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The stability of the hemopexin-heme (Hx-heme) complex to
dissociation of the heme prosthetic group has been examined in
bicarbonate buffers in the presence and absence of various diva-
lent metal ions. In NH,HCO; buffer (pH 7.4, 20 mwm, 25 °C) con-
taining Zn>* (100 um), 14% of the heme dissociates from this
complex (4.5 um) within 10 min, and 50% dissociates within 2 h.
In the absence of metal ions, the rate of dissociation of this com-
plex is far lower, is decreased further in KHCOj, solution, and is
minimal in NaHCO,. In NH,HCO; buffer, dissociation of the
Hx-heme complex is accelerated by addition of divalent metals
with decreasing efficiency in the order Zn>* > Cu®>* > Ni** >
Co?*>>Mn>*. Addition of Ca>* prior to addition of Zn>* sta-
bilizes the Hx-heme complex to dissociation of the heme group,
and addition of Ca®* after Zn>*-induced dissociation of the Hx-
heme complex results in re-formation of the Hx-heme complex.
These effects are greatly accelerated at 37 °C and diminished in
other buffers. Overall, the solution conditions that promote for-
mation of the Hx-heme complex are similar to those found in
blood plasma, and conditions that promote release of heme are
similar to those that the Hx-heme complex should encounter in
endosomes following endocytosis of the complex formed with
its hepatic receptor.

The plasma protein hemopexin (Hx,> MW ~58,000) is a pos-
itive acute phase reactant glycoprotein with the primary role of
scavenging heme released from methemoglobin and other
heme proteins as the result of hemolysis, rhabdomyolysis, or
ischemia-reperfusion injury (1-3). In doing so, Hx prevents the
oxidative damage and pro-inflammatory effects of free heme
(4-6) as demonstrated by the increased sensitivity of Hx-null
mice (4, 7) to heme overload and development of heme-cata-
lyzed oxidative damage to the vasculature, liver, and kidneys.
Hx may also have a role in protection of neural tissue, and it
exhibits other activities that include inhibition of necrosis and
adhesion of polymorphonuclear leukocytes (8 —10). The domi-
nant form of circulating Hx is the apoprotein® (6 -25 um (1)),
which upon binding heme forms the Hx-heme complex that is
recognized by hepatic receptors and removed from circulation
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by endocytosis (3, 11, 12). Subsequent to endocytosis, heme is
dissociated from the Hx-heme complex and oxidized by heme
oxygenase-1 to release iron that is then added to ferritin stores
(13, 14). The protein component of the endocytosed Hx-heme
complex that is liberated in this manner either returns to circu-
lation (15-18) or undergoes lysosomal degradation (11, 18).

Heme binds to Hx with extremely high affinity (19, 20) even
though the crystal structure for the rabbit Hx-heme complex
indicates that the heme is more exposed to solvent than is the
case for many heme proteins (21, 22). The Hx-heme complex is
an unusual b-type hemeprotein in that the axial ligands that
coordinate the heme iron are not located in a structurally con-
strained region of the protein, and one of the axial histidine
ligands is located in the flexible linker region that connects the
N- and C-terminal domains of the protein (10, 21). Physiologi-
cally, Hx must bind heme with extremely high affinity so that it
can scavenge heme in circulating blood under conditions where
it is released by myoglobin and hemoglobin, but Hx must also
release heme in hepatic endosomes potentially liberating
apoHx to return to circulation. While the high affinity of Hx for
heme may be attributed to bisimidazole axial coordination, to
packing of hydrophobic residues around the heme, and to the
hydrogen bonding interactions of the heme propionate groups
(21, 23), structural characteristics of the protein that might pro-
mote the release of heme when required are less evident.

Our recent studies of human Hx have focused on the effects
of metal ions on the structural dynamics of this protein (24), the
thermal stability of the Hx-heme complex (10, 25), and the
influence of heme orientation on interaction of the protein with
metal ions (26). The reduction potential of the rabbit Hx-heme
complex has been shown to be sensitive to the ionic composi-
tion of the solution and pH (27), and the human Hx-ferroheme
complex exhibits greater thermal instability (lower T',, (25, 28))
than does the Hx-ferriheme complex. Nevertheless, the physi-
ological significance of the many metal ion binding sites of Hx
(10, 29) and of heme insertion isoforms exhibited by the Hx-
heme complex remain uncertain.

Recently, we have reported the ability of metal ions to induce
heme release from a variety of b-type heme proteins (30) at
alkaline pH in bicarbonate buffer. We have now extended these
studies to consideration of the Hx-heme complex and find that
the stability of this complex also responds to electrolytes and
metal ions at physiological pH but in a manner that should
promote preferential binding of heme to apoHx in plasma. The
possible implications of these results for the physiological func-
tion of Hx are discussed.
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Dissociation of the Hx-Heme Complex at Physiological pH

EXPERIMENTAL PROCEDURES

Human Hx was isolated from plasma cryosupernate (Cana-
dian Blood Services) without heme bound (apoHx), and the
Hx-ferriprotoporphyrin IX complex (Hx-heme) was prepared
by addition of ferriheme (Frontier Scientific) as described pre-
viously (24, 25, 29). The electronic absorption and CD spectra
of the protein used in the current study were consistent with
Form B of Hx-heme (26). The Hx-heme complex was
exchanged (=4 X 10°-fold) into water by ultrafiltration
(AmiconUltra 10,000 NMWL Millipore) prior to dilution
(~50-fold) into buffers used for data collection. Hx-heme
complex concentrations were determined on the basis of a
molar absorptivity of 136,000 M~ 'cm™ ! at 280 nm (29, 31).
Horse heart myoglobin (Mb; Sigma cat. no. M1882) was con-
verted to metmyoglobin (metMb) with K;Fe(CN), and
passed over a column of Dowex 1X-8 (32). The concentra-
tion of metMb was determined from the molar absorptivity
(188,000 M~ ' cm™') at 408 nm (pH 6.4) (33).

Spectroscopy and kinetics experiments were conducted with
Cary Models 6000 and 3 spectrophotometers. All samples were
thermostatted in Teflon-stoppered cuvettes with 1 cm path-
length (Hellma). Dissociation of heme from the Hx-heme com-
plex was monitored at the Soret maximum (413.5 nm). Com-
plete dissociation of heme from its normal binding site resulted
in a 69.2% decrease in absorbance intensity at this wavelength
(pH 7.4, 25 °C). Titrations of the Hx-heme complex with Ca*"
were monitored by following the rate of heme release as a func-
tion of the amount of CaCl, added and were fit by non-linear
regression analysis (Scientist, vers. 2, MicroMath) as described
previously (34). Near UV and visible CD spectra were recorded
with a Jasco Model J-810 spectropolarimeter.

Prior to monitoring the exchange of heme from metMb to
apoHx, each protein was exchanged (>5 X 10*-fold) into buffer
by centrifugal ultrafiltration. The transfer of heme from metMb
to apoHx was monitored at the wavelength at which the
greatest change in absorbance is observed for this reaction
(404.5 nm).

Glass-distilled water passed through a Barnstead Nanopure
Diamond Life Sciences purification system was used through-
out. All buffers (Fisher and Sigma) and salt solutions were air-
saturated at 22 °C prior to adjusting pH. Tetramethylammo-
nium hydroxide pentahydrate was purchased from Sigma.
Metal ion solutions were prepared either by dilution from
Titrosol (E. Merck) standards (CoCl,, CuCl,, MnCl,, and
ZnCl,) or gravimetrically from metal chloride or sulfate salts
(Fisher and Sigma).

SDS-PAGE was performed under reducing conditions (29) to
check for protein hydrolysis using PageRuler (Fermentas Life
Sciences) molecular weight standards. Gels were analyzed with
a ChemiGenius? Bio Imaging System and associated software
(GeneSnap 6.05 for image acquisition and GeneTools 3.06 for
data analysis, Syngene).

RESULTS

The Effect of Zn>" on Stability of the Hx-Heme Complex in
Sodium and Ammonium Bicarbonate Buffer—The spectrum of
the Hx-heme complex is initially the same in either sodium or
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FIGURE 1. The spectrum of the Hx-heme complex. The spectrum of the
Hx-heme complex (4.35 um) in the presence and absence of ZnSO, (100 um) in
sodium or ammonium bicarbonate buffer (20 mm, adjusted to pH 7.4 with
dilute HCl) at 22 °C: g, spectrum recorded immediately after dilution into
sodium bicarbonate bufferin the absence of Zn?*; b,in ammonium bicarbon-
ate buffer 5 min after addition of Zn?*; ¢, in sodium bicarbonate buffer 143
min after addition of Zn®*; d, in ammonium bicarbonate buffer 153 min after
addition of Zn?*; e, in sodium bicarbonate buffer 1,236 min after addition of
Zni*; and f, in ammonium bicarbonate buffer 1320 min after addition of
Zn*t,

ammonium bicarbonate buffer (Fig. 1, spectrum a). With addi-
tion of Zn>* (100 um), half of the heme dissociates from this
complex (4.3 um) after 20 h in the presence of sodium bicar-
bonate buffer (20 mm, pH 7.4, 22°C) (Fig. 1, spectrum e)
whereas just 2.5 h is required for half of the heme to dissociate
from the complex in ammonium bicarbonate buffer (20 mm, pH
7.4, 22 °C)(Fig. 1, spectrum d) and >97% of the heme was
released after 22 h under these conditions. In ammonium bicar-
bonate buffer without added metal ions, the spectrum changes
slowly in a manner that is consistent with dissociation of some
(13% in 24 h) of the heme. This change in spectrum was unaf-
fected by the presence of EDTA. In the absence of added metal
ions, the spectrum of the Hx-heme complex changed <1% in
sodium bicarbonate buffer in 24 h.

This behavior of the Hx-heme complex is in marked contrast
to our previous observations with other b-type heme proteins
(30) for which the dissociation of heme from the protein-heme
complex was observed only after the addition of metal ions and
the stability of heme binding was much greater in ammonium
bicarbonate buffer than in sodium bicarbonate. While heme
dissociates from the Hx-heme complex in the absence of metal
ions in ammonium bicarbonate buffer (20 mm, pH 7.8), com-
plete dissociation of the complex was not achieved even after
more than 2 weeks at 15 °C (Fig. 2B). Electronic absorption
spectra exhibited the same isosbestic points in the Soret and
visible regions (395, 491, 507, and 590 nm) for the reaction with
or without metal ions present (Figs. 1 and 2).

The Effect of the Counter Ion on the Stability of the Hx-Heme
Complex in Bicarbonate Buffer—The influence of monovalent
cations on the stability of the Hx-heme complex was examined
in bicarbonate buffer (20 mm, pH 8.0 = 0.2) by monitoring the
decrease in absorbance at the Soret band (Fig. 3). These data
were collected at 15 °C to ensure the stability of any apoHx
formed during these extended reaction times. While the stabil-
ity of the Hx-heme complex was only slightly diminished in
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FIGURE 2. Dissociation of heme from the Hx-heme complexin ammonium
bicarbonate buffer (20 mm, pH7.8, 15 °C) in the presence and absence of
Ni?*. A, Hx-heme complex (4.14 um) with 100 um NiCl,. The arrows indicate
the change in absorption maxima with time at 0, 1240, 2900, 4300, 5200,
6800, and 11,000 min. B, Hx-heme complex (4.42 um) with no metal ions
added. The arrows indicate the change in absorption maxima with time at 0
min, 1660, 3000, 5600, 9900, and 15,700 min.
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FIGURE 3. The effect of cations on the dissociation of heme from the Hx-
heme complex. The change in the absorbance at 413.5 nm was used to
calculate the extent of heme dissociation from the Hx-heme complex (4.2 um)
in ((J) sodium, (<) potassium, or (O) ammonium bicarbonate buffer (20 mm,
15 °C). The pH values of the bicarbonate solutions (pH 8.0 = 0.2) were not
adjusted.

15000

potassium relative to sodium bicarbonate, ammonium bicar-
bonate had a pronounced destabilizing effect. This effect could
result from an increase in the rate of release of heme from the
Hx-heme complex (off-rate) or a decrease in the rate at which
heme rebinds to apoHx (on-rate) or some combination of both
as the counter ion is changed from sodium to potassium to
ammonium.

The Effect of Divalent Metal Ions on the Stability of the Hx-
Heme Complex in Bicarbonate Buffer—The effects of divalent
metal cations (100 uM) on the rate of heme dissociation from
the Hx-heme complex (4.3 pum) in ammonium bicarbonate
buffer (20 mm, pH 7.4, 25 °C) are shown in Fig. 4. Metal ion
concentrations of 100 um were selected to saturate the princi-
pal metal ion binding sites of the protein as determined from
potentiometric titrations (29). The enhancement of heme dis-
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FIGURE 4. The effect of divalent metal ions (100 um) on the dissociation of
heme from the Hx-heme complex (4.3 pm) in ammonium bicarbonate
buffer (20 mm, pH 7.4 (adjusted with dilute HCI), 25 °C). ((J) no additions,
(4) MnCl,, (¥) CoCl,, (A)NiCl,, (@) CuCl,, or () ZnSO,.

sociation from the Hx-heme complex in ammonium bicarbon-
ate buffer by various metal ions decreased in the order Zn>" >
Cu** >> Ni*" > Co?". The kinetics of all of these reactions are
multiphasic (Figs. 3 and 4). In the presence of divalent metal
ions, the rate constant for association of heme with Hx is likely
to be diminished because the metal ions presumably compete
with the heme iron for coordination to the histidyl residues that
normally provide axial ligands (10). Subtle changes in protein
structure lower the 7, for the Hx-heme complex in the pres-
ence of these four metal ions (24, 25). These metal ion-induced
structural changes are also expected to influence the rate con-
stants for both association and dissociation of the Hx-heme
complex.

Notably, the addition of Mn>" had little or no effect on the
release of heme from the Hx-heme complex (Fig. 4). Previous
potentiometric studies of Mn>* binding to apoHx (29) demon-
strated the presence of a high affinity binding site for Mn*" on
apoHx that is not exhibited by the Hx-heme complex. Chang-
ing the counter ion of the added metal ions from C1~ (200 um)
to SO2~ (100 wm) produced no significant differences in the
reaction rates. However, we note that the concentration of
counter ion introduced with the metal salts is small relative to
the concentration of C1™ (~1.7 mm) required to lower the pH of
the bicarbonate solutions to 7.4.

In contrast to the other metal ions evaluated in this work,
Ca®>* did not induce the release of heme from the Hx-heme
complex in bicarbonate buffers but promoted the rebinding of
any heme that had been released from the Hx-heme complex in
either bicarbonate buffer alone or in bicarbonate with other
metal ions such as Zn>* added (Fig. 5). This observation sug-
gests that binding of Ca®>" to the Hx-heme complex stabilizes
the complex and decreases the rate of complex dissociation.
This stabilization of heme binding to Hx by Ca®* is observed in
both ammonium (Fig. 54) and potassium bicarbonate (Fig. 5C)
and at 37 °C (Fig. 5, B and C) as well as at 15 °C (Fig. 54). The
rebinding of heme at 15 °C is slow and is likely influenced by the
aggregation state of the released heme (30, 35). Stabilization of
heme binding to Hx by Ca®" is consistent with the previous
observation that Ca®" increases the T, for loss of tertiary struc-

JOURNAL OF BIOLOGICAL CHEMISTRY 20501



Dissociation of the Hx-Heme Complex at Physiological pH

"+Ca?_

60

40

20

20000

0 10000

100

~
(3]

50

25

Heme Loss (%)

1000

60 — T T T

40}

20+

2+
/+Zn

1000 1500

0 500

Time (min)

FIGURE 5. Kinetics of heme dissociation from the Hx-heme complex fol-
lowing addition of CaCl, (100 um), ZnSO, (100 um) and/or EDTA in vari-
ous sequences. A, upper line: ((J) Hx-heme complex (4.5 um) in NH,HCO,
buffer (20 mm, 15 °C) and no additions, (M) with Zn®" added, (A) with Ca®"
added. Lower line: (@) Hx-heme complex in NH,HCO; buffer (20 mm, 15 °C)
with Ca®* added, (¥) with Zn®" added. B, loss and recovery of heme binding
(M) upon addition of Zn?>* (A) followed by Ca®* and (#) then EDTA (final
concentration 100 um) in KHCO; buffer (20 mm, 37 °C, [Hx-heme] = 3.9 um).
C, effect of addition of Ca®* followed by Zn?*, ((J) Hx-heme (3.9 um) in KHCO,
buffer (20 mm, 37 °C) and no additions, (@) with Ca®>* added, (¥) with Zn?™
added. Asterisks in frames B and C indicate the percentage of heme released
at 3500 min. The pH values of the bicarbonate buffers (pH 8.0 = 0.2) were not
adjusted.

ture and for release of heme from the Hx-heme complex in
sodium phosphate buffer (pH 7.4, 10 mm) (10).

The CD spectrum of the Hx-heme complex formed as the
result of Ca®>"-induced rebinding of heme (data not shown)
indicates regeneration of Form f3 (26), which was the original
form of the Hx-heme complex used in this study. The effects of
metal ions described here are not expected to depend on the
orientation of heme binding within the Hx-heme complex
because Forms « and 3 exhibit the same metal ion-induced
decreases in T, for thermally-induced dissociation of the Hx-
heme complex (25, 26).
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FIGURE 6. Effect of Ca®>* on the rate of heme release from the Hx-heme
complex in KHCO, buffer (20 mm, 37 °C). The line is a fit to an equation
describing a two-site model (34). The data are the sum of three separate
titrations with [Hx-heme] = 4.1 um.

T T T T T T T
40 |
2
T
g
o
b 20 -
% 2 0.00 |
b ©
(= £
]
% é 0.05
I o i
10 200 500 500
| | Wa\llelength (nm) |
0 1000 2000 3000
Time (min)

FIGURE 7. Effect of Ca%* on the kinetics of heme transfer from metMb to
apoHx in KHCO; buffer (20 mm, pH 8, 25 °C). The kinetics of heme transfer
from metMb (1.97 um) to apoHx (2.46 um) in the (@) absence or (M) presence
of CaCl, (10 um). Inset, Hx-heme complex (2 um) minus metMb (2 um) differ-
ence spectrum.

The stoichiometry of Ca*>* binding was examined in potas-
sium bicarbonate buffer (20 mm, pH 8.0, 37 °C) by monitoring
the rate of heme release as a function of added Ca>*. The data
were fitted (Fig. 6) to a two-site binding model (34). Although
this fit suggests the occurrence of two binding sites with affin-
ities that differ by ~3-fold, the inherent uncertainty of the data
that could be collected for this process was sufficiently great
that a more quantitative numerical analysis was not possible.

The influence of Ca*>"* on the kinetics of heme transfer from
metMb to apoHx was investigated in an initial effort to evaluate
the effect of this metal ion on heme exchange between proteins
(Fig. 7). This reaction was monitored at the wavelength
expected to exhibit the greatest change in absorbance (404.5
nm) as determined from the Hx-heme complex minus metMb
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FIGURE 8. The effect of anions on dissociation of heme from the Hx-heme
complex (4.1 um) in ammonium salt buffers (pH 7.9 = 0.1, 15 °C). ((J)
ammonium bicarbonate buffer (20 mm), (¢) ammonium bicarbonate (10 mm)
plus ammonium chloride (10 mwm); (V), ammonium phosphate (10 mm
NH,H,PO, pH adjusted with ammonium hydroxide); (O), ammonium chlo-
ride (20 mm, pH adjusted with ammonium hydroxide); and (<) tetramethyl-
ammonium chloride (20 mm (CH;),N(OH), pH adjusted with HCI).

difference spectrum (Fig. 7, inset) under conditions similar to
those used to evaluate the effect of Ca®>* on the stability of the
Hx-heme complex (Figs. 5 and 6). The concentration of Ca®"
used (10 um) was based on the stoichiometry of Ca®" binding
(Fig. 6). No precipitation of either apoMb or apoHx was
observed under these conditions. Notably, both the rate and the
extent of heme transfer from met Mb to apoHx increase in the
presence of Ca®" (Fig. 7).

The Stability of the Hx-Heme Complex in Ammonium Salt
Buffers—The relative stability of the Hx-heme complex (15 °C,
pH 7.9) in the presence of ammonium salts (~20 mm) of several
common anions is shown in Fig. 8. As can be seen, these anions
stabilize heme binding to Hx in the order CI~ = HPO; >
HCO; . The NH,CI (20 mm) and NH,H,PO, (10 mm) solutions
were adjusted to pH 7.9 = 0.1 with NH,OH such that the final
ammonium concentrations were 21.6 and 22.1 mwM, respec-
tively. The extent of stabilization by chloride was difficult to
establish quantitatively because maintaining the pH of NH,Cl
solutions under aerobic conditions is difficult, and additionally,
the chief contaminant in NH,Cl is NaCl (36). As noted above,
Na™ has a pronounced stabilizing effect on the Hx-heme com-
plex relative to NH*". Further clarification of the effect of
chloride was sought by examining the stability of the Hx-
heme complex in tetramethylammonium chloride (tetra-
methyl ammonium hydroxide (20 mm) adjusted to pH 8 with
HCI ([Cl" )40 = ~18.6 mMm)). Under these conditions, the sta-
bility of heme binding to Hx was intermediate between that
observed in the presence of ammonium chloride and ammo-
nium phosphate during initial incubation at 15 °C (Fig. 8). How-
ever, after prolonged exposure (~5 days) to tetramethylammo-
nium chloride, the Hx-heme complex exhibited sufficient
turbidity that further analysis was precluded.

The stabilizing effects of various electrolytes described above
appear to be additive such that sodium phosphate buffer stabi-
lizes the Hx-heme complex more than any of the other buffer
combinations examined (Fig. 9). Interestingly, the electronic
absorption spectrum of Hx-heme samples diluted into sodium
phosphate buffers exhibited an increase in intensity of up to
~4% at the Soret maximum (413.5 nm) over 24—48 h, and no
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FIGURE 9. Kinetics of heme dissociation from the Hx-heme complex in
phosphate and bicarbonate buffers. A, (O) Hx-heme (4.2 um, pH 8.0 = 0.2,
15°C) in 10 mm sodium phosphate ([Na*Ign, = 19.3 mm), ((J) 20 mm sodium
bicarbonate, (¢) 10 mmammonium phosphate ([NH,J¢. = 22.1 mm), and (A)
20 mm ammonium bicarbonate. B, effect of ZnSO, (100 um) (denoted by filled
symbols) on Hx-heme (conditions and symbols as in panel A except () in 20
mm potassium bicarbonate)). C, effect of metal ions on Hx-heme in sodium
phosphate buffer (conditions as in panel A). (O) no metal ion, (@) with ZnSO,
(100 um), and (d) with CuCl, (100 um).
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further change was observed following prolonged incubation in
this buffer (Fig. 94). We attribute this increase in absorbance to
rebinding of the small amount of heme that can be released
from the Hx-heme during extended buffer exchange and
storage in water. Addition of metal ions to the Hx-heme com-
plex also promotes dissociation of heme in phosphate buffers
although the effect is much smaller than observed in bicarbon-
ate buffers as shown for addition of Zn®* in Fig. 9B. The rela-
tionship between the ability of metal ions to destabilize the
Hx-heme complex and the buffer composition is complex. For
example, in sodium phosphate buffer (Fig. 9C) the relative
effectiveness of Zn and Cu in promoting heme release is the
opposite of that observed in ammonium bicarbonate buffer
(Fig. 3).

Susceptibility of Hx to Metal Ion-catalyzed Peptide Bond
Hydrolysis—The possibility of metal ion promoted hydrolysis
of Hx during the kinetics experiments was evaluated by analysis
of these samples by SDS-PAGE in the presence of dithiothreitol
(data not shown). No cleavage of Hx (apparent MW ~74,000
(29)) was observed even after exposure to metal ions for 2 weeks
at 15 °C except for samples containing Ni*" (100 um with 4—6
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uM Hx). Analysis of samples of the Hx-heme complex following
incubation with Ni** at 15 °C detected no hydrolysis of the
Hx-heme complex but did detect cleavage of apoHx that
formed during incubation (~30% of the apoHx present hydro-
lyzed each day). The products of the Ni*"-catalyzed reaction
exhibit apparent MW's of 28 kDa (one band) and 46 kDa (two
bands that differ by ~2 kDa). This banding pattern does not
change upon further incubation at 15 °C, indicating no further
hydrolysis occurred. At temperatures >22 °C, cleavage of
apoHx by Ni** was significantly diminished or undetectable,
consistent with our previous observations (24).

Ni*" has been reported recently to hydrolyze the peptide
bond preceding the Thr residue in model peptides possessing
several sequences, including the sequence Thr-His-His (37, 38),
which occurs in human Hx (residues 225-227). While the
hydrolysis we observe occurred at 15 °C, suggesting a limited
physiological importance, we interpret the products formed by
exposure of Hx to Ni** to correspond to the C-terminal resi-
dues 225-439 (MW _,,. = 23,772 plus 1 carbohydrate chain)
and the N-terminal residues 1-224 (MW _,,. = 25,542 plus 5
carbohydrate chains). We assign the 46 kDa band from the
SDS-PAGE to the N-domain based on this larger than antici-
pated apparent MW as well as the electrophoretic heterogene-
ity of native Hx reported previously (26, 29, 39). Our fragment
sizes also agree well with apparent molecular weights reported
for the N- and C-domains generated by proteolytic hydrolysis
(40, 41). The Thr-His-His sequence occurs in the flexible linker
region (residues 209-231 (10, 21)) that connects the N- and
C-domains of Hx. One of the axial His ligands to the heme iron
also occurs in this region, so coordination of this residue to the
heme iron presumably constrains the linker region such that
formation of the square-planar Ni** complex with the Thr-
His-His sequence that is required for peptide bond hydrolysis
(37) cannot occur with the Hx-heme complex.

DISCUSSION

The influence of solution conditions on the stability of the
Hx-heme complex reported here stands in marked contrast to
the results we reported recently concerning the response of
several other b-type heme proteins to the addition of divalent
metal ions in bicarbonate buffers (30). In sodium bicarbonate
buffer, the effects of metal ions on the dissociation of the Hx-
heme complex are modest relative to their effects in ammo-
nium bicarbonate buffer while the opposite is true for the
b-type heme proteins studied previously (30). Moreover, the
Hx-heme complex dissociates at a significant rate in ammo-
nium bicarbonate buffer even in the absence of exogenous
metal ions while the other b-type heme proteins we have stud-
ied exhibit no significant dissociation in the absence of metal
ions. These observations merit consideration with regard to the
physiological function of hemopexin.

The physiological role of hemopexin is to scavenge heme
released from hemoglobin, myoglobin, and other heme pro-
teins in plasma following hemolysis or rhabdomyolysis to pre-
vent oxidative damage catalyzed by heme and to release heme
following uptake of the Hx-heme complex by the liver to permit
recovery of heme and its iron for re-use (3). Heme binding and
subsequent release occur in distinctly different environments
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that involve distinctly different ionic compositions. As dis-
cussed below, the results of the current study in combination
with our previous findings (30) demonstrate that the stability of
heme binding to Hx and other b-type heme proteins is modu-
lated by the solution conditions in a manner that promotes
transfer and binding of heme to Hx in blood plasma and release
of heme from the Hx-heme complex in the endosome.

Factors Favoring Transfer of Heme to Hemopexin in Blood
Plasma—The stabilization of the Hx-heme complex by sodium
(136 -145 mm (42)), chloride (98 -107 mm (42)), and calcium
([Ca**]fpee ~1.2 mM (43, 44)) in bicarbonate buffer (21-29 mm
(42, 45)) are noteworthy because their concentrations (as indi-
cated in parentheses) are relatively high in plasma. Such condi-
tions should promote the binding to Hx of heme that may be
released from other b-type heme proteins present in plasma as
the result of trauma or disease. The stabilization of the Hx-
heme complex by Ca*>™ is expected to promote transfer of heme
(including heme bound to heme proteins) to hemopexin
because the stability of heme binding to ferrimyoglobin is unaf-
fected by Ca®* in the presence or absence of other metal ions
under these conditions (data not shown). Thus, although sev-
eral divalent metal ions studied here promote dissociation of
heme from both ferrimyoglobin (30) and the Hx-heme com-
plex, Ca®>" greatly diminished this effect for the Hx-heme com-
plex but not for myoglobin. In health, essentially all of the
plasma Cu®" (11-22 um (46, 47)) and Zn>*" (15-20 um (48, 49))
are bound to ceruloplasmin (Cu®* (46)) or albumin (Cu*" (47)
and Zn?>" (50)), so they are unlikely to influence exchange of
heme between proteins. However, the concentrations and dis-
tribution of these metal ions among plasma proteins in disease
states that result in release of heme to blood plasma remain
unknown.

Factors Favoring Dissociation of the Hx-Heme Complex in the
Endosome—Upon binding to its hepatic receptor (11, 16) and
internalization within an early endosome, the Hx-heme com-
plex encounters conditions that are destabilizing relative to the
conditions in plasma. The newly formed endosome has a low
concentration of Cl ™ as the result of the interior-negative Don-
nan potential (51, 52), the concentration of Na™ in early endo-
somes decreases rapidly by Na™/H" exchange (53), and Ca*"
taken up during endocytosis is decreased to <5 um within 10
min after endosome formation (54). Thus, the conditions in
early endosomes should promote dissociation of heme from the
Hx-heme complex and rapid recycling of Hx and the cell sur-
face receptor.

With time, endosomal pH decreases by ATP-dependent pro-
cesses (51, 55, 56) to a value (pH ~5) at which the thermal
stability of the Hx-heme complex is greatly diminished (25).
Although the metal ion content of endosomes is currently
unknown, a recent report suggests that endocytosis of the Hx-
heme complex increases cytosolic copper levels in Hepa hepa-
toma cells (12). Certainly the availability of Zn*>* or Cu®" in
early endosomes could accelerate the release of heme from the
Hx-heme complex prior to a significant decrease in pH. Also
unknown is the oxidation state of the heme iron in the Hx-
heme-receptor complex and in the early endosome. Reduction
of the heme iron does, however, destabilize the Hx-heme com-
plex (25, 28), an effect that is significantly enhanced at low pH

VOLUME 285-NUMBER 27+JULY 2,2010



Dissociation of the Hx-Heme Complex at Physiological pH

(25). Nevertheless, the results reported here indicate that
reduction of the heme iron may not be required for the release
of heme from the Hx-heme complex in the endosome.

The major route by which the Hx-heme complex is removed
from circulation involves specific receptor-mediated endocyto-
sis at the hepatic parenchymal cell surface although Hx-heme
receptors are also expressed on certain circulating cells as well
as various barrier tissues. The protective effects of the Hx-heme
complex and the cellular metabolism of the heme component
have been well reviewed recently (1, 3). However, a similarly
detailed understanding of functioning of the specific Hx-heme
receptor(s) or the fate of apoHx in vivo remains elusive. The
conditions under which heme is released from Hx-heme in vivo
following receptor mediated endocytosis is intricately coupled
to the mechanism by which Hx and its receptor are processed.

Two different, but perhaps not mutually exclusive, mecha-
nisms have been suggested for this process. In one mechanism,
Hx is recycled to the circulation, and in the other, Hx is
degraded. The recycling mechanism is based on studies with
rats (15, 57), polymorphonuclear leukocytes (17), human
Hep@G2 cells, and mouse Hepa hepatoma cells (16) in which the
Hx-heme complex was found to co-localize with the trans-
ferrin-receptor complex, a complex from which transferrin is
returned to circulation (58). The degradative mechanism is
based on studies in COS-1 cells expressing the LRP/CD91
receptor (11) that suggest that following interaction of the Hx-
heme complex with this receptor the Hx-heme complex is pro-
cessed through multi-vesicular late stage endosomes (pH =5.5)
with the Hx ultimately undergoing lysosomal degradation, sim-
ilar to the fate of activated a,-macroglobulin (59). The experi-
ments of Hvidberg et al. (11) provide no indication of the point
at which heme is released from the Hx-heme complex during
endosomal processing. Additionally, it is unknown if the mech-
anism for receptor mediated processing of Hx-heme is depen-
dent on cell type and whether both proposed mechanisms may
operate concurrently in vivo. Regardless of the endosomal
mechanism of Hx-heme complex processing or the ultimate
fate of the complex, the specific ion effects identified in the
current work demonstrate that neither the reduction of heme
iron nor low pH are required for the release of heme from
the Hx-heme complex in vivo.

Metal Ion Binding Sites on the Hx-Heme Complex—Whereas
the mechanism by which metal ions induce the release of
heme from the Hx-heme complex may differ in bicarbonate
and phosphate buffers, the proposed metal ion binding sites
described previously (10) exist in both cases. Human
hemopexin possesses 21 lysyl residues, so modification of at
least some of these side chains in bicarbonate buffers to form
negatively charged carbamino groups (30, 60, 61) will change
the electrostatic potential surface of the protein, may alter the
properties of metal ion binding sites present in the native pro-
tein, and may result in creation of new binding sites. Only neu-
tral amino groups are expected to undergo carbamino group
formation. As the pK, values of the lysyl residues of Hx are
unknown, it is not possible to define in detail how the electro-
static properties of Hx are changed in bicarbonate buffer.

Nevertheless, this minimal modification of the protein is suf-
ficient to promote dissociation of the Hx-heme complex in the
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absence of metal ions. This effect is far greater in ammonium
bicarbonate than in sodium or potassium bicarbonate. Stabili-
zation of the Hx-heme complex against metal ion-induced
heme release by Na™ and K™ (relative to NH; ) may correlate
with the presence of binding sites for two sodium ions in the
central tunnel of each B-propeller of the N- and C-domains of
the Hx structure (21, 62). The mechanism by which NH; pro-
motes dissociation of the Hx-heme complex is speculative but
might involve destabilization of hydrogen binding interactions
between the heme propionate groups and the protein.

As little of our previous work considered the interaction of
Hx with Ca®>", some comment concerning possible binding
sites for this metal ion is warranted. Likely sites of calcium bind-
ing include the acidic patches at the entrances to the central
tunnels of the B-propellers (62) that correspond to sites J and K
that we defined previously (24). Whereas these sites, one on
each domain, are similar to each other, site ] (C-domain)
involves three acidic residues (Asp-286, Asp-338, and Asp-381)
while site K (N-domain) involves four (Asp-34, Asp-75, Asp-
121, and Glu-50). This difference in the number of acidic resi-
dues should result their binding Ca®>* in an inequivalent man-
ner, consistent with our current results. Nevertheless, it is not
apparent how Ca®" binding to these sites would stabilize heme
binding to Hx. It remains possible that calcium binds elsewhere
in a manner that affects the geometry of the linker region such
that the stability of heme binding is increased without changing
the electronic spectrum of the Hx-heme complex.

We previously found that of the metal ions we have studied,
Mn>" is unique in that it binds to apoHx with relatively high
affinity (K, = 1.5(3) X 10” M ') but fails to bind significantly to
the Hx-heme complex (29), suggesting that Mn>* binds exclu-
sively to the heme binding site (24). Consequently, the failure of
Mn?" to promote dissociation of the Hx-heme complex is evi-
dence that competition of divalent metal ions for coordination
to the residues that normally provide axial ligands to the heme
iron is insufficient by itself to destabilize heme binding in this
complex. Thus, we propose that bicarbonate promotes the dis-
sociation of the Hx-heme complex by Cu®*, Zn>**, and Ni*",
and Co>" because bicarbonate enables the initial binding of
these four divalent metal ions to relatively low-affinity binding
sites elsewhere in the Hx-heme complex in a manner that
destabilizes the binding of heme sufficiently that they can also
compete for binding at the heme binding site. Mn>", on the
other hand, does not bind to any low affinity sites of this type
under these conditions, so it is unable to destabilize the com-
plex sufficiently to gain access to the heme binding site.

Hemopexin has been reported to bind heme with an affinity
greater than that of hemoglobin (19) and is frequently referred
to as having a greater affinity for heme than other b-type heme
proteins. It is remarkable, therefore, that relatively mild solu-
tion conditions can result in release of heme from the Hx-heme
complex and that this binding equilibrium is highly influenced
by the ionic composition of solution and the presence of diva-
lent metal ions. For now, the true physiological consequences of
the processes we have identified in this study cannot be evalu-
ated satisfactorily until the ionic composition of endosomes
and perhaps other cellular compartments are better character-
ized. These results also raise the possibility that some patho-
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genic bacteria may use related means to release heme from the
Hx-heme complex and other heme proteins to help fulfill their
metabolic requirement for iron.
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