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SPECIFIC E:

Bacterial cell-surface glycans influence host recognition and are considered key virulence determinants. The
endogenous oral pathogen Porphyromonas gingivalis (Pg) displays at least three different types of cell surface
glycans; two types of lipopolysaccharides (O-LPS and A-LPS), and K-antigen capsule. Research has
demonstrated the importance of these surface glycans in Pg pathogenesis through several mechanisms:
including immune evasion, immune modulation, and biofilm development. Yet, the precise genes involved in
synthesis of these surface glycans and how synthesis is regulated remains to be determined. This gap in
knowledge limits our understanding of Pg’s pathogenic potential.

The long-term goal of our research program is to elucidate the regulatory mechanisms and environmental
and nutritional parameters that control the expression of genes involved in modifying the surface properties
of Pg, and to determine how changes in synthesis relate to biofilm persistence and pathogenicity. Our
overarching model is that the biofiim state acts as a reservoir of bacterial cells while K-antigen capsule
synthesis marks the transition to virulence and disruption of homeostasis. Towards our goal, we have shown
that two DNABII family members in Pg (HU PG0121 and HU PG1258) are involved in controlling production
of capsule. In general, DNABII proteins are known to be critical for regulation of cell metabolism, the response
to environmental perturbations, and in controlling the transition to and from a quiescent state. Central to our
studies is an antisense RNA (asSuGR, for antisense Surface Glycan Regulator) encoded at the 5’-end of the
capsule locus (PG0104-PG0121) within a novel 77bp inverted repeat (77bplR) element. Deletion or over-
expression of asSUGR alters the synthesis of LPS and K-antigen capsule and expression is, in part, controlled
by a two-component response regulator PG0720. In addition, we have determined that synthesis of
sphingolipids (SLs) influences the presentation of K-antigen capsule on the cell surface, and this finding aligns
with our discovery of a matching asSuGR target sequence in an SL-synthesis locus (PG1780 — PG1788),
suggesting that capsule and SL-synthesis are coordinated by asSuGR.

The central hypothesis of this project is that asSuGR is a cis and trans-acting molecule that controls changes
in cell surface properties by coordinating expression levels of genes involved in synthesis of surface glycans
ARCISESERANANSIPIAYSIaNURCAMERBINCIENAMOCNISHRGNRGNVIFIIERCE. To test this hypothesis, we will use

our collection of Pg glycan mutants, genomics, and biochemical techniques to determine how expression of
asSuGR is controlled and how the 77bpIR element is involved in regulating the synthesis and presentation of
capsule and LPS. We will also elucidate the activation signal(s) or metabolite(s) for the PG0719-PG0720 two-
component system which will allow us to better understand its exact role in controlling the Pg’s surface
properties in response to altering oral environments. To this end, we will pursue the following Aims:

AIM 1. How does the 77bpIR region encoding asSuGR control expression of surface glycans? The
goal of this aim is to use genetics and a variety of biochemical techniques to determine how expression of
the antisense RNA molecule asSuGR is controlled and how the 77bpIR element influences the cell surface
presentation of K-antigen capsule and LPS.

AIM 2. Characterization of P. gingivalis DNABII proteins (PG0121 and PG1258). The goal of this Aim is
to use a variety of biochemical techniques, including EMSA and surface plasmon resonance, as well as
ChIP-Seq analysis to determine how HU PG0121 and HU PG1258 control expression levels of the K-
antigen operon and to identify regions of the chromosome where these DNABII proteins interact.

AIM 3. Heme sensing by the two-component sensor PG0719. The goal of this Aim is to identify and
characterize the activation signal or metabolites sensed by the two-component sensor PG0719 at the atomic
level. We will also probe and decipher the conformational changes associated with signal transduction within
this signaling pathway to obtain mechanistic insights. Published and preliminary data strongly support the
premise that PG0719 is a heme sensor.

Impact of the proposed research. Little is known about the molecular mechanisms or the environmental
parameters that regulate synthesis of Pg surface glycans or if expression of genes involved in K-antigen
synthesis and the synthesis of other cell surface structures is coordinated. This gap in knowledge limits our
understanding of Pg as a pathogen. Until the mechanisms that control capsule expression are determined,
methods toward hypothesis driven therapeutics against the virulence and dissemination of Pg and its
subsequent role in periodontal and other systemic diseases are limited.
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RESEARCH STRATEGY

(A) SIGNIFICANCE

Porphyromonas gingivalis (Pg) is an endogenous oral pathogen, strongly implicated in the etiology of periodontal
disease; a chronic inflammatory pathology that leads to the destruction of tissues supporting the teeth (1-4) and
synthesis of a capsule is a key virulence determinant (5). Encapsulation is a well-known mechanism that protects
pathogenic bacteria from clearance by host immune defenses (6). This reduction in clearance can lead to
persistent survival and thereby long-term interplay between the bacterium and host. Capsules not only reduce
the ability of the host effectors to gain access to the bacterial cell, but also mask the cell surface and modulate
the host's response to the bacterium. This model is supported by studies showing that bacteria that cloak
themselves in a capsule have an advantage in immune evasion (7). Strains of Pg that produce a capsule are
more resistant to phagocytosis (8), and cause a spreading type of infection in a murine lesion model (9). In
contrast, non-encapsulated Pg strains adhere more readily to cultured primary gingival epithelial cells and cause
a localized abscess (10). In addition, a capsule null mutant strain was shown to be a more potent inducer of
cytokine synthesis by human gingival fibroblasts, indicating a role for capsule in cloaking Pg against innate
immune responses (5). Recent studies showed that infections with strains that produce K-antigen (K1 and K2
serotypes) can induce neuroinflammation, astrogliosis, cognitive decline, and histopathological signs of
Alzheimer’s disease in the hippocampus of rats (11), which aligns with earlier studies showing that purified
capsule (again, in particular K-1 and K-2 serotypes) elicit chemokine production from phagocytic cells,
suggesting that the host response to this antigen may contribute to the formation of the inflammatory cell lesion
observed during Pg-elicited periodontal disease. Although it is becoming evident that synthesis of K-antigen
capsule is an important virulence determinant (11), its involvement and the role of other surface glycans (A-LPS
and O-LPS) in the overall deregulation of host responses is not fully understood.

Loci and regulatory mechanisms known to control synthesis of Pg surface glycans. Sequence analysis
of the Pg genome indicates multiple glycan synthesis loci (12), but which genes synthesize the different surface
glycans (K-antigen capsule, O-LPS, and A-LPS) is not clear. Genes in the PG0104-PG0121 locus (strain WW83)
are required for K1-capsule synthesis (13, 14). Yet, a PG0106 mutant strain is also deficient in lipopolysaccharide
(LPS) synthesis (15). These findings indicate that PG0106 and possibly other genes in the K-antigen locus are
involved in synthesizing both K-antigen capsule and LPS. The K-antigen locus encodes a large polycistronic
transcript of ~19.4 kb, as well as multiple monocistronic and additional polycistronic messages (16, 17). The
coding sequence of another polysaccharide synthesis locus (PG1135-PG1142) is also highly conserved in
various Pg strains (13), and the genes in this locus have been shown to be involved in anionic polysaccharide
(APS) biosynthesis (18, 19). A tyrosine phosphatase (Ltp1) encoded by PG1641 that controls expression of a
variety of surface polysaccharide synthesis genes has also been identified (20-22) and we have determined that
HU PG0121 (see below) also controls production of surface polysaccharides (16, 17), specifically genes in both
the K-antigen locus and the APS locus. In addition, we have shown that the response regulator PG0720 activates
expression of a highly conserved antisense RNA (designated asSuGR for antisense surface glycan regulation)
that originates from within a 77bp inverted repeat element located at the 5’ end of the capsule locus, and whose
expression results in higher transcript levels of genes in the capsule operon (23). The sequence and positioning
of asSuGR and its predicted function are shown in preliminary studies (Fig 1).

DNABII family of protein function. Pg has two members of the DNABII (DNA binding and bending) proteins,
PG0121 (discussed above) and PG1258. DNABII proteins are a homologous family of proteins of highly similar
primary and secondary structure that are comprised of two forms, HU and IHF. HU was originally discovered in
a ribosomal fraction from E. coli (24), and subsequent purification showed that it readily condensed DNA much
the way histones do, thus they are commonly referred to as nucleoid-associated proteins (NAPs). HU
orthologues are typically 90 to 105 amino acids, share 20 to 70% amino acid identity and are found in virtually
every bacterial species. The active protomer is either homo- or hetero-dimeric depending on the bacterial
species. Interestingly, an HU deficiency in E. coli has a mild phenotype while HU appears to be essential in B.
subtilis and all other Gram-positive bacteria tested to date (25-27). The structure of the HU protomer is also
highly conserved. Individual subunits dimerize within a conserved hydrophobic core and possess protruding
antiparallel beta ribbon sheets. It is the beta ribbon from each subunit that makes the initial contact with the
DNA (27). The tips at the turn of these ribbons insert/intercalate into the DNA, melting/kinking the local DNA,
and resulting in enhanced DNA flexibility. Functions attributed to HU’s typically involve changes in DNA
architecture (27) and include gene regulation, replication initiation, and maintenance of DNA topology (HU
restrains supercoils). In addition, E. coli IHF, a close relative of HU, also affects transcription, yet through site
specific supercoiling (28). While HU protomers bind DNA in a sequence independent fashion, IHF protomers
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(both homodimers as well as heterodimers) (29-33) bind to specific sequence sharing the consensus
WATCAANNNNTTR (where W is A or T, N is any nucleotide and R is a purine (34)). Finally, three other key
functions of HU, its ability to stimulate transcription (35), and translation (36), and its ability to bind to similar
structures in DNA and RNA (37) are relevant to our studies.

Two-component systems in Pg. Two-Component Systems (TCS) are the predominant signal transduction and
regulatory systems employed by bacteria to monitor, respond, and adjust to environmental changes. TCSs can
directly or indirectly sense various small molecules, ions, toxins, dissolved gases, temperature, pH, osmotic
pressure, light, or the cellular redox state, although, for most of them, the actual signals remain unknown (38).
Although Pg experiences numerous environmental conditions in the oral cavity, surprisingly, its genome contains
only four TCS pairs, along with one orphan histidine kinase, two orphan response regulators, and one chimeric
TCS (12). One of these TCS pairs is the PG0719-PG0720 (also known as HaeSR) which regulates a suite of
genes involved in the acquisition and uptake of iron/hemin (39). Following our recent characterization of the
PG0720 response regulator and its role in up-regulating genes in the capsule operon (23)

(Aim 3). This
information, in turn, will allow us to better understand a molecular switch involved in activating the pathogenic
state of Pg.

RNA-binding proteins and antisense RNA. Transcriptome studies have discovered that extensive transcription
of non-coding RNAs and pervasive antisense transcription occurs in bacteria (40, 41). A number of review articles
(40, 42-51) have summarized the mechanisms by which sRNAs interact with targets. Importantly, although the
interaction is dynamic, all RNA is bound to proteins throughout its lifecycle. One fundamental discovery of SRNAs
is these molecules form critical in vivo complexes with proteins, such as the carbon storage regulator protein
CsrA (52); and the highly conserved RNA chaperone, Hfq, see review (53). The majority of studied sRNAs
function in frans and have more than one target and the chromosomal locations of the target genes are not
linked. Moreover, they typically require the RNA-chaperone Hfq, to bind to their target mMRNAs. A model as to
how sRNA cycles on and off Hfq has been proposed (54); which speaks to its significance. Interestingly, Pg is
an Hfg-negative organism. Although the binding of HU proteins to RNA is only beginning to be investigated, HU
has been shown to bind sRNAs in E. coli (55), so it is possible that HU-like proteins play an Hfq role in Pg.
Importantly, antisense RNA (asRNA) molecules are by far the most abundant transcripts in the bacterial
cell (reviewed in (56, 57); yet their characterization lags behind that of sSRNAs. The size of asRNAs has a
wide range (~100 - 7,000 nucleotides) and the abundance of these molecules can vary from barely detectable
to high levels. Moreover, depending on function, they

can be transcribed at the same time or under opposing VY

conditions as the sense strand (56). Serine | Paimitoyt-CoR
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sphingoid base). SL synthesis by bacteria is rare and,  Pg. Phosphorylation of dihydrosphingosine by PG1348 diverts
for the most part, restricted to human commensals this key substrate away from the synthesis of SLs (PG-DHC and
belonging to the phylum Bacteroidetes (61); which PE-DHC). Dgletion of PG17$0 (serine palmitoyltransferase;
includes many of the Gram-negative anaerobes that > 1) reslts inan Sk-null strain.

persist in several anatomical niches of the human host such as Bacteroides species in the intestinal tract, and
Porphyromonas, Tannerella, and Prevotella which persist in the oral cavity, primarily below the gingival margin
(62-64). Studies to determine the function of bacterial SLs are limited. It has been shown that synthesis of SLs
is central to survival during stationary phase and for resistance to oxidative stress and to form membrane
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microdomains similar to their eukaryotic counterparts (65-67). Moreover, recent studies have shown that these
host-like lipids play a role in microbiome-host homeostasis (66-71). Most relevant to this research program, our
group determined that SL synthesis is required for the presentation of A-LPS and K-antigen capsule on the cell
surface of Pg strain W83, serotype K-1 (66), and this finding aligns with our discovery of a matching asSuGR
target sequence in the PG1780 (SPT) operon, suggesting that synthesis of surface glycans and SLs are

coordinated by a global regulatory system. Our working model is that SESIDIENGRoICIDycNcHpoSonNGIDIoEInS
assemblies in the membrane for synthesis of this complex polysaccharide and/or a subset of SLs may play a
fOlEEnchorRGIcapSHISoReIOUEMEMBIANe . To increase our understanding of the function of SLs in relation

to surface glycans, we have been generating mutant strains in genes within operon predicted to be involved in
SL-synthesis and determining the effect on surface polysaccharides. We have published our characterization of
an SL-null/SPT (APG1780) mutant strain (66, 72, 73), and our characterization of PG1348 a novel
dihydrosphingosine kinase (dhsphK) (74), showing that the AdhsphK mutant is defective in the presentation of
K-antigen capsule. Since the SPT-PG1780 locus has a copy of asSuGR (see Fig 4) and synthesis of SLs
positively influences the presentation of surface glycans, we are proposing to determine the link between
asSuGR and expression of genes in the SPT-PG1780 locus.

Impact of this research program. Little is known about the molecular mechanisms that regulate the production
of Pg capsule or if its synthesis and the presentation of other cell surface structures is coordinated. This gap in
knowledge limits our understanding of Pg’s pathogenic potential. Until the mechanisms that control capsule
expression are determined, methods toward hypothesis-driven therapeutics against the virulence and
dissemination of Pg and its subsequent role in periodontal and other systemic diseases are limited. Although
there is much to learn about the function of HU PG0121 and HU PG1258 in Pg, we postulate that these NEES

. Based on published and new data described
below, these two NAPs may provide therapeutic targets to undermine Pg virulence beyond regulating K-antigen
expression. Furthermore, for Pg to persist as a human commensal it must readily adjust to changing
environmental conditions. We propose that

The progress in
identifying and characterizing sRNAs has made it clear that sRNAs are pervasive and likely exceed protein
regulators in number and diversity. More in-depth knowledge is required to fully understand how regulatory RNAs
control their targets and how they are coordinately expressed, cycled, and how they localize their targets, in
particular in organisms like Pg that lack Hfq. In addition, although it is well documented that heme is a key signal
for Pg, how Pg senses heme remains a gap in knowledge. These

(B) INNOVATION

The innovation in this proposed research is four-fold. (1), we are unraveling a complicated regulatory mechanism
that controls key virulence determinants in Pg; (2), we have discovered novel DNA-binding proteins belonging
to the DNABII family that control these virulence factors; (3) we are proposing to characterize a long (504 bp)
non-coding antisense regulatory RNA at the functional level that is encoded within a novel 77 bp inverted repeat
element (77bpIR); and (4) we are deciphering activation of a two-component sensor, which is critical for
hemel/iron acquisition and synthesis of the K-antigen capsule. The first indication that PG0121 and PG 1258 are
novel was their high sequence similarity to HU protein, yet their lack of key amino acids (E. coli consists of NPQT,
where the proline is crucial for DNA binding, whereas PG1258 and PG0121 contain NISK and NPKT,
respectively) that are known to play a functional role in their interaction with DNA. In addition, there is an unusual
lack of reactivity to DNABII antisera (unpublished data). Our studies have shown that unlike other DNABII
proteins, PG1258 does NOT seem to bend DNA. It would be the first member of the family that does
not. PG1258 appears to bind DNA in a sequence-specific manner indicating that it has functional properties
more similar to IHF, making it a novel DNABII nucleic acid-binding protein. Regarding our proposed
characterization of asSuGR, despite the high and still increasing number of regulatory RNAs being identified,
only a small proportion of them have been analyzed at the functional level. Given recent findings that antisense
RNA synthesis is pervasive in the bacterial cell, asRNAs could have a significant, yet largely unexplored, impact
on gene regulation and cycling of nucleic acids, therefore we are proposing a detailed characterization of this
novel regulatory RNA at the mechanistic level. Lastly, our plan to elucidate the ligand/signal that activates the
two-component system (PG0719-PG0720) is part of our innovative approach to better understand Pg’s
pathogenic potential.
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Preliminary Studies.

@haracterization of PG0121 and PG1258. We have shown that PG0121, which is located at the 3’-end of the

-antigen capsule locus (shown in Fig. 2) is transcriptionally linked to the capsule operon (16). As noted, PG0121
is predicted to be HUR, a member of the DNABII family of proteins. We have assessed both the in vitro and in
vivo functional characteristics of PG0121. In vitro, we discovered that PG0121 binds to various DNA substrates
(75). In vivo, PG0121 expressed ectopically in an E. coli HU deficient background (hupAhupB) was able to
complement several phenotypes including low pH sensitivity and filamentation, demonstrating that PG0121 was
capable of canonical DNABII functions (17). We also confirmed that PG1258, the predicted HUa sub-unit, is
essential (16), which is supported by another study (76). In addition, using DNase foot printing, we compared
the binding of PG0121, PG1258, both proteins equilibrated together, and E. coli IHF to a bona fide IHF binding
site from bacteriophage lambda (H’ from the prophage attlL locus) and confirmed that both the E. coli IHF and
PG1258 provide protection centered around the known consensus IHF binding sequence (TATCAATTTGTTG)
while PG0121 bound less efficiently (for space considerations, data not shown). These results show that PG1258
is more IHF-like than HU-like, making it a novel DNABII protein. Importantly, equilibration of PG0121 and PG1258
together resulted in a weakened affinity and specificity compared to PG1258 alone. The combination of
equilibrated PG0121 and PG1258 seems to weaken the footprint, consistent with PG0121 forming either non-
productive interactions at the protein-protein or protein-DNA level.

DNABII proteins act as both homo and heterodimers. We have shown that PG0121 readily forms homodimers
in vitro (75). In E. coli the HUa and HUR subunits form both homo and heterodimers with respect to one another
where each dimer species has different DNA binding properties and apparent functions (77). When Pg is treated
with 0.1% of the crosslinking agent, glutaraldehyde, PG1258 forms abundant dimer bands suggesting that the
native state of PG1258 is a dimer. When incubated together prior to crosslinking and immunoprecipitation (78)
with anti-PG1258 serum, PG1258 and PG0121 form a heterodimer band when visualized with Western blot
analysis using anti-PG0121 serum (data not shown). These results indicate that PG0121 and PG1258 interact
and form heterodimers in vitro, but whether they function as heterodimers in vivo remains to be determined. We
will actively pursue this subject in sub aim 2.2. Importantly, we have identified an IHF binding site just upstream
of the 77bpIR element (CATCAATGGCTTG). Since PG1258 displayed protection in a manner similar to that of
IHF, yet equilibration of PG0121 and PG1258 together resulted in a weakened affinity and specificity compared
to PG1258 alone, our working model is that PG0121 activates K-antigen expression by alleviating direct
binding and early transcriptional termination via PG1258 (see Fig. 2).

As shown in Fig 2, the 77bpIR element is located at the 5’ end of the K-antigen capsule locus between PG0104
and PG0106. We have shown that HU PG0121 up-regulates the transcript levels of this operon (16, 17, 75), and
that the 77pbIR element deletion mutant not only produces less K-antigen capsule, it is also altered in LPS
synthesis (79). The phenotype was complemented when the mutation was restored on the chromosome,
however the 77bpIR element did not complement when provided on a plasmid in frans; indicating that the 77bpIR
element is, at least in part, cis-acting. Using RNA-seq data, gPCR, and 5’-3' RACE analysis we delimited an
asRNA molecule (asSuGR) encoded within the 77bpIR element. To explore its function, we generated a Pg
strain W83 harboring a plasmid containing this region and showed that it is enhanced in capsule and LPS
synthesis (23), indicating that this segment of DNA is also trans-acting. As shown in Fig 2, our working hypothesis
is that processivity i.e., the uninterrupted transcription by RNA polymerase, is a challenge for transcription of the
large capsule operon transcript on the sense strand; therefore, transcription and processivity are regulated via a
mechanism of antitermination. The data indicate that asSuGR along with PG0121 (HU-3) support processivity
and synthesis of the capsule operon. In addition, asSuGR may also bind to the sense transcript and promote
stability. While exploring regulation of asSuGR, we identified a highly conserved 054 consensus sequence
(TGG-N9-TGC) within the coding region of asSuGR, suggesting that a 054 response regulator binds this site.
We are proposing to follow-up on this finding (Aim 1.1). Further, a study was published showing the regulon of
the two-component response regulator PG0720 (PGN_0753 in strain 33277) (80), and we noted that genes
adjacent to other copies of asSuGR on the chromosome were differentially expressed. We therefore followed-
up on this discovery and determined that PG0720 does indeed activate expression of asSuGR from a promoter
within the 77bp sequence. This led to our current working model that PG0720 indirectly influences transcript
levels of the capsule operon expressed from the sense strand. Our studies also showed that deletion of PG0720
confers a defect in the presentation of surface glycans compared with the parent strain and quantitative RT-PCR
(gPCR) analysis determined that the overall expression of genes involved in capsule synthesis were down-
regulated in the PG0720 mutant (23). Lastly, the PG0720 deletion mutant showed reduced virulence.
Importantly, RNA-Seq analysis showed that the expression genes involved in iron acquisition are down-regulated
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in the APG0720 mutant compared to the parent strain (23). This finding aligns with the previous study on this
two-component system mentioned above which showed that PG0720 (PGN_0753) controls a suite of genes
involved in acquisition and uptake of iron/hemin and the system was designated HaeSR (for hemin) (80). Given
this published information, we hypothesized that heme availability is a key signal that influences this two-
component system and our preliminary data shows that the sensor component of this system (PG0719)
interacts with heme. Altogether, our studies have determined that asSuGR is a cis- and trans-acting antisense
RNA molecule involved in regulating the production of Pg surface glycans and its expression is at least in part
controlled by the two-component system PG0719-PG0720.
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Fig 2. Proposed working model describing the impact of transcription of asSuGR and PG1258 repression on
transcription of the K-antigen capsule operon on the sense strand. When the two-component sensor kinase
(PG0719) senses low levels of hemin, it autophosphorylates and then transfers the phosphate to its cognate response
regulator PG0720. Phosphorylated PG0720 activates transcription of asSUGR. When asSuGR is transcribed (W83) the
large capsule operon transcript (~19.4 kb) on the sense strand is synthesized and this interferes with activation of the
PG0121 promoter. When asSuGR is not transcribed (APG0720 or repression by PG1258 homodimers) synthesis of the
large capsule operon is terminated earlier.

(C) APPROACH: EXPERIMENTAL DESIGN AND METHODS

Aim 1. Determine how the 77bpIR region encoding asSuGR regulates the levels of surface glycans.
Rationale: We have shown that transcription at the 77bpIR regulatory element is bi-directional, and we have
delimited the transcription of asSUGR mRNA. We have also determined that when asSuGR is expressed by Pg
from a plasmid, this alters both K-antigen capsule and LPS synthesis; indicating that asSuGR acts in trans.
Importantly, there are a total of eight matching asSuGR targets on the chromosome, suggesting that the asSuGR
produced from the 77bpIR element influences global gene expression. Moreover, since the SPT-PG1780 locus
has a copy of asSuGR (see Fig 4) and synthesis of SLs positively influences the presentation of surface glycans,
we are proposing to determine the link between asSuGR and expression of genes in the SPT-PG1780 locus. As
discussed in preliminary studies, our working model is that asSuGR along with HUB support processivity and
synthesis (and/or stability) of large transcripts (designated here: the capsule operon and the SPT-PG1780
operon). The goals of this aim are to determine if asSUGR promotes transcription (and/or stability) of transcripts
that are generated from these two loci and to continue our efforts to identify other regulatory proteins that interact
with the 77bpIR element.

1.1 Determine the role of the 77bpIR region in the regulation of glycan synthesis. To determine the role of
the 77bpIR element in regulation, we need to better understand the regulation and function of asSuGR. In this
sub-aim we will determine the sense and antisense transcript levels during different phases of growth with and
without heme, while determining the effect of PG0121 and PG0720 as well as other regulatory proteins on
expression of the capsule operon and genes in the PG1780-PG1788 locus.
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Transcriptional analysis of the capsule locus (PG0104-PG0121) and the SL-synthesis locus (PG1780-PG1788).
Northern blot analysis with riboprobes specific to the sense and antisense transcripts will be used, as well as
RT-gPCR, to examine when asSuGR and sense strand mRNAs are up- or down-regulated. To perform these
experiments, we will grow Pg to early, mid, and late exponential, as well as late stationary phase of growth
(comparing heme deplete and replete conditions), isolate RNA and do Northern analysis, as previously described
(14, 16, 17). We will also continue to perform strand specific gqPCR to evaluate bi-directional transcription within
the capsule operon and the PG1780 locus (SL-synthesis). In parallel, we will examine the asSuGR over
expressing strain (pT-HP); (23)) to the WT with the empty plasmid (control), to evaluate whether or not over-
expression of asSuGR influence the levels of different transcripts. In parallel, we will study transcript levels in
regulatory mutants. Since we have shown that the response regulator PG0720 is involved in regulating the
transcript levels of genes in the capsule operon, we plan to focus on determining the expression levels in the
APG0720 mutant. In addition, since we have identified a highly conserved 654 consensus sequence (TGG-N9-
TGC) within the coding region of asSuGR, we will examine the impact of sigma 54 (054) response regulators.
Importantly, unlike o70-type sigma factors, which can spontaneously separate double-stranded DNA and initiate
transcription after forming the RNAP holoenzyme, 654 is incapable of transitioning from the closed complex to
the open complex on the DNA without the assistance of an ATP-hydrolyzing response regulator, therefore we
hypothesize that one of the 654 response regulator is required. The following mutants will be examined by
Northern and RT-gPCR analysis: W83APG0121, W83APG1105 (054), W83APG0747 (054 response regulator),
WB83APG0016 (054 response regulator), and W83APG0386 (a predicted 054 modulation protein). Importantly,
these regulatory genes are not predicted to be essential (76); except PG1105, however, since 054 is not typically
essential this essentiality may be conditional, so we will try and generate a PG1105 deletion mutant in rich
medium under strictly anaerobic conditions. We will also characterize the phenotype of select requlatory mutants
that show a defect in transcription in the capsule locus by examining the surface polysaccharide composition,
growth rate, stress response (e.g., resistance to oxygen stress or hydrogen peroxide stress), and RNA-Seq
analysis using our established methodology (16, 23, 66, 72, 73, 79, 81). In addition, we will use the
Galleria mellonella (greater wax moth) larvae model as a first step in assessing the virulence of these glycan-
altered mutants, using an established methodology that has been used to evaluate Pg virulence in our lab and
by other researchers in the field (23, 81-83).

1.2 Pull down assays. In a complementary approach, pull down assays will be used to identify additional
regulatory proteins that interact with the 77bpIR region. We have been working to optimize a protocol adapted
from Jutras et al., 2012 (84). In general, the DNA sequence of interest is affixed to beads, and then incubated
with bacterial cytoplasmic extract. Washes with buffers containing nonspecific DNA and low-salt concentrations
are used to remove non-adhering and low-specificity DNA-binding proteins, while subsequent washes with
higher salt concentrations elute more specific DNA-binding proteins. Eluted proteins are then identified by
standard proteomic techniques. As shown in Fig 3, to perform these experiments, we have been mechanically
lysing Pg and then taking the cytosolic fraction and incubating it with dynabeads that are coupled to the DNA
77bpIR element probe (HP) to allow protein-DNA binding. Herring sperm is added to restrict non-specific binding
and a random region from within the capsule locus that is also 1408 bp is used to generate a control probe (CT).
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Fig.3. DNA-affinity pull down assays. Cytosolic fractions of Pg strain W83 lysates were incubated with a 77bpIR
probe (HP) and a control DNA probe (CT). Herring sperm (200 ug/ ml) was added to restrict non-specific DNA-binding.
Silver staining of eluants shows that a variety of proteins elute in the 500mM wash. Indicated next to the molecular
weight markers are proteins predicted to interact with the 77bpIR region probe.
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A gradient of sodium chloride (100, 300, 750, and 1000mM) is then used for elution and the protein bound to the
probe is analyzed by silver staining. Our preliminary studies show that proteins are not eluting in the 100mM
wash, however a number of proteins elute with the 500mM wash. We are currently repeating these experiments
and using Western blot for PG0720, PG0121, and PG1258 along with mutant strains to validate our results and
protein sequencing to identify additional proteins that interact with this element. We predict that this approach
will pull down a sigma 54 response regulator and potentially PG0104 (a predicted topoisomerase encoded at the
5" end of the capsule operon) as well as PG0720, PG1258 and PG0121. The identification of these regulatory
proteins and additional protein-DNA interaction studies combined with information obtained in Aim 2 will be used
to build a model as to how transcription of the 77bpIR element is regulated.

1.3 Determine transcriptional linkage of genes in the SL-synthesis locus. We identified a gene (PG1780)
encoding the enzyme serine palmitoyltransferase (SPT), generated a deletion mutant (W83 APG1780), and
showed that the mutant was unable to synthesize SLs (66). This was the first SL mutant generated in Pg. As
shown in Fig 4, the PG1780 locus contains at least six genes and harbors a large intergenic region between
PG1786 and PG1788 whose sequence is an exact match to asSuGR. Our working hypothesis is, since asSuGR2
lacks the 77bp promoter, this site represents a target for the asSuGR molecule produced in the capsule operon,
ultimately supporting transcription (and possibly stability) of a PG1780-PG1788 transcript, which is predicted to
be at least 8,460 kb. Testing of this hypothesis is proposed above in sub-aim 1.1. Preliminary data indicates that
PG1786 is transcriptionally linked to PG1784 and PG1788 (data not shown). Here, we are proposing to continue
to survey the operon structure by hybridizing with probes from each of the open reading frames and use RT-
PCR to confirm transcriptional linkages of the genes within the locus. In addition, we have already generated
deletion mutants of asSuGR2 and

PG1784 and our plan is to further Sphingolipid synthesis locus

analyze the region by continuing \ \

to make non-polar deletion ) 1780 >> 1781?) 1782 ) 1783 ) 1784 > )__1786 >as$uGR2

mutants of genes in this locus and SPT uridine glycosyl 4 glycosyl 4 glycoside porin Cysteine
kinase transferase transferase hydrolase peptidase

compare transcription of the
mutants to the parental strain, Fig 4. Schematic representation of the genes located in the PG1780- PG1788 locus.
using our established

methodology (16, 23, 66, 72, 73, 79, 81).

1.4 Evaluate RNA stability. To determine if asSuGR impacts RNA stability, we will study the kinetics of
synthesis and decay of sense and antisense transcripts using Click-iT technology (Life Technologies). The Click-
iT method is based on the bioorthogonal click chemistry reaction, where ethynyl uridine (EU) is incorporated onto
RNA during synthesis. Biotin can then be “clicked” onto the RNA strand and streptavidin magnetic beads can
then used to capture nascent RNA. Although this technology has primarily been employed to study mammalian
cells, this EU labeling has been validated in Listeria (85). In brief, we will use EU-labeling to perform pulse/chase
experiments. For these analyses, Pg strains will be grown to early exponential (ODsso of 0.3) or late exponential
(ODssp of 0.9), at this point the cells will be “pulsed” with TmM EU and grown for 6 hr (approximately 2-doublings)
in EU containing medium. The cells will then be “chased” by pelleting, followed by re-suspension in EU-free, pre-
reduced medium. Cell samples will be collected over 60 min and RNA will be isolated, as previously described
(16, 17), and then captured using the Click-iT capture kit, following manufacturer’s instructions. Four different
time points, including the reference sample (just before the chase), will be analyzed simultaneously by RT-qPCR,
as previously described (16, 17). Degradation will be considered to become the major phenomenon responsible
for lowering EU-tagged mRNA levels. To initiate these studies, we will examine the effect of over expression of
asSuGR on stability of large capsule operon transcript, followed by examination of the PG1780 operon. We
predict that asSuGR plays a role in stabilizing these large operon transcripts.

Aim 1. Expected Outcomes Potential Pitfalls and Alternative Approaches.: This aim is a direct continuation
of our work to provide a better understanding of how the 77bpIR element regulates gene expression. In general,
no significant pitfalls are anticipated as the proposed methods and developed resources are well established
(14, 16, 86-88). Data obtained from these studies will build upon our knowledge of the regulatory pathways that
control expression of key virulence determinants in Pg, including capsule, LPS, and potential sigma 54 controlled
regulatory pathways, which are often responsible for generating rapid responses to environmental change (89,
90) and are currently understudied in Pg. Our working model is that asSuGR directs stabilization of the capsule
operon. This hypothesis may of course prove not to be correct. We may discover that the complementary
interaction enhances termination, and thus attenuates expression; however, the proposed experiments are
designed to support or refute our hypothesis and will provide the required information to determine the underlying
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mechanism. If the data support the hypothesis that asSuGR enables transcriptional linkage between PG1784
and PG1788, then the predicted porin encoding gene at the 3’ end of the locus (PG1786) may play a central role
in membrane biogenesis, and we will investigate this porin in more detail. To complement the genetic approach,
we are also proposing to use DNA affinity (pull down assays) to identify additional proteins that interact with the
77bpIR region.

AIM2. Characterization of P. gingivalis DNABII proteins (PG0121 and PG1258).

Rationale: our studies have shown that the DNABII protein PG0121 plays a critical role in capsule expression
and that PG1258 which is essential for Pg survival, interacts with PG0121 and binds DNA with sequence
specificity (IHF sites). Thus here, we propose to tease out the independent and cooperative functions of PG0121
and PG1258 on K-antigen capsule expression using in vitro (Aim 2.1) and in vivo systems (Aim 2.2). All
experiments outlined in this Aim will proceed in tandem.

Aim 2.1 Specificity of PG0121 and PG1258 for K-antigen specific locus interactions and canonical IHF
binding sites. As previously mentioned, DNABII proteins are a homologous family of proteins of highly similar
primary and secondary structure that are comprised of two forms, HU and IHF. While HU protomers appear to
bind DNA in a sequence independent fashion, IHF protomers (both homodimers and heterodimers) (29-33) bind
to specific sequence sharing the consensus WATCAANNNNTTR (where Wis A or T, N is any nucleotide and R
is A or G (34)). Here we will examine in vitro interactions of PG0121 and PG1258 with the upstream regions of
the K-antigen operon, with other potential binding sites in the chromosome of Pg as well as bona fide canonical
IHF binding sites. Importantly we will also evaluate their independent and cooperative HU and IHF functions.

Biacore analysis of 77bpIR binding sites and predicted IHF binding sites. We have presented in our Preliminary
Data that PG1258 specifically binds the 77bpIR sequence, while we have published that PG0121 likewise has
specific affinity for the same regions albeit with very different complexes formed with each protein. Here we will
examine the same DNA substrates (75) using surface plasmon resonance (SPR; using a Biacore T200) and
determine how PG1258 binding compares to PG0121. This will determine if one subunit has a preference for
binding to the 77bpIR. In addition, we will bind equimolar amounts of each protein, equilibrated with one another
(>24hrs)(91), as well as added the proteins simultaneously to initiate the binding reaction to determine if the
proteins ‘interact’ to change their net interaction with the substrate. In parallel and identically, we will also
examine both proteins separately as well as together in quantitative EMSA where we examine the IHF binding
site that we have identified upstream of the 77bpIR element. Our preliminary studies determined that PG0121
and PG1258 separately footprint the IHF sites. Again, both individual and cooperative binding affinities will be
evaluated.

Binding to sites identified in silico and by ChiP-seq. We will use information garnered from BLAST (preliminary
studies; see Aim 2.2) and ChIP-seq analysis (Aim 2.2) to identify binding sites on the Pg chromosome for
PG0121, PG1258 and a 1:1 mixture of equilibrated and non-equilibrated PG0121 and PG1258. In particular, we
will focus our attention on the 77bp regions. Once identified, the top 20 matches will be PCR amplified into 100
bp DNA amplicons with the match to consensus centered in the DNA fragment. These DNAs will then be used
in SPR experiments described above to quantify their binding affinity. Five randomly selected adjacent 100 bps
that fail to have a match to the consensus sequence(s) will be used as controls. While ChIP-Seq is a powerful
technique for identifying nucleoprotein interactions under predetermined conditions, even the most informed
conditions do not necessarily cover all possible interactions throughout the life cycle of the bacterium, therefore
studies on in silico identified targets that are not detected with ChIP-Seq are warranted.

PG0121 and PG1258-RNA interactions, finding specific targets vs secondary structure. Here we will further
examine the interaction of the DNABII proteins and determine the extent of their specificity for the upstream
mRNA region of the K-antigen operon, along with asSuGR. We will focus on multiple RNA substrates that include
and exclude the IHF binding site. RNAs to be tested will include, the 150 base region just upstream of the first
77baselR, 100 base region including the first 77base IR, 400 base region that includes up to the second 77base
IR and finally the two 77IRs base paired together without any other RNA present. Proteins to be tested will be
PG0121, PG1258 and the PG1258-PG0121 complex. After this baseline analysis, identical experiments will be
performed with the asSuGR RNA, which has its own internal 32bplIR, to determine if this RNA species plays a
role in DNABII binding and function. As a control, we will use yeast tRNA because of its known secondary
structure to determine the level of specificity of each DNABII combination.

Aim 2.2 In vivo characterization of PG0121 and PG1258. Our discovery that PG1258 binds site specifically to
a predicted IHF sequence upstream of the 77bpIR and that PG1258 and PGO0121 interact as judged by
crosslinking and IP suggests a paradigm shift in how these two DNABII proteins function in vivo. Here, we will
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examine the steady-state levels of proteins in vivo as well as the likelihood that they will interact in vivo. We will
also perform ChIP-Seq analysis to study the interactions of these proteins with the entire Pg genome. This will
complement the in vitro binding experiments above.

Steady-state levels of PG0121 and PG1258. In E. coli, the protein levels of the two HU subunits vary during
growth phase (92). Preliminary western analysis indicates that the level of HU PG0121 is elevated during
exponential growth phase and then decreases as the cells enter stationary phase (data not shown). As a prelude
0 examining interactions of PG0121 and PG1258 in vivo, we will further examine the steady state levels of each
protein under various growth conditions, specifically different phases of growth in complex rich medium with high
5ug/ml) and limiting (1ng/ml) levels of hemin. We are examining the effect of availability of hemin, since we
nave previously determined that HU PG0121 has a strong impact on gene expression under iron limiting
conditions (17). Pg will be grown as previously described and cells will be isolated during early-, mid-, and late
exponential phase to cover the classic phases of growth and we will perform quantitative immunoblot analyses
————93) using antisera to either PG1258 or PG0121. In parallel, we will repeat these experiments with our PG0121
deficient strain. Information obtained from these experiments will facilitate the ChIP experiments, where we
examine PG1258 and PGO0121 interactions in vivo. We will also use the conditions above and perform
crosslinking on live cells followed by IP. IP will be performed with either antiserum to PG0121 or PG1258 (pre-
bleed serum will be used as a control). Both subunits are easily separated by urea-triton PAGE. Information
obtained from these experiments will facilitate the ChlP experiments, where we examine PG1258 and PG0121
interactions in vivo.

Independent and cooperative interactions of PG0121 and PG1258 with the chromosome of Pg. Here, we will
utilize chromatin immunoprecipitation (ChlP) followed by high-throughput sequencing (ChiP-Seq) to map the in
vivo association sites of DNABII proteins encoded by PG0121 and PG1258. This will allow us to study the
dynamic interactions of these proteins with the entire genome. ChlP-Seq has previously been used successfully
to identify the chromosomal locations at which regulatory proteins are found in Pg (80, 94) and by Dr. Ramsey
in other bacteria (95-97). It is important to note that we have already generated specific and mutually
exclusive antibodies to each of these DNABII proteins, therefore this analysis can be performed by
immunoprecipitating nucleoprotein complexes with each antibody. In brief, to identify DNA targets, we
initiate our studies by growing Pg strain W83 and the APG0121 mutant to early exponential and late exponential
phase of growth. In vivo cross-linking will be initiated with the addition of formaldehyde and quenched with the
addition of glycine. The cells will then be harvested, washed, and lysed, after which DNA will be sheared by
sonication to an average size of 500 to 2,000 bp (78). Cell debris will be removed by centrifugation and the
cleared supernatant will be used as the input sample. An aliquot of the input sample will be incubated with
Ultralink protein A/G beads (Pierce) and either antibodies to PG0121, PG1258, or pre-bleed serum IgG. The
beads will be collected with Spin-X centrifuge tube filters (VWR), washed, and the IP complexes will be eluted.
IP samples will be un-cross-linked and the DNA eluted. Western blot analysis will be used to confirm precipitation
of the DNA-binding protein. The output DNA will then be prepared for sequencing using lllumina technology
using the NEBNext ChlIP-Seq Library Prep Reagent Set for Illumina (New England Biolabs), according to
manufacturer’s protocol. The libraries will be run on a 2% agarose gel and 0.25 —0.50 kb fragments will be
selected. NEBNext Multiplex Oligos for lllumina (NEB) will be used to PCR amplify the purified fragment and
the PCR products will be purified. Sequencing will be performed using a NovaSeq 6000 platform. ChlP-seq data
will be mapped to the Pg genome using our established protocols. The libraries will be analyzed with
GenomeView to identify promoter regions. We will validate the top six association sites using mobility shift
assays, and evaluate them for binding affinity by SPR using PG1258, PG0121 and a 1:1 mixture of PG1258 and
PG0121 (equilibrated and non-equilibrated) (17, 75). This will both biochemically verify the results of the ChlP-
Seq and further help distinguish the potential interactions and targets of PG1258 and PG0121. The PG0121 null
strain will serve as a control with PG0121 antibody and also determine if there is any change in sequences that
are immunoprecipitated with the antibody to PG1258. The pre-bleed serum experiment will provide a mock
immunoprecipitation control for all experiments. In this way, we will determine if PG0121 and PG1258 are
competing for the same DNA sequences or more likely interacting to bind to the same sequences.

Aim 2. Expected Outcomes Potential Pitfalls and Alternative Approaches.: In Aim 2.1, the interaction of
PG1258 with the IHF site, the likely interaction of PG1258 and PG0121 and their respective interaction on DNA
will be examined thoroughly by multiple methods. Definitive outcomes are assured in all the experiments with
the possible exception of ChIP-Seq where chosen conditions for crosslinking will strongly affect the outcome. In
this regard, determining steady-state levels and some initial IP experiments should be completed be completed
first in Aim 2.2, to facilitate choosing Pg growth conditions for ChIP-Seq. If initial IP experiments with specific
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antibodies are not successful, the DNABII proteins will be modified to include an epitope tag to be used for IP,
as in (98). Second, it is also possible that the ratio of PG1258 and PG0121 varies at different phases of growth,
as it has been shown for other DNABII family members that otherwise interact (92, 99). Should a constant ratio
of PG0121 and PG1258 other than 1:1 persist throughout most growth conditions, we will repeat the experiments
in Aim 2.1 with this new ratio. Finally, binding affinity experiments with the various RNAs, including asSuGR, and
their specific Kqs will better determine how competitive a native duplex DNA sequence is compared to its
corresponding duplex RNA. The actions of the DNABII family at this and other promoters have proven to be
more complicated than a single protein binding to a DNA sequence. This Aim will elucidate the means of PG0121
and PG1258 in regulating expression from the 77bplIR region.

AIM 3. Heme sensing by the two-component sensor PG0719.

Rationale: Recent reports have shown that the PG0719-PG0720 two-component system controls expression of
genes involved in heme acquisition (39) entry into endothelial cells (23, 100) and expression of asSuGR (23),
which is the focus of Aim 1. Exploring the possible interaction of PG0719 with heme (as well as its degradation
byproducts), at the protein level, can provide direct evidence into the system’s activation signal and insights into
the underlying mechanism directing this molecular switch. The goal of this aim is to identify and characterize the
activation signal or metabolites sensed by PG0719 at the atomic level. In particular, since bleeding on probing
is a clinical hallmark for periodontitis and Pg has a variety of mechanisms for lysis of red blood cells, we have
focused on metabolites released from erythrocytes, in particular heme (101-108). In addition, we aim to probe
and decipher the conformational changes associated with signal transduction within this signaling pathway to
obtain the desirable mechanistic insights.

Aim 3.1 Overexpression and Purification of Functional PG0719. PG0719 is predicted to adopt the fold of a
sensory histidine kinase (~50 KDa). This segmented and modular fold gives rise to a small sensory periplasmic
sensory domain (~13 KDa), flanked by two transmembrane helices and a larger cytoplasmatic transducer kinase
module (~30 KDa). In this sub-aim, we aim to overexpress and purify the (a) full-length PG0719 as well as its
individual domains, including (b) the periplasmic sensory domain and (c) the cytosolic kinase module required
for downstream biochemical and biophysical analyses. First, the different protein constructs will be subcloned
into pET28 or pET41 expression vectors where they will be each conjugated in frame to a cleavable affinity tag
(such as a poly-Histidine tag) at its N- or C-termini. We will then screen for different conditions to allow optimal
overexpression levels in E. coli. Once optimal expression conditions are identified, we will establish a purification
scheme for each construct. Notably, for the full-length membrane spanning PG0719 protein, we will also screen
for suitable detergents promoting adequate protein extraction and solubilization, while for the soluble domains
this step will be omitted. The three different protein constructs will be then purified by affinity, charge and size-
based chromatography. Protein purity and identity are assayed by native and denaturing PAGE, tandem mass
spectrometry (MS/MS) and peptide fingerprinting. The purified detergent-solubilized PG0719 or the soluble
kinase domain will be tested for their auto- and trans-phosphorylation activity via an established assay (109) with
Phos-tag for detection (Wako). For this assay, we will also use the purified PG0720 response regulator obtained
in our previous studies (23). In addition, we will clone, express, and purify a PG0719 phosphorylation deficient
mutant (H226A — catalytic histidine) to serve as a negative control for this functional phosphorylation assay in
vitro. So far and as a preliminary result, we have established an expression and purification protocol for the
soluble sensory domain resulting in >95% purity (See Fig 5A).

Aim 3.2 Characterize PG0719’s interacting metabolites. Protein sequence analysis allowed us to identify a
conserved PC pair motif (Proline103-Cysteine104) associated with heme binding at PG0719’s periplasmic
sensory domain (110), providing a clue toward a potential activation signal of PG0719. Our preliminary qualitative
binding assay further supported this hypothesis by revealing that the purified PG0719 periplasmic sensory
domain can irreversibly bind to heme-coated-agarose beads (Fig. 5A). Taken together and in line with our
previous findings (23), available literature (12, 80, 111) and predicted-fold similarity to other sensors (38), we will
screen for potential interacting metabolites, in particular heme and its degradation products, biliverdin, bilirubin
and protoporphyrin IX. We will use UV-Vis absorbance spectroscopy as a powerful technique to characterize the
binding of absorbing metabolites to PG0719. When heme, or its degradation products, binds to a protein, it alters
its unique UV-Vis absorbance spectrum, leading to shifts in absorbance peaks (112). Subsequent metabolite-
protein titrations, leading to gradual alterations in peak intensities, can be further used to quantify the amount of
both free- and bound-metabolites, and provide the specific binding parameters. If binding is observed, comparing
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Fig 5. PG0719 heme binding — preliminary results and working model. (A) PG0719 sensory domain can
irreversibly bind to heme-coated agarose beads. Bovine serum albumin (BSA) serves as a positive control. (B)
Absorption spectra of PG0719 sensory domain titrated into heme. The absorbance at 415 nm represents the protein-
bound heme reaching saturation with a Km of ~15 mM, while the absorbance at 385 nm represents the free-heme. (C)
Left- AlphaFold predicted model of dimeric PG0719. Right - The highlighted dashed box is a zoom view of a monomeric
sensory domain with the conserved PC motif highlighted in green while the b-hairpin, predicted to undergo
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these parameters will allow us to establish their relative affinity to the protein. Here, we will record the absorbance
shifts from the commercially available metabolites and the purified protein constructs obtained in Aim 3.1.
Notably, the initial screening step in the spectroscopic binding assays requires a substantial amount of purified
protein. As the production of large amounts of soluble proteins is often more sustainable than those of membrane
proteins, using the soluble periplasmic sensory domain for our initial in vitro screening has a significant
advantage. This standalone soluble sensory domain, directly involved in signal sensing, will allow the
characterizing of the activation signal, independent of the full-length protein. Once specific metabolite binding is
identified, it will be further validated by individual titrations with the purified full-length protein to obtain the binding
parameters in the context of the entire protein. Next, we will mutate the PC pair residues and repeat these
measurements to evaluate the binding of the identified metabolite at the predicted binding site. So far, our
preliminary results clearly demonstrate that the standalone sensory domain can bind heme (Fig. 5B). Lastly, we
will investigate the ability of these identified binders to alter the transcript levels of select target genes in the K-
antigen capsule locus and genes flanking the 77bplIR element at other sites on the chromosome (PG0106,
PG0108, PG0121, PG0498, PG1780, PG1174, with PG0O880 as control) in vivo by gqPCR (81). Overall, this sub-
aim will elucidate the binding characteristics and constants of PG0719 with different metabolites such as heme,
and/or its by-products, that are released upon lysis of erythrocytes, e.g., porphyrin IX, biliverdin and bilirubin.

Aim 3.3 Structural determination and characterization of PG0719 in complex with its identified
metabolite(s). The recent advanced in structure prediction Al-based algorithms (such as AlphaFold) allows the
researchers to obtain a 3D model of a desired protein sequence (113-115). Subjecting PG0719 sequence to Al-
based structure prediction resulted in a model that cannot elucidate (a) the observed binding of heme or its
degradation products to the sensory domain, (b) signal relay from the periplasmic sensory domain to the cytosolic
kinase domain nor (c) correct dimerization interface as several potential interfaces were predicted without a
computational-based method to validate them. Notably, the major discrepancy from the predicted structure was
observed at the sensory domain’s binding site, and in particular next to the PC binding motif. Heme-binding by
a PC motif often involves the perpendicular positioning of a heme molecule a planner fashion supporting the
coordination of the iron center above the Cys side chain (Fig. 5C). Here, in PG0719’s predicted Al-generated
model, no room to accommodate our predicted metabolite(s) could be observed, especially when their typical
mode of binding is being considered. Therefore, our working hypothesis is that a substantial conformational
change in the sensory domain is induced upon substrate binding, particularly in residues 92-103 that form a
beta-hairpin that shelters the predicted binding site in the apo-model (Fig. 5C). To unambiguously decipher the
true structure, associated binding mechanism and signal rely through the PG0719 sensor histidine kinase, we
aim to experimentally determine the structure of the full-length protein. Based on PG0719 monomeric full-length
size (~50 KDa), predicted dimerization ability, and receptor flexibility, we use the single-particle cryo-electron
microscopy (cryoEM) method (embedded within a detergent micelle or membrane-mimetics system, which also
increases particle dimensions) for its structure determination. Notably, these mimetics systems have been
proven to facilitate membrane protein structure determination by single-particle cryoEM. Recent advances in
direct electron detector cameras and image processing algorithms have transformed cryo-electron microscopy
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into a structural biology technique capable of generating high-resolution structural information of previously
intractable, conformationally dynamic, and heterogeneous membrane protein assemblies. Additionally, cryo-EM
has also shown great promise for the structural characterization of membrane proteins. The Zeytuni group
leverages the world-class Facility for Electron Microscopy Research (FEMR) at McGill University to conduct our
structural studies of PG0719. First, our purified PG0719 in a detergent or membrane-mimetic system will be
screened for optimal cryo-freezing conditions on carbon grids. Then, vitrification of the samples is performed
using a Vitrobot and these grids are screened using the Tecnai F20 Transition Electron Microscope (TEM). Once
cryo-conditions and grid preparation have been optimized, we collect large dataset datasets comprised of 300K-
400K particle images in the Titan Krios microscope. These images are then subjected to well-established image
processing pipelines using Relion (116) and/or CryoSPARC (117) to obtain the high-resolution cryoEM maps of
PG0719. Potential molecular motions between the components or domains of the protein complexes are
characterized using multibody refinement approaches as implemented in Relion (116) If the obtained resolution
of the cryoEM map is better than 4A, we can assign the atomic model by de novo building methods. To this end,
we use algorithms for structure prediction and model building implemented in Rosetta (118) and PHENIX (119).
The final model is built in automated tools (120) manually (121) with successive rounds of real space refinement
using PHENIX (119) package. Taken together, the data introduces sufficient constraints for an unambiguous
assignment of the densities in the cryoEM map.

To obtain structural and functional information of PG0719, the different conformers, transition states and
metabolite-bound states, mutants with altered phosphorylation abilities (such as the catalytic histidine) are
studied. In addition, we use ATP/ADP or their stable analogs along with hemin, or other identified metabolites,
to explore conformational states representing different signaling stages.

Next, our experientially determined atomic models are used to explore the binding interface(s) between PG0719
and the identified metabolite or activation signal. We will then use mutational studies to further characterize key
residues involved in binding, similar to as described in Aim 3.2. If a metabolite or activation signal molecule is
found not to be bound to the sensory domain in our reconstructed map, we will use the structural information of
the binding pocket to learn about the chemical and structural characteristics of the potential molecule(s) bound.
We will use molecular docking in silico to model this potential interaction and further validate it via mutational
studies in vitro and in vivo, as described in aim 3.2. Overall, we will determine the atomic structure of PG0719 in
different signaling stages and in complex with its activating metabolite.

Aim 3 Outcomes/alternatives: The proposed aim will elucidate the activation signal(s) or metabolite(s) for the
PG0719-PG0720 TCS and allow us to better understand its exact role in the Pg’'s response to altering oral
environments. We will provide novel structural and functional insights associated with the molecular mechanism
of this signal transduction cascade. These, in turn, will allow us to identify key residues and interfaces associated
with ligand sensing and downstream function. In the event of challenges in functional protein production in E.
coli, we will recombinantly overexpress and purify PG0719 in Pg, as described (122-124). Furthermore, as
membrane protein’s function can alter in detergent micelles, we will explore incorporating our purified PG0719
into membrane-mimetics or detergent-free systems, supporting its function in a native-like environment, and
evaluate its function accordingly -these systems, including nanodiscs (125), Peptidisc (126), amphipols (127),
and styrene-maleic acid polymers (SMALPs) (128). Although our preliminary studies strongly support our
working hypothesis that heme is a ligand for PG0719, if this does not prove to be true, we will screen the purified
sensory domain of PG0719 against commercial small-molecule and compound libraries, available through
McGill's High-throughput Screening Facility to decipher the system’s activation signal. Lastly, in case of
challenges determining the full-length structure using cryoEM, we will use X-ray crystallography to determine the
structure of PG0719’s sensory domain (~13 KDa) or the cytosolic kinase module (~30 KDa).

Rigor/ Reproducibility and Statistical Analysis. All genetic constructs will be verified by sequencing and at
least four clones will be generated and validated for each P. gingivalis deletion mutant. We will continue to
conduct a rigorous cultivation protocol that pays close attention to the microbial environment during growth of P.
gingivalis. We do not routinely passage strains. Work and all datasets will be made available in public
repositories. All data sets that require statistical analysis will be robust with 3-5 biologic replicates, and inter-
assay technical replicates where appropriate. For all experiments, data will be imported into PRISM statistical
analysis software (GraphPad), tested for normal distribution (Shapiro-Wilk test), and both descriptive and
comparative analyses will be performed. T-tests and ANOVA with parametric or non-parametric post-hoc testing
will be performed, and data will be presented as means t standard error. Differences in the data will be
considered significant when the probability value is <5.0% (P-value <0.05).

Timeline: All three aims are interconnected and will be on-going for 5 years.
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