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ABSTRACT

Haemophilus influenzae is a commensal of the human upper respiratory tract that can infect diverse
host niches due, at least in part, to its ability to withstand both endogenous and host-mediated
oxidative stresses. Here we show that Afed, a gene previously linked to iron import, is essential for
H. influenzae manganese recruitment via the HfeBCD transporter. Structural analyses show that
metal-binding in HfeA uses a unique mechanism that involves substantial rotation of the C-terminal
lobe of the protein. Disruption of Afed reduces H. influenzae manganese acquisition and was
associated with decreased growth under aerobic conditions, impaired manganese-superoxide
dismutase activity, reduced survival in macrophages, and changes in biofilm production in the
presence of superoxide. Collectively, this work shows that HfeA contributes to H. influenzae
manganese acquisition and virulence attributes. High conservation of the AfeABCD permease in

Haemophilus species suggests that it may serve similar roles in other pathogenic Pasteurellaceae.
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Haemophilus influenzae is a human-adapted respiratory pathogen that commonly inhabits the
nasopharynx !. From the nasopharynx, H. influenzae can disseminate to other parts of the respiratory
tract, where it causes acute diseases such as otitis media and pneumonia. H. influenzae is also
prevalent in exacerbations of multifactorial, chronic respiratory conditions ranging from asthma,
chronic obstructive pulmonary disease (COPD), cystic fibrosis, and recovery from SARS-CoV-2
(COVID-19) infections '*. Although a vaccine for H. influenzae type B strains is used in many
countries, non-typeable H. influenzae strains are increasingly prevalent in clinical settings against
which the vaccine is not protective ! *. In addition to vaccine escape, non-typeable H. influenzae
strains also frequently show higher rates of antibiotic resistance and are associated with increased
disease severity. These issues have led to H. influenzae being listed as a WHO priority pathogen for

immediate further action °.

H. influenzae respiratory tract infections have high rates of recurrence and cause substantial
inflammation in the affected areas '. These sites of inflammation are enriched for host-produced
antibacterial agents that include hydrogen peroxide (H202) and other reactive oxygen species (ROS).
Accordingly, respiratory pathogens have evolved multiple mechanisms to resist oxidative stresses.
Studies investigating H. influenzae oxidative stress resistance have identified numerous enzymes that
contribute to protection that include catalase (4ktE) and peroxiredoxin (pgdX), which degrade H>O»
and alkyl hydroperoxides; the DNA-binding ferritin-like protein (dps); three periplasmic methionine
sulfoxide reductases (torZ, msrAB, dmsABC); and a manganese (Mn) superoxide dismutase (sodA) &
19 Tn addition, key regulators that control responses to oxidative stress have also been identified that
include those for H,O» exposure (OxyR), perturbation of iron (Fe) homeostasis (Fur, ferric uptake
regulator), and reactive chlorine species induced stress, such as HOCI (RpoE2, alternative sigma
factor RpoE2) !'"13. Nevertheless, there remain unexplored aspects of H. influenzae oxidative stress
tolerance such as Mn homeostasis, which has a prominent contribution to bacterial stress responses

and has recently been shown to have important roles in H. influenzae '*13.



The d-block element Mn is an essential metal for all forms of life. In biological systems, Mn can
serve in structural and/or catalytic roles within proteins, such as Mn-superoxide dismutase that
catalyzes the disproportionation superoxide into H>O> and molecular oxygen and contributes to
defense against endogenous and host-mediated oxidative stress. In bacteria, Mn is predominantly
acquired by an ATP-binding cassette (ABC) transporter, which belongs to the ABC-3 transport family
(Pfam v33.1 identifier PF00950), in conjunction with a solute-binding protein (SBP) that recruits
metal ligands from the extra-cytoplasmic space '°. Mn-specific SBPs belong to the cluster A-I
subgroup of ABC transporter-associated SBPs and have a structure defined by a two-lobed
organization with N- and C-terminal (/o)s domains bisected by a cleft within the protein surface in
which the ligand binds !7. Recent studies have shown that despite sharing a similar architecture, the
metal-recruiting mechanisms of cluster A-I SBPs have considerable diversity !”2!. The essentiality
of Mn in many bacterial pathogens renders uptake of the metal crucial for infection, with loss of
acquisition characterized by a reduction or abrogation of virulence !> 2223, While this is frequently
associated with impaired tolerance to oxidative stress, Mn also serves as a cofactor in enzymes

involved in primary metabolism, capsule production, and DNA synthesis 2.

Here, we investigate the HfeABCD Mn acquisition pathway of H. influenzae 2019 (Hi2019), a strain
representative of lower respiratory tract infections, and characterize the genomic, structural, and
biochemical properties of the Mn-recruiting SBP, HfeA. Structural and molecular dynamics analyses
of HfeA revealed that metal-binding induces conformational changes within the protein that involve
partial hinge-bending of the interdomain helix and rotation of the C-terminal domain towards the
metal-binding site. Comparisons of ifeABCD nucleotide and translated sequences determined that
the ABC permease was highly conserved in H. influenzae strains and diverse Haemophilus species,
highlighting the importance of Mn acquisition. Loss of HfeA compromised bacterial Mn uptake,

resulting in impaired resistance to superoxide and survival within phagocytic cells. These findings



advance our knowledge of H. influenzae Mn homeostasis and highlight the potential contribution of

this process to colonization and/or virulence.



RESULTS AND DISCUSSION

Haemophilus influenzae Hi2019 accumulates manganese during growth

The requirement of Hi2019 for Mn was first investigated using different nutritional parameters.
Cellular accumulation of the d-block elements Mn, iron (Fe), nickel (Ni), cobalt (Co) and zinc (Zn)
were assessed in a Mn-limited chemically defined growth medium (CDM), and BHI, a Mn-replete
complex, undefined medium (Table S1). Hi2019 was grown in CDM or BHI at 37 °C under aerobic
conditions, with cultures harvested in mid-exponential phase and metal levels determined (Fig. 1A).
Despite the ~15-fold difference in > Mn abundance between the two media (Table S1), cellular
accumulation of the metal by Hi2019 did not significantly differ between the two media (Fig. 1A).
Cellular accumulation was also similar for ®*Ni and °®Zn in the two nutritional conditions for Hi2019,
although *¢Fe and **Co had significantly reduced, ~1.5-fold difference, accumulation in CDM relative
to BHI grown cultures (Fig. 1A). As total Fe abundance was similar in both media, this may reflect
distinct nutritional dependencies associated with the growth profiles in the two types of media or
differences in the bioavailability of the metal. By contrast, Co levels were ~21-fold lower in CDM
relative to BHI, and the lower abundance may be influencing uptake (Table S1). Thus, these data
indicate that Hi2019 actively imports Mn and other essential d-block elements to achieve specific

cellular setpoints.

Recent studies of bacterial Mn homeostasis have shown that intoxication by this element can perturb
cell viability due to impacts such as dysregulation of iron homeostasis pathways and impairment of
iron-sulfur cluster biogenesis in diverse bacteria 2°2°. Building on the observation that Hi2019
appears to actively import Mn, the impact of elevated Mn concentrations on cell viability was
investigated. Titrations with MnSO4 (0 — 10 mM) in BHI had no significant impact on Hi2019
viability except at 10 mM, which showed a modest reduction in viability (Fig. 1B). By contrast, Mn
supplementation of CDM significantly reduced cell viability at 2.5, 5, and 7 mM MnSQy4, with growth

completely abrogated at 10 mM MnSOs (Fig. 1B). This difference in cell viability is most likely due



to the distinct composition of the growth media and the presence of Mn-buffering molecules in BHI.
Taken together, these data show that Hi2019 can tolerate exposure to supra-physiological Mn
concentrations, although viability is perturbed at very high concentrations. We next sought to

investigate the mechanistic basis for Hi2019 Mn uptake.

H. influenzae encodes an ABC-3 transport family Mn importer

A bioinformatic approach was used to identify putative Hi2019 Mn uptake pathway(s). Here, the
genome was screened for the presence of ABC permeases, natural resistance-associated macrophage
proteins (NRAMPs), and P-type ATPases, that have been shown to serve as Mn importers in other
bacterial species 2’ (Table S2). This revealed that the genome of Hi2019 did not encode proteins with
substantial similarity (= 40% pairwise identity and > 40% query cover) to known Mn-transporting
NRAMPs or P-type ATPases. By contrast, Hi2019 encoded a metal ABC transporter solute-binding
protein (SBP; C645 RS02315; WP_005656358.1) with similarity to two SBPs associated with ABC
permease-dependent Mn import (Table S2), YfeA, from Yersinia pestis *%, and SitA, from Salmonella
enterica serovar Typhimurium 2°. A BLASTP analysis revealed that the putative Hi2019 Mn SBP
shared 100% identity with the H. influenzae 86-028NP protein HfeA, which was initially identified
by Harrison and co-workers as a component of an iron-chelate transport system during studies of the
OxyR regulon !!. However, subsequent speculation suggested a possible role in Mn homeostasis,
albeit without evidence *°. The SBP is encoded within the 4feABCD operon, which also includes the
genes for an ABC-3 family transporter comprised by /AfeB, which encodes the nucleotide binding
domain, and hfeCD, which encode the transmembrane domains. Collectively, the bioinformatic
analyses suggest that HfeABCD is a putative Mn uptake system and potentially the sole representative

of known high-affinity import pathways for this element in Hi2019.

HfeA contributes to Mn homeostasis



The contribution of HfeA to Hi2019 Mn acquisition was investigated by generating an isogenic AfeA
deletion strain. The Hi2019 AhfeA strain was complemented using the p601-Hi/ifeA-comp construct,
to generate the Hi2019 AhfeAd::hfeA complemented strain. The Hi2019 wild-type and mutant
derivative strains were then grown in CDM under different oxygen tensions, aerobic, microaerobic,
and anaerobic, to assess the impact of the mutation on bacterial growth kinetics (Fig. 2). In aerobic
conditions, the Hi2019 AhfeA strain showed an extended growth delay, approximately 8 h, relative to
the wild-type strain (Fig. 2A). The final biomass yield of the AkfeA strain (ODgoo = 0.87 £ 0.13) was
significantly reduced by comparison to the wild-type strain (ODgoo = 1.56 £ 0.12). The complemented
strain showed a modest growth delay of approximately 2 h and its final biomass yield (ODgoo = 1.33
+ 0.07) was not significantly different from the wild-type parental strain. This can most likely be
attributed to differences in expression from the complemented /#feABCD operon. During growth in
CDM under microaerobic and anaerobic conditions, no differences were observed between the
phenotypes of the strains (Fig. 2B,C). Although numerous factors are required to support the aerobic
growth of Hi2019, these observations show that HfeA also contributes to this process, which can

most likely be attributed to a role in Mn uptake.

To investigate this inference, accumulation of the first-row d-block elements in the wild-type and
derivative Hi2019 strains grown under aerobic conditions in CDM were analyzed (Fig. 2D-H). This
revealed that >>Mn and °Co accumulation was significantly reduced by ~3-fold and ~1.6-fold,
respectively, in the Ahfed strain, relative to the wild-type strain (Fig. 2D,F). Accumulation of °Fe,
0Ni, and %Zn did not significantly differ between the wild-type and Ahfed strains (Fig. 2E,G,H).
The complemented strain accumulated d-block elements to levels comparable with the wild-type
strain, indicating that restoration of ifed recovered *Mn and *Co uptake. Collectively, these data
show that HfeA contributes to Mn and Co homeostasis under the experimental conditions examined.
By contrast, the SBP does not contribute substantially to Fe, Ni, or Zn homeostasis, indicating that

other systems are primarily associated with the cellular abundance of these elements in H. influenzae



31-32 However, it is important to note that in mammalian tissues Co is almost exclusively present in
the form of cobalamin, a Co-chelate commonly referred to as Vitamin Bi2. Bacterial acquisition of
host cobalamin occurs via a distinct metal-chelate ABC transporter, BtuCD, and the cluster A-II SBP,
BtuF. Accordingly, while HfeA may contribute to in vitro Co uptake, it is unlikely to contribute to
homeostasis of this element during in vivo infection. Thus, these data support a role for HfeA in Mn
homeostasis, consistent with the bioinformatic analyses. Further, the absence of other Mn import
pathways in the Hi2109 genome suggests that the Hfe ABCD permease may be primary uptake system

for the metal.

Metal-binding properties of H. influenzae HfeA

To further investigate Hi2019 HfeA, a recombinant C-terminal dodecahistidine-tagged variant that
lacked the predicted signal peptide sequence was generated (residues 23-293). Recombinant Hfe A
was expressed, purified, and the affinity tag removed by enzymatic cleavage. The protein was
resolved by size-exclusion chromatography and analyzed by QTOF LC-MS, which determined a
molecular mass of 31.1 kDa that matched the theoretical mass of the protein (Fig. 3A,B). Interaction
of recombinant, tag-cleaved HfeA with the first-row d-block elements (Mn, Fe, Co, Ni, Cu, and Zn)
was assessed by incubating the protein with a 10-fold molar excess of each metal, followed by
desalting to remove unbound metal ions. Analysis of Mn-treated HfeA showed that the protein bound
1.04 + 0.30 moles of >>Mn per mol of protein (standard deviation (S.D.); Fig. 3C), consistent with a
single metal-binding site. However, HfeA was not restricted to interaction with Mn and showed a
promiscuous interaction with all d-block elements (Fig. 3C). The reversibility of metal-binding was
then assessed using a 10-fold molar excess of EDTA, a broad-spectrum metal-chelating agent (Fig.
3C). This completely reversed binding of >*Mn, Fe, and %°Ni (< 20% protein-associated metal),
whereas ¥Co, Cu, and ®Zn showed limited extraction (40-77% protein-associated metal). Taken
together, these data suggest that binding of the d-block elements Co, Cu, and Zn induced a highly

stable, closed conformation of HfeA. To further interrogate interaction of the d-block elements with



HfeA, differential scanning fluorimetry (DSF) was performed to determine the melting transition (7m)

temperature of the SBP and how this was influenced by metal binding.

DSF analyses revealed that interaction of any divalent cation (Mn, Fe, Co, Ni, Cu and Zn) with HfeA
induced a significant 7}, increase (Table 1). Therefore, the DSF analyses confirmed that HfeA has a
highly promiscuous metal-binding site, consistent with the in vitro metal-binding data. However, the
degree of thermostabilization conferred by the d-block elements varied substantially, with ATy, shifts
ranging from +11.12 °C [Fe(I)] to +25.12 °C [Zn(II)] (Table 1). The AT, data appeared to form two
subsets, Fe, Mn, and Ni (AT < 20 °C) and Co, Cu, Zn (ATm > 20 °C), that were reflective of the
reversibility trends observed in the EDTA chelation analyses. Previous single molecule studies of
Mn-binding SBPs, such as Streptococcus pneumoniae PsaA, have shown that metal ligands that
induce highly stabilized protein conformations, i.e. high AT shifts, decrease the frequency of non-
uniform, dynamic transient reopening events *3. This prevents the SBP ligand-binding site from
sampling bulk solvent on physiological timescales, resulting in impaired or abrogated release of the
bound metal to the transporter or chelating agents under experimental conditions. Together, the AT
data and limited chelation of HfeA-bound **Co, ®*Cu, and ®*Zn by EDTA are consistent with the SBP
adopting a metal-bound, closed conformation that is unlikely to release these metal ligands to the
transporter. Thus, interaction with these elements could potentially impair the efficiency of Mn
uptake due to the formation of non-cognate metal-HfeA complexes. By contrast, the DSF and
chelation data for >>Mn, *Fe, and ®Ni suggest that the HfeBCD transporter could be permissive for
uptake of these cations. However, import of these cations via the HfeABCD permease would also
depend on the relative abundance of these cations in physiological niches occupied by H. influenzae,
the contribution of the coordination site within HfeCD to regulating cation import !°, and the presence

of other higher affinity importers of these cations, such as energy coupling transporters for Ni 34,

Structural analyses of metal-free H. influenzae HfeA
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To complement the biophysical characterization of HfeA, the structural properties of SBP were
investigated. The crystal structure of recombinant, tag-cleaved mature HfeA in the open, metal-free
conformation was determined at 1.77 A resolution (Fig. 4A, Table S3). One Hfe A molecule, which
also contained part of the cleaved fusion tag (residues 294 — 302), was present in the asymmetric unit.
HfeA shows a characteristic cluster A-I SBP fold, comprised by two globular domains (henceforth
the N- and C-terminal domains), with each domain consisting of a central four-stranded parallel [3-
sheet surrounded by four a-helices (Fig. 4A). The domains are connected by a rigid a-helical linker
(a5, residues 150 — 177), with the interdomain interface forming a site for metal binding. The N-
terminal domain also contains a long and disordered 404 loop (residues 102 — 127), which includes
two short B-strands (5, f6) and a conserved His residue (His123) involved in metal coordination.
Molecular dynamics (MD) simulations indicated that the protein remained stable during the
simulations with neither domain of HfeA showing any significant conformational changes over the
simulation time course (triplicate 500 ns simulations with the last 250 ns of each trajectory used for
analysis). Cluster analysis, using a 2.5 A cut-off on the backbone atoms of 3,750 structures from the
combined trajectories, revealed that HfeA adopted a single dominant conformation. Collectively,
these analyses indicate that HfeA has a stable metal-free conformation with no regions of dynamic

movement.

Structural analyses of Zn(II)-bound HfeA

Building on the observations above, crystallization of recombinant HfeA was attempted using Mn,
its cognate ligand, and Zn, due to its highly favorable thermostabilization properties (Table 1) and
its frequent occurrence in the crystal structures of orthologous SBPs, such as S. pneumoniae PsaA .
Despite multiple attempts, Mn(II)-bound HfeA did not yield crystals of sufficient quality for X-ray
diffraction. Nevertheless, crystals of Zn(II)-bound HfeA were obtained, and the structure solved at
2.10 A resolution (Fig. 4B, Table S3). Three protein molecules are present in the asymmetric unit of

the Zn(II)-bound HfeA crystal structure (Chain A: residues 22 — 293, Chain B: residues 23 — 293,
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Chain C: residues 22 — 293). Structural superposition shows that the overall geometry is maintained
for all three chains (Ca. root mean square deviation [rmsd] values of 0.30 — 0.36 A between any two
chains), with chain C selected for all subsequent analyses. The metal-binding site is located within
the interdomain interface, ~13 A from the molecular surface of the protein. HfeA bound a single
Zn(II) ion via tetrahedral coordination by the N-terminal residues His58 (202 loop) and His123
(B4a4 loop), which provide Neg interactions, and the C-terminal residues Glul89 (B7 strand) and
Asp264 (B10a9 loop), which provide O-side chain interactions. The distances between the residues
and the Zn(II) ion range from 2.1 A to 2.4 A (Fig. 4C). The stability of Zn(I)-bound HfeA was
analyzed by MD and, similar to the metal-free state, the overall fold was stable and did not show any
global conformational changes during simulations with the Zn(II) ion remaining within the metal-
binding site for the duration of the simulations (average Zn(II)-metal-binding residues distances of:
His58-Ne =2.1 £0.01 A, His123-Ne =22+ 0.01 A, Glu189-O =2.2 + 0.01 A, and Asp264-O =2.2
+ 0.01 A). Cluster analyses also revealed that across all simulations, a single dominant HfeA
conformation was observed. Despite the absence of major global changes in conformation, the MD
simulations (Fig. 4D) revealed small movements in the orientation of the f2a2 loop, which contains
the His58 residue. This resulted in the His58 residue being located >8 A from the metal-binding site
in the metal-free state (Fig. 4D). This loop was the only mobile metal-binding region in metal-free
HfeA by comparison to the Zn(II)-bound state (Figure S1). However, this mobility did not change

the solvent accessible surface area of the metal-binding residues (Table S4).

Further localized metal-induced structural rearrangements were identified by structural superposition
of metal-free HfeA and the Zn(II)-bound state (rmsd value of 2.40 A, 269 Ca atoms); Fig. 4E). This
revealed that interaction with the metal resulted in loops f2a2, B7a6, and 31009 moving inward to
the metal-binding site. Concomitant with loop movement, the metal coordinating residues contained
therein, His58, Glul89, and Asp264, rotate inwards and towards the Zn(II) ion in the metal-bound
structure. Residue His123, which is located on the 4a4 loop, moves slightly away from the metal-

12



binding site to accommodate metal ion binding. Further comparisons of the two states were performed
by superimposing the N-terminal domain of HfeA only. This shows that metal binding induces partial
hinge-bending of the a5 helix, which acts as a structural ‘backbone’ of the SBP, pivoting on residues
164 — 177, resulting in a relative rotation of this region by ~28° about the Z-axis (Fig. 4E). Metal-
binding also causes a relative rotation of the C-terminal domain by ~24° inwards, resulting in

occlusion of the metal-binding site to bulk solvent (Fig. 4E).

To better understand the structural relationships between HfeA and related SBPs, HfeA was then
compared with twelve bacterial cluster A-I SBPs for which structural data is available (Figure S2,
Table S5). Structural superposition with the orthologous proteins showed that, in the metal-free state,
all SBPs adopted an open conformation with the metal-binding site exposed to bulk solvent (Figure
S3A, Table S5). In the metal-bound state, all SBPs transitioned to a closed conformation, with the
metal ion located within a binding site occluded from bulk solvent (Figures S3B-C, Table S5).
Despite the differences in the open, metal-free conformations adopted by the distinct SBPs (indicated
by the broad range of metal-free Co. rmsd values 1.1 — 3.1 A; Table S5), metal-binding induced
transition to a similar overall global conformation (indicated by the lower Co. rmsd values < 2.0 A).
The similar conformations of ligand bound SBPs raise the question of how recognition by their
cognate ABC transporter can be achieved, noting that the determinants underlying this process remain
poorly defined '°. Metal coordination by HfeA was then compared to the other SBPs (Figure S4).
This showed that in the majority of Zn(II)-bound crystal structures, the metal ion was tetrahedrally
coordinated by two His residues, one Asp residue, and one Glu residue (O2N»), as observed in HfeA.
However, there were exceptions that included O>N3 pentacoordination in Treponema pallidum TroA
(Figure S4C) and O|Njs tetrahedral coordination in S. pneumoniae AdcAll ¢ and E. coli ZnuA
(Figure S4D). Although we were unable to determine the crystal structure of Mn(II)-bound HfeA,
we speculate the cognate ligand would be tetrahedrally coordinated by the same four residues, as

exemplified in the closely related Yersinia pestis YfeA (Figure S4E) and in other Mn-specific SBPs
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(Figures S4F-H). Octahedral coordination (O4N;) environments for Mn(Il)-binding are also
frequently reported (Figures S41,J) and are facilitated by the carboxylate residues contributing two
(bidentate) metal-coordinating O atoms. In HfeA, the metal-binding site can, theoretically, permit
both tetrahedral coordination, as observed for Zn(II), and octahedral geometries due to the number of
available ligands. Previously it was shown in the Mn(I)-recruiting SBP from S. pneumoniae, PsaA,
that abrogating bidentate coordination by the carboxylate residue Asp280, which is comparable to
Asp264 in HfeA, profoundly impacted the ability of the SBP to bind Mn(II), while only modestly
influencing Zn(I) interaction 7. Using a similar approach, Hfe A Asp264 was mutated to the isosteric,
neutral polar amide analogue Asn264. The HfeApaesn variant protein was recombinantly expressed,
purified, and characterized for its in vitro metal binding properties (Figure S5). This revealed that
>>Mn binding was abrogated in HfeApaesn, consistent with the binding site composition being
required to facilitate recruitment of this metal. In contrast, the variant protein remained competent for
interaction with %Zn, albeit to a lesser extent than the wild-type protein. Taken together, these
findings provide further support for the role of HfeA in Mn(II) recruitment and indicate that Asp264
directly contributes to coordination of the bound cation. Future studies characterizing the HfeA
binding site residues, using the approach shown for Hfe Apzesn, would reveal further insight into their

distinct contributions to d-block element interaction.

Potential metal-binding mechanism of HfeA

Combining the above observations, we speculate that the metal-binding mechanism of HfeA is
distinct from that of other SBPs, such as E. coli Liv] *’, E. coli ZnuA 38, and S. pneumoniae PsaA '’
(Figure S6). The interdomain a-helix of cluster A SBPs restricts the extent of conformational motion
within this subgroup relative to other SBPs. This contrasts starkly with the Venus’ fly-trap ligand-
binding mechanism of LivJ], a cluster B SBP from E. coli *’, that is facilitated by a shorter interdomain
a-helix and flexible loops that permit extensive rotation and movement (~58°, ~17 A) of the C-
terminal domain (Figure S6A). In cluster A-I Zn(I)-specific SBPs, such as E. coli ZnuA 3, binding

14



of the metal ion is frequently associated with minor rotation and movement (~5°, ~2 A) of the C-
terminal domain, relative to the ligand-free structure, and a lack of conformational change in the
interdomain o-helix (Figure S6B). However, in Mn(Il)-recruiting SBPs, such as S. prneumoniae
PsaA, metal binding has been shown to be associated with a partial unwinding of the interdomain o.-
helix to enable a greater extent of the C-terminal domain rotation and movement (~10°, ~2 A), relative
to the ligand-free structure (Figure S6C) !> !7-35_ In contrast to PsaA, binding of Zn(II) by HfeA was
not associated with breakage of the backbone hydrogen bonds within the interdomain a-helix, but
instead a partial bending of the C-terminal portion that enables substantial movement of the C-
terminal domain (~24°, ~6 A), relative to the ligand-free structure. Thus, the metal-binding
mechanism of Hi2019 HfeA represents a further variation on the C-terminal domain rotation

mechanism used by other cluster A-1 SBPs.

HfeA is highly conserved among H. influenzae strains

Given the key role of HfeA in Hi2019 Mn accumulation, we next investigated the prevalence and
conservation of HfeA and its cognate ABC transporter, HfeBCD, within a global database of 786
publicly available H. influenzae genomes that represent human isolates obtained from various
sources, including sputum, blood, cerebrospinal fluid, lung, and the middle ear (Table S6). Here, the
analyses were performed using the Hi2019 amino acid sequences of HfeA (C645 RS02315;
WP _005656358.1), HfeB (C645 RS02310; WP _005630123.1), HfeC (C645 RS02305;
WP _005666620.1), and HfeD (C645 RS02300; WP_005666622.1) as reference sequences to screen
the H. influenzae genome database. The HfeA protein was present in 100% of genomes analyzed,
with high levels of amino acid sequence conservation (99.0% pairwise identity). Similarly, the
HfeBCD proteins were present in 99.8%, 99.8% and 99.9% of H. influenzae genomes, respectively,
with 96.6% conservation of the 4feABCD operon nucleotide sequence (Table S6). These data show
that HfeA is highly conserved within the H. influenzae population and, for the genomes analyzed, 44

unique amino acid variants of HfeA were identified, with Hi2019 AfeAd encoding the most common
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amino acid sequence. Notably, the metal-binding residues were strictly conserved in all Hfe A proteins
identified, consistent with a critical role in protein function. Variations in the translated HfeA amino
acid sequence from the H. influenzae genome database were mapped to the Zn(Il)-bound HfeA
structure, which revealed that residues with high variability were predominantly located within

unstructured regions of the protein (Fig. 5B,C).

Building on this framework, we further investigated the conservation of HfeA in other species of the
genus Haemophilus, using a database of 291 publicly available genomes (Table S6). Analysis of this
database revealed that HfeA orthologs were present in 287 genomes (98.6%) when a screening
threshold (70% identity and 70% sequence length) was applied, with a pairwise identity of 84.4%.
Phylogenetic analyses of the Afed nucleotide sequence revealed that H. influenzae sequences
clustered closely with those from Haemophilus haemolyticus, Haemophilus aegyptius, and
Haemophilus quentini and exhibited the greatest divergence from Haemophilus ducreyi,
Haemophilus parahaemolyticus, Haemophilus somnus, and Glaesserella parasuis hfeA sequences
(Fig. 5A). Carriage of the transporter proteins HfeBC was also high, present in 97.9% and 99.0% of
genomes respectively, whereas only 68.4% of non-influenzae isolates contained a HfeD ortholog.
Although an ortholog of HfeD could not initially be identified in the genomes of G. parasuis, H.
somnus, H. ducreyi, and H. parahaemolyticus, reducing the screening thresholds (60% sequence
identity, 60% sequence length) revealed HfeD orthologs in all but one of these genomes. This
indicates that there is greater divergence in the HfeD amino acid sequence among Haemophilus
species, relative to HfeABC. A nucleotide screen for the AfeABCD operon, using representative
operon sequences from each species as a reference, revealed its presence in 97.6% of non-influenzae
genomes, with a pairwise identity of 70.9%. However, in H. ducreyi, the hfeAB and hfeCD genes
were positioned at independent locations within the genome. Collectively, these data show that
HfeABCD orthologs are encoded in all Haemophilus species, and almost all isolates analyzed. This

suggests that Mn acquisition is crucial for bacterial survival and/or persistence of Haemophilus
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populations within host environments and further studies are warranted to investigate the role and

essentiality of Mn in this species.

Loss of HfeA compromises oxidative stress management in H. influenzae

The phenotypic assays above showed that HfeA and Mn accumulation had a prominent role in
supporting aerobic growth of Hi2019. In prokaryotes, Mn is frequently associated with tolerance to
oxidative stress, wherein it has been shown to act as a small molecule shield *°, and/or as a cofactor
of the metalloenzyme superoxide dismutase (SOD) 3% 40, Therefore, we investigated the impact of
impaired cellular Mn accumulation on the capacity of Hi2019 to tolerate exposure to oxidative stress,
using a combination of phenotypic growth studies and microbial killing assays. H. influenzae strains
only encode a Mn-dependent SOD #!. Here, we investigated whether Hi2019 Mn-SOD activity was
impacted by changes in cellular Mn levels. The bacterial strains were grown in CDM, cell extracts
prepared and analyzed using in-gel activity assays. This showed that the AhfeA strain had reduced
Mn-SOD activity, relative to the wild-type and Ahfed::hfeA strains (Figure S7A). By contrast, the
Mn-independent, cytoplasmic enzyme catalase did not show differences between the strains (Figure

S7B).

To investigate the physiological consequences of reduced Mn-SOD activity, the Hi2019 wild-type
and AhfeA strains were challenged with two distinct chemical mediators of oxidative stress: N,N'-
dimethyl-4,4'-bipyridinium dichloride (paraquat; 0-25 uM), a viologen that futilely cycles in the
cytoplasm, inhibiting NAD(P) reduction and generating superoxide anions; and hydrogen peroxide
(0-25 mM), an oxidant and free radical generator (Fig. 6A-D). The data showed that, during growth
in CDM under microaerobic conditions, paraquat exerted a potent effect on the Ahfed strain, with
growth perturbed at 10 uM and abrogated at 25 uM (Fig. 6A,B). By contrast, the wild-type strain
only showed a modest reduction in growth and final cell density at 25 uM paraquat. Exposure to

hydrogen peroxide mediated a growth delay in the wild-type strain at 10 mM, which was further
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exacerbated at 25 mM (Fig. 6C,D). The AkfeA strain showed a similar pattern of impact on growth,

although the relative growth delay was shorter for addition of 10 mM hydrogen peroxide.

Consistent with phenotypic growth impact, microbial killing assays with 5 and 10 mM paraquat
exerted a significant 1- and 3-logio reduction, respectively, in survival of the AhfeA strain, relative to
the wild-type and complemented strains (Fig. 6E). By contrast, hydrogen peroxide treatment (0 — 750
mM) had a modest impact on survival of the AhfeA strain compared to the wild-type strain (Figure
S7C). Complementing this approach, we also examined the impact of paraquat on Hi2019 biofilm
formation under microaerobic conditions. Here, the lower paraquat concentration of 1 uM was used,
in order to reduce stress to sublethal levels (Fig. 6F). In the absence of paraquat stress, all strains
produced similar levels of biofilm associated material relative to the density of viable cells (Fig. 6F).
Upon exposure to 1 uM paraquat, the relative level of biofilm produced by the AkhfeA strain increased

significantly by ~4-fold, by comparison to the wild-type and complemented strains (Fig. 6F, Figure

S8).

Collectively, these data show that Hi2019 has a reduced capacity to tolerate superoxide stress when
Mn import is compromised. This can be attributed, at least in part, to the reduced activity of Mn-
SOD, which plays a crucial role in the dismutation of oxygen radicals. Although this is predominantly
apparent under aerobic conditions, the impact of paraquat on the AifeAd strain during growth in
microaerobic conditions highlights the importance of Mn acquisition for resistance to oxidative stress.
Notably, during host-pathogen interaction, oxidative stress can be mediated by the innate immune
response and arise from reactive oxygen, nitrogen, and/or chloride species in niches with differing
oxygen tensions. The inability to mitigate oxidative stress compromises the viability of Hi2019,
although this appears to also enhance biofilm production, which contributes to resisting xenobiotic
and chemical stresses, consistent with the observations herein. However, the underlying molecular

basis for this phenotypic switch remains to be defined. Irrespective, the importance of Mn to Hi2019
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growth and resistance to superoxide stress suggests that it may contribute to bacterial virulence at the

host-pathogen interface.

HfeA contributes to survival in phagocytic, but not epithelial cells

To determine the role of HfeA in Hi2019 virulence, the impact of compromised Mn uptake on Hi2019
survival during interaction with human bronchial epithelial cells (16HBE14) and murine bone
marrow macrophages (BMMs) was investigated. 16HBE14 cells were infected (MOI 100:1) with the
Hi2019 wild-type and derivative strains, incubated for 4 h and 24 h and analyzed for total cell-
associated and intracellular bacteria (Fig. 7A). This showed that loss of HfeA had no impact on
interaction with the 16HBE14 cell line under the experimental conditions investigated. Infection of
BMMs (MOI 100:1) with the wild-type and derivative strains for 4 h revealed that the AhfeA strain
had significantly reduced survival of cell-associated and intracellular bacteria, relative to the wild-
type strain (Fig. 7B). This reduction in survival can likely be attributed to the production of ROS by
BMMs as a component of their microbial killing mechanisms #2. Unexpectedly, although the Hi2019
AhfeA::hfeA strain was not affected for total cell-associated bacteria, intracellular survival appeared
to be compromised, by comparison to the wild-type strain. This suggests that, although the
complementation restored the overall viability of the strain, it does not completely recapitulate the

wild-type phenotype in all conditions.
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CONCLUSIONS

This study provides new insights into H. influenzae Mn homeostasis and HfeA, the periplasmic SBP
associated with the HfeBCD transporter. Biophysical characterization of HfeA showed that it
interacted with a broad range of d-block elements, similar to other Mn-recruiting cluster A-I SBPs 7.
Despite the apparent promiscuity of the protein in metal-binding, the ready release of Mn cations, in
preference to Cu and Zn, support the inference that the primary physiological role of HfeA is in Mn
recruitment during in vivo infection by H. influenzae. Structural studies suggest that HfeA employs a
further variation in how cluster A-I SBPs interact with the metal-ligands. The metal-binding site
employs a combination of two N atoms, from residues His58 and His123, and at least two O atoms,
contributed by residues Glul89 and Asp264. Introduction of the Asn264 point mutation into Hfe A
disrupted Mn(II) binding, which suggests that Asp264 may provide bidentate coordination for the
metal. However, further studies will be required to elucidate the coordination environment of the
cognate ligand. Deletion of hfed dysregulated H. influenzae Mn homeostasis, which had the
concomitant effects of perturbing aerobic growth, reducing adhesion, and invasion of phagocytic
cells, and increasing susceptibility to oxidative stress. The impaired survival of the AkfeA strain upon
interaction with phagocytic cells suggests that Mn homeostasis is likely to be crucial for H. influenzae
resistance to innate immune-mediated oxidative stress. At the host-pathogen interface, exposure to
oxidative stress can occur extracellularly, via neutrophil respiratory bursts, or intracellularly, within
the phagolysosome of macrophages *-*4. Nevertheless, our data also highlight that invasion of other
cell types, such as bronchial epithelial cells, that do not employ oxidative stress, is not substantially
impaired by loss of Mn acquisition. Future studies in relevant models of H. influenzae infection would
yield further insights into the in vivo role of this system. The Mn import pathway of Hi2019 is highly
conserved in other H. influenzae strains and diverse Haemophilus spp. Collectively, these data
suggest that HfeA may be a potential target for future therapeutic development approaches to disrupt

a crucial pathway that contributes to bacterial resistance against oxidative stress.
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METHODS

Bacterial strains, media, and growth experiments

Bacterial strains and plasmids used in this study are listed in Table S7. E. coli strains were cultured
at 37 °C using Luria-Bertani (LB) broth *° with shaking at 200 rpm or statically on LB agar (1.5%
w/v) plates. Where necessary, LB was supplemented with 100 ug mL! ampicillin, 50 pg mL!
spectinomycin, 100 ug mL"! kanamycin and/or 30 ug mL™! trimethoprim. H. influenzae strains were
cultured at 37 °C with 5% CO; using either liquid or solid Brain Heart Infusion (BHI) (Becton
Dickinson) or chemically defined media (CDM; RPMI 1640 [Sigma-Aldrich, R6504-1L]
supplemented with: 24 mM sodium bicarbonate, 786 uM uracil, 25 mM HEPES pH 7.5, 10 mM
glucose, 7.5 mM inosine, 1 mM sodium pyruvate) ¢, Both BHI and CDM were supplemented with
10 pg mL! hemin and 10 pg mL"! B-nicotinamide adenine dinucleotide (NAD") prior to use *’. Where
appropriate, BHI and CDM were supplemented with 20 pg mL™! kanamycin and/or 50 pg mL!
spectinomycin. Growth experiments using the H. influenzae 2019 (Hi2019) strains, wild-type and
mutant derivatives, under aerobic, microaerobic and anaerobic conditions in CDM were conducted
essentially as previously described using an atmospheric control unit enabled CLARIOstar microplate
reader (BMG Labtech) 7. Atmospheric oxygen (~20% O>) was used for aerobic conditions;
microaerobic conditions used a mixture of 2.8% O2, 5% CO»; and anaerobic conditions used 5% CO»,

no oxygen.

Construction and complementation of the Hi2019 A/feA strain

To construct the pBlu-Hi2019-hfeA-Km plasmid, upstream and downstream fragments of the Hi2019
hfeA (C645 02315) gene were amplified by PCR using primers Hi-hfeA-up F/R and Hi-hfeA-
down F/R (Table S8). The PCR products were double-digested with EcoRI/BamHI and BamHI/Sacl
and ligated with EcoRI/Sacl digested pBluescript II SK, creating pBlu-Hi2019-hfeA, wherein the
hfeA coding region contains a BamHI restriction site. To construct pBlu-Hi2019-hfeA-Kan, the

kanamycin cassette from plasmid pUC4K was amplified using primers pUC4K-PCR-F/R and
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inserted into the BamHI restriction site of pBlue-Hi2019-hfeA (Table S8). A plasmid for the
complementation of a Afed mutation was constructed using p601.1sp2 *8. A 4.3 kb PCR-product
containing all four genes encoded in the ife4 operon and the relevant upstream region was amplified
using Flash Phusion Mastermix (Thermo Fisher Scientific) and inserted into the Xmal restriction site
of p601.1sp2 generating p601-HiAfeA comp. All plasmid constructs were verified by a combination
of PCR and restriction enzyme digestion. Plasmids were linearized before transformation into Hi2019

7,949 Successful transformations were verified by a combination of PCR and phenotypic analyses.

Bacterial susceptibility testing

Bactericidal assays with Hi2019 and the derivative strains were performed using paraquat (5 mM or
10 mM) or H20: (up to 0.75 M) and analyzed relative to an untreated control. Briefly, Hi2019 was
grown overnight on CDM plates and resuspended to an optical density at 600 nm (ODsoo) of 1.0 (~
6 x 108 CFU mL™) in 1 x phosphate-buffered saline (PBS). Bacterial cells (900 uL) were then
combined with 100 pL of 10 x solution (final concentration) of freshly prepared paraquat or H2O».
Control conditions used 100 pL of sterile ddH>O. Reactions were incubated at room temperature for
60 min with orbital shaking at 200 rpm, followed by serial diluted in BHI and plating onto BHI plates

for CFU mL™! determination.

Biofilm formation

Biofilm formation and bacterial survival within biofilms were characterized using established
protocols 7. Briefly, Hi2019 from a freshly grown CDM plate was used to inoculate 20 mL CDM
(ODs0o = 0.05) and then incubated at 37 °C with orbital shaking at 200 rpm until early exponential
phase was reached (ODsoo = 0.2-0.3). Cultures were diluted in fresh CDM (ODsoo = 0.05) and
100 uL well! added to U-bottom 96-well microtiter plates (TechnoPlas). Plates were incubated
statically at 37 °C, 5% CO: for 16 h. For anaerobic conditions, plates were incubated in an anaerobic

jar at 37 °C with Anaerocult A catalysts (Merck) used to remove oxygen. Biofilm formation was
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detected by crystal violet staining >°. Biofilm viable cell analyses were performed by incubating the
biofilm-containing wells with 200 pL of 0.1 mg mL! proteinase K (Sigma Aldrich) for 10 min at
37 °C. The suspension was then recovered, serially diluted in BHI, and plated onto BHI plates to

enable CFU well! determination.

Superoxide dismutase and catalase activity stains

Colorimetric detection of superoxide dismutase and catalase activity was performed using established
methods 3!. Succinctly, H. influenzae strains were grown in CDM under microaerobic conditions.
Cells were then harvested (10 min, 2,500 relative centrifugal force (rcf), 4 °C) and cellular extracts
prepared using BugBuster Mastermix (Merck). Protein concentrations in the extracts were determined
by the BCA assay (BCA-1, Sigma-Aldrich), with 2.5 or 40 pg per lane of whole cell extracts loaded
on a 10% native PAGE for catalase or superoxide dismutase detection, respectively. Electrophoresis

and staining were conducted as described previously °!.

H. influenzae infection assays

Infection of 16HBE14 cells with Hi2019 strains was carried out as described in 7 using a multiplicity
of infection (MOI) of 100:1 (H. influenzae: 16HBE14). Infections were carried out for either 4 h or
24 h at 37 °C, 5% COz. Determination of total and intracellular bacteria was performed using tissue
cell lysates generated with 1% (w/v) saponin in combination with (intracellular bacteria) or without
(total bacteria) gentamicin treatment (50 mg mL™!, 60 min prior to lysis). Murine bone marrow
macrophages (BMMs) were isolated from C57 Black mice using established protocols >2.
Experimental animal procedures were carried out in strict accordance with the recommendations in
the QLD Animal Care and Protection Act (2001), and the Australian Code of Practice for the Care
and Use of Animals for Scientific Purposes, 8™ edition. Protocols were approved by the Animal Care

and Ethics Committees of QIMR Berghofer and the University of Queensland under ethics number

UQ: 2019/AE000050. In brief, mice were anaesthetized and sacrificed by cervical dislocation, femurs
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and tibias were collected and cleaned, and the bone tips removed. The bone cavity was then flushed
with BMM medium (RPMI1640 containing 10% heat-inactivated fetal bovine serum, 2 mM L-
glutamine [GlutaMAX, Life Technologies], 150 ng mL-! recombinant colony stimulating factor-1
[CSF-1]). BMMs were washed twice with the same medium and divided into eight 100 mm square
Petri dishes with 15 mL BMM medium containing 1% (v/v) penicillin/streptomycin (Life
Technologies, 10,000 U mL!). Plates were incubated for six days at 37 °C, 5% CO, with the addition
of fresh CSF-1 (150 ng mL!) on day three. On day six, BMMs were removed from the plate, collected
by centrifugation (500 x g, 5 min), and resuspended in antibiotic-free BMM medium. The BMMs
were seeded 1 x 10° cells mL! per well in 24-well tissue culture plates, infected with the Hi2019
strains using an MOI of 100:1 (bacteria:BMM) and incubated for 4 h 33, After incubation, BMMs
were washed with RPMI1640, treated for 60 min with 10 ug mL™! polymyxin B in BMM medium,
and then lysed using 1% (v/v) saponin. Enumeration of bacteria was performed by dilution plating

on BHI plates.

Inductively coupled plasma-mass spectrometry (ICP-MS)

Elemental measurements of cellular material and proteins were performed on an Agilent 8900 triple
quadrupole inductively coupled plasma-mass spectrometer (ICP-MS, Agilent Technologies).
Samples were introduced directly from 1.5 mL polypropylene tubes via an integrated automation
system autosampler (Agilent Technologies) using a peristaltic pump. Sample desolvation was
performed using a MicroMist nebulizer (Glass Expansion). The instrument was calibrated for
elements of interest (Table S9) using mixed 0, 5, 10, 25, 50, 100, 250, and 500 pg L' standard
calibration solutions in 1% (v/v) nitric acid (HNO3) from commercially available certified reference
standards (Multi-element Calibration Standard 2A, Agilent Technologies). A reference element
solution containing 100 pug L! yttrium (Y) (Agilent Technologies) was introduced via a T-piece
positioned after the peristaltic pump and was used to normalize all measurements. The tuning solution

for the instrument contained 1 ug L™ of cerium (Ce), cobalt (Co), lithium (L1i), thallium (TI) and Y in

24



2% (v/v) HNO;3; (ICP-MS Stock Tuning Solution, Agilent Technologies). Torch position, sample
depth adjustment and lens optimization were set according to manufacturer recommendations while
all other instrument parameters were optimized during a batch-specific user tune prior to each

experimental run (Table S9).

Whole cell metal ion accumulation analyses

Elemental content of bacterial strains was determined by ICP-MS essentially as previously described
15,54 Briefly, Hi2019 strains were grown to mid-log phase (ODeoo = 0.3) in CDM and harvested by
centrifugation at 2,500 x g for 10 min. The cell pellets were subjected to three washes in 5 mM
ethylenediaminetetraacetic acid (EDTA) in 1 x PBS, followed by three washes in 1 x PBS to remove
adventitious trace metals. The washed cell pellets were then desiccated at 370 K for 18 h. The dry
weight of the bacterial cell pellet was determined, and the cellular material digested in 250 pL of 65%
(v/v) HNO;3 at 370 K for 20 min. Samples were then centrifuged at 20,000 x g for 25 min and the
supernatant was diluted in MilliQ-H2O to a final volume of 1 mL and analyzed in technical triplicate

by ICP-MS.

HfeA conservation analysis

The genome of Haemophilus influenzae 2019 was screened using TBLASTN >3 for orthologs to
previously characterized manganese-recruiting ABC permease solute-binding proteins, natural
resistance-associated macrophage proteins (NRAMP), and P-type ATPases from various bacterial
species (Table S1). Thresholds of > 40% pairwise identity and > 40% query cover were implemented
to signify protein sequences of substantial similarity. This search identified a protein, encoded by the

annotated gene Afed (C645 02315, WP_005656358.1), as a putative Mn transporter.

A database comprising 786 publicly available H. influenzae genomes and 291 Pasteurellaceae

genomes was constructed and screened for the presence of HfeA, HfeB, HfeC and HfeD
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(WP_005656358.1, WP_005630123.1, WP _005666620.1 and WP _005666622.1) using the
TBLASTN screening tool, Screen Assembly (v1.2.7) ¢, applying cut-offs of 70% sequence length
and 70% sequence identity (Table S2). Full-length nucleotide and protein sequences were used for
variation analysis by MUSCLE alignment (v3.8.425) 7. A phylogenetic tree was constructed from
aligned nucleotide sequences using the maximum likelihood approach with IQ-Tree (Galaxy v2.1.2)
38, Trees were visualized using iTOL (v6.5.8) . Aligned amino acid variance was mapped to the
Zn(IT)-bound Hi2019 HfeA structure (PDB 7U6T) using Chimera (v1.15) . Where stated, the
presence of lower similarity proteins was investigated using a screening threshold of 60% sequence
length and 60% sequence identity. Prevalence and conservation of 4feABCD in the H. influenzae and
non-influenzae genomes was investigated by first identifying the operon in a representative genome
from each Haemophilus species analyzed. Each representative operon was then used as a reference
nucleotide sequence to screen the H. influenzae and non-influenzae genome databases for the
presence of the hfeABCD operon sequence using Screen Assembly (v1.2.7), applying cut-offs of 70%

sequence length and 70% sequence identity.

Cloning, expression, and purification of HfeA and HfeAp2esn

The amino acid sequence of Hi2019 HfeA (C645 02315) was analyzed by SignalP 6.0, which
predicted that region represented by residues 1-22 encoded a signal peptide !. Accordingly, the ifed
gene (C645 02315) region encoding residues 23-293, which represents the mature secreted protein,
was amplified from Hi2019 genomic DNA by PCR using primers Hfe-IA1F and Hfe-IA1R (Table
S8) essentially as described previously '6. Cloning was performed by isothermal assembly © into a
modified pET30a vector (Novagen, USA) generated by primers ET30-GA1R and ET-GAGF (Table
S8). This generated the construct pCAM-HfeA-3Chis, which includes the sequence of the mature
region of Afe4 gene product, followed by a C-terminal human rhinovirus (HRV) 3C protease cleavage
site and a dodecahistidine tag (Table S7). The variant protein, HfeApzesn, was generated by site-

directed mutagenesis using the QuikChange Lightning Kit (Agilent Technologies) using the pCAM-
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HfeA-C3his construct as the template with primers HfeA D264N_F and HfeA D264N R (Table
S8). Nucleotide sequences of the HfeA and HfeApassn fusion proteins were confirmed by DNA
sequencing. The expression constructs were transformed into E. coli XL10 Gold (Agilent
Technologies, USA) for propagation or E. coli LEMO21 (DE3) (New England Biolabs, Australia)

for recombinant protein expression (Table S7).

For recombinant protein expression, a single colony was used to inoculate 10 mL of LB medium
supplemented with kanamycin (50 pg mL™!). Bacteria were grown overnight at 37 °C, shaking at
200 rpm and diluted into pre-warmed Overnight Express Instant TB medium (Merck) supplemented
with 10% (w/v) glycerol and 100 pg mL! kanamycin. Cultures were then grown at 27 °C for 18 h
shaking at 200 rpm in an AirOtop (Thomson Instruments, USA) sealed flask to a final ODgoo between
30 and 40. Bacterial cells were harvested by centrifugation at 4 °C for 60 min at 40,000 x g. The
pellet was resuspended and homogenized in 50 mM 3-(N-morpholino) propanesulfonic acid (MOPS)
and 200 mM NacCl (pH 7.4) in the presence of one cOmplete EDTA-free protease inhibitor cocktail
(Roche, USA) tablet per 50 mL of cells as per manufacturer’s recommendations, using a glass dounce
homogenizer. Cells were mechanically disrupted using a Constant Systems Cell Disruptor at 30,000
psi at 5 °C, supplemented with DNAse I (Merck, USA). Cellular debris and insoluble membranes
were removed by ultracentrifugation at 100,000 x g at 4 °C for 1 h. Recombinant HfeA or HfeApasan
proteins were then purified from the clarified lysate by immobilized metal ion affinity
chromatography (IMAC). The lysate was applied to a 5 mL HisTrap HP column (Cytiva, USA) on
an AKTA pure™ FPLC (Cytiva, USA) at 4 °C and washed using 20 column volumes (CVs) of 50
mM MOPS pH 7.4, 200 mM NaCl, 20 mM imidazole. A stepwise gradient was then used to elute
non-specific proteins (120 mM imidazole) and recombinant protein (600 mM imidazole). Imidazole
was removed from IMAC-purified recombinant HfeA or HfeApisan by size exclusion
chromatography (SEC) on a Superdex 200 10/300 GL column (Cytiva, USA) in 50 mM MOPS pH

7.4, 200 mM NacCl at 4 °C. The dodecahistidine tag was then cleaved by enzymatic digestion using
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1 pug hexahistidine-tagged HRV 3C protease to 10 pg recombinant protein. The protein-protease
mixture was incubated at 4 °C for 60 min and then purified by IMAC. Here, the digestion mixture
was resolved using HisTrap HP column to remove the protease and uncleaved dodecahistidine-tagged
protein, with tag-cleaved HfeA eluted in 50 mM MOPS pH 7.4, 200 mM NacCl at 4 °C. Recombinant

tag-cleaved HfeA or HfeApaean was analyzed by 4-12% Bis-Tris PAGE.

Mass spectrometry analysis of intact protein

Confirmation of successful removal of the dodecahistidine tag was performed by intact mass analysis
via liquid chromatography-mass spectrometry (LC-MS). Briefly, purified recombinant HfeA was
diluted to 50 pg mL ! using aqueous 0.1% formic acid. A 2 uL amount was injected onto a C5 column
(50 x 2 mm, 5 pm particle size, 300 A pore size; Phenomenex) equilibrated with 90% mobile phase
A (mobile phase A: 0.1% (v/v) formic acid in MilliQ- H>O; mobile phase B: 0.1% (v/v) formic acid
in 95% (v/v) acetonitrile) held at approximately 60 °C. Separation was performed using a 1200
Infinity HPLC system (Agilent Technologies) running at 95% mobile phase A for 3 min, followed
by a linear gradient from 5 % to 95% mobile phase B over 14 min with 95% mobile phase B
maintained for 3 min at a flow rate of 0.4 mL min'. Mass spectrometry acquisition was performed in
the positive ion mode on a 6520 Accurate-Mass Q-TOF LC-MS (Agilent Technologies). The
following parameters were used on the Q-TOF: nebulizing gas (N2): 30 psi; drying gas: 10 L min’!;
ion source temperature: 325 °C; fragmentor voltage: 150 V; skimmer voltage: 65 V; capillary voltage:
3500 V. The scan range was between 100-3000 m/z and resolution of 14,000 m/z. Data was acquired
and processed using Agilent MassHunter Qualitative Analysis (Agilent Technologies, B.06.00) and

deconvoluted using the Maximum Entropy algorithm in MassHunter.

Demetallation of HfeA
Recombinant, tag-cleaved protein (20 mL) was dialyzed against 4 L of sodium acetate pH 4.4

supplemented with 50 mM EDTA at 4 °C for 24 h in a 20 kDa molecular weight cut-off membrane
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Slide-A-Lyzer cassette (Thermo Fisher Scientific) The sample was then dialyzed against 4 L of
50 mM MOPS pH 7.2, 200 mM NaCl at 4 °C for a further 24 h. The sample was then recovered, and
insoluble material removed by centrifugation at 100,000 x g for 20 min at 4 °C. Metal-free,
recombinant tag-cleaved protein was then aliquoted, flash-frozen, and stored at 193 K until required.
To confirm demetallation, the treated protein sample was analyzed for elemental content. Here, 5 uM
protein was digested in 200 puL of 35% (v/v) HNOs3 at 96 °C for 20 min. Samples were then diluted
in MilliQ-H>O to 1 mL in technical triplicates, allowed to cool to room temperature, vortexed then
centrifuged at 20,627 x g for 25 min to remove insoluble material, and the supernatant collected for
ICP-MS analysis. Recombinant tag-cleaved protein was defined as metal-free when the total

elemental content represented less than 10% of the protein concentration.

Quantitative metal-binding assays

Metal-free, recombinant tag-cleaved protein (30 pM) was incubated with 10-fold molar excess of d-
block elements, i.e. Mn(II), Fe(II), Co(II), Ni(II), Cu(II), or Zn(II), in 2 mL of 20 mM MOPS pH 7.2,
100 mM NaCl at 4 °C for 1 h. Following incubation, unbound metal ions were removed using a PD10
column (Cytiva, USA) with recombinant tag-cleaved protein eluted in 20 mM MOPS pH 7.2, 100
mM NaCl. The metal-bound protein was then incubated with 100-fold molar excess of EDTA at 4 °C
for 1 h, and desalted again using a PD10 column to separate the protein from the EDTA. Post-
treatment, i.e. metal binding and/or metal chelation, the desalted fractions of recombinant protein
were digested in 3.5% (v/v) HNOs at 96 °C for 15 min. The digested samples were then centrifuged
at 20,627 x g for 30 min, and the supernatant collected for analysis by ICP-MS to determine the molar

ratio of metal to protein using established methods '+ 3.

Differential scanning fluorimetry
Metal-free, recombinant tag-cleaved protein (10 uM) was incubated with a 10-fold molar excess of

MnSOs, Fe(I1)SO4, CoCly, NiClp, CuSOs, or ZnSO4 at 25 °C in the presence of 5 x SYPRO Orange
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(Thermo Fisher Scientific) as described °. Samples were then analyzed by differential scanning
fluorimetry (DSF) using a QuantStudio Flex 7 Real-Time PCR system (Thermo Fisher Scientific)
using a heating rate of 0.1 °C s’! to a final temperature of 97 °C. Fluorescence data were collected at
excitation 470 nm/emission 570 nm for buffer only, buffer with metal supplementation, buffer with
HfeA, and buffer with HfeA and metal supplementation "> 2!, After subtraction of background
fluorescence of the buffer, the first derivative of the fluorescence data was determined and analyzed
using GraphPad Prism (Version 9.4.1) to determine the inflection point of the melting transition. Data
from at least three independent experiments were used to determine the A7wm + standard deviation
(S.D.) of the wild-type HfeA. Statistical significance was determined using one-way ANOVA using

a Tukey post-test.

Protein crystallization, crystal structure determination and structural analyses

Initial attempts at crystallizing metal-free and Zn(II)-bound Hi2019 HfeA using sparse-matrix
crystallization screens via the hanging-drop vapor-diffusion method were unsuccessful in yielding
any protein crystals. Therefore, we hypothesized that the lack of crystals was due to insufficient
nucleation. Given that heterogeneous nucleation using a wide variety of heterogeneous nucleating
agents has been successful in overcoming the protein nucleation problem ®, we used dried seaweed
powder as a heterogeneous nucleant. The heterogeneous nucleation and micro-seeding protocols as
previously described ¢ were performed for the crystallization of metal-free HfeA. Diffraction quality
crystals of metal-free HfeA were obtained in 1.0 M LiCl, 30% (w/v) polyethylene glycol 6000 and
0.1 M citrate (pH 4.0) at 20 °C, with a protein concentration of 10 mg mL"!, using the hanging-drop
vapor-diffusion method. To generate the metal-bound state of HfeA, crystals of metal-free Hfe A were
soaked in the mother liquor supplemented with 100 mM MnCl; or ZnCl; for approximately 1 min.
Only crystals of Zn(II)-bound HfeA were readily obtained despite screening many MnCl;
concentrations, incubation time, and temperature. Prior to data collection, the harvested crystals were

mounted onto Cryoloops (Hampton Research, USA) and briefly soaked in Paratone (Hampton
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Research, USA) as the cryoprotectant, before flash-cooling by rapid immersion in liquid nitrogen.
The diffraction data were collected on single crystals at the Australian Synchrotron MX2 beamline .
To determine crystal structures, the diffraction data were indexed and integrated using XDS %, then
scaled and merged in Aimless . Initial phases of the metal-free HfeA were obtained by molecular
replacement, using a portion (residues 32 — 186) of the metal-free S. pneumoniae PsaA crystal
structure (PDB ID: 3ZK7) !7 as the search model with Phenix. Phaser ©’, followed by model building

of missing residues in the C-terminal domain with Coot

. The structures were iteratively refined
with Phenix.Refine ® and manually adjusted with Coot. Initial phases of the Zn(II)-bound HfeA were
obtained by molecular replacement with the Zn(II)-bound S. pneumoniae PsaA crystal structure (PDB
ID: 1PSZ) *° as the search model with Phenix.Phaser, followed by iterative refinement with
Phenix.Refine and manual adjustment with Coot. Structural analyses (superpositions and metal-ion

coordination) were performed in MacPyMOL (v2.5.2 Schrodinger, LLC). Data collection,

processing, and structure refinement statistics can be found in Table S3.

Molecular dynamics simulations

The starting structures for the Zn(I)-bound and metal-free protein were extracted from their
respective crystal structures. All water molecules and ions present in the crystal structures were
removed. His residues were modelled in their protonated state. The protein structure was placed in a
9.5 x 7.5 x 7.0 nm rectangular box and solvated with water molecules. Na* and Cl" ions were used to
neutralize the protein charge and obtain a salt concentration of 100 mM NaCl. The system was
energy-minimized using the steepest descent algorithm, followed by a 5ns NVT and a 5 ns NPT
simulation. For the NPT production runs, the metal-free protein was simulated for 500 ns, while the
Zn(IT)-bound protein was simulated for 1,500 ns. The lengths of the simulation were determined
based on monitoring convergence of root-means square (rms) vs time for all heavy atoms in the
protein. For both systems, three independent runs were carried out, starting from different initial

velocities that were assigned from Maxwellian distributions at 298 K. Equilibration was monitored
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with RMSD vs time plots where RMSD was calculated using all heavy atoms in the system. All
simulations were carried out using the GROMACS package version 5.0.1 797!, Periodic boundary
conditions were applied in all three directions. The time step was 2 fs, and the neighbor list was
updated every 10 steps. The system temperature was kept at 298 K using a V-rescale thermostat with
a coupling time constant of 0.1 ps and separate coupling of the protein and solvent (water and ions).
The system pressure was maintained at 1 bar using a Parrinello-Rahman barostat 7> with isotropic
pressure coupling and coupling time constant of 2.0 ps. For short-range interactions, a cut-off of
1.0 nm was used for both the van der Waals and electrostatic interactions in Verlet scheme 7. Long-
range electrostatics were described with a Particle-mesh Ewald algorithm 7* using a grid spacing 0.16
and a cubic interpolation of 4. The bond lengths were constrained with the LINCS constraints
algorithm 7°. All analyses were performed using GROMACS tools and custom python scripts written
with MDAnalysis library 76. Unless otherwise stated, properties were calculated using the last 250 ns
from the trajectory of each independent simulation. Cluster analysis was carried out using the
algorithm as implemented in the GROMACS tools gmx cluster 77, with a backbone RMSD cut-off of

2.5 A. The systems were visualized using VMD 78,

Statistical analysis

Data represent the mean of biological triplicates [+ standard error of the mean (SEM)] unless
otherwise stated. Statistical analyses were performed using a two-tailed, unpaired Student’s t-test
when comparing two datasets, or a one-way or two-way ANOVA, as appropriate, for comparisons of
multiple datasets. Multiple comparisons used post hoc tests as noted, with symbols for Student’s t-
test and ANOVA tests (ns, non-significant; *, P < 0.05; ** P <0.01; *** P <0.001; and **** P <

0.0001).
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TABLES

Table 1. Effect of metal ions on the melting temperature of HfeA.

Treatment Tm(°C)? AT
Metal-free 53.85+0.27 -
Mn(II) 71.61 +£0.12 +17.76 °
Fe(ID) 64.97 +0.24 +11.12°
Co(1I) 76.11 £ 0.20 +22.26°
Ni(II) 71.11+0.20 +17.26°
Cu(ID) 75.07 +£0.14 +21.22°
Zn(I1) 78.97 £ 0.58 +25.12°

a. Values shown represent the mean + standard deviation from at least 3 independent measurements.

b. Statistically significant difference to metal-free protein 7;, (one-way ANOVA with Tukey post-

test).
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Figure 1. Hi2019 metal accumulation. (A) Whole cell accumulation of ¥ Mn, *°Fe, °Co, °Ni, and
Zn in Hi2019 grown on CDM (orange) or BHI (blue). Data are mean ug metal per g cells (dry
weight) (£ S.E.M.) from four independent experiments. Statistical significance of the difference
determined by two-way ANOVA with Bonferroni post-test; ns, not significant; *, P < 0.05; ****_ p
< 0.0001. (B) Bacterial survival of Hi2019 in the presence of supra-physiological MnSO4
supplementation in CDM (orange) or BHI (blue). Data represent mean bacterial counts (CFU.mL™! +

S.E.M.) from six independent experiments. Where data points are not visible, no survival was
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observed. Statistical significance of the difference determined by a Brown-Forsythe and Welch

ANOVA test with Dunnet post-test; *, P < 0.05; **, P <0.01.
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Figure 2. The contribution of H. influenzae hfeA to growth and metal uptake. Growth phenotypes
of the Hi2019 wild-type, AhfeA, and complemented strains grown in CDM under (A) aerobic, (B)
microaerobic and (C) anaerobic conditions. Data are mean ODgoo values (= S.E.M.) from three
independent biological experiments. Total cellular content of the Hi2019 strains grown in CDM for
>Mn (D), >Fe (E), *°Co (F), °*Ni (G), and %Zn (H), respectively. Data are mean values (£ S.E.M.)
from three independent biological experiments with statistical significance of the difference

determined by one way ANOVA with Tukey post-test; *, P <0.05; *** P <0.001.
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Figure 3. Purification of recombinant wild-type HfeA. (A) Coomassie-stained 4-12% Bis-Tris

PAGE showing: lane 1, molecular weight standards with sizes indicated (left) and lane 2, recombinant

tag-cleaved HfeA. (B) Absorbance (280 nm) trace of recombinant HfeA, analyzed by size exclusion

chromatography using an Agilent Bio SEC-3 column. The inset represents linear regression of the

column calibration using protein molecular weight standards. (C) In vitro metal-binding experiments

of the metal-free, metal-bound, and EDTA-treated (following metal-binding) HfeA with indicated

metal ions. Data represent the mean molar ratio of metal ions to HfeA (£ S.E.M.) from at least three

independent biological experiments.
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FIGURE 4
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Figure 4. Structural and molecular dynamics simulation analyses of metal-free and Zn(II)-
bound Hi2019 HfeA. (A) Cartoon representation of metal-free Hfe A. N-terminal, C-terminal and the
a-helical linker are shown in red, blue, and green, respectively. The long flexible a434 loop is shown
in magenta. The modelled residues that are part of the fusion tag are shown in grey. The secondary
structures of the protein are assigned and labelled. The four residues involved in metal-binding are
shown in stick representation. The nitrogen and oxygen atoms are colored blue and red, respectively.

(B) Cartoon representation of Zn(IT)-bound HfeA (teal). The secondary structures of the protein are
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assigned and labelled. The four residues involved in metal-binding are shown in stick representation.
The Zn(II) metal ion is shown as a grey sphere. The nitrogen and oxygen atoms are colored blue and
red, respectively. (C) Tetracoordinate hydrogen bonding of Zn(II) metal ion at the binding site.
Hydrogen bonds are shown as yellow dotted lines, labelled with respective bond lengths, the metal
ion is represented by a sphere, and residues are shown in stick representation. The 2mF,-DF_ electron
density maps of the coordinating residues and metals are colored in grey and contoured at 1.5 o,
within a 2.0 A radius around each residue. Polder (OMIT) electron density maps of the metals are
colored in black and contoured at 4.0 o, within a 2.0 A radius around the ligand. (D) MD simulations
examining the mobility of the histidine-containing loops. A representative structure of the full-length,
reconstructed Hi2019 HfeA structure is shown in grey and overlayed with 4 conformations of loops
from the simulations: B2a2, which contains His58, shown in orange; and B4a4, which contains
His123, shown in yellow. (E) Structural superposition of the crystal structures of metal-free (green)
and Zn(II)-bound (teal) HfeA in cartoon representation. Key secondary structures, loops, and residues

are assigned and labelled as in (B).
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FIGURE 5
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Figure 5. Conservation of the Hfe ABCD transporter in the Haemophilus genus. (A) Phylogenetic
analysis of AfeA nucleotide sequences from 1,073 publicly available Haemophilus spp. genomes.
Influenzae and non-influenzae species are indicated with Hi2019 shown by a red circle. Aligned Hfe A
amino acid sequences were used to: (B) determine the frequency of variation at each position within
the protein; and (C) map amino acid conservation onto the cartoon-representation of the Zn(II)-bound
Hi2019 HfeA crystal structure (7U6T). The fusion tag was excluded from analysis (residues 294-
297). The percentage conservation in (C) is shown as a heat map colored from red (70%) to white

(85%) to teal (100%). Metal-coordinating residues are represented by sticks (C) and red arrows (B).
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Figure 6. The role of HfeA in stress resistance and biofilm formation. Growth phenotypes of the
Hi2019 wild-type (A, C) and Akhfed (B, D) strains in the presence of paraquat (A, B) and hydrogen
peroxide (C, D). Data are mean ODgoo values (= S.E.M.) from three independent biological
experiments. (E) Relative survival of the Hi2019 wild-type, AhfeA, and complemented strains upon
exposure to 0 — 10 mM paraquat. Bacterial survival data are mean CFU mL™! (+ S.E.M.) at 1 h from
three independent biological experiments. Statistical significance of the difference determined by a
Brown-Forsythe and Welch ANOVA with Dunnet post-test; *, P < 0.05. (F) Relative biofilm
production of the Hi2019 strains in response to 1 uM paraquat exposure. Data represents the amount

of biofilm produced relative to bacterial density (= S.E.M.) at 16 h from 6 independent experiments.
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Statistical significance of the difference determined by a two-way ANOVA with Tukey post-test;

otk P <0.0001.
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FIGURE 7
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Figure 7. The contribution of HfeA to Hi2019 virulence. (A) Interaction of the Hi2019 wild-type
and AhfeA strains with human bronchial epithelial cells (16HBE14) at 4 and 24 h, as measured by
adherence and invasion. (B) Interaction of the Hi2019 wild-type, AhfeA, and complemented strains
with murine bone marrow macrophages (BMMs) at 4 h, as measured by adherence and invasion. Data
represent bacteria recovered, CFU mL! (+ S.E.M.), from 3 independent experiments. Statistical

significance of the difference determined by a one-way ANOVA with Tukey post-test; *, P < 0.05;

** P<0.01.
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Brief synopsis: The Gram-negative bacterial pathogen Haemophilus influenzae use the manganese-
recruiting protein HfeA to import the metal via the HfeBCD transporter into the bacterial
cytoplasm. Here, contributes to protection against reactive oxidative species (ROS) stress as a
cofactor in the manganese-superoxide dismutase (MnSOD). In a HfeA deficient strain, manganese
cannot be transported by this pathway, resulting in loss of MnSOD activity and increased

susceptibility to ROS stress.
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