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Aggregatibacter (formerly Actinobacillus) actinomycetemcomitans is a pathogen that causes localized aggressive
periodontitis and extraoral infections including infective endocarditis. Recently, we reported that A. actinomy-
cetemcomitans is beta-hemolytic on certain growth media due to the production of leukotoxin (LtxA). Based on
this observation and our ability to generate random transposon insertions in A. actinomycetemcomitans, we
developed and carried out a rapid screen for LtxA mutants. Using PCR, we mapped several of the mutations
to genes that are known or predicted to be required for LtxA production, including ltxA4, ltxB, ltxD, and tdeA.
In addition, we identified an insertion in a gene previously not recognized to be involved in LtxA biosynthesis,
ptsH. ptsH encodes the protein HPr, a phosphocarrier protein that is part of the sugar phosphotransferase
system. HPr results in the phosphorylation of other proteins and ultimately in the activation of adenylate
cyclase and cyclic AMP (cAMP) production. The ptsH mutant showed only partial hemolysis on blood agar and
did not produce LtxA. The phenotype was complemented by supplying wild-type ptsH in trans, and real-time
PCR analysis showed that the ptsH mutant produced approximately 10-fold less /tx4A mRNA than the wild-type
strain. The levels of cAMP in the ptsH mutant were significantly lower than in the wild-type strain, and LtxA
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production could be restored by adding exogenous cAMP to the culture.

Aggregatibacter (formerly Actinobacillus) actinomycetem-
comitans is a gram-negative capnophilic bacterium that col-
onizes the oral cavities of humans and Old World primates
(13, 45, 53). A. actinomycetemcomitans has been associated
with various diseases including localized aggressive peri-
odontitis (45, 52) and subacute infective endocarditis (4, 6,
42). Localized aggressive periodontitis is an aggressive dis-
ease of the mouth that presents in adolescents and results in
the loss of periodontal bone and ligament. When untreated,
loss of teeth occurs. The bacterium expresses several puta-
tive virulence factors including a leukotoxin (LtxA) (30, 33).
LtxA is a 113-kDa protein that has been reported to kill
specifically white blood cells of humans and Old World
primates (46-48). Production of LtxA by A. actinomycetem-
comitans is believed to be one mechanism used by the bac-
terium to evade host immune responses (1). Clinical evi-
dence suggests that LtxA is an important virulence factor for
A. actinomycetemcomitans (21-23). In addition, we have re-
cently shown that LtxA can act as a hemolysin that may be
used during systemic infection for acquiring iron from the
host (2). Indeed, iron, but not other metals, regulates LtxA
secretion in A. actinomycetemcomitans (3).

LtxA belongs to the RTX (repeats in the toxin) family of
toxins, which includes Escherichia coli a-hemolysin, Borde-
tella pertussis adenylate cyclase, Mannheimia haemolytica
leukotoxin, Vibrio cholerae RTX toxin, and Actinobacillus
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pleuropneumoniae Apx toxins (16, 37, 51). The current
model for the production, activation, and secretion of LtxA
in A. actinomycetemcomitans is based primarily on work
done with other RTX toxins, especially E. coli a-hemolysin
(7, 17). Biosynthesis of LtxA is apparently dependent on an
operon that consists of four genes, ItxCABD. ItxC encodes a
protein presumed to be responsible for the acylation of the
toxin, /txA encodes the toxin, and /txB and [ltxD code for
predicted components of the membrane transport system. In
addition, we recently discovered a TolC-like protein, TdeA,
which is required for both LtxA secretion and drug efflux
(5). There is also evidence that LtxA biosynthesis is regu-
lated by other genes outside the LtxA operon. Indeed, Fong
et al. (15) showed that LtxA expression is at least partly
regulated by LuxS (autoinducer II), while Inoue et al. (25)
found that the levels of LtxA are affected by cyclic AMP
(cAMP) concentration within the cell. However, the genes
and mechanisms involved in regulation are largely unknown.

An effective way to identify novel genes involved in the
regulation of /txA in A. actinomycetemcomitans is to isolate
nonleukotoxic mutants. To date, there is no practical way to
screen for mutants of A. actinomycetemcomitans that are de-
fective in LtxA production. We recently found that A. actino-
mycetemcomitans is beta-hemolytic on certain growth media
and that this phenotype is due to the production of LtxA (2).
Based on this novel finding, we have developed a rapid assay to
screen for LtxA mutants of A. actinomycetemcomitans. Herein,
we describe the genetic screen and present data that support its
use as an effective method for identifying novel LtxA genes in
A. actinomycetemcomitans and potentially related bacteria. In
addition, we have used this screen to characterize a gene that
is involved in the cAMP-dependent regulation of /txA.
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TABLE 1. Strains and plasmids used in this study

INFECT. IMMUN.

TABLE 2. Primers used in this study

Strain or Relevant characteristic(s) Reference or

plasmid source
Strains

AA1698  JP2N containing pVJT128 2

AA1704  JP2N ItxA::1S903 bkan 2

CU1000  Rough clinical isolate; serotype f 27

CU1000N  Spontaneous Nal® variant of CU1000 11

JK1025 CU1000N ptsI::1S903 bkan This study

JP2 Highly leukotoxic; serotype b 50

JP2N Spontaneous Nal" variant of JP2 2

MP046 JP2N ptsH::1S903bkan This study
Plasmids

pJAK16 IncQ broad-host-range vector; tacp Cm"  J. A.

Kornacki

pJK617 pJAK16 containing pts/ This study

pMP021  pJAKI6 containing ptsH This study

pVJT128  Plasmid containing inducible IS903dkan 27, 49

MATERIALS AND METHODS

Bacterial strains and media. 4. actinomycetemcomitans strain JP2N (a nali-
dixic acid-resistant variant of JP2) (50) was used for all experiments except where
noted. AA1704 is an /x4 mutant of JP2N and has been previously described (2).
Strain AA1698 is a derivative of JP2N that harbors the transposon mutagenesis
plasmid, pVIT128 (27, 49) (Table 1). Nalidixic acid was used for counter-selec-
tion during conjugation experiments with E. coli to construct the A. actinomyce-
temcomitans strains used here.

A. actinomycetemcomitans was grown on AAGM plates (40 g of trypticase soy
agar and 6 g of yeast extract per liter, 0.75% glucose, and 0.4% NaHCOj3; glucose
and NaHCO; were added after the medium was autoclaved) (12). For liquid
cultures, cells were grown in AAGM broth prepared by replacing trypticase soy
agar with trypticase soy broth (30 g). Where indicated, medium for 4. actino-
mycetemcomitans was supplemented with 2 wg/ml of chloramphenicol and 20
pg/ml of kanamycin. Plates were incubated at 37°C in a 10% CO, environment
for 72 h, and liquid cultures were incubated for 24 to 48 h.

For examination of the hemolytic phenotype, Columbia agar (Accumedia,
Lansing, MI) was supplemented with 5% sheep blood (PML Microbiologicals,
Inc., Wilsonville, OR) after the medium cooled to 48°C. Plates were incubated as
described above.

Mutag is of A. actinomycetemc Strain AA1698 was grown on chlor-
amphenicol plates, and individual colonies were selected and grown overnight in
AAGM broth containing chloramphenicol and 1.0 mM isopropyl-beta-p-thioga-
lactopyranoside (IPTG). IPTG was used to induce the transposon system as
previously described (27, 49). After incubation, dilutions were made from the
suspensions and plated onto kanamycin plates. Individual colonies, representing
potentially independent mutants, were picked and patched onto blood plates.
Nonhemolytic mutants were characterized by the lack of a zone of clearing
around the patch.

Strain JK1025 was constructed by mutagenizing strain CUI1000N with
pVIT128 and selecting mutants that produced rough-textured colonies on agar
(29).

PCR. DNA was PCR amplified using 7ag DNA polymerase (Qiagen, Valen-
cia, CA). Colony PCR was performed by adding a small amount of a colony into
the PCR tube with a sterile pipette tip. For all reactions, the denaturation step
was carried out at 94°C for 1 min, and the primer extension step was carried out
at 72°C for 1 min. For amplification of /tx4, an annealing temperature of 60°C
was used for 3 min. For /&xC, ltxB, and ltxD, annealing temperatures of 55°C,
60°C, and 55°C, respectively, were used for 1 min. All PCR products were
confirmed by DNA agarose gel electrophoresis. The DNA sequences of primers
used are noted in Table 2.

Examination of LtxA. To confirm that mutants were defective in LtxA pro-
duction, we isolated total protein from supernatants of cultures as previously
described (26). Briefly, after cells were grown overnight in AAGM broth, cul-
tures were centrifuged, and 500 pl of supernatant was precipitated with 1 ml of
ice-cold ethanol. The pelleted protein was resuspended in sodium dodecyl sulfate
(SDS) loading dye and run on an SDS-polyacrylamide gel electrophoresis
(PAGE) gel. The gel was stained with Coomassie blue and visualized. For
examination of cell-associated protein, the bacterial pellet was resuspended

Gene Primer Sequence (5'—3")

PCR target genes

ItxA ItxAup GCCCGGGATGGCAACTACTA
CACTGCTAAATAC
IxAdown ~ GCCCGGGCAGTAGTTGCTAA
CGAATTTGC
ItxB ItxBup CGCAAATTCGTTAGCAACTA
CTGC
IxBdown ~ CAAGTTTTCATTATCGTTCG
TTCC
IxC ItxCup AAAAACTATTGGAATACCAA
GTAC
IxCdown ~ GTAGTAGTTGCCATAATCTA
TTCTC
ItxD ItxDup ATTACAAGTAAATTAAAGGA
ACGAAC
IxDdown ~ GAAAACCGGAATGTTATATT
CTATC
tdeA tdeAup CGCCATGGGGCGTGCCGCA
TGCG
tdeAdown CCGATTACAGCGTTGGCG
CAAG
ptsH ptsHup TCCTGAAATCATAGTAAC
CTTC
ptsHdown  GGTTTGTGGCATCTGGAA
GATG
ptsl ptslup GCGGATCCCAAGGAGATTTA
ATATGATTTCAGGAATTC
CGGC
ptsIdown CGCAAGCTTCTAATTTAATG
CTTTTTCATAC
RT-PCR target
genes”’
ItxA ItxA-s GTGCTAGGTAAACATCGGT
AAAG
ItxA-as GACCACAGAGGCAATTAACC
ghA glyA-s CCCAATTCACCAACAAAT
ATGC
glyA-as ATTCTTTCGCACGCTCA
ATAG

“ RT-PCR, real-time PCR.

directly in SDS loading dye and run on an SDS-PAGE gel. Proteins were
transferred to a nitrocellulose membrane and processed for Western blot anal-
ysis probing with anti-LtxA antibody (9).

Inverse PCR. Inverse PCR on genomic DNA was performed as described
previously (27). Briefly, 10 to 20 pg of genomic DNA was digested with EcoRI
(which does not cleave IS903¢kan). Precipitation of the fragments was done by
ethanol precipitation, followed by dilution and ligation to circularize the frag-
ments. Resulting fragments were amplified for 30 cycles using primers directed
outward from the ends or the transposon. Amplified fragments were cloned into
pCR2.1 (Invitrogen, Carlsbad, CA) for sequencing. Nucleotide sequence was
determined by the University of Medicine and Dentistry of New Jersey Molec-
ular Research Facility.

Genetic complementation. ptsH was amplified by PCR, cloned into pCR2.1,
sequenced, and subcloned into pJAK16 (49). The derivative plasmid was mobi-
lized by conjugation from an E. coli donor to strain MP046 as previously de-
scribed (27, 49). IPTG at a final concentration of 1.0 mM was added to plates and
liquid cultures for complementation assays.

Real-time PCR. Total bacterial RNA was isolated using TRIzol according to
the manufacturer’s protocol (Invitrogen Corporation, Carlsbad, CA) and further
purified by DNase I treatment, followed by passage through an RNeasy spin
column (Qiagen, Valencia, CA). Reverse transcription-PCR was subsequently
carried out using TagMan Reverse Transcription Reagents (Applied Biosystems,
Branchburg, NJ). Quantitative real-time PCR was performed using the Sybr
Green PCR Master Mix (Applied Biosystems, Warrington, United Kingdom).
The DNA sequences of primers used are noted in Table 2. The threshold cycle
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FIG. 1. Blood agar screen for non-beta-hemolytic mutants of A.
actinomycetemcomitans. Random transposon mutants were patched
onto blood agar and grown for 3 days. The squared patch represents a
known /txA mutant, and the circled patch is a non-beta-hemolytic
mutant isolated with this screen.

(Cy) of the internal control gene gly4 was subtracted from the Cy- of the target
gene to obtain the AC;. The normalized relative changes of the mRNA expres-
sion level of each target gene was expressed as the 2 24T where AAC - is equal
to the AC; of the ptsH mutant minus AC;, of JP2. These experiments were
performed in triplicate.

Determination of cAMP concentration. Intracellular cAMP levels were deter-
mined using a cAMP enzyme immunoassay system (GE Healthcare, Piscataway,
NJ). Cells were collected at 24 h by centrifugation and resuspended in the lysis
buffer provided by the manufacturer. Samples were boiled at 100°C for 15 min
and centrifuged at 2,000 X g for 5 min at 4°C. The cAMP concentrations in
supernatants were determined according to the manufacturer’s instructions using
standards provided in the kit. The average intracellular cAMP concentration
(determined in duplicate) was expressed in femtomoles per milligram of total
protein.

RESULTS

A screen for LtxA mutants. Knowledge of LtxA genetics in
A. actinomycetemcomitans has been hampered by the lack of a
rapid and efficient screen for mutants. We have previously used
an assay based on killing of HL-60 cells by A. actinomycetem-
comitans culture supernatants (M. P. Isaza and S. C. Kachlany,
unpublished results). While effective, this bioassay is time-
consuming and not easily amenable to high-throughput screen-
ing. Therefore, we sought to take advantage of our recent
observation that LtxA is required for B-hemolysis on Columbia
blood agar (2).

We began by generating random transposon mutants in A.
actinomycetemcomitans as previously described (27, 28, 43).
The transposon IS903dkan creates nonpolar insertions with no
apparent hot spots (27, 49). After transposon mutants were
selected on kanamycin, the colonies were patched onto blood
agar in a grid format. Figure 1 shows a plate from one typical
experiment. The boxed patch represents AA1704, a known /txA
mutant strain (2), and the circled patch is a transposon mutant
isolated with our screen.

Examination of LtxA mutants. After screening approxi-
mately 2,500 random transposon mutants on blood agar, we
identified 15 that were partially or non-beta-hemolytic. We
wished to further confirm the non-beta-hemolytic phenotype
of several of these mutants (Fig. 2A). As expected, when
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FIG. 2. Examination of non-beta-hemolytic mutants. (A) Several
mutants were restreaked on blood agar. JP2N is the wild-type strain;
AA1704 is an isogenic /txA mutant of JP2N; and MP007, MP028,
MP040, and MP043 are mutants isolated here. (B) Supernatants were
isolated from bacterial cultures as described in Materials and Methods
and subjected to SDS-PAGE analysis. The gel was stained with Coo-
massie blue. The arrow indicates the position of LtxA. Lane 1, JP2N;
lane 2, AA1704; lane 3, MP007; lane 4, MP028; lane 5, MP040; lane 6,
MP043. (C) Western blot analysis of cell-associated protein from the
strains described above. Lanes are identical to those in panel B. The
blot was probed with anti-LtxA antibody to detect cell-associated
LtxA.

streaked onto blood agar, wild-type JP2N was hemolytic. In
contrast, the control /txA mutant strain, AA1704, and others
isolated here (MP007, MP028, MP040, and MP043) were all
non-beta-hemolytic.

To determine if LtxA was being produced in these strains,
we examined secreted and cell-associated protein from the
wild-type and mutant strains (Fig. 2B and C). SDS-PAGE
analysis of supernatant (secreted) protein from JP2N revealed
a band at the expected size representing LtxA (Fig. 2B, arrow).
In contrast, the supernatants from all other mutant strains
lacked the LtxA band, indicating that any LtxA produced by
these strains was below the limit of detection. We then exam-
ined cell-associated protein using Western blot analysis with
anti-LtxA antibody (Fig. 2C). Similar to our results with su-
pernatants, only JP2N produced LtxA. These results indicate
that mutants unable to perform B-hemolysis on blood agar are
also defective for LtxA production or secretion. This fact fur-
ther confirms the correlation between B-hemolysis and LtxA
production in A. actinomycetemcomitans.
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FIG. 3. Characterization of the ptsH mutant. (A) Map of the
genes that constitute the LtxA operon in A. actinomycetemcomitans.
(B) Partial hemolysis by MP046 on blood agar. JP2N is the wild-
type strain, and AA1704 is an /tx4 mutant. (C) Western blot analysis
of MP046. The top panel represents supernatant (secreted) protein,
and the bottom panel shows cell-associated protein. The last two
lanes represent complementation experiments with MP046. The
blot was probed with anti-LtxA antibody. (D) Complementation of
hemolysis on blood agar.

INFECT. IMMUN.

TABLE 3. PCR mapping of LtxA mutants

Relative product size after PCR amplification
of the indicated gene®

Strain Hemolysis

IxC ItxA IxB IxD tdeA
MPO7 +/- WT WT WT WT Mut
MP028 - WwT WwT Mut WwT WT
MP035 - WT Mut WT WT WT
MP038 - WwT Mut WT WwT WT
MP040 - WT WT Mut Mut WT
MP041 +/—= WwT WwT WT WwT Mut
MP042 - WT Mut WT WT WT
MP043 - WwT Mut WT WwT WT
MP046 +/- WT WT WT WT WT
MP047 - WwT WwT WT WwT Mut

“ WT, product size equal to that of the wild type; Mut, increase in the product
size of approximately 1 kbp.

PCR mapping of transposon insertions. The LtxA operon
contains four genes (Fig. 3A), all putatively required for LtxA
production and activity, and an unlinked to/C-like gene, tdeA,
which encodes a protein required for the export of LtxA (5).
To identify the insertion sites of 1S903¢dkan in several of our
mutants, we designed PCR primers to amplify each of four /tx
genes and tdeA and performed PCR. Genes with a transposon
insertion show a PCR product that is approximately 1 kb larger
than the wild-type size (data not shown). Table 3 shows that we
isolated /txA, ItxB, ltxD, and tdeA mutants but not an [txC
mutant. However, we have recently isolated an /txC mutant
using a direct screening method, indicating that mutations in
ItxC are not lethal (unpublished data). Furthermore, one of the
mutants (MP046) apparently contained the transposon inser-
tion outside of the known /tx genes.

Identification of a prsH mutant. One of the mutants
(MP046) that contained a transposon insertion outside of the
known /tx genes displayed a partial hemolytic phenotype on
blood agar compared to an ltxA mutant, AA1704 (Fig. 3B).
LtxA was not detected in the supernatants or cell pellets of
MP046 (Fig. 3C). Because of the unique phenotype of this
mutant, we wished to further study the genetic basis of this
observation. To map the sites where 1S903bkan inserted out-
side of the /tx operon, we performed inverse PCR on genomic
DNA as described previously (27). The products were cloned
into plasmid pCR-TOPO2.1 and sequenced using universal
primers. The sequence indicated an insertion of the IS903bkan
transposon within the first codon of the open reading frame.
This putative open reading frame, designated ptsH, would en-
code a protein with significant sequence similarity to histidine-
containing protein, HPr (Fig. 4A). To further confirm the
location of this mutation, we designed primers that amplify the
region flanking the IS903kan insertion. Strain MP046 showed
a PCR product that is approximately 1 kb larger than the
wild-type size (data not shown), confirming that the site of
insertion was within the ptsH gene.

HPr is part of phosphoenolpyruvate:carbohydrate phospho-
transferase system (PTS), which is responsible for the trans-
port and phosphorylation of sugars into the cell (8). Because
the transposon inserted into one of the genes that controls
sugar transport, we wished to determine if this mutation was
affecting the overall growth of the strain. We performed
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FIG. 4. (A) Amino acid sequence alignment HPr from related bacteria: A. actinomycetemcomitans (A.a), Pasteurella multocida (P.m; accession
no. AE006128.1), Haemophilus somnus (H.s; accession no. NZ AAB002000004.1), Mannheimia succiniciproducens (M.s; accession no.
AE016827.1), Actinobacillus succinogenes (A.s; accession no. NZ AAKC01000013.1), and Haemophilus influenzae (H.i; accession no. NZ
AADP01000001.1). (B) Growth curve comparing MP046 to the wild-type strain (JP2) and the /tx4 mutant, AA1704. The line for JP2 partially

overlaps the strain AA1704 curve.

growth experiments with glucose and found that strain MP046
grew at the same rate as the parent strain in the complex
medium used here (Fig. 4B).

To confirm that our insertion was not polar on downstream
genes, we cloned and expressed wild-type ptsH in trans in strain
MP046. The complemented mutant strain regained the hemo-
lytic phenotype (Fig. 3D), and LtxA was detected in the cell
supernatant and pellet (Fig. 3C). Thus, the insertion in ptsH is
responsible for the observed defect in LtxA production.

Characterization of the ptsH mutant. We performed real-
time PCR to determine if the phenotype observed in MP046 was
the result of transcriptional regulation of /tx4. Our results indicate
that, relative to the expression of the housekeeping gene glyA
(39), the level of x4 transcription in strain MP046 was approxi-
mately 1/10 of the wild-type level (Fig. 5A). Thus, ptsH apparently
plays a role in the transcription of /tx4. While a decrease in
mRNA stability could also explain these results, MP046 expressed
glyA at the same level as the wild-type strain, indicating that a
general effect on mRNA stability did not occur.

Inoue et al. (25) have shown that cAMP was involved in the
regulation of /tx4 since the levels of LtxA and cAMP decreased
as fermentable sugars were added to the culture. They pro-
posed a catabolite repression mechanism to explain their re-
sults. To determine if cAMP levels were altered in the ptsH

mutant, we examined intracellular levels of cAMP in the
MP046 and the wild-type strains. Our results indicate that the
cAMP levels in the ptsH mutant are decreased by approxi-
mately half of the wild-type levels (Fig. 5B). Furthermore,
when exogenous cAMP (1.0 mM) was added to the culture,
LtxA was detected in the supernatant of the ptsH mutant (Fig.
5C). Thus, the partial hemolysis and absence of LtxA may be
attributed to the diminished levels of intracellular cAMP due
to a defect in the PTS machinery.

Another PTS gene, ptsi, is required for LtxA production. We
wished to determine if the observed effects on LtxA production
are specific for HPr or whether other PTS genes are involved.
Enzyme I (EI; encoded by ptsI) is the protein that acts just up-
stream of HPr in the PTS pathway and is responsible for trans-
ferring a phosphate group to HPr (Fig. 6A) (8). We tested a pts/
mutant (JK1025) for hemolysis and found that it was also a non-
hemolytic mutant whose phenotype could be complemented by
supplying wild-type ptsI in frans but not with the empty vector
(Fig. 6B). Thus, EI is also involved in LtxA biosynthesis.

DISCUSSION

We report here an efficient genetic screen for the identifi-
cation of genes that play a role in LtxA production in A.
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FIG. 5. (A) Real-time PCR analysis of /tx4 transcription in JP2 and
MP046. The y axis represents relative levels of mRNA. The gly4
housekeeping gene was used to standardize values as described in
Materials and Methods. (B) Levels of cAMP in fmol/mg protein from
JP2 and MP046 at 24 and 48 h. (C) Western blot analysis of superna-
tant protein of MP046 grown in the presence of 1.0 mM cAMP for
24 h. The blot was probed with anti-LtxA antibody.

actinomycetemcomitans. This is the first report of an approach
to screen random mutants of A. actinomycetemcomitans for
loss of the leukotoxic phenotype. Using this screen, we have
confirmed the importance of several genes known or expected
to be involved in LtxA biosynthesis, and we identified and
characterized a gene that may play a novel role in /tx4 expres-
sion. Importantly, we have also demonstrated the strong cor-
relation between LtxA production and hemolysis. All of our
mutants affected LtxA biosynthesis, confirming that this toxin
is apparently the only hemolysin that A. actinomycetemcomi-
tans produces. Thus, hemolysis proves to be a useful assay in
which to study LtxA biology.

The /tx operon consists of four genes, ltixCABD. In addition,
tdeA has been shown to be required for LtxA secretion (5) and
serves as the TolC-like outer membrane channel (31). We
found that the phenotypes of the /txB and /txD mutants (MP028
and MPO040, respectively) on blood agar were essentially indis-
tinguishable from /tx4 mutants. As suggested by sequence sim-
ilarities to other RTX secretion genes, it is likely that LtxB and
LtxD are involved in LtxA secretion (18, 20, 34). Thus, one
prediction for /txB and ItxD mutants is that they would produce
LtxA but not secrete it. However, we found that these mutants
neither secreted LtxA nor retained it in the cell pellet (Fig. 2B
and C). The fact that LtxA was not produced in these mutants
is consistent with the findings of Guthmiller et al. (19), who
reported that, while expression of /tx4 was unaffected in ItxB
and /txD mutants, the amount of intracellular LtxA decreased
significantly. A likely explanation for this observation is that
nonsecreted LtxA may be proteolyzed inside the cell. Indeed,
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FIG. 6. (A) The pathway for activation of adenylate cyclase by EI
and HPr. The model is based on the E. coli PTS system. (B) Hemolysis
of a pts] mutant on blood agar. JK1025 is a ptsI transposon mutant
derived from strain CU1000 (11, 27).

studies on other RTX toxins suggest that the low or absent
intracellular levels of RTX toxins in certain mutants can be
attributed to the instability of the protein retained in the cy-
toplasm due to the lack of a complete transport system (41).
Using the hemolysis screen, we identified a gene that was
previously not implicated in LtxA regulation. HPr is a small
protein (~90 residues) encoded by ptsH and is part of the PTS.
In both gram-negative and gram-positive bacteria, HPr partic-
ipates in the regulation of various cellular processes, including
transport and phosphorylation of sugars and amino acids and
catabolite repression. In addition, in some bacteria, HPr can
regulate non-PTS proteins, including transcriptional activators
(14, 24, 36). The PTS has two general cytoplasmic proteins, EI
and HPr, that can be paired with a number of enzymes with
sugar specificity (EII). The overall reaction of sugar transport
can be described as a cascade that starts with the removal of a
phosphoryl group from phosphoenolpyruvate by EI and then
phosphorylation of HPr at His-15 with HPr transferring
its phosphoryl group to EII (8). EIIACY, the glucose-specific
enzyme, has been shown to regulate levels of cAMP by acti-
vating adenylate cyclase (Fig. 6A) (32). Intracellular levels of
cAMP are highest when EIIAS" is in the phosphorylated state.
Therefore, PTS mutants express low levels of cAMP (10, 35,
38). Interestingly, we found that the pzsH mutant grew at the
same rate as the wild-type strain, even though this mutant
presumably has a defect in sugar transport. However, this re-
sult is consistent with reports for other bacterial ptsH mutants
(40). One explanation for this observation is that A. actinomy-
cetemcomitans possesses HPr-like proteins, such as diphosphor-
yltransfer protein, that can partially substitute for HPr when
grown in certain media (44). In addition, the bacteria may be
utilizing other carbon sources in the complex medium. To date,
no minimal medium exists for A. actinomycetemcomitans, and
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so we are unable to determine if there is a defect in sugar
transport. Nonetheless, under our experimental conditions, the
mutant strain grows as well as the wild-type strain.

We have shown here that a defect in HPr in A. actinomyce-
temcomitans results in low levels of /txA expression, and we
correlate this observation to decreased production of cAMP.
This finding is consistent with previous studies in E. coli that
demonstrated low adenylate cyclase activity in ptsH mutants
(10, 35, 38) and with the study of Inoue et al. (25), who
reported that low intracellular levels of cAMP correlate with
low levels of LtxA. The low, albeit detectable, levels of cAMP
may explain why the mutant is partially hemolytic. Production
of cCAMP over time may allow for some /x4 to be transcribed
and eventual accumulation of LtxA. cAMP can regulate sev-
eral operons through binding of cyclic AMP receptor protein
(CRP) to specific sites on the DNA. Inoue et al. (25) noted that
the CRP binding site consensus sequence is not present within
the /tx operon; however, A. actinomycetemcomitans CRP is
84% identical to E. coli CRP and therefore could recognize a
slightly different sequence motif.

We found that another PTS gene, pts/, is also required for
LtxA-mediated hemolysis. This observation is not surprising,
given that EI phosphorylates HPr and would result in a non-
functional HPr, similar to the result when ptsH is inactivated.
Thus, our current model proposes that HPr regulates levels of
IxA through its interaction with other PTS proteins, which
affects the levels of cAMP. In turn, cAMP regulates levels of
ItxA mRNA through an unknown mechanism. While HPr plays
a significant role in transcriptional control in many gram-pos-
itive bacteria (14, 24, 36), a similar bifunctional mechanism has
not yet been established for HPr in gram-negative organisms.
Examining the effects of other PTS mutants and protein inter-
actions with HPr will shed more light on our model.

In summary, we have developed and utilized a method to
isolate A. actinomycetemcomitans mutants that are defective in
LtxA production based on B-hemolysis on blood agar. This
rapid screen may allow for the identification of new target
proteins for the development of therapeutics that interfere
with LtxA activity and A. actinomycetemcomitans pathogenesis.
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