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Deletion of a 77-Base-Pair Inverted Repeat Element Alters the
Synthesis of Surface Polysaccharides in Porphyromonas gingivalis
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ABSTRACT

Bacterial cell surface glycans, such as capsular polysaccharides and lipopolysaccharides (LPS), influence host recognition and are
considered key virulence determinants. The periodontal pathogen Porphyromonas gingivalis is known to display at least three
different types of surface glycans: O-LPS, A-LPS, and K-antigen capsule. We have shown that PG0121 (in strain W83) encodes a
DNABII histone-like protein and that this gene is transcriptionally linked to the K-antigen capsule synthesis genes, generating a
large ~19.4-kb transcript (PG0104-PG0121). Furthermore, production of capsule is deficient in a PG0121 mutant strain. In this
study, we report on the identification of an antisense RNA (asRNA) molecule located within a 77-bp inverted repeat (77bpIR)
element located near the 5’ end of the locus. We show that overexpression of this asRNA decreases the amount of capsule pro-
duced, indicating that this asRNA can impact capsule synthesis in trans. We also demonstrate that deletion of the 77bpIR ele-
ment and thereby synthesis of the large 19.4-kb transcript also diminishes, but does not eliminate, capsule synthesis. Surpris-
ingly, LPS structures were also altered by deletion of the 77bpIR element, and reactivity to monoclonal antibodies specific to
both O-LPS and A-LPS was eliminated. Additionally, reduced reactivity to these antibodies was also observed in a PG0106 mu-
tant, indicating that this putative glycosyltransferase, which is required for capsule synthesis, is also involved in LPS synthesis in
strain W83. We discuss our finding in the context of how DNABII proteins, an antisense RNA molecule, and the 77bpIR element
may modulate expression of surface polysaccharides in P. gingivalis.

IMPORTANCE

The periodontal pathogen Porphyromonas gingivalis displays at least three different types of cell surface glycans: O-LPS, A-LPS,
and K-antigen capsule. We have shown using Northern analysis that the K-antigen capsule locus encodes a large transcript
(~19.4 kb), encompassing a 77-bp inverted repeat (77bpIR) element near the 5’ end. Here, we report on the identification of an
antisense RNA (asRNA) encoded within the 77bpIR. We show that overexpression of this asRNA or deletion of the element de-
creases the amount of capsule. LPS structures were also altered by deletion of the 77bpIR, and reactivity to monoclonal antibod-
ies to both O-LPS and A-LPS was eliminated. Our data indicate that the 77bpIR element is involved in modulating both LPS and

capsule synthesis in P. gingivalis.

Encapsulation is a well-known mechanism that protects patho-
genic bacteria from clearance by host immune defenses (1).
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
thereby modulate the host’s response to the bacterium. This
model is supported by studies showing that encapsulated bacteria
have an advantage in immune evasion (2). Synthesis of a capsule is
considered to be a key virulence determinant of Porphyromonas
gingivalis (3). Strains that produce K-antigen capsule are more
resistant to phagocytosis (4) and cause a spreading type of infec-
tion in a murine lesion model (5). In contrast, nonencapsulated
strains adhere more to cultured primary gingival epithelial cells
and cause a severe localized abscess (6). Importantly, a capsule
null mutant strain was shown to be a more potent inducer of
cytokine synthesis by human gingival fibroblasts than the corre-
sponding parent strain, indicating a role for capsule in cloaking P.
gingivalis against innate immune responses (3). Although synthe-
sis of capsule by P. gingivalis is an important virulence determi-
nant, the regulatory mechanisms that control its synthesis have
not been determined.

Lipopolysaccharides (LPS) are surface glycolipids that are
tightly associated with the outer leaflet of Gram-negative bacteria
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and consist of a complex glycan structure covalently bound to a
lipid anchor (lipid A). A conserved core oligosaccharide is linked
to lipid A via 3-deoxy-D-manno-octulosonic acid, and in the case
of P. gingivalis this core has been shown to consist of mannose,
allosamine, glycerol, and phosphoethanolamine (7). Attached to
this core is a high-molecular-weight polysaccharide of one of two
clearly distinguishable types, generating two classes of LPS mole-
cules (8, 9). The O-LPS consists of a repeating unit of four sugars,
i.e., thamnose, glucose, galactose, and either glucosamine or
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galactosamine (10, 11), while a novel anionic polysaccharide
(APS) component, which is made up of a phosphorylated
branched mannan, is attached to the core in the A-LPS molecule
(9). Interestingly, A-LPS is immunologically connected to the
posttranscriptional modification of Arg-gingipains (RgpA) since
a monoclonal antibody (MAb 1B5) raised to RgpA cross-reacts
with A-LPS (8, 12). Deletion mutants in porR (PG1138) and wbpB
(PG2119) lack A-LPS and have less gingipain activity, indicating
an involvement of these loci in A-LPS biosynthesis (13, 14). The
mutants are also more susceptible to killing by the complement
system, indicating a role of A-LPS synthesis in the serum resis-
tance of P. gingivalis (14, 15). Both K-antigen capsule and LPS
account for the serotype specificity of a particular strain. To date,
three different O-antigen serotypes and at least six K-antigen se-
rotypes of P. gingivalis have been identified (16, 17).

Sequence analysis of the P. gingivalis strain W83 genome indi-
cates multiple polysaccharide synthesis loci (18); however, which
genes synthesize the different surface polysaccharides is not clear.
Genes in the PG0104-PG0121 locus have been shown to be re-
quired for K1 capsule synthesis (19, 20). Yet PG0106 (a putative
UDP-phosphate alpha-N-acetylglucosaminyltransferase) mutant
in strain 33277 is also deficient in LPS synthesis (21), indicating
that PG0106 and possibly other genes in this locus are involved in
synthesizing both K antigen and LPS molecules. Unlike the K-an-
tigen locus, the coding sequence of another polysaccharide syn-
thesis locus (PG1135 to PG1142) is highly conserved in various P.
gingivalis strains (19). As mentioned above, PG1138 is essential for
A-LPS biosynthesis and therefore contributes to resistance to
complement killing, which may explain the high conservation in
various P. gingivalis strains.

To date, only two different regulatory mechanisms have been
identified that control synthesis of surface polysaccharides in P.
gingivalis. One is a tyrosine phosphatase (Ltpl) encoded by
PG1641, which controls expression of a number of genes encoding
proteins involved in the synthesis of surface polysaccharides (22,
23). In the ltpI deletion mutant, the expression of PG0106 and
PGO0116, which are located in the K-antigen locus, is downregu-
lated, while porR (PG1138), porS (PG1137), wbbL (PG1140), a
putative rhamnosyltransferase, PG0436, a predicted capsular
polysaccharide transport protein, and rfbD (PG1561), a putative
dTDP-4-dehydrorhamnose-3,5-epimerase, were found to be up-
regulated (22), indicating an underlying mechanism of repres-
sion. Just recently, Ltpl was shown to inactivate (dephosphory-
late) the tyrosine kinase Ptk1, which in turn was shown to control
levels of exopolysaccharide production in both strain 33277 and
W83 (24), showing that this tyrosine kinase modulates produc-
tion and export of extracellular polysaccharide in P. gingivalis. The
second regulatory mechanism that has been identified is the DNA-
BII protein HU B-subunit (PG0121); specifically, genes in both
the K-antigen synthesis locus and the A-LPS locus are downregu-
lated in a PG0121 mutant (25, 26).

Previously, we showed by Northern analysis that the K-antigen
locus encodes a large polycistronic message (PG0104 to PG0121)
encompassing a 77-bp inverted repeat (77bpIR) region (25, 26),
and we determined that the histone-like protein HU (PG0121),
which is encoded at the 3" end of the transcript, binds to the 77-bp
sequence (27). Our working model has been that this interaction is
involved in regulating transcription and/or RNA stability. In this
study, we further characterized this 77bpIR element. We report
on the identification of a 550-nucleotide (nt) antisense RNA
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TABLE 1 Strains and plasmids used in this study

Strain designation, strain

characteristics, or plasmid Source or reference

P. gingivalis

W83 ATCC
APGO0106:Erm (Em") in strain W83 20
APGO0121::Erm (Em") in strain W83 25
APG0104::Erm (Em") in strain W83 25
A77bpIR::Erm (Em") in strain W83 This study
W383-Tc (Tc") control in strain W83 This study
A77bpIR-C (Tc") complementation This study
Plasmids
pHS17 44
pT-COW (Cb" T¢") 45
pGEM-T-easy Promega
pTloopl This study

(asRNA) transcript encoded within the 77bpIR element, demon-
strating that transcription in the 77bpIR region is bidirectional.
Furthermore, we show that overexpression of this asRNA in trans
from a plasmid or deletion of the 77bpIR element alters the syn-
thesis of surface polysaccharides.

MATERIALS AND METHODS

Strains, media, and chemicals. Bacterial strains and plasmids used in this
study are given in Table 1. P. gingivalis strains were maintained in a Coy
anaerobic chamber in an atmosphere containing 5% hydrogen, 10% car-
bon dioxide, and 85% nitrogen at 37°C on Trypticase soy agar supple-
mented with 5% defibrinated sheep blood (Northeast Laboratory, Water-
ville, ME), 5 pg/ml hemin, and 1 pg/ml menadione (BAPHK). For liquid
culture, the strains were grown in Trypticase soy broth (TSBHK) also supple-
mented with hemin and menadione. Recombinant strains were selected using
erythromycin (Erm) at 10 g/ml or tetracycline (Tc) at 1 pug/ml, as appropri-
ate. Escherichia coli strains were maintained in Luria broth (LB) or on LB
agar plates. Recombinant strains were grown on LB plates with ampicillin
(Amp) at 100 pg/ml and erythromycin (Erm) at 200 pg/ml, as appropriate.
Unless otherwise stated, all chemicals were obtained from Sigma-Aldrich.
Plasmids were constructed in E. coli DH5a and then transformed into P.
gingivalis by electroporation (see the protocols below).

Antisera. The serotype-specific rabbit antiserum to P. gingivalis W83
and a rabbit polyclonal antibody to PG0121 have been described previ-
ously (25, 26). The A-LPS-specific monoclonal antibody 1B5 was ob-
tained from Michael Curtis, Queen Mary University of London, London,
England, and the O-LPS-specific monoclonal antibody 7F12 was obtained
from Richard Darveau, University of Washington, Seattle, WA. Antise-
rum to FimA, the fimbria subunit in P. gingivalis, was graciously provided
by Ashu Sharma at the University of Buffalo, Buffalo, NY.

Generation of cassettes for allelic exchange. To investigate the func-
tion of the 77bpIR region, we created a deletion mutant. The cassette for
allelic exchange to create this knockout strain was generated by overlap
PCR using the 77bpIR primers listed in Table 2, as previously described
(20). The sequence of the final PCR product was confirmed using the
F3_77bpIR and R3_77bpIR primers. The PCR product was purified and
then transformed as a linear fragment into P. gingivalis strain W83 to
create the DEL77bpIR::Erm insertion-deletion mutant, designated here
A77bplR.

Construction of the A77bpIR knock-in complementation strain
A77bpIR-C. To confirm the role of the 77bpIR region in surface glycan
regulation, a 2.5-kb fragment harboring the 77bpIR region was PCR am-
plified using the F3-77bpIR and R1-77bpIR primers and P. gingivalis W83
genomic DNA as a template. The DNA fragment was then TA cloned into
the pGEM-T Easy vector (Promega), generating plasmid pGEM-hairpin.
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TABLE 2 Primers used in this study

Primer function and name

Sequence (5'-3")

77bpIR mutant construction, verification,
and complementation

ErmF

ErmR

Ermchk1

Ermchk2

R2-77bpIR

F2-77bpIR

F3-77bpIR

R3-77bpIR

77bpIR complementation strain construction

F3-77bpIR
R1-77bpIR
TetQ-F
TetQ-R
Knock-in-R1

pTloop1 plasmids
LooplHind-Forw
LooplEag-Rev
Loop2Ale-Forw
Loop2Eag-Rev

5'/3" RACE

First-round PCR
sORF + 140Rev
sORF + 170Fwd

Second-round PCR
sORF + 130Rev
sORF + 210Fwd

Third-round PCR

CCGATAGCTTCCGCTATTGC

GAAGCTGTCAGTAGTATACC

CGTAAATGTTCAACCAAAGCTGTG

CTCAAGTCTCGATTCAGCAATTGC
TGTAGATAAATTATTAGGTATACTACTGACAGCTTCTGGAATTATTACATTCTTTGTGCA
ACCGATGAGCAAAAAAGCAATAGCGGAAGCGATCGGATCATTCCACTGGGATTTAGGA
GCTCCGCGATGCCCTCAAA

CCC AAG CAA CCA ATA ACAGACACA

GCTCCGCGATGCCCTCAAA
TAACATCCCCAGAAGCACCAGACT
CGTTCCATTGGCCCTCAAAC
CTCCTGCCATTCATAGAGGC
GGAGCACAAGTGCTGTTGAC

CAAGAAGCTTTCCATATGTCAGAGATTCAAATCATAGAG
CAAGCGGCCGTTAATGGGACCTTTGCACAATAAGCA
CATTCACTGACGTGTGACAATCAAATCCTTTCAACG
TGATCGGCCGTCTGCACTGGCAATGTAACC

CGGATTTCCACAAGTGGAAAGATAG
ACCAAATAGTCGCCTGACACA

GTGGAAAGATAGCTTTCCACCG
AAAGTGCCTGCTTATTGTGCAAAG

SORF + 28Rev ACATCCAACGACATGACCGT
0106p1-Rev GAGCGTAGCAATCGTTAGATC
qRT-PCR

PG0108-Forw CATGTGTAGAGGCTGCAAC
PG0108-Rev GACGCTCTCGATAGATTAGATCAG
PGO113-Forw CGTCCAGGAGATAGACTGATTGTTAC
PGO113-Rev TGGTGGATAATAAGGCATCATAATCA
PGO118-Forw GCGATGAATTGACAGAACAGCAT
PGO118-Rev TTGCGTAATTTGGCTCATAATAACTG
PGO121-F2 TGTAGCTGAAAAGGCCAACC
PGO121-R2 GCACGCTCGCTCACTGAGAA
PG1138-F1 GCTGCGAAAAAGTTCTGTCC
PG1138-R1 GTATATCCCCCTCCCATTGC
PG_1141-Forw GGCAGCAGATTATGCCATCA
PG_1141-Rev GAGGCAAATCAGTGGCTACAA
16S-Forw TGTTACAATGGGAGGGACAAAGGG
165-Rev TTACTAGCGAATCCAGCTTCACGG

asRNA RT-PCR
asRNA-Forw
asRNA-Rev

GATTGGAGGAGCACAAGTGCTGTT
AGTGGAAAGATAGCTTTCCACCGG

A fragment of approximately 2.5 kb containing the tetQ allele was ligated
into a unique BsmBI restriction site located 400 bp upstream of the
77bpIR region in the pGEM-hairpin plasmid. The direction of the inser-
tion was confirmed by PCR, and a plasmid harboring the fetQ allele in the
antisense direction was chosen to generate a knock-in strain construct.
Finally, a region of about 5.1 kb was amplified by PCR and electroporated
into the A77bpIR strain, and a clone was selected for tetracycline resis-
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tance and erythromycin sensitivity, generating the complemented strain
A77bpIR-C (Fig. 1 shows the terQ insertion). All plasmids and strains
were confirmed by sequencing at each step of construction. As a control, a
4.0-kb region including the tetQ allele insertion was amplified and elec-
troporated into the wild-type strain to yield strain W83-Tc. Insertion of
the tetQ allele in this region of the wild-type strain had no effect on the
black pigmentation phenotype.
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77-Base-Pair Inverted Repeat in P. gingivalis
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Deletion- Insertion site to generate the A77bpIR mutant

1
tetQ insertion site in knock-in complementation strain (A77bpIR-C)

>
>

The 19.4 kb transcript (PG0104 - PG0121)

FIG 1 Schematic representation of the K-antigen capsule locus in P. gingivalis strain W83. The region is predicted to encode 17 open reading frames (PG0104
to PG0123). Shown is the 77-bp inverted repeat element (77bpIR) located 206 bp 5 of the start codon of PG0106 and 477 bp 3’ of the stop codon of PG0104
(topoisomerase IIT). The element is predicted to form a large (667-bp) stem-loop structure, and the protein (HU-B subunit) encoded by PG0121 near the 3" end
of the locus has been shown to bind the inverted repeat. Also shown is the insertion site and antisense orientation of the erythromycin resistance cassette (Erm")
used to generate the inverted repeat element mutant strain (A77bpIR), as well as the insertion site and orientation of the tetracycline resistance cassette (Tc") in
the knock-in complementation strain (A77bpIR-C). Promoter regions are identified with black arrows, and the dashed line at the bottom of the figure represents
the large 19.4-kb operon transcript, PG0104-PG0121, which encodes the 77bpIR element (shown as a stem-loop) near the 5’ end of the transcript.

Electroporation of P. gingivalis. Electroporation was performed as
previously described (25).

Isolation of total RNA. Total RNA was isolated from 1 ml of the cells
grown in 20 ml of TSBHK to an optical density at 600 nm (ODy,) of 0.7
using a Direct-zol RNA MiniPrep kit (Zymo Research) according to the
manufacturer’s protocol. Contaminating genomic DNA was removed by
treatment with Turbo DNA-free (Life Technology). The remainder of
each culture was used for immunoblot analysis of surface polysaccharides.

qRT-PCR. Total RNA (1 g) was converted to cDNA using iScript
reverse transcription supermix (Bio-Rad). cDNAs were diluted 100 times
and used for quantitative reverse transcription-PCR (qRT-PCR). qRT-
PCR was performed on an iCycler using iQ SYBR green supermix (Bio-
Rad). Transcript levels were determined using the standard curve method
and normalized to the copy number of 16S rRNA.

Gingipain activity assay. Arginine- and lysine-specific gingipain ac-
tivities were assayed using N-a-benzoyl-L-arginine-p-nitroanilide and
N-a-acetyl-L-lysine-p-nitroanilide as colorimetric substrates as described
previously (28). Briefly, 1 ml of bacterial culture at an ODy, of ~0.7 was
centrifuged to pellet bacteria, and the supernatant was removed and saved
for analysis. The pellet was then suspended in fresh TSBHK medium to a
volume of 1 ml. Both pellet and supernatant fractions were diluted 1/10 in
assay buffer (200 mM Tris, 5 mM CaCl,, 150 mM NaCl, and 10 mM
L-cysteine at pH 7.6) and serially diluted in the same buffer in a microtiter
plate in a total volume of 50 pl. After 10 min of incubation at 37°C to
equilibrate temperature, an equal volume of the appropriate substrate
(100 pM) was added, and the reaction was allowed to proceed at 37°C for
2 h. Activity was measured as an increase in OD 5.

Electron microscopy. Bacterial cell wall structure was examined by
electron microscopy after cells were stained with ruthenium red, as pre-
viously described (26). Strains were streaked to BAPHK agar plates and
harvested after 24 h of growth. The Electron Microscopy and Bio-Imaging
core at the University of Florida Interdisciplinary Center for Biotechnol-
ogy Research performed the staining and imaging of cells.

Western blotting. For Western blotting, surface polysaccharides were
extracted by suspending equal amounts of bacteria (normalized by the
ODg of 1.4) in deionized water, followed by autoclaving for 30 min at
120°C. After cooling, samples were centrifuged to pellet insoluble mate-
rial, and the supernatants were separated by SDS-PAGE and transferred to
nitrocellulose membranes overnight at 20 V, as described previously (29).
For analysis of protein antigens, cultures were centrifuged to pellet bacte-
ria and suspended in cold phosphate-buffered saline (PBS) containing a
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protease inhibitor cocktail and 5 mM tosyllysine chloromethyl ketone
(TLCK) to minimize degradation of proteins and analyzed as above. An-
tibody incubations were performed in Tris-buffered saline, pH 7.5, con-
taining 0.1% Tween 20 and 5% nonfat dry milk. Species and isotype-
appropriate horseradish peroxidase-linked secondary antibodies were
used in all assays, and detection was done with a chemiluminescent sub-
strate (Pierce).

For detection of K-antigen capsule, K-antigen antiserum was used in
conjunction with an anti-IgM secondary antibody. As previously de-
scribed (25), the K-antigen antiserum was generated with W83 whole
cells; therefore, the use of an anti-IgG secondary antibody was found to be
nonspecific. Surface carbohydrates as immunogens do not always induce
switching from the isotype IgM to the isotype IgG; therefore, we tested an
anti-IgM secondary antibody for the required specificity. Indeed, blots of
wild-type bacteria with anti-IgM secondary showed a high-molecular-
weight smear characteristic of capsule. Furthermore, the PG0106 capsule-
deficient strain showed no staining; hence, the use of anti-IgM secondary
antibody provided the specificity necessary for the detection of capsule.
The anti-IgM secondary antibody was also employed in enzyme-linked
immunosorbent assays (ELISAs) for K-antigen capsule (see below).

LPS analysis. P. gingivalis cells harvested in the absence of proteinase
inhibitors were digested with proteinase K in the presence of SDS at 60°C
as described previously by Hitchcock and Brown (30), subjected to SDS-
PAGE using 12% polyacrylamide gels, and stained with ammoniacal silver
(31) to visualize LPS.

ELISA for quantification of K-antigen capsule. An ELISA was devel-
oped to compare the quantities of capsule present in the mutant and
parent strains using anti-IgM secondary antibody for specificity (see ra-
tionale for the use of anti-IgM in the discussion above of the Western
blotting method). Briefly, microtiter plates (Microlon; Greiner Bio-One)
were coated overnight at 4°C with autoclaved P. gingivalis extracts (as
above for blots) diluted 1/1,000 in 50 mM carbonate buffer, pH 9.6, and
further diluted serially 2-fold on the plate. Antigen-coated plates were
blocked with 5% nonfat dry milk in PBS. After plates were washed with
PBS containing 0.1% Tween 20, they were reacted with anti-W83 rabbit
serum at a 1/2,000 final dilution in PBS containing 0.1% bovine serum
albumin and 0.1% Tween 20 for 1 h at room temperature. After plates
were washed as above, plate-bound antibody was probed with a 1/5,000
dilution of goat anti-rabbit IgM-horseradish peroxidase conjugate
(Southern Biotech) and detected with a colorimetric substrate (3,3’,5,5'-
tetramethylbenzidine [TMB]; Sigma).

jb.asm.org 1211


http://jb.asm.org

Bainbridge et al.

Growth rate analysis. P. gingivalis strains were grown on BAPHK agar
plates from frozen stocks and incubated anaerobically for 24 h at 37°C.
Three biological replicates were inoculated into 5 ml of TSBHK broth and
incubated anaerobically for another 24 h. Each culture was then subcul-
tured as three technical replicates of 5 ml each with a 1:50 dilution in
15-ml optically clear test tubes and incubated anaerobically for another 30
h. To monitor growth, the test tubes were inserted into a spectrophotom-
eter (Biowave cell density meter CO8000; BioExpress), and ODy, read-
ings were acquired every hour for 30 h. All inoculations and OD measure-
ments were performed in the anaerobic chamber. Finally, nine OD
readings at each time point were averaged. Error bars show standard de-
viations.

5'/3" RACE. Rapid amplification of cDNA ends (RACE) was carried
out as previously described, with minor modification (32, 33). Specifi-
cally, three rounds of nested PCR were used to amplify the fragment of
interest after a self-ligated cDNA was obtained, whereas the original pro-
tocol (33) used one round of PCR amplification. Primers for nested PCR
were designed to specifically amplify the region of interest. For this pur-
pose, regions in the P. gingivalis genome with similar 77bpIR element
sequences were aligned using the ClustalW web site. Primers were de-
signed as a 100% match only to the sequence in between PG0104 and
PGO0106. These primers (listed in Table 2) have a one- or two-base mis-
match in the 3’ end of each of the primers to other 77bpIR regions, avoid-
ing amplification of other similar regions in the genome. After a third
round of nested PCR, the amplified fragments were cloned into pCR2.1
TOPO vector. Sequencing was performed by the University of Florida
sequencing core facility.

Generation of plasmid pTloop. As shown in Fig. 1, there are 520 bp
between the 77-bp inverted repeats, which we refer to as the loop region.
To test if the deletion could be complemented in trans and to explore the
function of the loop in regulating synthesis of surface polysaccharides, we
generated plasmid pTloop! using the P. gingivalis low-copy-number plas-
mid pT-COW. Plasmid pTloopl1 carries the DNA between the 77-bp in-
verted repeats. The insert was generated with the primer set Loop1Hind-
Forw and LooplEag-Rev (Table 1). Plasmid pTloopl was transformed
into both the A77bpIR mutant strain and the parent strain W83. The same
strains harboring plasmid pT-COW were also generated for control pur-
poses. Tetracycline resistance (1 pg/ml) was used for selection.

Reverse transcription-PCR. Total RNA was isolated from 3-ml cul-
tures of P. gingivalis (strain W83 harboring plasmid pT-COW or pT-
loop1) grown to an ODs5,0f0.7 or 1.1 in TSBHK with Tc (1 pug/ml) using
a Direct-zol RNA MiniPrep kit (Zymo Research), according to the man-
ufacturer’s protocol. To remove any remaining DNA contamination, the
RNA preparation was digested with Turbo DNase (Ambion). Total RNA
(2 pg) was converted to cDNA using iScript Reverse Transcription Super-
mix (Bio-Rad). PCR was performed using Phusion polymerase (New
England BioLabs) with primers specific for the antisense transcript en-
coded within the loop as well as for 16S rRNA as a control (Table 2). A
negative control without reverse transcriptase and a genomic DNA posi-
tive control were also included.

RESULTS

Genomic organization of the K-antigen capsule locus. The com-
plete genome sequence of P. gingivalis strain W83 has been re-
ported previously (18). The annotation in the Comprehensive Mi-
crobial Resource (CMR) database predicted that genes PG0106
through PG0120 were part of an operon, and our previous studies
confirmed this annotation (20, 26). As previously reported (25), a
large (77-bp) inverted repeat (77bpIR) region is located 5’ to
PGO0106. This element and the genes flanking the 77bpIR region
are shown in Fig. 1. As indicated, one side of the inverted repeat
begins 206 bp upstream of the PG0106 start codon, and its com-
plement is located 477 bp downstream of the stop codon for
PGO0104. The loop itself consists of 520 bp. Recently, we demon-
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Parent strain (W83)

A77bpIR mutant

FIG 2 Transmission electron micrographs of the parent strain W83 and the
corresponding A77bpIR mutant. The cells were stained with ruthenium red to
detect surface polysaccharides, as described in Materials and Methods. The
arrows indicate the different types of polysaccharides (LPS or K-antigen cap-
sule) on the surface of the cells. The mutant strain shows a significant decrease
in the heavily stained dense layer of polysaccharide (A-LPS or O-LPS) that
surrounds the parent strain.

strated that the HU protein (PG0121), which is encoded at the 3’
end of the locus, binds to the 77bpIR element with high affinity in
vitro, and we biochemically characterized the interaction (25, 27).

Deletion of the 77bpIR element confers altered colony mor-
phology, growth rate, and presentation of surface polysaccha-
rides. To generate strain A77bplR, the entire 77bpIR region was
replaced with an erythromycin resistance cassette, as shown in Fig.
1. The mutant strain formed nonpigmented colonies when grown
on blood agar, as has been observed for multiple surface glycan
mutants in P. gingivalis (see Discussion), consistent with an al-
tered cell wall structure. Interestingly, over time (3 to 4 days) the
colonies become pigmented, especially in the heavy streak zones.
Importantly, the complemented strain (A77bpIR-C) that was
generated by reconstructing the 77bpIR region on the chromo-
some of the A77bpIR mutant (as described in Materials and Meth-
ods) formed pigmented colonies indistinguishable from those of
the parent strain (data not shown). In addition, as shown in Fig. 2,
electron microscopy using ruthenium red staining for carbohy-
drates confirmed an altered expression of surface polysaccharides
in the 77bpIR mutant strain; specifically, there was a decrease in
the overall amount of cell surface-associated polysaccharides. In
particular, the dense layer adjacent to the cell surface was ab-
sent in the A77bpIR mutant.

Growth rate. Growth of the 77bpIR mutant strain was com-
pared to that of the parent strain W83 in TSBHK. Deletion of the
77bpIR element resulted in a modest reduction in growth rate,
which may be explained by a decrease in gingipain activity (data
not shown).

The A77bpIR mutant has reduced K-antigen capsule expres-
sion. Since our working model has been that the 77bpIR element
is involved in regulating transcription and/or stability of the K-an-
tigen capsule operon transcript and thereby the amount of capsule
produced, we examined the A77bpIR mutant for the presence of
capsule by immunoblotting with a K1-specific antiserum. As seen
in Fig. 3A the antiserum reacted with an indistinct very-high-
molecular-weight band in extracts from wild-type W83 but not
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FIG 3 Quantification of K-antigen capsule by immunoblotting and ELISA,
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ondary antibody. (A) Immunoblotting of the mutant strain A77bpIR shows
reduced reactivity to Kl-specific antiserum compared to the parent strain
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The complemented strain (A77bpIR-C) exhibited wild-type levels of K-anti-
gen capsule. (C). Capsule contents of the parent strain W83, A77bpIR, and
APG0106 (A0106) were quantitated by ELISA. The A77bpIR mutant has re-
duced amounts of K-antigen capsule compared to the parent strain. Error bars
represent standard deviations of technical replicates.

the PG0106 mutant, which we previously determined lacks K an-
tigen (20). The A77bpIR mutant strain, on the other hand,
showed a lower level of staining than the parent strain, consistent
with reduced K-antigen expression, as would be predicted if the
77bplR element enhanced transcription or RNA stability of the
K-antigen operon. As can be seen in Fig. 3B, the complemented
strain (A77bpIR-C) has a level of staining comparable to that of
the wild type, showing that deletion of the 77bpIR element is re-
sponsible for the K-antigen defect. The same extracts were also
tested in an ELISA format (Fig. 3C). Consistent with the blot, the
A77bpIR mutant strain showed reduced K-antigen content. These
results support the hypothesis that the 77bpIR element is involved
in enhancing K-antigen capsule synthesis, yet K-antigen synthesis
is not dependent on this element but proceeds at a basal level in its
absence.
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The A77bpIR mutant strain has an altered LPS profile. We
previously reported that deletion of the HU protein PG0121,
which is encoded at the 3’ end of the capsule locus, has altered
polysaccharide content and that a variety of loci are differentially
expressed in the PGO121 deletion mutant, including genes in
known polysaccharide synthesis loci, including the APS synthesis
locus PG1135-PG1142 (25, 26). It has also been reported that
deletion of PG0106 in P. gingivalis strain 33277, the first gene in
the K-antigen operon, yields a strain with an altered LPS profile on
silver-stained gels of purified LPS (21). To examine the possibility
that the structure of the LPS molecules is also modulated by the
77bpIR element, proteinase K-digested whole-cell lysates were
compared for LPS profile by silver ammonia-stained SDS-PAGE
gels. As can be seen in Fig. 4A, the A77bpIR mutant displayed a
strikingly different pattern from that of the parent strain with an
overall shift to lower molecular weight and a reduction in the
intensity of the high-molecular-weight clusters. An analogous
change in staining pattern has been observed for other P. gingivalis
mutants known to affect cell wall structure, notably the PorR locus
(PG1138 to PG1142) and the VimA locus (PG0880 to PG0885)
(34); however, the nature of the alterations in LPS structure have
not been elucidated.

The A77bpIR mutant strain has reduced expression of both
O-LPS and A-LPS. To further characterize the LPS of the
A77bpIR mutant strain, monoclonal antibodies specific for either
the A-LPS (1B5) or the O-LPS (7F12) were used in Western anal-
ysis. Immunoblotting (Fig. 4B and C) revealed that autoclaved
extracts of the 77bpIR mutant were essentially devoid of polysac-
charides reacting to either of these antibodies, indicating either
that both of these types of LPS are no longer being synthesized or
that the basic structures are being synthesized in a modified form
such that they no longer contain the relevant epitopes recognized
by the monoclonal antibody. Preliminary analysis of sugar com-
position of LPS purified from each strain and matrix-assisted laser
desorption ionization—time of flight (MALDI-TOF) mass spec-
trometry of lipid A did not identify significant differences between
the strains (data not shown), consistent with the change in anti-
body reactivity being due to changes in LPS modification rather
than loss of complete LPS species. Recently, a dramatic shift in LPS
molecular weight in a wbpB mutant strain using an anti-O-LPS
monoclonal was reported (13). This result is consistent with the
idea that P. gingivalis is able to make multiple LPS types that might
vary in antibody reactivity. It was also observed that the APG0106
strain W83 mutant, defective in the first gene of the K-antigen
locus, displayed decreased reactivity to the LPS antibodies (Fig. 4B
and C), indicating that genes in the K-antigen synthesis locus may
also be involved in LPS synthesis.

Deletion of HU (PG0121) affects the synthesis of LPS. Since
deletion of the 77bpIR region, which we have shown to interact
with the HU protein PG0121, leads to significant alterations in
LPS, we examined the LPS of strain APG0121 using the LPS anti-
bodies. As seen in Fig. 5A and B, although the LPS banding pattern
was the same as that of the parent strain (data not shown), reac-
tivity of the PG0121 deletion strain to both LPS antibodies was
present but was greatly reduced, indicating that the synthesis of
LPS, as well as the amount of K-antigen, is modulated by HU
(PGO121).

The A77bpIR mutant strain has an altered expression profile
of genes involved in the synthesis of surface glycans. Since the
77bpIR element is encoded within the 5’ end of the large 19.4-kb
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FIG 4 LPS laddering pattern on silver-stained gels and quantification of A-LPS and O-LPS by immunoblotting. (A) Proteinase K-digested bacteria from the
parent strain W83 and the A77bpIR mutant were separated by SDS-PAGE and stained with ammoniacal silver to visualize LPS. The A77bpIR mutant displayed
an altered banding pattern with an overall shift to lower molecular weights. (B and C) Autoclaved extracts of W83, A77bpIR, and APG0106 were subjected to
SDS-PAGE and Western blotting, as described in Materials and Methods. Membranes were probed with antibodies reactive to A-LPS and O-LPS. The APG0106
mutant has reduced reactivity to antibodies to A-LPS and O-LPS. The A77bpIR mutant did not react to antibody to A-LPS or O-LPS. Reactivity to both A-LPS
and O-LPS was restored to wild-type levels in the complemented strain A77bpIR-C.

transcript (Fig. 1), deletion of this element abolishes the synthesis
of this transcript. In order to evaluate the effect of the 77bpIR
deletion on transcription of genes within this locus, we performed
quantitative RT-PCR (qRT-PCR) analysis. As shown in Fig. 6A,
six of the genes located in this locus (PG0104, PG0106, PG0108,
PG0113, PG0118, and PG0121) were examined. The genes flank-
ing the 77bpIR (PG0104 and PG0106) were upregulated in the
mutant, yet the transcript levels of downstream genes, including
PG0108, PGO113, and PGO0118, were not altered compared to
those of the parent strain W83. When genes from the locus re-
ported to be associated with A-LPS synthesis were examined, an
anticipated reduction in expression was not seen. As shown by the
data in Fig. 6B, two genes, PG1138 and PG1141, known to be
associated with A-LPS synthesis were found to be upregulated at
the transcript level 3- and 2-fold, respectively. Since deletion of
these genes is associated with loss of A-LPS and altered LPS struc-
ture (35), it is surprising that their upregulation is seemingly as-
sociated with the same phenotype, i.e., a loss of A-LPS and an
altered LPS structure.

The A77bpIR mutant strain has increased expression of
PGO0121. We also examined differential expression of PG0121 in
the A77bpIR mutant. Previously, we showed that PG0121 is tran-
scriptionally linked to the capsule synthesis genes yet is also tran-
scribed separately from its own promoter as a monocistronic mes-
sage. We hypothesized that synthesis of the large 19.4-kb
transcript interferes with transcription from the promoter ele-
ment just upstream of PG0121. As seen in Fig. 7A, qQRT-PCR anal-
ysis determined that expression of PG0121 increased approxi-
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mately 5-fold in the A77bpIR mutant, and this increase in
expression level was also observed at the protein level, as indicated
by immunoblotting using an anti-PG0121 serum (Fig. 7B). Thus,
we can conclude that the 77bpIR element represses expression of
HU (PG0121).

The A77bpIR mutant strain has reduced gingipain activity.
P. gingivalis mutants that no longer express A-LPS are known to
have reduced cell-associated gingipain activity since A-LPS plays a
role in anchoring the proteinases to the cell wall (35). We tested
both washed cells and cell-free spent medium of both the parent
strain and the mutant for arginine-specific (Rgp) and lysine-spe-
cific (Kgp) activities. As has been reported for strains with muta-
tions in the PorR and VimA loci, cell-associated Rgp and Kgp
activities were greatly reduced in the A77bpIR mutant (Fig. 8). In
contrast to these other strains, however, gingipain activity was not
preferentially found in the medium. Our data do not distinguish,
however, whether the low activity in the medium was due to lack
of secretion of the gingipains or whether the proteins are secreted
in an inactive form. In addition, a W83 strain with a mutation in
VimA has been reported to express a fimbrial protein with reac-
tivity to anti-FimA antibody that is not present in wild-type P.
gingivalis W83 (36). We were unable to detect an anti-FimA reac-
tive band in either the parent strain or the A77bpIR mutant (data
not shown), indicating that the 77bplIR region does not modulate
expression of this protein.

Validation of an antisense RNA encoded in the 77bpIR ele-
ment and the effect of overexpression of this asRNA on polysac-
charide synthesis. Using 5'/3" RACE analysis, we identified an
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FIG 5 Quantification of surface polysaccharides in the HU protein (PG0121) mutant by immunoblotting and ELISA. Shown are immunoblots determining the
presence of LPS and K-antigen capsule using antibodies for A-LPS (1B5) (A), O-LPS (7F12) (B), and capsule (anti-serotype K1) (C). The HU protein mutant
(A0121) has reduced reactivity to both types of LPS and K-antigen antibodies. (D) K-antigen capsule contents of the parent strain W83 and the APG0121 mutant
were quantitated by ELISA. The APG0121 mutant has reduced amounts of K-antigen capsule compared to the parent strain. Error bars represent standard

deviations of technical replicates.

asRNA encoded between the 77-bp inverted repeats. As shown in
Fig. 9, this RNA molecule is 550 nucleotides in length and has an
internal 32-bp inverted repeat. To explore the function of the loop
region between the 77-bp inverted repeats, we generated a P. gin-
givalis pT-COW plasmid harboring the DNA (520 bp) between
the repeats. This plasmid, designated pTloopl was transformed
into the A77bpIR mutant strain as well as the parent strain W83
(to generate an asRNA-overexpressing strain). As shown in Fig.
10A, strain W83 harboring pTloopl overexpresses the asRNA,
and the strain is defective in K-antigen capsule (Fig. 10B) com-
pared to the control parent strain harboring plasmid pT-COW,
indicating that the asRNA is a trans-acting molecule. In addition,
overexpression of the asRNA also resulted in reduced reactivity to
O-LPS (data not shown). Importantly, the phenotype of the
A77bpIR mutant was complemented when the 77bpIR mutation
was restored on the chromosome; however, the 77bpIR element
did not complement when provided in trans on a plasmid (data
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not shown), indicating that the 77bplR is, at least in part, also a
cis-acting element.

DISCUSSION

Cell surface components, such as capsule, O-LPS, and A-LPS, as
well as the cysteine proteases known as gingipains, are important
determinants of P. gingivalis virulence. In this article, we show that
deletion of a 77bplIR element at the 5" end of the K-antigen capsule
synthesis locus alters the presentation of all three cell surface gly-
cans and reduces Arg- and Lys-gingipain activity. We also show
that deletion of the element cannot be complemented in trans, yet
the wild-type phenotype was reestablished when the element was
restored on the chromosome, indicating that the 77bpIR element
is a cis-acting element. Although only a small hypothetical open
reading frame is predicted to be encoded within the 77bpIR ele-
ment, given the size of the loop region (520 bp), we hypothesized
that the loop may encode an asRNA and/or a small peptide. Using
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FIG 6 Quantitative PCR analysis of genes involved in synthesis of surface
polysaccharides. The parent strain W83, strain A77bpIR, and strain APG0106
were grown to mid-log phase, and transcription of select genes was evaluated
by qRT-PCR. (A) Transcription of K-antigen capsule synthesis genes (PG0108,
PGO0113, and PGO118) is not significantly altered by deletion of the 77bpIR
element; however, PG0104, located upstream from the 77bpIR element, and
PG0106, just down stream from the element, showed an increase in expression
levels. Expression of the K-antigen capsule synthesis gene is downregulated in
the APG0106 K-antigen null mutant. (B) Genes reported to be associated with
LPS synthesis are upregulated in the A77bpIR mutant. The cDNA samples
analyzed for K-antigen capsule synthesis genes were further analyzed for
changes in expression in genes associated with synthesis of LPS. Both PG1138
and PG1142, located in the PorR locus, have been reported to affect the pres-
ence of A-LPS. Error bars represent standard deviations of technical replicates.

5'/3" RACE, we validated the synthesis of an antisense RNA mol-
ecule. This transcript initiates within the loop region, 44 bp from
the 77-bp inverted repeat, and terminates with the other 77-bp
inverted repeat encoded at its 3" end. Furthermore, the molecule
has an internal 32-nt inverted repeat (separated by only 4 nucleo-
tides), indicating that this asRNA has secondary structure, which
may provide stability. Importantly, we show that this asRNA
(even without the 77 bp encoded at the 3" end) can alter expres-
sion of surface polysaccharides when they are provided in trans
from a plasmid. Thus, the 77bpIR element encodes both cis- and
trans-acting functions. Additional studies are required to deter-
mine if the antisense transcript is a bona fide asRNA and/or en-
codes a peptide that is involved in signaling; however, given the
antisense orientation of the transcript and the predicted second-
ary structure, as well as a predicted coding region for a small pep-
tide, our current hypothesis is that this transcript is an asRNA that
may also encode a peptide.

In previous studies, we determined that expression of a his-
tone-like DNA binding protein (HU 3-subunit, PG0121) was re-
quired for wild-type transcript levels of the K-antigen synthesis
genes located in the PG0104-PG0120 locus (25), showing that
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FIG 7 Quantitative PCR and Western analysis of the HU protein (PG0121).
(A) Transcriptional analysis of PG0121 expression determined on the same
c¢DNA samples used for data presented in Fig. 6. PG0121 was found to be
upregulated approximately 5-fold in the A77bpIR mutant compared to the
level in the parent strain. Error bars represent standard deviations of technical
replicates. (B) Western blot of the bacteria from the same cultures probed with
anti-PG0121 serum showing that PG0121 is also upregulated at the protein
level. Transcription and translation of PG0121 are upregulated in the A77bpIR
mutant.

PGO0121 enhances expression at the level of transcription and that
this results in a concomitant increase in the amount of capsule
produced. We also determined that PG0121 preferentially binds
to the 77bpIR sequence (27). Our working model has been that the
binding of the HU protein PG0121 to the mRNA secondary struc-
tures could alter the RNA sufficiently to allow transcriptional
readthrough and the subsequent translation through a mecha-
nism known as antitermination (37, 38) and that it does so in
combination with the topoisomerase (PG0104) encoded just up-
stream of the 77bpIR element. Hence, our current findings that
deletion of the 77bpIR element does not result in lower transcript
levels of the K-antigen synthesis genes were unexpected. To rec-
oncile this finding, we postulate that there may be transcriptional
interference of tandem promoters, whereby the activity of the up-
stream PG0104 promoter, which generates the large ~19.4-kb
transcript, interferes with the downstream promoters in the locus.
When the 77bpIR element is deleted, the downstream promoters
are more active. In support of this model, upregulation was ob-
served for PG0106 and PG0121 in the A77bpIR mutant; however,
additional expression studies using Northern analysis are required
to determine if this hypothesis is correct. Given our finding that
the 77bplIR is not required for capsule synthesis and our earlier
findings that a APG0106 mutant (a capsule null strain) can be
complemented in trans, the most direct interpretation of our re-
sults is that the 77bpIR element is involved in enhancing K-anti-
gen capsule synthesis. Yet capsule synthesis is not dependent on
this element but proceeds at a basal level in its absence, and the
promoters downstream of the 77bpIR element are sufficient for
this synthesis.

An unexpected finding in our studies was that synthesis of LPS
was also altered by deletion of the 77bpIR element. Interpretation
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FIG 8 Arginine- and lysine-specific gingipain activity in whole cells or cell-free supernatants. P. gingivalis washed cells (WC) or the corresponding spent growth
medium (CF) was assayed for either arginine-specific or lysine-specific gingipain activity using synthetic chromogenic substrates, as described in Materials and
Methods. Cultures were adjusted to the same optical densities, and pelleted bacteria were resuspended to a volume equal to that of the adjusted culture to allow
a direct assessment of the amount of secreted versus cell-associated activity. Gingipain activity in the A77bpIR mutant is reduced compared to that in the parent

strain W83. Error bars represent standard deviations of technical replicates.

of this result is complicated by uncertainty over which genes har-
bored in the P. gingivalis genome are required for LPS polysaccha-
ride synthesis. Genes from two loci that have been shown to be
involved in A-LPS synthesis, PG1138 to PG1142 (Fig. 6B) and
PG0880 to PG0885 (data not shown), were examined in the
A77bpIR strain, and expression was found to be unchanged or
increased. It is unclear whether uncharacterized genes from other
loci that are critical for LPS synthesis are downregulated, resulting
in altered LPS synthesis in spite of the continued transcription
from the known loci, or whether posttranscriptional control is
important for LPS regulation, as is suggested for EPS synthesis.
Since the 77bpIR region appears to regulate the protein levels of
HU (PGO0121), it is tempting to suggest that PG0121 also acts to

alter transcription of LPS biosynthesis genes. We have determined
that both the PG0121 mutant and the 77bpIR mutant produced
altered, yet distinctly different, LPS profiles in spite of one having
increased PGO0121 levels while the other is deficient; this supports
the hypothesis that the equilibrium of the histone-like protein
subunits in the cell may modulate the synthesis of these surface
glycans.

Another unexplored function of the 77bpIR-encoding tran-
script is it may provide a mechanism that allows for synthesis of
an as yet unidentified surface glycan that may be preferentially
expressed under only certain growth conditions. In support of
this, our studies determined that deletion of PG0106, which is
essential for K-antigen synthesis, also alters LPS synthesis, as

topoisomerase lll loop region glycosyltransferase
PG0104 77bpIR (— - . 77bpIR. PG0106
2025bp 477bp" 520bp ... 206bp
5’------------------; ---------- --h:;.-.;‘-._------------------------)3,

1 [CAGGACAATCGCATITGAACCGITACACACTIATAGATICICATGATIGC

51 [ACATTCAATTATCAAACAAGTGCGAAITCCATATGTCAGAGATTCAAATCA

101 TAGAGGAAAGAGACTAAAAATTTTCAAACGCGATCGCCCTGACAGGCTAC
151 CCCCGGGGTCGACGECATTATATTGGTTTTGCGGCTTCATTCGAGCGAGTT
201 TCTCCTCATTGGTATTGTTGGCTGCTACTGTGTACCGACGGTAGCCGGAT
251 AGATTATTGGAGCCGGAGGAGGTATCGGCTCGTATGGACGTAATGTGAAT
301 CAGACGGCACAGCGTGGCACACAAGGTGCATACACGGGGAGCAAGGCGAT
351 GATTGGAGGAGCACAAGTGCTGTTGACGGTCATGTCGTTGGATGTCTCAA
401 AGGGGTACTCATTAAAGAGAAGTAGATTTCCACCGTTGGAAAAAGAATTT
451 TCCATTGGTGGAAAGTITATTTTCCACCGGTGGAAAGCTATCTTTCCACT

501 TGTGGAAATCCGGCGTGTACCAAATAGTCGCCTGACACACAATAAGAAGA
551 ATAAACAAAAGTGCCTGCTTATTGTGCAAAGGTCCCATTAA[TTCGTACTT

601 |GTTTGATAACCGAGCGFTAGCAATCGTTAGATCTATAAGTGTGTAACGGT

651 [CAAATGCGATTGCCCTGITGGAATTATTACA
FIG9 Schematic of the region from PG0104 to PG0106 and the results from 5'/3" RACE analysis of the asRNA transcript. Shown is the antisense DNA sequence
of the 77bpIR region. The 77-bp inverted repeats flanking the region are outlined with a box. Blue font maps the identified asRNA coding region (550 nt). A 32-bp
inverted repeat within the asRNA is indicated in yellow. The 5’ end of the asRNA transcript begins within the loop region (44 bp from the 77bpIR), and the 3’
end is at the end of the 3’ 77-bp inverted repeat.
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FIG 10 Reverse transcription to validate overexpression of asRNA in strain
W83 harboring plasmid pTloopl and ELISA showing reduced synthesis of K
antigen when asRNA is overexpressed. (A) For comparison, total RNA was
extracted from strain W83 harboring pT-COW (control) and W83 harboring
plasmid pTloopl grown to either the late exponential phase (ODs5, of 0.7) of
growth or stationary phase (ODs5, of 1.1). Lane 1, 100-bp molecular weight
marker; lane 2, control strain, stationary phase, asRNA; lane 3, control strain,
late exponential phase, asRNA; lane 4, pTloopl1 strain, stationary phase, as-
RNA; (5) pTloopl strain, late exponential phase, asRNA; lanes 6 to 9, no-RT
controls of samples in lanes 2 to 5; lane 11, 100-bp molecular weight marker;
lane 12, control strain, stationary phase, 16S; lane 13, control strain, late expo-
nential phase, 16S; lane 14, pTloopl strain, stationary phase, 16S; lane 15,
pTloopl strain, late exponential phase, 16S; lane 16, genomic DNA, asRNA;
lane 17, genomic DNA, 16S. Transcriptional analysis verified that strain W83
harboring plasmid pTloopl overexpresses the asRNA encoded in the loop
region during both late exponential and stationary phases of growth. (B) K-
antigen capsule content of strain W83 with plasmid pT-COW or pTloop1 was
quantitated by ELISA. The strain overexpressing the asRNA has reduced
amounts of K-antigen capsule compared to the control strain. Error bars rep-
resent standard deviations of technical replicates.

had been reported previously for another strain (21). This ef-
fect is not due to a change in the transcription of PG0121
downstream in the operon (Fig. 7), and PG0106 is not required
for LPS synthesis since the amount of LPS detected by immu-
noblotting was only decreased, not eliminated. A potential ex-
planation of this finding is that more than one type of LPS
molecule cross-reacts with the O-LPS antiserum. If all types are
not synthesized, an overall decrease in the amount of LPS
would be detected. This would indicate that PG0106 is impor-
tant in the synthesis of capsule and a certain subtype of LPS and
that the 77bpIR element functions to modulate the levels of
PGO0106. All together, the data indicate a potential link between
capsule and LPS synthesis and transcription of the 77bpIR
stem-loop-encoding transcript(s). Moreover, we postulate that
the large 77bpIR stem-loop structure formed at the 5’ end of
the mRNA likely plays a role in RNA stability and that this
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stability may be critical under certain conditions, such as those
imposed during persistence as a human commensal.

Transcriptome studies have discovered that there is pervasive
antisense transcription in bacteria (39, 40). Antisense RNA mole-
cules are by far the most abundant transcripts in the bacterial cell
and function to modulate transcription, RNA stability, and/or
translation, and they can be both cis- and trans-acting molecules
(reviewed in references 41 and 42). The sizes of asRNAs have a
wide range (~100 to 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 conditions as the sense strand (41).
Furthermore, these transcripts can have dual functions, acting as
antisense RNAs and as peptide-encoding mRNAs (43). Although
we have only just begun to investigate the asRNA in the loop
region, since overexpression results in less capsule synthesis, the
function of this antisense transcript may be to target the large
transcript for degradation, a transcript that would otherwise be
stable, given the large stem-loop structure at the 5" end. Discov-
ering that the asRNA can impact synthesis of surface polysaccha-
rides in trans complicates the interpretation of our findings. As a
cis-acting element, the altered phenotype could be attributed to
the K-antigen locus; yet since there are additional highly similar
77bpIR elements encoded on the chromosome and since one in
particular is located in the VimA locus, this direct interpretation
may not be correct. Experiments to determine how transcription
of the asRNA alters synthesis of surface glycans are ongoing in our
laboratories.

In regard to regulation, another potential layer of posttran-
scriptional regulation may involve activation of structural en-
zymes via phosphorylation. As indicated earlier, the tyrosine ki-
nase Ptkl regulates the levels of exopolysaccharide production in
both strain 33277 and W83 (24), and this kinase can phosphory-
late a UDP-acetyl-mannosamine dehydrogenase encoded in the
K-antigen capsule locus (PG0108). Although it has yet to be de-
termined if Ptkl modulates production of K-antigen capsule,
given the role of PG0108 in K-antigen synthesis, Ptk1 and its cog-
nate Ltp1 tyrosine phosphatase are a potential mechanism of post-
transcriptional control that may also modulate synthesis of cap-
sular polysaccharide. In summary, we have found that the
synthesis of P. gingivalis surface glycans, O-LPS, A-LPS, and K-an-
tigen capsule, involves HU (PG0121) and a 77bpIR element that
lies in the 5’ region of the K-antigen synthesis locus. Our studies
combined with published data indicate that a multilayer regula-
tory system exists that controls and coordinates expression of sur-
face glycans. Future studies will focus on defining these regulatory
mechanisms, which appear to involve posttranscriptional regula-
tion and coordinated expression of biosynthetic enzymes from
multiple loci in the chromosome.
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