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ABSTRACT The Corynebacterium diphtheriae hemoglobin-binding protein HbpA is
critical for the acquisition of iron from the hemoglobin-haptoglobin complex (Hb-Hp).
Previous studies using C. diphtheriae strain 1737 showed that large aggregates formed
by HbpA are associated with iron transport activity and enhanced binding to Hb-Hp;
however, specific regions within HbpA required for Hb-Hp binding or iron uptake
have not been identified. In this study, we characterized two clinical isolates from
Austria, designated 07-18 and 09-15, which express HbpA proteins that share only
53% and 44% sequence identity, respectively, to the strain 1737 HbpA protein. The
HbpA proteins expressed by the Austrian strains had functional and structural proper-
ties similar to those of the HbpA protein in strain 1737 despite the limited sequence
similarity. These shared characteristics between the HbpA proteins included similar cel-
lular localization, aggregate formation, and Hb and Hb-Hp binding. Additionally, the
Austrian strains were able to acquire iron from Hb and Hb-Hp, and deletion of the
hbpA gene from these two clinical isolates reduced their ability to use Hb-Hp as an
iron source. A sequence comparison between the HbpA proteins from 1737 and the
Austrian strains assisted in the identification of a putative Hb-binding site that shared
similar characteristics with the Hb-binding regions in Staphylococcus aureus NEAT
domains. Amino acid substitutions within this conserved Hb-binding region signifi-
cantly reduced Hb and Hb-Hp binding and diminished the hemin-iron uptake function
of HbpA. These findings represent important advances in our understanding of the
interaction of HbpA with human hemoproteins.

IMPORTANCE Hemoglobin (Hb) is the primary source of iron in humans, and the ac-
quisition of hemin-iron from Hb is critical for many bacterial pathogens to infect and
survive in the human host. In this study, we have examined the C. diphtheriae Hb-
binding protein HbpA in two clinical isolates and show that these proteins, despite
limited sequence similarity, are functionally equivalent to the previously described
HbpA protein in strain 1737. A sequence comparison between these three strains
led to the identification of a conserved Hb-binding site, which will further our under-
standing of how this novel protein functions in hemin-iron transport and, more gen-

erally, will expand our knowledge on how Hb interacts with proteins. Editor George OTToole, Geisel School of
Medicine at Dartmouth
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toxin-producing strains of C. diphtheriae, additional virulence factors associated with both
toxigenic and nontoxigenic clinical isolates have not been well defined. Factors important
for adherence to epithelial cells and for acquisition of essential nutrients, such as iron, likely
have an important role in colonization and survival in the host for both toxigenic and non-
toxigenic strains (3-6).

Bacterial pathogens encounter a host environment that is limited in available iron,
and this low-iron condition can serve as a signal to induce the expression of specific
virulence factors such as diphtheria toxin and iron and hemin transport systems in
C. diphtheriae. Many bacterial pathogens, including C. diphtheriae, have evolved a vari-
ety of mechanisms to obtain hemin-iron for growth in the iron-depleted host environ-
ment (6-10). Heme is the most abundant source of iron in humans and is primarily
associated with hemoglobin (Hb), which is present in erythrocytes. Hb released from
erythrocytes is rapidly bound to haptoglobin (Hp) in serum to form the Hb-Hp complex
(11, 12). Two of the primary functions of the Hb-Hp complex are to limit the toxicity
associated with free Hb and to remove Hb from circulation through uptake and degra-
dation in macrophages (12).

In Staphylococcus aureus, the use of Hb as an iron source requires surface receptors
known as iron-regulated surface determinants (Isd), which are covalently anchored to
the cell wall by sortases and are able to bind hemin, Hb, and Hb-Hp (13, 14). The IsdB
and IsdH proteins in S. aureus bind Hb at the bacterial surface through regions known
as NEAT (near-iron transporter) domains where hemin is extracted from Hb and subse-
quently transported through the cell wall in a cascade manner by binding to a series of
cell wall-anchored hemin-binding proteins (14-16). NEAT domain-containing proteins
that bind hemin and/or Hb and Hb-Hp are also present in Bacillus anthracis, Listeria
monocytogenes, and Streptococcus pyogenes (17-20).

Factors that are critical for the transport of hemin-iron by C. diphtheriae include the
HmuTUV ABC transporter and HtaA and HtaB, which are iron-regulated hemin-binding
proteins (7). HtaA binds to hemin and to various hemoproteins through a pair of
domains designated conserved regions 1 and 2 (CR1 and CR2) (6, 21). The CR domains
show no significant sequence similarity to the NEAT domains found in the hemin- and
Hb-binding proteins in other Gram-positive bacteria (22). A C. diphtheriae htaA deletion
mutant showed reduced growth when Hb or Hb-Hp was provided as the sole iron
source, indicating that HtaA has a crucial role in the use of these hemoproteins as iron
sources (6). The hemin-binding and surface-exposed ChtA and ChtC proteins in C. diph-
theriae are also involved in the use of hemin as an iron source and have important
roles in the acquisition of iron from Hb-Hp (6). The ChtA and ChtC proteins exhibit sig-
nificant sequence similarity, and each contains a single CR domain. The ChtA and ChtC
proteins were shown to have redundant function, since deletion of both the chtA and
chtC genes was required for a reduction in the use of Hb-Hp as an iron source (6). In
addition, the defect in growth with Hb-Hp observed with the chtA/C double mutant
was restored by complementation with either the chtA or chtC gene (23). Most of the
studies examining hemin-iron transport in C. diphtheriae were conducted in strain
1737, a clinical isolate associated with the diphtheria outbreak in the former Soviet
Union in the 1990s (24). Strain 1737 is also closely related to NCTC13129, which was
the first C. diphtheriae strain to have its complete genome sequenced and fully anno-
tated in 2003 (25).

HbpA is a novel iron-regulated protein in C. diphtheriae that was recently shown to
bind Hb and Hb-Hp and is involved in the use of Hb-Hp as an iron source in strain
1737 (26). HbpA shares no significant sequence similarity to other known proteins and
has been identified only in a subgroup of C. diphtheriae strains, which includes clinical
isolates that are closely related to strain 1737 (24-26). HbpA, like other C. diphtheriae
Hb-binding proteins, is found both associated with the membrane and secreted into
the culture medium. Whole-cell enzyme-linked immunosorbent assays (WC ELISAs)
showed that HbpA was exposed on the surface of C. diphtheriae strain 1737 and was re-
sponsible for much of the Hb and Hb-Hp binding observed on the bacterial surface (26).
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TABLE 1 C. diphtheriae strain comparison®

Journal of Bacteriology

Source HbpA % AA identity to 1737 homolog:
Infection % AA identity Predicted % AA identity to
Strain Location type to 1737 size (kDa) HtaA ChtA ChtB ChtC HmuT diphtheria toxin
1737 FSuUf Respiratory 100 385 100 100 100 100 100 100
06-15 Austria Cutaneous 100 38.5 100 100 100 99 100 (=)
07-18 Austria Cutaneous 536 359 99 (=) 99 99 100 (-)
09-15 Austria Cutaneous 440 36.2 99 98 99 99 100 (=)
HCO02 Brazil Endocarditis 53¢ 359 99 (=) (-) 99 100 (-)
VAO1 Brazil Respiratory 444 36.2 99 99 99 87 100 (—)

a(—), gene not present and/or protein not expressed.

bHbpA has 46% amino acid identity between strains 07-18 and 09-15.
‘HbpA has 100% amino acid identity between strains HC02 and 07-18.
9HbpA has 100% amino acid identity between strains VAO1 and 09-15.
eAA, amino acid.

FSU, Former Soviet Union.

Neither CR nor NEAT domains were identified in HbpA, and a region involved in Hb or
Hb-Hp binding has not been reported (26). In a previous study, we showed that the pres-
ence of the C-terminal transmembrane region of HbpA is essential for hemin-iron acqui-
sition from Hb-Hp and further demonstrated that this region is required for membrane
anchoring and aggregate formation (23). The native form of HbpA is a high-molecular-
weight complex that has not been structurally characterized; however, this aggregate
structure of HbpA is required for optimal binding to Hb and Hb-Hp (23).

In this study, we examined two clinical isolates from Austria that express HbpA pro-
teins that share only 53% and 44% amino acid sequence identity to strain 1737 HbpA
(27). Despite the limited sequence similarity, we showed here that the HbpA proteins
expressed by the Austrian strains have cellular localization and function similar to
those of the HbpA protein from 1737. A sequence comparison between the HbpA proteins
from 1737 and the Austrian strains facilitated the identification of a putative Hb-binding site
that shares sequence characteristics with the Hb-binding region in S. aureus NEAT domains.
Amino acid substitutions within this putative Hb-binding sequence of HbpA resulted in sig-
nificantly diminished Hb and Hb-Hp binding and abolished the heme-iron uptake function
of HbpA.

RESULTS

Sequence analysis of HbpA from Austrian clinical isolates. A recent study
described the genetic characterization of 57 C. diphtheriae clinical isolates from Austria
that were obtained from either respiratory or cutaneous infections between 2011 and
2019 (27). Two of the strains, 07-18 and 09-15, which were isolated from cutaneous
infections, express HbpA proteins that have only 53% and 44% amino acid sequence
identity, respectively, to the previously characterized HbpA protein from strain 1737
(23, 26) (Table 1). The HbpA proteins in 07-18 and 09-15 have only 46% amino acid
identity to each other. A BLAST search using the 1737 HbpA amino acid sequence iden-
tified three distinct groups of HbpA homologs based on sequence similarity, and
strains 1737, 07-18, and 09-15 encode HbpA proteins that are representative members
of each of these three unique sequence groups. Because strains 07-18 and 09-15
encode HbpA proteins that represent unique sequence groups, these strains were
selected for additional studies to examine the function and structure of their HopA
proteins and the potential use of their HopA sequences to identify conserved regions
associated with Hb binding and hemin-iron transport.

In addition to HbpA, the two Austrian strains encode other proteins associated with
iron acquisition from Hb-Hp, including HtaA, HmuT, ChtA (present only in 09-15), ChtB,
and ChtG; all of these proteins show at least 98% sequence identity to the homologous
proteins present in 1737 (Table 1). Strain 07-18 does not encode the ChtA protein,
which is functionally redundant with ChtC (26). The diphtheria toxin gene (tox) is
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FIG 1 The Austrian clinical isolates use Hb, Hb-Hp, and hemin as iron sources for growth. Strains were

grown in mPGT

medium that was optimized for the growth experiments; supplemental iron sources were added as indicated below
the graph (see Materials and Methods for medium details and hemoprotein concentrations). The iron chelator EDDA
was added to remove nonhemin iron from the growth medium, and growth was measured by OD,,, at 48 = 1 h.
Results show the mean and standard deviation from at least three experiments; analysis of significance used

GraphPad Prism v9.1.2 by unpaired t tests. ****, P < 0.0001; ***, P < 0.001; **, P < 0.005; *, P < 0.05.

absent in the Austrian strains, which is commonly observed for strains associated with
cutaneous infections or other less severe disease.

Amino acid sequence alignment of the HbpA proteins from 1737 and the two
Austrian strains showed that the highest similarity was observed at the N and C ter-
mini, which contain the signal sequence and the transmembrane region, respectively
(see Fig. S1 in the supplemental material) (28). Sequences with significant similarity to
known hemin- or Hb-binding regions, such as CR or NEAT domains, were not identified
from this sequence alignment. The HbpA proteins encoded by the Austrian strains
were slightly smaller than 1737 HbpA due to deletions in a poorly conserved but highly
charged region of unknown function near the C terminus (Fig. S1 and Table 1). The
hbpA genes present in the Austrian strains are carried at the same chromosomal loca-
tion as that observed for 1737 hbpA (26), and the DNA sequences upstream from their
hbpA coding regions contain a highly conserved DtxR-binding site and —10 promoter
element, suggesting that hbpA in the Austrian strains is regulated by DtxR in an iron-
dependent manner (Fig. S2). While DtxR was previously reported to control the expres-
sion of 1737 hbpA and to associate with the 1737 binding site shown in Fig. S2 (26), DtxR
regulation of the hbpA genes in the Austrian strains has not been directly demonstrated.

Structural and functional characterization of the HbpA proteins from the
Austrian clinical strains. We next examined the structural and functional characteris-
tics of the Austrian HbpA proteins. In these studies, we included a control from the
Austrian strain collection, strain 06-15, which produces an HbpA protein with an amino
acid sequence identical to that of 1737 HbpA (Table 1). Since the 1737 HbpA protein is
involved in heme-iron transport and the subsequent use of heme as an iron source, we
first determined whether the Austrian strains could use various heme compounds as
iron sources. Initial studies with the Austrian strains revealed that they grew poorly in
the low-iron mPGT medium previously used in iron uptake studies with strain 1737
(23, 26). Poor growth in mPGT medium relative to growth observed with strain 1737
was previously observed for other C. diphtheriae clinical isolates (6), and the reason for
the reduced growth was not determined. The mPGT medium was adjusted to improve
the growth of the Austrians strains under iron-depleted conditions (see Materials and
Methods); these modifications to the mPGT medium also enhanced the growth of
strain 1737. The three Austrian strains were able to use hemin, Hb, and Hb-Hp as iron
sources when grown in the altered low-iron mPGT medium (Fig. 1). None of the
Austrian strains were able to grow as well as 1737 in the presence of the various iron
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FIG 2 Expression of HbpA and other iron-regulated proteins in C. diphtheriae strains. Strains were grown in PGTH medium under low
(2 wM EDDA)- or high (10 uM FeCl,)-iron conditions. The top panel shows supernatant (S) and cellular (C) protein fractions of each
strain, separated by SDS-PAGE and stained with Coomassie blue; arrows indicate HbpA. The lower panels show Western blots probed
with anti-HbpA, anti-HtaA, anti-ChtA, anti-ChtC, and anti-diphtheria toxin (a-tox) antibodies. Weak detection of HbpA in strain 09-15

is due to poor recognition of this protein by the anti-HbpA antibody. A representative experiment is shown.

or heme sources, but all strains showed an increase in growth in the presence of hemin
or the hemoproteins relative to the growth observed in media with no added iron
source and the iron chelator EDDA [ethylenediamine di(o-hydroxyphenylacetic acid)].
Expression of HbpA in the Austrian strains was regulated by iron levels with optimal
production under low-iron conditions; similar iron-dependent expression was observed
for the hemin-binding proteins HtaA, ChtA, and ChtC (Fig. 2). Diphtheria toxin was not
detected from the three Austrian strains but was present in 1737, where it was optimally
expressed in low-iron medium as observed previously (26). HbpA produced by the
Austrian strains was observed both in the extracellular medium (S) and associated with
the bacteria (C) (Fig. 2). The 09-15 HbpA protein was weakly detected in the Western
blot assays using the 1737 HbpA antiserum, which was likely due to its low sequence
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FIG 3 The HbpA proteins from the Austrian strains bind Hb and Hb-Hp. (A) The indicated strains were grown in low-iron PGTH (2 uM EDDA)
medium, and supernatant (S) and cellular (C) protein fractions are shown. Proteins were separated by SDS-PAGE and then stained with
Coomassie blue (bottom panel) or assessed for binding to Hb or Hb-Hp as indicated using an in situ method. Arrows indicate HbpA protein
bands in the Coomassie blue-stained panel. (B) Purified recombinant HbpA protein (0.25 g per lane) derived from strain 1737, 07-18, or
09-15 was assessed as for panel A. Representative experiments are shown for panels A and B. (C) Binding of HbpA to Hb and Hb-Hp was
measured by ELISA as described in Materials and Methods. EC,, values were calculated using GraphPad Prism v9.1.2. Results show the mean

and standard deviation from three experiments.

similarity with 1737 HbpA. It was also observed that the HbpA protein from 09-15
migrated faster in SDS gels than HbpA from 07-18 even though these proteins are pre-
dicted to be similar in size (Table 1). HbpA was not detected in any of the hbpA deletion
mutants, as expected.

The native HbpA proteins expressed from the three Austrian strains, as well as purified
recombinant HbpA proteins from strains 09-15 and 07-18, bound both Hb and Hb-Hp using a
previously described in situ binding method (26) (Fig. 3A and B). The binding of the recombi-
nant HbpA proteins to Hb and Hb-Hp was quantified by ELISA, and the findings showed that
each of the HbpA proteins exhibited similar binding to the hemoproteins (Fig. 3C). HopA
expressed from a 1737 hbpA deletion mutant (1737AhbpA) that carried the cloned Austrian
hbpA genes showed that the Austrian HbpA proteins had hemoprotein binding and cellular
localization similar to those observed in their native strains (Fig. S3).

Whole-cell ELISAs (WC ELISAs), which are used to detect surface exposure of bacte-
rial proteins, showed that HbpA was surface exposed in the Austrian strains (Fig. 4A
and B). Additionally, the HbpA proteins from all three of the Austrian strains were able
to bind both Hb and Hb-Hp at the bacterial surface; binding was only minimally
detected in strains deleted for hbpA, which indicates that HbpA was responsible for
most of the surface binding observed in these strains (Fig. 4B). The binding of HbpA to
Hb and Hb-Hp at the cell surface was also observed in WC ELISAs in which the cloned
Austrian hbpA genes were expressed in 1737AhbpA (Fig. S4).

Deletion of the hbpA gene from the three Austrian strains resulted in reduced ability
to use Hb-Hp as an iron source (Fig. 5A). Additionally, expression of the cloned
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FIG 4 HbpA expressed from the Austrian strains binds Hb and Hb-Hp at the bacterial surface. (A) WC ELISAs were used to
assess surface exposure of HbpA in the strains indicated. Bacteria were grown overnight in low-iron PGTH medium (2 uM
EDDA), cell densities were normalized by OD,,, and the cultures were used to coat microtiter plates. Expression and
surface exposure of HbpA were measured by anti-HbpA antibody, with the secondary antibody used as a negative
control. Abs, absorbance. (B) Binding to Hb and Hb-Hp was measured by incubation of cultures bound to microtiter plates
with either Hb or Hb-Hp followed by detection of the bound hemoprotein with anti-Hb or anti-Hp antibody, respectively.
Hp binding (with anti-Hp detection) was used as a negative control. Results show the mean and standard deviation from
at least three experiments. For Hb and Hb-Hp binding (B), all comparisons between each strain and its corresponding
deletion mutant were statistically significant (P < 0.0005) by unpaired t test using GraphPad Prism v9.1.2.

Austrian hbpA genes in 1737AhbpA resulted in wild-type (WT) (p1737) levels of growth
relative to the vector control (pKN) when Hb-Hp was the sole iron source (Fig. 5B).
These findings show that the HbpA proteins in strains 07-18 and 09-15 have the ability
to acquire iron from Hb-Hp, despite the low sequence similarity with the 1737 HbpA
protein. Although statistical significance was not observed with strain 09-15 in the Hb-
Hp iron utilization studies, likely due to variability of the assay and poor growth of the
strain, the cloned hbpA gene from strain 09-15 was able to restore wild-type (p1737)
levels of growth to 1737AhbpA.

It was previously reported that 1737 HbpA formed soluble aggregates when secreted
into the culture supernatant and also following purification of the recombinant HbpA
protein (23). HbpA secreted from the Austrian strains exhibited migration in native gels
similar to that of 1737 HbpA, in which much of the protein is unable to enter the gel in
the absence of a detergent (Tween 20), suggesting that secreted HbpA from all three
strains forms high-molecular-weight complexes (Fig. 6A). Similar findings were observed
when the cloned Austrian hbpA genes were expressed in 1737AhbpA (Fig. S5). Size exclu-
sion chromatography (SEC)-fast protein liquid chromatography (FPLC) using the purified
recombinant HbpA from strains 07-18 and 09-15 also showed that both proteins form
large aggregates (Fig. 6B), with estimated sizes of 988 kDa and 1,025 kDa, respectively
(Fig. S6). It was previously reported that the aggregate formed by the 1737 HbpA protein
is approximately 987 kDa (23); however, the HbpA complexes observed on the sizing col-
umn form broad peaks, which suggests that the HbpA aggregates are variable in size
and may not form a well-defined structure (Fig. 6B). The 1737 HbpA-S protein, which
contains a deletion of the C-terminal region, was used as a control in these studies, since
it does not form aggregates and migrates as a monomer on native gels and in SEC
(Fig. 6A and B) (23). These findings demonstrate that the HbpA proteins from 1737, 07-
18, and 09-15 exhibit similar functional and structural characteristics despite significant
sequence differences.

Identification of a putative Hb- and Hb-Hp-binding site in HbpA. Regions associ-
ated with Hb and Hb-Hp binding or iron transport have not been previously deter-
mined for HbpA (23). Sequences required for binding to Hb were identified in the
S. aureus 1sdB and IsdH NEAT domains using biochemical and crystallographic analysis
as well as sequence comparisons (13, 29). The Hb-binding regions on the IsdB/IsdH
proteins include the aromatic amino acids Phe and Tyr and a conserved His residue,
which constitute the 4-amino-acid consensus sequence (F/Y)-Y-H-(Y/F) (13, 29). Since
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FIG 5 The Austrian HbpA proteins are involved in the use of Hb-Hp as an iron source. (A) The Austrian wild-type strains and their
corresponding hbpA deletion mutants were grown in iron-limited medium with Hb-Hp as the sole iron source. Medium and growth
conditions were optimized for each strain (see Materials and Methods). Growth of strains 07-18, 07-18 AhbpA, 09-15, and 09-15AhbpA
was measured at 48 *= 1 h after inoculation; 06-15 and 06-15AhbpA were measured at 20 to 24 h after inoculation. (B) pKN2.6Z
plasmids carrying the cloned hbpA gene from strains 1737, 07-18, and 09-15 were transformed into strain 1737AhbpA to assess the
use of Hb-Hp as a sole iron source. Strains were grown in low-iron mPGT medium containing Hb-Hp. Statistical significance in panel
B is shown for each strain compared to the growth of pKN (vector-only control). Results in panels A and B show the mean and
standard deviation from at least three experiments; analysis of significance used GraphPad Prism v9.1.2 by unpaired t tests. ***, P <
0.001; **, P < 0.005; *, P < 0.05; ns, no significant difference.

we established that the HbpA proteins from the Austrian strains are functionally and
structurally similar to 1737 HbpA, we used the sequence alignment in Fig. S1 to iden-
tify conserved regions that may be associated with HbpA function. In a search for an
Hb- and Hb-Hp-binding region in HbpA, we identified a 6-amino-acid sequence that
has characteristics similar to those of the S. aureus binding sites and was broadly con-
served between the Austrian strains and strain 1737: this region has the consensus
sequence (V/Y)-(F/Y)-F-E-(S/G)-Y (Fig. S1). To determine if this region was required for

A B ¢
1737
1737 AhbpAl
1737 AhbpA  06-15 07-18 09-15 PhbpA-S
w20 - + - + - + - + - + - +
—> | --— - - ¢

a-HbpA
—| - - ' HbpA-S
1737 / L/\

—{, e el . 3 <:(
£ 0718
Hb-Hp in situ
— -
o at 09-15
T T T
30 40 50
Time (min)

FIG 6 The Austrian HbpA proteins form large soluble aggregates. (A) Native gels were used to compare proteins present in supernatant
fractions from strains grown in low-iron PGTH medium (2 wM EDDA). Protein samples were prepared in the presence (+) or absence
(=) of 0.1% Tween 20, which was used to solubilize large aggregates (23). Supernatant samples were normalized by OD,, separated
by native PAGE, and then probed with anti-HbpA antibody (upper panel) or assessed for Hb-Hp binding in situ (lower panel). Plasmid
phbpA-S expresses the HbpA-S protein, which runs as a monomer and was used as a control (23). A representative experiment is
shown. (B) SEC was used to analyze purified recombinant HbpA from strains 07-18, 09-15, 1737, and HbpA-S. A lower elution time
(minutes) indicates a higher-molecular-weight species. The red arrow indicates aggregated protein; the blue arrow indicates the
monomer peak for HbpA-S. Samples were run on a Superose 6 increase 3.2/300 column for large aggregate sizing; each trace shows a
representative sample from at least three replicates. mAU, milli-absorbance units.
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FIG 7 Amino acid substitutions in the HbpA Hb-binding site cause reduced binding to Hb and Hb-Hp. (A

) Supernatant (S) and cellular (C) protein fractions

were obtained from strains grown in low-iron mPGT medium (0.25 uM FeCl,). Protein fractions were separated by SDS-PAGE and then stained with
Coomassie blue (bottom panel), probed with anti-HbpA antibody (third panel from top), or assessed in situ for binding to Hb or Hb-Hp as indicated. The
various point mutations were constructed in the 1737 hbpA gene. The hbpA genes carrying the various point mutants were expressed from plasmid
pKN2.6Z in strain 1737A4, which is deleted for hbpA, htaA, and chtA/C (26). Strain 1737A4 was used in these studies to reduce background bands
associated with binding to hemoproteins by HtaA and ChtA/C. WT indicates the cloned wild-type 1737 hbpA gene, and pKN indicates vector control. (B)
The F205A/F206A double mutant was expressed and run as in panel A, along with WT and pKN controls. All samples were run on the same gel, but the
F205A/F206A sample was run in a lane that was not adjacent to the control samples. (C) Purified recombinant 1737 HbpA proteins (0.25 g per lane) with
amino acid substitutions indicated were separated by SDS-PAGE and then assessed as in panel A. Representative experiments are shown.

Hb-Hp binding, we made individual amino acid substitutions at five of the six residues
within this sequence in 1737 HbpA and then tested the modified HbpA proteins for
their ability to bind Hb and Hb-Hp. All of the substitutions resulted in reduced binding
to both Hb and Hb-Hp relative to the wild-type protein; however, changes in residues
F205A and F206A had the strongest impact on binding (Fig. 7A), and an F205A/F206A
double mutant also showed a similar reduction in binding to both hemoproteins (Fig. 7B).
These studies showed that all of the modified HbpA proteins were both cell associated
and secreted into the medium, indicating that the amino acid changes did not affect the
localization of the proteins (Fig. 7A and B). Binding studies using purified recombinant
HbpA proteins carrying the various amino acid substitutions confirmed the crucial role
that these amino acids have in binding to Hb and Hb-Hp (Fig. 7C). WC ELISA studies
showed that all of the HbpA proteins containing the various amino acid substitutions
were exposed on the surface at levels equivalent to that of the wild-type protein, and all
had various levels of reduced binding to Hb and Hb-Hp (Fig. 8A and B).

Plasmids encoding HbpA proteins containing the amino acid substitutions F205A,
F206A, and F205A/F206A were unable to restore wild-type levels of growth to
1737AhbpA when Hb-Hp was the sole iron source (Fig. 9). The growth of 1737AhbpA
carrying the cloned genes for these three HbpA proteins was not significantly different
from the growth of 1737AhbpA carrying only the vector (pKN), but the growth of these
strains was significantly different from the growth of the WT (Fig. 9). These findings
indicate that these amino acid changes in the Hb-binding site significantly affect the
hemin-iron transport function of HbpA.

ELISAs used to quantitate the binding of the various HbpA proteins to Hb and Hb-
Hp showed that the HbpA proteins with reduced hemin-iron transport function
(F205A, F206A, and F205A/F206A) also showed large reductions in Hb and Hb-Hp bind-
ing as determined by 50% effective concentration (ECs,) calculations (Fig. 10). SEC anal-
ysis showed that the modified HbpA proteins with the most significant reduction in
Hb-Hp binding maintained the ability to form large aggregates similar to those found
with wild-type HbpA (Fig. S7), indicating that the various amino acid substitution in
the putative Hb-binding site did not affect aggregate formation.

The HbpA-S protein, which lacks the C-terminal transmembrane domain, exists as a
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FIG 8 HbpA proteins carrying the amino acid substitutions described in Fig. 7A and B were examined in WC ELISAs. (A) Cell
cultures were normalized by ODy,, and HbpA on the cell surface was detected using anti-HbpA antibody (“Controls” indicates
use of secondary detection antibody only). (B) Binding to hemoproteins was measured by incubation with Hb or Hb-Hp, followed
by detection using anti-Hb or anti-Hp antibody, respectively (Hp was used as a negative control). The hbpA genes carrying the
various point mutants were expressed from plasmid pKN2.6Z in strain 1737A4, which is deleted for hbpA, htaA, and chtA/C (26).
WT indicates the cloned wild-type 1737 hbpA gene, and pKN indicates vector control. Results show the mean and standard

deviation from at least three experiments.

monomer and is unable to form aggregates or anchor in the cytoplasmic membrane
(23). HbpA-S also lacks iron transport activity and has reduced but detectable binding
to Hb and Hb-Hp using the in situ binding method (23) (Fig. 7C). To provide additional
support for the involvement of the consensus sequence described above in Hb bind-
ing, we constructed recombinant HbpA-S proteins that contained the F206A and the
F205A/F206A amino acid substitutions. Both of these modified HbpA-S proteins
showed a marked decrease in binding to both Hb and Hb-Hp in the in situ binding
assay (Fig. 11), providing further evidence of the importance of this region in Hb and
Hb-Hp binding.

DISCUSSION

Although Hb exists as a tetramer inside erythrocytes, following release from red
blood cells, Hb forms oxidized dimers that can rapidly bind Hp to form the Hb-Hp com-
plex (11). Hb-Hp, Hb, and free hemin all serve as iron sources for C. diphtheriae and
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FIG 9 Amino acid substitutions in the HbpA Hb-binding site impact the use of Hb-Hp as an iron source.
C. diphtheriae 1737AhbpA carrying various cloned hbpA genes on plasmid pKN2.6Z was examined for
growth in low-iron mPGT medium that contained Hb-Hp as the sole iron source. WT indicates cloned
wild-type hbpA gene, and pKN indicates vector control. Results show the mean and standard deviation
from at least three experiments. Statistical significance was calculated in GraphPad Prism v9.1.2 using
unpaired t tests; each strain was compared to the pKN and pWT controls as indicated above the graph.
*** P < 0.001; **, P < 0.005; ¥, P < 0.05; ns, no significant difference; NA, not applicable.
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FIG 10 Binding of purified recombinant HbpA proteins to Hb and Hb-Hp was quantified by ELISA. Purified HbpA proteins with amino acid
substitutions in the Hb-binding site are indicated; WT is the wild-type HbpA protein. EC,, values were calculated using GraphPad Prism
v9.1.2, using upper and lower concentrations that best represent the range of performance for each protein. Results show the mean and
standard deviation from at least three experiments.

numerous other bacterial pathogens (30). Prior to this report, the HbpA protein had
been studied only in strain 1737, a toxigenic clinical isolate obtained during the diph-
theria epidemic in the former Soviet Union in the 1990s (24). In this study, we have
characterized the HbpA proteins from two Austrian clinical isolates, 07-18 and 09-15,
which encode HbpA variants that have low sequence similarity to the 1737 HbpA pro-
tein (53% and 44% identity, respectively) and only 46% sequence identity with each
other (Table 1) (27). Despite the limited sequence identity between the HbpA proteins
in 07-18 and 09-15, single nucleotide polymorphism (SNP) analysis and core genome
multilocus sequence typing (cgMLST) showed that these two isolates have a high
degree of overall genetic similarity, and both strains were nontoxigenic and associated
with cutaneous infections (27).

Proteins encoded by the Austrian strains (07-18 and 09-15) that are predicted to be
involved in the use of iron from Hb-Hp include HtaA, ChtA/C, and HmuT, all of which
show greater than 98% sequence identity to the homologous proteins in 1737 (Table 1).
Genes that flank the hbpA gene in the chromosome (dip2337 and dip2329) show greater
than 98% sequence identity between strains 1737, 07-18, and 09-15 (25). We also
observed that the hbpA gene in 1737 has a GC content of 45%, whereas the average
genomic GC content for 1737 and related strains is approximately 53.5% (25). The GC
content of the hbpA genes from strains 07-18 and 09-15 is similarly low at 43% and 45%,
respectively (27). The below-average GC content suggests that the hbpA gene was intro-

F205A/
WT F206A F206A

Hb in situ

Hb-Hp in situ

a-HbpA

Coomassie

FIG 11 The HbpA-S monomer protein carrying amino acid substitutions in the Hb-binding site showed
reduced binding to Hb and Hb-Hp. Purified recombinant proteins (2 wg per lane) were separated by SDS-
PAGE, and subsequent analysis was performed as described in the legend to Fig. 7A. A representative
experiment is shown.
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S. aureus Hb-binding NEAT domains:

IsdHNl1 Y-Y-H-F-F-S
IsdBN1l F-Y-H-Y-A-S
IsdHN2 F-Y-H-Y-A-S
Consensus: (F/Y)-Y-H-(F/Y)

C. diphtheriae Hb-binding sites:

1737 V-F-F-E-S-Y

07-18 Y-Y-F-E-G-Y

09-15 V-Y-F-E-G-Y

Consensus: (V/Y)-(F/Y)-F-E-(S/G)-Y
FIG 12 Analysis of Hb-binding sites in S. aureus and C. diphtheriae. Amino acid substitutions were
constructed in the 1737 HbpA Hb-binding site and at targeted residues in the Hb-binding N1 NEAT
domains in IsdB and IsdH, as described previously (13, 29). Residues in red showed the strongest

contribution to Hb binding, while residues in blue had a weaker effect on binding (all other residues
were not tested for binding).

duced into each of these strains by horizontal transfer. However, the mechanism of
transfer is unclear, since transposon, phage, or insertion sequence-related genes in the
regions flanking hbpA were not identified (25, 27). Surprisingly, two clinical strains from
Brazil, HC02 and VAO1, have an HbpA amino acid sequence identical to that of strains
07-18 and 09-15, respectively (31, 32) (Table 1).

Unusual sequence characteristics of the HbpA proteins described in this study include
the high level of sequence similarity that was observed between 1737 and the two
Austrian strains in the HbpA N-terminal secretion signal and in the C-terminal transmem-
brane region (see Fig. S1 in the supplemental material). In most proteins, these terminal
regions typically maintain structural similarity, rather than a high level of specific
sequence identity as seen here. Another novel feature of the HbpA sequence is a highly
charged region in the C-terminal portion of the protein (Fig. S1, underlined sequence).
While a function for this region is not known, an alignment of the amino acid sequences
between 1737 and the two Austrian strains indicates this region is poorly conserved.
Additionally, the small deletions within this region in strains 07-18 and 09-15 do not
appear to significantly impact any of the functional or structural features of HbpA that
were identified in this study, including hemin-iron transport, Hb-Hp binding, aggregate
formation, and cellular localization (Fig. 3 to 5). The lack of sequence conservation in this
C-terminal segment suggests that the presence of charged residues may be more impor-
tant than the specific sequence or overall size of this region.

Because the HbpA proteins from 1737 and the two Austrian strains maintained
both structural and functional similarities despite limited sequence identity, we rea-
soned that areas important for function and structure may be located in regions with a
higher level of amino acid sequence similarity. Using this approach, we identified a
region in the HbpA protein sequences that had characteristics similar to those of the
Hb-binding sites present in the S. aureus NEAT domains (13, 29) (Fig. 12). The consen-
sus sequence for the C. diphtheriae Hb-binding site, (V/Y)-(F/Y)-F-E-(S/G)-Y, was con-
served in all of the HbpA sequences that were identified in a BLAST search of the NCBI
database, indicating that this region is conserved even between proteins with low
sequence similarity.

The Hb-binding NEAT domains in the IsdH and IsdB proteins include the amino acid
consensus sequence (F/Y)-Y-H-(F/Y) (Fig. 12). The IsdH protein contains two Hb-binding
NEAT domains with slightly different sequences: the binding sites for N1 and N2 NEAT
domains are Y-Y-H-F and F-Y-H-Y, respectively, while IsdB contains only a single Hb-
binding NEAT domain (N1) that is identical to the IsdH N2 domain (Fig. 12). Alanine
substitutions at each of the aromatic residues and the conserved His residue in IsdH
N1 and IsdB N1 resulted in decreased binding to Hb (Fig. 12) (29). However, substitutions
in the Tyr and Phe residues in the N1 domain of IsdB showed the greatest decrease in
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Hb binding, while changes in the two Tyr residues in the N1 domain of IsdH had the
greatest impact on Hb binding (Fig. 12).

In this study, we show that the amino acid substitutions with the strongest contri-
bution to Hb binding were in two adjacent Phe residues, F205 and F206 (Fig. 12). In
the Austrian strains, a Tyr residue replaces the Phe at position 205, suggesting that Phe
and Tyr residues may be interchangeable at this position in the Hb-binding site. A simi-
lar situation occurs at the Hb-binding site in the NEAT domains, where critical Tyr and
Phe residues are also interchangeable at specific locations within the consensus
sequence (Fig. 12).

Additional studies will be needed to advance our understanding of the structural
basis for the binding of Hb at the putative Hb-binding site in HbpA. These studies will
confront the challenges in attempting to analyze the binding of Hb to native HbpA
that exists as a complex protein aggregate.

MATERIALS AND METHODS

Bacterial strains and growth media. Table 2 lists the strains of C. diphtheriae, Corynebacterium
ulcerans, and Escherichia coli used in this study. Bacterial stocks were stored in the appropriate growth
medium with 20% glycerol and maintained at —80°C. Corynebacterium strains were grown in heart infu-
sion broth (Difco) with 0.2% Tween 80 (Millipore Sigma) (HIBTW); E. coli strains were grown in Luria-
Bertani (LB) medium (Difco). A semidefined medium, mPGT, was used for iron-restricted growth of C.
diphtheriae and formulated as described previously (33). Modifications to mPGT for growth of the
Austrian strains are described below (see “Bacterial growth assays”). For growth in mPGT, ferric chloride
(FeCl,) was added at 0.25 uM for low iron and 10 uM for high iron. Where appropriate, hemin was used
at 5 uM, ethylenediamine di(o-hydroxyphenylacetic acid) (EDDA) (Millipore Sigma) at 10 «M, and kana-
mycin (Millipore Sigma) at 50 ng/mL.

Purified human Hb was purchased from MP Biomedical, and human Hp1-1 was acquired from
Millipore Sigma or Athens Research and Technology. Hemoglobin was prepared as described previously
to remove free heme (23). To form the Hb-Hp complex, appropriate amounts of Hb and Hp were mixed
and incubated at room temperature for 20 min prior to dilution into growth medium or buffer. For
growth assays using C. diphtheriae 1737-derived strains, Hb was used at 4.37 wg/mL and Hp at 8.75 g/
mL; for the Austrian diphtheria strains, Hb was used at 6.56 ug/mL and Hp at 13.13 ug/mL. For 1737
strains expressing HbpA with point mutations, Hb was used at 2.92 ug/mL and Hp at 5.83 ug/mL.

Bacterial growth assays. Growth assays for C. diphtheriae under iron-restricted conditions were per-
formed as follows. On day 1, cultures were inoculated from freezer stocks into HIBTW (with antibiotics as
appropriate) and grown at 37°C with shaking overnight. On day 2, an additional 1 mL of HIBTW was
added to cultures and cells were incubated with shaking for an additional 1 to 2 h. Subsequently, 500
L of culture was harvested and spun at 13,000 rpm for 1 min, and the cell pellets were resuspended in
1 mL mPGT with 1T uM FeCl; and incubated at 37°C with shaking for 4 to 6 h. The cultures were then
used to inoculate tubes containing medium with appropriate additives at a starting cell density of an op-
tical density at 600 nm (ODg,,) at 0.03 and incubated at 37°C with shaking for 16 to 20 h. On day 3, the
0Dy, of the culture(s) was measured and cells were harvested for downstream experiments as needed.

In growth studies with the Austrian strains using Hb-Hp as the sole iron source, mPGT was supple-
mented with additional Casamino Acids to a final concentration of 1.5% (0.5% in standard mPGT). For
other iron-restricted growth, 10% HIBTW was added to standard mPGT to make PGTH. EDDA was added
to PGTH at 2 uM to create a low-iron growth condition; 10 M FeCl, was added to PGTH for a high-iron
condition. C. diphtheriae strain 1737 was grown in mPGT medium derivations for side-by-side growth
with the Austrian strains. Overnight growth was measured by OD,, following 16 to 20 h of incubation
at 37°C with shaking, unless otherwise indicated.

DNA cloning and plasmid construction. DNA for cloning was derived from PCR amplification of
C. diphtheriae strain 1737, 06-15, 07-18, or 09-15 as appropriate, unless otherwise noted. Plasmids and
PCR products were assembled using the NEBuilder HiFi DNA assembly cloning kit (New England
Biolabs). Plasmids constructed and used in this study are listed in Table 2.

Recombinant protein expression constructs were generated in the pET24(a)+ expression vector.
Briefly, coding sequence for hbpA excluding the native secretion signal was fused with an N-terminal
streptavidin tag (Strep-tag Il) and inserted into prepared vector. Assembly reaction mixtures were trans-
formed into E. coli NEBa. Insertions were confirmed by sequencing, and then plasmids were moved into
E. coli BL21(DE3) for expression.

Complementation plasmids for HbpA from strains 06-15, 07-18, and 09-15 were constructed in the
pKN2.6Z vector using DNA synthesized by GenScript, which included the full coding region and
upstream promoter and regulatory elements from each strain. These fragments were inserted into
pKN2.6Z and then transformed into C. ulcerans 712. C. ulcerans was used as an intermediate in place of
E. coli as the native hbpA genes are toxic to E. coli. Plasmids were then purified using a Qiagen miniprep
kit and electroporated into C. diphtheriae 1737.

C. diphtheriae 1737 hbpA point mutants were created using primers designed to introduce nucleo-
tide changes into the hbpA coding regions in pET-hbpA and pKN-hbpA. The resulting product was
assembled using one-fragment assembly cloning and moved into E. coli NEBa cells [for pET24(a)+
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TABLE 2 Strains and plasmids used in this study

Journal of Bacteriology

Strain or plasmid

Relevant characteristics or use?

Reference or source

Strains

C. diphtheriae
1737
1737AhbpA
1737A4
06-15
06-15AhbpA
07-18
07-18AhbpA
09-15
09-15AhbpA

C. ulcerans 712

E. coli
BL21(DE3)
NEB«
S17-1

Plasmids
pET24(a)+
pET-hbpA-S
pET-hbpA
pET-hbpA-07-18
pET-hbpA-09-15
pET-hbpA-V204A
pET-hbpA-F205A
PET-hbpA-F206A
PET-hbpA-E207A
pPET-hbpA-Y209A
PET-hbpA-F205A/F206A

Wild type, Gravis biotype, tox™

Deletion of hbpA in 1737

Deletion of chtA, chtC, htaA, and hbpA in 1737
Wild-type clinical isolate

Deletion of hbpA in 06-15

Wild-type clinical isolate

Deletion of hbpA in 07-18

Wild-type clinical isolate

Deletion of hbpA in 09-15

Wild type used for cloning

Protein expression strain
Cloning strain
Mating strain

Expression vector, Kn"

pET24(a)+ carrying strep-tagged hbpA (no TM domain) from 1737

PET24(a)+ carrying strep-tagged full-length hbpA from 1737

PET24(a)+ carrying strep-tagged full-length hbpA from 07-18

pET24(a)+ carrying strep-tagged full-length hbpA from 09-15

PET24(a)+ carrying strep-tagged full-length hbpA from 1737 with V204A point mutation
pET24(a)+ carrying strep-tagged full-length hbpA from 1737 with F205A point mutation
pET24(a)+ carrying strep-tagged full-length hbpA from 1737 with F206A point mutation
PET24(a)+ carrying strep-tagged full-length hbpA from 1737 with E207A point mutation
pET24(a)+ carrying strep-tagged full-length hbpA from 1737 with Y209A point mutation
pET24(a)+ carrying strep-tagged full-length hbpA from 1737 with F205A and F206A point

mutations
pKN2.6Z C. diphtheriae shuttle vector, Kn"
pKN-hbpA-S pKN2.6Z carrying the 1737 hbpA gene (no TM domain)
pKN-hbpA-FL PKN2.6Z carrying the 1737 hbpA gene
pKN-hpbA-07-18 pPKN2.6Z carrying the 07-18 hbpA gene
pKN-hpbA-09-15 PKN2.6Z carrying the 09-15 hbpA gene
pKN-hbpA-V204A PKN2.6Z carrying the 1737 hbpA gene with V204A point mutation
pKN-hbpA-F205A PKN2.6Z carrying the 1737 hbpA gene with F205A point mutation
pKN-hbpA-F206A pKN2.6Z carrying the 1737 hbpA gene with F206A point mutation
pKN-hbpA-E207A PKN2.6Z carrying the 1737 hbpA gene with E207A point mutation
pKN-hbpA-Y209A PKN2.6Z carrying the 1737 hbpA gene with Y209A point mutation
pKN-hbpA-F205A/F206A pPKN2.6Z carrying the 1737 hbpA gene with F205A and F206A point mutations
pK18mobsacB C. diphtheriae shuttle vector, Kn'
pK18A06-15hbpA Suicide vector for deletion of hbpA in strain 06-15
pK18A07-18hbpA Suicide vector for deletion of hbpA in strain 07-18
pK18A09-15hbpA Suicide vector for deletion of hbpA in strain 09-15

24
26
26
27
This study
27
This study
27
This study
34

New England BioLabs
New England BioLabs

35

Millipore
26

23

This study
This study
This study
This study
This study
This study
This study
This study

21

23

23

This study
This study
This study
This study
This study
This study
This study
This study
36

This study
This study
This study

aKn, kanamycin; strep, streptavidin; TM, transmembrane.

constructs] or C. ulcerans 712 (for pKN2.6Z constructs). Plasmids were then purified and transformed
into E. coli BL21(DE3) [pET24(a)+ constructs] or C. diphtheriae 1737AhbpA and 1737A4 (pKN2.6Z con-
structs). Double point mutants were made sequentially; sequenced plasmid DNA containing the F206A
mutation was used as the PCR template material for introducing an additional mutation.

Gene knockout construction. hbpA deletion mutants in the three Austrian strains of C. diphtheriae
were constructed using the same method described previously for strain 1737, with the exception that
assembly cloning was used in place of restriction digestion and ligation (26). Briefly, DNA sequence
flanking the hbpA regions was generated by PCR from each strain and cloned into the suicide vector
pK18mobsacB. Each construct retains 6 to 9 amino acids of the N- and C-terminal regions of the gene
coding sequence. Assembly reaction mixtures were transformed into E. coli NEBa cells, purified and
sequenced, and then transformed into the E. coli S-17 mating strain.

Purification of Strep-tag ll-tagged proteins. Recombinant proteins expressed with Strep-tag Il
were purified as described previously with modifications (23). Briefly, Strep-TactinXT Superflow resin
(IBA Life Sciences) was used with the addition of 1% poly(ethylene glycol) octyl ether (octyl-POE)
(Thermo Fisher Scientific) to the culture prior to lysis to facilitate recovery of HbpA from the purification
process. Following dialysis into phosphate-buffered saline (PBS) and then 0.2x PBS plus 4% glycerol, a
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SpeedVac vacuum concentrator (Thermo Fisher Scientific) was used to reduce samples to one-fifth the
initial volume. The resulting protein was in 1x PBS plus 20% glycerol and was stored at —20°C.

C. diphtheriae cell lysis. C. diphtheriae cells grown for analysis of proteins in the supernatant and
cellular fractions were grown in mPGT (with modifications as needed; see “Bacterial strains and growth
media” and “Bacterial growth assays”) with limiting iron (mPGT with 0.25 uM FeCl, or PGTH with 2 uM
EDDA). Cell number was normalized by ODy,, at harvest. Cells were then treated with lysozyme (from
chicken egg white) and sodium lauroyl sarcosinate (Sarkosyl) as previously described (23) and used for
gels as described below.

Gel electrophoresis and blotting. Precast 4 to 15% gradient TGX (Tris-glycine extended) PAGE gels
(Bio-Rad) (which are manufactured without SDS) were used for separation under both denaturing and
native conditions. Samples of lysed cells, culture supernatant, or purified protein were boiled in Laemmli
sample buffer for 10 min and separated using Tris-glycine-SDS running buffer for denaturing experi-
ments; native sample buffer (with no heating step) and Tris-glycine running buffer were used for native
conditions (all reagents from Bio-Rad). Tween 20 (0.1%) was added to samples as indicated to solubilize
protein aggregates for analysis under native conditions. Coomassie blue staining, transfers to nitrocellu-
lose, Western blotting, and in situ analysis of Hb and Hb-Hp binding were performed as previously
described. Briefly, in situ analysis involves the separation of proteins by PAGE, transfer to nitrocellulose
membranes, and incubation with Hb or Hb-Hp followed by detection with anti-Hb or anti-Hp antibody,
respectively.

Direct ELISAs and EC,, calculation. To assess the binding kinetics of purified HbpA proteins, Hb
(18.8 ug/mL) or Hb-Hp (18.8:35 ng/mL) was immobilized on a microtiter plate. Wells were blocked with
Tris-buffered saline plus 0.1% Tween 20 (TBST) with 5% blotting-grade blocker (Bio-Rad) and then incu-
bated with serial dilutions of HbpA proteins. Plates were then incubated with a primary antibody against
Strep-tag Il, washed with TBST, incubated with an alkaline phosphatase-labeled secondary antibody,
and developed by the addition of p-nitrophenyl phosphate (pNPP; Millipore Sigma). Results were meas-
ured at OD,,. Details of the protocol are as described in reference 23. For analysis of the Austrian HbpA
proteins, 1:2 serial dilutions were used from approximately 4.9 nM to 0.005 nM, using protein aggregate
sizes derived from SEC. For the 1737 HbpA point mutants, 1:2 serial dilutions from 40 nM to 0.02 nM
were used, based on the 1737 protein aggregate size previously determined (987 kDa) (23). Fifty percent
effective concentration (EC,,) calculations were done using GraphPad Prism v9.1.2 from a variable-slope
four-parameter curve using the upper concentration that best represented a stable plateau at the upper
asymptote for each protein.

WC ELISAs for protein surface exposure and Hb and Hb-Hp binding. WC ELISAs were performed
as previously described (23). Briefly, microtiter plates were coated with C. diphtheriae cultures grown
under low-iron conditions (mMPGT with 0.25 ug FeCl; or PGTH with 2 «M EDDA; see “Bacterial strains and
growth media” and “Bacterial growth assays”) and standardized by ODy,,. HbpA on the surface was
detected by incubation with anti-HbpA antibody, while binding was assessed by incubation with Hb or
Hb-Hp (as indicated) and detection with anti-Hb or anti-Hp antibody, respectively. An alkaline phospha-
tase-labeled secondary antibody was used for detection, followed by the addition of pNPP and measure-
ment of OD,..

SEC-FPLC. An AKTApur fast protein liquid chromatograph (FPLC) (Cytiva) was used to assess purified
recombinant proteins by size exclusion chromatography (SEC) as previously described (23). A Superdex
200 increase 3.2/300 column was used to identify the presence of large protein aggregates in the HbpA
point mutants, while a Superose 6 increase 3.2/300 column was used to determine the size of the aggre-
gates for the HbpA proteins from the Austrian strains. Protein sizing standards, run conditions, and
detection were all the same as reported previously. GraphPad Prism 9.1.2 was used to calculate the line
of best fit for the sizing standards, which was then used to determine the aggregate size for the
Austrian strains of HbpA.
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