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Abstract Actinobacillus actinomycetemcomitans

requires iron to grow under limiting conditions

imposed by synthetic and natural chelators.

Although none of the strains tested used hemo-

globin, lactoferrin or transferrin, all of them used

FeCl3 and hemin as iron sources under chelated

conditions. Dot-blot binding assays showed that

all strains bind lactoferrin, hemoglobin, and

hemin but not transferrin. When compared with

smooth strains, the rough isolates showed higher

hemin binding activity, which was sensitive to

proteinase K treatment. A. actinomycetemcomi-

tans harbors the Fur-regulated afeABCD locus

coding for iron acquisition in isogenic and non-

isogenic cell backgrounds. The genome of this

oral pathogen also harbors several other pre-

dicted iron uptake genes including the hitABC

locus, which restored iron acquisition in the

E. coli 1017 ent mutant. However, the disruption

of this locus in the parental strain did not affect

iron acquisition as drastically as the inactivation

of AfeABCD, suggesting that the latter system

could be more involved in iron transport than

the HitABC system. The genome of this oral

pathogen also harbors an active copy of the

exbBexbDtonB operon, which could provide the

energy needed for hemin acquisition. However,

inactivation of each coding region of this operon

did not affect the hemin and iron acquisition

phenotypes of isogenic derivatives. This observa-

tion suggests that the function of these proteins

could be replaced by those coded for by tolQ,

tolR and tolA as it was described for other

bacterial transport systems. Interruption of a

hasR homolog, an actively transcribed gene that

is predicted to code for an outer membrane

hemophore receptor protein, did not affect the

ability of an isogenic derivative to bind and use

hemin under chelated conditions. This result also

indicates that A. actinomycetemcomitans could

produce more than one outer membrane hemin

receptor as it was described in other human

pathogens. All strains tested formed biofilms on

plastic under iron-rich and iron-chelated condi-

tions. However, smooth strains attached poorly

and formed weaker biofilms when compared with

rough isolates. The incubation of rough cells in

the presence of FeCl3 or hemin resulted in an

increased number of smaller aggregates and

microcolonies as compared to the fewer but

larger aggregates formed when cells were grown

in the presence of dipyridyl.
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Introduction

Actinobacillus actinomycetemcomitans, recently

renamed Aggregatibacter actinomycetemcomitans

(Nørskov-Lauritsen and Kilian 2006), is a Gram-

negative coccobacillus that colonizes the oral

cavity of humans and Old World Primates. This

oral pathogen has been strongly implicated in

adult periodontitis (Zambon 1985), although the

main disease that this bacterium causes is Local-

ized Juvenile Periodontitis (LJP) also known

as Localized Aggressive Periodontitis (LAP)

(Armitage 1999; Araujo 2002). This is one of

the most severe forms of periodontal disease that

could lead to progressive destruction of dental

tissue that eventually results in the damage of the

supportive bone structure causing premature

tooth loss (Meyer and Fives-Taylor 1997). Acti-

nobacillus actinomycetemcomitans is a member of

the HACEK bacterial group that has been impli-

cated in the pathogenesis of extra-oral infections

such as subacute endocarditis (Berbari et al.

1997). There is a lot of interest in periodontal

infections being a risk factor for the development

of cardiovascular diseases (Genco et al. 2002).

In fact, A. actinomycetemcomitans has been

detected in 18% of atherosclerotic plaque samples

(Haraszthy et al. 2000).

There are a number of strains that are

currently being studied, which have different

colony morphology and behave differently under

the same experimental conditions. Colony mor-

phology and adhesion properties play a role in

how these bacteria differ (Fine et al. 1999). Most

fresh clinical isolates appear as rough colonies on

agar plates and adhere to each other and to

inanimate surfaces (Fine et al. 1999). Other

strains have a smooth colony morphology and

do not adhere to themselves or solid surfaces,

typical behavior of strains that have been repeat-

edly cultured in rich broth (Fine et al. 1999). The

transformation from the rough to smooth phe-

notype is associated with the loss of fimbriae

(Kachlany et al. 2000). These phenotypic changes

are also associated with the ability of this

pathogen to cause disease in an experimental

model that mimics the infection process in

humans (Schreiner et al. 2003). The researchers

used Sprague-Dawley rats that were inoculated

orally by directly adding bacteria to their food

for eight days. They monitored the infection by

looking at the ability of the bacteria to colonize

and persist in the oral cavity, to elicit a humoral

immune response, and cause significant bone

loss. The data obtained with this animal model

demonstrated the necessity to study strains that

are closer to the fresh clinical isolates obtained

from LAP patients because strains with smooth

colony morphology did not persist in the oral

cavity, elicit a humoral immune response, or

cause any bone loss in experimentally infected

animals (Schreiner et al. 2003).

Binding and utilization of different iron sources

Like many other human pathogens, A. actinomy-

cetemcomitans requires iron to grow under iron-

limiting conditions similar to those encountered

in the host. Such conditions are imposed by the

production of iron-binding compounds such as

ferritin, hemin, transferrin and particularly lacto-

ferrin, which is present in secretions like saliva in

the human oral cavity. Bacteria have responded

to this nutrient limitation by expressing high-

affinity iron acquisition systems that acquire iron

by either interacting directly with host-binding

proteins or scavenging iron from these proteins

via the secretion and internalization of chelators

known as siderophores (Crosa et al. 2004).

Experimental evidence showed that A. actinomy-

cetemcomitans does not produce high-affinity

siderophores that could provide the needed iron

under limiting conditions (Winston et al. 1993).

This finding seems to be supported by the

annotation of the genome sequence of the strain

HK1651 (http://www.oralgen.lanl.gov/), which did

not reveal the presence of genes required to code

for the functions needed for the biosynthesis,

secretion, internalization and utilization of a

particular siderophore as it has been described

for other pathogens (Crosa and Walsh 2002;

Wandersman and Delepelaire 2004). On the

other hand, these experimental and in silico

observations are in accordance with the fact that

this oral pathogen belongs to the Pasteurellaecea

family in which some of its members, such as

Haemophilus influenzae, are also known for their
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inability to produce siderophore compounds

(Gray-Owen and Schryvers 1996).

The direct interaction with host iron-holding

products is an alternative pathway bacteria use to

acquire iron. As it was the case for the produc-

tion of siderophores, experimental evidence

showed that A. actinomycetemcomitans does not

bind and use human transferrin as an iron source

(Winston et al. 1993; Hayashida et al. 2002). Such

a finding is also in accordance with the gene

annotation of this pathogen and the sequence

analysis of some strains that revealed either the

absence of active genes or the presence of

transferrin-binding pseudogenes, a trait that

seems to be common among different A. actino-

mycetemcomitans isolates (Winston et al. 1993;

Hayashida et al. 2002). In contrast, the interac-

tion of different A. actinomycetemcomitans iso-

lates with lactoferrin seems to be more variable,

with some strains unable to bind lactoferrin

(Winston et al. 1993) and others capable of

binding iodinated human and bovine lactoferrin

(Alugupalli et al. 1995). The latter observation is

in agreement with our experimental data ob-

tained using strains representing different sero-

types and colony morphologies. The mildly rough

serotype b strain HK1651, a JP2 clone that

overexpresses leukotoxin activity (Haubek et al.

1996) that was selected to sequence and annotate

the genome of this oral pathogen (http://

www.oralgen.lanl.gov/), was used as the reference

strain to obtain the nucleotide sequence of genes

of interest. The DF2200N and CU1000 strains,

both of which are not JP2-like isolates (Kaplan

et al. 2002), are aggregative isolates that express

the phenotype of fresh clinical isolates and

represent the serotypes groups a and f, respec-

tively. The strain CU1060 is a smooth isogenic

derivative of CU1000 with a mutation in the flp-

tadG region that impairs the formation of long

bundled fibrils (Kachlany et al. 2000). All four

strains were able to bind human lactoferrin

labeled with horseradish peroxidase, when tested

using dot blot assays, independently of whether

the cells were cultured under iron-rich or iron-

chelated conditions. In spite of their ability to

bind lactoferrin, none of the four strains were

able to grow around filter disks containing human

lactoferrin, either fully or partially saturated with

iron when plated on AAGM agar supplemented

with 250 lM dipyridyl.

Our experimental observations are in accor-

dance with those made by Hayashida et al. (Ha-

yashida et al. 2002) in which none of the 10 strains

tested used lactoferrin as an iron source when

streaked on chelated BHI agar. Taken together all

these studies show that although some A. actino-

mycetemcomitans strains bind lactoferrin, none of

the strains tested so far use this protein as an iron

source under chelated conditions. The latter

behavior is supported by the annotation of the

HK1651 genome, which did not reveal the pres-

ence of genes coding for an active lactoferrin

binding and utilization system as it was described

in other bacterial pathogens that use this human

protein as an iron source (Gray-Owen and Schry-

vers 1996). However, the cellular factors and/or

proteins responsible for the binding of lactoferrin,

which were implicated in a previous study (Alu-

gupalli et al. 1995), remain poorly understood.

Also poorly understood is the biological signifi-

cance of the interaction of this oral pathogen with

lactoferrin, which inhibits A. actinomycetemcom-

itans attachment to buccal epithelial cells when

saturated with iron (Fine and Furgang 2002).

Hemoglobin is also an alternative source of

iron that A. actinomycetemcomitans cells can use

under chelated conditions (Grenier et al. 1997).

More recent studies showed that such a capacity

depends on the presence and expression of hgpA, a

gene that codes for a homolog of the H. influenzae

hemoglobin protein binding A (Hayashida et al.

2002). In our hands, none of the four strains we

tested were able to use this compound as an iron

source to grow under iron-chelated conditions,

although all of them were able to bind biotin-

labeled human hemoglobin when tested with dot

blot assays. The failure to use this iron source

could be explained by the presence of deleterious

mutations such as those reported within the

pseudogene found in the HK1651 and other strain

genomes (Hayashida et al. 2002). However, the

hemoglobin binding ability of HK1651 (as well as

that of the other strains we tested) remains to be

explained, considering that one report implicates

the lipopolysaccharides produced by this bacte-

rium in its ability to interact with hemoglobin

(Grenier et al. 1997).
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According to previous reports (Grenier et al.

1997; Graber et al. 1998; Hayashida et al. 2002),

hemin is another compound that this oral path-

ogen could bind and use as an iron source to grow

under iron-limiting conditions. These early obser-

vations are in agreement with our experimental

data showing that the strains HK1651, CU1000,

CU1060, and DF2200N grow around filter disks

saturated with hemin deposited on chelated

AAGM agar plates. Furthermore, the incubation

of these strains in AAGM broth containing hemin

resulted in cell pellets that were stained after

washing with saline solution (Fig. 1A, top panel),

indicating the ability of the cells to bind this iron-

containing compound. This ability was confirmed

with dot blot assays that were developed with

3,3¢-dimethoxybenzidine dihydrochloride (DMB)

(Fig. 1A, bottom panel), which detects the hemin-

associated peroxidase activity (Fouz et al. 1996).

Interestingly, the hemin-binding activity was sig-

nificantly diminished when the cells were pre-

treated with proteinase K, while no significant

changes were observed when the samples were

incubated with sodium metaperiodate. Visual

inspection of the pellets of cells incubated in the

presence of hemin showed that the cell pellet of

the smooth strain CU1060 was less stained than

that of rough cells (compare samples 2 and 3 with

sample 4 in top panel of Fig. 1A). This observa-

tion indicates that rough strains bind more hemin

than smooth isolates, a possibility that was

examined by testing their ability to bind Congo

red, which could reflect hemin binding as it was

described for other pathogens such as Shigella

flexneri (Stugard et al. 1989) and Y. pestis (Perry

et al. 1990). Colorimetric assays, which measured

the amount of Congo red eluted with DMSO

from cells cultured in AAGM broth containing

30 lg/ml of this stain (Fig. 1B), showed that

the binding of Congo red is proportional to

the roughness and aggregative nature of the

A. actinomycetemcomitans strains. Although not

shown, the DF2200N cells displayed a similar

behavior when tested under the same experimen-

tal conditions.

Finally, the iron-utilization assays also showed

that all strains we tested are able to use inorganic

iron (FeCl3 solubilized in 0.1 N HCl) to grow on

chelated AAGM agar plates. Altogether the

results of our studies and those published before

demonstrate that hemin and inorganic iron are

sources that are used by all tested strains, while a

significant variability to bind and use iron sources

is apparent among different clinical isolates of

this oral pathogen. Furthermore, the observation

that the hemin binding activity is susceptible to

treatment with proteinase K indicates that this

Fig. 1 Binding of hemin and Congo red by bacterial cells.
(A) The binding of hemin was determined by visual
inspection after the Escherichia coli DH5a (1) and
A. actinomycetemcomitans HK1651 (2), CU1000 (3) and
CU1060 (4) cells were washed with saline solution or
tested with dot-blot assays using DMB to detect the
peroxidase activity associated with hemin. E. coli DH5a
was used as a negative control. (B) The binding of Congo
red by cells cultured in AAGM agar containing 30 lg/ml
of this stain, which was eluted from the cells with dimethyl
sulfoxide, was quantified photocolorimetrically. The
amount of stain eluted from the cells was normalized to
the protein content of each sample. Error bars represent
1 SD
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iron-containing compound interacts with an

unidentified protein that appears to be located

on the outer membrane facing the extracellular

environment.

The AfeABCD and HitABC PBT systems

The afeABCD operon

The utilization of inorganic iron to grow under

chelated conditions indicates that A. actinomy-

cetemcomitans strains could acquire this metal

through the expression of periplasmic-binding

protein-dependent transport (PBT) systems that

require neither an outer membrane receptor nor

a specific ligand and function independently of

the TonB-ExbB-ExbD system. The first descrip-

tion of a PBT system was that of the S.

marcescens SfuABC system (Angerer et al.

1990; Angerer et al. 1992), which was followed

by reports describing similar transport systems in

pathogens such as H. influenzae (Sanders et al.

1994), Neisseria (Chen et al. 1993), Y. enterocol-

itica (Saken et al. 2000; Gong et al. 2001), and Y.

pestis (Bearden et al. 1998; Bearden and Perry

1999).

The annotation of the HK1651 genome (http://

www.oralgen.lanl.gov/) and our in silico analyses

showed the presence of at least four gene clusters

coding for proteins related to components of PBT

systems described in other bacterial pathogens

(Fig. 2). We initiated the analysis of these systems

by testing the expression of the Y. pestis

yfeABCD homolog, which we named afeABCD

(Rhodes et al. 2005). PCR cloning and nucleotide

sequence analyses showed that the genome of the

strains CU1000 and DF2200N also harbor this

locus, which proved to be expressed as a polycis-

tronic message in all three strains. The transcrip-

tion of this locus is controlled by a promoter

element located upstream of afeA, which contains

a Fur box that mediates the binding of the Fur

repressor proteins and controls the differential

transcription of this operon in response to the

iron content of the medium. Computer analysis of

these genes showed that they code for all the

components of a PBT iron transport system, in

which AfeA is the putative periplasmic iron-

binding protein and the AfeBCD proteins form

the permease and ATPase components of this

ABC metal transporter. The functionality of this

PBT system was confirmed by its ability to restore

the growth of E. coli 1017 in the presence of

dipyridyl, when cloned and transformed into this

enterobactin deficient strain. This complementing

activity was abolished when any of the coding

regions of this operon was inactivated by in vitro

transposition with the EZ-Tn5 ÆKAN-2æ element.

The results obtained with this heterologous cell

background were confirmed by testing the iron

acquisition capacity of isogenic insertion deriva-

tives obtained by transforming artificially induced

DF2200N competent cells with a suicide-cloning

vector that harbors DNA uptake sequences, in

which the insertion derivatives of the afe genes

were cloned. Such an approach showed that the

expression of all AfeABCD components is

needed for the cells to grow under iron-chelated

conditions (Fig. 3). Furthermore, the immunoblot

analysis of E. coli 1017 and DF2200N harboring

either the parental afeA allele or the afeA::

EZ-Tn5 ÆKAN-2æ insertion derivative linked the

expression of this coding region to the production

of a 32-kDa protein related to the H. influenzae

YfeA periplasmic protein detected in the

A. actinomycetemcomitans Y4 strain (Graber

Fig. 2 Genetic organization of A. actinomycetemcomitans
HK1651 open reading frames predicted to code for PBT
systems involved in iron acquisition. The numbers repre-
sent the AA coding regions according to the genome
annotation of this strain. The arrows represent the location
and direction of transcription of each coding region. Open
reading frames coding for equivalent functions in each
system are identified with arrows of the same design
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et al. 1998). It is worthy to note that the growth of

cells harboring interrupted afe genes was rescued

by adding FeCl3 (Fig. 3) but not ZnCl2 or MnCl2
to iron-chelated media, an observation that indi-

cates the iron specificity of this PBT system. It is

also important to note that the DF2200N isogenic

derivative harboring the afeA::EZ-Tn5 ÆKAN-2æ
allele was able to grow around filter disks satu-

rated with hemin when plated on chelated

AAGM agar plates. This result indicates that

the AfeABCD system is involved in the acquisi-

tion of inorganic iron but not in the utilization of

hemin as an iron source.

The hitABC operon

An approach similar to that used for the analysis

of afeABCD showed that the hitABC locus

identified during the annotation of the HK1651

genome (Fig. 2) is also present in the genome of

the strains CU1000 and DF2200N. Furthermore,

all three strains express this locus at the tran-

scriptional level when cultured in AAGM under

iron-chelated conditions. According to the gene

annotation data, the product of hitA is a peri-

plasmic iron binding protein while the HitB and

HitC are proteins with predicted permease and

ATPase activities, respectively. All these proteins

are highly related to other bacterial proteins,

particularly those of H. influenzae, which are part

of predicted ABC metal transporters. Interest-

ingly, this operon has only one gene coding for a

permease (hitB) that is located between the hitA

periplasmic iron binding protein gene and the

hitC ATPase gene (Fig. 2). In contrast, the

afeABCD locus includes two genes, afeC and

afeD, coding for permeases, both of which are

located at the end of the operon after afeB, which

codes for the ATPase component of this ABC

transporter. These observations and predictions

are in accordance with the ability of this operon

to complement the iron uptake deficiency of E.

coli 1017, when cloned in the vector pACYC184

and transformed into this ent mutant strain.

Insertion of EZ::TN ÆoriV/KAN-2æ into each of

the coding regions of this operon abolished the

complementing activity, a result that proves that

this locus codes for iron acquisition functions that

are expressed in a heterologous cell background.

The role of the HitABC system in iron acqui-

sition was further confirmed by creating isogenic

derivatives in which each parental allele was

replaced by homologous recombination with the

cognate EZ::TN ÆoriV/KAN-2æ insertion modifi-

cation. Plating the hitA and hitB insertion deriv-

atives, named MU-8 and MU-2, respectively, on

AAGM agar with increasing dipyridyl concentra-

tions showed that the inactivation of these com-

ponents of the hitABC locus affects the ability of

A. actinomycetemcomitans to grow under condi-

tions of increasing iron chelation (Fig. 3). How-

ever, these isogenic derivatives were not as

affected in their ability to grow under iron-

chelated conditions as the MU-1 and MU-5

derivatives, which harbor a transposon insertion

in afeA and afeB, respectively. Although all four

mutant grew as well as the parental strain when

plated on AAGM agar (panel A), the addition of

235 lM dipyridyl diminished but not abolished

the growth of the MU-2 and MU-8 insertion

derivatives with almost no effect on the DF2200N

Fig. 3 Analysis of the iron uptake proficiency of the
A. actinomycetemcomitans isogenic mutants in afeA
(MU-1), afeB (MU-5), hitA (MU-8), hitB (MU-2) and
the parental strain DF2200N. Growth of the strains was
compared after plating on AAGM agar (A), AAGM agar
supplemented with 235 lM dipyridyl (B), or 265 lM
dipyridyl (C). (D) Growth around FeCl3-saturated paper
filter discs on AAGM agar plates supplemented with
325 lM dipyridyl of the DF2200N parental strain as
compared to the MU-1, MU-5, MU-8, and MU-2 isogenic
insertion derivatives
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parental strain (panel B). In contrast, this con-

centration of iron chelator was enough to reduce

the growth of the MU-1 and MU-5 mutants

drastically. The increase of the iron chelator

concentration to 265 lM affected the growth of

the parental strain slightly and reduced the

growth of the MU-2 and MU-8 mutants further,

while inhibiting the growth of the MU-1 and

MU-5 mutants completely (panel C). There was

also a significant difference in the response of

these mutants when fed with inorganic iron. The

HitA (MU-8) and HitB (MU-2) mutants formed

similar growth halos on AAGM agar containing

325 lM dipyridyl around filter disks saturated

with FeCl3 (Fig. 3, panel D). These growth halos

were just slightly smaller in size to that produced

by the parental strain. In contrast, the growth

halos formed by the AfeA (MU-1) and AfeB

(MU-5) mutants were much smaller. The same

results were obtained when the disks were satu-

rated with ferric citrate.

Taken together, these results show that the

hitABC operon codes for an iron acquisition

system that allows A. actinomycetemcomitans to

grow under iron-chelated conditions as it was

observed with the AfeABCD system (Rhodes

et al. 2005). However, isogenic mutants affected

in the expression of the latter system are more

sensitive to iron-chelated conditions and cannot

use inorganic iron as a sole source of iron as well

as the derivatives affected in the expression of

the HitABC system. This suggests that under the

conditions we tested the AfeABCD system plays

a more significant role in iron acquisition than

the HitABC system. Whether this is also the

case during the pathogenesis of oral infections is

a possibility that remains to be investigated using

these mutants in the experimental infection

model that mimics the outcome of the disease

this pathogen causes in the human oral cavity

(Schreiner et al. 2003). We are testing the role of

the HK1651 afuAABC and afuABC loci (Fig. 2),

which also proved to be present in the genome

of the strains CU1000 and DF2200N and been

expressed in all three strains when cultured

under iron-chelated conditions. Interestingly,

RT-PCR showed that the first coding region of

the afuAABC locus is the only one that is not

part of a polycistronic locus, a result that is

compatible with the presence of a predicted rho-

independent transcriptional termination signal

between the coding regions AA00696 and

AA00698 (Fig. 2).

Hemin utilization functions

Hemin uptake functions

Dot-blot and iron utilization assays showed that

A. actinomycetemcomitans binds and uses

hemin as an iron source when cultured under

iron-chelated conditions. Bacteria acquire iron

from hemin either through hemophore-dependent

or -independent mechanisms, all of which require

energy provided by the TonB-ExbB-ExbD trans-

ducing system (Wandersman and Delepelaire

2004). Currently, the cellular products and molec-

ular mechanisms by which A. actinomycetemcom-

itans interacts with hemin have not been

identified and characterized. Furthermore, the

annotation of the HK1651 showed that, with the

exception of the predicted coding region

AA02782, there are no genes coding for proteins

significantly related to hemin acquisition systems.

Based on the insights gained with these in silico

analyses, we initiated our analysis of hemin

utilization functions in this oral pathogen by

using a directed approach focused on the hasR

(AA02782) locus. The product of this gene has

been annotated as an outer membrane hemo-

phore receptor protein with the highest similarity

to the P. multocida HasR predicted protein. In A.

actinomycetemcomitans, the hasR homolog is

predicted to code for an 875-amino acid protein

with a molecular mass of 99.7 kDa. This predicted

protein has a domain that is similar to the TonB

dependent/Ligand-Gated channel domain of

FepA, an outer membrane iron siderophore

transporter from E. coli. The domain consists of

a monomeric 22 strand anti-parallel beta-barrel,

and N-terminal residues that form a plug on the

periplasmic end of the barrel (Klebba 2004). PCR

and RT-PCR showed that this HK1651 locus is

also present in the chromosome of the strain

CU1000 and DF2200N, with all of them being

transcribed in cells cultured under iron-chelated

conditions.
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The role of the HasR protein in hemin binding

and utilization was tested by creating an isogenic

derivative by in vitro transposition mutagenesis

and allelic exchange as we did for the analysis of

the afeABCD operon (Rhodes et al. 2005). The

derivative with an insertion in the hasR gene

(MU-4) grew just as well as DF2200N parental

strain when plated on AAGM agar without any

supplementation while both of them were not

able to grow on this medium containing 325 lM

dipyridyl. Iron utilization experiments showed

that both the parental strain DF2200N and the

MU-4 isogenic derivative harboring a hasR::

EZ::TN ÆoriV/KAN-2æ allele grew around

hemin-saturated filter disks deposited on chelated

AAGM agar (Fig. 4A). Incubation of MU-4 and

DF2200N cells in AAGM broth containing hemin

resulted in cell pellets that were similarly stained,

an indication that the insertion inactivation of

hasR does not affect the binding of this iron-

containing compound.

Taken together, these results indicate that

hasR is not essential for the ability of A. actino-

mycetemcomitans to bind and use hemin as an

iron source. At the present time it is not possible

to establish whether HasR plays any role in this

process because this bacterium may be able to

produce other hemin receptors that complement

the function of the interrupted HasR. In fact,

many pathogens have multiple hemin receptors.

Vibrio cholerae has three different hemin recep-

tors in which there must be a mutation in all of

them for the bacterium to be unable to use hemin

as a sole source of iron (Mey and Payne 2001).

The possibility that this is also the situation with

A. actinomycetemcomitans is supported by the

observation that the HK1651 genome has four

additional open reading frames that could func-

tion in hemin acquisition. They are a predicted

hemin receptor (AA00490), a putative hemin

storage protein (AA00491) or hypothetical pro-

teins (AA00492 and AA00493) that could be part

of an operon with the previous gene, which could

function in hemin utilization. The role of these

genes and their products is being analyzed with

the same approach used for the study of hasR.

Energy transducing functions

As mentioned earlier, bacterial hemin utilization

is an active process that requires the energy

provided by the TonB-ExbB-ExbD transducing

system (Wandersman and Delepelaire 2004). In

accordance with the ability of A. actinomycetem-

comitans to use this compound as a source to

grow under iron-chelated conditions, the annota-

tion of the HK1651 genome showed the presence

of the coding regions AA01124, AA01124.1 and

Fig. 4 Analysis of the hemin utilization and iron acquisi-
tion proficiency of the A. actinomycetemcomitans isogenic
mutants in exbB (MU-3), exbD (MU-6), tonB (MU-7),
hasR (MU-4) and the parental strain DF2200N. (A)
Growth around filter disks saturated with hemin was

compared after the strains were streaked on AAGM agar
supplemented with 325 lM dipyridyl. Growth of the
parental strain DF2200N as compared to MU-3, MU-6
and MU-7 on AAGM agar (B), or AAGM agar supple-
mented with 275 lM (C) or 325 lM (D) dipyridyl
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AA01127. These genes are predicted to code for

the A. actinomycetemcomitans ExbB, ExbD and

TonB homologs, respectively. PCR and RT-PCR

showed that strains HK1651, CU1000 and

DF2200N all contain and express these three

genes, which are part of a polycistronic transcript.

The predicted ExbB protein contains 156

amino acids, which is 17.6 kDa in size. Amino

acids 73–89 and 105–121 are predicted to each

form a transmembrane domain. ExbB has a

conserved domain similar to the E. coli MotA

protein (Marchler-Bauer et al. 2005), which is an

essential component of the flagellar motor that

uses a proton gradient to generate rotational

motion in the flagella. This conserved domain

belongs to the MotA/TolQ/ExbB proton channel

family, which is made of integral membrane

proteins. ExbD is a predicted protein of 148

amino acids and is 16.2 kDa in size. A conserved-

domain search showed that ExbD is similar to the

biopolymer transport proteins ExbD/TolR. ExbD

and TolR are involved in TonB-dependent trans-

port of various receptor bound substrates (Braun

1989; Bradbeer 1993; Cascales et al. 2001). TonB

is a predicted protein consisting of 252 amino

acids and has a hypothetical molecular weight of

27.1 kDa, which is the typical size of TonB

proteins from other bacteria. TonB is a periplas-

mic protein that links the inner and outer mem-

branes and provides the energy needed by outer

membrane receptors to transport their respective

substrates (Postle and Kadner 2003).

The role of the A. actinomycetemcomitans

TonB-ExbB-ExbD system in hemin utilization

was investigated by creating isogenic derivatives

in which either exbB, exbD or tonB was inter-

rupted with the EZ::TN ÆoriV/KAN-2æ transpo-

son. The A. actinomycetemcomitans isogenic

derivatives with insertions in exbB, exbD and

tonB were named MU-3, MU-6 and MU-7,

respectively. The growth of the parental strain

and all three mutants was comparable when they

were plated either on plain AAGM agar or

AAGM agar containing increasing concentrations

of dipyridyl (Fig. 4, panels B-D). All strains also

showed similar growth around filter disks

saturated with hemin that were deposited on

AAGM agar containing 325 lM dipyridyl (Fig. 4,

panel A).

Altogether these results indicate that the A.

actinomycetemcomitans ExbB-ExbD-TonB ho-

mologs are not essential for hemin acquisition

and another system must be providing the energy

needed for the functioning of the hemin uptake

system. In fact, the annotation of the HK1651

genome shows that AA02836 and AA02834 are

paralogs of exbB and exbD, respectively. The

genes AA02836 and AA02834 were annotated as

tolQ and tolR, respectively. There is another gene

down stream from tolR, AA02832, which was

annotated as tolA. PCR and RT-PCR showed that

all three of these genes are present and expressed

in strain DF2200N, HK1651 and CU1000. The

significance of this observation is that in E. coli the

TolQ, TolR, and TolA proteins are required for

group A colicins to be transferred from their

receptors in the outer membrane to the inner

membrane (Derouiche et al. 1995). The TolQ and

TolR proteins interact with and energize TolA in a

similar mechanism as ExbB, ExbD and TonB

(Journet et al. 1999; Cascales et al. 2001; Germon

et al. 2001). The topologies of TonB, ExbB, and

ExbD are very similar to those of TolA, TolQ, and

TolR, respectively. In fact, TolQ and TolR are

orthologous to ExbB and ExbD, respectively,

whereas TolA and TonB are homologous (Ca-

scales et al. 2001). In direct experiments investi-

gating the transport of cobalamin (Bradbeer 1993)

and colicin sensitivity (Braun 1989) in E. coli, the

researchers showed that the tolQ gene product can

partially replace the function of the ExbB protein.

In addition, it was shown that TolQ-TolR interacts

through TonB, and ExbB-ExbD interacts through

TolA with their outer membrane receptors

(Braun and Herrmann 1993). Therefore, the

tolQ and tolR genes located in the genome of

A. actinomycetemcomitans could be complement-

ing the mutations in exbB and exbD. There are no

reports that show a complementation effect by the

tolA gene product in any tonB mutants. However,

when the anchor of TonB was replaced with that

of TolA it still could function in activating

transport (Witty et al. 2002) suggesting that the

TolA and TonB C-terminal domains have a

common evolutionary origin and are related by

means of domain swapping. Thus, TolQ, TolR and

TolA could be complementing all the functions of

ExbB, ExbD and TonB respectively, not just those
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involved in hemin or iron acquisition. We are

interrupting tolA in MU-7, tolQ in MU-3, and

tolR in MU-6 to determine if this is the case in

A. actinomycetemcomitans.

Effects of iron on biofilm formation

Iron is an important environmental signal that

controls the differential expression of a large

number of genes, some of which code for impor-

tant bacterial virulence factors including the

formation of biofilms. It has been shown that

biofilm formation by human pathogens such as

Acinetobacter baumannii (Tomaras et al. 2003),

Pseudomonas aeruginosa (Singh 2004; Banin et al.

2005), Staphylococcus aureus (Johnson et al.

2005) and Streptococcus mutans (Berlutti et al.

2004) is controlled by iron. This regulation could

be mediated via Fur-dependent as well as Fur-

independent regulatory systems. Although there

are some publications describing the production

of Fur and the effect of iron on gene expression in

A. actinomycetemcomitans (Winston et al. 1993;

Spitznagel et al. 1995; Willemsen et al. 1997;

Graber et al. 1998; Haraszthy et al. 2002; Fong

et al. 2003; Rhodes et al. 2005), most of the

components of the iron modulon and Fur regulon

in this oral pathogen have remained unidentified.

In addition, very little is known about the

mechanisms and environmental signals that could

control the formation of biofilms by A. actinomy-

cetemcomitans. Based on these considerations,

we decided to examine the effects of iron-rich

and iron-chelated conditions on the formation of

A. actinomycetemcomitans biofilms, which in the

case of those formed in the human oral cavity are

known as dental plaques (Kolenbrander et al.

2005).

Biofilm assays, in which cells adhered to poly-

styrene tubes are stained with crystal violet after

static incubation, showed that CU1000 cells attach

to and form robust biofilms on the wall and at the

bottom of polystyrene tubes when grown in

AAGM either under iron-rich or iron-chelated

conditions. However, cells cultured in the presence

of hemin formed aggregates that appeared denser

and more localized at the bottom of the tubes than

those formed under the other experimental

conditions. The DF2200N strain also formed

strong biofilms of similar densities under the same

experimental conditions, although these biofilms

were located mostly at the bottom of the tubes. In

contrast, the CU1060 smooth derivative of the

CU1000 rough strain, attached poorly to and

formed weak biofilms, particularly when grown in

AAGM supplemented with FeCl3. The presence of

hemin in the culture medium seems to enhance cell

attachment and formation of biofilms, which were

distributed uniformly on the tube and were less

dense than those formed by the CU1000 and

DF2200N rough strains. Photocolorimetric quan-

tification of the stain retained by the attached cells

supported these macroscopic observations.

Scanning electron microscopy (SEM) of bio-

films formed on the surface of plastic coverslips

also showed that the iron content of the medium

affects cell adherence and biofilm formation.

Incubation of DF2200N in AAGM broth supple-

mented with FeCl3 resulted in the formation of a

larger number of small aggregates and microcol-

onies when compared with those formed by cells

incubated in AAGM without any supplementa-

tion (compare panels A and B of Fig. 5). Inter-

estingly, the aggregates formed in the presence of

inorganic iron were connected by or attached to

Fig. 5 SEM of DF2200N cells attached to plastic cover-
slips. Cells were cultured in AAGM (A) or AAGM
supplemented with FeCl3 (B), hemin (C), or dipyridyl (D).
Bars in all panels represent 100 lm
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amorphous filaments, which were either barely

seen or absent in the structures formed when the

cells were incubated in non-supplemented

AAGM or AAGM broth containing hemin or

dipyridyl. The addition of hemin to the culture

medium promoted the formation of very dense

and tightly packed aggregates of various sizes

while the incubation of the cells in chelated

medium resulted in the formation of mostly large

conglomerates with few small aggregates and

microcolonies (compare panels B-D of Fig. 5).

Similar observations were made with the rough

strain CU1000.

A similar SEM analysis showed that the

CU1060 smooth derivative also form biofilms on

the coverslips (Fig. 6), although the cell aggre-

gates were simpler and less dense when compared

with those formed by the rough strains (Fig. 5). It

is apparent that the presence of FeCl3 in the

medium reduces significantly the number of

aggregates formed on the coverslip surface and

alters the size and shape of the cells, which are

smaller and more rounded than those seen under

the other experimental conditions used in this

study (Fig. 6B). In contrast, the addition of hemin

to the culture medium enhances the number of

attached cells and aggregates formed on the

plastic surface (panel C). The biofilms formed in

the presence of dipyridyl showed a density and

structure similar to those formed in AAGM

broth, although the presence of the iron chelator

seemed to induce the formation of cell chains,

some of which remain attached to each other

(panel D).

Altogether these results indicate that the type

of structures A. actinomycetemcomitans rough

and smooth strains form on abiotic surfaces

depends on the iron content of the medium.

These findings are in agreement with those

reported for other important human pathogens

such as P. aeruginosa (Singh et al. 2002; Singh

2004; Banin et al. 2005), S. mutants (Berlutti et al.

2004) and S. aureus (Johnson et al. 2005). These

studies together with our data indicate that iron

and iron-chelating compounds play a role in the

type of cell aggregates and biofilm structures

bacteria, including oral pathogens, form under

iron-rich and iron-chelated conditions. It is pos-

sible that some of these factors, such as the

expression of active iron acquisition systems and

the production of Fur, influence different stages

of the A. actinomycetemcomitans biofilm forma-

tion process. It is also possible that this process is

affected by the presence of human lactoferrin, an

iron-binding protein that plays a significant role in

oral biology. Such a potential effect is supported

by the observation that iron-saturated lactoferrin

reduces the attachment of this oral pathogen to

buccal epithelial cells (Fine and Furgang 2002).

Some of these possibilities are being tested with

different isogenic derivatives cultured under dif-

ferent experimental conditions, some of which

resemble those found in the human oral cavity.
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