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Neisseria meningitidis expresses a two-component TonB-dependent receptor, HpuAB, which mediates heme-
iron (Hm-Fe) acquisition from hemoglobin and hemoglobin-haptoglobin complexes. Due to genetic polymor-
phisms in the human haptoglobin gene, haptoglobin (and hemoglobin-haptoglobin) exists as three structurally
distinct phenotypes. In this study, we examined the influence of the haptoglobin phenotype on the interactions
of HpuAB with apo-haptoglobin and hemoglobin-haptoglobin. Growth assays confirmed that HpuAB utilizes
hemoglobin-haptoglobin more efficiently than hemoglobin as an Fe source and revealed a preference for
human-specific, polymeric 2-2 or 2-1 hemoglobin-haptoglobin complexes. We developed a flow cytometry-based
assay to measure the binding kinetics of fluorescein-labeled ligands to HpuAB on live, intact meningococci. The
binding affinity of HpuAB for hemoglobin-haptoglobin phenotypes correlated well with the ability of each
ligand to support Neisseria meningitidis growth, with higher affinities exhibited for types 2-2 and 2-1 hemoglo-
bin-haptoglobin. Saturable binding of Hb and apo-haptoglobin suggested that HpuAB-mediated utilization of
hemoglobin-haptoglobin involves specific interactions with both components. In contrast to previous studies,
we detected binding of HpuB expressed alone to hemoglobin, apo-haptoglobin, and hemoglobon-haptoglobin of
all three phenotypes. However, in the absence of HpuA, the binding capacity and/or affinity of the receptor was
reduced and the dissociation of hemoglobin was impaired. We did not detect binding of HpuA alone to
hemoglobin, apo-haptoglobin, or hemoglobin-haptoglobin; however, the lipoprotein is crucial for optimal
recognition and use of ligands by the receptor. Finally, this study confirmed the integral role of TonB and the

proton motive force in the binding and dissociation of Hb and hemoglobin-haptoglobin from HpuAB.

The human body is protected by specific and nonspecific
defense mechanisms and presents a hostile environment to
invading microorganisms. A significant challenge faced by po-
tential pathogens is the scarcity of essential nutrients such as
iron (Fe). Virtually all free Fe in the human body is seques-
tered by carrier proteins, including lactoferrin (Lf) in exocrine
secretions or transferrin (Tf), hemoglobin (Hb), and hemoglo-
bin-haptoglobin (HbHp) in the bloodstream. To thrive in this
environment, a pathogen must be able to overcome this host
defense, known as nutritional immunity (85). Neisseria menin-
gitidis is the leading cause of bacterial meningitis in the United
States (9, 74) as well as of substantial morbidity and mortality
worldwide (57, 66, 75). The vital role of Fe assimilation in
meningococcal pathogenesis has been established in vitro and
in vivo by using animal models of infection (5, 35-37, 70, 78,
81). This obligate human pathogen has evolved mechanisms to
exploit multiple host Fe sources including ferric and ferrous
salts, heme (Hm), siderophores, Tf, Lf, Hb, and HbHp (68,
73), making it an excellent model for the study of bacterial
strategies for Fe acquisition.

The best-characterized group of neisserial Fe transporters
consists of two-component receptors for Tf, Lf, and Hb/HbHp
that contain an accessory lipoprotein and a TonB-dependent
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gated porin (20, 47, 50, 55, 56, 71, 72). The conserved interac-
tion of a family of high-affinity outer membrane (OM) trans-
porters with the TonB complex suggests that many, if not all,
gram-negative bacteria have adopted similar strategies to
transport Fe across the OM. TonB is anchored in the inner
membrane in association with ExbBD and spans the periplasm,
presumably to transduce the energy of the proton motive force
(PMF) to OM receptors (4, 34, 38, 40). Although TonB phys-
ically interacts with OM receptors (1, 8, 32, 45, 83), the way in
which TonB might convey PMF energy to these receptors to
drive solute uptake remains unclear (10, 46). Homologues of
tonB, exbB, and exbD have been identified and characterized in
N. meningitidis (80). Mutations in the N. meningitidis TonB-
ExbB-ExbD operon resulted in pleiotropic defects in Fe up-
take from Tf, Lf, Hb, and HbHp, indicating a central role for
TonB in Fe transport across the OM in the meningococcus
(80). Five TonB-dependent Fe transporters have been con-
firmed in N. meningitidis, and an additional six putative mem-
bers of this family have been identified in published meningo-
coccal genome sequences (63, 82, 84). Unlike TonB-dependent
siderophore receptors, which internalize the entire ligand,
neisserial two-component receptors extract Fe (or Hm-Fe) di-
rectly from large host Fe carrier proteins by an unknown mech-
anism.

This study was focused on the meningococcal two-compo-
nent receptor HpuAB, previously shown to bind Hb, apo-Hp,
and HbHp (47, 49). Based on its homology to the TonB-
dependent receptor family, we proposed that the 85-kDa
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HpuB interacts with TonB and forms a beta-barrel transport
channel across the OM that is gated by an N-terminal periplas-
mic “plug” domain (49, 68). This model was based on the
highly conserved three-dimensional X-ray crystallographic
structures of three E. coli TonB-dependent siderophore recep-
tors: FepA, FhuA, and FecA (6, 23-25, 52). The 35-kDa HpuA
accessory lipoprotein is peripherally associated with the OM
via an N-terminally linked fatty acid tether (49, 69). No known
homologues of HpuA exist in public databases, and its role in
HpuAB function remains to be determined. We have reported
data suggesting that HpuA and HpuB physically interact to
form a functional receptor complex (51, 69). Characterization
of isogenic single mutants of HpuA and HpuB suggested that
both receptor components are absolutely required for the uti-
lization of Hb or HbHp (48, 69).

To begin to define the biochemical mechanisms involved in
HpuAB Hm-Fe acquisition, we have characterized the binding
interactions of this unique receptor with its multiple ligands.
Numerous investigators have relied heavily on solid-phase dot
blot assays to estimate receptor-ligand binding kinetics. How-
ever, Cornelissen and Sparling reported that solid-phase assays
did not accurately represent the binding of ligand to live cells,
perhaps because receptor conformations important for ligand
binding were disrupted by the drying process (15). Therefore,
we had previously developed a liquid-phase '*’I-Hb binding
assay to measure the equilibrium binding kinetics of Hb to
HpuAB on live meningococci (69). In those experiments, wild-
type HpuAB saturably bound '*°I-Hb with a moderate affinity
approximately 50-fold lower than that of the interaction of Tf
with the TbpAB receptor (15, 69). We did not detect signifi-
cant Hb binding to mutant strains lacking either HpuA, HpuB,
or both receptor components by using that assay or a solid-
phase dot blot analysis (69). Based on those observations, we
concluded that both HpuA and HpuB were required to bind
and to utilize Hb. Competitive binding assays established that
Hb recognition by HpuAB was not species specific and that
Hm did not effectively compete with intact Hb for binding to
HpuAB. We identified at least one role of TonB and an intact
PMF for HpuAB function by demonstrating that mutation of
TonB or protonophore treatment severely impaired the disso-
ciation of Hb from HpuAB (69).

Although Hb is efficiently utilized by N. meningitidis via
HpuAB, Hb is probably not directly available to invading me-
ningococci. On release into the bloodstream by erythrocyte
lysis, Hb a,B, tetramers dissociate into a3, dimers that are
rapidly and irreversibly bound by Hp (18, 33, 59), an a,-sialo-
glycoprotein present at significant concentrations (~1 to 2
mg/ml) in the sera of all mammals. Thus, HbHp complexes are
the most physiologically relevant source of Hm-Fe encoun-
tered by the meningococcus during invasive disease. Hp is an
acute-phase protein induced by cytokines during conditions
such as infection, neoplasia, pregnancy, trauma, and acute
myocardial infarction (44). Hp exhibits broad-spectrum activ-
ities ranging from anti-inflammatory properties (inhibition of
prostaglandin synthesis) and angiogenesis to protection against
free radicals (44). The most important biological function of
Hp is Hb binding, which serves to prevent Fe loss and kidney
damage by targeting the clearance of Hb through the liver. A
single molecule of Hp is an a,B, tetramer composed of two
a3, dimers linked via a disulfide bond between the a-sub-
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units, and it can bind to two Hb «;B, dimers. In humans, there
are three Hp phenotypes, types 1-1 and 2-2 (homozygous) and
type 2-1 (heterozygous), that result from molecular heteroge-
neity of the a-chain gene (44). All Hp types have identical
40-kDa B-chains, whereas the Hp phenotype is determined by
the a-chain present. The Hp' allele encodes an 8.9-kDa o'-
chain, whereas the Hp? allele produces a 16-kDa a*-chain. The
larger Hp? allele results from the fusion of two o' alleles and
is found only in humans (53). Type 1-1 Hp exists as a “mono-
meric” a,B, molecule as described above, whereas human-
specific type 2-1 and 2-2 Hp can form very large disulfide-
linked polymers (77) due to the presence of a duplicated
cysteine residue within the Hp? allele. Each Hp B-chain is
capable of binding a single «,;8, Hb dimer; thus, type 1-1 Hp
has two Hb binding sites while polymeric 2-2 and 2-1 Hp have
a correspondingly larger Hb binding capacity per molecule.

Polymorphism of the multifunctional human Hp protein has
numerous proven as well as potential clinical consequences.
Epidemiological studies have shown that specific Hp pheno-
types are linked to various inflammatory diseases, atheroscle-
rosis, and autoimmune disorders (16, 17, 44). In addition, the
gene frequencies of Hp alleles show markedly unequal geo-
graphic distributions, with the Hp,: allele more prevalent in
Africa and South America but relatively rare in Southeast Asia
(44). The Hp,. allele is thought to have originated in India
about 2 million years ago and subsequently spread under ge-
netic pressure, displacing the Hp,: allele. Similar to the influ-
ence of malaria on the persistence of the sickle cell gene in
Africa, infectious diseases may also be influenced by Hp poly-
morphisms. If a pathogen that utilizes HbHp in the blood-
stream displays a preference for a particular Hp structure, one
could hypothesize that an individual’s Hp phenotype could
contribute to disease susceptibility.

Extending our recent analysis of HpuAB-Hb interactions
(69), we have determined the role of Hp in HpuAB-mediated
utilization of HbHp as an Fe source. To do this, we developed
a flow cytometry assay to characterize the binding kinetics of
all three phenotypes of apo-Hp and HbHp complexes to
HpuAB. In control experiments, we also conducted flow cyto-
metric analysis of Hb binding to HpuAB and compared the
results with previous data from equilibrium binding assays us-
ing radiolabeled Hb (69). We found that the flow cytometry
binding assay provided a more reproducible and more sensitive
method for examining receptor-ligand interactions that al-
lowed us to measure previously undetectable ligand binding
activity of HpuB expressed alone. Finally, we compared the
effect of TonB inactivation and PMF dissipation on the inter-
action of HpuAB with Hb versus HbHp. Taken together, our
findings significantly advance our understanding of the com-
plex, energy-dependent mechanisms by which HpuAB recog-
nizes and utilizes its seven structurally diverse ligands.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The construction of all N. meningi-
tidis strains used in this study has been described previously (69) and is summa-
rized in Table 1. N. meningitidis strains used in flow cytometry assays were
cultured on Fe-deplete Chelex-treated defined medium (CDMO) plates over-
night (18 h), resuspended in CDMO broth, and grown to mid-log phase (optical
density at 600 nm [ODgqo] = 0.3) in acid-washed sidearm flasks at 37°C with
shaking. Conditions used to assay growth dependent on Fe acquisition from Hb
and HbHp have been described previously (47, 69). Briefly, Hb and HbHp were
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TABLE 1. Meningococcal strains used in this study

Strain Description Reference
DNM2 N. meningitidis serogroup C, serotype 2a; Nal® 47
DNM140 HpuA*B™ hmbR::Kan" derivative of DNM2 69
DNM143  hpuB::Erm" hmbR::Kan" 69
DNM69  AhpuA hpuB™ hmbR::Kan" 69
DNM68  AhpuA hpuB::ermCrpsL (Erm" Strep®) 69

hmbR::Kan"
DNM146 tonB::Kan" hmbR::Erm" 69

added to CDMO broth cultures to a final Fe concentration of 4 WM. Note that
compared to monomeric-type 1-1 HbHp complexes, a smaller molar amount of
the polymeric HbHp complexes containing type 2-2 or 2-1 Hp is required to
provide 4 uM Fe because more Hm-Fe moieties are carried per complex. Ly-
ophilized human ferrous Hb (type A,; Sigma) was dissolved in 10 mM HEPES
buffer (pH 7.4) as a 100 pM stock solution. The purification of types 1-1, 2-2, and
2-1 Hp and preparation of the corresponding HbHp complexes is detailed below.
Desferal (Df; Ciba-Geigy) was added at 10 wM to all Hb- and HbHp-supple-
mented cultures to remove free Fe. In addition, 16 puM human serum albumin
(SA) was added to bind and sequester trace free Hm. Because N. meningitidis is
unable to use Fe or Hm-Fe bound to Df or SA, respectively, these controls
ensured that any growth observed was not the result of HpuAB-independent
uptake of free Fe or Hm released into the medium due to denaturation of Hb
during the assay (20).

Native PAGE, SDS-PAGE, and Western blotting. Using the discontinuous
buffer system of Laemmli (41), protein samples were separated by either native
polyacrylamide gel electrophoresis (PAGE) or sodium dodecyl sulfate (SDS)-
PAGE. To denature Hp and HbHp, proteins were solubilized by boiling in SDS
sample buffer (54) and electrophoresed on 15% acrylamide gels (10 by 12mm) at
25 mA per gel for 2 h. To visualize intact Hp and HbHp complexes, samples were
prepared in sample buffer free of SDS and reducing agents and run on 7.5%
native acrylamide gels without boiling. The gels were then either stained with
Coomassie brilliant blue R-250 (Fisher) or transferred to nitrocellulose (Nitro-
bind; GE Osmonics, Fisher) at 0.98 A for 30 min. Western blots were blocked for
1 h at room temperature with blocking buffer containing 1% skim milk (Difco)
in 1X TSB (50 mM Tris-HCIl, 150 mM NaCl [pH 7.5]). Hp and HbHp were
detected by probing blots for 1 h at room temperature with rabbit anti-human
haptoglobin immunoglobulin G (IgG) (Sigma) diluted 1:10,000 in blocking
buffer. The blots were then washed three times (10 min each) with 1X TSB
before being incubated for 1 h at room temperature with goat anti-rabbit Ig
heavy plus light chains conjugated with horseradish peroxidase (HRP; Southern
Biotechnology Associates) diluted 1:2,000 in blocking buffer. After being washed
as described above, the blots were developed using the 4-chloro-1-naphthol HRP
color development reagent as specified by the manufacturer (Bio-Rad).

Solid-phase binding assays (dot blots). The binding of ligands to immobilized
meningococci was assessed essentially as described previously (47). Briefly, Fe-
starved meningococcal cultures were grown in CDMO to an ODg, of 0.45. Using
a 96-well vacuum manifold (Stratagene), 100 pl of cells per well (dot) was filtered
onto nitrocellulose. Dot blots were blocked with 1% skim milk in 1X TKB
(100mM Tris-HCI, 150 mM KClI [pH 7.2]) for 1h at room temperature. Hp and
HbHp (3 pg/ml each) were added to separate strips of immobilized meningo-
cocci and allowed to bind for 1 h at room temperature. Unbound ligand was
removed by washing three times (15 min each) with 1X TKB containing 0.02%
Tween 20. Ligands specifically bound to meningococcal cells were detected using
a rabbit anti-human Hp primary antibody and goat anti-rabbit IgG-HRP conju-
gate as detailed above. Conjugate controls in which no ligand was added were
used to account for nonspecific binding of antibodies to the cell surface or
nitrocellulose membrane.

Hp screening and purification of Hp and HbHp. To avoid the prohibitive cost
and unreliable availability of commercial purified Hp, we purified Hp directly
from human serum. Blood samples from anonymous donors were kindly pro-
vided by the Oklahoma Blood Institute (Oklahoma City, Okla.). Immediately
following collection in nonheparinized tubes, blood samples were incubated on
ice for 1 h to allow clot formation and retraction. Following packing of clotted
blood samples by centrifugation in a clinical swinging-bucket centrifuge, the
serum fraction was removed, aliquoted, and stored at —20°C. Prior to Hp puri-
fication, the Hp phenotype of each donor was determined by SDS-PAGE and
Western blotting of 2 wl of serum. All Hp samples exhibited the invariant 40-kDa
B-chain common to all Hp types, type 1-1 samples had only a ~9-kDa «'S or «'F
chain, type 2-2 samples showed only a 16-kDa «? band, and heterozygous type
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2-1 Hp samples had both the smaller «' chain and larger o subunit (data not
shown) (44). The characteristic monomeric (type 1-1) and polymeric (types 2-2
and 2-1) quaternary structures of each Hp phenotype were also observed as
expected by native PAGE (data not shown).

Hp was purified using an affinity matrix consisting of polyclonal rabbit anti-
human Hp IgG (Sigma) bound to recombinant protein A immobilized on 6%
Fast Flow beaded agarose (Sigma). This matrix was made by incubation of 32 mg
of Hp-specific antibody with 8 ml of protein A-agarose suspension (4 ml of resin)
for 1 h at room temperature. The resin was washed twice with 50 ml of 0.2 M
sodium borate (pH 8.0) and then suspended in 50 ml of borate buffer. Dimethyl
pimelimidate (Pierce) was added to a final concentration of 20 mM for 30 min at
room temperature to irreversibly cross-link anti-Hp IgG via its Fc region to
immobilized protein A. The cross-linking reaction was stopped by adding 50 ml
of 0.2 M ethanolamine (pH 8.0) (Sigma). The resin was collected by centrifuga-
tion and suspended in an additional 50 ml of 0.2 M ethanolamine (pH 8.0) with
gentle shaking for 2 h to remove un-cross-linked antibody. Finally, the affinity
resin was washed with 50 ml of phosphate-buffered saline (PBS; pH 7.4)-0.01%
merthiolate, resuspended in 5 ml of PBS, and packed into a gravity-flow drip
column.

Serum samples were passed over the affinity column five times to allow ad-
sorption of Hp, and the column was washed with 200 ml of ice-cold wash buffer
(50 mM Tris-HCI, 0.5 M NacCl, 0.1% Triton X-100 [pH 8.0]) at 4°C. The column
was equilibrated with 100 ml of PBS, which served to remove residual salt and
detergent. Affinity-purified Hp was eluted with 80 ml of cold 100 mM glycine (pH
2.5) and immediately neutralized with 1/10 volume of 1 M Tris (pH 8.0). Pooled
eluate fractions were concentrated and equilibrated into Q-Sepharose buffer A
(10 mM HEPES, 1 mM EDTA [pH 8.0]) (see below), using Centricon Plus-20
centrifugal filters (Millipore). SDS-PAGE revealed that this preparation was
contaminated with two serum proteins whose molecular weights corresponded to
the serum proteins albumin and IgG. To remove these contaminants, this ma-
terial was loaded onto a Fast Flow Q-Sepharose (Sigma) high-performance
liquid chromatography (HPLC) column previously equilibrated in buffer A, and
5 ml of affinity-purified Hp was loaded onto the column. The column was washed
at a constant flow rate of 2 ml/min for 30 min with buffer A, and Hp was eluted
using a 120-min linear gradient from 0 to 30% buffer B (10 mM HEPES, 1 mM
EDTA, 1 M NaCl [pH 8.0]). To regenerate the Q-Sepharose, the column was
stripped by a 25-min washing step with 100% buffer B and then equilibrated for
25 min with 100% buffer A. The purity, phenotype, structural integrity, and
functionality of purified apo-Hp (ability to bind Hb and to bind to HpuAB) were
established by native PAGE, SDS-PAGE, Western blot analysis, and dot blot
analysis (data not shown). The absence of Hb-specific 412-nm Soret peaks in
spectroscopic wavelength scans of all apo-Hp ligands confirmed the absence of
contaminating Hb or HbHp that could also bind HpuAB.

HbHp complexes were formed by mixing Hp with at least a twofold excess Hb
(for 30 min at room temperature with gentle agitation) to ensure that all Hp was
saturated with Hb. Taking advantage of the disparate isoelectric points of free
Hb (pI = 7.0) and HbHp (pI = 5.5), HbHp complexes were separated from
excess free Hb by using Q-Sepharose anion-exchange HPLC as described above.
At pH 8.0, the strong anion HbHp eluted as a distinct peak from Hb, requiring
significantly higher salt concentrations for elution than did the weak anion Hb.
Thus, HbHp complexes used in binding assays were purified following formation
and did not contain free Hb or Hp. Following the separation of excess free Hb
from HbHp complexes by Q-Sepharose chromatography, purified 1-1 HbHp
appeared as a single band on native gels migrating slower than Hb or Hp alone
(data not shown). Complexes of Hb with polymeric Hps could not be verified due
to their large size and laddering of bands on native gels. However, the reactivity
with specific antibodies, the HPLC elution profile, and the red color of the
samples were consistent with the presence of both Hb and Hp in type 2 Hp-
containing complexes. In addition, dot blot and growth assays verified that
purified HbHp complexes could bind to and support the growth of HpuAB-
expressing meningococcal strain DNM140 (data not shown).

Fluorescent labeling of ligands. To detect the binding of Hb, Hp, and HbHp
to meningococci by flow cytometry, proteins were fluorescently labeled with the
amine-reactive dye fluorescein-5-EX succinimidyl ester (FEX). FEX was pre-
pared fresh as a 5-mg/ml stock in dimethyl sulfoxide and was reacted with target
proteins at a 25:1 dye-to-protein ratio in 0.2 M sodium bicarbonate (pH 8.3) for
1 h at room temperature. Unreacted dye was removed by passage over a PD-10
desalting column (Amersham-Pharmacia Biotech) and elution with 0.2 M so-
dium bicarbonate (pH 8.3). The concentration of FEX-labeled protein conju-
gates was determined using the bicinchoninic acid assay (Pierce). To determine
the degree of labeling (DOL), wavelength scans (240 to 600 nm) of FEX con-
jugates were conducted using a Beckman DU650 spectrophotometer. Based on
the absorbance maximum (A4,,,,) at 494 nm, the DOL was calculated using the
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following equation: DOL = (A, X mw)/([protein] X &qy.) where A, is
absorbance at 494 nm, mw is the molecular weight of the labeled protein,
[protein] is the concentration of protein, and &gy, is the extinction coefficient of
dye at the 4, of 494 nm. The molar extinction coefficient for FEX determined
at 494 nm is 76,000 cm ' M~ (31). Based on the ability to bind specifically to
HpuA*B™ strain DNM140 as well as unmodified proteins in dot blot assays, no
significant deleterious effects were induced in FEX-labeled ligands by fluoro-
phore conjugation.

Flow cytometric binding kinetics assay. Meningococci were grown in CDMO to
mid-log phase (ODg, = 0.3), and 100 pl of cells per reaction was blocked with
1% filter-sterilized skim milk. Bovine serum albumin (BSA) was not used as a
blocking agent because 1% BSA inhibited the binding of Hb and HbHp to
HpuAB as detected by flow cytometry. FEX-labeled Hb, Hp, or HbHp ligands
were added to the indicated final concentrations and equilibrated for 15 min at
room temperature. Cells were centrifuged at 5,000 X g for 1.5 min and washed
with 0.5 ml of Hanks’ balanced salts solution (pH 7.6) (HBSS; Sigma) to remove
unbound ligand. A single wash step was sufficient to remove nonspecifically
bound ligand proteins from negative control strain DNM68 (HpuA~B™). Bac-
teria with bound ligand were resuspended in 100 pl of cold HBSS-1% formalin
and incubated on ice for 15 min to fix. Control experiments measuring the
binding of FEX-labeled ligands to live, unfixed cells confirmed that formalin
fixation had no effect on the binding or the ability of the Alexa conjugate (see
below) to recognize ligands bound to the bacterial surface. Following washing
with HBSS as above, samples were stained for 30 min on ice with 2 pg of anti-
fluorescein/Oregon Green rabbit IgG fraction conjugated with Alexa Fluor 488
(Molecular Probes) in 100 pl of cold HBSS. Stained cells were washed as above
before finally being suspended in 0.5 ml of HBSS. The Alexa 488-labeled sec-
ondary detection reagent was used to amplify the low but detectable levels of
fluorescence resulting from the binding of fluorescein-tagged ligands to menin-
gococci. Background levels of fluorescence detected in the presence of excess
unlabeled ligand (routinely only 1 to 2 arbitrary fluorescein units [AU]) were
subtracted from total ligand binding fluorescence values to calculate specific
binding. Conjugate control experiments in which only anti-fluorescein conjugate
(no ligand) was added indicated that nonspecific binding to cells was minimal.
Stained samples were stored at 4°C and analyzed within 24 h by flow cytometry
using a FACSCaliber equipped with a 488-nm laser (Flow and Image Cytometry
Laboratory, Warren Medical Research Institute, University of Oklahoma Health
Sciences Center, Oklahoma City, Okla.) to collect 10,000 events per sample.
Storage of samples for this period did not affect the results of binding assays
(data not shown). To determine the role of the PMF in HpuAB-ligand interac-
tions, meningococci were incubated with the protonophore carbonylcyanide-m-
chlorophenylhydrazone (CCCP) at 10uM (prepared fresh in dimethyl sulfoxide)
for 10 min prior to ligand binding analysis. Conditions for CCCP treatment were
optimized in an earlier study (69) such that energy-dependent utilization of Tf
and Hb was maximally inhibited without deleterious effects on cell viability.

Competitive-binding flow cytometry assays were carried out as described
above with the following modifications. Cells were mixed with 150 nM FEX-
labeled type 1-1 HbHp and unlabeled competitors at concentrations ranging
from 1.5 nM to 7.5 pM. The fluorescence of control cells to which no competitor
was added served as the measure of 100% binding.

To measure the dissociation kinetics of Hb and type 1-1 HbHp from the Hpu
receptor, multiple samples of cells were incubated with 200 nM FEX-Hb or
FEX-HbHp for 15 min. Then a 20-fold excess (4 uM) unlabeled Hb or HbHp
was added to individual tubes at various time points to “chase” dissociated
FEX-labeled ligand. The cells were then washed, fixed, and stained as described
previously. The 100% binding level (¢ = 0) was defined as the fluorescence values
from control samples to which no competitor was added.

In flow cytometry assays involving type 2-1 or 2-2 Hp and HbHp, ligands were
added to yield mass/volume concentrations equal to the concentration of type 1-1
Hp or HbHp used in the same experiment. The polymeric structure of type 2
Hp-containing proteins prohibits the calculation of the exact molar amounts of
these proteins added to the binding-assay mixture. Therefore, at the same pro-
tein concentration, the molar amount of type 2-1 and 2-2 Hp or HbHp is
approximately 2- to 10-fold lower than that of the corresponding type 1-1 Hp
ligand. Thus, binding affinities determined for type 2-1 and 2-2 ligands are
estimates and are effectively ~2- to 10-fold higher than actually measured.

Analysis of binding kinetics data. For a single flow cytometry binding assay,
binding at each ligand concentration was measured in duplicate. The data pre-
sented in this study represent the mean fluorescence values from at least two
independent experiments (minimum of four total data sets). The software pro-
grams CellQuest and FlowJo were used to analyze the flow cytometric data and
prepare composite histograms. The geometric mean fluorescence resulting from
the binding of FEX ligands to meningococci (minus the fluorescence of conju-
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FIG. 1. Growth kinetics of HpuA*B* DNM140 with Hb and HbHp
complexes. Meningococci expressing wild-type HpuAB were grown
overnight on Fe-depleted CDMO plates before being used to inocu-
late CDMO broth cultures supplemented with Hb, type 1-1 HbHp, type
2-2 HbHp, or type 2-1 HbHp. Control cultures grown in Fe-replete
(CDM100) and Fe-depleted (CDMO) media were included. The data
presented are the averaged results of two independent experiments.

gate controls) was used to quantify the average level of ligand bound to the
sample population of bacteria (10,000 cells/sample) at a given ligand concentra-
tion. GraphPad PRISM version 2.0 software was used to perform nonlinear
regression curve-fitting analyses of binding data to estimate dissociation con-
stants (K,), competitive inhibition constants (K;) and dissociation half-lives (¢,,,).

RESULTS

Effect of Hp phenotype on the growth of N. meningitidis with
HbHp Fe sources. Our laboratory has previously demonstrated
that, based on growth kinetics assays, HpuAB appears to uti-
lize HbHp more efficiently than Hb alone (47). These experi-
ments utilized commercial Hp (Sigma) from pooled human
plasma that corresponds to heterozygous 2-1 Hp. In this study,
we examined whether the Hp phenotype affected the ability of
meningococci to use HbHp as an Fe source (Fig. 1). When
provided with Hb as the sole Fe source, strain DNM140 ex-
hibited a noticeable lag time but grew to a higher final OD
(doubling time, ~2.25 h) than did the CDMO0 Fe-depleted
control (Fig. 1). Cultures supplemented with HbHp grew at
higher rates (doubling times, ~1 h) and to higher final densi-
ties, regardless of Hp phenotype. However, the Hp phenotype
influenced Fe acquisition from HbHp by HpuAB. HbHp com-
plexes containing either polymeric Hp phenotype (types 2-2
and 2-1) supported growth kinetics equivalent to that of the
CDM100 Fe-replete control containing 100 wM ferric nitrate
(Fig. 1). Meningococci utilized monomeric type 1-1 HbHp to
grow slightly slower than type 2-2 and 2-1 HbHp-supplemented
cultures, but with a notable lag phase. These data indicated that
the human-specific, polymeric type 2-2 and 2-1 HbHp com-
plexes were the preferred ligand and Fe source for HpuAB.

Flow cytometric analysis of HpuAB-Hb binding Kkinetics.
Previously, we reported the binding kinetics of '*’I-Hb to
HpuAB determined by using a liquid-phase assay (69). In at-
tempting to extend those results using '>’I-labeled HbHp com-
plexes, we found that the '**I-labeled ligand gave erratic and
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irreproducible binding isotherms. We speculate that the oxi-
dative conditions required for '*°I labeling damaged the HbHp
and compromised its ability to interact properly with HpuAB.
We also noted unacceptably high levels of nonspecific binding
to numerous filter matrices used to separate free ligand from
cell-bound ligand (data not shown). We could not remedy
these problems by optimizing the labeling conditions. Previ-
ously, iodination of tyrosine residues of Hp was shown to
dramatically reduce its biological activity and induce Hp poly-
mer formation, which may account for our results (19). An
alternative approach, suggested by El Ghmati et al., employed
flow cytometry to assay fluorescein-labeled type 1-1 Hp binding
to monocytes and lymphocytes (22). Gauduchon et al. also
have measured the binding kinetics of a staphylococcal leuco-
cidin to human neutrophils by using a flow cytometric assay
(27).

Thus, we developed a nonradioactive flow cytometric assay
to measure the equilibrium binding kinetics of ligands to
HpuAB on live meningococcal cells. The fluorescent dye FEX
was chosen for this application for several reasons. Labeling of
protein ligands with the amine-reactive dye FEX is less likely
to compromise their structural integrity than is the highly ox-
idative iodination reaction. Fluorescein derivatives exhibit
good water solubility and excellent fluorescence yield and have
an excitation maximum (494 nm) close to the wavelength of
488-nm lasers used in flow cytometers. Finally, FEX has a
seven-atom hydrophilic spacer between the fluorophore and
reactive group to decrease quenching after conjugation to tar-
get proteins and increase the accessibility of the fluorophore to
secondary detection reagents (31). Although the specific bind-
ing of FEX-labeled Hb and HbHp to HpuAB was detectable,
the fluorescence intensities were only two- to threefold above
those of background and DNM68 negative controls (data not
shown). The low signal intensity was perhaps due to strong
quenching of dye fluorescence by proximity to the Fe atoms of
Hb or to the protein itself. To exploit FEX as a hapten and
amplify the signal strength, we used an Alexa Fluor 488 anti-
fluorescein conjugate to stain cells with FEX ligands bound to
their surface. The cell fluorescence, resulting from binding of
Hb or HbHp to HpuAB, was increased by approximately 10-
fold. This could be due to the increased distance between
conjugate-linked dyes and Fe quenchers, the enhanced fluoro-
phore properties of Alexa Fluor 488 compared to fluorescein
(increased photostability, quantum yield, decreased pH sensi-
tivity, and identical absorption spectra), and/or the higher den-
sity of dye molecules associated with each ligand molecule
(31).

Using this assay, we first compared the kinetics of the Hb-
HpuAB interaction to previous '>’I-Hb binding data to vali-
date the results of the flow cytometric binding analysis (69).
The saturable binding of FEX-labeled Hb to HpuA*B™ strain
DNM140 is shown in Fig. 2A. Nonlinear regression analysis
yielded an apparent K, of 555 nM and a predicted B,,,, of 42
AU, indicative of the maximum amount of Hb bound at equi-
librium (Table 2). As noted previously, Hb dissociates into
dimers after release from erythrocytes and dilution into the
serum (7, 30, 67), and only «,; Hb can form complexes with
Hp (44, 60). Thus, calculations of Hb molar concentrations in
this study are based on the molecular weight of o, 3; Hb dimers
to accurately reflect the ligand as N. meningitidis encounters it
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FIG. 2. (A) Binding kinetics of Hb. Binding of fluorescein-labeled
Hb to N. meningitidis strains DNM140 (HpuA*B™), DNMG68
(HpuA™B™), DNM69 (HpuA B™), and DNM143 (HpuA*B™) was
detected using an Alexa Fluor 488 anti-fluorescein conjugate and mea-
sured by flow cytometry. The geometric mean fluorescence (AU) is
shown as a function of fluorescent-ligand concentration. Binding at
each ligand concentration was assessed in duplicate, and the data
points shown represent the mean of at least two independent experi-
ments. Error bars indicate the standard error of the mean for each
combined data set. (B) Hb binding data for DNM68, DNM69, and
DNM143 from panel A were plotted on a smaller y-axis range to
illustrate the low-capacity binding to DNM69 for comparison with
DNM140 (A). Error bars for DNM68 and DNM143 are too small to be
seen due to the scale of the graph.

in vitro and in vivo. Our previously reported affinity of HpuAB
for '*I-Hb (K, = 149.2 nM) was calculated based on the
molecular weight of tetrameric Hb and should be adjusted by
a factor of 2 (K, = 298.4 nM) (69). Analysis of Hb-HpuAB
binding kinetics by flow cytometry indicated a moderate-affin-
ity interaction comparable to that measured by the radioligand
binding assay. The 1.8-fold higher apparent K, observed by
flow cytometry might be due to differences between the two
assays such as the number of cells used or ligand alterations
induced by different labeling methods.

The extremely low level of background staining seen in this
assay is evident in the lack of fluorescence of the HpuA B~
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TABLE 2. Summary of HpuAB binding kinetics of Hb,
apo-Hp, and HbHp“

DNM140 (wild type) DNM69 (HpuA™ B™)

Ligand
K, (nM) Bmax (AU) Ky (nM) B, (AU)
Hb 555 42 409 9
1-1 Hp 4,249 29 >5,000 ++
2-2 Hp 808 26 >5,000 ++
2-1 Hp 486 24 >5,000 ++
1-1 HbHp 119 23 >5,000 ++
2-2 HbHp 84 21 >5,000 ++
2-1 HbHp 39 20 >5,000 +

“ No binding to DNM68 was detected, and only very low binding of types 2-2
and 1-1 HbHp to DNM143 was detected.
® + and ++ indicate relative binding (nonsaturable) of ligands to DNM69.

control strain, DNM68 (Fig. 2), even when incubated with high
concentrations of FEX-labeled Hb. Consistent with our earlier
data, HpuA expressed in the absence of HpuB by DNM143
was unable to bind detectable levels of Hb (Fig. 2). Similar
analysis of DNM69 (HpuA~B™), however, revealed low but
detectable saturable binding of Hb to HpuB alone (Fig. 2). In
fact, HpuB bound Hb almost as avidly as did the intact recep-
tor (DNM69 K, = 409 nM versus DNM140 K, = 555nM)
(Table 2). However, in the absence of HpuA, HpuB bound ca-
fivefold less Hb than did wild-type HpuAB at saturating ligand
concentrations (DNM69 B, .. = 9 AU, DNM140 B, = 42
AU [Table 2]). The decreased Hb binding capacity of DNM69
was not attributed to decreased levels of receptor protein ex-
pression, since DNM69 produced amounts of HpuB compara-
ble to those found in wild-type cells (69). Even though HpuB
alone was capable of binding Hb with a moderate affinity,
HpuA was required for wild-type binding capacity and subse-
quent uptake of Hm-Fe from Hb.

Binding of HbHp and apo-Hp to HpuAB. We observed sat-
urable binding of type 1-1, 2-2, and 2-1 HbHp complexes to
wild-type HpuAB expressed by strain DNM140, illustrated by
the binding isotherms shown in Fig. 3A. HpuAB exhibited
4.7-fold (type 1-1), 6.6-fold (type 2-2), and 14-fold (type 2-1)
higher affinities for these HbHp phenotypes than for Hb (Ta-
ble 2). The enhanced growth kinetics of N. meningitidis with
HbHp correlated well with the higher affinity of HpuAB for all
types of HbHp complexes relative to Hb. However, the Hp
phenotype did influence interactions with HpuAB. Polymeric
type 2-2 and 2-1 HbHp complexes bound with higher affinity
than type 1-1 HbHp and, as shown in Fig. 1, served as better Fe
sources for meningococci. As noted in Materials and Methods,
type 2-2 and 2-1 HbHp were added to equivalent mass/volume
concentrations as type 1-1 HbHp. Therefore, at a given con-
centration there are fewer molar equivalents of the larger,
polymeric complexes (types 2-2 and 2-1) than the monomeric
complexes (type 1-1). As a result, the higher affinity of HpuAB
for human-specific type 2-2 and 2-1 HbHp compared to type
1-1 complexes is likely to be even more pronounced than the
reported K, values indicate. The lower affinity of HpuAB for
type 1-1 HbHp was paralleled by slower growth kinetics of N.
meningitidis with that Fe source (Fig. 1). Comparison of the
B,,.x values (maximum number of binding sites) of Hb and
type 1-1 HbHp with HpuAB (Table 2) suggests that HpuA*B™
N. meningitidis contains more binding sites for Hb than for
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HbHp. Correcting for differences in the DOL between the two
ligands (~7 dye/Hb molecule versus 12 dye/1-1 HbHp mole-
cule), HpuAB bound approximately two- to threefold more
molar equivalents of Hb than HbHp complexes (compare the
plateau levels of the curves in Fig. 2A with those in Fig. 3A).
The possible implications of this observation for the stoichi-
ometry of HpuAB-ligand interactions are addressed in Discus-
sion.

Consistent with dot blot binding analysis (data not shown),
HpuAB was able to bind specifically to all three phenotypes of
apo-Hp. Figure 3B shows the saturable binding of polymeric
types 2-2 (K, = 808 nM) and 2-1 (K, = 486 nM) apo-Hp and
the much weaker binding of type 1-1 apo-Hp (K, = 4.2 uM).
As noted above, the apparent K, values for types 2-2 and 2-1
Hp underestimate the actual affinity of HpuAB for these li-
gands. The relative affinity of HpuAB for the various apo-Hp
types (Hp 2-1 > Hp 2-2 > Hp 1-1) also reflects the relative
affinity of HpuAB for the corresponding HbHp complex (Ta-
ble 2). Thus, Hp contributes directly to the physical interaction
of HbHp with HpuAB, and the Hp phenotype influences the
affinity of that interaction.

We then characterized the ability of N. meningitidis mutants
lacking one or both HpuAB components to bind the six
apo-Hp and HbHp ligands (Fig. 3C). We found that in addi-
tion to interacting with Hb, HpuB (in the absence of HpuA)
bound with a low affinity to all three phenotypes of apo-Hp and
HbHp complexes (hatched bars in Fig. 3C). However, we did
not observe saturable binding of ligands to DNMG69 at ligand
concentrations up to 1 wM, which precluded calculation of the
apparent dissociation constants. The binding of Hp and HbHp
to DNM143 (HpuA™*B™) was not significantly greater than the
levels of nonspecific binding to the negative control strain
DNM68 (HpuA B™) (Fig. 3C). Hence, despite the absolute
requirement for HpuA in HpuAB-mediated Fe acquisition
(48, 69), in the absence of HpuB we did not detect specific
involvement of this lipoprotein in binding to any of the seven
ligands recognized by HpuAB.

To confirm these data, we performed competitive binding
assays. Both unlabeled type 1-1 HbHp (K; = 179 nM) and Hb
(K; = 258 nM) competed effectively with 1-1 FEX-HbHp,
reducing the binding of the labeled ligand by more than 75%
(Fig. 3D). Unlabeled type 2-2 and 2-1 HbHp complexes
yielded very similar competition curves, indicating that these
ligands also specifically compete with type 1-1 FEX-HbHp for
binding to HpuAB (data not shown). However, types 1-1, 2-2,
and 2-1 apo-Hp only partially competed with FEX-HbHp, re-
ducing labeled ligand binding by ~25 to 30% of total binding
even at saturating concentrations (50-fold molar excess of com-
petitor) (Fig. 3D and data not shown).

HpuAB ligand interactions are TonB and PMF dependent.
Previous studies have shown that the binding and dissociation
of ligands from TonB-dependent receptors is energy depen-
dent, requiring both the presence of TonB and an intact PMF
(2, 3, 14, 29, 69). To characterize the interaction of deener-
gized HpuAB receptors with Hb and HbHp, we studied the
binding of these ligands to the TonB™ mutant DNM146 and to
wild-type strain DNM140 treated with the protonophore
CCCP. Figure 4 illustrates the dramatic effect of the energy
state of the receptor on ligand binding kinetics. The absence of
TonB in DNM146 resulted in a ~100-fold increase in the
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FIG. 3. (A) Kinetics of binding of types 1-1, 2-2, and 2-1 HbHp to strain DNM140 (HpuA*B™). The data are presented as described in the
legend to Fig. 2. The data for each ligand represent the mean of at least three independent experiments conducted in duplicate (total of six data
sets per data point on the graph). (B) Kinetics of binding of types 1-1, 2-2, and 2-1 apo-Hp to strain DNM140. As above, data presented are the
mean of three separate assays in which each sample was assayed in duplicate. (C) Binding of all three apo-Hp and HbHp phenotypes to DNM68
(HpuA~B™), DNM69 (HpuA~B™), and DNM143 (HpuA*B™). The height of each bar represents the amount bound on incubation of cells with
1 uM each fluorescein-labeled ligand. (D) Ability of Hb and apo-Hp to compete with HbHp for binding to strain DNM140. Cells were mixed with
150 nM FEX-labeled type 1-1 HbHp and 1.5 nM to 7.5 wM unlabeled competitors (type 1-1 HbHp, type 1-1 apo-Hp, and Hb). Results are
expressed as the percentage of total binding, with 100% binding determined from control samples to which no competitor was added. Each data
point represents the mean of two independent assays, with each sample assayed in duplicate.

apparent affinity of HpuAB for Hb, a phenotype closely mim-
icked by treatment with CCCP (Fig. 4A; Table 3). Similarly,
the Hb binding capacity of deenergized meningococci was sig-
nificantly elevated compared to that of wild-type cells (Table
3). This is illustrated dramatically by the flow cytometric his-
tograms in Fig. 4B and C, which show the data used to gener-
ate the binding isotherms in Fig. 4A. Incubation of TonB™ cells
with even the lowest FEX-Hb concentration (1.5 nM) resulted
in almost maximal fluorescence (compare Fig. 4B and C).
The interaction of HpuAB with HbHp complexes was also
found to be sensitive to the presence of TonB and an intact
PMF (Fig. 4D to F). DNM146 (TonB™) and CCCP-treated
DNM140 cells showed a modest (1.6-fold) increase in their
HbHp binding capacity, comparable to the effect on the B, ,,
of Hb binding (Fig. 4D; Table 3). However, the apparent

affinity of deenergized HpuAB for HbHp increased by only 3-
to 4-fold (Table 3), compared with the 100-fold-enhanced af-
finity of HpuAB for Hb noted above. This discrepancy in the
degree of energy dependence between Hb and HbHp binding
can be visualized by comparing the histograms in Fig. 4B and
C (Hb) with those in Fig. 4E and F (HbHp). The ability of
HpuAB to bind more Hb than HbHp is again evident from the
level of fluorescence at the plateau of the binding curves shown
in Fig. 4A and D.

Dissociation of HbHp from HpuAB requires TonB and an
intact PMF. In a previous study, we showed that TonB and the
PMF were crucial for the dissociation of '**I-Hb from HpuAB
(69). For comparison to that earlier data, we determined the
rate of dissociation of FEX-Hb from DNM140 (wild type),
DNM146 (TonB™), and CCCP-treated DNM140. Approxi-
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B. (D) Isotherm of type 1-1 HbHp binding to wild-type and deenergized HpuAB. (E) Histogram of flow cytometry analysis of HbHp binding to
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(bold) peaks are superimposed. (F) Histogram of type 1-1 HbHp binding to DNM146. Ligand was added at same concentrations as used for the
experiment in panel E. Fluorescence peaks of the 100, 250, and 500 nM (bold) samples are superimposed.
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TABLE 3. Role of TonB and an intact PMF in binding
and dissociation kinetics

DNM140
(wild type)

DNM146
(TonB™)

DNM140 +
cccp
Ligand

4 B tip Ki By tip Ki  Bpax  tip
(nM) (AU) (min) (nM) (AU) (min) (nM) (AU) (min)

Hb 555 42 1.4 5 71 186 11 57 1.8
1-1 HbHp 119 23 2.3 39 37 442 31 37 2.3

mately 50% of bound FEX-Hb dissociated very rapidly from
energized HpuAB within the first 5 min, with no further dis-
sociation detected over the 40-min assay (Fig. 5A), which
closely mimicked dissociation of '**I-Hb (69). The half-life
(t,,) of Hb was estimated to be 1.4 min (Table 3) based on
nonlinear regression analysis fitting these data to a one-phase
exponential decay. Figure 5A clearly shows that Hb dissocia-
tion from both deenergized cell types is impaired. However,
the ¢,,, of Hb dissociation from TonB™ cells was increased by
>100-fold whereas treatment with CCCP had little or no effect
on the half-life of the ligand (Table 3). Although CCCP treat-
ment did not change the half-life of Hb, only ~10% of the
bound ligand was released from receptors on cells in which
the PMF was dissipated. We also investigated whether a
functional two-component receptor is necessary for ligand
utilization and release by analyzing Hb dissociation from
DNM69 (HpuA~B™). Over the 40-min course of the assay,
~50% of the bound FEX-Hb was able to dissociate from
HpuB, but at a rate 10 times lower than that of dissociation
from wild-type HpuAB (DNMG69 ¢,,, = 14.4 min, DNM140
t;, = 1.4 min) (Fig. 5A). These data suggest that HpuA is
important for some aspect of Hb utilization that is a prereq-
uisite for release of the ligand from the receptor.

Finally, we characterized the effect of the energy state of the
receptor on the dissociation kinetics of type 1-1 HbHp from
HpuAB. We did not examine type 2-2 and 2-1 complexes
because of the polymeric nature of these ligands. Like Hb,
HbHp dissociated very rapidly from wild-type energized
HpuAB, with a half-life of 2.3 min. Within the initial 5 min,
~60% of the bound HbHp had dissociated from the cells, with
an additional 10 to 15% decrease in the level of bound HbHp
over the next 10 min (Fig. 5B). Note the discrepancy between
Hb and HbHp in the maximal amount of ligand that can be
dislodged from the receptor by unlabeled competitor (compare
Fig. 5A and B). HbHp incubated with TonB~ DNM146 be-
came virtually irreversibly bound, having an estimated half-life
of >7 h (Table 3). As we observed with Hb, DNM140 treated
with CCCP released only 10% of bound HbHp, but that re-
leased fraction had a half-life equivalent to that of HbHp
dissociating from wild-type HpuAB (Table 3).

DISCUSSION

The binding of Hb by Hp exerts a bacteriostatic effect on
many organisms like Escherichia coli, which are unable to ac-
quire Fe from the HbHp complex (21). However, in addition to
N. meningitidis, there are several microbial species able to bind
and use HbHp as an Fe source. Nonetheless, the bacterial
mechanisms involved in binding and scavenging Fe from

INFECT. IMMUN.

HbHp remain poorly characterized. Even less is known about
the influence of the Hp phenotype on receptor-ligand interac-
tions. Bacteroides fragilis can obtain Hm from Hb and HbHp,
with Hb supporting growth better than HbHp (62). Lammler et
al. have demonstrated that gram-positive group A streptococci
bind to all three types of apo-Hp and HbHp (42, 43). In both
cases, a specific receptor for HbHp or alternative mechanism
for acquiring Hm-Fe from HbHp remains to be characterized.
Vibrio vulnificus is able to acquire Hm-Fe from types 1-1 and
2-2 HbHp but not from type 2-1 HbHp (88). This pathogen
relies on a Hm-inducible Hb protease, not a surface receptor,
to acquire Hm-Fe from HbHp (61). To satisfy its absolute
requirement for exogenous Hm, Haemophilus influenzae type b
expresses at least three distinct single component TonB-de-
pendent HbHp receptors designated HgpA, HgpB, and HgpC
(39, 58, 64, 65). Thus far, quantitative biochemical analyses of
the interactions of the phase-variable Hgp receptors with
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FIG. 5. Energy-dependent dissociation of Hb and HbHp from
HpuAB. DNM140, DNM146, and CCCP-treated DNM140 cells were
equilibrated with 200 nM FEX-labeled Hb (A) or type 1-1 HbHp (B).
Then, 20-fold excess unlabeled competitor was added at various time
points and the amount of labeled ligand remaining bound to cells over
time was determined. Control samples to which no competitor was
added defined 100% binding. Each strain was tested twice in duplicate
for each ligand (total of four data sets).
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HbHp of any phenotype have not been reported. Finally, a
homologue of N. meningitidis HpuAB has been identified in
Neisseria gonorrhoeae that also binds Hb, apo-Hp, and HbHp
(13). Studies of the gonococcal receptor have focused on its
interaction with Hb, whereas the more complex HbHp ligands
have not yet been examined (11-13). To our knowledge, this
study is the first detailed biochemical analysis of the kinetics of
binding of all Hp and HbHp phenotypes to a bacterial recep-
tor.

We developed a flow cytometric method for analyzing HbHp
binding by N. meningitidis. This assay has several important
advantages to previously described techniques using radiola-
beled ligands (69). Like the radioactive assay format, flow
cytometry monitors the binding of ligand to live cells in the
liquid phase. This is important to accurately reflect the kinetics
of the dynamic, energy-dependent interaction of ligands at
equilibrium with the receptor. This method allowed us to an-
alyze the same number of cells in each sample and provided a
unique ability to observe binding to cell populations instead of
just capturing the average number of cell-associated counts.
This method allowed us to exclude potential binding to mem-
brane blebs and look only at cell-associated binding events.
The nonoxidative labeling of Hp and HbHp with fluorescein
(FEX) proved less damaging than '*I modification of the
structural integrity of ligand proteins. Also, FEX-labeled li-
gands would not be subjected to radiolysis during storage.
Finally, the reproducibility and sensitivity of flow cytometry
coupled with low levels of nonspecific fluorescence allowed us
to measure previously undetected binding of ligands with
HpuB.

We reexamined the kinetics of binding of Hb to HpuAB in
order to validate the flow cytometric binding assay (69). How-
ever, one unavoidable caveat of the flow cytometric assay for
direct quantiation of ligand binding was the use of the Alexa
conjugate amplification step. The modest apparent affinity of
wild-type HpuAB for FEX-labeled Hb estimated by flow cy-
tometry (555 nM) was less than twofold different from the
affinity we determined for '**I-Hb dimers (298 nM). This sug-
gested that the two techniques yield comparable results and
that the indirect detection method did not adversely affect our
results. The minor differences between the K, values may have
arisen from effects of the distinct labeling methods on Hb,
batch-to-batch variation in Hb samples, or other assay-specific
factors. We observed very low levels of nonspecific Hb binding
to our negative control strain DNM68 (HpuA™B™). In agree-
ment with dot blot analyses and radioligand binding data (69),
the HpuA lipoprotein was unable to bind detectable levels of
Hb when expressed alone by strain DNM143 (HpuA*B™). In
contrast to earlier results, we found that HpuA“B™ strain
DNMG69 was able to specifically and saturably bind Hb (69).
This observation is consistent with the ability of Hb to protect
HpuB expressed by DNM69 from digestion with trypsin (69).
In addition, Chen et al. have reported the ability to affinity
purify gonococcal HpuB from an ApuA mutant by using a Hb
matrix (11). In the absence of HpuA, HpuB exhibited a near-
wild-type affinity but a four- to fivefold-reduced binding capac-
ity for Hb. HpuB expressed in the absence of HpuA also bound
all three phenotypes of Hp and HbHp, although with a much
lower affinity than that of the wild-type HpuAB receptor. Our
data suggest that the lipoprotein is important for optimal in-
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teractions of HpuAB with Hb, apo-Hp, and HbHp, even
though we did not detect direct binding of HpuA to any of
these ligands. It is possible that HpuA does participate directly
in ligand binding but is dependent on HpuB to fold into a
binding-competent conformation. The ability of Hb or HbHp
bound to wild-type HpuAB to protect HpuA from protease
digestion is consistent with the participation of HpuA in ligand
binding (69). The absence of HpuA more severely impaired
interactions with Hp and HbHp, perhaps indicating that HpuA
is involved in making contacts with Hp. Consistent with that
hypothesis, the N. meningitidis single-component TonB-depen-
dent receptor HmbR lacks an accessory lipoprotein and is able
to bind Hb but not Hp or HbHp (78, 79). Alternatively, HpuA
may act indirectly and serve as a sort of chaperone that pro-
motes the proper folding of HpuB into a binding competent
conformation. The observation that only a fraction of HpuB
expressed alone is capable of binding Hb, but does so with
wild-type affinity, may reflect this type of contribution to ligand
binding from HpuA. Although its specific role in receptor
function is unclear, our data indicate that HpuA is essential for
Hb utilization and is required for optimal ligand binding.

In growth assays, we demonstrated that HpuAB preferred
HbHp to Hb as an Fe source, regardless of Hp phenotype.
Interestingly, Francis et al. have reported that Staphylococcus
aureus and Streptococcus pyogenes exhibit a similar ligand pref-
erence and were able to extract more >’Fe-Hm from HbHp
complexes than from free Hb (26). Although HpuAB is able to
utilize all three phenotypes of HbHp complexes, human-spe-
cific, polymeric types 2-2 and 2-1 HbHp enhanced N. menin-
gitidis growth kinetics to a greater extent than did monomeric
type 1-1 HbHp complexes. There are several possible reasons
for the preference of HpuAB for HbHp over Hb. The forma-
tion of a complex with Hp may render the Hm-Fe moiety of Hb
easier for HpuAB to extract and internalize. In this regard,
Smith and Beck (76) reported increased exposure of Hm after
Hp binding to Hb due to conformational changes of the globin
chains. Circular dichroism spectra of the Soret region of HbHp
and Hb and increased sensitivity of HbHp-associated Hm to
dithionite also indicate a significant difference in the Hm en-
vironment between free Hb and HbHp (28). Furthermore,
HpuAB bound apo-Hp, indicating that there are binding sites
on the receptor for both Hb and Hp. Thus, HpuAB binds
HbHp more avidly than it binds free Hb. This study also re-
vealed that ligand recognition by HpuAB is sensitive to Hp
structure, as indicated by higher affinities for human-specific
polymeric type 2-1 and 2-2 HbHp complexes than for mono-
meric type 1-1 HbHp. Similarly, HpuAB bound directly to Hp
with a low affinity (compared to HbHp) in a phenotype-depen-
dent manner that paralleled the recognition of HbHp by
HpuAB.

The Hp phenotype dependence of HpuAB ligand binding
exhibits the following order: type 2-1 > type 2-2 > type 1-1. It
is perhaps not surprising that HpuAB is able to distinguish
between Hp phenotypes. The primary sequence and molecular
weight of each Hp type are different due to the Hp, gene
duplication that gave rise to the Hp? allele. The much larger
type 2-2 and 2-1 Hp ligands may engage the receptor with a
much higher avidity than the monomeric type 1-1 does. Circu-
lar dichroism examination of Hp structures by Hamaguchi
revealed significant conformational differences between type
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1-1 Hp and types 2-2 and 2-1 Hp (28). High-resolution scan-
ning transmission electron microscopy of Hp by Wejman et al.
showed that 2-1 Hp exists as linear polymers of various lengths
terminated by type 1 molecules lacking an extra cysteine resi-
due (86, 87). Type 2-2 Hp polymers, on the other hand, form
closed circular molecules (86, 87). The higher affinity of
HpuAB for type 2-1 Hp and HbHp may reflect a steric hin-
drance or reduced avidity for the more structurally constrained
type 2-2 cyclic polymers.

Despite the importance of Hp in the interaction of HbHp
with the receptor, HpuAB probably interacts more extensively
with the Hb portion of the complex. This would seem logical,
given that HpuAB must extract Hm-Fe from Hb, not from Hp.
In addition, HpuAB bound two to three times more molar
equivalents of Hb than of HbHp complexes. Although the
significance of this observation is unclear, it is tempting to
speculate that each functional HpuAB receptor may have two
binding sites for Hb dimers. Recall that a molecule of type 1-1
HbHp is composed of an «,B, Hp tetramer with an «,3, Hb
dimer tightly bound to each Hp B chain. HbHp could bind to
HpuAB such that the Hb dimers occupy the two putative Hb
binding sites, with the more distal Hp chains involved in im-
portant but secondary receptor contacts. Competitive binding
assays also supported the conclusion that the major contacts
between HpuAB and HbHp complexes involve Hb. Hb was
able to compete almost as well as HbHp with fluorescein-
labeled HbHp complexes, whereas a 50-fold molar excess of
Hp (type 1-1, 2-2, or 2-1) inhibited FEX-HbHp binding by only
50%.

The apparent affinity of HpuAB for Hb and HbHp was
dramatically increased when the receptor was deenergized by
the absence of TonB. Similar results were obtained following
treatment of wild-type meningococci with the protonophore
CCCP, confirming the close link between TonB activity and an
intact PMF gradient. Our observations are consistent with the
dramatic increase in the apparent affinity of the gonococcal
TbpAB receptor for Tf when TonB is absent (14). The recep-
tor energy state had a larger impact on the observed affinity of
HpuAB for Hb than for HbHp (compare Fig. 4B and C with
Fig. 4E and F). The reason for this disparity in the magnitude
of the effect of TonB on the two ligands is not known. It should
be noted that estimated K, values for deenergized HpuAB
might not accurately reflect equilibrium dissociation constants
for several reasons. The extremely high level of binding at even
the lowest ligand concentrations indicates that ligand depletion
is probably disrupting equilibrium conditions. In addition, Hb
and HbHp binding to deenergized HpuAB does not follow the
law of mass action used to describe receptor-ligand equilibria,
which assumes that binding is a reversible event.

Deenergized HpuAB also exhibited an increased binding
capacity for Hb and HbHp that reflects a very high-affinity,
irreversible interaction (see below) in which virtually all recep-
tors are occupied, in contrast to the lower capacity observed
for energized receptors at equilibrium. In contrast, previously
reported radioligand binding assay data showed that deener-
gized HpuAB bound less, not more, Hb than did the wild type
(69). The oxidative radiolabeling of Hb with '**I may have
damaged the ligand structure such that energy-dependent in-
teractions with HpuAB were altered. Alternatively, the appar-
ently low Hb binding capacity might be the result of high levels
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of background seen in radioligand assays of deenergized
HpuAB. The amount of specific '*’I-Hb binding was deter-
mined by subtracting the amount of nonspecific binding (bind-
ing detected in the presence of excess unlabeled Hb) from the
total binding. The extremely high-affinity and high-capacity
binding of Hb to deenergized HpuAB may have allowed a
significant amount of '*I-Hb to bind even in the presence of
cold competitor. In contrast, the flow cytometric data closely
parallel the description by Cornelissen et al. of energy-depen-
dent TbpAB-Tf interactions (14).

In examining dissociation kinetics, we found that 50% of Hb
that was bound to wild-type HpuAB dissociated very rapidly
within 5 min after the addition of excess unlabeled Hb, with no
further Hb dissociation over the course of the experiment. This
was consistent with previous observations (69). Although the
dissociation rate of HbHp was comparable to that of Hb, a
notably larger fraction (almost 80%) of bound HbHp dissoci-
ated from HpuAB. It is unclear how the distinct dissociation
kinetics of Hb and HbHp are related to the mechanism of
HpuAB Fe acquisition from these ligands. If a substantial
fraction of HpuAB receptors are occupied by Hb but unable to
release the ligand and reset for another cycle of Fe transport,
this could contribute to the reduced ability of Hb to serve as an
Fe source. As noted previously (69), binding of Hb and HbHp
to HpuAB in the absence of TonB was, in effect, irreversible.
Although this phenotype was closely mimicked by CCCP-
treated wild-type cells, about 10% of bound Hb and HbHp
dissociated from HpuAB with normal dissociation rates de-
spite dissipation of the PMF. This could indicate that CCCP
did not completely abolish the PMF in all cells or that a
weakened proton gradient was able to energize Hb release
from a few receptors.

These data clearly demonstrated that TonB and an intact
PMF energy gradient are required for the dissociation of both
Hb and HbHp from HpuAB. TonB might play a direct role in
triggering ligand release by inducing conformational changes
in the receptor that disrupts ligand interactions. On the other
hand, one could speculate that a step that requires the input of
energy from TonB, such as the extraction of Hm-Fe from Hb,
must occur prior to the release of Hb or HbHp. This second
hypothesis is substantiated by the partially impaired dissocia-
tion of Hb from DNMG69, which expresses HpuB in the absence
of HpuA. Like DNM146 (TonB ™), DNMG69 is unable to grow
using Hb or HbHp as an Fe source, presumably because it
cannot extract Hm-Fe from Hb (69). The extraction of Hm-Fe
from Hb might induce conformational changes in the ligand
structure that lower its affinity for HpuAB and promote its
release. Whereas the presence of HpuA appears to facilitate
ligand release, TonB-derived energy is absolutely required for
the dissociation of Hb or HbHp from HpuAB.
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