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GENERAL INTRODUCTION

Gram-positive streptococcal pathogens are the causative agenfaoje number of
infections that result in morbidity and mortality, representirgggaificant burden to the health
care system (105, 134). Among these pathogens are streptococtyptlcatly reside as
commensal colonizers of the human body, but upon introduction to certain tesscaiise
opportunistic infections Streptococcus agalactisend Streptococcus pneumoniegpresent two
such streptococcal species. A variety of diseases can nesulbbcterial displacement to other
host sites, with systemic infection the cause for greatastecn. Systemic infection entails
entry of streptococci into the host bloodstream where disseminat@mamber of host organs
as well as the cerebrospinal fluid can occur. Ultimately,esyst infection can result in
endocarditis (60) or meningitis (25, 64) which can both proceed rapidly to a fataledisea

Streptococcus agalactiaalso known as Group B Streptococcus (GBS), is a commensal
colonizer of the human gut and genitourinary tract (15), with up to 30% oEwexperiencing
vaginal colonization (7). GBS is a leading cause of sepsis andhgites in newborns (144),
with both vertical and horizontal transmission of GBS to neonates owpyfr46). Recent
reports have highlighted a decline in incidence of neonatal diseas® d@BS (117), but have
also documented an increase in invasive disease in elderly pati#ntst least one underlying
medical condition (117, 141), illustrating that GBS remains a systgathogen of medical
importance.

Streptococcus pneumonigea commensal colonizer of the human nasopharynx (86) and
is a significant cause of pneumonia, otitis media, sepsis and nisnimgthe young and
immunocompromised (71). Current vaccines have shown efficient covefaffge most

prevalent disease-causing serotypes (166), but an increase trondezaused by serotypes not



covered by vaccination has been observed (61). Additionally, antibbegistance of non-
vaccine serotypes appears to be increasing over time (41), higidighe challenges faced in
overcoming systemic streptococcal pathogens.

In the laboratory setting, the aquatic systemic path&jeaptococcus iniaéls), is often
used to model systemic disease in a natural host, the zebi{2ésio rerio). Many of the
virulence factors that contribute to systemic disease causddBli$/ andS. pneumoniaare
conserved irS. iniag allowing investigation of virulence in an vivo setting. WhileS. iniae
only causes a relatively mild opportunistic sepsis or cellufitisumans (45), disease within an
aquatic host mirrors what is seen for human specific pathogens, pgadbowerful tool for
analysis of pathogenesis.

The ability of GBS,S. pneumonigeandS. iniaeto cause systemic disease is dependent
on the production of a polysaccharide capsule that shields the adobeni clearance by host
immune components such esmplement deposition (88) and phagocytosis (67). Alteration of
the capsular polysaccharide composition within a single spesigiésren different serotypes that
are able to evade an immune response generated by other seratggexy it difficult to

generate a comprehensive vaccine that covers all serotypes of agguass

Streptococcus iniae

The B-hemolytic aquatic pathoge8treptococcus iniagvas initially isolated from the
abscess foci of an Amazon freshwater dolplhma geoffrensisin 1976 (118). Antisera to
antigens fronStreptococcugroups A to U did not crossreact wigh iniaeand therefore it was
designated as a new non-Lancefie®ireptococcusspecies (118). Subsequent to its

identification, S. iniaewas later observed to spread from diseased wild fish to culturadema



fish, representing a threat to aquaculture (174). A wide numbéiisiof species have
demonstrated infection witB. iniae(2), including tilapia, trout (39), and hybrid striped bass
(140), with an estimated annual financial impact on aquaculture of $liénnin the US and
$100 million globally (140).

In 1995 anS. iniaespecific vaccine was introduced for farmed rainbow trout, which
reduced mortality from greater than 50% to less than 5% (4@wekter, by 1997 massive
outbreaks of5. iniaeinfection in immunized fish were reported, with the eventual deteation
that a new serotype able to evade the vaccine triggered immaspense was responsible (5).
The vaccine escape observed with varying serotyp afiaeis reminiscent of what has been
observed foIS. pneumonigewith non-vaccine serotypes filling the void left by vaccination
more prevalent serotypes (61).

Recent work has characterized a live-attenuated strairS.ofiniae lacking the
phospoglucomutase gene, which provokes a robust immune response and has @somis
vaccine candidate (16). However, it is not apparent how this strauid overcome the
serological diversity that has provided vaccine escape previouslyQ®ler vaccine strategies
are currently being employed (2), but a better understanding of rehatates serological
diversity in S. iniag or the generation of a serotype-independent vaccine, is aecdss
comprehensively protect aquaculture fr8mniaeinfection.

Fish infected withS. iniae exhibit multisystem organ involvement and diffuse
hemorrhaging (5), and dissemination to the heart, brain, and splebseisred as early as 15
minutes after intramuscular injection during experimental irdeabdf zebrafish (79). Infection
with S. iniaeis overwhelmingly fatal in zebrafish, with 92% of fish succumbing to diseases4 day

post infection (dpi) at an infectious dose of 1 X OFU (79). Conversely, human infections



caused byS. iniaeare limited in severity, and typically consist of bacteraeoallulitis from
patients who suffered a puncture wound while preparing contaminate(®Jis Many patients
presenting witlS. iniaeinfection were elderly and had one or more underlying medical condition
concurrent with infection, indicating that zoonotic infection wigh iniae is primarily
opportunistic and limited to immunocompromised individuals (2).

PhylogeneticallyS. iniaeis closely related to GBS when comparing the 16S ribosomal
RNA sequence (68). A number of virulence determinants are alsedshetweers. iniae and
GBS, including homologs of a C5a peptidase, enolase, and CAMP factoAd@)tionally, S.
iniae also contains virulence factors homologous to those utilizeSti®ptococcus pyogenes
including an M-like protein and the cytolysin streptolysin S (6). h&&s most important, the
production of a polysaccharide capsule is highly conserved betieeraeand GBS, with an
alignment of the first four genes giving greater than 70%laiityi at the translated amino acid
sequence level. These first four genes are associated witlatren of capsule synthesis, and
the high degree of homology betwe®niniaeand GBS is suggestive of a conserved regulatory
mechanism. The importance of capsule in virulence was recentiighigd in a large scale
signature-tagged random transposon mutagenesis (STM) study th#teddeft iniae mutants
incapable of surviving within the zebrafish host, with a largegreage of mutants containing

transposon insertions in genes of the capsule operon (94).

Streptococcus agalactiae or GBS
Streptococcus agalactiaare -hemolytic cocci that contain the Group-B Lancefield
carbohydrate and are comprised of nine distinct serotypes (Endd}-VIil), with serotypes la,

Ib, II, 1ll, and V primarily responsible for invasive disease (6GBS was originally associated



with bovine mastitis (12), and only recently has it become assoomth invasive neonatal
disease. Beginning in the 1960s GBS was identified as a causgéxe of neonatal sepsis and
meningitis, as well as adult bacteraemia (19, 38), and by the b&¢@me the leading cause of
neonatal infection in the developed world (30, 56, 91). At this tingeunclear whether GBS
had a bovine origin and crossed the species barrier to becanrazer and pathogen of
humans (12), or rather that GBS was originally associated withrisuaral crossed in the other
direction (15).

In the context of invasive neonatal disease, two distinct dimenifestations are
routinely observed. Early onset disease is due to intrapartummissnen of GBS from the
genitourinary tract and occurs prior to 7 days of age (117). dredet disease occurs on or after
day 7 and may be caused by horizontal transmission to the newboyn Qéweloped countries
routinely use a combination of antenatal culture screening of pregmmanén and intrapartum
antibiotic prophylaxis to prevent invasive GBS neonatal disease (E&8yever, this represents
a significant cost to the health care system, and is econoynigalenable in developing
countries (134). In this age of antibiotic resistance, the conssandf antibiotic prophylaxis is
also a concern, and the need for an efficient comprehensive soluti@B3oinfection of
neonates is great.

Humans are typically asymptomatically colonized by GBS (7, &by it is only
introduction of bacteria to the bloodstream in immunocompromised or immaaeypetent
individuals that results in disease. Transmission of GBS to theaflgrsterile circulatory
system requires a dynamic shift in functional goals for théebam, as they move from a site
associated with an acidic environment (genitourinary tract) to dtie avmore neutral pH

(blood), encounter differing levels of nutrients, and enter into an environomel®r intense



immunological scrutiny. This requires an efficient switch franform that promotes
colonization to one that enhances survival, and while not mutually exelubiese two states
entail a number of differentially regulated genes. Thisrkasntly been demonstrated in two
separate studies in which GBS was incubaesivo in human whole blood, global gene
expression analyzed, and demonstrated extensive changes to Shdr&Bcriptome when
introduced to human blood (92, 93). A significant drawback to these studies was thaethay us
single clinical isolate of GBS for transcriptome studies, ang tiserved that expression data
from the bacteria as well as cytokine levels in response dieriea differed greatly for blood
taken from different individuals.

Once in the host bloodstream, GBS utilizes a variety of vingéldactors to survive and
propagate. A number of these factors were identified by usiigd B conjunction with a
neonatal rat sepsis model to identify mutants unable to survivieo (65). The authors report
the identification of gene classes associated with virulenciding binding and transport of
small molecules, two-component signaling systems (TCSSs),batista, cell envelope
regulation, adherence, protein secretion, and a number of genes of unknowonf(ésj.
Taken together with transcriptomic studies in human blood, it iservithat GBS pathogenesis
is a multifaceted process that currently is not well understood.

Current efforts at controlling GBS infection are focused on wacdesign, with vaccines
to surface proteins (111, 127, 145) and pilus (87, 104) currently being gatedti Promising
results have been obtained thus far using a combination of pan-ges@rservaccinology and
structural vaccinology. Pan-genome reverse vaccinology entaitollagion of whole genome
sequences for a large number of strains of a given organismjragladentification of vaccine

targets that would provide protective immunity to a broad contingent obrtpnism (137).



Structural vaccinology pertains to the identification of antigahicunique structures, and the
synthetic combination of these structures into a single moleculadtiivalent protection for a
given organism (104, 131). Both of these strategies have baeaditglatively successfully for
GBS, by showing that all GBS strains sequenced so far contéaéasatone of three different
pilus islands encoding the genes necessary for pilus assembly\8ye two of the pili are
highly conserved amongst different strains of GBS, antigenic mMariakists for one of the pilus
islands (104). However, using pan-genome reverse vaccinology, vaegimas corresponding
to all sequenced strains were identified, and using structuraheémgy were combined into a
chimeric protein that elicited protection for all strains cagythe variable pilus subset in a
mouse-challenge model (104).

Despite these promising advances in vaccine design for GBS, wookeis needed to
characterize the immune responses elicited by pili-based vaaeell as the efficacy of the
immune responses. Further characterization of the pilus encodamgigsis necessary to
determine contributions to variability that may arise under sedeqressure, and any
implications this may have on vaccine escape. There are a nafrilbssons to be learned from
the relatively successful adoption of a multi-val&npneumoniaeaccine (168), and subsequent

escape by various strains (61).

Capsule and its regulation

The importance of the polysaccharide capsule of streptococcalgpatha@apable of
causing systemic disease is well established (23, 69, 79, 80, 82, 94, 107, 143, 169,hEr/3
capsular polysaccharide (CPS) consists of repeat polysaccharisighaiare typically species

and strain specific, with most of the enzymes required for gengr&@PS encoded within a



single genetic locus (173) (Fig. 1). All nine serotypes ofSQRilize differing linkages of
glucose, galactose, andN-acetylneuraminic acid in the CPS repeat unit (26)N-
acetylglucosamine is also used in all serotypes but type ViyaedVlll, and type VIII also uses
rhamnose in the CPS repeat unit (26). The structural variabiligradxs for CPS in different
serotypes of GBS has been attributed to genetic differentieism whe CPS synthesis locus, with
en bloc replacement of glycosyltransferase genes putativelyrimgecthrough horizontal gene
transfer, leading to different enzyme linkage specificities (26.protective antibodies can be
made to GBS CPS, these events were likely influenced byiselpcessures exerted by the host
immune system, necessitating the adaptation of alterna\& Sfructures for immune evasion.
Despite the genetic diversity in the CPS synthesis locus, &tsobkighly conserved genes is
present in all serotypes, includilegsA cpsB cpsC cpsD, cpsE cpsL, neuB neuD neuA and
neuC(26). This conservation suggests that these genes are integuakess of GBS in the face
of selective pressure by the host immune system.

In contrast to the nine serotypes currently identified for GBS pneumoniae
demonstrates a much larger repertoire of polysaccharide rejpéat with 93 individual
serotypes identified thus far (173). This is primarily htitted to the natural competence
exhibited byS. pneumonigeallowing for increased acquisition of foreign DNA contributing to
genetic variability within the CPS synthesis locus. Destite large degree of serotype
variability observed forS. pneumonigethe first four genes of the CPS synthesis locus are
conserved amongst serotypes, wifisB cpsG andcpsD divided into two major clusters, and

cpsAhighly conserved amongst all serotypes (173).
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cpsE-pro '
Gene Function
CpSA........... Putative transcriptional activator of capsule locus
cpsB........... Phosphotyrosine-protein phosphatase, regulation of polysaccharide polymerization
cpsC........... Accessory protein for CpsD, regulation of polysaccharide polymerization
cpsD........... Tyrosine-protein kinase, regulation of polysaccharide polymerization
cpsE........... Glycosyltransferase, initiates repeat unit synthesis
*cpsF........... Putative polysaccharide biosynthesis protein
epsG........... Putative galactosyltransferase
*tpsH........... Polysaccharide repeat-unit polymerase
*cpsl............. Glucosaminyltransferase
epsSd............ Putative galactosyltransferase
cpsK........... Sialyltransferase
cpsl............ Putative polysaccharide biosynthesis protein
neub........... Neuraminic acid synthesis
neucC........... Neuraminic acid synthesis
neuD........... Neuraminic acid synthesis
neuA........... Neuraminic acid synthesis

Figure 1: Organization of genes in the polysaccharide capsule synthesis opel®GBS
serotype la (26) with putative promoter elements (171) indicatetl ditected arrows.
Functional assignments of capsule operon genes are shown below. kAsielicate genes with
significant sequence variance between serotypes.
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Currently,S. iniaehas only two known serotypes, | and I, which are biochemically
identified by arginine dihydrolase activity, with serotype |ipes for enzyme activity and
serotype Il negative (10). Additionall®, iniaeof serotype Il appear to produce more CPS than
serotype | (10), which may explain the heightened severity of sisemnifested by infection
with serotype Il in fish (5). This observation is also comesistvith the determination that the
avirulent commensas$. iniaestrain 9066 is missing genepsF throughcpsL of the capsule
operon, supporting the notion that capsule is required to initiate diGEseAs with GBS, it
appears that horizontal gene transfer has contributed to the praseindrersity of thes. iniae
CPS locus (79).

The production of CPS is canonically associated with protectionifronune clearance,
but an indirect role for CPS in controlling adhesion and invasion of &pithéas also been
observed. The acapsular commer&ainiaestrain 9066 demonstrated increased adherence to,
and invasion of, human brain microvascular endothelial cell (BMEC) mgerslawhen
compared to the encapsulated virulent 9117 strain (45). Additionally, @sudaaisogenic
mutant of the type Ill GBS strain COH-1 demonstrated incceassasion of human umbilical
vein endothelial (HUVE) cell monolayers compared to the encapsulaarent strain (47).
Consistent with these results is the observationShaneumoniastrains with reduced levels of
CPS or no CPS were better able to adhere to and invade the hurgaaleolar carcinoma
epithelial cell line A549 (51). Subsequently, it was determinedeheapsulated strains 8t
pneumoniaectively reduce levels of CPS when coming into contact witthelal cells (51),
which may represent a physiological adaptation prior to colooizatTaken together, these
observations suggest that these bacterial pathogens tend tonegris¢ iof two dynamically

regulated states, with production of CPS enhancing survival duringrainegeon from a site of



11

commensal colonization, and reduction of CPS to enhance colonization sb#alde host site
is encountered.  Supporting this hypothesis is the recent deteonindtat the GBS
transcriptional regulator RogB coordinately regulates the CPS systlieus and genes that
facilitate adherence. The authors demonstrated thagEnull mutant had increased levels of
transcript from the CPS locus and decreased levelbs#f(50), which encodes a fibrinogen-
binding protein that contributes to GBS adherence (135). RogB, oramps#fectors, may act
to manage these opposing functions in response to environmental sigspéific sites within
the host to promote protection from immune clearance or colonization appropriately.
Regulation of CPS production by systemic streptococcal pathogensotiswell
understood, especially in the context of host interactions that cagithey commensal or
pathogenic. Current understanding of CPS regulation is predicateslpmiyinerization, export,
and ligation to the cell wall, and involves the genpsB cpsG andcpsD which are highly
conserved among§. iniage GBS, andS. pneumoniae In this regulatory scheme, CpsD acts as
an autophosphorylating tyrosine-protein kinase (100), and is tightbgiatsd with CpsC which
acts to anchor CpsD to the cell membrane (22). Structural stofli€spsC and CpsD
homologues irStaphylococcus aureusdicate that unphosphorylated CpsD forms an octameric
ring structure in conjunction with CpsC, and upon autophosphorylation CpsD dissaaito a
monomeric form while remaining associated with the intact Cps&ver (109). In this system,
CpsB is a manganese-dependent protein-phosphotyrosine phosphatase (9&yctsarid
dephosphorylate CpsD to recycle the system to its original sfte conformational changes
induced by phosphorylation appear to regulate the length of CPS padwperted to the cell
surface as well as the amount of CPS that is exported (11¢tiddeof cpsBis accompanied by

an increase in phosphorylated CpsD with a concomitant increasesale€ademonstrating a
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positive correlation between phosphorylated CpsD and levels of CBS [eletion of either
cpsCor cpsDresults in a severe reduction in CPS polymer length and expQrtcdrisistent
with their predicted role as regulators of this process. Takethtgéhe data suggests a model
in which the CpsC and CpsD complex exists in either an “opentloséd” state, with the open
conformational state induced by CpsD phosphorylation leading to iech€aBS chain length
and export, and the closed conformational state induced by CpsB dephcspdroryt CpsD
leading to decreased CPS chain length and export. The signals @aanpsffectors that
contribute to promoting either an open or closed conformation are gnildamay involve
environmental signals encountered within the host. This hypothesssipigorted by the
observation that the decrease in CPS observeS. fpneumoniamteracting with epithelial cells
was not transcription dependent (51), and may have been coordinated throGgisBhe&CpsC,
and CpsD regulatory network.

Transcriptional regulation of the CPS synthesis locus has notsheiad as extensively
as the CpsB, -C, -D phosphorelay system, and it is still unalbat transcriptional control
mechanisms are utilized by streptococcal pathogens to deterrpres&on of CPS genes. As
mentioned previously, RogB appears to contribute to this regulation inl{B8$,as a repressor
(50), but the exact way in which this occurs has not been descrilbe8. ihiag the TCSS
SivS/R regulates a number of virulence genes (14), and appeeaosttibute to transcriptional
regulation of the CPS synthesis locus, with deletiorivb/Rleading to reduced levels of CPS
and a decrease in transcript from the CPS synthesis locusHb®@)ever, upon testing this same
strain in our lab we were unable to confirm a decrease in 8RS(B.H. and M.N., unpublished
data), leaving these findings contentious in our view. Slnpneumonigea homologue of

catabolite control protein A (CcpA) called RegM was shown tacttirenfluence transcriptional
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regulation of the CPS synthesis operon, with deletiore@i leading to reduced levels of CPS
expression when grown in the presence of glucose or sucrose, aglolytivticatingregM is
normally an activator of CPS expression (46). These findingsuaieef supported by recent
work in S. suis with deletion ofccpAresulting in reduced levels of CPS, and again implicating
CcpA related proteins as transcriptional activators of the GRfhesis locus (167). CcpA
proteins act to control sugar metabolism networks such that polys@eshare utilized most
efficiently under specific nutrient availabilities, and the invateat of a CcpA homologue in
regulation of capsule is consistent with the presence of CPSesigitBubstrates within
interrelated sugar regulatory networks.

The first gene of the capsule operotpsA has been described as a putative
transcriptional regulator of the CPS synthesis operors.ininiae (54), GBS (27), ands.
pneumoniag49, 98, 100). This was initially based on protein sequence homologyC-
terminal portion of CpsA with the LytR family of proteins, whiere associated with
transcriptional attenuation of autolysin genes (24, 58, 62, 74, 110). Howelation ofcpsAin
GBS results in a decrease in transcription from the CPS sysithecus and CPS levels,
suggesting that CpsA is a transcriptional activator of the §P8esis locus (27). CpsA is an
integral membrane protein, and was recently shown to have thregmembrane domains
conferring a distinct membrane topology to the protein in which therityapf the protein
resides extracellularly and only a small N-terminal portiothefprotein is within the cytoplasm
(Fig. 2) (54). Unlike CpsA, LytR proteins have only a single trambrane domain, but it was
recently established that similar to CpsA, the majority ofLit® protein is extracellular with a
small N-terminal cytoplasmic domain (58). CpsA also diffe@mnfrLytR proteins with the

presence of a second protein domain, termed the DNA Polymerase Processtoity Fa
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Figure 2: Membrane topology and conserved domains of the Streptococcal Cps# pvath
the CpsA protein oBtreptococcus iniashown as an example.
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(DNA_PPF) domain, which is typically associated with slidingngb function that enhances
processivity of DNA replication and repair (97, 138). However, extengrotein sequence
divergence from traditional sliding clamp structures, as wellthee determination that the
DNA_PPF domain resides extracellularly (54), indicates thaDii& PPF domain of CpsA
likely contributes to some other unrelated function. Although CpsAbkaa suggested as a
transcriptional regulator of the CPS synthesis locus, many coasaler are unclear, including
how CpsA contributes to regulation, whether the conserved DNA_PPF@#Rdlamains play a
role in this regulation, and the overall contribution of CpsA to viruledeeng systemic

infection with streptococcal pathogens.

Pleiotropism and constituents of the cell surface

Gram-positive pathogens utilize complex defense mechanisms Sponse to
extracellular stress, be it environmental or host-derived. Onedglehse mechanism involves
modification of individual molecules of the cell surface. Unlike r@ir@egative bacteria, Gram-
positive species have only a single cell membrane composed of dheharacterized
phospholipid bilayer (Fig. 3). Protection for the membrane is prdvidethe adjacent thick
peptidoglycan layer, which also acts as a scaffold for other comioné¢ the cell surface.
Interspersed throughout the multilayered peptidoglycan are the améachoic acid molecules
that provide cell wall integrity as one of their many functicaswell as supplying the major
portion of the overall negative charge of the cell surface. Qelace-exposed proteins are
attached to the cell wall and function in multiple interactions Wit extracellular environment.
Lastly, a polysaccharide capsule serves as the outer nyestdhthe cell surface, providing

additional protection from extracellular assaults. This higtiyctured consortium functions



16

cooperatively to provide stability and protection from the extermair@enment. Recent work

on individual structural components of the cell surface has demonsthatedisturbance of a

single factor can result in pleiotropic effects, underscoting interdependence of each
component to the overall function of the cell surface. Consequentlypiadisturbance of any

one of these closely associated factors may affect theategubr ultimate function of another
factor, resulting in a change in the equilibrium in which the cell surfaceatiypexists.

Although a complete understanding of the cell surface netwackrigently unrealized,
recent work has provided important new insights into the complex assasi occurring
between multiple elements that contribute to overall pathogen sur@gasideration of these
distinctions is important to our understanding of bacterial pathogerenael as the cell surface

remains an extremely important target for future antimicrobial theiafy 77, 132).
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Figure 3: Simplified overview of the cell surface of Gram-positive bacteria, exclystiogins,
with the lipid membrane (LM), peptidoglycan (PG), lipoteichoic acid (LTA), capsul
polysaccharide (CPS), and wall teichoic acid (WTA).
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Peptidoglycan

The cell surface of Gram-positive pathogens is a highly complex assemnisigtag of a
lipid bilayer, cell wall peptidoglycan (PG) (155), cell waBsaciated teichoic acids (WTA)
(148), membrane associated lipoteichoic acids (LTA) (130), cappolgsaccharide (CPS)
(173), and a variety of proteins associated with the cell memijr@nel23, 147) or covalently
attached to the PG of the cell wall (89, 114, 151). Peptidoglgt#me cell surface exists as
alternating repeats of N-acetylglucosamine (NAG) and Nybhunaramic acid (NAM) with
peptide side chains attached to the NAM residue. Although made wmefe repeating
subunits, a complex association network of PG with multiple celasarEomponents occurs
through cross-linking and covalent and non-covalent interactions. Although a maibe
methods have been employed to arrive at current models of peptidogha@omolecular
structure, including atomic force microscopy (AFM), nucleagnatic resonance (NMR), and
cryo-transmission electron microscopy (TEM) (156), major obesastill exist, including the
structural diversity of PG between different organisms. Futuagegies will likely focus on not
just PG structures, but the full complement of interactions betWwé& WTAS, LTAs, and CPS,
with subsequent comparisons to surface structures in which one oraonguerents are missing
or altered by targeted mutations.

The importance of elucidating the actual structure of PG isigiged by recent studies
involving the deletion of genes with homologylyR, a member of th&tR_cpsA_psfamily,
which is associated with transcriptional attenuation of PG hysks)atheir processing and
transport. The interruption of LytR function results in pleiotropieats, such as defective cell
division, asymmetric septation, and altered antimicrobial semgi{R4, 62, 110). Furthermore,

the production of multiple phenotypes can be difficult to reconcileshas/n inStreptococcus
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mutans where deletion olytR resulted in longer chain length despite an increase in autolysis
(24), two traits typically considered to be the product of opposing pexes# similar
phenomenon has been observed with insertional inactivatiops# the putative regulator of
the capsule locus i$. iniag resulting in much longer chains of cocci (79) and increased
autolysis when treated with non-ionic detergents or when grown in eylBuH. and M.N.,
unpublished data). These seemingly contradictory findings emphhsizemplexity of the PG
cell wall network and its regulation by a number of factors,iaditate that unidentified targets
of regulation likely exist for LytR family members beyond & hydrolase system that has
been described thus far. A better understanding of the struaurabf PG under conditions in
which regulatory elements such as LytR are disrupted may prawsight on mechanisms
responsible for controlling cell wall integrity.

In addition to regulation of synthesis and recycling of PG, abeurof modifications can
be made to PG, resulting in altered function. These ind@eetylation of NAM residues
catalyzed by the protein OatA, ahddeacetylation of NAG through the functions of the PgdA
protein. Both of these modifications confer resistance to lysozjesage of the glycosidic
bond between NAM and NAG residues (31). Regulation of OatA appebeseoacted through
two-component systems that sense cell wall stress resuitingregulation obatA expression
(66). Importantly, WTA is covalently attached to the same &dn of NAM that isO-
acetylated, suggesting there may be some cross-regulation optbessses (148). Expression
of pgdA has been shown to be induced by oxidative stress in the Gram-neggiinagen
Helicobacter pylori(158), and similar regulation may exist for PgdA homologues rigcent

identified in Gram-positive pathogens (4). Taken together, a numbeggafatory schemes
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involved in PG synthesis, turnover through autolysin activity, and moditircaf PG residues

converge to provide bacteria with a stable and functional cell wall.

Lipoteichoic acids and wall-teichoic acids

Teichoic acids of Gram-positive species represent an intagestibset of the cell
surface. They exhibit a wide variety of functions including invasiomast tissue (36, 139),
regulation of autolysis (3, 108, 115), and regulation of cell division (108, 128, T3l wall-
associated teichoic acid (WTA) and lipoteichoic acid (LTA) eiffn overall structure, with
WTA covalently attached to NAM (148) and LTA anchored to the mengbwéa a glycolipid
(42). However, similar modifications are made to both WTA and LT#®hss D-alanylation
(169), which has been shown to facilitate resistance to cationimiemnabial peptides,
glycopeptides, lytic enzymes produced by neutrophils (148) and ckdutalytic activity (115).
The similar processing of WTA and LTA appears to provide someifurattredundancy as
disruption of both pathways simultaneously is lethal (108), but the phesogxbgbited by
individual disruption of LTA or WTA vary considerably. Disruption of LTAshaeen associated
with a decrease in autolysis $ aureusand this seems to be associated with reduced levels of
cell wall-associated hydrolases (108). This is consistéht tve prediction that LTA actively
recruits autolysins to septal regions during cell division tolifai@ daughter cell separation
(170). The relationship between LTA and autolysins is not curr&ntiyn, but could include
direct binding of autolysins to LTA, or enhanced substrate accaysioit autolysins in the
presence of LTA.

The observations for LTA are in striking contrast to those foundM®A in which

disruption results in increased autolysis (129) and a concomitamiadean lysozyme resistance



21

(3). InS. aureusWTA is hypothesized to indirectly mediate targeting of asialy to newly
synthesized PG by excluding its access to older PG where M/pesent, thus promoting its
access to septal PG where WTA is absent and assisting wightéa cell separation (129). This
hypothesis is supported by the observation that loss of WTA resuhidiscriminate binding of
autolysins to the cell surface instead of preferential lcatadiz to the septum (129). In addition
to spatial regulation of autolysin activity, WTA has been shdwiregulate peptidoglycan
crosslinking in a spatial and temporal manner (3). Locabyathesis of intermediate forms of
WTA at the septum appears to indicate the presence of a neallirevall, and temporally
triggers penicillin-binding proteins (PBP) to initiate crosslinkingemporal regulation of this
process may be important in permitting the introduction of proteidggycopolymers that may
not be able to penetrate a highly crosslinked cell wall (3).

Taken together, LTA and WTA appear to exert opposing and complemémtations
during daughter cell separation with LTA promoting autolysis hat $eptum while WTA
selectively blocks autolysis elsewhere on the cell. WTA nmégliates subsequently accumulate
at the septum, recruiting PBPs which crosslink the PG, formingaire cell wall. These
observations suggest a tight regulatory scheme over the ktaatiof both elements during cell
division, the mechanism of which is still not fully described. Tpigciple may explain
observed abnormalities Bacillus subtilismorphology (128) an&. aureusell division (108)
when LTA is disrupted. Similarly, CPS and WTA have been demonstrated to havefiaetst
on each other. Phase variationSn pneumonia¢o a form that results in increased virulence
relies on a switch from relative low levels of CPS and highlde@eWTA to relative high levels
of CPS and low levels of WTA (70). Whether this results froraalicompetition for covalent

attachment to PG, or if it is due to a regulatory pathwaydbhaiegulates levels of both CPS and
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WTA is not understood. Clearly, WTA and LTA exert a fine tuned robratver a number of
important processes, including cell division and resistance tomedlireactive antimicrobial
agents. The effect that differing levels of CPS has on thaite has not been explored in depth,
and it may be that the absence or presence of CPS contributies ttynamic equilibrium
experienced by components of the cell surface. Evidence for finiessnted in both Chapters 1

and 2.

Capsule

The CPS of Gram-positive organisms can be covalently linkedviriaty of surface
structures, with attachment to the peptide moiety of P@&aillus anthracig21), attachment to
N-acetylglucosamine of PG f&@treptococcus agalactig83), and covalent attachment to the PG
or membrane fos. pneumoni§l73). The enzyme that catalyzes the covalent addition of CPS to
these locations has not been determined for many Gram-pogigees, including. agalactiae
andS. pneumonia€l73). The location of CPS linkage is important to consider in thexooit
the cell surface as WTA may compete for these ligatios,siteexperience steric hindrance in
the presence of CPS (173). CPS appears to be generally Imk&8Q3 instead of NAM inS.
agalactiaeandS. pneumoniaél73), therefore steric limitation may explain the relativiaree
between WTA and CPS described above Soipneumoniae An understanding of how CPS
ligation is controlled may shed light on regulation of the other fizadiions that occur at or near
this location.

Recent reports indicate that the presence or absence of GRSsignificant effect on
minimum bactericidal activity of a number of cell wall reaetagents fob. suig149) as well as

vancomycin resistance 8. pneumoniaél01). Insertional inactivation afpsA,which encodes
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the putative regulator of capsule synthesiS.imniae,results in various changes to antimicrobial
sensitivity from cell wall-targeted compounds, with #EsA mutant demonstrating decreased
capsule levels in conjunction with increased resistance to lysozyme anddmacand decreased
resistance to ampicillin and methicillin (B.H. and M.N., unpublished)dat@hese results
indicate a clear association between expression of CPS andadielhtegrity, which may be
mediated by the CpsA regulator protein. The exact mechanismatingdihese events is
unclear, though reasonable suggestions have been proposed based on sihagien ocf
antibiotics via capsular stereochemistry or its contributiontioctuiral stability (101, 149).
These effects are most likely the result of more spedaifiors associated with perturbation of
the cell surface, and these phenotypes may be explained by cowgitherirelative changes in
PG, WTA, and LTA and the pleiotropic effects that may occtin Vaiss of CPS. Whether these
regulatory events happen in response to the host environment is lgunriknown; however,
evidence exists for the regulation of CPS expressianvo, with the observation that levels of
CPS are decreased wh&npneumoniaeocci come in contact with the surface of epithelial cells
(51). This scenario suggests that bacteria may dynamicalilatedevels or processing of CPS,
WTA, and LTA in response to host signals, essentially altehiegcell surface from prevalent
CPS and immune evasion function to prevalent D-alanylated WTA aAdwiih attachment
and colonization function, as WTA and LTA have been shown to mediatei@ubhe$ost cells
(159). Supporting this model is the previously mentioned observation thaaf€@P&TA levels
are coordinately altered during phase variatio8.ipneumoniaér0).

CPS inS. pneumoniaalso has a direct effect on the number of bacterial cellsrasa
single chain (8), with the presence of capsule generally leagintpnger chains inS.

pneumoniae The observation that this trait varies when secondary mutatiemsae to genes
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responsible for regulation of cell division further underscores dhgtexity of the cell surface
and its regulation (8, 9). The disruptionapSAin S. agalactiaeandS. iniaeresults in decreased
production of CPS (27, 79) which actually coincides with longer chains (BH. and M.N.,

unpublished). Whether this phenotype is a consequence of reduced capsulkeas, wnc
alternatively, CpsA may actively contribute to regulation of ciision. The discrepancy
between these observations suggests that fundamental differerstdsexeenS. pneumoniae
and S. agalactiaeconcerning regulation of the cell surface, and may relate tprédsence of
multiple cell wall processing enzymes$n pneumoniathat are absent i. agalactiagsuch as

the PG hydrolases LytA and LytC. As with the other componentheofcell surface, this
indicates that the role of CPS and its effects on regulationeo€¢ll surface in Gram-positive

pathogens may indeed be species-specific.

The future of cell surface analysis

Clearly, analysis of the bacterial surfome should includetméributions made by PG,
WTAs, LTAs, and CPS as each plays an individual role in pathogeamitycan have profound
effects on the associations occurring in the overall architectnevork. So called
“fingerprinting” methods for characterizing the cell surfaoe ihdividual species and strains
under specific conditions will become increasingly important asirthiecate associations
between cell surface components and the corresponding implgatan virulence and
antimicrobial treatment are unraveled. Accomplishing this goakss#tates technological
enhancements in the methods currently used to probe the bactelisdudace. The
determination that PG, LTA, WTA, and CPS have a shared pool ofipgs@s and, with the

exception of LTA, also share the undecaprenyl-phosphate acceptdrP(Ufor repeat unit
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synthesis (169, 173) raises interesting questions about how precuesandaprioritization of
Und-P for different substrates is controlled. Ostensibly, #niges of interconnected pathways
has important points of regulation, and work describing regulatiobraich points in this
network or the point at which precursor fate is decided is curremtiymplete. A better
understanding of how each of these components relates functionally tnotrer in Gram-
positive bacteria and the coordinated control of the enzymes tilaafacheir construction and
eventual fate remains an exceedingly important task in a fuieset by the onset of
antimicrobial resistance and vaccine escape through serotype diversity.

Work presented in the first chapter characterizes the contribatidine streptococcal
CpsA protein to regulation of CPS B. iniae as well as pleiotropic effects associated with
insertional inactivation otpsA which include altered antimicrobial sensitivity and autolysis
activity. Work presented in the second chapter characterizes halffdrent domains of GBS
CpsA contribute to regulation of CPS and chain length determinationinatogin how these
observations can be used to impact GBS virulence in a detrinie@sittédn. The identification of
streptococcal CpsA as an anti-virulence therapeutic targetatedi¢chat other regulators of the
pleiotropic cell surface may also be amenable to simitategies. The serotype independence
of targets such as CpsA makes them especially attractivduamd vaccination or elimination

strategies may hinge on the characterization of these pleiotropic cattesuegyulators.
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CHAPTER 1

MEMBRANE TOPOLOGY AND REGULATION OF CAPSULE AND CELL WALL BY

THE CPSA PROTEIN OF STREPTOCOCCUS INIAE

ABSTRACT

Many streptococcal pathogens require a polysaccharide capsidertoral in the host
during systemic infection. The highly conserved CpsA protein is prdgodee a transcriptional
regulator of capsule production in streptococci, although the regulatechanism is unknown.
Hydropathy plots of CpsA predict an integral membrane protein3itansmembrane domains
and only 27 cytoplasmic residues, whereas other members of thechgtR psr protein family
are predicted to have a single transmembrane domain. This unique topsitlgyhe short
cytoplasmic domain, membrane localization and large extracethalarain, suggests a novel
mechanism of transcriptional regulation. Therefore, to determinactii@l membrane topology
of CpsA, specific protein domains were fused to beta-galactosmtastékaline phosphatase.
Enzymatic assays confirmed that the predicted membrane topolodyp&A is correct. To
investigate how this integral membrane protein may be functiomnggulation of capsule
transcription, purified full length and truncated forms of CpsA wesed in electrophoretic
mobility shift assays to characterize the ability to bindd#esule operon promoter. The latter
assays revealed that full length, purified CpsA protein binds spabrfto DNA containing the
capsule promoter region. Furthermore, the large extracellulaaidomas not required for DNA

binding, but all cytoplasmic regions of CpsA are necessary andisufffor specific binding to
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the capsule operon promoter. This is the first demonstration ofrdbeneof this protein family
interacting with its target DNA. The conserved protein domah€&psA have no current
designated function, so truncated forms of CpsA were used tosaisescontribution of
conserved domains to regulation of capsule. Ectopic expression of édirfoans of CpsA
lacking the LytR domain in a WB¥. iniaebackground resulted in differences in capsule level,
chain length, and antimicrobial susceptibility, suggesting tlaiserved domains of CpsA
contribute to regulation of capsule and the cell wall. Taken toge@ipA, as well as other
members of the LytR _cpsA psr protein family, may utilize a uniquechanism of

transcriptional regulation to control the macromolecular structure of h&uckace.
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INTRODUCTION

Systemic pathogens require a repertoire of specialized meant&rno survive in the
various tissue environments encountered during dissemination. A collectroghty efficient
and precisely regulated virulence factors utilized by streptad systemic pathogens has
allowed them to become remarkably successful at causing diseasexample, the systemic
pathogensStreptococcus agalactiaand Streptococcus pneumoniaentinue to be major causes
of life-threatening infections (106, 117). One of the most importantevice mechanisms shared
by systemic pathogens is the production of a polysaccharide capdudd, is essential for
systemic dissemination during infection. In addition to providingstasce to phagocytosis (78)
and complement deposition (88), the levels of polysaccharide capsule pradtioedce
bacterial binding to host cells and tissue invasion during infectiah, mgh levels of capsule
inhibiting adherence (1, 51, 82), presumably by masking adhesive elerk@nt. pneumoniae,
capsule levels are reduced after adherence to epitheligl lealting to increased exposure of
adhesive molecules that facilitate a stronger interaction iap¥or colonization (51). This
suggests that streptococci most likely regulate synthesigegiolysaccharide capsule to balance
systemic dissemination with colonization in response to cues from the host environment

Although components of the polysaccharide capsule produced by streptaockffer
greatly not only between species, but also amongst differ@mstcertain genes of the capsule
synthesis operon are highly conserved in most streptococcal pathogeres.isTgesater than
60% amino acid similarity between the first four genes of theubapperon when comparirg)

agalactiaeto S. pneumonigell of which have been shown to play a role in regulation of capsule
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production (27). This implies that regulatory strategies usedhéset pathogens to control
capsule synthesis are likely conserved as well.

Analysis of enzymatic regulation of capsule production has providecda deal of
information on streptococcal pathogenesis (27, 79, 98, 153), althoughttlempfiormation has
been provided on how regulation occurs at the transcriptional levelewowthe apparent
response of streptococcal pathogens to the surrounding environment atidgresoadification
of capsule production cannot be fully explained by regulation of enaymcttivity alone. The
most likely scenario would involve a combination of transcriptional and-tposslational
enzymatic regulation of capsule synthesis allowing the badierraodulate capsule level in
response to surrounding conditions. Transcriptional regulation of capsule twoduc
streptococcal pathogens appears to be enacted through the highlyvedngertative
transcriptional activator CpsA (27, 79). TesAgene is the first gene of the capsule operon in
streptococci. A non-polar deletion of CpsA results in streptocaocdihints with decreased
levels of polysaccharide capsule and operon transcript (27). Theonisistent with a
transcriptional activating function for CpsA, whether it be a dirgetraction or through another
upstream event. To date, very little work has been descritsdaterizing the role of CpsA in
pathogenesis or its mechanism of transcriptional activatiStreptococcus inigean aquatic
pathogen of great economic importance, is able to cause syslisgase in both marine animals
and humans (160, 161). A comparison of the capsule operon b&&wmemeandS. agalactiae
shows greater than 70% amino acid similarity for the first fpenmes of the operon, implying
homologous control mechanisms for virulence. We utizeniaeas a model pathogen due to
the availability of a natural host, the zebrafidbaio rerig), to understand host-pathogen

interactions during streptococcal pathogenesis. A strath ofiaewith a mutation in thepsA
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gene is significantly attenuated compared to the wild typsEnsin a systemic infection of
zebrafish (79), demonstrating its importance in virulence. The higilasiyn between the
capsule operons @. iniae S. agalacticagpandS. pneumonigesuggest that observations made
with S. iniaecould be extended to these other pathogens as well. Therefdnes study we
characterize the highly conserved CpsA proteiB.aohiaeto determine its role in transcriptional
regulation of capsule in streptococcal systemic pathogens.

The streptococcal CpsA protein is a member of the LytR_cpsA gosiyf of “cell
envelope-related transcriptional attenuator domain” (pfam PF03816) nmotrit has several
intriguing differences from other members. One differenda the predicted topology where
CpsA has three transmembrane domains instead of the singledrmabsame domain predicted
for LytR and PSR proteins. Additionally, CpsA is the only family member that geessa DNA
polymerase processivity factor domain (DNA_PPF, pfam PF02916) eadjdo the LytR
domain. Lastly, the CpsA proteins, of which over 180 members have beemtadnetere
shown to be involved in transcriptional activation (27, 79), as opposed tteanadbr function
described for LytR and PSH4, 75, 90) even though less than 30 of its more than 450 amino
acids are predicted to reside in the cytoplasm (28, 157). The tecedapological model for
CpsA includes a short N-terminal cytoplasmic tail, a smaliraeellular loop, a small
cytoplasmic loop, and a large extracellular C-terminus. Thisestig@ novel mechanism for
transcriptional activation and confirmation of this topological preafictis an important
prerequisite to analyzing CpsA function.

In this chapter, employing a commonly used method for confirmatiorprofein
membrane topology in which fusions are made to reporter enzymegetlect specific

subcellular localizations, we determined the membrane topologyheofstreptococcal CpsA
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protein. Furthermore we demonstrate that there is a direcadtitar between purified CpsA
and capsule operon promoter DNA, and that specific domains &@ba protein are required
for this interaction. We have also characterized the spégit€ithis interaction and speculate
as to what it infers about the regulatory role of CpsA regarcngrol of polysaccharide capsule
synthesis. Additionally, we propose that Cps/ASofniaecoordinately regulates multiple aspects
of the cell surface, including the polysaccharide capsule andiaklinaintenance. The studies
in this chapter support this hypothesis by showing that removal aotmerved LytR domain
from CpsA results in a dominant negative loss of capsule when edippxaressed in the WT

S. iniaebackground, and also results in altered antimicrobial sensitivity.
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MATERIALS AND METHODS

Bacterial strains and growth conditions: Plasmids were maintained Escherichia coliT7
Express lysY/lq cells (NEB). Luria-Bertani (LB) mediumasvused to cultur&. coli strains.
Antibiotics were added as necessary to LB medium at the folgpeoncentrations: kanamycin,
50 pg/ml; ampicillin, 100ug/ml; erythromycin, 75Qg/ml; and chloarmphenicol, 20g/ml, for
E. colistrains. E. coli cultures were grown at 3C with shaking. Solid media was generated by
supplementing liquid media with 1.4% agar (Acumedia). The streptalcetrain used was.
iniae 9117, a human clinical isolate from the blood of a patient with a&l@4). S. iniaewas
cultured in Todd-Hewitt medium (BD) supplemented with 0.2% yeasa&x{BD) and 2%
proteose peptone (BD) (TP) in airtight conical tubes without tagitat 37C. Antibiotics were
added as necessary to TP medium at the following concentrationsny@ana 500 ug/ml;
erythromycin, 2ug/ml; and chloramphenicol, 8g/ml, for S. iniaestrains.S. iniaegrown on
solid media supplemented with 1.4% agar (BD) were incubated in GgaiRa(BBL) with

GasPak anaerobic system envelopes (BD).

Cloning of CpsA membrane topology fusionsThe previously describe@®fA promoter fronS.
pyogeneg48) was amplified by PCR from chromosomal DNA using primersf&*Apal and
3'rofA-Pstl (see Table 1) and the resulting fragment was inseredhi@tApal/Pstl sites of the
pLZ12-Km vector (53) creating pLZ12-KmofA-pro. ThelacZ gene was amplified from plasmid
pPTL61T (76) using primers BcZ-BamHI-Smal and 3acZ-Bglll. The phoZgene was amplified
from Enterococcus faecaligenomic DNA using primers phoZBamHI-Smal and 3hozZ

Bglll, removing the signal sequence frqnoZ Each of these fragments was then digested with
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BamHI and Bglll and inserted into the corresponding BamHI and Bgh sif pLZ12-KmrofA-
pro. This led to the generation of the fusion vectéaspand phoZ Construction of several
CpsA-LacZ fusion vectors were generated by amplificationaginfrents of thepsAgene using
genomic DNA ofS. iniaestrain 9117 with the universal 5 primercpsAPstl in conjunction
with the following primers: psAcytol-Smal, XpsAextl-Smal, XpsAcyto2-Smal, XpsA
ext2-Smal, and 8psAdna_ppf. Each of thesgpsAgene fragments were then digested with
Pstl and Smal and inserted into the corresponding Pstl and SewmlosilacZ in frame and
upstream of the lacZ gene (Fig. 4A). This created the plagplads-cpsAcytol, pacZ-cpsA
extl, pacZ-cpsAcyto2, pacZ-cpsAext2, and facZ-cpsAdna_ppf. Construction of the CpsA-
phoZ fusion vectors were created in a similar manner by aoghidn of fragments of thepsA
gene using the universal 5 primerchSAECcoORI in conjunction with the following primers:
3'cpsAcytol-Smal, XpsAextl-Smal, XpsAcyto2-Smal, IApsAext2-Smal, and BpsA
dna_ppf. These fragments were then digested with EcoRl and Smahsamted into the
corresponding EcoRI and Smal sites phpZin frame and upstream of the phoZ gene (Fig. 4B).
This generated the plasmidphpZcpsAcytol, phoZcpsAextl, phoZcpsAcyto2, phozZ
cpsAext2, and phoZcpsAdna_ppf. The vector strains contained the parent plasmid with no
cpsAfragment fused to the reporter enzyme and thus no ribosome bindingy start codon.
These plasmids were then transformed $itmiaeas previously described (94).

To create and purify the intein-tagged CpsA protein, we used tRAGT™ Kit (NEB).
Amplification of cpsA gene fragments for fusion to the intein chitin binding protein (CBP
epitope tag was accomplished using the primep$Ashort-Ndel in conjunction with either
3'cpsAshort-Sapl or EpsAshort-TM. The PCR products were digested with Ndel and Sapl

and inserted into the pTXB1 plasmid (NEB) creating the plasmpidsBl-cpsAcytol and
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pTXB1l-cpsAextl with 3’ fusions to the intein tag. These constructs Wwaresformed into T7

Express (Invitrogenit. colicells.

Measurement off-galactosidase activity: The gacZ-cpsAexpressinde. colicells were grown
overnight as described above, then sub-cultured 1:40 the next morning intmetiwn and
grown at 30C with shaking to an Ofgpof 0.3. Chloramphenicol was added at a concentration
of 200 ug/ml to 1 ml of culture and incubated on ice for 20 minutesh &auople was prepared
by adding 0.1 ml of chloramphenicol-treated cell suspension to 0.9 @lhbofffer (95), then
adding 20ul of 0.1% (wt/vol) SDS and 4Ql of chloroform, and vortexing the mixture
vigorously for 10 seconds. The samples were then incubated@tf@&015 minutes before 200

ul of the colorimetric substrate-nitrophenylg-D-galactopyranoside (4 mg/ml) (NPI) was
added. Reactions were developed at room temperature for vari@ssptiar to terminating the
reaction with the addition of 50@ of 1 M NaCQO;. Samples were centrifuged briefly to pellet
cellular debris and the Q) and ORso of each supernatant was measured. Miller units were
calculated as: units = 1,060[0OD42¢-(1.75%x ODssg)J/(time x volumex ODggg) (95). Each assay

was repeated a minimum of three times.

Determination of alkaline phosphatase activity: The pphoZ-cpsAexpressinge. coli cells
were grown overnight, then sub-cultured 1:40 the next morning into nellumend grown at
37°C with shaking to an Ofgyof 0.3. Culture concentrations were then normalized to agdOD
of 0.75 in 1 ml of LB, and 5@l of each normalized sample was placed into wells of a flat
bottom 96 well plate in triplicate, followed by 2Q0 of p-nitrophenyl phosphate (Sigma)

suspended in 1 M Tris (pH 8). Plates were incubated in the dark for one hour prior to tieading
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ODy05 ODsso, and ORye The phoZ-cpsAexpressingS. iniaestrains were grown overnight,
sub-cultured 1:40 the next morning into new medium and grown statically@t8an OL3y,of
0.3. Cultures were then normalized to ane®Of 0.4 in 1 mL of 1M Tris (pH 8) containing:
nitrophenyl phosphate. These were incubated in the dark for 3 hourshemdbriefly
centrifuged to pellet cells prior to reading the @&Pand OBRso. Activity for E. coli was
calculated as follows: 1,000 [OD42¢-(1.75x ODssg)]/(time x volumex ODgog). Activity for S.
iniae was calculated as done fiar coli, multiplied by an additional factor of 10 and normalized

to WT activity. Each assay was repeated a minimum of three times.

Whole cell ELISA: Analysis of thecpsAintein fusion expressing strains (described above) was
accomplished by growing the cells overnight as previously descriped above) and
subculturing 1:40 the next morning into new medium with shaking &€ 3@r 2 hours.
Expression was induced by addition of 0.4 mM isoprgpi-1-thiogalactopyranoside (MP
Biomedicals) for three hours. Cultures were then concentratedh t®@,, of 0.75 and
resuspended in 1 mL LB media containing a 1:10,000 dilution of anti-CBiitreerum (NEB)
and incubated at°€ on a rotating platform for 1 hour. After incubation, cells weeketed by
centrifugation at 8,00@ g for 5 minutes and washed with 1 mL of LB three times. sGedre
then pelleted again and resuspended in 1 mL of LB media contaitid€,Q00 dilution of goat-
anti-rabbit antibody conjugated to alkaline phosphatase and incubateé€ ain4a rotating
platform for 1 hour. Cells were subsequently pelleted and washed atlutbe times, and
finally resuspended in 1 ml of LB for detection of alkaline phosgd®aiactivity as described

above.
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Cloning of Maltose Binding Protein-CpsA fusions: The full-lengthcpsAgene was amplified
from S. iniae9117 genomic DNA using the primercpsASmal and psAPstl. Various 3’
truncations of thepsAgene were amplified fror8. iniae9117 genomic DNA using the primer
5’cpsASmal in conjunction with the following primers:cpsAdell-Pstl-stop, psAdel2-Pstl-
stop, and IpsAdel3-Pstl-stop. Each of these products was digested with &mdaPstl and
cloned into the corresponding Smal and Pstl sites of pMAL-c2x (NE&&Jing to in-frame
fusion ofcpsAfragments downstream of tinealE gene. This generated the following plasmids:
PMAL-cpsAfull, pMAL-cpsAl116, pMALcpsA78, and pMALepsA23. These constructs

were transformed into T7 Express (Invitrog&n)coli cells.

Protein purification: The pMAL-cpsA expressingE. coli strains were grown overnight as
described above and the following morning sub-cultured 1:40 into 500 ml nevurmeand
grown at 37C shaking until reaching an Qg of 0.5, at which point protein expression was
induced by addition of 0.3 mM isopropHD-1-thiogalactopyranoside followed by incubation
for 3 hours. Cells were then harvested by centrifugation at 400for 20 minutes, the
supernatant discarded, and the cells resuspended in 20 ml of Coluren R0OfimM Tris-HCI,
200 mM NaCl, and 1mM EDTA) and stored at %20 Frozen culture was thawed on ice and
sonicated to lyse cells. The lysate was then diluted to avioii@ne of 100 ml using Column
Buffer and loaded onto a column containing amylose beads (NEB) and atderding to the
manufacturer's specifications. Purified protein concentration dedésrmined using the BCA
protein assay kit (Thermo Scientific) according to the manwuifacs instructions. Protein purity

was assessed with SDS-PAGE.
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Though no advanced preparative techniques were required for purificatiba bBP-
CpsA fusions, those constructs containing transmembrane domains pratgréraictionated
into the insoluble lysate fraction after sonication. The degraesofubility of these proteins
was also evidenced by minimal migration in non-denaturing polyaargle gels during EMSAS,
a property that was somewhat mitigated by the addition of non-metergents to binding

reactions (see below).

Generating digoxigenin-labeled DNA probe: A 182 bp probe emcompassing tlpsA
promoter was amplified frons. iniae9117 genomic DNA using the primerscpsApro and
3'cpsApro. This product was then labeled using the DIG Gel ShiftXitGeneration (Roche)

and labeling efficiency determined according to manufacturer’s instngct

Electromobility Shift Assays (EMSA): The digoxigenin labeledpsApromoter was used as
the probe for all gel shift assays. To conduct the EMSA, ngrgimounts of the MBP—CpsA
protein fusions were incubated with a constant amount of labeled probmd@l7irf a binding
buffer containing 100 mM HEPES pH 7.2, 1 mM EDTA, 50 mM KCI, 50 mM MgCImM
DTT, 25% (v/v) glycerol, 1% (v/v) NP40, and 1% (v/v) CHAPS for 30 minwesoom
temperature. For reactions requiring competitor DNA, a 20-foldssxgkeither unlabellecpsA
probe or sheared salmon sperm DNA was included in the binding reathie samples were
loaded onto a 6% polyacrylamide native gel consisting of 6% (v/vlapollamide, 44.5 mM
Tris base, 44.5 mM boric acid, and 1mM EDTA. Electrophoresis was pextbat 4°C. The gel
was then transferred to a nylon membrane (Micron SeparationsuBicg a semi-dry transfer

apparatus (Bio-Rad). Chemiluminescent detection of DIG-labeldd Dn membranes was
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accomplished with a commercial reagent (DIG Gel Shift Kit,Generation, Roche) according

to manufacturer instructions, followed by exposure to X-ray film.

Cloning truncated forms of S. iniae CpsA: A gene encoding kanamycin resistance was
amplified from the plasmid pABG5 (48) using the primetsa®&BamHI and 3kanEcoRI. This
product was digested with BamHI and EcoRI and cloned into the corresgoBdmHI and
EcoRI sites of the plasmid pOri23 (122), creating the plasmid p®eB3 ThecpsApromoter
and a truncated form afpsA lacking the LytR domain were amplified together from 9117
genomic DNA using the primersdgsApro-BamHI and XpsAALytR-Pstl-stop. This product
was digested with BamHI and Pstl and cloned into the corresponding BamHI bhsiteBsif the
plasmid pOri23-kan. This generated the plasmid pCps®R. A truncated form otpsA
entailing only the DNA_PPF domain was amplified from 9117 genomié D8Ing the primers
5'cpsADNA_PPF-BamHI and &psADNA_ PPF-FLAG-Pstl-stop. This product was digested
with BamHI and Pstl and cloned into the corresponding BamHI andsissl of the plasmid

pLZ12rofA-pro (48, 103). This generated the plasmid pCpsA-DNA_PPF.

Measurement of S. iniae capsule levels with Percoll buoyant density assaysBuoyant
density centrifugation was performed similarly to previous wo82),( (79), but with
modification. Linear density gradients of Percoll (GE Healthcesere generated by diluting
Percoll to a high density limit (1.120 g/&mand low density limit (1.0 g/cth with a final
concentration of 0.15 M NaCl according to the manufacturer’'s instngtiand carefully
layering 5 mL of the low density solution on top of 5 mL of the highithesslution in a 10 mL

conical tube (BD). These tubes were then set horizontally &t anbe to the benchtop, and left
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overnight. The next morning tubes were set upright and allowedtl® feet30 minutes prior to
use. Bacterial cultures were grown overnight as described ahodeultures were normalized
to an ORyp of 0.6 in 1 mL of TP medium, pelleted by centrifugation, resuspended jith &0
PBS, and added directly to the top of the Percoll gradients. Tudrestken centrifuged for 40
minutes at 5000 rpm in a swinging bucket Eppendorf Centrifuge 5403 with RéAdr-44 at
room temperature. Measurements were then taken from the oeetisthe bottom of the cell
band in each tube, and compared to a set of colored beads of known deaditgdldhcare) to
determine bacterial cell density. These experiments weferped at least three times, with
results reported using a representative experiment. Measuremeapsule for time course
experiments was identical to that given above, except that WT Baddiéria were taken at
different time points from separate cultures after inoculatimdp & 1:10 dilution from an

overnight culture.

Measurement of antimicrobial resistance: S. iniaestrains were grown overnight, subcultured
into fresh medium with a 1:25 dilution, and grown to ans§af 0.3. Cultures were normalized
and serially diluted to 1 x 0CFU/mL and 10ul added to individual wells of a 96 well plate,
with a final volume of 200ul including antimicrobial agents. Antimicrobial concentration
ranges were as follows: lysozyme, 0 mg/mL to 52 mg/mLittaam, Oug/ml to 6.6ug/ml; and
methicillin, O ug/ml to 1.65ug/ml. Subsequent to addition of bacteria, plates were incubated at
37° C overnight and Ofg, measured with a VERSAmax microplate reader (Moleculardasyi

the following day.
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Measurement of autolysis: S. iniaestrains were grown overnight and normalized to andgD
of 0.3. Bacteria were then pelleted and resuspended in either PB6%otriton X-100 or 0.6%
tween-20 (v/v) in PBS. Resuspended bacteria were placed into &IBflate, incubated at
incubated at 37° C for 24 hours and dPmeasured with a VERSAmax microplate reader
(Molecular Devices) the following day. Lysis was calculassd((ORodinal/ODgognitial) x

100%).
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Table 1: Primers used in this chapter.

Primer name

Sequence 5’ -3

5'rofA-pro-Apal

TCC GGG CCC ATT TTC TCT CCT CTC AAA AACTA TAT GAG C

3'rofA-pro-Pstl

AAA ACT GCATCACAATAATGG TTT AGT TGT AA AAG GTT AAG CC

5’lacZ-BamHI-Smal

CGC GGATCC GCG TCC CCC GGG GTC GTT TCAA CGT CGT GAC

3’lacz-Bglll GGA AGATCT CTG CCC GGT TAT TAT TATTTT TGAC
5’'phoZBamHI-Small CGC GGA TCC GCG TCC CCC GGG CAA AAA AGEISC GAA AAAC
3'phozBglil GGAAGATCT CGTTCT GCTTTTTCT TCATTIT TG

5'cpsAPstl AAA ACT GCA GGT AAA CTA GAT GAT TTG GAG

3’cpsAcytol-Smal

TCC CCC GGG GCT TAG ATTATG TTT CTC TTOG

3’cpsAextl-Smal

TCC CCC GGG CTG CCT AAAAGC AAG GAA G

3’cpsAcyto2-Smal

TCC CCC GGG CTTTTT CTT GAT AAC GAG

3’cpsAext2-Smal

TCC CCC GGG AGC TGT AAAGTC AAT TGT TG

3'cpsAdna_ppf-Smal

TCC CCC GGG CAT AACCATTGC TTG AGAG

5’cpsAEcoRI

CCG GAA TTC GAT AGC TAT AAG TCT AAT AGA TGAAG

5'cpsAshort-Ndel

GGA ATT CCATAT GGC ACATTC CAG AAG TAACG

3'cpsAshort-Sapl

GAG GGC TCT TCC GCA CGT ATT TAT TAA GCIAG

3'cpsATM-Sapl

GAG GGC TCTTCC GCA ATA GAG GTA CAT CCA AALC

5’cpsASmal

TCC CCC GGG ATG GCA CAT TCC AGA AGT AAACG

3’ cpsAPstl

AAA ACT GCA GTC ACC TGT TGA ACC TGT CC

3'cpsAdell-Pstl-stop

AAA ACT GCA GCT ATC ACAATC TCT GABAA GAG GCT G

3’'cpsAdel2-Pstl-stop

AAA ACT GCAGCT ATC ACAATCCCT TAGCT TTTTCT TG

3’'cpsAdel3-Pstl-stop

AAA ACT GCA GCT ATC AGA TAT TTATTAAGC TTA GAT TAT G

5’cpsApro CTC ATAATG ACAGTCTATC

3'cpsApro CCATCAATATCATTT AAGTC

5’kan-BamHI CGC GGA TCC CAG GAC AAT AAC CTT ATAGC
3’kan-EcoRl CCG GAATTC GAC ATC TAAATC TAG GTAC

5’cpsApro-BamHI

CGC GGATCCGTT GTATTC TCATAATGA CAGC

3’ cpsAALytR-Pstl-stop

AAA ACT GCA GCT ATC AGA AAT CGG ACATA AGT ATC

5'cpsADNA_PPF-BamHI

GCG GGA TCC GAG GAG TAG TAA AGG GATGA CCA GTC

3'cpsADNA_PPF-FLAG-
Pstl-stop

AAA ACT GCA GTC ACT TGT CGT CAT CGT CCT TGT AGT CCAAT AAG
CAC TGT TCATAACC




42

RESULTS

CpsA membrane topology verification. Gene fusions made to eithéacZ (encoding 8-
galactosidase) ophoZ (encoding alkaline phosphatase) provide a powerful framework for
characterizing membrane protein topology. Fusion proteins contgirgaiactosidase display
high enzymatic activity only whep-galactosidase is attached to cytoplasmic domains (83, 85).
In contrast, fusion proteins containing alkaline phosphatase exhibiehiyimatic activity only
when alkaline phosphatase is fused to extracellular or periglgsrotein domains (84). If
alkaline phosphatase is fused to a cytoplasmic protein domain themains enzymatically
inactive (85). Therefore, high enzymatic activities fdgalactosidase fusions indicate a
cytoplasmic location while high enzymatic activities for tkat phosphatase fusions indicate
an extracellular orientation. Fusions of various truncated forms ok Gese made to eithei-
galactosidase or alkaline phosphatase for confirmation of membraoledy, generating the
plasmids ppsAlacZ (Fig. 4A) and ppsAphoZ(Fig. 4B). These fusions were made in-frame at
five different locations of thepsAgeneresulting in atruncated protein containing the first 19,
50, 74, 105, or 188 amino acids. The location of each of these fusions regathe three
transmembrane domains is illustrated in Fig. 5. Colorimetriayassere performed with strains
harboring each of the CpsA fusion plasmids as described in Materials and Methods.

Fusions to the predicted cytoplasmic regions gave the hifhgaactosidase activity in
E. coliat 3440 Miller units (MU) for CpsA-cytofigal and 5127 MU for CpsA-cytogal, while
fusions to putative extracellular regions gave much lower ac&ti86 MU for CpsA-extBgal
and 101 MU for CpsA-dna_pgigal (Fig. 6A). Although less than half of that observed for the

two predicted cytoplasmic regions, there was a higher than exiactivity observed for CpsA-
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extlfgal (1687 MU), as it was predicted to be in an extracellatgy. We attempted to perform
the samé-galactosidase assays3niniae but found that all constructs gave less than 1 MU of
activity, a problem that persisted even with a positive control dorgsisf the nativdacZ gene
positioned behind the same promoter, which demonstrated only 8 MU witya¢tiata not
shown). We speculate that this may be due to a problem with glaitina&tion of the cells, as in
our experience it is especially difficult to achieve cell peahilization withS. iniaecompared to
other Gram positive organisms. We adapted a variety of perimatbn methods
corresponding to successful protocols in a number of other Gram pag#ees, including.
pyogeneg43),S. agalactiag121), andEnterococcus faecali?2), without any success.
Colorimetric assays were also performed \ithcoli strains harboring each of the CpsA
alkaline phosphatase fusion plasmids (Fig. 6B). Fusions to predidtadediular domains gave
the highest alkaline phosphatase activity with 807 MU for CpsA-Bkt%s and 109 MU for
CpsA-dna_ppf-Phos, while fusions to predicted cytoplasmic regions |lgese activity at 10
MU for CpsA-cytol-Phos and 5 MU for CpsA-cyto2-Phos. Once agairadtieity of CpsA-
extl-Phos did not match its putative extracellular location witly dfl MU of alkaline
phosphatase activity. The lower than expected activity for Ge&Appf-Phos was shown to be
due to protein degradation (Fig. 6C), a phenomenon also observed with anethieemof the
LytR_CpsA_psR family when fusions were made closer to ther@iisias (58). The stability of
all CpsA-Phoz fusions was confirmed by Western blot (Fig. 6@) antibodies to the PhoZ
alkaline phosphatase. Western blots also confirmed the stabil&yl &fpsA$-galactosidase
fusions (data not shown). Alkaline phosphatase assays were alsomgelfonS. iniae
harboring each of the CpsA alkaline phosphatase plasmids. Résutisthese assays

corresponded exactly to those observeR.icgoli with predicted extracellular regions giving the
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highest activity with 490 units of activity for CpsA-ext2-Phos and 210 units eftgdor CpsA-
dna_ppf-Phos, while fusions to putative intracellular regions gave lagtimity at 40 units for
both CpsA-cytol-Phos and CpsA-cyto2-Phos (Fig. 6D). As sedn roli, activity for the
CpsA-extl-Phos fusion did not correlate with its predicted eaditdar position at only 90 units
of activity, indicating that this discrepancy was species independent (Big. 6D

We hypothesized that the unexpected results observed with GpsAray have been
due to masking of the hydrophobic region of the first transmemigiamain and prevention of
membrane association by the large reporter enzymes fusé@ tO-terminus. Therefore, an
alternative method was to use a construct with a smaller ttiting domain (CBD) tag fused
in-frame at amino acids 22 and 43 (Fig. 7A). If the CBD iseddecated extracellularly for
CpsA-ext1-CBD, as predicted, then it will be accessible mbibady binding during whole cell
ELISA and exhibit higher activity than vector alone or the cytoplapsA-cytol-CBD fusion.
Phosphatase activity, using a colorimetric assay from the wiktdI&€IcISA, was measured for
each strain (Fig. 7B). As predicted, CpsA-extl-CBD demamestréhe highest enzymatic
activity at 1543 MU, indicating an extracellular CBD locationheTCpsA-cyto1-CBD fusion
expressed significantly lower activity at 168 MU (similarviector alone), consistent with the
cytoplasmic location of the CBD. The stability of each of thamestructs was confirmed by

Western blot, using antibodies generated against the CBD (data not shown).
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Figure 4. Plasmids constructed for CpsA membrane topology verification.F@8ion ofcpsA

to lacZ and (B) cpsAto phoZ Plasmid pLZ1ZofA-pro was used to construct in-frame
translational fusions ofpsAto the reporter enzymes. The chimeric gene products are under
control of the mid-level constitutivedfA promoter. The size of thgpsAtrunc fragment varies

in relation to the truncations used. The locations of genes encodistanee to kanamycin
(aphA3), chloramphenicol (Cm), origins of replication and restriction site tosatire shown.
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Figure 5: (A) CpsA membrane topology. (B) Conserved protein domains of .Cp&3)
Location of enzymatic fusions to CpsA to determine membrane topadtiyglyopathy plots were
used to predict the specific membrane topology for each fusion: rEis(hembrane), cytol or
cyto2 (cytoplasm), extl or ext2 (extracellular), and dna_ppfdestiular). aa, number of amino
acids.
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Figure 6: (A) Activity of CpsA{f-galactosidasé&. coli fusion strains in colorimetric assays,
expressed in Miller units. (B) Activity of CpsA-alkaline phosphatis coli fusion strains in
colorimetric assays, expressed in Miller units. (C) Westesh fbl confirmation of stability of
CpsA-alkaline phosphatase fusions. The asterisk indicates a nonspeacific The arrowhead
points to a degradation product. (D) Activity of CpsA-alkaline phosph&asgaefusion strains
in colorimetric assays. Error bars reflect the standard deviations.
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Analysis of CpsA promoter binding. All members of the LytR_cpsA_psr protein family are
implicated in transcriptional regulation, but to our knowledge no dD®&A binding function
for these proteins has been demonstrated. The CpsA protein has beenchegulate capsule
expressiongpsAis the first gene in the capsule operon and is adjacent to thevputapsule
promoter (27, 79, 171). To determine if CpsA binds directly to the cappel®n promoter to
influence transcription we performed electrophoretic mobility staflays (EMSA) with purified
CpsA and digoxigenin (DIG) labeled promoter DNA as a probe. uEbeof EMSA provides the
ability to discern direct interactions between proteins and sp&MiA sequences, as well as the
ability to assess the specificity of any observed interactiddequence analysis of the
cytoplasmic regions of CpsA revealed a high density of positigleyged amino acids, with
8/22 on the cytoplasmic N-terminus and 4/5 on the cytoplasmic loop §FigThis led us to
hypothesize that CpsA may be able to bind directly to the negatoledyged phosphate
backbone of DNA. To this end, we generated maltose-binding-protein)(MBé&ed versions of
CpsA, with full length CpsA as well as various C-terminal trtioos (Fig. 9). Following
purification on an amylose column, EMSAs were performed with eatthed/IBP-CpsA fusion
constructs. An 182 bp DNA fragment containing ¢tpsApromoter was labeled with DIG and
used as a probe.

EMSA results demonstrated that full length MBP-CpsA was capalbl binding
specifically to thecpsApromoter probe (Fig. 10A). The smallest concentration of protein (25
pmol) was able to shift the probe completely (Fig. 10A, lanes 2Adidition of 20-fold excess
unlabeledcpsA promoter DNA to the binding reaction led to competition for CpsA proteli

binding with the DIG-labeled probe, resulting in an increase in unbalated probe (Fig. 10A,
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lane 5). Addition of excess non-specific competitor DNA led toimmah competition with the
cpsApromoter DNA (Fig. 10A, lane 6).

To confirm that the large extracellular C-terminus of CpsA wat playing a role in the
observed DNA binding, MBP-CpsA-116, which removes greater than 90% axtinacellular
domain (Fig.9), was constructed and analyzed by EMSA. Results with MBRA-CHE
revealed similar binding kinetics to those seen for the full kerigBP-CpsA (Fig. 10B).
Increasing the concentration of protein in the binding reactions lad tocreased shift of free
probe to the bound state (Fig. 10B, lanes 2-4). As seen with théerigiih form, excess
unlabeledcpsApromoter led to a large shift of probe from the bound state tartheund state
(Fig. 10B, lane 5) while excess non-specific competitor led to mmglerate competition with
labeled probe (Fig. 10B, lane 6).

The contribution of the cytoplasmic loop between transmembrane dothand 3 to
DNA binding was analyzed by testing the MBP-CpsA-78 and MBP-Gi&Aenstructs with
EMSA. The MBP-CpsA-78 truncation left the cytoplasmic loop intdett removed the
transmembrane domain that anchored it to the membrane, likely disruptimafive structure.
The MBP-CpsA-23 truncation completely removed the cytoplasmic laspyell as the first
transmembrane domain, leaving just the cytoplasmic N-terminus.ifastlts of the EMSA
with MBP-CpsA-116 indicated efficient binding to the labeled probélastrated in Fig. 10B
(Fig. 11, lane 1), as did MBP-CpsA-78 (Fig. 11, lane 2), demonstthtghe cytoplasmic loop
transmembrane anchor was not necessary for CpsA to bind to the DN& @Excess unlabeled
cpsApromoter DNA effectively competed with labeled probe for protemdlibg for both MBP-
CpsA-116 (lane 4) and MBP-CpsA-78 (lane 5). The major differenteclkea MBP-CpsA-116

and MBP-CpsA78 was observed when non-specific competitor DNA wds @ely moderate
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competition was observed with MBP-CpsA-116 when excess non-spebificwas added (lane
7) while significantly more competition was observed when exoessspecific DNA was

incubated with MBP-CpsA-78 (lane 8), indicating loss of the natiuetsire of the cytoplasmic
loop through removal of the third transmembrane domain may resullasseaof specificity.

Lastly, the full removal of the cytoplasmic loop in MBP-CpsA-23 plately abrogated the
ability of CpsA to bind to DNA (Fig. 11, lanes 3, 6 and 9). This constlso served to show
that the MBP tag alone was not responsible for the observed Din#ngiin the other fusion
constructs.

Since we could not rule out that the N-terminally-located MBPntag be responsible
for blocking DNA binding of MBP-CpsA-23 through steric hindrance, wed usenstructs in
which a small chitin-binding domain (CBD) tag was attachethéoC-terminus of the protein
(CpsA-cytol-CBD and CpsA-extl-CBD) in EMSA analysis, leavihg N-terminus of CpsA
untagged. Neither of these purified constructs was able to bind ¢pgsA@romoter probe (data
not shown), indicating that the cytoplasmic N-terminus of CpsA, in aghsence of the

cytoplasmic loop, is not sufficient for DNA binding at this promoter.
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Figure 8: Cytoplasmic protein sequence of CpsA fr8tneptococcus iniawith positively
charged amino acids in blue text.
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Figure 9: MBP-CpsA constructs used for DNA-binding assays. Full-length and sequential C-
terminal truncations of CpsA were generated for analysis of DNA-binding nhiesgpel runcated
forms of CpsA contained the first 116, 78, or 23 amino acids of the protein, removing the large
extracellular C terminus, the third transmembrane domain, and the cytoplasmand the first
transmembrane domain, respectively.
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Figure 10: EMSA using digoxigenin-labelezpsApromoter DNA as a probe. (A) EMSA with
full-length MBP-CpsA. Lanes: 1, free probe; 2, 25 pmol MBP-CpsA; 3, 50 pmol MBP-CpsA, 4,
75 pmol MBP-CpsA; 5, 75 pmol MBP-CpsA and 20x unlabelesiApromoter DNA; 6, 75

pmol MBP-CpsA and 20x nonspecific DNA. (B) EMSA with MBP-CpsA-116. Lanes: 1, free
probe; 2, 25 pmol MBP-CpsA-116; 3, 50 pmol MBP-CpsA-116; 4, 75 pmol MBP-CpsA-116; 5,
75 pmol MBP-CpsA-116 and 20x unlabelgusApromoter DNA; 6, 75 pmol MBP-CpsA-116

and 20x nonspecific DNA. B, bound probe; U, unbound probe.
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Figure 11. EMSA with MBP-CpsA truncations. All lanes contain 75 pmol of proteid DIG-
labeled probe. Lanes: 1, MBP-CpsA-116; 2, MBP-CpsA-78; 3, MBP-CpsA-23B#-0psA-
116 and 20x unlabelexpsApromoter DNA; 5, MBP-CpsA-78 and 20x unlabetgdApromoter
DNA; 6, MBP-CpsA-23 and 20x unlabelepsApromoter DNA; 7, MBP-CpsA-116 and 20x
nonspecific DNA; 8, MBP-CpsA-78 and 20x nonspecific DNA; 9, MBP-CpsA-288 a0x
nonspecific DNA. B, bound probe; U, unbound probe.
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The conserved domains oB. iniae CpsA are involved in regulation of capsule. Previous
observations in our lab documented thapsAinsertion mutant 0. iniaeproduced less capsule
and was attenuated for virulence (79). TheaniaecpsAins mutant effectively transcribes and
translates a truncated form of the protein lacking the LytR domain that walyitihought to be
inactive; however, thepsAins mutant is unable to be complemented with ectopic expression of
the full length nativeepsA(data not shown). To assess the nature of these phenotypes and the
role of the DNA_PPF and LytR domains of CpsA in capsule regulation, trurfoatesl of CpsA
lacking the LytR domain, or containing just the DNA_PPF domain, vgeneerated and
ectopically expressed in the WEL iniaebackground (Fig. 12).

Capsule production in the WT strain demonstrated growth phase dependdhcy, w
highest levels of capsule produced during exponential growth (3-4 hoigs)l8. To assess
capsule levels without variability due to growth phase, overnight egltwere used. Production
of a form of CpsA lacking the LytR domain (Cpa@ytR) in the WT S. iniaebackground
resulted in a drastic reduction in capsule levels as measutaeblggnt density centrfiguation, to
levels comparable to those observed for $haniae cpsAns mutant (Fig. 14). The loss of
capsule experienced with removal of the LytR domain could be due her et induced
dominant negative function or the adoption of a repressive function for @pg®e absence of
the LytR domain. Production of a truncated form of CpsA entgjlist the DNA_PPF domain
with a transmembrane anchor was also sufficient to producentee@anotypic loss of capsule
(Fig. 14), indicating that this phenotype was facilitated byDhN&A PPF domain and does not
appear to require DNA-binding by the truncated form of the protein, as the DNAWpiddmain
of CpsA was absent for this construct (Fig. 12). Additionally tresservations explain our

inability to complement capsule production in tpsAins mutant ofS. iniaewith native CpsA,
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as thecpsAins mutant is producing a dominant negative or repressing form qirobein that

somehow prevents the native CpsA from activating capsule synthesis.
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Figure 12: Membrane topology and conserved domainS.ahiaeCpsA with truncated forms
of CpsA lacking the LytR domain, and containing just the DNA_PPF domain.
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Figure 14: Capsule levels db. iniaeWT, cpsAins, and WT strain with either pCpsf:-ytR or
pCpsA-DNA_PPF plasmids.
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The conserved domains of. iniae CpsA are involved in regulation of cell wall stability.
Other proteins containing the LytR domain have been shown to beatsdogith regulation of
cell wall maintenance, including autolysis and cell division (24, 587/42110). In addition to a
decrease in capsule, previous observations in our lab documented ttgAles mutant ofS.
iniae formed significantly longer chains of cocci (79), a phenotype asedcvath altered cell
wall maintenance (8, 9, 24). To determine the role of CpsA and tiRedonain in regulation
of cell wall stability, a variety of cell wall active amiicrobial agents that target specific steps in
cell wall biosynthesis and turnover were used in conjunction witl th&iaeWT, cpsAins, and
WT/pCpsAALYIR strains.

Lysozyme specifically cleaves the glycosidic bond between Nk NAG of
the cell wall PG, and is used by host organisms to enhancendearfpathogenic bacteria. In
response to this selective pressure, bacterial systemsahaga that modify the PG backbone
throughO-acetylation of NAM and\-deacetylation of NAG to provide resistance to lysozyme
cleavage of PG (31). While growth of the VBT iniaestrain was ablated even at low levels of
lysozyme, both thepsAins and WT/pCpsAALytR strains grew to similar levels across a broad
range of lysozyme concentrations (Fig. 15), possibly indicatingP@Gamodifications are altered
in the absence of the CpsA LytR domain.

Bacitracin inhibits recycling of Und-P, which is the lipid acoepequired for PG and
CPS synthesis and transport to the cell exterior. The inatmlitorm a cell wall is bactericidal
as bacteria easily lyse from osmotic pressure in the absétice cell wall. Interestingly, both
thecpsAins and WT/pCpsAALYtR strains were about two to three-fold more resistant to growth
in bacitracin than the WT strain 8f iniae(Fig. 16), suggesting differential usage of the Und-P

acceptor.
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B-lactam antibiotics like methicillin inhibit crosslinking of tpeptide side chains of PG,
causing a bacteriostatic effect, but this indirectly resultan accumulation of PG precursors
within the bacterial cell that positively activates the productibautolysins which ultimately
cause bactericidal cell lysis. In contrast to what was wbddor lysozyme and bacitracin, the
cpsAins and pCpsAALYER strains ofS. iniaedemonstrated an approximately two-fold decrease
in resistance t@-lactams, including methicillin (Fig. 17) and ampicillin (data rfadvwsn), when
compared to the WT strain. Taken together, these results suggietite cell wall architecture
of S. iniaeis altered when the LytR domain of CpsA is removed. This obsenvaticonsistent

with a regulatory function for CpsA that includes not only capsule, but the cekhsvaiéll.
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The LytR domain of CpsA contributes to differences in autglsis in S. iniae. In addition to
the differences in antimicrobial resistance observed for tlfiereift strains of. iniag we also
observed that in the absence of antibiotics bothcpshins and WT/pCpsAALytR strains
exhibited a lower OEyo value after overnight growth (Figs. 15-17). We determined hiatmas
not due to a growth defect by performing time-dependent growth s;uamel observed that the
ODsoo value decreased during late stationary phase to a level muehtloan that observed for
the WT strain ofS. iniae (data not shown). A decrease in £Pvalues is generally
representative of cell lysis, leading to decreased absorption at the 600 nrmgtivele

To measure the increased autolysis associated witlcpgbains and pCpsAALYtR
strains, bacteria were grown overnight and resuspended in PBSrartioaic detergents triton
X-100 and tween-20, which have been shown to induce autolysis (29). Thatpgstewas
determined by comparing the final @ value to the initial Oy, value. When strains were
incubated in PBS alone, thepsAins strain exhibited an approximately two-fold increase in
autolysis compared to the WT strain (Fig. 18). The WT/pCAB®R strain demonstrated a
more subtle increase in autolysis with an approximately 1.5ificlgéase over that observed for
the WT strain (Fig. 18). Surprisingly, none of the strains showsdraficant increase in
autolysis when incubated with the nonionic detergents triton X-100 {Bigor tween-20 (Fig.
20), but the same relative increase in autolysis was apparembtfothecpsAins and pCpsA-
ALytR strains when compared to the WT strain. Taken togethedathesuggests that the LytR
domain of CpsA contributes either directly or indirectly to regutabf autolysis, which is
consistent with the observation that CpsA contributes to regulatioellofvall maintenance or

stability as assessed by antimicrobial sensitivity above.
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Figure 18: The amount of lysis observed for different strainS.ahiaeincubated in PBS.
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X-100.
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DISCUSSION

Many pathogens utilize a polysaccharide capsule to evade immwarande, allowing
for dissemination and development of systemic disease. Among thesa aumber of
streptococcal pathogens that appear to use the CpsA protein tteraxscriptional control over
capsular synthesis. Cieslewicz et al. demonstrated theleoth of thecpsAgene resulted in a
loss of capsule transcription 8. agalactiag as well as decreased capsule production (27).
Furthermore, mutation afpsAin S. iniaeresulted in an unencapsulated phenotype and led to a
reduction in virulence and effective dissemination from the siiefe€tion (79), underscoring
the importance of capsule regulation in pathogenesis.

Though several members of the LytR_cpsA _psr protein family haea implicated in
transcriptional regulation, a mechanism for how these proteins medudaiscription has not
been determined. However, there appear to be several common thefnastiohality within
this protein family. The LytR protein @acillus subtilisdemonstrates transcriptional attenuator
activity of its own promoter and the promoter of the divergentaspeflytABC, which encodes
proteins involved in autolysin production (74). The PSR protein, originatlglyaed in
Enterococcus hirgewas found to be a repressor for penicillin-binding protein 5 (PBP&EHls
as a regulator of other cell surface-related processes (75H@&Wever, a subsequent report on
PSR inE. faeciumdemonstrated that neither repressor or activator activities agsociated with
control of PBP5, but suggested that PSR may activate its oweerigiz during growth in the
presence of ampicillin (124). Expression analysis of the LytR_cpsAapsly membemsrRin
S. aureusrevealed transcriptional activation in the presence of multiple veall-targeted

antimicrobials including vancomycin and lysostaphin (125) stRmutant strain had a 4-fold
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decrease in minimal inhibitory concentration (MIC) to oxacitlompared to the wild type strain,
suggesting that this protein may be involved in sensing and respondamgirtocrobials that
target the cell wall. Furthermore, this report demonstratedMisaR had attenuator activity
against thesarA gene, which encodes a global regulator of virulence gen8s anireuq125).
However, a recent microarray analysis with a deletion mutamisdR demonstrated only minor
changes in the transcriptome, suggesting that the regulatory effectsrofhigrbe indirect (59).
Conversely, when the gene encoding $henutand_ytR (BrpA) protein, which is involved in
biofilm formation, autolysis, cell division and systemic virulence (B2, 164, 172) was deleted
and subjected to a transcriptome analysis, changes in expresssomushber of genes was
observed (163). Taken together, members of this family of protppeaato be involved with
cell wall biogenesis, polysaccharide production, stress toleramté&ranscriptional modulation
of proteins involved in these processes.

Although the predicted membrane topology for the CpsA protein suggasisgae
transcriptional regulatory mechanism, it was first necegsacgnfirm the topological prediction
provided by hydropathy plots. Recently the topology of another meailibe LytR_cpsA_psr
family, MsrR, was reported, although this protein has only a streydsmembrane domain, with
a small cytoplasmic N-terminus and a large extracellultgr@inus (58). Translational fusions
of various regions of the CpsA protein to eitBegalactosidase or alkaline phosphatase enabled
us to verify which regions of the protein are cytoplasmic oraegtlular. We found that the
predicted cytoplasmic regions (cytol and cyto2) gave the highgslactosidase activity of all
fusions tested, consistent with a cytoplasmic location. Enzynfaons to predicted
extracellular locations (ext2 and dna_ppf) gave the highest radkadhosphatase activity,

confirming an extracellular location. The decreased alkaline phiasghactivity given by
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CpsA-dna_ppf-Phos was shown to be due to increased protein degradatioeovévothe
extracellular location of this domain is consistent with the higghliae phosphatase activity
demonstrated by the adjacent CpsA-ext2 domain and the absencesdicéep transmembrane
domain between the two locations. Though we were unable to confir@p8#p-galactosidase
fusions in S. iniae our results with the CpsA alkaline phosphatase fusions.inniae
demonstrated identical trends to those sedn roli. We are therefore confident that the results
obtained inE. coli accurately represent the membrane topology that CpsA mariifiest iniae
The only CpsA fusion location that did not correspond to the predictatbraee topology was
at amino acid 50 (extl), a predicted extracellular loop of only hamtids. We speculate that
these results may have been due to misfolding or interferetitenembrane association caused
by the large reporter enzymes. Subsequent construction with tHersrhiin-binding domain
(CBD) tag allowed us to circumvent this problem, validating ikgragellular location.
Therefore, our results confirm the predicted membrane topologheofstreptococcal CpsA
protein with a short (~22 amino acids) cytoplasmic N-terminus,n3itmnambrane domains and a
large extracellular domain (>400 amino acids).

As mentioned above, CpsA plays a role in transcriptional regulatioeofcapsule
operon. To identify a regulatory mechanism, we utilized purified pretevith targeted
truncations to determine whether direct binding to the promoter occurgrdtesn domains
responsible for binding to DNA and the specificity of the interacbhetween CpsA and the
capsule operon promoter. Analysis by EMSA with purified MBP-CpdAghowed a direct
interaction between the CpsA protein and ¢psApromoter DNA, indicating that CpsA may
regulate transcription through direct DNA binding. Furthermore, ouysesldemonstrate that

the interactions are specific for the capsule promoter DNA. Tdkioowledge this is the first
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report demonstrating binding of any LytR_cpsA_psr family menbbéts target DNA. EMSA
analysis with a CpsA protein that has the entire C-ternextacellular domain removed (MBP-
CpsA-116) confirmed that this domain does not contribute to the observedbiDidikg, also
consistent with the finding that this region is extracellular. However, theats do not rule out
a possible contribution of this domain in transcriptional activatioroutyin possible
conformational changes. Therefore, although the CpsA protein hathdes80 amino acids in
the cytoplasm, its cytoplasmic regions are sufficient for bindm@®NA. The ability of the
membrane-bound CpsA protein to bind to a specific DNA target is ribbwtiprecedent. The
well-studied virulence protein ToxR &fibrio choleraeis a transmembrane protein proven to
bind to specific promoters to regulate transcription (55, 96). Thereafweehighly conserved
CpsA protein present in the majority of streptococcal capsule opappezars to be modulating
transcription of polysaccharide capsule through direct binding toabsute promoter. Further
experiments are necessary to determine if this interactosufficient for transcriptional
activation and what other factors may contribute to DNA target specificity.

Notably, although the cytoplasmic regions of the CpsA protein bind tcpg#promoter
in a specific manner, there is no evidence of a typical DNA bindamgain. A possible leucine
zipper domain which may facilitate protein dimerization existthe N-terminal portion of the
protein, spanning the cytoplasmic N-terminus and first transmemlatamain, however, a
single leucine in the heptad repeat of this motif is replagtda tryptophan. It is possible that
this still represents a functional leucine zipper domain asibkan shown that substitution of a
single leucine in the repeat with a tryptophan does not nedgstaogate the function of the
motif (57), however, verification is required. Results of the topoddginalysis combined with

the protein sequence suggest that the DNA binding may be influbgcad interaction with the
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positively charged residues present in the small cytoplasrte@minus (8 of 22 residues) and
the cytoplasmic loop between transmembrane domains 2 and 3 (4 ofites@sialthough this
would not necessarily provide specificity. Therefore some additicomponent may be
required to enhance CpsA binding specificity and transcriptionafaéion in vivo. Many
transcriptional activators require a co-inducer for enhanced bindihgitatarget DNAs such as
what is observed for the LysR family of transcriptional regusa{Bd). The co-inducer causes a
conformational change in the tertiary structure of the proteihdhows specific binding to its
DNA target. Alternatively, binding may require interactionshwainother protein to induce a
conformational change that will enhance binding to the DNA target. TORR transmembrane
transcriptional regulator oV. cholerae mentioned above interacts with another membrane
protein, ToxS, through specific residues in the periplasm (35hoidth ToxR can bind to its
target DNA in the absence of ToxS, the specific interactiohseam the two proteins in their
periplasmic domains enable transcriptional activation (116). Asridedcabove, several
members of the LytR_cpsA_psr family can modulate transcriptionuttiple genes, however,
the short cytoplasmic domains of many of these proteins suggdsththanechanism of
transcriptional activation may also require interaction with otpesteins to alter their
transcriptional profile. In the case of the CpsA proteins, suchtaraction may occur through
the extensive extracellular domain and may also influence DNA birsghegficity. Absence of
both the DNA_PPF domain and the LytR domain was shown to not sartify affect the
ability of CpsA to bind DNA, indicating that these domains &elyi not involved in facilitating
the DNA binding event, but serve some other function that maynkedito transcriptional
activation. One possibility could be through protein-protein interastwith other membrane-

bound proteins encoded by the capsule operon.
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The presence of the DNA polymerase processivity factor doniaNA(PPF, pfam
PF02916) in the CpsA protein alone out of all members of the LytR_gssAfamily is
particularly intriguing since we have determined that itosated extracellularly. DNA_PPF
proteins function to bind to and tether their cognate polymerashe ttuplex DNA template so
that the polymerase stays firmly in contact with the DNA myriigh-speed replication (73).
Clearly, this domain in CpsA is not binding to a polymerase, butadstey have been co-opted
for another specific protein-protein interaction. Interestingiypough absence of the DNA_PPF
and LytR domains (MBP-CpsA-116) did not significantly alter bindinghecpsApromoterin
vitro, ectopic expression of a construct lacking the LytR domain in tlietype background
results in a dominant negative (non-encapsulated) phenotype, sugdbatite DNA_PPF
domain, expressed in the absence of the LytR domain, can interfereegulation by the wild
type CpsA protein. This assertion is further supported by thewatgar that expression of just
the DNA_PPF domain of CpsA in the wild type background is suffidie incur the dominant
negative phenotype. Although the LytR domain is not required for DNA bindingay be
involved in facilitating protein-protein interactions through the DIRRF domain, or it may act
to modulate DNA binding ability through a ligand or environmentalssg function as
demonstrated for the extracellular portiorMofcholerae’sToxR protein (142).

In addition to alteration of capsule levels, insertional inactivationpsfA and ectopic
expression ofcpsA lacking the LytR domain in a WT background result in changes to
antimicrobial sensitivity for lysozyme, bacitracin, and methitill The dominant negative
phenotype induced in thepsAins and WT/pCpsAALytR strains results in an increase in
resistance to lysozyme. The degree to which resistancersased, approximately 10 fold, is

highly suggestive of modifications to the PG backbone that confestaiese to lysozyme,
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including O-acetylation of NAM andN-deacetylation of NAG (31). Additionally, both strains
are also about 2 fold more resistant to bacitracin when comfmated WT strain. Both PG and
CPS require the Und-P lipid acceptor that bacitracin inhidi&), and it may be that the
reduction in capsule experienced by these strains results mcraase in free Und-P that allows
for viability at higher concentrations of bacitracin. Both tpsAins and WT/pCpsAALytR
strains also exhibited a 2 fold reduction in resistance t@-thetam methicillin. The cause for
this decrease in resistance is unclear, but the increamatotytic activity observed for these
strains suggests that they would be more sensitive to the autbégtericidal activity of3-
lactams. LytR proteins are generally associated with drgi®nal attenuation of autolysin
genes (24, 58, 62, 74, 110), and have also shown functional redundaStgphylococcus
aureus(110), therefore it could be that CpsA also contributes in some evaggulation of
autolysins in manner similar to that observed for other LytR protédindecrease in capsule
alone is unlikely to be responsible for the increase in autolysig, less been shown fds.
pneumoniaghat less capsule is associated with an increase irteigibic acids (70), which act
to inhibit autolysis (129). However, an isogenic acapsular mutaBt ofiaeis required as a
control to determine the extent to which a decrease in capsule alone causpbahesges.
There is currently little information on the environmental sigtiadd are important for
influencing capsule levels. Exposure to aerobic conditions has been shoause a reduction
in capsule levels i®. pneumonigavhich was initially attributed to increased phosphorylation of
the tyrosine kinase CpsD, a predicted negative regulator of egpsduction (162). However,
it has since been shown that phosphorylation of CpsD instead corkeititescreased capsule
levels (11), leaving the mechanism of response to oxygen levelplamexl. InS. agalactiag

growth in acidic media leads to an increase in buoyant densitgatiei of reduced capsule
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levels (136). However, the authors point out that the terminal s@tis af the polysaccharide
capsule are acid labile, and go on to show that sialic acid lakelsideed decreased in acidic
media (136), indicating that this observed phenotype is likely a neorergl molecular response
than an active regulatory phenomenon. Additionally, no chan§e agalactiaecapsule levels
in response to differing levels of oxygen tension or temperature (136) was observattast to
the oxygen responsiveness &f pneumoniaeOther factors that have been shown to modulate
polysaccharide capsule expressionSinagalactiaetype Ill strains are growth rate (112) and
growth in human serum (120). In the context of commensal colonizdtisnlikely that each
streptococcal species downregulates capsule in response terdiffignals, representative of the
different colonization niches they inhabit, such as that seen for mxtggels (hasopharynx) for
S. pneumonia@nd pH levels (vaginal canal) f&. agalactiae Most likely, similarities in
virulence related transcriptional control of capsule would become apparent in the context
of systemic infection, a commonality amongst the differenp&ioceccal pathogens possessing
the conserved capsule operon. One could speculate that the laageledar domains of CpsA
are responsible for environmental signal sensing, which is then conveyed through atofaim
changes or differential protein associations into a direct trigtisnial response and experiments
addressing those possibilities are currently in progress.

In this chapter, we have confirmed the predicted membrane topology stréptococcal
CpsA protein and demonstrated its DNA binding ability; providing a mgeninto the
mechanism by which CpsA modulates capsule gene transcriptiorejrtostocci. Additionally,
we have identified that the DNA_PPF domairSofiniaeCpsA induces a dominant negative loss
of capsule in the absence of the LytR domain, suggesting the pqasibénce of a repressing

domain and a control domain for CpsA. The phenotypes that result froessxyy a dominant
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negative form of CpsA include altered resistance profiles tanambbials and increased
autolysis, suggesting that CpsA directly or indirectly contebuto regulation of cell wall
turnover or stability. The CpsA proteins 8f inilaeand S. agalactiaeare highly homologous
with 55% identity and 74% similarity at the amino acid level,l@dbservations made wigh
iniae CpsA are likely applicable to GBS CpsA as well. Additionatllgservations made for the
CpsA protein also shed light on other members of the LytR cpsA pslyfaresent in a
number of medically and economically important bacteria. The impmetaof capsule in
virulence makes CpsA a promising therapeutic target, but furtheaatBazation of its two

extracellular protein domains to determine functional properties in capgulatien is required.
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CHAPTER 2

REGULATION OF CAPSULE AND CELL WALL BY THE CPSA PROTEIN OF

STREPTOCOCCUS AGALACTIAE

ABSTRACT

Pathogenic streptococci such 88eptococcus agalactia@GBS) are an important cause of
systemic disease, which is facilitated in part by the preseha polysaccharide capsule. The
protein CpsA is a putative transcriptional regulator of the capsales in these pathogens, but
its exact contribution to regulation is unknown. To address the rdp®A in regulation, full-
length GBS CpsA and two truncated forms of the protein were plafel analyzed for DNA
binding ability. These studies demonstrated that CpsA is ablent specifically to two
putative promoters within the capsule operon with similar affinity, and thatilHerfgth protein

is required for specificity. Functional characterization of penfirmed that the\cpsAstrain
produced less capsule than WT, and demonstrated that production of fthl &ogA or the
DNA-binding region of CpsA resulted in increased capsule levielsontrast, production of a
truncated form of CpsA lacking the extracellular LytR domain £Cp45) in the wild type
background resulted in a dominant negative decrease in capsule B®8lwith CpsA-245, but
not theAcpsAstrain, were attenuated in human whole blood. HowevendpgAstrain showed
significant attenuation in a zebrafish infection model. Furthermorey &dragth was observed to
be variable in a CpsA-dependent manner, but could be restored tewal$ With growth in the

presence of lysozyme. Despite obvious differences in cellrelaied phenotypes, GBS psA
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and GBS with CpsA-245 did not exhibit differences in antimicrobiabkisgity for lysozyme,
bacitracin, or ampicillin compared to the WT GBS strain. Takeathay, these results suggest
that CpsA is a modular protein with different levels of regulatoapacity, and that this

regulation may include not only capsule synthesis, but also cell wall asddeicti®'s.
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INTRODUCTION

Streptococcal pathogens capable of causing systemic disgidige a number of
strategies for survival in the host. The most important of tisetbee polysaccharide capsule that
is produced to shield the pathogens from clearance by components iofirtlume system,
including complement deposition (88) and phagocytosis (67). The production of a
polysaccharide capsule has proven to be a successful strategydonber of human-specific
pathogens, including the Group B Streptococcus (GBB)ptococcus agalactiaes well as
Streptococcus pneumoniadsBS has long been a significant cause of neonatal mortadiy
and long term sequelae (37), with intrapartum antibiotic prophylsi¥isthe recommended
measure taken to combat incidence of infection (154). GBS remagathagen of significant
import in developing countries, and the preemptive use of antibiotiocsntbat this disease is
not ideal, as the development of drug resistance is a majorrnddéd). Though rare in adults,
recent work has revealed an alarming trend of increased incidén&®S infection in the
United States in non-pregnant adults (117) (141), particularly inlglo@tients with at least one
underlying health issue, illustrating that GBS remains an impopieblem for adults as well.
These observations demonstrate the need for further charaateraitargets for antimicrobial
therapy or vaccine generation, and the unequivocal importance of theaqoblgade capsule
during infection makes it a prime candidate for disruption and subseailleaiation or
prevention of disease.

The production of a polysaccharide capsule by GBSSngheumoniaé&oth rely on a
number of shared components, with the first four genes of the cagseden the most highly

conserved between the two species with greater than 60% gyn{l&rf). These genes are
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annotated aspsA cpsB cpsC andcpsD for both species. The gewspsAencodes a putative
membrane-bound transcriptional regulator of the capsule operon (49),0atains a small
intracellular domain and two conserved extracellular protein dommtiesDNA Polymerase
Processivity Factor (DNA_PPF; Pfam accession no. PF02916) domaiheahgitR _cpsA _psr
(LytR; Pfam accession no. PF03816) domain. The gepsB cpsC andcpsD constitute a
phospho-relay system that regulates polymerization and ligatidmeafapsular polysaccharide
to the cell wall peptidoglycan (11, 20, 98, 99), with the encoded proteins GpaBlaospho-
tyrosine protein phosphatase, CpsD as a tyrosine kinase, and Cps@eambrane tether and
accessory protein for CpsD.

The presence of the DNA _PPF domain is curious for two reasosts:although this
region of the protein is categorized as belonging to a famigliding clamp proteins that bind
directly to DNA, the DNA_PPF domain of CpsA has been shown tdeesitracellularly (54).
Second, despite this region of the protein being classified witbbi® PPF designation, the
protein sequence of the DNA_PPF region of CpsA proteins divergesadeal from traditional
DNA_PPF sliding clamp proteins, with a BLAST alignment of theSGB8psA DNA_PPF
domain to the bacteriophage RB69 DNA PPF domain giving no significamiasty.
Therefore, we propose that the DNA_PPF designation of this portitimegbrotein does not
correspond to a function consistent with sliding clamps, and thatastogphl species utilize the
DNA_PPF domain of CpsA for some other as yet unknown function, whichdeassuggested
previously (58).

In contrast to the DNA_PPF designation, the LytR designation of pgs& @rotein is
much more robust, with a sequence alignment of the GBS CpsA LytRinldmtheBacillus

subtilis LytR protein’s LytR domain giving 38% identity and 58% similalig:value = 1e-25),
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indicating possible functional conservation. LytR proteins have been iassoowith
transcriptional attenuation of tHgtRABC divergon (74), which encodes cell-wall modifying
enzymes. In contrast to the transcriptional attenuation observegtRyrCpsA appears to have
a transcriptional activation function for the capsule locus (27). mi&ehanism by which the
LytR domain functions remains unclear. It may act as an enviroalhsmsor that modulates
the activity of the CpsA protein, thereby controlling the cytoplastimmain, or in the case of
CpsA altering the function of the DNA_PPF domain. In addition to adigul of capsule, CpsA
may prove to exhibit roles associated with cell wall regotatas well, which would be
congruent with the function assigned to LytR proteins. Although G8& ldnelytABC operon
of Bacillus and other species, CpsA may represent a regulatory module etofsgoads of
capsule and the cell wall, two of the major surface components of streptocaltscal ¢

The presence of a small N- terminal cytoplasmic domaionsnton to both GBS CpsA
and B. subtilis LytR proteins with 26and 11 amino acids respectively. We have previously
shown that this small cytoplasmic region in its entiretyuffigent for S. iniaeCpsA to bind to
the promoter upstream opsA(54), and it may be that LytR proteins function similarly. Both
CpsA and LytR proteins contain a high density of positively cltargmino acids in the
intracellular domains with 11/26 amino acids for CpsA and 7/11 aminls &orf LytR which
may help facilitate interaction with specific DNA sequencadditionally, the CpsA proteins of
GBS andS. pneumoniabdave possible leucine zipper domains extending from the cytoplasmic
region into the first transmembrane region, which could also help facilitafeldiiding through
dimerization. LytR proteins lack this property. Although thecile® repeat is present, there is
no predicted coiled-coil sequence for CpsA, so the presence of aohalcteucine zipper

domain requires validation. In addition to the operon promoter upstreane opsAgene, a
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second promoter element may also exist upstream ofgbE gene in GBS, as a secondary
transcription initiation site was identified in this region with upstream #AfT nepeats (171).

This study focuses on the function of each of the CpsA domains aselaéy to the
capsule locus promoters, actual capsule levels, and preliminaribgllitavall stability. We
demonstrate that the GBS CpsA protein is able to bind spegificalboth the GBS psAand
cpsk promoter elements, and define the regions of CpsA that fagiliiading to DNA and
contribute to the specificity of the interaction. We have also shbwanhexpression of these
different domains in either the WT on\apsAstrain of GBS alters capsule level and the capacity
of the bacteria to survive in human whole blood. Additionally, we preseatiagplicating

CpsA in modulating the cell wall.
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MATERIALS AND METHODS

Bacterial strains and growth conditions: Plasmids were maintained iBscherichia coli
electro-competent Top 10 cells (Invitrogen). Luria-Bertani (IoBdium (BD) was used to
culture E. coli strains. Antibiotics were added as necessary to LB mediutineatollowing
concentrations: chloramphenicol, g§/ml, and ampicillin, 20Qug/ml for E. coli strains. E. coli
cultures were grown at 3C with shaking. When growingde. coli cultures for protein
purification, LB media was supplemented with 0.2% glucose (w/v). &udidia was generated
by supplementing the liquid media with 1.4% agar (Acumedia). Theptetoccal strain
Streptococcus agalactigeroup B Strep (GBS) 515, a human clinical isolate from the blood of a
patient with neonatal septicemia and GBS AtpsA were generously provided by M. Wessels.
GBS 515 was cultured in Todd-Hewitt medium (BD) supplemented with 02486t yextract
(THYB) (BD) in airtight conical tubes without agitation at°87 When transforming GBS 515
by electroporation, bacteria were grown on solid media supplemeitted . 426 agar (BD) and

incubated in GasPak jars (BBL) with GasPak anaerobic system envelopes (BD).

Transformation of GBS 515.GBS 515 cultures were grown statically in THYB supplemented
with 80 mM glycine overnight, diluted 1:20 in 25 mL of THYB supplemenigith 80 mM
glycine the following day and grown with shaking to angf 0.4. The cells were then
harvested by centrifugation, washed 3 times with 10 mL of ice-cold #BAterol, and
resuspended in 1 mL of ice-cold 10% glycerol. Plasmid DNA wiasdnwith 200ul of cells,
placed into an electroporation cuvette (DOT Scientific), and releatated with a BIO-RAD

Gene Pulser Il at 25F, 2.0 kV, and 40@. Cells were immediately transferred to 10 mL of
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fresh THYB medium, and allowed to recover for 90 minutes &L fior to plating on selective

media.

Cloning of maltose-binding-protein (MBP)-CpsA fusions. The full lengthcpsA gene was
amplified from GBS 515 genomic DNA using the primers 5’ GipSASmal and 3' GBS:psA
full-stop-Pstl. Truncations of the 3’ end gbsAwere amplified from GBS 515 genomic DNA
using the primer 5’GB$psASmal in conjunction with the primers 3'GRpsA245-stop-Pstl,
3'GBS-cpsAll7-stop-Pstl or 3'GB$psA39-stop-Pstl. These products were digested with
Smal and Pstl and cloned into the corresponding Smal and Pstl sipdAdf-c2x (NEB)
leading to in-frame fusions @psAfragments downstream of thealE gene. This generated the
following plasmids: pMAL-GBSepsAfull, pMAL-GBS-cpsA245, pMAL-GBSepsAl117, and

PMAL-GBS-cpsA39. These constructs were transformed Etooli Top10 cells (Invitrogen).

Protein purification: Overnight pMAL€psAexpressinde. coli strains were sub-cultured 1:40
into 300 mL new LB medium supplemented with 0.2% glucose and gro8#i@twith shaking

until reaching an OBoof approximately 0.5, and protein expression was induced by addition of
0.3 mM isopropylB-D-1-thiogalactopyranoside, followed by incubation for 3 hours. Cells were
then harvested by centrifugation at 6509 for 10 minutes, the supernatant discarded, and the
cells resuspended in 30 ml of Column Buffer (20 mM Tris-HCI, 200 ma&CINand 1mM
EDTA) and stored at -2C€ overnight. The frozen cultures were thawed on ice, and 10 mL of
lysis buffer was added (50 mM Tris-HCI, 150 mM NaCl, 1% Sarkosit)( 1% Triton-X 100
(v/iv), 10 mM CHAPS, pH 7.4) along with 40 of 100X ProteoBlock protease inhibitor cocktail

(Fermentas). The mixture was then sonicated in 30 second lwuigse tcells. The lysate was
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centrifuged at 10,000 x g for 30 minutes and the clarified lysatéedito a total volume of 100
ml using Column Buffer. This was run on a glass column containirygpasmbeads (NEB) and
eluted according to the manufacturer’s specifications. Purifiedeipr concentration was
determined using the BCA protein assay kit (Thermo Scientiéc)raing to the manufacturer’s

instructions. Protein purity was assessed with SDS-PAGE.

Generating digoxigenin-labeled DNA probe and competitor DNA pbes: Probes consisting
of the GBS 51%psApromoter (217 bp) and GBS 5tpsEpromoter (221 bp) were amplified
from GBS 515 genomic DNA using the primers 5’ G&&Apro with 3 GBSepsApro, and 5’
GBS<cpsEpro with 3' GBSepsEpro, respectively. Th&. iniae cpsApromoter (182 bp) was
amplified fromS. iniae9117 genomic DNA using the primersirbae-cpsApro and 3niae-
cpsApro. The 515 GBS promoter products were then labeled with digoxigenig th& DIG

Gel Shift Kit, 7 Generation (Roche) according to manufacturer’s instructions.

Electromobility Shift Assays: To conduct the EMSA, constant amounts of the MBP —CpsA
protein fusions were incubated with a constant amount of labeled probm@l2if a binding
buffer containing 100 mM HEPES pH 7.2, 1 mM EDTA, 50 mM KCI, 50 mM MgCImM
DTT, and 30% (v/v) glycerol for 30 minutes at room temperature. damtions with competitor
DNA, an excess of unlabeled GBS 515 probe DNA (eitipsxpro orcpsEpro) was used as a
specific competitor, and unlabel&d iniae cpsAoro was used as a non-specific competitor. The
samples were loaded onto a 6% polyacrylamide native gel consisfing% (v/v)
polyacrylamide, 44.5 mM tris base, 44.5 mM boric acid, and 1mM EDTAti6lghoresis was

performed at 4°C. The gel was then transferred to a nylorbra@ (Santa Cruz) using a semi-
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dry transfer apparatus (Hoefer). Chemiluminescent detection of-ldbkkded DNA on
membranes was accomplished with CDP-Star (Roche) accordimgrtafacturer instructions,
followed by exposure to X-ray film. Each EMSA was repeatetbasdt twice, and was also
repeated by using sheared salmon sperm DNA as a non-speafpettor to confirm results
with the S. iniaecpsApro non-specific competitor. Only EMSAs using BeiniaecpsApro as

a non-specific competitor are reported in the results.

Cloning of MBP-cpsA fusions for complementation. The MBP€psAfusions MBPepsAfull,
MBP-cpsA246, and MBRepsAl11l7 were amplified from the plasmids generated above using
the primer 5° MBP-RBS-BamHI in conjunction with the primers 3’ &&psAfull-stop-Pstl, 3’
GBS-<cpsA245-stop-Pstl, and 3'GB8psAl117-stop-Pstl respectively. These fragments were
then digested with BamHI and Pstl and ligated into the correspondimdgdiBand Pstl sites on

the plasmid pLZ12ofA-pro (103) behind theofA promoter (12) creating the following
plasmids: pGBSpsAfull, pGBS<cpsA245, and pGBS®psAll7. These constructs were
transformed intoE. coli Topl0O cells, propagated, and then transformed into GBS 515 as

described above.

Measurement of GBS 515 capsule levels using buoyant density téagation. Buoyant
density centrifugation was performed similarly to previous wo82),( (79), but with
modification. Linear density gradients of Percoll (GE Healthcesere generated by diluting
Percoll to a high density limit (1.120 g/mL) and low density #i§1.085 g/mL) with a final
concentration of 0.15 M NaCl according to the manufacturer’'s instngtiand carefully

layering 2 mL of the low density solution on top of 2 mL of the highsity solution in a 5 mL
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Falcon tube (BD). These tubes were then set horizontall{ 3t @ngle to the benchtop, and left
overnight. The next morning tubes were set upright and allowedtl® feet30 minutes prior to
use. Bacterial cultures were grown overnight as described ,afodeultures were normalized
to an Oy of 0.6 in 1 mL of THYB medium, pelleted by centrifugation, resuspended jith &0
PBS, and added directly to the top of the Percoll gradients. Tudrestiaen centrifuged for 30
minutes at 5000 rpm in a swinging bucket Eppendorf Centrifuge 5403 with RéAar-44 at
room temperature. Measurements were then taken from the oeetosthe bottom of the cell
band in each tube, and compared to a set of colored beads of known deladtgdl@icare) to
determine bacterial cell density. These experiments weferped at least six times, with

results reported using a representative experiment.

Time course measurement of GBS 515 capsule as a function of growth phaddeasurement
of capsule for time course experiments was identical to tivah gabove, except that GBS
bacteria were taken at different time points from separatareslafter inoculating with a 1:10
dilution from overnight cultures. These experiments were perfbratdeast two times, with

results collated from separate experiments and normalized to WT buoyaty.densi

Measurement of capsule after growth of GBS 515 in media of é&ring pH. THYB medium

was adjusted to a pH of 5, 6, 7, 8, or 9, using liquid HCI or NaOHhwalperopriate. Bacterial
strains were grown as previously described and capsule measugidea above, with the
exception that Percoll gradients were generated in a 10 mL taubeawith 5 mL each of the

high density and low density solutions.
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Measurement of capsule after incubation in fresh medium r0 100% human serum.
Bacterial strains were grown as previously described and tloevio) day normalized to an
ODgoo of 0.6 in 1 mL of THYB medium, pelleted with centrifugation, ansuspended in 50l
of PBS. This concentrate was then resuspended in either 1 masbfffHYB medium or 1 mL
of 100% human serum donated from a healthy volunteer, and incubaketbtation at 37° C
for 1 hour. Subsequently, bacteria were pelleted with cerdtitugy resuspended in 50 of

PBS, and capsule measured as given above.

Incubation of GBS 515 in human whole blood Human blood was obtained from healthy
volunteers and collected in heparinized vacuum tubes. Bacteriagn@s overnight and
normalized to an O of 0.3 in PBS, serially diluted in PBS, and 2.5 X OFU were added to
1 mL of blood and incubated with rotation att@7#or 3 hours. After incubation, 1Q0 of the
inoculated blood was plated onto selective media, and incubated overn@ffiCain a CQ
incubator to determine colony forming units. Whole blood assaysrepeated a minimum of

three times with results reported using a representative experiment.

Zebrafish survival assays with GBS 515. Assays were performed in a similar manner as
described previously (79). Briefly, bacteria were grown overnighttedil 1:50 the following
day in fresh medium, and grown to an &QPof approximately 0.3. Cultures were then
normalized to 1 x T0CFU/mL and 1Qul of culture or media alone was injected into zebrafish
intramuscularly, resulting in an infectious dose of 1 X@BU. A total of 25 fish were infected
with each strain over three experiments, and zebrafish survivalarexhibver a 6-day period,

after which all surviving fish were euthanized.
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Quantification of GBS 515 chain length.Cultures were grown overnight andub of culture
was directly placed onto a glass slide with a coverslip (Bishad viewed at 1000X
magnification on a Zeiss AxioSkop 40. Pictures were taken of Viigldé selected as randomly
as possible with an attached Zeiss AxioCam MRc. Pictureg waken on two separate
occasions and at least 250 chains were counted from each setotara 500 or more chains
counted for each strain. Chain length values were distributed beaslgignarily set numerical
categories and calculated as a percentage of all counted chains. ¥sisaidysozyme treated
strains, cultures were grown overnight in the presence of a sub-ompilmbncentration of

lysozyme (20Qug/mL) and pictures taken as above.

Measurement of antimicrobial resistance. GBS strains were grown overnight, subcultured
into fresh medium with a 1:10 dilution, and grown to ang§gbf 0.3. Cultures were normalized
and serially diluted to 1 x £0CFU/mL and 10ul added to individual wells of a 96 well plate,
with a final volume of 200ul including antimicrobial agents. Antimicrobial concentration
ranges were as follows: lysozyme, 0 mg/mL to 3.65 mg/mLtra&an, Oug/ml to 1.65ug/ml;

and ampicillin, Qug/ml to 0.275ug/ml. Subsequent to addition of bacteria, plates were incubated
at 37° C overnight and Q) measured with a VERSAmax microplate reader (Molecular

Devices) the following day.
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Table 2: Primers used in this chapter.

Primer

Sequence (5’ - 3)

5 GBS-<cpsApro

CGC GGATCC GTT GAATTC TCATAACTC TAG

3’ GBS-cpsApro

CCG GAATTC GCG AAT GAT TAG ACATTG

5 GBS<psEpro

GAA AAA GGA AGT AAG GGG CTC TTG

3 GBS<psEpro

GCC ACG ACT CCAAAAGTCTC

5’ iniae-cpsApro

CTC ATAATGACAGTCTATC

3’ iniae-cpsApro

CCATCAATATCATTT AAGTC

5 GBS<cpsASmal

TCC CCC GGG TCT AAT CATTCG CGC CGT C

3’ GBS<cpsAfull-stop-Pstl

AAA ACT GCAGTT ATTCCT CCATTGTGT TC

3’ GBS<psAl1l7-stop-Pstl

AAA ACT GCAGTT ACT CAATTT CAG AGT ATG AAG C

3’ GBS-cpsA39-stop-Pstl

AAA ACT GCA GTT ACA TAAGAA ATAATG AGACTAC

3 GBS-cpsA245-stop-Pstl

AAA ACT GCA GTT ATG TTG ATA TAG AGC CAA AAG

5" MBP-RBS-BamHI

CGC GGA TCC GCG GAT AACAATTTC ACACAG G
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RESULTS

GBS CpsA binds to two separate putative promoters located ithe capsule operon. All
members of the LytR_cpsA_psr protein family have been connecteahsztiptional regulation,
but the precise method by which these proteins contribute to tyatisaal regulation has not
yet been elucidated. As a member of this protein family CpsA®eas identified as a potential
transcriptional activator of the capsule operon (27). Previous warkr lab has demonstrated
that purified CpsA protein frors. iniaewas capable of binding with specificity to the promoter
region of theS. iniaecapsule operon upstream of ttyegsAgene (54), suggesting th&t iniae
CpsA may modulate transcription by directly binding to promoter seggen&n alignment of
the cpsA promoter DNA sequences @&. iniae and GBS using BLAST reveals that these
promoters share no significant similarity. Additionally, despiee€psA proteins db. iniaeand
GBS sharing 57 %amino acid identity and 76 ®&mino acid similarity, the intracellular regions
of CpsA responsible for binding to DNA B iniaeshare no significant similarity with the same
regions on the GBS form of the protein (Fig. 21). These diffeseimcsequence at the DNA and
protein level necessitate confirmation of DNA binding by the G&&fof CpsA. To this end
we performed electromobility shift assays using labeled probfisctive of two putative
promoter regions within the GBS capsule operon, upstream of the prgviolesitified
transcriptional start sites of thepsAgene andcpsEgene (Fig. 22A) (171). To determine the
importance of different regions of the GBS CpsA protein in bindirigNé@,, we constructed and
purified multiple maltose binding protein fusions of the CpsA protesfuding the full-length
protein (MBP-CpsA-full) as well as two truncated forms of gretein, MBP-CpsA-117 and

MBP-CpsA-39 (Fig. 22C).
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Purified MBP-CpsA-full was incubated with either the DIG laldeGBScpsApromoter
or the DIG labeled GB8psEpromoter. MBP-CpsA-full demonstrated the ability to bind to the
labeled cpsA promoter with specificity (Fig. 23A). Lane 1 demonstrates rthgration of
unbound labeledpsApro probe, lanes 2 and 3 demonstrate labeled probe bound by the protein
in the presence of 25 fold specific or non-specific unlabeled camp&NA, lanes 4 and 5
demonstrate labeled probe bound by the protein in the presence of 50 faftt spenon-
specific unlabeled competitor DNA, and lanes 6 and 7 demonkilsked probe bound by the
protein in the presence of 75 fold specific or non-specific unlabelegetitor DNA. In the
same manner, using the same concentration of protein and probe, tlendthl GBS CpsA
protein demonstrated specific binding to the labefggEpromoter as well (Fig. 23B).

After observing specific binding of MBP-CpsA-full to both the la&iklGBScpsAand
GBS cpsEpromoters, we proceeded to determine if there was a prefdmnuading to one of
these promoters over the other by cross-competing each labeled pobelabeled probe (Fig.
24A). As shown above, full-lengh CpsA protein binds to dsgApro andcpsE pro probes
(Fig. 24A, lanes 2 and 7). Competition with an excess of unlalpetdzk of eithecpsApro
(lanes 3 and 9) apsEpro (lanes 4 and 8), revealed that the full length CpsA proteirablago
bind both labeled promoters and did not demonstrate a clear prefévemthercpsAor cpsE
probe to the exclusion of the other. Again, these interactions wasicsps a 50-fold excess of
unlabeledS. iniaecpsApro (nonspecific competitor) showed no competition (Fig 24A, lanes 6
and 10).

To determine what regions of the protein were required for Diking, EMSAS were
performed using both truncated forms of the GBS CpsA protein, MBR-Cpg and MBP-

CpsA-39. MBP-CpsA-117 truncated the CpsA protein after the thartstnembrane domain
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(see Fig 22C), thereby removing the large extracellulgiometo assess its contribution to
binding or specificity. When full length GBS CpsA was replaceth the truncation MBP-
CpsA-117 (Fig. 24B), the protein was still able to bind both labgledbes, and no clear
preference for either the labelegbsApro or cpsEpro probes was observed when cross-
competed, as seen for the full length CpsA. However, a reduction in specifsitybserved for
both thecpsAandcpsElabeled probes when comparing competition with unlabeled specific and
non-specific DNA, though some level of specificity was stikgemt. This indicated that the
large extracellular portion of CpsA is not required for binding toADKut does affect the
specificity with which CpsA is able to interact with DNA.

MBP-CpsA-39 has a truncation of the protein at the end of thetfassmembrane
domain, leaving the putative leucine zipper domain intact, but remokegyoplasmic loop
between the second and third transmembrane domains (see Fig. 22C). Thus, an EM8#susing
protein fusion assessed the contribution of the cytoplasmic loop to binding ability anccgpecif
When the MBP-CpsA-39 truncation was used with the same parar(féger24C), the protein
retained the ability to bind to both labeled probes, but lost mbkence of specificity for either
the cpsApro orcpsEpro when comparing competition for unlabeled specific and non-specific
DNA. This confirmed that the cytoplasmic loop contributes to spégifibut is not required for
binding ability. Taken together, these results demonstrate thathenlyytoplasmic N-terminus
of GBS CpsA is required for binding to DNA, but that the cytopladoop and extracellular

region of the protein both contribute to specificity of the interaction.
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Intracellular TM Extracellular

S. iniae.[MAHSRSKRKSSSKEKHNLSLIN| |KKKLK
| GBS:  JMSNHSRRQQKKHSHTPLRV KNKAR

Figure 21:. Comparison of the cytoplasmic amino acid sequence for CpsA $omiaeand
GBS with positively charged amino acids in blue text.
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Figure 22: (A) Capsule operon of GBS. Putative promoter sequences withicapsule

operon are indicated by directed arrows. (B) Membrane topoddg@BS CpsA. (C)

Arrangement of the GBS CpsA protein where domains are showrMag¢Tmansmembrane
domains), DNA_PPF (DNA Polymerase Processivity Factor domaid)L.@R (LytR_cpsA_psr

family domain). Below are truncations made to MBP fusions of Qegphesenting the full
protein, a truncation at amino acid 245, a truncation at amino acid @, teumcation at amino
acid 39.
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cpsA-pro-DIG + + + + + + +
MBP-CpsA-full + + + + + I
unlabeled specific 25X 50X 75X
unlabeled non-specific 25X 50X 75X
B 1 2 3 4 5 6

B — S — —

cpsE-pro-DIG + + + + + +
MBP-CpsA-full + + + + +
unlabeled specific 50X 75X
unlabeled non-specific 50X 75X

Figure 23: Electromobility shift assay demonstrating binding of GBS MBRAfull to either
(A) the labeled GB$psApro probe or (B) the labeled GRBsEpro probe. In both (A) and (B)
10 pmol of protein is used in lanes with protein added.
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Figure 24: Electromobility shift assays showing binding of (A) MBP-Cgsif-(10 pmol), or
(B) MBP-CpsA-117 (52 pmol), or (C) MBP-CpsA-39 (7 pmol), to eitherldbeled GBSpsA
pro or labeled GB8psEpro probes in the absence or presence of competitor DNA rapirgse
unlabeled GB®psApro, GBScpsEpro, orS. iniae cpsAro (unlabeled nonspecific). Unbound
labeled probe is indicated by “U” and bound labeled probe is indicated by “B.”
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Ectopic expression of CpsA affects GBS capsule levelDeletion of thecpsA gene has
previously been associated with decreased capsule production (27).e3®tasscontribution of
each domain of the CpsA protein to capsule production in the bactdtjafutelength and
truncated forms of CpsA (Fig. 22C) were constructed and placdwegiasmid pLZ12ofA-pro
(103), providing constitutive expression. These plasmids were thefotraed into either the
WT GBS 515 strain or AcpsAGBS 515 strain. Buoyant density centrifugation was used to
determine relative differences in the level of capsule produgdgebstrains created as described
above. Measurement of capsule demonstrated thatcip@Astrain produced less capsule than
the WT strain when both strains harbored the vector alone (Fig. 2pyedsion of MBP-CpsA-
full in both the WT andAcpsAbackground led to an increase in capsule over that produced
normally by the WT strain, (Fig. 25), demonstrating that expessf the full length form of
CpsA was able to complement thepsAstrain, although the complemented strain still produced
slightly less capsule compared to the WT strain with the gdasenid. When a truncated form
of the protein lacking the LytR domain (MBP-CpsA-245) was expdesseither background a
loss of capsule was experienced to levels below that okdhsAstrain (Fig. 25), indicative of
possible dominant negative or repression mechanism. The addition thfgué-terminal DNA-
binding domain of CpsA (MBP-CpsA-117) resulted in an increase in apsuthe WT strain

to the same level as expression of MBP-CpsA-full and an increase in capsbkAfigpsAstrain

to a slightly lesser degree (Fig. 25), showing complementatiotmeoAcpsA mutant with a
truncated form of CpsA missing the entire extracellular domaiiaken together, the data
suggest that the various domains of CpsA contribute to regulationpstileaproduction in

different ways.
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To further investigate the role of CpsA in controlling capsutalpection, capsule levels
were monitored over time as a function of growth phase in both the M TA@psA strains
ectopically expressing different forms of CpsA. As observed Soriniag WT GBS
demonstrated the highest levels of capsule during exponential growtleebehwurs 4 and 5,
(Fig. 26). Expression of MBP-CpsA-full in the WT background did not Bggmtly change the
curve, but the decrease in capsule at early time points and teasedn capsule during later
time points were both more pronounced (Fig. 26), suggesting that CpsAamtajpute to both
the initial decrease in capsule as well as the later increase during etalogrewth. Expression
of the dominant negative form MBP-CpsA-245 did not turn capsule fullyaaff growth phase
related changes were still observable (Fig. 26). However, calesidls were decreased at
almost all time points relative to the other strains (Fig. 2Bxpression of the DNA-binding
domain MBP-CpsA-117 resulted in a slight increase in capsuleslavealll time points relative
to the other strains (Fig. 26), consistent with its presumed activating function.

Investigation of thé\cpsAstrain revealed that capsule level is still modulatedsparse
to growth phase, with a slight reduction in capsule compared to thestk&ih at early time
points (Fig. 27). Interestingly, at later time points NopsAstrain induces capsule production to
a higher level than that observed for the WT strain, but then promgilgades to a level lower
than the WT strain (Fig. 27), perhaps indicating dysregulation of otmaponents involved in
regulation of capsule synthesis. Expression of MBP-CpsA-full il\ttpsAbackground gave
different results than those observed for the WT strain, with capeswtls generally higher at
most time points relative to the other strains (Fig. 27). Pramudi MBP-CpsA-245 in the
AcpsAbackground led to a decrease in capsule levels at almognallptints relative to the

other strains (Fig. 27), consistent with a putative dominant negatin®idn. The presence of
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MBP-CpsA-117 did not exhibit the same activating function inAbpsAbackground as that
observed in the WT background, with lower levels of capsule at gamty points relative to
other strains, however, an increase in capsule levels relatotber strains was observed at later
time points (Fig. 27). Taken together, the data suggest that in teenpeeof WT CpsA,
expression of various forms of MBP-CpsA does not alter growth phasadiency for capsule
production, but does modulate the level to which capsule is produced. evelpwhen these
same constructs are ectopically expressed id\tpsAparent strain, growth phase dependency

appears to be somewhat dysregulated.



101

More Capsule

A

1.098

1.1

1.102

1.104

m515WT

1.106

515 AcpsA
1.108

Buoyant Density (g/cm”3)

1112

' 1.114 -

Less Capsule

Figure 25: Percoll buoyant density assay reflecting capsule leveleeofGBS WT orAcpsA
strains harboring the vector plasmid, or a plasmid containing MBR-@ijls MBP-CpsA-245,
or MBP-CpsA-117.
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Figure 26: Changes in capsule as a function of growth phase for WT HiBsstrarrying the
vector plasmid, MBP-CpsA-full, MBP-CpsA-245, or MBP-CpsA-117.
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Figure 27: Changes in capsule as a function of growth phase for the 51%e¢@r strain and

AcpsA 515 strains carrying the vector plasmid, MBP-CpsA-full, MBP-G@gA, or MBP-
CpsA-117.
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Capsule change associated with pH and human serum is natgendent on CpsA. Previous
work in our lab showed th&. iniaecapsule levels changed when bacteria were grown in media
of differing pH, with an acidic pH leading to less capsule ahdsic pH leading to more capsule
(B. Lowe and M. Neely, unpublished data). Additionally, it ha® deen reported that GBS
increases capsule levels in the presence of serum derived from blood (119). One of our
hypotheses is that CpsA integrates environmental signals wiikirhost to regulate capsule
levels, so we proceeded to determine the extent to which CpsB8fd@ntributes to capsule
regulation with regard to pH and human serum. Using GBS 515 WTAgpsiA strains we
determined that GBS also demonstrates changes in capsule winanig media of different
initial pH levels, however, the observation that thepsA strain showed the same pH
responsiveness ruled out a role for CpsA in facilitating changeapsule level in response to
pH (Fig. 28). Furthermore, we tested the same two strainecopating in fresh media or in
100% human serum for one hour, and confirmed that GBS increased capsiddan response
to human serum, but again observed that this response was not dependenpresetiee of
CpsA (Fig. 29). While not ruling out an environmental sensing imdor CpsA, these results
do suggest alternate regulatory schemes employed by GB&dmabgally alter capsule levels in
response to two physiologically relevant environmental signals ererednin the host, with
changes in pH occurring during a switch from the genitourinary toatite bloodstream, and

components of serum encountered during systemic disease.
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Figure 28: Capsule levels of GBS 515 strains grown in media of varying pH.
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Figure 29: Capsule level of GBS 515 strains when incubated in THYB medium or 100% human
serum for one hour at 37° C.
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GBS survival in whole blood is altered by ectopic expression ofgSA. GBS virulence entails
dissemination through the bloodstream, an ability that relies on tinigilmhagocytic clearance,
which is primarily dependent on the presence of capsule (126). Thaiorsiin capsule
production observed when different domains of CpsA are ectopicallysseorén GBS led to
the question of whether these variations corresponded to changesiualsumnhuman blood.
Surprisingly, when incubated in human whole blood,AbpsAstrain of GBS shows no major
difference in the number of bacteria killed compared to the Walnstf GBS (Fig. 30), despite
the presence of less capsule as measured by buoyant deigit X} Expression of MBP-
CpsA-full or MBP-CpsA-117 in the WT background did not significanttgrathe number of
bacteria killed (data not shown), despite the presence of moreleadpan the WT strain with
vector alone as measured by buoyant density (Fig. 25). Alteshatexpression of MBP-CpsA-
full or MBP-CpsA-117 in theAcpsAbackground caused an approximately 0.4 log increase in
bacterial killing compared to the parent strain (Fig. 30), dedipegoroduction of more capsule
(Fig. 25). However, expression of MBP-CpsA-245 in both the WT /&epusA background
resulted in an approximately 0.6 log increase in the number dérizakilled compared to the
respective parent strain (Fig. 30), which may correspond to theofosapsule these strains

exhibit as measured by buoyant density (Fig. 25).
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Figure 30: Whole blood assay measuring the Lplgvel of CFU killed for bacterial strains
incubated in human whole blood for 3 hours.
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GBS virulence is attenuated in a zebrafish model of infeidus disease in the absence of
CpsA. The surprising result that the GB&psA strain was not attenuated in human whole
blood, despite the production of less capsule, led tm ativo assessment of virulence for the
GBS 515 strains using a zebrafish model of infectious diseasen ¥¢beafish were inoculated
with the WT strain of GBS, only 8% of zebrafish survived to dayi@. #1). In contrast, when
zebrafish were inoculated with/AcpsAstrain of GBS, 68% of fish were viable at day 6 (Fig.
31). The observed decrease in virulence oAtigsAstrain in ann-vivo model of pathogenesis,
when compared to a lack of attenuation in human whole blood (Fig. 30)staitjust disruption
of cpsAmay lead to deficiencies that are only observable in the xiootesystemic disease.
These deficiencies could be associated with synthesis of aapgsollysaccharide, cell wall
maintenance, or a combination of both. Alternatively, the amount of capsule productioredbse

when grown in laboratory medium does not correlate to that produced in whole blood.
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Figure 31: Zebrafish infection study tracking survival over time for zebmafinfected
intramuscularly with either the GBS 515 WT AgpsAstrain and compared to media only mock
infection.
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CpsA affects chain length distribution. The chain length of cocci adopted by streptococcal
species depends on a number of conditions, not all of which have been deder@hain length

is often controlled by production of cell wall amidases or otheslygins (24), but the presence
of capsule has also been shown to affect chain length as well @@t©)he presence of capsule
generally leading to longer chains. CpsA is a member of the &amily of proteins as LytR, a
group of proteins associated with attenuating expression of cklimedifying enzymes (74),
and various domains of CpsA also influence capsule levels (Fig. Brefore, the effect of
these associations on chain length in GBS was analyzed usingscopy. Despite a small
relative difference in capsule level, thepsAmutant with vector alone produced considerably
longer chains than the WT GBS strain with vector alone (Fig. @G@mplementation of the
AcpsAstrain with either MBP-CpsA-full or MBP-CpsA-117, both of whiclereased capsule,
showed a shift to shorter chains, but did not fully restore the WTeshdrain phenotype (Fig.
32). Furthermore, the expression of the LytR deletion construct, MBRA-245, in the WT
strain, which greatly decreased capsule, led to markedly longarscthan the WT strain (Fig.
32), while theAcpsAstrain expressing MBP-CpsA-245 maintained the long chain phenotype
(Fig. 32).

To confirm the microscopy observations, the number of cells perfohaach strain
was calculated as described in the Materials and Methods, ingrifiye prevalence of short
chains in the WT/vector strain with 1-2 cells per chain predomigait 70% of chains (Fig.
33A) as well as a preponderance of long chains fontpsAvectorstrain with greater than10
cells per chain the most numerous population at 45% of chains (Fig. 2@Bljtion of MBP-
CpsA-full to the WT background did not substantially alter chain leagtbhort chains were still

favored with 1-2 cells per chain at 66% (Fig. 33A). Addition of MBp5A-full to theAcpsA
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background did not fully alleviate the long chain phenotype, with grédaer10 cells and 3-4
cells per chain representing the largest populations at 27% and 2f&ctreely (Fig. 33B).
When the LytR deletion strain, MBP-CpsA-245 was expressed iWihéackground, the long
chain phenotype predominated with the majority of chains showing grbate 10 cells per
chain at 83% (Fig. 33A), while the presence of MBP-CpsA-245 inAttiesA parent strain
seemed to exacerbate the long chain phenotype with greater thasell$0per chain
predominating at 59% (Fig. 33B). Expression of MBP-CpsA-117 in thes&éin did not
change the WT chain phenotype (Fig. 33A). Similar to MBP-Cipsi-expression of MBP-
CpsA-117 did not fully alleviate the long chain phenotype of #wpsA strain, with
approximately equal chains at greater than 10 cells per chain @7&0B-4 cells per chain
(28%) (Fig. 33B). These results suggest that CpsA either girecthdirectly influences chain
length and that capsule level alone is not sufficient to explaim dbagth variance in these
circumstances.

To determine if cell wall related factors were primarésponsible for the observed
variances in chain lengths, each GBS strain above was cuituset-inhibitory concentrations
of lysozyme. Lysozyme has muramidase activity and clelvasetyl-D-glucosamine residues
of the peptidoglycan cell wall. When grown in the presenceyswziyme, all strains existed
almost exclusively as diplococci or single cells (Fig. 34), irtigathat CpsA-dependent
changes in the cell wall or associated enzymes may be rddpdos the observed chain length
variances.

In an attempt to determine the mechanism by which CpsA alkerscell wall
architecture, a number of cell wall active antimicrobial agemtse employed, including

lysozyme, bacitracin, and ampicillin. In contrast to what wasreedefor S. iniae(Table 3),
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parent strains of GBS, and GBS with MBP-CpsA constructs, didemabnstrate a difference in
antimicrobial sensitivity for any of the agents tested, (T&8hl&nd data not shown respectively.
This may be reflective of species-specific differenceth wegard to the macromolecular

structure of the cell surface or the impact of relative capsule levels octithty @f these agents.
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Figure 32: Visualization of chain length at 1000X magnification for GBS $I'b and AcpsA
strains, carrying the plasmid vector, MBP-CpsA-full, MBP-CpsA-2d5MBP-CpsA-117 as
indicated on the top of the panel.
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Figure 33: Quantification of chain length for parent strains of GBS 515, W) and (B)
AcpsA carrying the plasmid vector, MBP-CpsA-full, MBP-CpsA-245, or MBSA-117 as
indicated on the bottom of the panel.
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Figure 34: Visualization of chain length at 1000X magnification for GBS BZb andAcpsA
strains, carrying the plasmid vector, MBP-CpsA-full, MBP-CpsA-2d5MBP-CpsA-117 as
indicated on the top of the panel when grown in the presence ofialshibory concentration of
lysozyme.
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Table 3: Antimicrobial minimum inhibitory concentrations f&: iniaeand GBS strains grown
under conditions given in Materials and Methods.

Lysozyme Bacitracin Ampicillin Methicillin
S. iniaeWT <12 mg/mL 1.21g9/mL 0.078ug/mL 1.05pg/mL
S. iniaecpsA-ins >48 mg/mL 3.0g/mL 0.039ug/mL 0.45u/mL
GBS WT 2.6 mg/mL 0.07Rg/mL 0.075ug/mL
GBS AcpsA 2.6 mg/mL 0.07%ug/mL 0.075ug/mL
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DISCUSSION

Streptococcal pathogens capable of causing systemic diseaai r@nmajor health
concern worldwide, and new strategies are currently beingadilio identify and exploit novel
vaccine and antimicrobial targets (113, 150). The streptococcal Cpsdinpietpart of the
LytR_cpsA_psr family of proteins associated with regulatory conteér cell surface
physiology, including polysaccharide synthesis (27), cell walcgssing (24, 62, 74), and
response to antimicrobial stress (152). The involvement of this priamity with these
important virulence determinants highlights its potential as ailpestarget for virulence
reduction, increased clearance by host immune function or antimictiebiapy. Therefore, our
aim was to characterize the functional properties of CpsA tterbenderstand the role it may
play during initiation and perpetuation of disease.

The streptococcal CpsA protein has been identified as a putatiwatoey activator of
capsule, with an in-frame deletion opsAresulting in reduced levels of transcript from the
capsule operon as well as a concomitant loss in capsule 1e883n(27). Work on a strain of
the aquatic pathoge®. iniaein which thecpsAgene was insertionally inactivated demonstrated
that interruption otpsAled to significant attenuation in a zebrafish model of infectiossadie
when compared to the W3. iniaestrain (79). This evidence suggests that CpsA is required for
full virulence as a positive regulator of capsule, and that this may occur throughrdgeaction
with DNA to facilitate transcriptional changes.

CpsA proteins effectively contain three discrete domains: a @gopt N-terminal
DNA-binding domain, an extracellular DNA_PPF domain, and an exluéareC-terminal LytR

domain (54). The N-terminal DNA-binding domain is conserved in atreptococcal CpsA
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proteins and contains a possible lecuine zipper motif, which maytdeecihomo- or hetero-
dimerization and DNA binding ability (18). The DNA_PPF domain funci®mranonically
ascribed to sliding clamp structures that enhance the r&iBlAfreplication through association
with DNA polymerases (97, 138). However, the protein sequence ofNi#e BPF domain of
CpsA diverges considerably from that of traditional sliding clampADRPF domains,
suggesting a different function for the DNA_PPF domain in the Qm®tein. This is also
supported by the observation that the DNA_PPF domain of CpsA residasediularly where it
would be unable to participate in DNA replication (6). Sliding clarntipst contain the
DNA_PPF domain typically participate in a number of protein-proteieractions that
contribute to their function (138), and although it appears that the DNAdBRain of CpsA
has been functionally redirected from traditional sliding clampmay be that the ability for
facilitating protein-protein interactions has been retained.

The LytR domain of CpsA demonstrates a relatively high level of homologyditidreal
LytR proteins of Gram-positive species with a comparison of3B8 CpsA LytR domain and
the B. subtilisLytR protein showing 38% identity and 58% similarity at the anzioi level.
LytR proteins of Gram-positive species are generally assdcwmaith regulation of cell wall
maintenance through transcriptional attenuation of autolysin genesjelasas their own
sequence (74). Analysis of the LytR protein frBtneptococcus pneumonidemonstrated that
LytR is required for normal septum formation during cell division (K)tR null mutants divide
non-symmetrically and have highly variable cell shape and sizk,IlytR mutants sometimes
demonstrating much larger cell size (62). Similar result® weported for the LytR protein of
Streptococcus mutansvith a lytR null mutant exhibiting cell division defects, including the

production of significantly longer chains of bacteria (24). Thepernts are consistent with our
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results with the CpsA truncation in which the LytR domain has besoved (MBP-CpsA-245).
When this construct is expressed alone (inAbpsAstrain) or along with the WT CpsA strain,
consistently longer chain lengths are observed. In addition, thiswcngroduces cocci that are
noticeably larger in size than the WT strain expressingldéaljth CpsA. Increased autolysin
production was also observed for the S. mutgtiR mutant, suggestive of a transcriptional
attenuator role for LytR over autolysin genes (24). The homologyeleet CpsA and LytR
proteins indicates that some functional overlap may be presentiand addition to regulation
of capsule, CpsA may also contribute to regulation of cell walintenance. Evidence to
support this hypothesis is found iBtaphylococcus aureuwhere LytR _cpsA psr family
members have been shown to exhibit functional redundancy (110).

Members of the LytR_cpsA_psr family of proteins have genebabn associated with a
regulatory role at the transcriptional level, and it may be these proteins are capable of
binding directly to DNA to modulate transcription. Because CpsAbe&s associated with
transcriptional activation of the capsule operon, our aim was éssdse ability of GBS CpsA
to bind to two putative promoter sequences within the GBS capsule opékoseries of
truncated CpsA proteins were constructed to analyze the contrilodtibiferent domains of the
protein to DNA binding ability and specificity. Using EMSA, we fouhdt the full length GBS
CpsA protein was capable of binding to both tpsA and cpsE promoters with specificity.
Furthermore, we determined that the CpsA protein had the same rdapgifirety for both the
cpsA and cpsk promoters. Removal of the large extracellular portion of theACprotein
immediately after the third transmembrane domain did not precludé ft@s binding to the
cpsAandcpsEpromoters, but a decrease in both the specificity and affinibinafing to both

promoters was observed. When the CpsA protein was truncated dma eacompassing the
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cytoplasmic N-terminus and first transmembrane domain, binding to lagikule operon
promoters was still observed, however all apparent specificity was abolished.

These results indicate that GBS CpsA is able to bind dirextbpth thecpsAandcpsE
promoters of the capsule operon, perhaps providing a mechanism fartbeiptional changes
associated with deletion or interruption of ttygsAgene. The observation that specificity of
DNA binding decreases with sequential truncation from the C-teisnof the protein suggests
that both the large extracellular region of the protein and theplkasmic loop between
transmembrane domains 2 and 3 likely contribute to specificityeregtructurally or through
direct interaction, much like what has been demonstratedSwvitinaeCpsA (54). The observed
DNA binding ability for GBS MBP-CpsA-39 is in contrast to whaasvfound withS. iniae
CpsA, in which truncation to the cytoplasmic N-terminus abolished Dkéing ability (54).
This discrepancy could be explained by the inclusion of the first transmendmaraén for GBS
MBP-CpsA-39 (including the putative leucine zipper), which was rem&reed the comparable
S. iniaeform of the protein. Another possibility is that differenceseiguence between the GBS
and theS. iniaeproteins and promoter DNA may result in different functional intevas
between CpsA and capsule promoter DNA in each species. At préasisntinclear what the
relative contributions of thepsAandcpsEpromoters are to eventual capsule levels, or how they
may be differentially regulated. Also unclear is whether nbermalcpsEpromoter exists in the
capsule operon of other streptococcal systemic pathogens.

After determining that GBS CpsA is able to bind directly to the camgideon promoters
with specificity in vitro, we proceeded to analyze the function of different domains of CpsA
when ectopically expressed in either a WTAopsAGBS background. To do this, we truncated

CpsA to remove the LytR domain (MBP-CpsA-245) and both the LytR an8l PRF domain
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(MBP-CpsA-117) and expressed these forms of CpsA, as well dslthength CpsA (MBP-
CpsA-full) and the vector plasmid in both parent GBS backgrounds.n\&4meh of these strains
was assayed for capsule level with percoll buoyant densitgliegris, we found that the
AcpsAvector strain produced less capsule than WT/vector, and that betit paains could be
induced to produce higher levels of capsule when either full lengtA QYBP-CpsA-full) or
just the DNA-binding domain of CpsA (MBP-CpsA-117) was ectopicalgressed. These
results support the hypothesis that CpsA is an activator of camsudethat it does this by
binding to the capsule operon promoter, as the DNA-binding domain of CpsAuffecient for
complementation of capsule levels inAgpsA background. However, analyses of these
constructs in the context of capsule production during different growthephasealed that
while constitutive expression of MBP-CpsA-full or MBP-CpsA-117 modglatapsule levels,
these constructs do so in a growth phase dependent manner. A mssulawas observed for
the AcpsA parent strain, albeit with reduced capsule levels, indicatuag) @lthough CpsA
appears to be a transcriptional activator of capsule, other requtatmponents must contribute
to actual capsule levels observed at different time points. Onéiptssvould include the
CpsB, CpsC, and CpsD phosphor-relay system, which controls polymeriaaticexport of the
CPS.

In contrast to results obtained for MBP-CpsA-full and MBP-CpsA-117ptbduction of
CpsA lacking the LytR domain (MBP-CpsA-245) resulted in a decneasapsule for both the
WT and theAcpsAparent strains. The presence of the DNA-binding domain was noatise
of decreased capsule, because as mentioned above, expressiondoirthis alone had an
activating effect. This indicated that the DNA_PPF domain neggonsible for the decrease in

capsule levels, which could be due to a dominant negative function tdbpsed by CpsA in
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the absence of the LytR domain, perhaps through inappropriate proteimpriégactions.
Another possibility is that the DNA_PPF normally repressesutagisrough the DNA-binding
domain by a change in protein conformation, and that the LytR doroatrots this repressive
mechanism. With either option, because of the extracellulaidacat the DNA_PPF domain,
the repression of capsule is likely facilitated through eithprosein-protein interaction or an
induced conformational change. While MBP-CpsA-245 led to decreasedle#psels, time
course experiments revealed that capsule level still retaigedveth phase dependency, again
suggesting the contribution of other regulatory components in contraiédipgule levels as a
function of growth phase.

During initiation of systemic disease, GBS typically dissetesdrom the genitourinary
tract of the mother to the bloodstream of the neonate, an evenatis&s GBS to switch from a
colonizing role to a pathogenic role. This switch likely enttiks integration of a number of
environmental signals that trigger virulence pathways enablingval in the host bloodstream.
The genitourinary tract is typically defined as an acidic environmehile the circulatory
system consists of a neutral pH, and this change in pH may agrtal the activation of
virulence cascades, including production of a polysaccharide capsulelargbeextracellular
domains of CpsA may contribute to environmental sensing function to adppthagenic
profile, so alterations in capsule level were monitored inNfieand AcpsAGBS strains over a
range of pH conditions. We determined that there was a respoessvef capsule to differing
pH values, with acidic pH leading to less capsule and alkaline guttinig to more capsule, but
this change was not dependent on CpsA, as differing pH values etloiteshme phenotype in

the AcpsAstrain.
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When GBS transitions to the bloodstream to cause systemic dibaassria encounter a
number of small molecules that are not present in a colonizatitngse GBS has previously
demonstrated an increase in capsule in response to human serum (119),seb out to
determine whether this increase was dependent upon the prese@psAof An increase in
capsule was observed for WT GBS after incubation in human serumyntoigfi previous
reports, and the same increase was also observed fakcyhgA strain, indicating that the
responsiveness of capsule to human serum is independent of CpsA. Chaogesule with
regard to pH value and exposure to human serum appear to be regulated in a mareretaentiep
of CpsA, and this may be achieved through the CpsB, CpsC, and CpsD phospho-relay system.

The production of a polysaccharide capsule allows GBS to evade inuhe@nance upon
introduction to the host bloodstream during initiation of infection. Thezewe incubated the
above strains in human whole blood to assess how differing levelsapsule due to
manipulation of CpsA affect the ability of the bacteria to survidespite the production of less
capsule in the\cpsAbackground, we observed no major difference in survival when compared
to the WT strain. Additionally, production of the full length Cp@ABP-CpsA-full) or the
DNA-binding domain (MBP-CpsA-117) in the WT background did not alter Hiktyaof the
WT parent to survive in human blood (data not shown). Surprisingly, when@®pBR-full or
MBP-CpsA-117 was produced in tiaepsAbackground, a decrease in survival was observed
compared to the parent strain alone, despite the presence of merdecap measured by
buoyant density centrifugation. Production of CpsA lacking the ldgRain (MBP-CpsA-245)
also led to a decrease in survival in both parent strains. Thedes rdemonstrate that survival
in human whole blood does not always correlate with levels of camswdesuggest that there is

another CpsA- dependent mechanism responsible for the discreransyrvival when
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comparing the WT andcpsAstrains with either MBP-CpsA-full or MBP-CpsA-117. Therefore,
at this time it is not possible to discern whether the gresdtenuation associated with both
parent strains expressing the MBP-CpsA-245 form of the protgimtathe LytR domain is due
to reduced capsule levels or some other property of the bactehiappeassociated with the cell
wall, or a combination thereof. Supporting this hypothesis is the olisenthat the GBS
AcpsAstrain was attenuated for virulence in the zebrafish model ettintis disease when
compared to the WT strain. Although thepsA strain was not attenuated in human whole
blood, a regulatory role for CpsA appears to exist in the comtesiystemic disease. The
discrepancy between these two observations may be due to ancatiphfof the capsule defect
phenotype during systemic disease and its absolute requirementpay kie due to pleiotropic
effects that are not apparent during incubation in blood, but affecbility af GBS to survive

or disseminate within a host organism.

The LytR proteins of streptococci have been associated with tiegulzell division,
including septum formation, cell size, and chain length (24, 62). The homology oft€p$R
proteins led us to investigate if any of these phenotypeséxistither a\cpsAbackground, or
with the addition of different domains of CpsA. We determined thatidal ofcpsAresulted in
decidedly longer chains of cocci when viewed microscopicallyvameh quantified, compared
to the WT parent strain. Production of MBP-CpsA-full or MBP-CpsA-did/not affect chain
length of the WT parent strain, but did partially restore a stitatn phenotype to th&cpsA
strain. Similar to what was observed for capsule levels, producti@p®A lacking the LytR
domain (MBP-CpsA-245) resulted in a shift to an increased amofifdng chains in both the
WT and, to a lesser extent, thepsAbackground. The decreased extent of both the capsule and

chain length phenotypes in th&cpsA background may be reflective of protein-protein
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interactions that occur in the WT strain between WT CpsA and KB$§A-245 that enhances
the degree to which these phenotypes are exhibited. Interestivegg, results also indicate that
capsule level does not necessarily correlate with chain leaigkbast in GBS, adcpsAstrains
harboring MBP-CpsA-full and MBP-CpsA-117 produce more capsule thanBMTretain a
higher proportion of long chains than the WT strain. Additionally, abservation that
encapsulation leads to longer chains Sn pneumoniag8, 9) is not consistent with our
observation that thécpsA strain, as well as both parent strains producing MBP-CpsA-245,
produce less capsule than WT with vector alone, yet produce pyimrardh longer chains than
the WT/vector strain.

Interestingly, CpsA appears to exert either a direct omdimect control over chain
length, suggesting a possible dual role for this protein thapaate from the control of capsule
expression. Additionally, we observed that the WT strain with MIPpBA-245 appeared to
produce larger sized cells compared to other strains, however,rfanieacterization of these
strains at higher magnification levels using electron microsesopyld be required to better
discern differences in septum placement and actual cell sizehape. We propose that CpsA-
dependent changes in cell wall maintenance are responsible fuvsbe/ed differences in chain
length, as growth in medium with a sub-inhibitory concentration aizlgse, which selectively
cleaves peptidoglycan of the cell wall, results in eradicatidiorgf chains for all strains and a
switch of nearly all bacteria to single cells or diplococdh number of cell wall active
antimicrobial agents were used to investigate molecular chamgeshay be associated with the
cell surface that contribute to changes in chain length, hoywewatifference in resistance was

observed for either the GBS parent strains or GBS with the vaftwos of MBP-CpsA.
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Testing of these strains with additional cell wall reactigerés may help elucidate how CpsA
contributes to regulation of the cell wall.

Taken together, the results of this study suggest that GBS GpaAmodular protein
containing three functionally distinct domains. The N-terminailoregf GBS CpsA is able to
bind to promoters within the capsule operon upstream of botlkp# and cpsE genes, and
expression of the N-terminal region alone (MBP-CpsA-117) in both thekdAcpsAstrains is
sufficient to increase capsule levels, and to partially complethemtcpsAstrain chain length
distribution. This seems to indicate that despite the reduction iA-ldding specificity of
MBP-CpsA-117 when used alone in EMSAs, a tangible effect cdnbstiincurredin vivo,
possibly through binding of the capsule operon promoters and potentially etteetaggets that
regulate chain length. The second module of CpsA, the DNA PPF donmimenresponsible
for facilitating protein-protein interactions, a function thauld be regulated by the LytR
domain as removal of the LytR domain results in dominant-negativeossive function for
both capsule level and chain length. To date, no mechanisticdaries been applied to the
LytR domain in either CpsA or LytR proteins, but it appears thatyftie domain may play a
similar role in both proteins as similar phenotypes of increatsin length and size are
observed when it is removed from CpsA, both of which are seemimd@ypendent of capsule
level. This suggests that CpsA may also act as a trptisnal attenuator of autolysin genes,
which would give it a unique role at the interface of regulativegtwo major components of the

bacterial cell surface, capsular polysaccharide and the celpetildoglycan.
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GENERAL CONCLUSIONS

The primary goal of the work presented here consisted of charany the role of the
streptococcal CpsA protein in regulation of capsule synthesis dind/ate maintenance, and
associated contributions to virulence. This was accomplished thmalgicular analysis of the
CpsA protein with regard to capsule production and cell wall dgbdnd subsequent analyses
of virulence usingn vitro, ex vivq andin vivomodels of pathogenesis.

The first chapter focuses on the regulatory role played by @pghe aquatic pathogen
Streptococcus iniae Previous work in the lab demonstrated the importance of CpsA daring
vivo infection of the zebrafish model host (79). Other work had alreadplistied that CpsA
was likely a transcriptional activator of capsule synthesis, @YYhe attenuation of & iniae
cpsAins mutant in the zebrafish model was hypothesized to be duelgbcaency in capsule
synthesis (79). Therefore, we began the work in this chaptartiae hypothesis that CpsA
adopted a unique membrane topology enabling it to bind directly tadhgoger of the capsule
operon to influence transcription, and that the conserved domains of CpsAbudent to
regulation of this activity. Previous work with tBe iniae cpsAns mutant also established that
this strain produced considerably longer chains of cocci than the typle strain (79).
Subsequently, we hypothesized that CpsA may also exert regutaiatsol over cell wall
related processes as well.

To confirm the membrane topology adopted by CpsA, reporter enzynoagusere
made to each distinct topological portion of the protein and theserucsstssayed for
enzymatic activity. This was accomplished with in-framedusof eitherp-galactosidase or

alkaline phosphatase to different regions of CpsA. In this schprog&in fusions top-
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galactosidase give enzymatic activity only if the region fused-galactosidase remains
intracellular, as transport across the membrane disrupts thememidtistructure required for
enzymatic activity (83, 85). In contrast, protein fusions to alkgtihosphatase give enzymatic
activity only if the region fused to alkaline phosphatase is trarespadross the membrane to an
extracellular location, as transport across the membrane ige@dor formation of a critical
disulfide bond needed for enzymatic activity (84). Using thistestry, we confirmed that the
membrane topology of CpsA includes a short cytoplasmic N-taintail, a transmembrane
domain, a short extracellular loop, a second transmembrane domaint eysbygasmic loop, a
third transmembrane domain, and a large extracellular C-terr(bd)s This determination is
consistent with previous reports thatS aureusLytR family protein exhibited a short
cytoplasmic N-terminus and large extracellular C-terminus (58jhe context of transcriptional
regulation, the membrane topology adopted by CpsA and other Lyt fiarateins suggests
that the large extracellular domains likely influence itgutation in some way, perhaps by
binding to small molecule ligands in a regulatory capacity, @diating protein-protein
interactions that contribute to regulation of capsule. This wouldirbgar to what has been
observed inV. choleraewith the proteins ToxR and ToxS, where protein-protein interactions in
the periplasm contribute to transcriptional regulation (35, 116). Addilyoriae proximity of
the extracellular domains of CpsA to the capsular polysaccheegigues on the cell surface
may represent a sensory feedback loop that alters the function of CpsA.

The membrane orientation of CpsA implied that if CpsA were capaibbinding to the
capsule operon promoter, then this activity would have to be féalitay the small cytoplasmic
N-terminal tail and cytoplasmic loop. To assess the abilitg.ohiaeCpsA to bind directly to

the capsule operon promoter, a number of protein constructs weredyuefieesenting the full
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length CpsA protein as well as sequential truncations from thlern@nal end that removed
cytoplasmic portions of the N-terminus. Using these purified protairdectromobility shift
assays (EMSA), we demonstrated that full length CpsA wasbleapd binding to thecpsA
promoter DNA, and that this interaction required the entire intgitiplasmic portion of the
protein (54). These results, in conjunction with previous evidence, strengiyest that CpsA is
a transcriptional activator of capsule synthesis, and that CpsAtliselsy directly interacting
with promoter DNA. As mentioned above, this activity may be maeedlthrough a number of
mechanisms that include protein-protein interactions or environmemtsihg facilitated by the
extracellular domains of CpsA.

To analyze the role of the conserved DNA PPF and LytR domaindedoca the
extracellular C-terminus of the CpsA protein, truncations werdenthat removed the LytR
domain (CpsAALytR), or removed both the LytR and N-terminal domains (CpsA-DNA)PPF
Due to our inability to generatefsecpsAstrain ofS. iniae or complement th&. iniae cpsAns
mutant, both of these constructs were ectopically expressed WTHe. iniaebackground and
assessed for changes in capsule level. Surprisingly, we foundrdthiction of either CpsA-
ALYytR or CpsA-DNA_PPF in the WT background led to a significaetrelase in capsule, to
levels comparable to what was observed forci®Ains mutant. These results signified that in
the absence of the LytR domain, the DNA_PPF domain manifests @itteninant negative or
repressive phenotype. This likely reflects a dysregulated ptptetein interaction, as the
DNA_PPF and LytR domains are located extracellularly, angl ghenotype happens in the
presence of WT CpsA. These observations also explain our inability to complemergAfres
mutant, as it is effectively producing a truncated form of CpsAilar to the CpsA-ALytR

construct. These observations are also suggestive of a more nueggkedory role for CpsA
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than simple activation, and indicate that CpsA may modulate trptisorin both activating and
repressing roles, depending on input from the LytR domain. In addaianodulation of
capsule levels, thepsAins mutant and WT with CpsAALytR both exhibit increased cocci
chain length as well. This determination suggests that CpsAaidributes to regulation of cell
wall related components as well. Further evidence of thisae$dtip consists of changes in
resistance to cell wall active antimicrobial agents forcjp@ins and WT/CpsAALYtR strains.
Both lysozyme and bacitracin resistance were increaseddaptfins and WT/CpsAALYtR
strains, andB-lactam resistance decreased for both strains. The extemhith lysozyme
resistance increased suggests specific modifications to the peptatoglyckbone, which confer
lysozyme resistance (31). Bacitracin resistance may hlmreased as an indirect result of
increased free Undecaprenyl-phosphate (Und-P) carrier assosittedecreased usage of Und-
P for capsular polysaccharides. The cause for increased sbifitgepd B-lactams for both of
these strains is unclear, but may be due to the increased dé\aisolysis observed for these
strains. Taken together, the data suggest that manipulation of iépsks in changes to the
molecular structure of the cell wall, resulting in pleiotropiteets that may be directly, or
indirectly, related to regulation by CpsA. The extent to whichetlpdgenotypes are influenced
by the relative abundance or absence of capsule remains unoteanasogenic acapsular
mutant ofS. iniaeis needed to determine the relative contribution of CpsA or capsulese
phenotypes. However, these observations do support the idea that CpgAutamnsignificantly
to regulation of the cell surface, and that cell surface denmmelbcules may influence this
regulatory capacity.

The second chapter focuses on the conservation of CpsA function b&weémeand

Streptococcus agalactia@BS), by analyzing the molecular properties of GBS CpsA &nd i
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contribution to regulation of capsule and cell wall. Although $heiniaeand GBS CpsA
proteins demonstrate 70% similarity at the amino acid lelvelcytoplasmic N-terminal regions
of CpsA from these two species share no significant homology. foherd& was important to
confirm our findings withS. iniaein GBS. Additionally, many cell surface related structures and
associated regulation can be species specific, again necessiafiingyatory analyses.
Assessment of the ability of GBS CpsA to bind to DNA followedhalar methodology
as that utilized forS. iniae However, the GBS capsule operon contains two demonstrated
transcriptional start sites (171), upstream of ¢psA gene and upstream of tlopsE gene.
Therefore, our analyses included DNA constituting both putative pronetgerents. Using
EMSA, we demonstrated that full length GBS CpsA was capablending specifically to both
promoters, and did not show a preference for eithecp@or cpsEpromoter to the exclusion
of the other. Truncated CpsA constituting just the N-terminal portion of the pratsistil able
to bind to both promoters, but at slightly reduced specificity. Triorcaf CpsA all the way to
the N-terminal region of the protein encoding a putative leugppee domain did not preclude
DNA-binding, but did ablate all semblance of specificity. Theselte suggest that the entire
protein is required for full specificity, but only the putativedme zipper motif is required for
DNA interaction. The presence of a second transcriptionalsstarin the capsule operon of
other streptococcal species has not been verified, but prelimiladaysuggests that a second
promoter element exists in the same relative position withenSt iniae capsule operon (B.
Hanson and M. Neely, unpublished data). Further analyses of the capsut® of other
streptococcal species is required to verify if a second pronsodeecies specific, or applies to a

broad range of streptococcal species encoding a capsule operon.
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The presence of a secondary transcriptional start site pngctaicpsE gene indicates
that regulation of capsule may be influenced by the genes suagesatih putative promoter
element. ThepsApromoter contributes to a transcript that includes the entire eappeton,
including the phospho-relay system that has been described in d&thji] §uggesting that it
serves exclusively as an “on” switch for capsule expression. cp$egene product catalyzes
the initial polymerization event required for capsule production, and #presents the first
committed step in capsule synthesis. Therefore¢pls& promoter may represent an additional
layer of regulation, and CpsA may act to enhance or repsstion from this promoter to
influence a commitment to capsule production. Another possibilithas pgost-translational
modifications are made to CpsA that influence its relative aigp#o regulate transcriptional
activation or repression at either of these promoters. Additiorthtypresence of a putative
leucine zipper domain has mechanistic implications for how Cpsflates capsule expression,
and needs to be verified through targeted mutational analysis. Té&enpeeof a functional
leucine zipper domain might explain the ability of a small portiothefCpsA protein to bind to
DNA, but would also suggest that CpsA can form hetero- or homerdito modulate DNA-
binding activity and subsequent expression at either cip®@? or cpsk promoters. Co-
immunoprecipitation experiments are currently in progress to ideatify protein-protein
interactions that occur with full length CpsA.

Functional analysis of the GBS CpsA protein utilized truncateddahCpsA that were
ectopically expressed in either a WT AcpsA GBS background. Using this method, we
determined that ectopic expression of full length GBS CpsA (MB&ACuIl) resulted in
increased capsule levels in both parent strains. Expression digustterminal DNA-binding

region of the protein in both parent strains (MBP-CpsA-117) was afficient for activating
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capsule synthesis. As seen wihiniae removal of the LytR domain (MBP-CpsA-245) resulted
in a dominant negative decrease in capsule levels, indicatingssegrefunction for the
DNA_PPF domain, or a dysregulated protein-protein interactioraly8is of these constructs in
the context of growth phase dependent regulation of capsule revhatle@@sA is not the
primary activator of capsule synthesis, as growth phase depgndescunaltered, but rather
seems to be a “dimmer-switch” for capsule, with ectopic exjpressf activating regions
generally leading to slightly more capsule over time, andpéctexpression of the dominant
negative form generally leading to less capsule over time. ifidisates that CpsA may act to
dynamically control capsule during a transition from commensalisnpathogenesis by
selectively enhancing capsule synthesis, and may also modulasgvitbe from pathogen to
commensal by selectively decreasing capsule synthesis.

The modulation of capsule by CpsA may in part require environmegtells within the
host, but these signals remain undefined. We hypothesize thatothdatory capacity of the
LytR domain may be dependent on sensing environmental signals thighhost, however, we
have demonstrated that changes in capsule due to growth phase, pH valusnandgerum are
all independent of CpsA. These observations do not rule out an environneaisiagsfunction
for the extracellular domains of CpsA, but do indicate that CpsAois responsible for
modulating capsule in response to the major host derived signalre¢hanhcountered during a
switch from commensalism to pathogenesis. Therefore, it mayhae the membrane
localization of CpsA is indicative of an auto-sensory function iesé domains, and the close
proximity of the cell surface macromolecular structure andnigglifications may serve as a
signal to the extracellular domains of CpsA to modulate trgsigmmi of the capsule locus.

Future studies to assess this consideration could utilize purifpaipglyan-capsule complexes
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to discern whether exposure to different components of the macromoleelllaurface induce
changes to capsule level, and whether this is a CpsA dependent éadatitionally, quorum
sensing mechanisms may contribute to regulation of capsule through @pgd an viable
method to test this is to expose bacteria to supernatants frorima#ly grown cells and assess
changes in capsule level and dependency on CpsA.

In addition to reduced capsule levels, parent strains of GBS ectp@gplessing MBP-
CpsA-245 also demonstrated a decreased ability to survive in humanbddwde Surprisingly,
despite a reduction in capsule for the pafggsAstrain, no reduction in survival was observed.
However, infection of zebrafish with either the WT scpsA GBS strains revealed that the
AcpsA strain was attenuated for virulen@e vivo, indicating that the detrimental effects
associated with disruption of CpsA may be more apparent in thextaitsystemic disease.
Furthermore, these results also suggest that CpsA could bectangeh a small peptide or
molecule in a therapeutic fashion, enhancing clearance by thérimoahe system. Plans are
underway to identify small peptides that selectively inhibit tinecfion of CpsA, either by
interfering with the control exerted by the LytR domain, orrbgapitulating the dominant
negative effect observed with ectopic expression of CpsA-245 in the presence of AIT Cps

As seen withS. iniag disruption ofcpsAin GBS resulted in a long chain phenotype,
indicating that CpsA contributes to regulation of cell wall eddatomponents in GBS as well.
However, probing this phenotype with a variety of cell wall actgents did not reveal any
differences in resistance between the WT AogsAstrains, or any derivative strains ectopically
expressing various forms of CpsA. This is in contrast to wiaat ebbserved foB. iniage where
lysozyme, baciatracin, angtlactam resistances were altered. This could mean tha #ne

species-specific differences with regard to the macromolestiacture of the cell surface, or



136

could signify that CpsA functions differently between these tweispe Evidence from these
studies favors the former conclusion, as CpsA appears to funathmstaldentically for botls.
iniae and GBS. Future studies will include a full assessment of #meamolecular structure of
both species, which may shed light on relative differences in antibial sensitivity as a
function of disrupting CpsA.

In conclusion, the function of CpsA appears to be highly conserved amdogsty
related streptococcal species, and includes DNA-binding and regutdtcapsule and cell wall
constituents that are required for full virulence. These studies stutjteg CpsA effects
transcriptional changes by directly binding to DNA, and that thieaages may not be limited to
transcriptional activation, but rather appear to be composed of nuam@eties that
appropriately regulate increases and decreases in capsuladdtie bacteria deem appropriate.
Additionally, CpsA may act to coordinately regulate not only capsulethe cell wall as well,
and the relative contribution of cell wall changes that occur imlisence or disruption of CpsA
to systemic disease is a primary target of future studiebe r€ésults presented here also
demonstrate that CpsA can be targeted in a way that is detainte the pathogen, as ectopic
expression of CpsA lacking the LytR domain results in less aa@swud attenuation in human
whole blood. This demonstrates that CpsA may be a viable targettuné antimicrobial

therapy.
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ABSTRACT
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Streptococcus agalactia@GBS) and Streptococcus pneumoniaemain a significant
threat to human health worldwide. The ability of these organisrmause systemic disease is
compounded by the production of a polysaccharide capsule that provides inewasien
function. The production of the polysaccharide capsule in pathogesptagtocci is controlled
in part by the membrane bound protein CpsA. These studies analyomthilution of CpsA to
regulation of capsule level in the model aquatic pathag§&eptococcus iniaeand human
pathogen GBS, and how this regulation affects virulende-iitro, ex-vivq andin-vivo models
of pathogenesis. We have determined that the membrane topology of f@rGfesn consists
of a small cytoplasmic N-terminus, and a large extracell@d@erminus that contains the
conserved DNA_PPF and LytR protein domains. The cytoplasmic NAgrmegion in its
entirety is capable of binding specifically to the capsule opgpsApromoter inS. iniag and to
two putative promoter elements in GBS which include the capsulerogesApromoter and the
internal cpsk promoter. Additionally, CpsA is a modular protein, with the cytoplashH

terminus as a capsule-activating domain, the DNA_PPF regiorca@ssale-repressing domain,
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and the LytR region as a control domain that regulates the mioit the other two domains.
CpsA also appears to regulate cell wall maintenance, as tamoatremoval of CpsA results in
longer chains of cocci in bot8. iniaeand S. agalactiaga phenotype that is associated with
altered antimicrobial resistance and autolysis activitySininiae Taken together, CpsA
contributes to the complex regulatory scheme controlling capsdleal wall, the two major
constituents of bacterial cell surface macromolecular strycand does so in a way that
influences pathogenesis during systemic disease. The insighted garough these studies
indicates that CpsA can be targeted in a way that is det@mtntbacterial survival in the
context of systemic disease, suggesting CpsA may be an imipfutiare target of antimicrobial

therapy.
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