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Non-typeable Haemophilus influenzae (NTHI) is a common commensal bacterium that
resides in the human upper respiratory tract of healthy individuals. NTHI is also a
known causative agent of multiple diseases including sinusitis, otitis media, as well
as exacerbates disease severity of patients with cystic fibrosis and chronic obstructive
pulmonary disease. We have previously shown that the Sap transporter mediates
resistance to host antimicrobial peptides (AMPs) and import of the iron-containing
compound heme. Here, we analyzed the contribution of the Sap structural ATPase protein,
SapF, in these essential functions. In contrast to SapD, SapF was dispensable for NTHI
survival when exposed to AMPs in vitro. SapF was responsible for heme utilization
and recovery of depleted internal heme-iron stores. Further, a loss of SapF resulted in
morphological plasticity and enhanced community development and biofilm architecture,
suggesting the potential role of heme-iron availability in coordinating the complexity of
NTHI biofilm architecture. SapF was required for colonization of the nasopharynx and acute
infection of the middle ear, as SapF deficiency correlated with a statistically significant
decrease in NTHI persistence in vivo. These data suggest that SapF is required for proper
heme utilization which directly impacts NTHI survival. Thus, these studies further support
a role for the Sap complex in the transport of multiple substrates and further defines
substrate specificity for the two ATPase subunits. Given the multiple essential functions
provided by the Sap transporter, this complex could prove to be an effective therapeutic

target for the treatment of NTHI diseases.
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INTRODUCTION

Non-typeable Haemophilus influenzae (NTHI) is a Gram-
negative nasopharyngeal commensal microorganism, and oppor-
tunistic pathogen that can mediate human airway diseases such
as otitis media (OM), acute sinusitis, chronic bronchitis, pneu-
monia, and exacerbations in patients with cystic fibrosis and
chronic obstructive pulmonary disease (Klein, 1997; St Geme,
2000; Sethi and Murphy, 2001; Murphy, 2003; Roman et al.,
2004). Commensal microorganisms must adapt to various micro-
environmental cues for long-term colonization of the host.
Bacterial acquisition of nutrients and resistance to host bacteri-
cidal mechanisms are vital for survival as a commensal microor-
ganism. Disruption of commensal-host homeostasis, however,
can potentiate disease development. Pathogenesis is a multifac-
torial and dynamic process that begins with bacterial migration
to a privileged site and culminates with unrestricted bacterial
growth. The unrestricted growth is dependent upon multiple
complex and dynamic interactions between the microbes, the var-
ied microenvironments encountered in the host, and interactions
with host immune effectors. Acquisition of essential nutrients
in this hostile environment and bacterial strategies to thwart
innate immune clearance mechanisms are critical for NTHI
pathogenesis.

The propensity for NTHI to build and reside within a biofilm,
as observed in samples taken from patients with OM as well as
animals with experimentally induced OM, further increases the
biological complexity of NTHI lifestyles (Ehrlich et al., 2002;
Hall-Stoodley et al., 2006; Jurcisek and Bakaletz, 2007; Jurcisek
et al., 2007; Post et al., 2007). The organized biofilm community
contributes tremendously to pathogenesis and, importantly, to
the prolonged, recurrent and difficult-to-treat nature of these dis-
eases. The development of structured biofilm formation in other
pathogens (e.g., Pseudomonas aeruginosa) is conditional upon
availability of nutrients (Banin et al., 2005; Moreau-Marquis
et al., 2009; Wu and Outten, 2009). NTHI, similarly with other
microbes that reside on and within the mucosal epithelium,
requires iron for survival and for key bacterial processes (Markel
et al., 2007). Microbes adapt to dynamic-host environments with
specific mechanisms to compete with their host for essential
iron. Host iron sequestration (“nutritional immunity”) influ-
ences microbial growth and biofilm formation (Ong et al., 2006).
Haemophilus, a strictly obligate human commensal, lacks the
ability to synthesize the protoporphyrin ring required for iron
sequestration and, therefore, must possess multiple mechanisms
to acquire both heme and iron for use in cytoplasmic enzymes
(Stojiljkovic and Perkins-Balding, 2002). Proteins that function
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in heme acquisition include homologues of hemoglobin and
hemoglobin—haptoglobin binding proteins (Maciver et al., 1996;
Ren et al., 1998; Morton et al., 2004a), a heme-hemopexin utiliza-
tion system (Cope et al., 1994), the Hup heme utilization protein
(Morton et al., 2004b), and the HbpA heme-binding lipoprotein
(Hanson et al., 1992; Morton et al., 2005). In addition, the Sap
transporter proteins were recently shown to bind and transport
heme across the bacterial inner membrane into the cytoplasm
(Mason et al., 2011).

The sap (sensitivity to antimicrobial peptides) operon
(sapABCDFZ) encodes a periplasmic substrate binding protein,
SapA, two transmembrane permease proteins (SapB and SapC),
two ATPase subunits (SapD and SapF) which drive substrate
transport across the inner membrane, and SapZ of unknown
function (Mason et al., 2003, 2005, 2006, 2011). Importantly, we
demonstrated that the NTHI Sap ATP-binding-cassette (ABC)
transporter is multifunctional, which not only mediates heme
transport, but uptake of host innate antimicrobial peptides
(AMPs), both functions that are critical for survival of NTHI
in vivo (Mason et al., 2011; Shelton et al., 2011). The Sap sys-
tem is wide spread in Gram-negative bacteria and is known
to mediate innate immune resistance in strains of Salmonella,
Proteus, Pasteurella, Escherichia coli (E. coli), Vibrio, Erwinia,
Actinobacillus, and Haemophilus ducreyi (Groisman et al., 1992;
Parra-Lopez et al., 1993, 1994; Groisman, 1994; Lopez-Solanilla
et al.,, 1998; Nakamura et al., 1998; Chen et al., 2000; Harms
et al., 2001; McCoy et al., 2001; Paustian et al., 2002; Mount et al.,
2007, 2010; Lone et al., 2009). AMPs target bacterial membranes
to disrupt the electrochemical gradient, cause leakage of cyto-
plasmic contents, and ultimately kill the microorganism (Sitaram
and Nagaraj, 2002; Brogden, 2005). To survive these host insults,
NTHI must effectively neutralize these pathogen-targeted bacteri-
cidal mechanisms. Modification of lipooligosaccharide (LOS) and
Lipid A acylation serve as a first line of defense against these pep-
tides (Lysenko et al., 2000; Starner et al., 2002). We extended these
investigations and show that SapA directly binds AMPs, signals
increased sap gene expression, and subsequently enhances a bac-
terial AMP-resistant phenotype (Mason et al., 2003, 2006, 2005).
Further, SapA was essential for survival of NTHI in an exper-
imental mammalian model of human airway disease (Mason
et al., 2005, 2006). Importantly, SapA is required for neutraliz-
ing B-defensin activity in the mammalian host via transport and
subsequent degradation of these peptides (Shelton et al., 2011).

The contribution of the Sap system to NTHI virulence is
dependent upon transporter ATPase activity. We have previously
shown that an NTHI strain deficient in one of the ATPase sub-
units, SapD, is susceptible to killing by recombinant chinchilla
B-defensin-1, an ortholog of human B-defensin-3, (Mason et al.,
2005, 2006) and is unable to maintain potassium homeostasis
when the outer membrane is compromised. Moreover, SapD is
required for persistence in a mammalian host (Mason et al., 2005,
2006). Although SapD and SapF are homologous proteins sharing
ATPase function, the contribution of SapF for energizing trans-
port of specific substrates through the Sap permease has not been
described.

Here, we evaluated the transport of known Sap-dependent
substrates in the absence of the SapF ATPase. We constructed an

unmarked, nonpolar sapF deletion mutant strain and investigated
the biological consequence of SapF deficiency on Sap-mediated
AMP resistance, heme utilization, community architecture, and
NTHI persistence in a mammalian animal model. We demon-
strated that AMP resistance was independent of SapF function
when NTHI was exposed to physiological levels of AMPs, con-
centrations previously shown to be lethal for the sapA and sapD
mutants (Mason et al., 2006, 2011). Further, SapF was required
for heme-iron utilization and influences the extent of biofilm
architecture and community development. Importantly, SapF
was essential for persistence of NTHI in the middle ear and
nasopharynx. Together, these data further support a critical mul-
tifunctional role for the Sap complex in transport of substrates
that are essential for robust growth and subversion of host innate
immune effectors. Moreover, this study demonstrates that two
homologous ATPase subunits encoded within the same operon
can serve independent functions.

MATERIALS AND METHODS

GENERATION OF A sapF DELETION MUTANT STRAIN

NTHI strain 86-028NP is a minimally passaged clinical isolate
obtained from Nationwide Children’s Hospital which has been
extensively characterized in the chinchilla model of OM and
has been sequenced and annotated (Harrison et al., 2005,
2007). The parental NTHI strain 86-028NP:rpsLajagc is a
streptomycin resistant strain constructed as previously described
(Carruthers et al., 2012). Construction of an unmarked, non-
polar deletion mutant of the sapF gene was performed by the
recombineering strategy as previously described (Tracy et al.,
2008; Shelton et al., 2011). Briefly, primers 5° TTCACTAAAA
ATCCACCAACCA 3 and 5 TGGACGTATAAAAATTGTAGA
TGG 3’ were used to amplify sapF and 1kb of the flanking DNA
both 5 and 3’ to sapF. The subsequent amplicon was ligated
into the pGEM-T Easy vector (pAV001) and transformed into
E. coli strain DY380. In parallel, primers, 5 AAAACAACCG
CCACCCCTTTTATACTTAATTGCAAAGGAAATGAATAATGAT
TCCGGGGATCCGTCGACC 3" and 5" AAAGGGACGAGTGTT
CATTTTTCCTTTCCTTAGTGAGTGTTTTTGTCTTTTGTAGG
CTGGAGCTGCTTCG 3/, each containing 50 base pairs of DNA
homologous to the 5" and 3" ends of the sapF gene were used to
amplify the spec-rpsL cassette from pRSM2832. This amplicon
was then electroporated into strain E. coli DY380/pAV001 to
form strain DY380/pAV002, in which the sapF gene in pAV001,
has been replaced by the cassette. The plasmid pAV002 was then
used to transform NTHI 86-028NP::rpsLa;28c and transformants
were selected by growth on spectinomycin-containing chocolate
IT agar plates. To generate a nonpolar deletion mutant, the sapF
mutant was transformed with plasmid pRSM2947, grown at
32°C, and FLP expression was induced using anhydrotetracycline.
The cells were cured of the plasmid by growth at 37°C.

CONSTRUCTION OF sapF COMPLEMENT

Complementation of the sapF mutant was constructed as previ-
ously described (Mason et al., 2006). Briefly sapF was amplified
from NTHI 86-028NP and ligated downstream the sap pro-
moter into pSpecl and transformed into Haemophilus strain
Rd. A spectinomycin resistant clone was isolated and the
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plasmid stored as pSWS001. This plasmid was then trans-
formed into NTHI 86-028NP::rpsLaiascAsapF and a specti-
nomycin resistant complemented strain was stored as NTHI
86-028NP::rpsLa12s6 AsapF/pSWS001.

CONSTRUCTION OF GFP REPORTER STRAINS

Green fluorescent protein (GFP) reporter strains were engi-
neered to monitor morphological plasticity phenotypes in the
sapF deletion mutant strain and the parental strain NTHI
86-028NP::rpsLaizgg. An EcoRI/Sphl restriction fragment was
removed from pRSM2211 (Mason et al., 2003). The frag-
ment contains the NTHI OMP P2 promoter cloned upstream
the gfpmut3 gene. The P2:gfp fusion was cloned into the
EcoR1/Sphl site of pSpecl, constructed as previously described
(Mason et al, 2006) and the plasmid saved as pGMI.1.
This plasmid was then transformed into NTHI 86-028NP
generating strain RSM2713. The plasmid (pGMI1.1) was iso-
lated from RSM2713 and used to transform parental strain
NTHI 86-028NP::rpsLaiasc and the AsapF strain, generat-
ing strain NTHI 86-028NP::rpsLai2sg/pGM1.1 and NTHI 86-
028NP::rpsLaiasc AsapF/pGM1.1, respectively.

GROWTH CONDITIONS

NTHI was grown on chocolate IT agar (Becton Dickinson, Sparks,
MD), in brain heart infusion broth supplemented with 2pg
heme/mL and 1pug NAD/mL (supplemented brain-heart infu-
sion; sBHI) or in defined iron-source (DIS) medium supple-
mented with 0, 2, or 20 pg heme/mL at 37°C in 5% CO,, prepared
as previously described (Mason et al., 2006). To monitor the
requirement of the SapF ATPase on heme import and growth after
heme starvation, the bacterial strains were grown overnight on
chocolate agar at 37°C and 5% CO,, sub-cultured into nitric acid-
washed 15 mL round bottom glass tubes containing pre-warmed
DIS medium with either 0 or 2 ug heme/mL and grown for 16 h
to deplete internal stores of heme for use in subsequent experi-
ments, as previously described (Mason et al., 2011). Heme-iron
utilization was monitored in the iron-starved or non-starved cul-
tures by measuring bacterial growth every hour for 16 h using the
Synergy HT kinetic plate reader (BioTek, Bath, UK) as previously
described (Mason et al., 2011). Number of viable bacteria was
confirmed by serial dilution and plating to determine the colony
forming units (CFU) per mL of culture.

BACTERICIDAL ASSAYS

Bactericidal assays were performed to evaluate AMP resistance as
previously described (Mason et al., 2005). Briefly, bacteria were
grown overnight on chocolate IT agar plates, inoculated into 5 mL
of pre-warmed sBHI medium, grown for 3h at 37°C in 5% CO»,
and then diluted with sBHI to 103 CFU/mL. The bacteria were
further diluted 1:100 in 10 mM sodium phosphate (pH 7.4) con-
taining 1% sBHI to 10° CFU/mL. In a 96-well polypropylene plate
(Falcon), 90 LL of 10 mM sodium phosphate containing 1% sBHI
was added to each well. Human B-defensin (hBD-3, PeproTech)
or human cathelicidin LL-37 (Phoenix Pharmaceuticals) was seri-
ally diluted in the wells so that each well retained 90 pL of the
appropriate concentration of peptide. 10 L bacteria (10* CFU)
were added to each well, and the plate was incubated for 1 hour

at 37°C in 5% CO,. Following incubation, bacterial concentra-
tions were determined by serial dilution and growth on chocolate
IT agar, and data were expressed as CFU/mL of viable bacteria.

BIOFILM GROWTH ON ABIOTIC SURFACE

Starved and non-starved cultures were used to determine the
influence of heme starvation and SapF deficiency on biofilm
structure and organization. Starved and non-starved cultures
were matched for CFU/mL in DIS medium and 2.5 x 10° bac-
teria were added to each well of a Nunc Lab-Tek8-well chamber
slide containing DIS medium supplemented with or without 2 pug
heme/mL. The chamber slide was then incubated at 37°C with
5% CO; and biofilms were grown for 48 hours with a media
change at 24 hours. The biofilms were stained with BacLite™
LIVE/DEAD stain (Molecular Probes, Grand Island, NY) for
the strains not containing the pGM1.1 GFP reporter plasmid.
Biofilm structure and organization were imaged with an Axiovert
200M inverted epifluorescence microscope equipped with the
Apotome attachment for improved fluorescence resolution and
an Axiocam MRM CCD camera (Carl Zeiss Inc., Thornwood,
NY). Experiments were repeated in triplicate and representative
samples are shown.

ANIMAL MODELING

Healthy adult chinchillas (Chinchilla lanigera) purchased from
Rauscher’s Chinchilla ranch (LaRue, OH) with no evidence of mid-
dle ear infection were used to assess the biological impact of SapF
function. Chinchillas were anesthetized with 2mg xylazine/kg
(Fort Dodge Animal Health, Fort Dodge, IA) and 10mg
ketamine/kg (Phoenix Scientific Inc., St. Joseph, MO) and 86-
028NP::rpsLaizgc or 86-028NP::rpsLa1asg AsapF were inoculated
transbullarly into the middle ear (86-028NP::rpsLa12sc = 4.19 x
10%; 86-028NP::rpsLaiagcAsapF = 8.34 x 10°) of a chinchilla
or via passive inhalation for nasopharyngeal colonization (86-
028NP::rpsLaiagc = 1.34 X 108; 86-028NP::rpsLaizsgAsapF =
2.05 x 10%). At the indicated days post-inoculation, middle
ear effusions were collected by epitympanic taps through the
superior bullae, and directly obtained from the inferior bullae.
Nasopharyngeal lavage fluids were obtained by passive inhalation
of 500 L of pyrogen free sterile saline into one naris and collection
of the lavage through the other naris as the liquid was exhaled.
Middle ear infection was monitored daily by video otoscopy
for signs of inflammation and middle ear fluid accumulation.
All animal experiments were performed using accredited condi-
tions for animal welfare approved by the Institutional Animal
Care and Use Committee (Welfare Assurance Number A3544-
01) at The Research Institute at Nationwide Children’s Hospital,
ARO08-00027.

RESULTS

SapF IS NOT REQUIRED FOR AMP RESISTANCE

We have previously shown that the SapA and SapD Sap trans-
porter subunits are required for resistance to the cationic peptide
(r)cBD-1 (the chinchilla homologue of human B-defensin-3,
hBD-3; Mason et al., 2005, 2006). We further demonstrated that
AMP transport to the bacterial cytoplasm, as a mechanism to
decrease periplasmic accumulation of these toxic peptides, was
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dependent upon SapBC permease production (Shelton et al.,
2011). We hypothesized that the two ATPase subunits, SapD
and SapF, would energize transport of AMP molecules through
the SapBC permease. To this end, we exposed the unmarked,
nonpolar sapF mutant or the marked, non-polar sapD mutant
(Mason et al., 2006) to increasing concentrations of the AMPs
hBD-3 or LL-37 and monitored bacterial survival compared to
that of the parental (NTHI 86-028NP::rpsLaiagc) or wild type
(NTHI 86-028NP) strains, respectively. In marked contrast to
the SapD ATPase, whereby the sapD mutant was susceptible to
both hBD-3 and LL-37 (Figures 1B,D, respectively), we observed
that the SapF ATPase was dispensable for conferring the resis-
tant phenotype at all concentrations of LL-37 and at hBD-3
concentrations less than 2 pg/ml (microgram/ml) (Figures 1C,A,
respectively). These data suggest that each ATPase may mediate
unique functions with the Sap ABC transporter.

THE SapF ATPase IS REQUIRED FOR HEME-IRON UTILIZATION

We previously demonstrated that transport of heme across the
inner membrane requires the Sap transporter permease, SapBC,
and the SapA periplasmic binding protein (Mason et al., 2011).
For technical reasons associated with the requirement of SapD
for potassium homeostasis, we have not been able to deter-
mine the contribution of SapD to heme-iron transport in NTHI.
However, as SapF is not required for potassium homeostasis (data
not shown), we determined whether SapF was required for the
energy-dependent transport of heme. Thus, we predicted that
loss of SapF would impair heme-iron utilization, measured by
changes in bacterial growth, particularly under conditions of
heme-iron starvation. We first monitored whether loss of SapF
altered growth kinetics of NTHI compared to that of the parental
strain when grown in DIS medium. We observed a delay in

entrance into logarithmic growth in the sapF mutant compared
to that of the parent strain (Figure2A). However, the SapF-
deficient strain maintained a similar growth rate compared to
that of the parent strain throughout the remainder of the culture
period, suggesting a compensatory mechanism for heme acquisi-
tion in the absence of SapF protein or a requirement of SapF for
heme acquisition during the transition from stationary phase to
logarithmic growth.

In order to monitor whether environmental heme-iron starva-
tion would provoke more severe growth defects, the parent and
sapF mutant strains were depleted of internal stores of heme-iron
by incubation of each strain in DIS medium without heme for
16 h. Bacteria were matched for optical density and viable bac-
teria were enumerated by plating and overnight growth on agar
(See “Material and Methods”; Figure 2B). We observed a statis-
tically significant decrease (~2-fold) in the number of colonies
observed in the absence of SapF when compared to that of the
parental strain (Figure 2B). The addition of sapF in trans restored
the number of colonies produced by the sapF mutant (Figure 2B).

We next investigated whether SapF was required for recov-
ery from heme-iron depletion of internal stores during plank-
tonic growth (Figure3). To this end, the parent strain, a
SapF-deficient strain, or a SapF-complemented mutant strain
was heme-iron starved for 16h in DIS medium depleted of
iron sources. The bacteria were then cultured in the pres-
ence of one of two concentrations of heme for 16 h (Figure 3).
The heme-iron-starved parent strain failed to grow when cul-
tured in heme-iron-depleted medium, which indicated that the
microorganism was sufficiently starved of all internal iron stores
(Figure 3A). Growth was restored to the parental strain when
cultured in the presence of either concentration of heme-iron
(Figures 3B,C). Although no growth defects were observed with
the SapF-deficient strain during heme-iron starvation (data not
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54 5.
on _— 10 _ 10 =1 AsapD
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FIGURE 1 | The SapF ATPase is dispensable for resistance to the AMPs bacteria. Data represents the average number of surviving bacteria from at
hBD-3 and LL-37. The parent strain and the SapF ATPase-deficient strain least three independent experiments. Error bars represent the standard
(A and C) or the Wild Type and SapD-ATPase deficient strain (B and D) were deviation of the mean of cultures assayed in triplicate from six (n = 6;
incubated with increasing concentrations of hBD-3 (A and B) or LL-37 A and C) or three (n = 3; B and D) independent experiments. *Denotes
(C and D) for 1 h and then plated on chocolate agar for enumeration of viable p < 0.05 by a two-tailed Student’s t-test; **Denotes p < 0.01.
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FIGURE 2 | Growth characteristics in the absence of the SapF ATPase.
The parent strain (circle) and SapF-deficient strain (square) were grown
overnight on chocolate agar, diluted in DIS medium, matched for optical
density (OD4g0) and inoculated into DIS medium containing 2 pg heme/mL
(A). Growth was assessed by measuring the ODggg every hour for 5h.
Error bars represent the standard deviation of the mean of cultures assayed
in triplicate from three independent assays (n = 2). (B) The parental strain
(black bar), the SapF-deficient strain (white bar), and the complemented

SapF-deficient strain (gray bar) were incubated in DIS medium in the

absence of heme-iron for 16 hours. The resultant cultures were matched for
optical density (ODg4gg) and plated for number of CFU. * denotes p < 0.05

by a two-tailed Student’s t-test (N = 5).

shown), the bacteria demonstrated some modest growth but
failed to regain logarithmic growth in the presence of heme-
iron (Figures 3B,C). Complementation of the sapF mutation fully
restored the growth of the heme-iron-starved microorganism
compared to that of the parent strain (Figures 3B,C). These data
indicated that SapF is critical for heme acquisition and utilization
in NTHI.

SapF DEFICIENCY PROMOTES ROBUST BIOFILM ARCHITECTURE

A biofilm is a highly organized, multicellular network of bacte-
ria encased in a matrix which results in a robust architecture.
Iron availability has been shown to influence biofilm formation
(Johnson et al., 2005, 2008; Hindre et al., 2008), and iron avail-
ability is limited in the human host. Given the observation that
SapF contributes to the uptake and utilization of heme-iron, we
investigated whether the loss of SapF ATPase likewise resulted in
changes to NTHI biofilm architecture. Biofilm development was
monitored for the sapF mutant strain or the parental strain when
cultured in a heme-iron-replete medium (Figure 4). The parental
strain forms a biofilm that primarily consists of a mat-like archi-
tecture with sporadic spiked short towers (Figures4A,C). In
marked contrast, loss of SapF resulted in more robust, thicker
tower formation (Figures 4B,D). The differences in biofilm archi-
tecture were more readily observed when comparing the three-
dimensional surface plot produced from a series of fluorescent
optical sections (Figures 4C,D). The altered architecture in the
absence of SapF suggests that environmental stresses (i.e., heme-
iron depletion) may enhance the overall complexity of NTHI
biofilms.

Since we demonstrated that SapF activity was essential for
heme acquisition and utilization by NTHI, we monitored NTHI
biofilm formation and architecture following heme-iron star-
vation in the presence or absence of heme for 24 h. Biofilms
that develop following restoration of heme-iron to depleted cul-
tures revealed phenotypic changes in the sapF mutant strain
(Figure 5B) compared to the parent strain (Figure5A). The
biofilms were more punctate in appearance, reflective of bacte-
rial aggregates that appeared to be primed for bacterial growth
in the presence of heme. Complementation of the sapF muta-
tion restored a smoother biofilm phenotype similar to that of
the parental strain (compare Figures 5A,C). These alterations in
biofilm architecture and bacterial morphology dependent upon
SapF function were exaggerated under heme-iron starvation

A B C

~05 ~0.5 ~05

& - Parent § §

8 0.4 = AsapF 8 0.4 8 0.4

& =’ AsapF <o,

=03 PS03 5 0.3

2 2 2

s 0.2 s 0.2 < 0.2

K=} =} £

=4 = =)

20148, § 0.1 § 0.1

< 0.04 . . » < 0.04 : . , < 0.04 . . . .
5 10 15 20 0 10 15 20 0 510 15 20

Time (hours) Time (hours) Time (hours)

FIGURE 3 | Role of SapF ATPase in heme utilization. The parent strain

(circle), the SapF-deficient strain (square), and the complemented

SapF-deficient strain (triangle) were iron-starved for 16 h in DIS medium in
the absence of heme, matched for CFU, and subcultured in DIS medium

containing 0 (A), 2 (B), or 20 ug heme/mL (C). Growth was assessed by
measuring the increase in OD4gg every 30 min for 16 h. Error bars represent
the standard deviation of the mean of cultures assayed in triplicate from
three independent experiments (n = 3).
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conditions (Figure 5E). Changes in bacterial morphology were
also evident in the parental and complemented mutant strains
when subjected to heme-iron starvation conditions. These data
suggest that heme-iron starvation influences changes in NTHI
biofilm architecture.

Parent AsapF’

FIGURE 4 | Biofilm density and architecture in the absence of SapF. The
parental strain (A, C) or the SapFdeficient strain (B, D) were grown in DIS
medium without heme on a glass chamber slide for 48 h. Biofilm structure
was assessed by fluorescence microscopy following staining with the
Live/Dead viability stain (see “Materials and Methods"). The surface area of
a representative portion of the biofilm was generated from a series of
optical sections using ImageJ software for the parental strain (C), and the
SapF-deficient strain (D). Scale bar = 100 um (A, B) or 10 um (C, D).

Live/Dead

Surface Plot

SapF DEFICIENCY PROVOKES MORPHOLOGICAL PLASTICITY OF NTHI

We became interested in investigating the punctate structures
(Figure 5E) and overall architecture of the more robust tower
structures (Figure 4D) formed in the absence of SapF. In contrast
to the mat-like architecture of the parental strain (Figure 6A),
microscopic evaluation at higher magnification revealed that the
towers were formed from individuals that appear in an open lace-
work architecture (Figure 6B). In many cases the live dead stain
revealed a chain of nucleoids that appear to be floating in the cul-
ture medium but securely attached to the biofilm proper. The
apparently suspended nucleoid chain suggested that the NTHI
may be forming bacterial chains or filaments. To better char-
acterize the interbacterial interactions of the NTHI individuals
within the biofilms, we transitioned to the use of an NTHI strain
that constitutively produces GFP to visualize the intact cyto-
plasm for better differentiation of overall cell length. We thus
sought to examine alterations in biofilm growth and architec-
ture when both the parent and mutant strain were depleted of
internal heme-iron stores. The environmentally depleted bacte-
ria were placed into a biofilm chamber slide for 24h of cul-
ture in the absence of environmental heme-iron (Figures 6C,D).
Depletion of heme-iron resulted in the inhibition of cell divi-
sion leading to the formation of elongated NTHI with a con-
tinuous cytoplasm as indicated by the uniform distribution of
GFP (Figures 6C,D). These filamentous NTHI formed patches
or clusters that were readily observed even at lower magni-
fication (Figure5E). This phenotypic change in morphology
was accentuated in the sapF mutant strain as a majority of
viable bacteria were filamentous compared to the parent strain
(compare Figures 6C,D). These data demonstrate morphologi-
cal plasticity occurs under conditions of heme-iron limitation.
The morphological plasticity observed here can account for
the decreases in CFU observed above (Figure2B). In addi-
tion to the filamentous form being enriched at early stages

Parent

Heme™ 5> Heme"
Live/Dead

Heme™ —9»Heme™
Live/Dead

FIGURE 5 | Biofilm formation in the presence and absence of heme-iron.
The parental strain (A, D), SapF-deficient strain (B, E), and complemented
Sap-deficient strain (C, F) were cultured in DIS medium without heme for
16 hours, matched for OD4gg units, and then sub-cultured into glass chamber

AsapF ¢’ AsapF

slides with DIS medium containing 0 or 2 wg heme/mL for 24 h. Biofilms
were stained with the Live/Dead viability stain and the structure was
visualized by fluorescence microscopy (all images 20 x magnification).
Scale bar = 100 pm.
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Parent

AsapF

Heme™ —>» Heme"
Live/Dead

C

Heme™ —9»Heme™
;FP

FIGURE 6 | Morphological plasticity in the absence of SapF. The
parental strain (A, C) and the SapF-deficient strain (B, D) were cultured in
DIS medium without heme for 16 h, matched for ODg4gp units, and then sub
cultured into chamber slides (1 x 10% CFU/mL starved) with DIS medium
with (A, B) or without heme (C, D) for 48 h. (A, B) Biofilms were stained
with the Live/Dead viability stain and colony morphology was analyzed by
fluorescence microscopy. 3D rendering of sequential optical sections of the
SapF-deficient strain demonstrating lace-like architecture composed of
chaining nucleoids (B) as compared to mat-like architecture of the parent
(A). The parent strain (86-028NP rpsLa1286/PGM1.1; C) forms fewer
filamentous individuals while the SapF-deficient strain (86-028NP
rosLaipggAsapF/pGM1.1; D) readily filaments under heme-starved
conditions. All images were taken under 63 x magnification. Scale

bar =10 pm.

in biofilm development in response to heme-iron limitation,
filamentous NTHI were also observed throughout the towers
formed in the absence of SapF (Figure 6B). Bacterial filamenta-
tion in response to environmental stressors has been shown to
provide selective survival advantages to the bacterium (Justice
et al., 2008; Horvath et al., 2011). Since the host microenviron-
ment is initially iron deplete, the ability to filament may pro-
vide NTHI a survival advantage during colonization and biofilm
formation.

LOSS OF SapF-MEDIATED HEME-IRON ACQUISITION ATTENUATES
NTHI PERSISTENCE in vivo

Recently, multiple functions of the Sap transporter have been
revealed through the use of strains deficient in the periplasmic
binding protein, SapA (Mason et al., 2006, 2011; Shelton et al.,
2011). We have demonstrated here that SapF was required for
heme utilization, and coordination of NTHI biofilm architecture,
traits that are important to establish acute OM. We have also
previously shown that resistance to AMPs is essential for persis-
tence of NTHI in vivo (Shelton et al., 2011). Therefore, we took
advantage of our observation that SapF is dispensable for antimi-
crobial resistance to elucidate the contribution of heme-iron
utilization toward colonization of the chinchilla nasopharynx and

middle ear (Figure 7). We hypothesized that heme-iron utiliza-
tion is a key trait required for survival in a host environment.
In order to test this hypothesis we infected four chinchillas each
with the parental NTHI strain or the sapF mutant strain and
monitored bacterial survival in the nasopharynx and middle ear
over a 14-day period. The absence of SapF dramatically attenu-
ates persistence in the nasopharynx (Figures 7A,C) and middle
ear (Figures 7B,D) as evidenced by the more rapid clearance of
NTHI by day 14 (Chi square p = 0.04 and p = 0.05, respectively).
The sapF mutant was cleared from the nasopharynx in three of
the four animals on day 14 (Figures 7A,C). Moreover, the sapF
mutant was cleared from the middle ear in five of eight ears on day
14 (Figures 7B,D). In contrast, the majority of the ears infected
with the parental isolate had ongoing infections two weeks follow-
ing bacterial inoculation. It is clear that a loss of SapF alters NTHI
persistence and that SapF is required for normal long-term infec-
tion of the middle ear space, suggesting that heme-iron utilization
is required for persistence in the host.

DISCUSSION

We previously described distinct functions for the Sap trans-
porter in Haemophilus growth and survival, yet we currently do
not understand how individual transporter protein components
coordinate and cooperate to confer multiple biological functions.
In this study, we evaluated the biological relevance for SapF
ATPase function in NTHI heme-iron utilization, AMP suscepti-
bility, community architecture, and virulence. We demonstrated
that SapF functions to acquire heme but is dispensable for AMP
resistance. Interestingly, although the sap operon encodes SapD
and SapF ATPase proteins that share homology and are thus
predicted to provide energy dependence for similar biological
functions, previous results indicate that SapD functions to impart
unique and separate functions of the transporter complex (Mason
et al., 2006). SapD-deficient NTHI is sensitive to physiologi-
cal concentrations of AMPs [0.5-2.0 pg/mL in nasal secretions
from healthy donors; (Groisman, 1994)] whereas SapF activity
was dispensable. Further, SapD-deficient NTHI was unable to
support critical uptake of potassium upon compromise of the
outer membrane (Mason et al., 2006). We propose that SapD
energizes potassium uptake via the TrkA/H potassium importer
(Mason et al., 2006). The inability of SapF to compensate and
restore AMP resistance and potassium uptake indicated unique
functional roles for this protein. In addition, we demonstrated
that the SapF ATPase was critical for acquisition and utilization
of the essential iron-containing compound heme and for estab-
lishment of community architecture. Given that the two ATPase
subunits facilitate transport of unique substrates, we were able
to independently elucidate the contribution of AMP resistance
and heme-iron utilization in the acute stages of NTHI disease.
The SapD and SapF ATPase components confer unique functions
that may contribute in a complementary manner to sustain bac-
terial infection in the host. The ability of each subunit to energize
transport of independent substrates, in part, explains the pres-
ence of two highly homologous proteins encoded within the same
operon. Given these differences, we are currently investigating
the substrate specificity for each of the two Sap permease
components.
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FIGURE 7 | SapF is required for colonization of a mammalian host attenuated in the nasopharynx (days 10 and 14) and in the middle ear
and infection of the middle ear. The parent strain (black circles) or (day 4) and was cleared more rapidly from the nasopharynx (3 of
SapF-deficient strain (white triangles) were inoculated via passive 4 animals; A, C) and the middle ear (4 of 7 ears; B, D), compared to the
inhalation for nasopharyngeal colonization (A) and transbullarly into the parent strain (Chi square p = 0.04 and p = 0.05, respectively). Each
middle ear of a chinchilla (B). At the indicated days post-inoculation, cohort contained four animals [nasopharynx: n = 4; middle ear: n =8
nasopharyngeal lavage or middle ear fluids were obtained and bacterial (left and right ears)]. *Denotes p < 0.05 by a two-tailed Mann-Whitney
persistence was enumerated. The SapF-deficient strain was significantly U-test.

The evidence presented here supports a critical role for SapF
in heme utilization by NTHI. In heme-iron replete medium, the
SapF-deficient strain was delayed in entry to logarithmic growth
from stationary phase, yet the rate of growth was compara-
ble between both strains during exponential growth. Following
heme-iron starvation of both strains, however, SapF was required
for recovery from depletion of heme-iron from internal stores.
These data suggest that SapF functions to increase internal stores
of heme-iron within the cells which can be utilized under starva-
tion conditions, such as those of host micro-environments.

We demonstrated that SapF contributes to biofilm com-
munity architecture. The altered architecture observed in the
absence of SapF suggests that environmental stresses (i.e., heme-
iron depletion) may enhance the overall complexity of NTHI
biofilms. Indeed, we observed accentuated morphological plas-
ticity of NTHI due to heme-iron limitation. Morphological
plasticity has been observed in a number of pathogens and,
where tested, is essential for persistence in a host environment
(Justice et al., 2006, 2008). We hypothesize that morphologi-
cal plasticity of NTHI will result in formation of communities
that contain large bacterial filaments that likely contribute to
biofilm architecture and stability in the host. This morpholog-
ical plasticity is particularly relevant considering that in vivo
NTHI must sense and respond to host iron sequestration (iron-
deplete middle ear) and colonize the mucosal epithelium. It is well
accepted that the human host is an iron-restricted environment

(Ong et al., 2006), in fact, host “nutritional immunity” serves
to “starve” the microorganism of essential iron sources and
thus inhibit bacterial growth. Subsequent host inflammation
and disease progression should increase iron availability for
the microorganism, to thus augment community development.
Using scanning electron microscopy, we have observed NTHI fil-
amentation of the parental isolate and a Sap transporter mutant
strain that is genetically starved of heme-iron (unpublished).
We hypothesize that iron starvation at the host cell inter-
face may trigger morphological plasticity (i.e., filamentation) of
Haemophilus. These data are consistent with a recent observa-
tion of Haemophilus filaments adhered to middle ear mucosa
epithelium of chinchillas (Leroy et al., 2007). We hypothesize that
morphological plasticity associated with heme-iron restriction
(genetically induced in the sap mutant strain) dictates alter-
ations in NTHI communities that alter host response efforts.
Further elucidation of the contribution of morphological plastic-
ity to community architecture and virulence are currently under
investigation.

We have previously demonstrated that SapA, the Sap trans-
porter substrate binding protein, directly counters host AMP
lethality in vivo (Shelton et al., 2011). This finding is significant in
that it establishes a direct link between Sap transporter function
and NTHI survival in the host. Our data clearly support multiple
functions for the Sap transporter, and we have begun to identify
Sap associated proteins required for each specific function. Here,
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we determined that SapF does not mediate AMP resistance, yet
functions to maintain heme homeostasis between NTHI and the
microenvironment. Use of these mutant strains in vivo will begin
to define the impact of AMP exposure and iron availability on
NTHI pathogenesis. There are multiple gaps in our knowledge
of this dynamic interplay, particularly how nutritional limitation
dictates microbial virulence factors that equip survival of bacteria
in the host, both as benign nasopharyngeal commensal or oppor-
tunistic trespasser of privileged sterile sites. Elucidation of NTHI
responses to nutrient limitation has great likelihood to serve as
a prototype for other mucosal opportunists. The Sap transporter
appears to contribute a vital role in these survival methods and
understanding the role of each of its component proteins could
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