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To successfully mount infections, nearly all bacterial pathogens must acquire iron, a
key metal cofactor that primarily resides within human hemoglobin. Corynebacterium
diphtheriae causes the life-threatening respiratory disease diphtheria and captures hemo-
globin for iron scavenging using the surface-displayed receptor HbpA. Here, we show
using X-ray crystallography, NMR, and in situ binding measurements that C. diph-
theriae selectively captures iron-loaded hemoglobin by partially ensconcing the heme
molecules of its & subunits. Quantitative growth and heme release measurements are
compatible with C. diphtheriae acquiring heme passively released from hemoglobin’s
f subunits. We propose a model in which HbpA and heme-binding receptors collectively
function on the C. diphtheriae surface to capture hemoglobin and its spontaneously
released heme. Acquisition mechanisms that exploit the propensity of hemoglobin’s
p subunit to release heme likely represent a common strategy used by bacterial pathogens
to obtain iron during infections.

hemoglobin | NMR | X-ray crystallography | bacterial growth | heme capture

Corynebacterium diphtheriae is the causative agent of the severe upper respiratory disease
diphtheria. Since its discovery by Edwin Klebs and Friedrich LéfHler, studies of this pathogen
have greatly impacted our understanding of how changes in extracellular iron levels impact
microbial growth and virulence (1-3). Upon encountering an iron-deplete environment
within its human host, transcriptional changes triggered by the microbial DexR repressor
produce the diphtheria toxin that causes paralysis and congestive heart failure, as well as
hemophores and small molecule siderophores that scavenge iron (2, 4-7). Human hemo-
globin (Hb) within red blood cells contains ~75 to 80% of the body’s iron content in the
form of heme (iron-protoporphyrin IX) and is actively targeted by C. diphtheriae as a nutrient
source (8-15). When red blood cells are lysed Hb is released into the surrounding plasma
where its heme molecules are rapidly oxidized to their ferric state (called hemin). This form
of Hb is referred to as methemoglobin (metHb) and it has a greater propensity to dissociate
into aff heterodimers upon Hb dilution outside of cells (16, 17). Dimeric metHb has weaker
affinity for hemin, with the aHb subunit binding hemin with higher affinity than pHb.
Further dissociation of dimeric metHb into its component hemin-bound globins can also
occur, with the isolated globins exhibiting the weakest affinity for hemin. To limit infections,
humans have developed innate nutritional immunity mechanisms that limit the amount
of available iron. In particular, free iron or hemin is bound by the plasma proteins transferrin
and hemopexin, respectively, or they are both bound by human serum albumin (18, 19).
In addition, iron-laden metHb released from lysed red blood cells is bound by the abundant
human plasma protein haptoglobin (Hp) and subsequently removed from the blood by
macrophages via CD163-mediated endocytosis (20-22). During infections, C. diphtheriae
and other bacterial pathogens circumvent this process by acquiring hemin from metHb and
the metHb—Hp complex, and in some instances by blocking metHb—Hp removal from the
blood (13, 23-26). Hemin-uptake systems in several species of gram-positive bacteria within
the Bacillota phylum (formerly known as Firmicutes) have been characterized that employ
structurally related NEAr-iron Transporter (NEAT) domains to capture hemin and metHb
(27, 28). In contrast, despite its discovery over a century ago, much less is known about the
molecular basis of hemin uptake from metHb by pathogenic C. diphtheriae and related
species of Actinomycetota (formerly known as Actinobacteria) which use structurally distinct
protein machinery to harvest hemin.

The hemin-uptake system in C. diphtheriae is composed of at least 10 proteins that
collectively capture hemin from host hemoproteins and import it into the cytoplasm
where it is degraded to release free iron (Fig. 1). The core machinery found in most strains
is encoded by genes expressed from the Amu hemin import locus, which produces a
membrane-embedded HmuTUV ABC transporter that imports hemin across the plasma
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pathogens scavenge heme-iron
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cells. We have learned how
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heme-iron from hemoglobin.

Author affiliations: °Department of Chemistry and
Biochemistry, University of California, Los Angeles, CA
90095; “University of California, Los Angeles-United
States Department of Energy Institute of Genomics
and Proteomics, University of California, Los Angeles,
CA 90095; ‘Laboratory of Respiratory and Special
Pathogens, Division of Bacterial, Parasitic, and Allergenic
Products, Center for Biologics Evaluation and Research,
Food and Drug Administration, Silver Spring, MD 20903;
9Molecular Biology Institute, University of California, Los
Angeles, CA 90095; and “Division of Oral and Systemic
Health Sciences, School of Dentistry, University of
California, Los Angeles, CA 90095

Author contributions: B.J.M., L.R.L., K.E.-G., H.T.-T., M.P.S.,
and R.T.C. designed research; BJ.M., LR.L, J.F, JS,
N.A.C., K.E.-G., and M.J.C. performed research; J.F. and
A.K.G. contributed new reagents/analytic tools; BJ.M.,
L.R.L.,J.F.,).S, NAAC,AKG., and D.C. analyzed data; and
B.J.M., LR.L, H.T.-T.,, M.P.S,, and R.T.C. wrote the paper.

The authors declare no competing interest.
This article is a PNAS Direct Submission.

Copyright © 2024 the Author(s). Published by PNAS.
This article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0
(CC BY-NC-ND).

"To whom correspondence may be addressed. Email:
michael.schmitt@fda.hhs.gov or rclubb@mbi.ucla.edu.

This article contains supporting information online at
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2411833122/-/DCSupplemental.

Published December 31, 2024.

https://doi.org/10.1073/pnas.2411833122 1 of 11


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:michael.schmitt@fda.hhs.gov
mailto:rclubb@mbi.ucla.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2411833122/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2411833122/-/DCSupplemental
https://orcid.org/0000-0003-4323-9276
https://orcid.org/0000-0001-9501-551X
https://orcid.org/0000-0002-6159-4354
https://orcid.org/0000-0003-4220-6472
https://orcid.org/0000-0001-7966-1052
https://orcid.org/0000-0001-8285-754X
https://orcid.org/0000-0003-1611-0469
mailto:
mailto:
https://orcid.org/0000-0001-5718-3985
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2411833122&domain=pdf&date_stamp=2024-12-27

Downloaded from https://www.pnas.org by UC Los Angeles on October 6, 2025 from | P address 149.142.187.205.

2 of 11

HbpA

(secreted)

~ mycolic acid
7
~ v layer

HtaB/ChtB

@
= ot

P HrtAB
ORI >
S @ Wi

Adéﬂém/

\ plasma membrane
HmuO ﬁ@ R

Fig. 1. Schematic of C. diphtheriae hemin acquisition pathway. Upon release
from red blood cells, tetrameric Hb rapidly dissociates into metHb dimers.
Hemin passively released from the p subunit of metHb (or metHb-Hp) bound
to HbpA is captured by surface-exposed CR domain-containing receptors ChtA,
ChtC, or HtaA. Hemin is then relayed to the HmuTUV integral membrane ABC
transporter, presumably involving transfer via HtaB or ChtB, and degraded
by the heme oxygenase HmuO. Excess hemin is exported by the HrtAB efflux
pump. Only the Hp1-1 form of Hp is shown. Also shown in the figure are
secreted forms of the HbpA receptor that bind metHb and the metHb-Hp
complex.
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membrane into the cytoplasm (29, 30). This gene locus also
encodes for the surface-displayed HtaA and HtaB hemin-binding
receptors, which are embedded into the membrane via C-terminal
transmembrane (TM) helices (4, 29, 31). HtaA and HtaB bind
hemin via conserved region (CR) domains that have recently been
shown to coordinate its central iron atom via a conserved tyrosine
residue (32-35). The core hemin-uptake system is completed by
HmuO, an oxygenase that degrades hemin to release free iron
after it has been imported into the cytoplasm by the HmuTUV
complex (36-38). Epidemic strains responsible for a lethal 1990s
outbreak of diphtheria in the former Soviet Union supplement
the core machinery with additional hemin- and Hb-binding pro-
teins (39, 40). These include three surface proteins that bind hemin
via CR domains (ChtA, ChtB, and ChtC) and HbpA, which binds
to metHb and the metHb-Hp complex (24, 25, 40). Based on
the positioning and activities of these proteins, HbpA may initiate
the process of hemin capture by binding metHb on the cell surface.
Released hemin is then passed across the cell wall via the CR
domain-containing receptors, imported by the HmuTUV com-
plex, and then degraded by HmuO to release iron. Because hemin
is toxic when it is present at elevated concentrations, C. diphtheriae
maintains homeostasis using the membrane-embedded HrtAB
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complex which exports hemin from the cytoplasm when it becomes
too abundant (41, 42). Studies of C. diphtheriae gene deletion
mutants have revealed that microbial growth on hemin is reliant
on HmuTUV, HtaA, and either HtaB or ChtB, while growth on
the metHb-Hp complex also requires the expression of HbpA and
either ChtA or ChtC (24, 25).

Here, we report the results of cellular, structural, biochemical,
and growth modeling experiments that provide insight into how
C. diphtheriae uses its HbpA receptor to scavenge hemin from
human metHb. A crystal structure of the HbpA—Hb complex and
NMR studies reveal that the receptor captures only the heme-loaded
form of Hb by contacting heme molecules bound to its o subunit.
Bacteria harboring receptor mutations located within the HbpA—
Hb interface are impaired both in their ability to bind to metHb
and to use the metHb—Hp complex as a nutrient. Surprisingly,
despite sharing only limited primary sequence homology, HbpA
and CR domains within C. diphtheriac’s hemin-uptake system are
structurally related. Based on the structure and quantitative rate
measurements of Hb-dependent growth, we propose that C. diph-
theriae passively acquires hemin from hemoglobin and present a
model for how this process occurs on the cell surface.

Results

The HbpA Receptor Binds to Human Hb Using a CR-Like
Domain. We have previously shown that HbpA residues 32 to
322 (prAS) form a water-soluble ectodomain that binds to Hb
(25). To delineate the minimal region within I—IprS that binds
to Hb, a series of truncation constructs were tested using NMR
spectroscopy (SI Appendix, Fig. S1 A and B). This analysis revealed
that residues 33 to 229 (HbpA®**’) adopt a folded structure that is
sufficient to bind Hb (Fig. 24 and ST Appendix, Fig. S1 Cand D).
Using standard multidimensional heteronuclear NMR methods,
we determined the solution structure of HbpA®**’; an ensemble of
20 conformers represents the structure of HbpA®** and is in good
agreement with the experimental data (Fig. 2B and SI Appendix,
Fig. S2 and Table S1). The structure of the protein is well defined
by the NMR data, with the exception of two partially disordered
surface loops that connect strands p4 to p5 (E107-H110) and p6
to B7 (G126-D129), which experience local dynamics as assessed
by backbone relaxation experiments (S Appendix, Fig. S3).
prAA229 adopts an elongated structure that is constructed from
two subdomains (Fig. 2C). The “terminal” subdomain contains
the N and C termini of the protein and adopts a B-sandwich
structure formed from two antiparallel B-sheets (strands p4b, 5,
B7b, B8, p9a, and strands p3, p4a, B1, f11, p10, p9b, respectively)
(Fig. 2C, green). The adjacently positioned “distal” subdomain
adopts a splayed o/ structure that contains four a-helices (a1-04,
Fig. 2C, cyan) and several surface loops that pack against a third,
smaller B-sheet (B2, p6, p7a, B8, Fig. 2C, slate). Two extended
loops that connect the f10-a2 and a3-a4 structural elements
in the distal subdomain are linked by a disulfide bond (between
C182 and C211) which is likely important for protein stability as
its reduction causes protein precipitation (Fig. 2C, yellow sticks).
Surprisingly, although they share only ~14 to 18% primary
sequence identity, the structures of HbpA***’ and hemin-binding
CR domains are related (32, 33). In particular, both types of
proteins possess related pf-sandwich terminal subdomains (Fig. 3,
green); the backbone atoms of residues forming strands p4b-f5-
B7b-p8 and P1-p11-B10-pIb (colored green) in HbpA and CR
domains can be superimposed with a coordinate RMSD of ~2.5
to 2.7 A. However, the structures of their distal subdomains,
which in CR domains are the site of hemin binding, differ
substantially (Fig. 3B, red box). As compared to CR domains,
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Fig. 2. NMR structure of HbpA. (A) Domain schematic of the HbpA Hb receptor,
with its signal peptide (SP) and single TM helix indicated. A region of low amino
acid sequence complexity connects the TM helix to the structured domain
that binds to Hb (residues 33 to 229, HbpA*?*). (B) Stereo view showing the
ensemble of 10 lowest energy NMR structures of HbpA*??%, The N and C termini
are indicated, and the partially disordered p5-p6 and p6-p7 loops are colored
gray. (C) Cartoon depiction of HbpA*?%°, with two views shown that are related
by a 180° rotation. Secondary structure elements are labeled with o-helices
colored cyan. Residues forming the p-sandwich in the terminal subdomain are
colored green and residues forming the p-sheet in the distal subdomain are
colored slate. The disulfide bond (C182-C211) is shown as stick representation
in yellow.

the distal subdomain in HbpA contains a different ordering of
its secondary structural elements between strands f1 and P4
(elements p2-B3-al in HbpA vs. a1-f2-p3 in CR domains), as
well as a large multihelix insertion between strands 10 and p11
that is absent in CR domains [HbpA contains three contiguous
helices (x2-04) instead of the single helix]. These differences may
explain why HbpA is incapable of binding hemin. Most notably,
in CR domains hemin binding is mediated by a conserved iron-
coordinating tyrosine residue that is located within its al helix
(32-35), whereas in HbpA the helix is replaced with two short
helical turns and an intervening f1-p2 loop. Moreover, the cleft
in CR domains that is used to ensconce the hemin is missing in
HbpA because it is filled by residues located in helices a3 and o4.
Intriguingly, several HbpA residues in this region exhibit elevated
mobility, which is commonly observed in unliganded binding

surfaces (SI Appendix, Fig. S3).

Crystal Structure of the HbpA-Hb Complex. To gain insight into
the molecular basis of Hb binding, we determined the 1.69 A
crystal structure of the HbpA***~Hb complex. Complete data
collection and structural statistics are present in SI Appendix,
Table S2. In the structure two HbpA***’ molecules bind to a
metHb tetramer (Fig. 44); in the crystal this complex is constructed
from two asymmetric units that each contain a single chain of

PNAS 2025 Vol.122 No.1 2411833122

HbpA***’ bound to a a heterodimer. This binding stoichiometry
is consistent with solution multiangle light scattering experiments,
which indicate that only two HbpA®** proteins engage a single
Hb tetramer even when the receptor is present at fourfold molar
excess (S Appendix, Fig. S4). The structure sheds light onto how
the receptor engages physiologically relevant dimeric forms of
metHDb that are either free in solution or bound to Hp, since the
metHb surface contacted by the receptor in the HbpA***~Hb
complex remains exposed in these forms of metHb.

In the structure of the HbpA***-Hb complex, the
hemin-binding pocket within each of metHb’s o subunits (¢Hb)
is bound by a single HbpA protein via residues located in the
receptor’s B1-p2 and P6-P7 loops, as well as its a3-a4 helices.
Within the B1-p2 loop, HbpA residue Y52 engages in electrostatic
interactions with aHb’s EF loop, while the side chain of N55
interacts with the backbone carbonyl and amide groups of residues
N78 and A82 within the F-helix, respectively (Fig. 4B). Adjacent
to this contact surface, Y127’s aromatic sidechain within the $6-f7
loop packs into a gap that is located between Hb’s E and F helices,
while hemin’s exposed D-ring propionate group is positioned to
form direct and water-mediated hydrogen bonding interactions
with the backbone atoms of L125 and G126, as well as the side
chain of K202 (Fig. 4C). The interface is completed by contacts
between aHb’s F-helix and residues within the a3 and o4 helices
in HbpA (Fig. 4D). HbpA a3 residues 1201 and V204 form van
der Waals packing interactions with aHb’s F-helix, while D215
and K218 in the a4 helix are positioned to form salt bridge inter-
actions with the side chains of oHb residues R141 and D85, respec-
tively. Interestingly, this region in the receptor also contacts the
CD loop in the neighboring BHb globin chain (S Appendix,
Fig. S54). However, interactions between HbpA and aHb’s hemin
pocket are likely the primary determinant for binding affinity as
the HbpA—aHb interface constitutes 77% of the total buried sur-
face area in the complex (each HbpA protein buries a total of 1,091
A% when it binds to the Hb tetramer) (43, 44). HbpA's preference
for aHb may originate from receptor contacts to its F-helix, as this
surface is distinct in the two types of globins. In aHb the F-helix
contains A79 and A82 side chains that are contacted by HbpA,
while in PHb these residues are replaced with larger threonine side
chains that presumably form weaker interactions with the receptor
(T84 and T87). Preferential binding over aHb’s hemin pocket may
also be provided by supplemental and potentially stabilizing con-
tacts to the neighboring fHb in the Hb tetramer. The converse is
not true, since manually built models of the complex in which
HbpA is instead positioned over BHb’s pocket within the Hb
tetramer do not result in additional receptor contacts to the adja-
cent oHb chain (S7 Appendix, Fig. S5B). Receptor binding causes
only minor changes in the structure of Hb as its heavy atom back-
bone coordinates can be superimposed with the structures of the
isolated carbonmonoxy form of Hb (HbCO) (PDB: 6KAV) and
metHb (PDB: 6NBC) with RMSD values of 0.67 and 0.51 A,
respectively (45, 46). However, subtle changes in the structure and
dynamics of the receptor do accompany binding, including con-
formational ordering of the aforementioned dynamic $6-p7 loop
and repositioning of residues within the adjacent a3 helix.

HbpA Selectively Binds to Holo-Hb without Blocking Heme
Release from Its f§ Subunit. In the crystal structure, interactions
between the receptor and aHbs hemin suggest that HbpA
may selectively recognize only the heme-loaded form of Hb.
To investigate this issue, NMR was used to monitor [U—lSN]
I—IprA229 binding to either heme-loaded or -free forms of Hb.
Consistent with the structure of the complex, when heme-loaded

HbCO is added to a sample of [U-"N] prAA229 its '"H-"N
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Fig. 3. HbpA and CR domains within the hemin-uptake system are structurally related. (4) Two views of HbpA“??° related by a 90° rotation (Left) and similar
views of the hemin-binding C-terminal CR domain from the C. diphtheriae HtaA protein (HtaAR?, PDB: 8SMU) (Right) (33). The largest structural differences
occur in regions responsible for hemin binding in CR domains. (B) Secondary structure topology diagrams of HbpA**?? (Left) and HtaA®? (Right). The proteins
are constructed from “terminal” and “distal” subdomains. Color code: the p-strands in the terminal subdomain (green), strands in the p-sheet within the distal

subdomain (slate), a-helices (cyan), and disulfide bond (gold). Regions in HtaA®R?

involved in hemin binding are enclosed within a dashed red box. The analogous

region in HbpA*?* mediates binding to metHb in the crystal structure of the complex described later (dashed red box).

HSQC spectrum exhibits substantial line broadening indicative
of the formation of a high molecular weight Hb—receptor complex
(Fig. 5A4). Conversely, only limited spectral changes are observed
when Hb lacking heme (apo-Hb) is added at fourfold molar excess
(Fig. 5B), suggesting that contacts to aHb’s hemin are important
for receptor binding. However, it is also possible that hemin loss
from Hb causes changes in the conformation and/or dynamics of
the surrounding globin residues that impair receptor binding, since
in apo-Hb the hemin binding pocket has been shown to exchange
between folded and molten states (47). Interestingly, similar NMR
experiments reveal that HbpA®*** does not bind with appreciable
affinity to heme-loaded myoglobin (Mb), a structurally related
member of the globin family (S7 Appendix, Fig. S6A). Thus, our
results indicate that HbpA preferentially binds to Hb only when
it carries heme and not empty Hb dimers, which presumably
maximizes the ability of C. diphtheriae to exploit this abundant
source of iron as a nutrient.

40of 11  https://doi.org/10.1073/pnas.2411833122

To ascertain whether receptor binding promotes hemin release from
Hb we employed H64Y/VGSF apo-myoglobin (apo-Mb'¢*/V68F),
an established hemin scavenging reagent with unique spectral prop-
erties (17, 48, 49). As expected, upon mixing metHb with an excess
of apo-Mb™* V¥ biphasic time-dependent UV-Vis spectral changes
are observed at 405 nm (As) that report on the rate of spontaneous
hemin release from Hb into the solvent and its subsequent capture by
apo-Mb YV (Fig 5 black curve). The rapid and slow spectral
changes are defined by £, and £, rate constants that report on hemin
loss from the BHb and oHb chains, respectively. Interestingly, adding
increasing amounts of prAA229 (0 to 250 uM) to this reaction mix-
ture progressively eliminates the slower spectral changes attributed to
hemin loss from aHb, while leaving the rapid changes associated with
hemin release from PHb unperturbed (adding up to ~50-fold
HbpA** decreases kg by only ~2.5-fold, but completely eliminates
the slower spectral changes) (Fig. 5C and S/ Appendix, Table S3).
Tracking the total hemin lost from metHb as a function of added

pnas.org
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Fig. 4. Structure of the HbpA complex with hemoglobin. (A) Crystal structure of HbpA bound to human Hb reveals two receptors bind to the metHb tetramer,
each partially capping the hemin molecule located within the tetramer’s « subunits. (B) Magnified view of interactions between HbpA 1 and p2 loop and the EF
region of aHb at the edge of the protein-protein interface. The E and F helices of aHb are indicated. (C) View of interactions between HbpA's 6 and p7 loop and
a hemin propionate group at the HbpA-aHb interface. (D) Residues in HbpA's a3 and a4 helices bind over the aHb F-helix via a combination of van der Waals

packing and salt bridge interactions.

HbpA®** reveals that when the receptor is present in excess, only
~50% of Hb’s hemin is released after 20 h (Fig. 5D). These findings
suggest that prAA229 blocks hemin release from aHb without per-
turbing hemin egress from the fHb subunit.

Disrupting Hb Binding by HbpA Impairs C. diphtheriae's Ability to
Use the Hb-Hp Complex as an Iron Source. We determined how
the receptor—Hb interactions visualized in the crystal structure
affected C. diphtheriae’s ability to capture Hb and use it as a
nutrient source. C. diphtheriae strain 1737 deleted for the hbpA
gene (1737AhbpA) was transformed with a series of plasmids
that expressed either full-length wild-type HbpA or protein
variants containing single amino acid substitutions within the
molecular interface (Y52A, N55A, Y127A, F206A, Fig. 4 B-D).
Control experiments indicate that all of the mutant receptors are
displayed on the bacterial surface similar to the wild-type HbpA
(SI Appendix, Fig. S7A). Consistent with the crystal structure of
the complex, whole-cell ELISA experiments indicate that cells
displaying receptors with interfacial mutations are impaired in
their ability to capture Hb (Fig. 64, blue circles). These binding
defects are comparable to the 1737AhbpA deletion strain, except
for the N55A mutant that shows a more modest effect. The most
severe binding defects are caused by substitutions that are predicted
to disrupt receptor contacts to Hb’s E and F helices that surround
its hemin and by a previously reported F206A alteration that likely
destabilizes the local structure of the receptor at the molecular
interface (50). Whole-cell ELISA experiments also reveal that
the Y52A, Y127A, and F206A substitutions disrupt binding to
the Hb—Hp complex (Fig. 64, red triangles). Interestingly, this
finding is compatible with a model of the HbpA-Hb-Hp ternary
complex built using our structure of the HbpA—Hb complex and
a previously reported structure of the Hb—Hp complex (51). In
the model of the complex, the receptor primarily contacts aHb’s
hemin pocket and does not sterically compete with Hp for Hb
access (Fig. 6E). Binding experiments using an established in situ
gel-based assay are in agreement with the whole-cell data, as
they reveal that Y52A, Y127A, and F2006A receptor variants are
significantly impaired in their ability to bind to either Hb or the
Hb-Hp complex (Fig. 6B). The whole-cell ELISA data further
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suggest that HbpA is the primary determinant for binding to
either Hb or the Hb-Hp complex on the cell surface, as only
small amounts of antibody-induced signal are observed in the
AhbpA strain (Fig. 64). This finding is consistent with fluorescence
microscopy experiments comparing the WT and AhbpA deletion
strains, since only the WT cells show significant Hb binding when
probed using an anti-Hb antibody (Fig. 6C). Additionally, the
prevalence of fluorescence signal on the periphery of these cells
is in agreement with Hb binding to HbpA on the cell surface.
Thus, our results are compatible with HbpA acting as the primary
receptor for Hb and suggest that the interactions visualized in
the structure of the HbpA***~Hb reveal how C. diphtheriae
captures Hb and the Hb—Hp complex on the cell surface. C.
diphtheriae 1737 AhbpA cells lacking the HbpA receptor exhibit
statistically significant, albeit small, defects in growth when
they are cultured in media in which the Hb—Hp complex is the
sole source of iron (25). This is apparent when the growth of
1737 AhbpA cells complemented with an empty vector control is
compared to 1737AhbpA cells that express the receptor (Fig. 6D,
compare AbbpAlpKN to AbbpAlp-WT). Similar growth defects
are observed for cells expressing Y127A and F206A receptor
variants that are impaired in their ability to bind to Hb-Hp (and
Hb) (Fig. 64) (50). This suggests that tethering of the metHb-Hp
complex to the microbial surface facilitates growth by enhancing
the rate and/or efficiency of hemin removal. However, multiple
factors other than iron removal from the metHb-Hp complex
likely influence C. diphtheriae growth in cell culture, as cells
displaying binding impaired Y52A and N55A variants are not
growth impaired.

Secreted HbpA receptors have previously been shown to form
extracellular aggregates that bind to Hb and the Hb—Hp complex
(50, 52). All of the HbpA variants containing single amino acid
substitutions in the Hb binding domain behave similar to the
wild-type protein, as they are both displayed on the cell surface
and capable of forming secreted aggregates (S Appendix, Fig. S7).
This is consistent with residues outside of the Hb-binding domain
being responsible for aggregate formation and cell wall positioning.
To further delineate protein regions important for cellular location,
cells expressing receptors that lacked either the TM helix (prAS)
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Fig. 5. HbpA binding to holo-Hb and its effects on in vitro hemin release. (4) Overlay of "H-">N HSQC spectra of [U-'*N] HbpA*?* in the presence (red) or absence
(black) of holo-Hb. The loss of signals upon adding holo-Hb is indicative of binding. In the experiment the carboxyhemoglobin (HbCO) form of Hb was used at
a fourfold molar excess (200 uM, heme basis) relative to the receptor (50 uM). (B) As in panel (A) except the spectra show [U-"°N] HbpA*** (50 uM) in either the
presence (orange) or absence (black) of apo-Hb (200 uM, globin basis). The lack of significant spectral changes suggests that the receptor does not bind to apo-
Hb with significant affinity. (C) Experiments monitoring hemin release from the ferric form of Hb (metHb) and subsequent capture by apo-Mb"¢4V¢8 Spectral
time courses show the change in the metHb Soret band absorbance (405 nm) after mixing with apo-Mb"54V¢8 The amount of HbpA*?* was varied: 0 (black),
5 (green), 25 (purple), 100 (light blue), or 250 uM (dark blue) HbpA“??°, Lines represent the exponential decay equation to which the data was fit, and error bars
reflect the SD obtained from three replicates. Control experiments confirm that the absorbance changes are caused by hemin release from metHb and are not
a result of HbpA*??® binding to either Hb or Mb (S/ Appendix, Fig. S6 B and C). (D) Percent of hemin transferred as a function of HbpA“??? concentration. The %
hemin transferred was determined by taking the ratio of AA,ys at each HbpA2??° concentration to the AA,q in the absence of HbpA*??. Error bars representing
the SE calculated by propagation of uncertainty are present but are too small to be observed at this scale. At saturating HbpA*??? concentrations, only 50% of

the metHb-hemin molecules are released.

or the TM helix and residues that connect it to the Hb binding
module (HbpA®*?’) were tested for their ability to either properly
localize to the cell wall (ST Appendix, Fig. S7A), form extracellular
aggregates (SI Appendix, Fig. S7B), bind to Hb and Hb—Hp com-
plex (81 Appendix, Fig. S8), and use the Hb—Hp complex as an
iron source (Fig. 6D). Compatible with the TM helix being the
sole determinant for ag§re§ation and proper cell wall localization,
both HbpA® and HbpA*** fail to form aggregates and are impaired
in their ability to bind the Hb—Hp complex on the cell surface
and use it as a nutrient (Fig. 6D and SI Appendix, Fig. S8).

C. diphtheriae Growth Is Limited by the Rate of Passive Heme
Release from Hb. Based on our biochemical measurements that
demonstrate receptor binding does not stimulate hemin release,
we hypothesized that metHb captured on the cell surface by HbpA
passively (spontaneously) releases its hemin. As such, the use of
batch culture methods to monitor Hb-dependent growth would
mask the receptor’s importance. This is because any free hemin
released from Hb in the batch culture, either tethered to WT cells
via HbpA or free in solution when unable to bind to 1737AhbpA
cells, could in principle rapidly diffuse and be captured by cells
for import (53). To investigate this issue, we first determined
the maximum growth rate (4,,,,) at saturating Hb levels and the
substrate saturation constant (K)) for WT cells grown in varying
concentrations of Hb to be 0.29 + 0.01 h™ and 0.56 + 0.10 uM
respectively (S Appendix, Fig. §9). As WT and 1737AhbpA cells

exhibit very similar growth behavior when Hb is the sole source

https://doi.org/10.1073/pnas.2411833122

of iron, we reasoned that K reports on the ability of the microbe
to use hemin after it has been spontaneously released from Hb.
Indeed, the growth data obtained for bacteria cultured in media
containing varying amounts of Hb are accurately recapitulated
using a modified Monod model and previously reported values for
the rates of spontaneous hemin release from metHb (described in
SI Appendix and illustrated in Fig. 74 and SI Appendix, Fig. S10)
(17,54, 55). In particular, there is a close correspondence between
the experimentally derived and calculated specific growth rates
for cells grown in a range of Hb concentrations (Fig. 7B), and
as expected, the levels of unbound, “free” hemin, are very small
(SI Appendix, Fig. S10B). This suggests that when cells are grown
in batch culture the rate of spontaneous hemin release from Hb
is growth limiting. Moreover, since WT and 1737AhbpA cells
exhibit similar Hb-dependent growth kinetics, tethering Hb to
the cell surface via HbpA does not accelerate the rate at which
it loses its hemin. The growth model does not explicitly account
for the effects of hemin degradation by HmuO or export by
HrtAB, whose antagonistic effects on hemin usage have been
previously modeled in Corynebacterium glutamicum (56). At very
high metHb concentrations (>10 uM), impaired C. diphtheriae
growth is observed that can no longer be adequately fit by our
Monod model. This is presumably because the HmuO and HrtAB
clearance systems fail to eliminate toxic levels of hemin. To avoid
complications caused by these systems, we only modeled growth
data obtained for cells cultured in lower, nontoxic levels of hemin.
Under these conditions, our results show that spontaneous hemin
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Fig. 6. Receptor mutations impair C. diphtheriae's ability to capture the Hb-Hp complex. (4) Binding of C. diphtheriae cells to Hb (blue) and the Hb-Hp complex
(red). Cell-based ELISA was used to detect protein binding to AhbpA cells expressing receptor variants from plasmid pKN2.6Z as previously described (52). pKN
plasmids expressed: wild-type HbpA (AhbpA/p-WT), single amino acid variants (AhbpA/p-Y127A, Y52A, N55A, or F206A), only the Hb-binding domain (AhbpA/p-A229),
or the full-length protein lacking its TM-helix (AhbpA/p-S). (B) Results of in situ gel binding of bacterial extracts to either Hb or the Hb-Hp complex. Cells were
separated into supernatant fractions (sup, secreted proteins) and cell-associated proteins (cell). The strain used is C. diphtheriae 1737 that contains deletions of
hbpA, chtA, chtC, and htaA. This strain also carries the pKN2.6Z plasmid harboring the WT full-length hbpA gene, specific point mutations of hbpA, or the empty
vector (pKN). The four panels from Top to Bottom show the Coomassie stain, western blot with an anti-HbpA antibody, and in situ binding with Hb or with Hb-Hp
followed by western blot with an anti-Hb or anti-Hp antibody, respectively. (C) Microscopy of wild-type C. diphtheriae strain 1737 (WT) (Top) and AhbpA (Bottom)
C. diphtheriae cells. The figure shows images obtained using differential interference contrast (DIC) (Left), DAPI and a-Hb (Alexa Fluor 488) fluorescence (Middle),
and a merge of the fluorescence images (Right). (D) Growth of C. diphtheriae AhbpA complemented with HbpA variant plasmids in iron-deplete media that
contains the Hb-Hp complex as the sole iron source. For the determination of statistical significance, the growth levels of the mutants and the vector control
were compared to the WT strain. Results show the mean and SD from at least three experiments, with statistical significance calculated using unpaired t tests;
***P < (0.001; **P < 0.005; ns, no significant difference. (F) Model of HbpA's interaction with Hb-Hp complex, constructed using the coordinates of our HbpA-Hb
structure (PDB: 9B(J) and the structure of the Hb-Hp complex (PDB: 4WJG) (51).

release from metHb is growth limiting, while hemin removal by =~ Discussion
HmuO and HrtAB presumably only affects the duration of the

lag phase and the maximum achievable growth rate. Interestingly, To gain access to iron, pathogenic C. diphtheriae produces the
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when the metHb—Hp complex is provided as an iron source
HbpA-dependent growth effects are observed (Fig. 6D). This is
consistent with metHb—Hp complex releasing hemin more slowly
than metHb, potentially increasing the growth benefits conferred
by receptor-mediated tethering of this recalcitrant hemin source
near the cell surface (57).

PNAS 2025 Vol.122 No.1 e2411833122

HbpA receptor that binds to human Hb and the Hb—Hp complex
(25). HbpA is required for optimal microbial growth when the
Hb-Hp complex is provided as a sole source of iron and is unre-
lated to previously characterized Hb receptors based on its primary
sequence. Here, we show using a combination of solution state

NMR methods and X-ray crystallography that HbpA engages Hb
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Fig. 7. C. diphtheriae scavenges hemin that is spontaneously released from
Hb. (A) Growth experimental data vs. model predictions for C. diphtheriae
grown on Hb. Experimental ODg, time points (circles) and model fit curves
(solid lines) shown for Hb substrate concentrations of 0.10 uM (blue), 0.27
uM (green), 0.50 uM (orange), and 1.00 uM (red) (hemin units). Error bars
show the SD obtained from three replicates. (B) Linear correlation plot of
experimentally measured specific growth rates (Umeasureq) VS. the specific
growth rates extracted from growth models assuming passive hemin release
from Hb (us,). The data and model are in good agreement (slope = 0.965, R
= 0.997). Modeling parameters are described in S/ Appendix, Table S6, and
sensitivity analysis of the parameters used to fit the growth data is presented
in SI Appendix, Table S7.

via a structured N-terminal domain (residues 33 to 229,
HbpA***). The molecular basis of binding is revealed by a 1.69 A
crystal structure of the 2:1 HbpA***~Hb complex in which each
aHb subunit within the metHb tetramer is engaged by a single
receptor. HbpA binding partially encapsulates the hemin bound
to the aHb globins by contacting its D-ring propionate group,
as well as surrounding globin residues located within and proxi-
mal to Hb’s E- and F-helices. In situ binding studies reveal that
the receptor—Hb contacts visualized in the crystal structure con-
tribute to C. diphtheriae’s ability to capture Hb and the Hb—Hp
complex, as four alanine substitutions in the receptor reduce
cellular binding: Y52A, N55A, Y127A, and F206A (Fig. 6A).
Based on NMR experiments, these contacts enable HbpA to
interact with only the heme-bound form of Hb, while limiting
binding to other types of heme-bound globins such as myoglobin
(SI Appendix, Fig. S6). HbpA’s preference for only the heme-
loaded form of Hb may be advantageous, as it presumably enables
C. diphtheriae to capture only iron-laden forms of Hb that can
be used as a nutrient.

https://doi.org/10.1073/pnas.2411833122

The results of invitro hemin release measurements and
Hb-dependent growth studies suggest that C. diphtheriae scav-
enges hemin after it is passively released from metHb. Consistent
with the structure of the complex, biochemical experiments indi-
cate that HbpA blocks hemin egress from the aHb subunit, while
leaving spontaneous hemin loss from the fHb subunit unimpeded
(Fig. 5 Cand D). This specificity for aHb’s hemin pocket presum-
ably maximizes hemin flow into the cell, as only holo-metHb is
tethered at the cell surface and hemin is spontaneously released
from PHb ~10x faster than it is released from aHb (17). To deter-
mine whether cells harvest hemin through the passive process pre-
dicted by the biochemical and structural data, we mathematically
modeled the dependence of bacterial growth on the rate of hemin
release from metHb. This analysis revealed that C. diphtheriae
growth is critically dependent on the kinetics of spontaneous
hemin release from metHb—the microbe does not need to accel-
erate hemin release from metHb to explain the observed growth
dependence (Fig. 7). Moreover, it explains why only modest
growth defects are observed in 1737AhbpA cells when they are
grown in batch cultures that contain Hb as an iron source. This
is because in batch cultures released hemin rapidly diffuses to
encounter cells for import, such that it does not matter if the
hemin source (metHb) is bound to the cell surface by HbpA or
free in the growth media as a result of genetically eliminating the
receptor. At sites of infection the function of the receptor is pre-
sumably critical, since it enables the microbe to effectively compete
with host proteins that bind and remove free metHb (Hp) and
hemin (hemopexin, human serum albumin) (S/Appendix,
Table S8) (18). Indeed, in contrast to Hb, modest and statistically
significant defects in growth are observed when 1737AhbpA cells
are cultured in media containing Hb-Hp as an iron source
(Fig. 6). This observation is consistent with the fact that metHb—
Hp releases hemin much more slowly than metHb (57), suggest-
ing that tethering this recalcitrant hemin source near the microbe
may facilitate growth by increasing the efficiency of hemin capture.
In this scenario, so little hemin is released from metHb-Hp that
optimizing hemin flow into the cell by tethering it to the surface
via the receptor becomes advantageous, possibly by preventing
hemin rebinding to the Hb—Hp complex or nonspecific hemin
aggregation in the culture media. This is consistent with our find-
ing that cells bearing Y127A and F206A receptor substitutions
that disrupt Hb—Hp binding in situ also exhibit statistically sig-
nificant reductions in their ability to use this iron source as a
nutrient (Fig. 6). Notably, the importance of Y127 is consistent
with recent studies of C. diphtheriae clinical isolates, as this posi-
tion in their HbpA receptors exhibits a higher-level sequence
conservation; the only documented variation at this position fea-
tures a phenylalanine, conserving the aromatic nature of the side
chain (50). In principle, the rate of hemin release from metHb
and the Hb-Hp complex on the surface could also be facilitated
by the unique environment present on the mycolic acid surface
(58), and/or by the action of secreted or surface-displayed pro-
teases that degrade Hb (59, 60).

Actinomycetota have evolved a parsimonious protein solution
to capture metHb and hemin, since in C. diphtheriae’s
hemin-uptake system our results reveal that these ligands are
bound by structurally related HbpA and CR domains, respectively
(Fig. 3). In the hemin-uptake system, five surface-displayed and
secreted proteins scavenge hemin using CR domains (ChtA, ChtB,
ChtC, HtaA, and HtaB). A comparison with HbpA reveals that
both types of proteins adopt a similar B-sandwich fold and they
employ related, but distinct distal subdomains to bind metHb
and hemin (32, 33). Ligand binding appears to be very selective
as hemin binding to HbpA is not observed when monitored by
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UV-Vis spectroscopy (25), while NMR titration experiments
show that a hemin-binding CR domain from the C. diphtheriae
HtaA receptor does not interact with Hb (S Appendix, Fig. S11)
(61). These results indicate that either convergent or divergent
evolution processes have shaped CR and HbpA proteins to adopt
similar structural folds, each serving unique binding functions
within the hemin uptake pathway. Interestingly, a similar evolu-
tionary phenomenon has been observed in Staphylococcus aureus,
as hemin uptake in this distantly related bacterium within the
Bacillota phylum employs structurally divergent NEAT domains
to bind to either metHb or hemin (61, 62).

Our results that support HbpA's localization on the cell surface
are consistent with recent proteomics studies that define the posi-
tioning of protein components within C. diphtheriaes hemin uptake
system (Fig. 6 A and C) (63). Those studies also place the ChtA,
ChtC, and HtaA hemoproteins on the bacterial surface suggesting
that they may scavenge hemin that is spontaneously released from
metHb’s f subunit when it is bound to HbpA, thus explaining why
each of these proteins are essential for optimal bacterial growth
when the metHb—Hp complex is provided as an iron source (Fig. 1)
(24, 25, 40). Surface-scavenged hemin would then be relayed
through the cell wall via HtaB or its paralog ChtB to the
membrane-embedded HmuTUV complex for import into the cell
and degradation. Interestingly, HbpA may have varied functions in
hemin uptake, since a portion of the receptor is also secreted to form
high molecular weight aggregates that avidly bind Hb (25, 52).
These aggregates may be functionally important, since 1737 AhbpA
cell cultures that are supplied with exogenous full-length HbpA
aggregates exhibit enhanced growth when Hb—Hp is provided as an
iron source (52). Our results suggest that nonpolar interactions orig-
inating from residues within HbpA’s C-terminal hydrophobic helix
are required for extracellular aggregate formation (S Appendix,
Fig. S7). The nature of these aggregates remains unclear, but recent
studies of the related bacterium Corynebacterium glutamicum have
observed blebbing of protein-containing mycomembrane vesicles
from its outer mycolic acid membrane that may function as nutrient
delivery vectors (64). Thus, secreted HbpA receptors in C. diphthe-
riae may be embedded in mycomembrane vesicles that are capable
of scavenging Hb from its surroundings, followed by return of the
iron source via vesicle-microbial fusion.

The structure of HbpA differs from previously described Hb
receptors (65-69). However, HbpA and other bacterial receptors
appear to use a mechanistically similar strategy to maximize micro-
bial recognition of hemin-loaded forms of metHb, while never-
theless enabling hemin capture from its fHb subunit. In particular,
the Shr receptor from gram-positive Streprococcus pyogenes uses
structurally unrelated Hemoglobin-interacting domain (HID)
modules to selectively capture holo-metHb by contacting aHb,
but like HbpA, when bound to Hb it does not block passive hemin
loss from PHb (68). Similarly, the HpuA receptor in the
gram-negative pathogen Kingella dentrificans may target
BHb-bound hemin molecules for capture, since when bound to
metHb the fHb-bound hemin molecules are left uncapped.
Interestingly, PHDb’s labile hemin molecule has been proposed to
be positioned near HpuB, an integral membrane protein that
transports hemin through the outer membrane (69, 70). Thus, as
highlighted in our studies of HbpA, this positioning may increase
the efliciency of hemin flow into the cell and be particularly advan-
tageous when the metHb—Hp complex is used as an iron source,
and when competing host-encoded hemin-scavenging proteins
are present (18). Alternative acquisition strategies are also
employed by bacteria to scavenge Hb’s hemin, as evidenced by the
S. aureus IsdB and IsdH receptors which actively accelerate the
rate of hemin release from metHb by distorting its hemin-binding
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pocket (49, 65, 66, 71-75). While it remains to be determined,
it is conceivable that S. aureus requires higher rates of hemin con-
sumption to grow effectively when colonizing its host, thereby
making it advantageous for it to actively extract metHb’s hemin.
Future studies of the diverse mechanisms used by bacterial path-
ogens to acquire hemin from metHb promises to provide insight
into how they colonize their human hosts, and could facilitate the
development of urgently needed therapeutics to treat infections
caused by multidrug-resistant bacteria.

Materials and Methods

Protein Preparations. Database identifiers for genes and proteins in this study
are provided in S/Appendix, Table S4. Recombinant HbpAand HtaA proteins were
expressed in Escherichia coli and purified using standard methods as described
previously (33, 52). Human Hb was prepared from the blood of a healthy donor
provided by the University of California Los Angeles/Centers for AIDS Research
(UCLA/CFAR) Virology Core Laboratory, purified in the carbonmonoxy form (HbCO),
and converted to metHb as previously described (49). H64Y/V68F myoglobin (apo-
Mb"“"V8) was expressed and purified as previously described (49). Methyl ethyl
ketone extraction was used to prepare apo-Mb"*' % and apo-Hb (76). Further
details are described in S/ Appendix, Supplementary Materials and Methods.

NMR Spectroscopy and Solution Structure Determination. NMR experi-
ments were performed at 295 K on Bruker DRX 500 MHz, AVANCE 111 HD 600 MHz,
and AVANCE NEO 800 MHz spectrometers each equipped with triple resonance
cryogenic probes. Backbone chemical shift assignments of uniformly °N- and
"3C-labeled HbpA“?* were determined from the following BEST-TROSY exper-
iments: "H-""NHSQC, HNCO, HN(CA)CO, HNCA, HN(CO)CA, HNCACB, HN(CO)
CACB, and HBHA(CO)NH experiments (77-79). Sidechain assignments were
made by acquiring and analyzing "N-TOCSY-HSQC, H(CCCO)NH, "H-"C HSQC,
HCCH-COSY, and HCCH-TOCSY spectra. 3D NOESY spectra acquired included 3D
"N-edited, 13Ca“phatic-edited, and "°C,,, nic-edited experiments (100 ms mixing
time for each). The solution structure was determined by automatic NOE assign-
ment by ATNOS-CANDID algorithm in UNIO ‘10 (80-82), followed by manual
NOE verification in XIPP and structure calculation in XPLOR-NIH (83-85). The final
structure ensemble was deposited in the Protein Data Bank under PDB ID 9BCH.
The DALI server was used to search for similar protein structures (86). Comparison
to the AlphaFold Database model is presented in S/ Appendix, Fig. S12. Further
details are described in S/ Appendix, Supplementary Materials and Methods.

Crystal Structure Determination of prA“zzg-Hb Complex. prAAm

complexed with HbCO was concentrated to 12 mg/mLfor crystal screening in 20
mM HEPES, pH 8.0 buffer, and screened using the JCSG Plus screen (Molecular
Dimensions), with hits further optimized. Final crystals were produced in 0.1 M
Tris, pH 8.5, 0.24 M TMAQ, 20% PEG-2000 MME, appearing after 2 to 3 d, and
cryoprotected in reservoir solution containing 30% glycerol. Data were collected
atthe Advanced Photon Source on beamline 24-ID-C equipped with an EIGER2 X
16M detector at 100 Kand processed using XDS and XSCALE to index, integrate,
and scale reflections in the P4,2,2 space group (87). The dataset was anisotropic,
so was further treated by ellipsoidal processing and anisotropic scaling using
STARANISO (88). The structure was solved using molecular replacement with
PHASER with the known structure of hemoglobin dimer (PDB: 2DN3) and refined
using Cootand BUSTER (89-92).The coordinates and structure factors have been
deposited in the Protein Data Bank under PDB ID 9BCJ. Complete statistics are
presented in S/ Appendix, Table S2. Additional details about crystallization, molec-
ular replacement, and refinement are described in S/ Appendix, Supplementary
Materials and Methods.

Hemin Release and In Situ Hb Binding Measurements. The hemin release
kinetics from Hb and the receptor-Hb complex were measured by monitoring
changes to hemin's Soret band absorbance using an established plate reader
assay as performed previously (68). Experiments were performed at 25 °Cto avoid
apo-globin aggregation. Hemin release from metHb occurs faster at 37 °C (kg ~
15vs.~Th™", kygu~ 0.6 vs. 0.1 h™"). However, this does not change the results
reported in this manuscript, as hemin release in the metHb-HbpA complex still
occurs primarily from metHb's beta subunit at either 25 °C or 37 °C.
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Hb and Hb-Hp binding to C. diphtheriae was determined by ELISA. Intact C.
diphtheriae cells grown in low iron mPGT media were coated on a microtiter plate
foran assessment of the surface exposure and binding capacity of HbpA proteins
on the cell surface. As previously described (52), this method uses antibodies
against HbpAfor surface detection, while binding to Hb or Hb-Hp is assessed by
incubation with each protein followed by detection by anti-Hb or anti-Hp anti-
bodies, respectively. An alkaline phosphatase-labeled secondary antibody was
used for detection, followed by the addition of pNPP and measurement of OD,ygs.

Gel Electrophoresis Assays of Cellular Fractions and Recombinant
Proteins. Cells intended for analysis of supernatant and cellular fractions by
insitu blotting were grown in low iron mPGT and normalized by 0D, at harvest.
Cell pellets were lysed by treatment with lysozyme (from chicken egg white) and
sodium lauroyl sarcosinate (Sarkosyl) as previously described (52). Lysed cells,
supernatants, or purified proteins were run on precast PAGE TGX (Tris-glycine
extended) gels (Bio-Rad) with a 4 to 15% gradient for separation under both dena-
turing and native conditions. These gels are manufactured without SDS and were
run under native conditions by using native sample buffer (with no heating step)
and Tris-glycine running buffer. Denaturing gels were run with samples boiled
in Laemmli sample buffer for 10 min and separated using Tris-glycine running
buffer (all reagents from Bio-Rad). Tween 20 (0.1%) was added to supernatant
samples where indicated to allow protein aggregates to enter the gel. Coomassie
blue staining, transfers to nitrocellulose, western blotting, and in situ analysis of
Hb and Hb-Hp binding were performed as previously described (52).

C. diphtherige Growth Studies. The strains of C. diphtheriae and
Corynebacterium ulcerans and relevant plasmids used in this study are listed in
Sl Appendix, Table S5. Complementation plasmids carrying hbpA point mutations
and HbpA*??? were constructed in the pKN2.6Z vector with the NEB HiFi DNA
Assembly kit using one-fragment assembly cloning and the WT pKN-hbpA con-
struct as source material for PCR (52). Primers were designed to introduce point
mutations or delete the C-terminal sequence. Plasmids were transformed into C.
ulcerans 712 to avoid HhpAtoxicity to E. coli, verified by sequencing, then purified
and electroporated into C. diphtheriae 1737. Strains were grown in heartinfusion
broth (Difco) with 0.2% Tween 80 (Millipore Sigma) (HIBTW) and stored with
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20% glycerol at —80 °C. Iron-limited growth assays were done in a semidefined
medium, mPGT, which has been previously described (93). Iron chloride (FeCl,)
was added at 0.25 uM for a low iron growth condition, and kanamycin was used
at 50 ug/mL. Purified human Hb (MP Biomedical) was prepared to remove free
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1-1 (Athens Research and Technology) was used at 8.75 ug/mL (52). Terminal
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(50). Details on Hb-dependent growth study in microtiter plate are described in
Sl Appendix, Supplementary Materials and Methods.
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