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Abstract Hemopexin (HPX) has two principal
roles: it sequesters free heme in vivo for the purpose
of preventing the toxic effects of this moiety, which is
largely due to heme’s ability to catalyze free radical
formation, and it transports heme intracellularly thus
limiting its availability as an iron source for patho-
gens. Spectroelectrochemistry was used to determine
the redox potential for heme and meso-heme (mH)
when bound by HPX. At pH 7.2, the heme-HPX
assembly exhibits Ey,, values in the range 45-90 mV
and the mH-HPX assembly in the range 5-55 mV,
depending on environmental electrolyte identity. The
E,» value exhibits a 100 mV positive shift with a
change in pH from 7.2 to 5.5 for mH-HPX, suggest-
ing a single proton dependent equilibrium. The E;/,
values for heme-HPX are more positive in the
presence of NaCl than KCI indicating that Na*, as
well as low pH (5.5) stabilizes ferro-heme-HPX.
Furthermore, comparing KCl with K,HPO,, the
chloride salt containing system has a lower potential,
indicating that heme-HPX is easier to oxidize. These
physical properties related to ferri-/ferro-heme
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reduction are both structurally and biologically
relevant for heme release from HPX for transport
and regulation of heme oxygenase expression. Con-
sistent with this, when the acidification of endosomes
is prevented by bafilomycin then heme oxygenase-1
induction by heme-HPX no longer occurs.
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Abbreviations

DMEM  Dulbecco’s Minimal Essential Medium

HEPES  4-(2-hydroxyethyl)-1-piperazine
ethanesulfonic acid

H Heme, protoporphyrin-IX

HO-1 Heme oxygenase-1

HPX Hemopexin

mH Meso-heme

NHE Normal hydrogen electrode

OTTLE Optically transparent thin-layer electrode

SDS Sodium dodecyl sulfate

Introduction

Heme cofactors in biological systems are essential to
carry out a variety of functions, including a cascade
of reactions such as: electron transport (e.g., cyto-
chromes); serving as the active site of oxygen
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carrying molecules (e.g., the globins: hemoglobin,
myoglobin, and neuroglobins) and diatomic gas bind-
ing heme sensors (e.g., the bacterial FixL and CooA
receptors); mammalian transcription factors (includ-
ing NPAS2, a circadian rhythm regulator, and Bachl);
drug metabolizing enzymes (e.g., cytochrome P-450
family of enzymes); anti-oxidant and detoxifying
enzymes (e.g., peroxidases like catalase); and many
other enzymes (e.g., nitric oxide synthases, guanylyl
cyclases). Yet the presence of a free heme group can be
toxic to cells and lead to oxidative damage (Halliwell
and Gutteridge 1986). Hemopexin (HPX) is a glyco-
protein that by sequestration scavenges the heme
groups that are liberated from hemoglobin during
hemolysis and from other cellular heme-proteins, thus
controlling heme-facilitated cellular oxidation while
maintaining the solubility of lipophilic heme in its
monomeric form (Genco and Dixon 2001; Morgan
and Smith 2001; Ascenzi et al. 2005). Unusual inter-
relationships between the heme-binding HPX and
hemoglobin-binding haptoglobin are revealed in
HPX null mice (Tolosano et al. 1999, 2002). While
hemoglobin can mediate oxidative damage during
intravascular hemolysis, it is only a weak peroxidase,
whereas the heme that is liberated from hemoglobin is
a highly reactive molecule. Thus, HPX is the first line
of defense against the oxidative stress from heme in
hemolysis, trauma and reperfusion injury.

After intravenous injection of [59Fe]heme-HPX,
the complex is taken up principally by epithelial
cells, including hepatic parenchymal cells (Smith and
Morgan 1978, 1979), via endocytosis (Smith and
Hunt 1990). HPX, isolated as described here, co-
localizes with transferrin, the paradigm for recycling
receptors (Smith and Hunt 1990), and, significantly,
also recycles intact from the liver of intact rats’® and
from cultured HepG2 cells (Smith and Hunt 1990).
Subsequently, the heme released from HPX intracel-
lularly is rapidly degraded by heme-oxygenase, an
enzyme of the smooth endoplasmic reticulum, and its
iron stored in ferritin (Davies et al. 1979). Heme
catabolism produces ferrous iron, biliverdin and
carbon monoxide that are released into the cytoplasm.
In the circulation or cellular fluids, as well as during
the HPX transport/recycling process, HPX controls
the heme-catalyzed oxidation by both regulating the
redox potential at the heme-iron [Fe(IIl)/Fe(II)-pro-
toporphyrin IX] center and by making the heme
physically inaccessible for catalysis.
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The chemistry and biochemistry of HPX has been
reviewed (Morgan and Smith 2001; Ascenzi et al.
2005) and a crystal structure is available (Faber et al.
1995; Paoli et al. 1999). HPX has one of the highest
affinities for heme (Kj less than pM, Hkal et al. 1974)
and at a plasma concentration of 0.5-1.2 mg/ml (ca.
20 uM) it effectively competes (Morgan et al. 1976)
with human serum albumin (HSA, 35-55 mg/ml
plasma) with one high affinity heme binding site of
Kq ~ 10 nM and two lower affinity sites with
Kq ~ 1 uM (Beaven et al. 1974). HPX not only
transports heme, but also acts as an extracellular
antioxidant (Gutteridge and Smith 1988) protecting
cells and circulating molecules, e.g., low density
lipoproteins, from heme-mediated oxidation (Miller
et al. 1996). The binding of a single heme molecule
by HPX occurs via bis-histidyl protein side chain
coordination (Faber et al. 1995; Paoli et al. 1999);
HPX is highly conserved and many of its physico-
chemical properties have been well characterized
(Morgan and Smith 2001).

Spectroelectrochemical investigation of the heme-
HPX complex as reported here provides insight into:
(1) the role of HPX in controlling the reduction
potential of the heme iron center; (2) the influence of
bis-histidyl coordination at the heme iron center; and
(3) the possible role of heme iron redox in the HPX-
mediated transport and release of heme from the tight
binding site on HPX for catabolism and gene
regulation. A brief report, published nearly 30 years
ago, determined an E;, for heme-HPX (+65 mV)
using redox titration methods at pH 7 (Hkal et al.
1977). Here, we investigate further the redox proper-
ties of naturally occurring heme (iron-protoporphyrin
IX) bound to HPX (H-HPX) and a second HPX
complex containing meso-heme (mH-HPX) with a
heme analog in which the vinyl side chains of
protoporphyrin IX are replaced by ethyl groups.
Spectroelectrochemistry experiments are reported as
a function of pH and background electrolyte that are
physiologically relevant. mH-HPX has been shown to
act in a biological manner similarly to H-HPX (Smith
and Morgan 1979, 1981, 1984). However, the atomic
structure of heme and heme analogs may subtly
influence redox parameters of heme-HPX complexes
and there is evidence that heme-HPX stimulates
cell surface events including the participation and
activation of electron transport processes (Eskew
et al. 1999; Sung et al. 2000; Vanacore et al. 2000).
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Heme-HPX complexes in biological fluids, like
plasma, play an important role in vivo. We show
here how new biophysical information on heme-HPX
is related to its biological functions and regulatory
consequences in mammalian cells.

Materials and methods

Preparation of heme (iron-protoporphyrin IX)-
hemopexin (H-HPX) and meso-heme
(iron-mesoporphyrin IX)-hemopexin (mH-HPX)

Hemopexin was isolated from trace-hemolyzed rabbit
plasma using differential precipitation and ion-
exchange chromatography as previously described
(Morgan et al. 1993). After purification, the HPX was
dialyzed against 5 mM sodium phosphate buffer, pH
7.4 at 4°C before lyophilization. The purity of apo-
HPX was established by Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE;
Amersham Biosciences miniVE system®), Piscata-
way, NJ, USA) using 4-20% acrylamide gradient
gels. Following this isolation the protein is fully
sialylated, as was the source of HPX from which the
3D structure has been determined (Paoli et al. 1999).
HPX specifically and tightly binds 1 equivalent of
heme with characteristic changes in the circular
dichroism spectra (Seery et al. 1975). The protein
prepared in this way is not toxic to cells and is fully
active in heme transport in vivo (Smith and Morgan
1978, 1979), activation of signaling cascades (Smith
et al. 1997; Eskew et al. 1999; Vanacore et al. 2000)
and gene regulation (Alam and Smith 1989, 1992), is
recycled rather than extensively degraded (Smith and
Morgan 1978, 1979, 1990), and when iodinated has a
plasma half-life of at least ~37 h (Conway et al.
1975; Liem et al. 1975; Morgan et al. 1988), char-
acteristic of native plasma proteins. To form the H-
HPX or mH-HPX complex, the lyophilized apo-HPX
was dissolved in a solution of ice-cold 10 mM
sodium phosphate (PBS; Sigma Chemical Company,
St. Louis, MO) and 0.15 M NaCl (pH = 7.35; Fisher
Scientific, Horsham, PA). The buffer was added
dropwise to the protein until a final concentration of
11 mg/ml was obtained. Concurrently, a solution of
4 mM heme [iron-protoporphyrin IX (H), or iron-
mesoporphyrin (mH)] was made using dimethylsulf-
oxide (DMSO; Fisher Scientific). To avoid protein

denaturation, the DMSO concentration in the com-
plex is kept below 5% (Morgan and Smith 1984;
Morgan et al. 1988; Shipulina et al. 2001). The heme
and protein solutions were then mixed in a
9:10 molar ratio. To ensure complete formation of
the 1:1 heme-HPX complexes, a spectrum was
obtained 20 min after mixing and the absorbance
values for the protein and Soret bands were compared
(protein Amax = 280 nm, &g0 = 1.1 x 10° M~ cm™;
Soret bands for ferri-H-HPX, /..« =413 nm,
ea3 = 1.1 x 10° M em™;  ferri-mH-HPX, Apax =
405 nm, e495 = 1.3 X 10° M em™ (Morgan and
Muller-Eberhard 1972).

The H-HPX and mH-HPX were extensively dia-
lyzed against PBS and 4-(2-hydroxyethyl)-1-
piperazine ethanesulfonic acid (HEPES) buffers
using Pierce Scientific disposable 10 K MWCO
Slide-A-Lyzer Dialysis Cassettes. After dialysis was
complete, the concentration of the protein was
checked spectroscopically. If concentration of the
protein sample was necessary Amicon Bioseparations
Centricon®™ Plus-20 centrifugal filter devices were
used. Once the protein was in the correct buffer
system and was at the right concentration, aliquots
were snap-frozen under liquid nitrogen until needed
for experimental purposes.

Spectroscopic characterization of H-HPX
and mH-HPX

The Soret band molar absorptivities of the oxidized
species are as follows: g3 = 1.1 X 10° M~! em™
(H-HPX) and &405 = 1.3 X 10° M~' em™ (mH-HPX)
(Morgan and Muller-Eberhard 1972). The Soret band
molar absorptivities of the reduced species are as
follows: €405 = 1.45 x 10° M' ecm™ (H-HPX) and
&414 = 1.6 X 10° M em™! (mH-HPX) (Morgan and
Muller-Eberhard 1972). Other maxima were observed
for ferro-H-HPX at 526 and 556 nm and ferro-
mH(Fell)-HPX at 520 and 550 nm as previously
published (Morgan and Muller-Eberhard 1972;
Morgan and Smith 2001).

Spectroelectrochemistry

Spectroelectrochemical measurements of the redox
midpoint potentials (E;,) of H-HPX and mH-HPX
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were made using an optically transparent thin layer
electrode (OTTLE) and an experimental configura-
tion that is described elsewhere (Taboy et al. 2002;
Dhungana and Crumbliss 2007). The apparatus was
calibrated using sperm whale myoglobin, which gave
results consistent with those reported in the literature.
All E,), values are reported relative to the normal
hydrogen electrode (NHE). A typical spectroelectro-
chemistry experiment used 0.1 mM protein, 2.5 mM
K3Fe(CN)g mediator, 500 mM HEPES buffer at pH
7.2, and 200 mM background electrolyte concentra-
tion. Potential sweeps were from +500 to —200 mV
and isosbestic spectral behavior was observed. Spec-
troelectrochemical data obtained using the Soret
bands were used to construct Nernst plots of log
[ferri-H-HPX]/[ferro-H-HPX] (or log [ferri-mH-
HPX]/[ferro-mH-HPX]) versus applied potential with
a slope related to the number of electrons transferred
(n) and intercept ([ferri-H-HPX] = [ferro-H-HPX])
corresponding to the mid-point reduction potential,
E\ /. Here, the redox potentials have not been used to
estimate a Ky for the ferro-heme-HPX complexes due
to complicating features associated with the redox
potentials available for the free heme; e.g., solvent
effects, stacking, spin changes, etc.

Cell culture, cell lysis, Western blot
and immunoprecipitation analyses

Minimal deviation hepatoma cells (Hepa), derived
from the mouse solid tumor BW 7756, were grown in
DMEM (Dulbecco’s Minimal Essential Medium)
supplemented with 2% fetal bovine serum as previ-
ously described (Smith and Ledford 1988). For
whole cell extract preparation, cells (seeded at
2.5 x 10° cells/well in six-well plates) were cultured
for 48 h. These exponentially growing cells were
rinsed and incubated in warm, gas-equilibrated,
HEPES/NaOH-buffered, serum free DMEM, pH
7.4, with heme-HPX or PBS for the times indicated
in the presence or absence of bafilomycin (Sigma
Chemical Company) or DMSO. Whole cell extracts
were prepared by the addition of cell lysis buffer
(100 pl; Cell Signaling Technology Inc., Beverley,
MA) to PBS-rinsed cells (ice-cold). After centrifu-
gation (3,000xg for 10 min) of the extract, the protein
concentration was determined using the Bicinchoninic
acid assay (BCA; Pierce Biotechnology, Rockford,
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IL) with bovine serum albumin as standard. Proteins
in samples of whole cell extracts (20 pg) were
resolved on SDS/PAGE gels (15% acrylamide gels)
under reducing conditions and the target proteins
detected by Western immunoblotting onto polyviny-
lidene difluoride membranes. The primary antibodies
used were anti-rat Heme oxygenase-1 (HO-1)
(1:5,000 dilution; antigen: 1-30 amino acid residues;
Assay Designs, Ann Arbor, MI) and anti-tubulin
(1:2,000 dilution; Santa Cruz Biotechnology Inc.,
Santa Cruz, CA). The secondary antibodies used were
goat anti-mouse Alexa Fluor 680 IgG (Molecular
Probes/Invitrogen Corporation, Carlsbad, CA) and
goat anti-rabbit IgG IR Dye 800CW (Rockland
Immunochemicals, Gilbertsville, PA), respectively,
both used at 1:20,000. The blots were scanned with
the Odyssey Infrared Imaging System (LI-COR
Biosciences, Lincoln, NE) and the signals quantitated
by segment analysis using UN-SCAN-IT gel digitiz-
ing software (Silk Scientific, Orem, UT, USA). The
levels of HO-1 were normalized to tubulin. This
experimental series consisted of five individual
experiments at 4 h induction and a second set of
four at 3 h induction, with two concentrations of
bafilomycin (100 or 250 nM).

Results and discussion

We have reconstituted heme-HPX complexes in the
form of iron-protoporphyrin IX—hemopexin (H-
HPX) and iron-mesoporphyrin IX—hemopexin
(mH-HPX) by using HPX to sequester iron-protopor-
phyrin IX (protoheme) and iron-mesoporphyrin IX
(mesoheme), respectively. Spectroelectrochemical
measurements were made using the Soret bands for
both H-HPX (414 and 428 nm for the oxidized and
reduced forms, respectively) and mH-HPX (405 and
412 nm for the oxidized and reduced forms, respec-
tively) at pH 7.2 in aqueous solution containing
various background electrolytes. Well-behaved
Nernst plots with slopes consistent with a single
electron transfer (n = 1) were obtained and represen-
tative examples are shown in Fig. 1. Our results
obtained in the presence of various background
electrolytes are summarized in Table 1. Although
the heme binding site of HPX is unique, the E;,
values are in the range reported for other low-spin
heme proteins (Gibney 2007), and are consistent with
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Fig. 1 Nernst plots for the reduction of mH-HPX (A) and H-
HPX (@). Conditions: A, 0.1 mM mH-HPX, 0.5 M HEPES
(pH 7.2), 0.2 M KCl, and 2.5 mM K;Fe(CN)g, E;» = 6 mV;
n = 0.99(3); data obtained at /2 = 405 nm. @, 0.08 mM mH-
HPX, 0.5M HEPES (pH 7.2), 0.2 M KCl, and 2.5 mM
KsFe(CN)g, Eqp =45 mV; n=0.99(1); data obtained at
A =413 nm

the results for HPX isolated from human serum
obtained by another method (Hkal et al. 1977).

The observed E|/, values for H-HPX and mH-HPX
are sensitive to heme structure and are shifted
~100 mV positive relative to the respective free
heme groups. The axial histidine ligands play a major
role in controlling redox potentials due to their
electronic effects on the metal center. The hydropho-
bic and reactive vinyl groups of the naturally
occurring heme (i.e., iron-protoporphyrin IX) are
replaced by ethyl side chains in mH, which makes
this heme analog more water soluble. The E,, values
from mH-HPX are lower than those of H-HPX
(Table 1), revealing a more stable Fe* state for this
assembly. This is also consistent with previously
published observations in the literature where
replacement of the vinyl groups on a heme protein
with ethyl groups, e.g., the low-spin iron microsomal

cytochrome bs, resulted in a stabilization of the Fe**
form of the protein (i.e., less readily reduced; Reid
et al. 1986; Lee et al. 1991).

The influence of cations and anions on the
reduction potentials of H-HPX and mH-HPX is seen
in the data in Table 1. The origins of the salt effects
on E;, observed here are likely of different origin
from the influence of transition metal cations on T},
for heme-HPX (Rosell et al. 2005). Our observations
are consistent with the degree to which the surface of
the heme molecule is exposed to the solvent
(~190 A% Morgan et al. 1976), resulting in an
unusually high solvent/environmental accessibility
(see depiction of the 3D structure of heme-HPX in
Fig. 2). These cation effects on E;,, reflect observa-
tions in published melting experiments showing that
addition of Na™ ion increases the melting temperature
T, of both apo- and heme-HPX (Shipulina et al.
2001). Thus, the presence of physiological concen-
trations of Na® increases the stability both of the
folded protein itself and its heme pocket as first
proposed by Paoli et al. (1999). In the pexin domains
of HPX, the central tunnel is lined with carbonyl and
amide groups that project in register into the tunnel
forming high affinity sites for cations and anions,
respectively (Faber et al. 1995; Paoli et al. 1999).
One Na* and CI” also interact with various sites on
the surface of the protein at the end of the tunnels,
both near and far from the heme site, and hence may
explain the significant anion and cation effects on the
observed Ej, values. At 200 mM, chloride will
slightly stabilize the ferri-heme-HPX complex form.
The view of the heme-HPX complex shown in Fig. 2
reveals that the exposed edge of the heme (red) and
the sodium (pink) ion in the N-domain are both
visible on one side. However, as the heme-HPX
complex is rotated around the vertical axis, a
phosphate molecule (green) that resides at the edge

Table 1 Redox potentials (E;,) for the hemopexin complexes mH-HPX and H-HPX at pH 7.2 in the presence of various

background electrolytes

Hemopexin Background electrolyte

KCl NaCl K,HPO, NaNO;
mH-HPX 6 52 23 48
H-HPX 45 88 62

Conditions: 25°C; 0.03-0.1 mM mH-HPX or H-HPX, 0.5-2.5 mM K;3Fe(CN)g, 0.5 M HEPES and 0.2 M background electrolyte at
pH 7.2. Ey), values are in mV relative to NHE and represent the average of at least two independent measurements
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Fig. 2 Structure of heme-hemopexin (H-HPX) assembly.
Shown are both space filling (LHS) and ribbon (RHS) models,
respectively, of heme-hemopexin. The novel heme-binding site
is formed between two similar fS-propeller domains
[N-terminal (lower showing the four blades of the propeller)
and C-terminal (upper) in these views]. The heme-iron

of a tunnel on the C-terminal domain is observed far
from the heme and these other ions. One sodium and
two chloride ions are bound within each tunnel and
the sodium site is large enough to be occupied by
calcium in vivo. Acidic patches formed by conserved
Aspartate residues that surround each tunnel opening
on both the N- and C- domains potentially provide
cation binding sites (Paoli et al. 1999). Extracellular
levels of sodium are higher than intracellular levels as
in plasma where HPX is needed to bind heme,
presumably as ferri-heme. Chloride channels facili-
tate endosomal acidification and regulate the chloride
levels in the endosome (Scheel et al. 2005). Conse-
quently, our observation that the heme-site redox
potential is sensitive to the presence of environmental
cations and anions is reasonable on both structural
and biological grounds.

Since heme-HPX undergoes endocytosis (Smith
and Hunt 1990), and endosomes are acidified during
their maturation, the heme-HPX complex is exposed
to significant pH changes from 7.4 in the plasma to
ca. 6.5 in early endosomes, 5.5 in the multi-vesicular
body and 6.8 in recycling endosome (Clague 1998).
Therefore, we also investigated the influence of pH
on the formal reduction potential of the heme-HPX
assembly using spectroelectrochemistry. pH titrations
revealed that the heme-HPX complex is stable over
the pH range 6-10 (Cox et al. 1995). At pH less than
5-5.5, HPX does not bind ferri-heme presumably due
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coordinates with two histidine residues (not shown). Sodium
and chloride ions are bound in both the central tunnels with a
phosphate (green) exposed at the surface of the C-domain and
a sodium ion (pink) exposed in the N-domain. These figures
were generated using pdb file 1QHU with PyMol

to protonation of the His,;3 and His,g¢ heme coor-
dinating ligands. The E;,, value for mH-HPX at pH
7.2 in the presence of 0.2 M KCl was shifted from 6
to 105 mV on dropping the pH to 5.5. Similar results
were obtained for H-HPX. A 100 mV increase in E/,
brought about by a decrease of 1.8 pH units is
consistent with a heme-HPX equilibrium reaction
involving a single H* that stabilizes the reduced form
of the ferro-heme-HPX complex. Therefore, we
conclude that as the pH is lowered below 6 the ease
of Fe’*/Fe** reduction of the heme-iron within the
heme pocket of HPX is increased.

The important role of a decrease in endosomal pH
during endocytosis for heme release from HPX for
uptake and gene regulation is illustrated by the data in
Fig. 3. When acidification of endosomes in cultured
cells is blocked by addition of the V-type ATPase
inhibitor, bafilomycin (Yoshimori et al. 1991), to the
incubation medium, the induction of HO-1 protein by
H-HPX (approximately twofold at 3 h and two to
threefold at 4 h), detected by immunoblotting, does
not occur.

The shift in redox potential observed when heme
and mesoheme are sequestered by HPX, and the
redox sensitivity of the heme-HPX assembly to
electrolyte composition and pH illustrate the impor-
tance of first coordination shell (histidine ligation and
heme structure) and second coordination shell (pro-
tein structure and environment) effects in electron
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Fig. 3 Bafilomycin prevents induction of heme oxygenase-1
by heme-hemopexin in mouse Hepa cells. Mouse hepatoma
cells were incubated with heme-hemopexin (H-HPX) for 4 h in
the presence and absence of the bafilomycin (100 nM).
Bafilomycin or solvent, DMSO, were added to the cell medium
30 min before addition of heme-hemopexin (10 pM) or solvent
PBS as indicated in the figure. Whole cell extracts were

transfer thermodynamics for the HPX heme transport
system. Another soluble heme-binding protein and
transporter that interacts with a surface receptor is
HasA (heme acquisition system protein A), from the
pathogenic bacterium Serratia marcescens. This
small (Mr 19 kDa) protein, termed a hemophore,
differs completely in structure from HPX and binds
heme via His and Tyr coordination with a K4 < 10
nM (Arnoux et al. 1999). Significantly, HasA exhib-
its a very negative redox potential of =550 mV (Izadi
et al. 1997) compared with HPX, similar to mito-
chondrial c-type cytochromes whose heme is
covalently linked to the protein. A critical compar-
ison of HPX and HasA is contained in a recent review
(Paoli et al. 2002).

Our observations support, rather than rule out, a
possible role for Fe’*-heme/Fe**-heme redox in
facilitating heme release from HPX for uptake into
cells. Low pH is a known condition in the early
endosomes where the heme is expected to be released
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prepared and HO-1 protein levels detected using Western
immunoblotting (Panel A) as described in the Methods section,
and shown also are HO1 levels normalized to tubulin (Panel B)
and the average fold induction of HO-1 (Panel C). Data shown
are duplicate samples from a representative experiment from
two individual experiments each for 3 or 4 h induction

from HPX. A drop in pH from 7.2 to 5.5 results in a
positive shift in the heme-iron redox potential,
suggesting that ease of reduction to the ferro-heme
form of HPX may also play a role in heme release
from the heme-HPX assembly. There is ample
literature precedent to suggest that reduction of
ferri-heme to ferro-heme will weaken the iron-
imidazole bond (Tabata and Nishimoto 2000), mak-
ing the imidazole more susceptible to protonation
with concomitant bond rupture and subsequent
release of heme. Our observations are supported by
T, values at the folded/unfolded half point that are
lower for ferro-HPX than the ferri form, indicative of
a loss in stability on reduction of the heme-iron
(Morgan and Smith 2001; Shipulina et al. 2001;
Rosell et al. 2005).

Thus, overall our data support a reductive mech-
anism for heme delivery to cells from HPX as has
been established for redox-active metals like iron and
copper whose transport/release is triggered by metal
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site reduction associated with metal reductases. See
for example iron and copper uptake in yeast Saccha-
romyces cerevisiae (Hassett and Kosman 1995;
Askwith and Kaplan 1998; Hassett et al. 2000), the
uptake of non-transferrin bound iron into enterocytes
via DMT1 which involves DCytb, an ascorbate-
dependent ferri-reductase that belongs to the cyto-
chrome b561 family, and the uptake of transferrin-
bound iron which involves endosomal DMT1 and
Steap 3, a flavo-hemoprotein ferri-reductase (Dhung-
ana et al. 2004; McKie 2005; Ohgami et al. 2005).
Heme transporters (e.g., HCP1) (Shayeghi et al.
2005) have recently been cloned, but their mecha-
nism of action has not yet been defined. Some utilize
energy from ATP hydrolysis; e.g., ABCG2 and
ABCB6, a member of the family of ABC transporters
(Krishnamurthy et al. 2004, 2006). Another example
is the feline leukemia virus receptor subgroup C,
FLVCR (Quigley et al. 2004) that is ubiquitously
expressed and passively exports heme along a
concentration gradient. Current evidence suggests
that the heme transporter for heme from HPX is
distinctive and differs from HCP1 and FLVCR.
Ferri-heme, used as the “substrate” for these heme
transporters but not yet proven to be the form of heme
transported by them is, however, not an effective
competitive inhibitor of heme uptake from
[*°Fe]heme-HPX; only heme bound to HPX com-
petes with the radioactive complex (Smith and
Morgan 1981). Furthermore, the heme from heme-
HPX complexes must be rapidly sequestered by the
cell since apo-HPX, an avid heme binder, is also not
an effective competitive inhibitor (Smith and Morgan
1981).

If reduced heme is generated from ferri-heme-
HPX complexes, and ferro-heme may be a trans-
ported species, a question arises as to the possible
source(s) of electrons for heme-HPX reduction.
Proliferating mammalian cells transfer electrons
across the plasma membrane from intracellular
reductants like NADH to extracellular electron
acceptors such as oxygen (Berridge and Tan 1998;
Ly and Lawen 2003). This PMET system recycles
cytosolic NADH to maintain glycolysis and cell
growth, particularly in glycolytic cells (Herst et al.
2004), and can be measured by reduction of the
tetrazolium salt, WST-1 (2,(4-iodophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium)),
in the presence of an intermediate electron

@ Springer

acceptor (IEA; mPMS, 1-methoxy-5-methylphenazi-
nium methylsulfate) using the cofactor NADH
present in the cell cytosol. The redox potential of
heme-HPX places it in a position to accept electrons
from ubiquinone implicated in this pathway (Berridge
and Tan 2000) and thus heme-HPX complexes would
compete with mPMS/WST-1 for electrons from
PMET. Such evidence has recently been obtained
(Rish et al. 2007), thus implicating heme-HPX as one
potential natural substrate for electron transfer across
the plasma membrane.

In conclusion, overall the data presented here
provide strong evidence that the physical properties
of heme-HPX complexes related to ferri-/ferro-heme
reduction are both structurally and biologically
relevant for heme release from HPX for cellular
uptake, intracellular transport of heme and for the
regulation of HO-1 expression.
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