effects of carolacton on cell meta@nd to determine the
missing layers in the regulatory cascades of CysR and PkiBnécessary to consider the
regulatory effects of small non-coding RNAs [105] and other possdrgtional and post-
translational modifications [106,107] including modulation by other sigglpathways
[108]. Transcriptional network analysis is generally lacking ironmfation about these
important regulatory mechanisms which have been shown to be dsdentieellular
metabolism and homeostasis [105,106,109]. Nevertheless, we have demonsteatde: he
high merit of transcriptional network prediction and analysis to ifyeat key regulator
mediating cell death i8 mutans biofilms in response to the biofilm inhibitor carolacton.

Conclusion

We have used a combination of transcriptional network prediction and ireepéal
verification to analyse the responseSfmutans biofilms upon treatment with the biofilm



inhibitor carolacton. According to our knowledge, this is the first stnfiyring a genome-
wide transcriptional regulatory response network $Somutans using heterogeneous data
including a time-series transcriptomic dataset and transcriptemtor binding site
information Based on the inferences from the regulatory network, we experimentafigdser
important predicted transcriptional regulatory interactions éetwthe cell envelope stress
modulating TCS response regulator MbrC and the operon harbouringutihéN genes
encoding cell wall metabolism associated enzymes. CysR,uategknown to modulate
cysteine metabolism, was predicted and experimentally veribethte an essential key
regulator for the mode of action of the biofilm inhibitor carolactom: @ata strongly suggest
a role ofcysR in cell wall metabolism, cell division and cell surface biceges, apart from its
already known role in cysteine metabolism and sulfur supp$ mutans, thus highlighting
its potential as an attractive novel streptococcal drug targeth&e also demonstrate the
high predictive power of the network construction and analysis strategy used iorkis w

Methods

Transcriptomics

Static biofilm cultures o&. mutans UA159 were grown in routine 24 well plates (Greiner Bio
One, Frickenhausen, Germany) using 800 Todd Hewitt Broth (Becton Dickinson,
Heidelberg, Germany) supplemented with 0.5% sucrose (Sigma, TaefkirGermany) per
well as media. Overnight cultures of planktonic cells in Todd HeBribth were diluted in
the biofilm medium to a starting OD of 0.05 and biofilms were gréen3 hours under
anaerobic conditions (80%:,N 10% CQ , 10% H) in a chamber (Don Whitley Scientific,
Shipley, England). Thereafter, the supernatants were completelgved and exchanged
with fresh medium (control samples) or either fresh medium supptedhevith 2.5ug/mi
carolacton (treated samples). For the control, an equivalent volumetiodmol was added.
Samples were taken after 0, 5, 20, 40, 60, 80, 100, 120, 160, 200, 240 and 300 minutes by
removing the supernatant and adding 200resh medium and 40@Ql of RNA protect
(Qiagen, Hilden Germany). Biofilms representing one condition weregped from at least 3
individual wells and pooled together. Cells were pelleted by fegation, washed with
Molecular biology grade water (Sigma, Taufkirchen, Germamg) lysed with a combination
of Lysozyme/mutanolysin treatment and mechanical disruption sf wéh glass beads [5].
Total RNA was extracted using the RNeasy Kit (Qiagen, Hildermany) as recommended
by the manufacturer. The overall experiment was repeated once.

2 ug of total RNA from each sample was labeled with Cy3 and (@S- (Kreatech,
Netherlands) according to the protocol of the company. Fragmentadti@NA and further
processing was performed according to the Agilent hybridizatibiprocedure. Samples
were hybridized in a dye swap design on 8x1SKmutans custom arrays (Agilent,
Boblingen, Germany) for 14 h at 65°C as previously described [5].

The array design is described in detail in [5]. Slides wersha@d and scanned as
recommended by Agilent. For feature extraction, the Agiletriaetion software (V. 10.7)
was used. The further data analysis was performed using thek@geaLIMMA. For dye
specific within-array normalization, the LOWESS algorithm wapplied. Quantile
normalization was used for between array-normalization. Genesgonging to rows with
blanks were omitted. From the log transformed and background cormeetgidn signal
intensities, the fold change between treated and untreated samagleslculated for every



gene at each time point. The log2 (treated/untreated) exqmassios were then subjected to
a within-gene normalization. Genes with a log2-fold ratio grethtar 0.8 were regarded as
genes corresponding to transcripts with altered abundances (GTAAS).

Functional context enrichment analysis

Enrichment analysis was performed separately for the up- and dowatesh@TAAs (at
every measured time point) with respect to each of the known kialdginctional classes
and KEGG metabolic pathways in order to gain an overview of the vafimgional
categories affected by carolacton treatment. 15 main and 9Tfusational classes o8
mutans UA159 were compiled using the gene annotation information furnished in the
Oralgen database (version 2011 and now re-named as The Bioinforraatiarée for Oral
Pathogens). The gene membership informatiors ahutans UA159 corresponding to 84
different pathways was retrieved from the KEGG databasesi¢ve 2011). The
hypergeometric test with Benjamini Hochberg correction wasd use quantify the
significance of the overlap between the GTAAs and the fundtiaadegories. A
corresponding significance score was also calculated as avedggarithmic function of the
corrected P value. The significance score is a user friendBsure of the relevance of the
overlap between functional categories and the GTAAs. The highsighiéicance score, the
more relevant is the overlap. Categories with significance spreaer than O represented
significant enrichment.

Inferring gene-gene correlation relationships fromtranscriptomic data using
the Trend Correlation (TC) method

The TC method [32] allows the inference of gene-to-gene timexthggsitive or negative
“associations” or pairs of genes based on extracting thefewtires of the change trend and
the correlation of gene expression changes between consecuiwepdints [32]. Time
lagged co-expression relationships are those in which the expressiemgpatf two genes
are better correlated when a time shift is introduced [32]hignwork, we adapted the TC
method by calculating the correlation coefficient from the chamges rather than change
levels between consecutive time points since the time interthkeaheasurements was not
constant (personal communication, Feng He). Potential co-expressationghips were
checked for every possible regulator-gene pair given the minimunberuof expression
measurements in the chosen time window was four. The gengiansesnetwork consisted
of optimal expression relationships which started either at 0, ZDanin post carolacton
treatment in order to capture the correlations mediating thaliresponse to carolacton. The
significance of correlation of a gene-pair for every timedow is measured by the co-
expression P-value by procedures described previously in the TC methdel &t al. [32].
The individual P-values of correlation for a gene-pair within evensicered time-window
are compared among each other. Optimal correlation for a geneepais to the time
window within which the correlation between the genes is mostfisigmi statistically.
Parameters such as the correlation co-efficient, the trend, saode the P-value were
calculated as described previously [32] to characterize theeelegnd randomness of
correlation between the temporal expression patterns of geneas3beation between two
genes was considered to be statistically significarttafdorresponding P-value of their co-
expression was determined to be lower than the optimal P-value catotflated using
standard performance metrics as explained below.



Performance metrics for the determination of the oimal P-value threshold

The optimality of the P-value threshold was determined based onsitmé&{Eq. 1) which in
turn is a function of the equilibrium between the Recall (Eq. i) Rrecision (Eq. 3)
functions which are defined below.

» F-score: this is predictive of the balancing property or equilibrium leetwes Precision
and Recall parameters. The F-score usually reaches a maximum peak-aline P

optimum.
2+Precision*Recall
F — score = — (1)
Precision+Recall

* Recall (also termed as True Positive Rate or Sensitivity) : definte &saction of true

“associations” which are inferred as significant by the TC method
Recall = Number of true positives

Number of true positives+Number of false negatives (2)

» Precision (also termed as Positive Predictive Value) : defined asthierirof inferred

significant “associations” which are true
Number of true positives

Precision = 3

Number of true positives+Number of false positives

Gene-pairs within the same operon because of their virtue of coloer@xipression were
used as the “gold standard” or true positives. False positives atm#tié inferred significant
“associations” between genes from different operons wheedses megatives represent the
intraoperonic gene-pairs which were considered as insignificant hiuth were seemingly
missed out at the particular P-value threshold. The operon informatisnpredicted by
Pathway Tools [110]. Differential edges [111,112] in response to capla@atment were
pooled together to form the final co-expression network.

Construction of Position Specific Scoring MatricegPSSMs) representing
transcription factor binding motifs

Experimentally verified DNA binding sites & mutans transcription factors were retrieved
from literature when available. The comparitive genomics bapptbach using the concept
of regulogic extrapolation as explained in [33] was carried outetrieve orthologous
regulatory relationships i8 mutans from experimentally verified relationships Bisubtilis.
Validated binding sites oB.subtilis transcription factors were retrieved from the DBTBS
database [113]. OrthoMCL [114], which is a genome-scale algorithmrdémping matching
protein sequences, was used to identify orthologous genes shareérs@tmutans UA159
and other gram positive bacterial species including some reprigergpecies from the
Streptococcus genus. The OrthoMCL results were verified by mgnsedirching for the
presence of commonly occurring domains in the protein sequences of the orthologoat pai
transcription factors. To increase the reliability of a paldicpredicted regulog i8 mutans,

a check was performed to ascertain if the regulog was codservat least some species
within the Streptococcus genus. Consensus motifs constructed from tdanfidiwg sites
have a low predictive value [37]. Hence the available binding sites wmriched with
corresponding putative sites from regulogs identified from diffesgpdcies within the
Streptococcus genus. In addition to the PSSMs constructed from maidetiyfied
regulogs, PSSMs were also compiled from already assembleldbgeagsites retrieved from
the RegPrecise database [36] and from phylogenetic footpristiinies. Each resulting set
of binding sites was submitted ¢onsensus, which is a tool for mining out conserved motifs.



The tab-formatted PSSMs were then converted into TRANSFAQdtted PSSMs which
enable an user-friendly organization of pattern matching results. idwhlitfile 3 lists the
transcription factors with their corresponding binding site information.

Prediction of putative binding sites by Pattern Mathing

Since the predictive capacity of each PSSM (due to its vamgiognation content) differs
from case to case, a generic or common P-value could not be usedeto got “putative-
target hits” (i.e. genes or operons harboring binding sites predigtatie corresponding
PSSMs). The RSAT tool termedatrix-quality [37] was used to objectively determine the
optimal P-value for every PSSM. The TRANSFAC formatted PS&bte then employed to
search for putative sites using the ta@dtrix-scan (http://rsat.ulb.ac.be/) [115,116] with the
determined optimal P-values set as the cut-offs. Putative sies searched for in the
upstream regions (1000 bps upstream of the start codon with no overaph&itoding
regions of the preceding ORF) of all genes inSheutans UA159 genome. A markov order
of 0 and a background model comprisiSigmutans specific upstream regions (no overlap
with ORF coding regions) was used during the pattern matching scan. Thegesitas with

a P-value smaller than the determined optimal P-value were cmtids significant. In
cases of PSSMs for which the optimal P-values could not be detdrahireeto the inherent
low complexity of the motifs [37], a whole genome string-based idéatification was
performed using the non-matrix based tool genome-siraeattern (http://rsat.ulb.ac.be/)
[115] with an allowance for a maximum of 2 mismatches. Both thea@vand reverse
strands were subject to the pattern matching procedure.

Analysis of sub-networks

Even if the expression profiles of not all the genes in the sgason are well correlated
with the expression of a certain regulator gene, we assurhaltithe genes in the same
operon will be regulated by the regulator provided that the sworeding binding sites are
found in the upstream regulatory regions of the operon. This iswéhaefer to as operon-
oriented adjustment.

To obtain the TRRN, the co-expression network was superimposed onagthator-target

gene binding site map. The genes in each co-regulated TRRN groupretwgork after

operon-oriented adjustment were analyzed to detect any signibeanirepresentation of
categories such as biological functional classes, KEGG meatapatihways and gene
ontology terms. The hypergeometric distribution was employed termdme over-

represented categories with the network analysiscmuapare-classes (http://rsat.ulb.ac.be/).
Self and reciprocal comparisons were avoided. Enrichment eventsignificance scores >
=0 were considered as statistically significant. Gene ontoldgymation was retrieved from
the Pathosystems Resource Integration Center (PATRIC) [117]. tidl network

visualizations were performed using Cytoscape [118]. Network snetfre analyzed using
the tool MFINDER [119]. The significance of the discovered faoti the real network was
determined in comparison to their occurrences after 10000 randomizattoasfvalue <

=0.01). Heat map representation of metabolic pathways was genesitedthe Mayday
visualization tool version 2.12.



Heterologous expression and purification of respomsregulator proteins

Coding sequences corresponding to $henutans response regulators MbrC (SMU_1008)
and VicR (SMU_1517c) were PCR-amplified with Phusion-Polymera&BjNising primer
pairs MbrCFor/MbrCRev and VicRFor/VicRRev respectively (skeditional file 9).
Homologous flanks to the vector sequence of pET28c were implemerthedZtends of the
primer. The purified DNA was subsequently cloned in expression vecid8aHNovagen)
cut with Ncol/Xhol (Fermentas) using the CloneEZKit (Genpscr Resulting plasmids
bearing the coding sequence for a N-terminal His-Tag werdied by sequencing and
transformed in BL21Star. Cells were grown in 4 | shaking flaks, irdlucdh 1 mM IPTG at
an ODyoo of 0.5 and harvested 4 hours after induction. The resulting cell peietre-
suspended in lysis buffer (50 mM Tris, 150 mM NaCl, pH 7.4) supplementeddwng/ml
lysozyme (Sigma) and frozen at —20°C. After de-freezing the pelleyd @NAse | (Roche)
and 5 mM MgSQ (Sigma, final concentration) were added and 5 cycles of sonification for 60
seconds were applied to lyse cells (duty cycle 0.5 Sec, pause dngditude 60%). Finally
0.1% NP40 (Sigma, final concentration) and 10 mM imidazol (Sigmd, dmacentration)
were added and cell debris was removed by centrifugation aratidih (0.45um). His-
tagged proteins were purified on a HIS-Talon (Clontech) column usibgoaFlow FPLC
(Biorad) at a flow rate of 0.5 ml/h. Resulting purified proteiresravdesalted using PD10
columns (Amersham), eluted in 1xPBS buffer and measured using &oppetometer
(Nanodrop ND1000, Peglab) to determine the protein concentration. The respgulsgor
was over 99% pure as confirmed by SDS-PAGE (data not shown). Proregiens
containing the potential binding sites of MbrC were PCR amplifiégu$ag-polymerase.
The primers used are listed in Additional file 9. PCR-producte parified using the PCR-
Purification Kit (Qiagen) and used as targets for EMSA.

Deletion of potential binding sites

Potential binding sites of the response regulator MbrC wereedeleting a PCR-driven
overlap extension method [120]. Motifs in the promoter regions of SMU_610, 318)
and SMU_1006 were deleted by two initial PCRs generating overlappi#g d2quences.
Taqg polymerase (Qiagen) was used for the amplification obmegilanking the potential
binding sites. PCR-products were purified from an agarose gel t@n@el Extraction Kit
(Qiagen) and used as template for a third PCR with Phusion pelgeneising primers
(Additional file 9) spanning the whole region. Purified PCR-produ@seweloned blunt-end
in the EcoRV restriction site of vector pGEM5Zf(+) (Promegagsuiting plasmids were
verified by sequencing and used as template for a PCR to fipatigrate the DNA-targets
for EMSA.

EMSA procedure

The response regulator (MbrC and VicR) proteins were activhtedacetylphosphate
(Sigma). An aligot of the protein was incubated for 2 h at RT (r@wnpérature) in reaction
buffer (25 mM acetylphosphate, 50 mM Tris—HCI, 50 mM KCI, 10 mM Mg@l mM
dithiothreitol) as described previously. Excess of acetylphosphaeemsoved by filtration
and the protein was serially diluted in binding buffer (10 mM Tris,M EDTA, 100 mM
KCI, 100 uM DTT, 5% vol/vol glycerol, 10ug/ml BSA, pH 7.5). 0.5 pmol of target and
competitor DNA was added to each reaction and incubated for 1 h.atHeTunrelated
response regulator VicR which has a similar MW and pl asdbponse regulator MbrC
under study was used as a negative control to rule out unspecifibDiitng. Fourul of the



reaction mixture was applied on a 5% acrylamide gel run inbbtnate-EDTA (TBE) buffer
at pH 7.4. Gels were stained using SybrGold and visualized in alltnamisator (Alpha
DigiDoc, Biorad) at 254 nm.

Construction of gene deletion mutants and ayskR complementation strain

Upstream and downstream flanking regionsysR were PCR-amplified using primers CysR
P1/2 and CysR P3/4 (see Additional file 9 for the primers usedrtergte deletion mutants)
and genomic DNA ofS mutans UA159 as template. The erythromycin resistance cassette
was amplified from genomic DNA of a previously constructed muytgnRestriction sites of
Ascl and Fsel were introduced via the 5’-termini of the prim&fter restriction digestion of
purified PCR-products with the appropriate restriction enzymes, thandpdownstream
flanks were ligated to the ERM cassette using T4 DNA Ligase and ditexrtsformed in the
S mutans UA159 WT strain according to the procedure of Li et al. [121]. G#aletion
strains were selected on THBY agar plates containinggd@! erythromycin. Genomic DNA
of isolated clones was analysed with PCR and primers P1 and Rdingpéhe entire gene
deletion construct. Sequencing was used to further confirm thectamsertion of the gene
deletion construct via double homologous recombination. For the generatioar ajther
gene deletion strainglQR, fabT, rgg andspxA), a similar procedure was carried out.

RNA was isolated from the exponentially growiygR gene deletion strain and was verified
for the absence afysR mRNA with RT-PCR using the 3 primer pairs Q-CYSR1-F/R, Q-
CYSR2-F/R, and Q-CYSR3-F/R. Primers specific for the ComX (€dfaR) and ComE
(ComE F/R) encoding genes were used as positive controls foRTRBCR reaction.
Reactions in which the reverse transcriptase was replacedvadién functioned as negative
controls. For the complementation of tbgsR gene deletion strain, the enticgsR gene
including its promoter region were PCR-amplified with primer€SR1-F and C-CYSR1-

R and cloned blunt end via the Smal restriction site in the répkcalasmid pDL278 [122].
Resulting plasmids were verified by sequencing and transform#tk tysR gene deletion
strain as described elsewhere [121].

Viability measurements of the carolacton treatedysR deletion strain using
Live/Dead viability staining and by Cfu determination

Viability measurements using live/dead viability staining abtacton treated and untreated
biofilms of theS mutans UA159 wildtype, gene deletion and complementation strains were
essentially performed as previously described [5]. Biofilim&.ahutans UA159 WT were
used as positive control. The experiment was repeated in two ibadlogplicates. For the
cfu determination, biofilms representing one condition were harvesigg@oled from 5
individual wells. Chains and biofilm clumps were dispersed and destrosing mild
ultrasonification conditions as described before [123] and plated on Ta¢fAY-plates
(containing 10pg/ml erythromycin for the mutant) in 3 technical replicatesceLdead
staining before and after sonification verified that the sonifinathad no significant
influence on cell viability. The overall experiment was repeated in 2 biolagipktates.
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Additional files

Additional _file 1 as XLS

Additional file 1 Functional enrichment analysis (with respect to biological functional
classes and KEGG metabolic pathways) of the set of up- and downregulated GI#As
carolacton treatment at each time point. The biological functional clagsesddeom the
Oralgen database (version 2011 and now re-named as The Bioinformatic ResoOred for
Pathogens) were classified as main or sub-functional classes depending anrbiition
hierarchies whereas the pathway information was derived from the KEGiéasataersion
2011). Functional classes that are most significantly enriched (sigitiécsxore > =1) are
marked in dark green and those with decreasing significance with diminishaessbfa
green under the threshold limitation of significance score > =0. The hypergeomet
distribution with Benjamini Hochberg correction was used to determine the cayaé of
over-representation. NA indicates the absence of GTAAs at the giverfoldg2tio cutoff or
the absence of statistically significant over-representation (gignde score < 0) of
functional categories.

Additional_file_2 as XLSX

Additional file 2 TheS mutans genetic co-expression network in response to carolacton
treatment as inferred using the Trend Correlation method. 8284 gene-pairs emesliaf
statistically significant by using the standard performance memidgprocedures as
described in the Methods section. The P-value indicates the randomness of the gafieere
gene co-expression relationships. Positive co-expression relationshipsrbgemes are
denoted by 1 and negative inverted relationships by 0 under the ‘Relationship’ column.



Additional_file_3 as DOCX

Additional file 3 The list ofS. mutans UA159 transcription factors and their binding motif
information compiled in this study. TF: Transcription factor. B&illus subtilis. AAA

(SMART database accession number SM00382): Domain found in ATPases assotimted wi
a variety of cellular processes; Bac_DnaA_C (SMU00760): Domain represteiqy

terminal regions of bacterial DnaA proteins; PDZ (SM00228): Domain repnegefistinct
regions found in diverse signalling proteins; REC (SM00448): Type of responsatoegul
domain; HTH_LUXR (SM00421): DNA-bending helix-turn-helix domain present in
transcriptional regulators of the LuxR/FixJ family of response regslaitirH_MERR
(SM00422): Domain found in transcriptional regulators which bind DNA via a helix-turn-
helix structure and which mediate mercury-dependent induction of the meesistance
operon. CoA_binding (SM00881): Domain found in a number of proteins including succinyl
CoA synthases, malate and ATP-citrate ligases. HTH_ARSR (SM00418): Didiiabj

winged helix-turn-helix (WHTH) domain present in transcription regulatorseoatsR/smtB
family and involved in stress-response to heavy metal ions; Trans_Reg_C (SM00862):
Domain found in the C-terminal regions of response regulator proteins.

Additional_file_4 as XLSX

Additional file 4 The list of regulator-target gene relationships based on the prediction of
binding sites using Pattern Matching. Please refer to the Methods sectiooréor m
information on the Pattern Matching procedure.

Additional_file 5 as XLSX

Additional file 5 Data representing the transcriptional regulatory response network (TRRN)
of Smutans biofilms upon treatment with the biofilm inhibitor carolacton. The table displays
the co-expression characteristics of significant correlations as svééanformation
corresponding to the predicted transcription factor binding sites on the upstregatoryg
regions of the target genes or their corresponding operons. NA*: motifs predictgdhssi
pattern matching toalna pattern. Positive relationship between the genes is denoted by 1
and negative inverted relationships by 0 under the Relationship column.

Additional_file_6 as DOCX

Additional file 6 The different types of local network motifs identified in Sy@utans

TRRN upon carolacton treatment. The motifs were identified and their corresponding
statistical scores determined using the MFINDER tool [47,119]. after 10000 rantonsza

*SD denotes the standard deviation of the number of occurrences of the motif in randomized
networks. "The “Z score” is a measure of the statistical significanttes ahotifs and is
determined as (M - Mrang / SD. Motifs with P-values < = 0.01 were considered as
significant.

Additional_file_7 as DOCX

Additional file 7 List of enriched categories in the co-regulated gene groups or subnetworks
of theSmutans TRRN upon carolacton treatment. Over-represented categories include
KEGG metabolic pathways (KEGG MP), Biological functional classe<{Bid gene

ontology terms (GO). The details pertaining to the calculation of the semicscores are
provided under the Methods section.

Additional_file_8 as PNG
Additional file 8 The normalized expression profiles of the genes co-regulated by the global



transcription factors CcpA and CodY. For the CodY co-regulated gene group, only the
expression profiles of genes with positive relationships are shown.

Additional_file_9 as DOCX
Additional file 9 Primers used in the study.



Genome wide transcriptional profiling of Genome wide transcriptional profiling of
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Lane M : Ladder

Lane 1 ( control) : 20 pmol
VicR protein added to the
intact SMU_1006 promoter

Lane 2 : 5 pmol MbrC protein added to intact
SMU_1006 promoter

Lane 3 : 10 pmol MbrC protein added to intact
SMU_1006 promoter

Lane 4 : 20 pmol MbrC protein added to intact
SMU_1006 promoter

Lane 5 : 5 pmol MbrC protein added to intact
SMU_1006 promoter with deleted MbrC
binding motif

Lane 6 : 10 pmol MbrC protein added to intact
SMU_1006 promoter with deleted MbrC
binding motif

Lane 7 : 20 pmol MbrC protein added to intact
SMU_1006 promoter with deleted MbrC
binding motif

UPSTREAM REGULATORY SEQUENCE WITH

POSITION STRAND

THE SPACED DYAD MbrC BINDING MOTIF

TCAATGCTTACAATTTTGTAAGCTACGATICTTTAAGTG
TGAGGACTTACAAAGGTGTAAGGTTCTATCTTGATTTTT
GGTTTATTTACAAAATTGTAAGTTATAGTACAAAGACTG
TTAAAACTTACAATTTTGTAAGTTTTAACTTTAATAATG
TTTCTAATTACAAATTTCTACAGACTATCTTACTAAAAA
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Lane M : Ladder

Lane 1 : 5 pmol MbrC protein added
to the murMN promoter with deleted
MbrC binding motif

Lane 2 : 10 pmol MbrC protein
added to the murMN promoter with
deleted MbrC binding motif

Lane 3 : 20 pmol MbrC protein
added to the murMN promoter with
deleted MbrC binding motif

Lane 4 : 5 pmol MbrC protein added
to the intact murMN promoter

Lane 5 : 10 pmol MbrC protein
added to the intact murMN promoter

Lane 6 : 20 pmol MbrC protein
added to the intact murMN promoter

Lane 7 (Negative control ) : 20 pmol
VicR protein added to the intact
murMN promoter
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