
Metal Ion Binding to Human Hemopexin†

Marcia R. Mauk,‡ Federico I. Rosell,‡ Barbara Lelj-Garolla,‡ Geoffrey R. Moore,§ and A. Grant Mauk*,‡

Department of Biochemistry and Molecular Biology and Centre for Blood Research, UniVersity of British Columbia, VancouVer,
British Columbia V6T 1Z3, Canada, and School of Chemical Sciences and Pharmacy, UniVersity of East Anglia,

Norwich NR7 4TJ, U.K.

ReceiVed August 24, 2004; ReVised Manuscript ReceiVed NoVember 8, 2004

ABSTRACT: Binding of divalent metal ions to human hemopexin (Hx) purified by a new protocol has been
characterized by metal ion affinity chromatography and potentiometric titration in the presence and absence
of bound protoheme IX. ApoHx was retained by variously charged metal affinity chelate resins in the
following order: Ni2+ > Cu2+ > Co2+ > Zn2+ > Mn2+. The Hx-heme complex exhibited similar behavior
except the order of retention of the complex on Zn2+- and Co2+-charged columns was reversed. One-
dimensional1H NMR of apoHx in the presence of Ni2+ implicates at least two His residues and possibly
an Asp, Glu, or Met residue in Ni2+ binding. Potentiometric titrations establish that apoHx possesses
more than two metal ion binding sites and that the capacity and/or affinity for metal ion binding is
diminished when heme binds. For most metal ions that have been studied, potentiometric data did not fit
to binding isotherms that assume one or two independent binding sites. For Mn2+, however, these data
were consistent with a high-affinity site [KA ) (15 ( 3) × 106 M-1] and a low-affinity site (KA e 2 ×
103 M-1). Binding of Cu2+ and Zn2+ to the Hx-heme complex produced significant changes in the Soret-
CD spectrum of the Hx-heme complex that were reversed with addition of EDTA. Possibly, these metal
ions bind near the heme binding site and perturb the electronic environment of the heme, or their binding
induces exchange of one axial His ligand to the heme iron with another adjacent His residue. A possible
role for Hx in the maintenance of metal ion homeostasis is discussed.

Hemopexin (EC 3.2.1.35) is a plasma protein that binds
heme that is released to plasma as the result of hemolysis or
tissue damage. The protein circulates normally as apohe-
mopexin and is cleared quickly from circulation by the liver
following heme binding. The apoprotein is then returned to
circulation (1, 2). In addition to reducing the extent of iron
loss, scavenging of heme by hemopexin is believed to prevent
oxidative damage that can result from the oxidative catalytic
activity of free heme (3, 4). The physiological roles (5, 6)
and heme binding properties (7) of hemopexin have been
reviewed recently, and the three-dimensional structure of the
rabbit hemopexin-heme complex has been determined to a
resolution of 2.3 Å for the deglycosylated protein (8).

Previous studies of hemopexin have emphasized either the
physiological role of the protein (5, 6, 9) or the thermody-
namics and kinetics of heme binding (7, 10-12). One aspect

of hemopexin function that has not been considered in detail,
however, is its ability to bind non-heme metal ions. This
facet of hemopexin function was first recognized by Porath
and Olin when they discovered that immobilized metal-
affinity chromatography (IMAC) could be used to separate
several metal-binding plasma proteins, including hemopexin
[on Ni2+-tris(carboxymethyl)ethylenediamine-Sepharose
4B (13)]. Although this finding was confirmed in subsequent
chromatographic studies (14-18), no practical method for
hemopexin purification by IMAC has been developed, and
no characterization of metal ion binding to hemopexin has
been reported. In the current study, we have developed an
efficient IMAC method for purifying human hemopexin from
a plasma byproduct of blood processing and have performed
an initial survey of metal ion binding to hemopexin.

EXPERIMENTAL PROCEDURES

Hemopexin Purification.Frozen samples of the cryosu-
pernatant fraction of human plasma that were prepared under
sterile conditions and subjected to standard screening pro-
cedures for pathogens were obtained in sealed plastic bags
from Canadian Blood Services. Each unit (∼200 mL) was
thawed by placing the sealed bag in water at room temper-
ature. As soon as the cryosupernate was thawed, PMSF (0.26
g in 8 mL of ethanol) was added in a dropwise fashion. The
resulting solution was depleted of lipids by extraction (for
30 min) with an equal volume of a mixture of diisopropyl
ether and 1-butanol (3:2, v/v) (19). The aqueous phase was
retained and diluted 8-fold with ice-cold distilled water and
loaded onto a column (5 cm× 15 cm) of DE52 cellulose
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(Whatman) that had been equilibrated at 4°C with buffer A
[10 mM sodium phosphate buffer (pH 7.4)]. The column
was washed with this buffer until the eluant exhibited an
absorbance at 280 nm of<0.3 (path length, 1 cm). The
column was then developed with a linear gradient of sodium
chloride (from 0 to 300 mM NaCl in 800 mL of buffer A).
Fractions collected prior to 50 mM NaCl were pooled in 45
mL volumes, and NaCl (1.31 g) was added to each. After
the pH was adjusted to 7.4, these protein solutions were first
subjected to IMAC at 25°C on a 5 mLHiTrap chelating
HP column (Amersham) that had been saturated with ZnSO4

and equilibrated with buffer B [20 mM sodium phosphate
buffer and 500 mM NaCl (pH 7.4)]. Bound proteins were
eluted with an imidazole gradient in buffer B. Hx-containing
fractions from Zn2+-HiTrap were diluted 3-fold with buffer
B before a second IMAC step on a NiCl2-saturated HiTrap
column. Only Hx without heme (apoHx) was isolated in our
procedure. ApoHx eluted at 15-40 and 60-135 mM
imidazole from the Zn2+- and Ni2+-HiTrap columns, respec-
tively. All IMAC separations were performed with an A¨ kta
Purifier chromatography system, and all imidazole used for
IMAC was recrystallized from toluene to minimize its
absorbance at 280 nm.

The purified apoHx was exchanged into 20 mM sodium
phosphate buffer (pH 7.4) by ultrafiltration (Amicon Ultra,
Millipore), and 1.5 equiv of Fe(III)-protoporphyrin IX
(Frontier Scientific) was added.1 After incubation for 16 h
on ice, NaCl was added to a final concentration of 500 mM,
and the pH was adjusted to 7.4. This solution was rechro-
matographed on a Ni2+-saturated HiTrap column as before
with the Hx-heme complex eluting as a single peak at 20-
50 mM imidazole. Yields of 30-60 mg of Hx, based on a
molar absorptivity at 280 nm of 123 000 M-1 cm-1 for
apoHx (ExPaSy, ProtParamTool) and 136 000 M-1 cm-1 for
the Hx-heme complex (20), were obtained per unit of
cryosupernate. This variation in yield presumably reflects
individual variation in the Hx content of blood samples. Hx
preparations were frozen in liquid nitrogen and stored at-80
°C.

TheA414/A280 ratio for the Hx-heme complex isolated by
this method was typically 0.94-1.0 (20 mM sodium
phosphate buffer at pH 7.2 and 25°C). SDS-PAGE in 10%
gels revealed a single broad band at a MW of 58000-65000
under nonreducing conditions or a MW of 73000-80000
under reducing conditions.

Analytical Ultracentrifugation.The state of aggregation
of samples of the Hx-heme complex (6.5µM) was analyzed
by sedimentation velocity (50 000 rpm, 20°C) with a
Beckman Optima XL-I analytical ultracentrifuge (model An-
60Ti rotor) using 12 mm standard aluminum double-sector
centerpieces and quartz windows. Protein samples were
prepared in sodium phosphate buffer (20 mM and pH 7.2),
and the same buffer was used in the reference sector of the
centerpiece. Radial scans monitored at 414 nm were acquired
with no interval set between scans and with radial steps of
0.003 cm in continuous mode. The resulting data were
analyzed as ac(s) distribution of Lamm equation solutions
with SEDFIT (21). Solvent density (1.00077 g/L) was

calculated with SEDNTERP (22) as modified by J. Philo
(http://www.jphilo.mailway.com/download.htm), and a par-
tial specific volume for the (glycosylated) Hx-heme complex
of 0.702 mL/g (20) was used.

Potentiometric Titrations.The binding of Zn2+, Co2+, Ni2+,
Mn2+, and Cu2+ to apoHx and the Hx-heme complex was
studied potentiometrically at 25°C according to the method
of Laskowski and Finkenstadt (23) with a computer-
controlled Radiometer ABU93 Triburet as described previ-
ously (24). Radiometer glass (pHG201) and reference
(XR130) electrodes were used to measure pH. Before
titrations, protein solutions were transferred into 20 mM
sodium phosphate buffer, 10 mM EDTA, and 100 mM NaCl
(pH 7.3) and then exchanged into 50 mM NaCl (pH 7.2) by
centrifugal ultrafiltration (Amicon Ultra, 30000 NMWL).
Protein and titrant solutions were flushed extensively with
Ar to remove dissolved CO2, and the titrator vessels and
tubing were washed with 5 mM HCl and 0.1 M KCl to
remove adsorbed metals. Atomic absorption metal standards
(Zn2+, Co2+, Mn2+, and Cu2+ from Titrisol, EM Science;
Ni2+ from VWR) were diluted with a NaCl solution to a
final ionic strength of 50 mM.

Titration curves that were collected consist of 50-80
points that correspond to the volume of standardized acid
or base required to re-establish the starting pH of a 2.5 mL
solution of Hx (9.90-11.49µM) after each microaddition
of metal solution. These data are expressed in terms of the
mole fraction of exchanged protons,He

+, versus the [metal2+]/
[Hx] ratio from which association constants (Ka) and the
saturating value ofHe

+, q, can be obtained by nonlinear
regression analysis with Scientist (MicroMath) as described
previously (25).

NMR Spectroscopy.NMR spectra of apo- and holoHx
were measured with Varian Unity Inova 500 and 600 MHz
spectrometers at 25°C unless otherwise specified. Proton
chemical shifts were measured from the HOD peak at 4.75
ppm. One-dimensional1H NMR spectra were acquired with
spectral windows of 30000-200000 Hz and with a Super-
WEFT pulse sequence (26) or presaturation of the residual
solvent resonance. Aτ value of 50 ms, acquisition times of
25-167 ms, and repetition rates of 75-217 ms were used
for the Super-WEFT experiments. The saturation periods for
the presaturation experiments were 500-2000 ms. Line-
broadening functions of 10-60 Hz were used prior to Fourier
transformation, and baselines were corrected by first fitting
the spectrum to a sinusoidal function and then applying a
multipoint baseline correction algorithm implemented in
Grams 7AI (Thermo Galactic). Samples for NMR were
treated with EDTA (see Potentiometric Titrations) and then
exchanged into final solution conditions by ultracentrifuga-
tion. Samples were 0.3-0.5 mM protein in 50 mM sodium
chloride and in 99.99%2H2O or a 10%2H2O/90% 1H2O
mixture at pH 7.0. Quoted pH values were direct meter
readings uncorrected for any isotope effect. Added metal ion
solutions were dilutions of NiCl2 and CoCl2 atomic absorp-
tion standards.

Electronic and CD Spectroscopy.Electronic absorption
spectra were recorded with a Cary 6000i UV-vis spectro-
photometer. Circular dichroism measurements were per-
formed with a Jasco J-720 or J-810 spectropolarimeter to
monitor the spectroscopic influence of various metal ions

1 All references to heme in this report refer to ferriprotoheme IX.
Subsequent discussion of published studies of the Hx-heme complex
is similarly restricted to those concerning ferriprotoheme IX.
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(Zn2+, Co2+, Ni2+, Mn2+, and Cu2+) on hemopexin. These
CD spectra represent the average of four scans and were
collected with either a 1 or a 0.1 cmquartz cuvette. Protein
samples (∼8 µM holoHx) were prepared in 50 mM bisTris
buffer and 50 mM NaCl (pH 7.0), and all spectra were
recorded at 25°C.

RESULTS

Hemopexin Purification.The method described above
allows rapid purification of hemopexin from large quantities
of cryosupernate. By avoiding dialysis, protein precipitation
steps, and significant changes in pH, we minimize problems
with protein cleavage and polymerization (27-30) that have
been issues with previously published methods. The lipid
extraction step in our procedure had no detectable effect on
the properties of the hemopexin isolated and was instituted
to eliminate channeling in the DE-52 resin during the sodium
chloride gradient elution. DE-52 chromatography allows a
first stage separation based on pI. This step is followed by
IMAC column chromatography that employs selectivity
based on affinity for Zn2+ and Ni2+ ions. The IgG andR2-
macroglobulin that often copurify with hemopexin (13, 14,
16, 17) are resolved from apoHx during the Ni2+-HiTrap
imidazole gradient chromatography. In the final Ni2+-HiTrap
chromatography step for purification of the Hx-heme
complex, gradient conditions were identical to those used
for apoHx. The Hx-heme elution is well-resolved from the
apoHx position, and unbound heme is retained on the Ni2+-
HiTrap column under our gradient elution conditions.

Hemopexin exhibits a broad band on SDS-PAGE which
is most likely a reflection of the Hx-carbohydrate hetero-
geneity. In agreement with studies of sheep (31) and human
(32) Hx, the five N-linked and one O-linked glycans in
human hemopexin (33) probably produce subcomponents of
Hx possessing different numbers of sialic acid residues. Our
purified hemopexin is comprised of at least five components
with pI values ranging from 5.46 to 6.36 as indicated by
analysis with the Beckman-Coulter ProteomeLab PF2D
system (data not shown).

Sedimentation Velocity Measurements.The oligomeriza-
tion state of hemopexin was evaluated by modeling the
sedimentation boundaries observed in the sedimentation
velocity experiments as a superimposition of finite elements
of the Lamm equation for noninteracting species with
SEDFIT (21). The resulting distribution functions of sedi-
mentation coefficientsc(s) for early and late eluting fractions
of the Hx-heme peak from Ni2+-HiTrap chromatography
are shown in Figure 1. These results indicate that the Hx-
heme complex purified by the method described in this report
is monomeric. The sedimentation coefficients of the two
samples in Figure 1 are very similar but not identical. The
early fraction sediments at 4.12 S, and the late fraction
sediments at 4.05 S with confidence intervals for S of 4.10-
4.13 and 4.04-4.07, respectively, calculated with the discrete
species model of SEDFIT. The molecular masses of the
complex in these two fractions are estimated to be 56.2 and
54.6 kDa, respectively, through transformation of thec(s)
distributions into thec(M) distribution. This transformation
assumes the same partial specific volume (0.702 mL/g) for
both fractions of the protein and the frictional coefficient
(f/f0 ) 1.43) obtained with SEDFIT. This frictional coef-

ficient is consistent with a slightly elongated protein structure
such as that defined by crystallographic analysis of the Hx-
heme complex (8). This analysis is consistent with the
conclusion that the Hx-heme fractions represent two Hx-
heme species with different, noninterconverting conforma-
tional states of Hx or that the Hx in these samples exhibit
slight differences in mass that reflect differences in glyco-
sylation.

Affinity of Human Hx for Metal Chelate Resins.The
affinity of our Hx for various metal ions was assessed initially
by comparing retention on HiTrap columns charged with
various metal ions. All protein samples were stripped of
metal ions with EDTA and exchanged into buffer B by
ultrafiltration prior to chromatographic analysis. The retention
of apoHx by M2+-HiTrap columns observed in these experi-
ments is shown in the top panel of Figure 2. This analysis
indicates affinities of apoHx for chelated metal ions in the
following order: Ni2+ > Cu2+ > Co2+ > Zn2+ > Mn2+.

FIGURE 1: Analytical ultracentrifugation analysis of hemopexin
using sedimentation velocity. An early-eluting fraction (dashed line)
and a late-eluting fraction (solid line) of the Hx-heme peak from
the Ni2+-HiTrap column are represented. The inset is an expansion
of the low-S region. The Hx-heme concentration is 6.5µM, in
sodium phosphate buffer (20 mM, pH 7.2).

FIGURE 2: Affinity of Hx for immobilized metal ions. Elution
profiles of apoHx (top panel) and the Hx-heme complex (bottom
panel) generated using an A¨ kta Purifier and a 5 mLHiTrap chelating
HP column (Amersham) charged with various metal ions. Columns
were developed with an imidazole gradient (dashed line) in 20 mM
sodium phosphate buffer containing 500 mM NaCl at pH 7.4 with
a flow rate of 5 mL/min at 25°C. Each injection contained 0.2 mg
of Hx in 2 mL.
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The same analysis performed with the Hx-heme complexes
demonstrated that the binding of heme to apoHx decreased
the retention of the protein to the HiTrap resin for all metal
ions considered. This result suggests that heme binding alters
the metal ion binding site(s) responsible for interaction with
the metal-charged HiTrap column. Retention times for the
Hx-heme complex followed the pattern shown here: Ni2+

> Cu2+ > Zn2+ > Co2+ > Mn2+ (Figure 2, bottom panel).
Note that the binding of heme to apoHx reverses the order
of elution from Co2+- and Zn2+-HiTrap columns. The
presence of minor components in the elution profile suggests
heterogeneity in binding of the protein to the resin, which,
again, is most apparent for Co2+ and Zn2+.

Potentiometric Analysis of Metal Ion Binding to Hx.
Potentiometric titrations were performed to characterize metal
ion-Hx interactions further. Titrations of apoHx with Zn2+,
Ni2+, Mn2+, and Co2+ (pH 7.0) are shown in Figure 3.
Consistent with the chromatographic results (Figure 2), these
data demonstrate that all of the metal ions studied here bind
to apoHx, but the order of elution from the metal affinity
chelate resin is not predicted by the titration data. With the
exception of the data for Mn2+, these data cannot be fit
adequately with models that assume either one or two
independent binding sites, suggesting the presence of more
than two binding sites. The differential behavior of metal
ion binding is most dramatic with Mn2+, which had shown
minimal interaction with apoHx during the Mn2+-HiTrap
chromatography experiments. In the potentiometric titrations
(Figure 3), Mn2+ binding to apoHx exhibits a high-affinity
binding site with aKA of (15 ( 3) × 106 M-1 and weak
site(s) with an estimated affinity ofe2 × 103 M-1.
Potentiometric titrations with Cu2+ could not be conducted
under the conditions used in Figure 3 because of deproto-
nation of water coordinated to the metal ion. Even at pH
6.5 (50 mM KNO3) instability in the pH readings made
analysis of the potentiometric titrations unreliable with this
metal ion (data not shown).

The effect of heme binding on the metal ion affinity of
Hx is shown in Figure 4. These data suggest that heme
binding reduces the capacity and/or affinities of Hx for metal
ion binding. The proton release observed upon metal ion
binding to the Hx-heme complex probably arises from
interactions at numerous weak sites.

NMR Studies of Metal Ion Binding to ApoHx.Information
about the type of ligands involved in Ni2+ binding to apoHx
was sought using proton NMR spectroscopy. Spectra of
apoHx in 100% D2O had no resonances outside the 0-10
ppm region and were similar to spectra reported previously
for rabbit Hx (34). The addition of Ni2+ to apoHx in a 90%
H2O/10% D2O mixture resulted in the appearance of broad
resonances with chemical shifts of∼125, ∼90, ∼65, and
∼30 ppm (Figure 5A). All four peaks appeared after the
addition of 1 equiv of Ni2+ per Hx, but their relative
intensities changed with an increase in Ni2+ concentration,
indicating occupation of multiple binding sites with different
binding affinities. When the temperature was increased from
25 to 37°C, the spectrum of a sample of apoHx in a 90%
H2O/10% D2O mixture containing 2 equiv of Ni2+ per Hx
changed. All the signals broadened, though differentially,
leading to an apparent reduction in peak intensities (Figure
5B). Significantly, the signal at∼65 ppm split into two,
showing that it arises from overlapping peaks with different
temperature dependencies. Variation of the temperature
between 10 and 42°C did not lead to a clear splitting of
any other signal (not shown), though lines were broader at
the higher temperatures. In approximately 100% D2O, apoHx
containing 1 equiv of Ni2+ exhibited a substantially reduced
intensity for the overlapping signals at∼65 ppm, indicating
that they arise from protons that can be exchanged with
solvent deuterons (Figure 5B). The other signals were not
significantly affected by the solvent exchange after exposure
to D2O for 72 h, consistent with them corresponding to
paramagnetically shifted CH protons. Addition of 0.9 equiv
of hemin to apoHx in a 90% H2O/10% D2O mixture
containing 3 equiv of Ni2+ yielded a spectrum essentially
the same as the top trace of Figure 5A after the sample had
been left for 16 h. Heme binding to this sample of Hx and
the absence of unbound heme were confirmed by electronic
absorption spectroscopy and by1H NMR spectroscopy (not
shown). The NMR approach is relatively straightforward
because paramagnetically shifted heme resonances of the
Hx-heme complex do not overlap the resonances shifted
by Ni2+ (34, 35).

Co2+ binding to apoHx was investigated in a more limited
set of NMR experiments than those for Ni2+ binding. With
2-4 equiv of Co2+ per Hx in 100% D2O at 37°C, extremely
broad signals were detected at approximately 135, 50, and
-50 ppm (data not shown), confirming that Co2+ binds to
Hx as indicated by the potentiometric data.

FIGURE 3: Potentiometric titration data for the addition of selected
metal ions to apoHx (25°C, 50 mM NaCl, and pH 7.00).He

+ is the
net number of protons released upon addition of a standard solution
of metal ion: (b) Zn2+, (O) Ni2+, (9) Mn2+, and (0) Co2+. For
clarity, every other point is not shown; the lines have no numerical
significance.

FIGURE 4: Effect of heme on metal ion binding affinity. Proton
release upon metal ion binding to apoHx (empty symbols) or the
Hx-heme complex (filled symbols) is shown for (A) Zn2+, (B) Ni2+,
and (C) Mn2+. For clarity, every other point is not shown; the lines
have no numerical significance. Conditions: pH 7.00, 25°C, and
50 mM NaCl.
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Similar NMR studies were not carried out with Zn2+ or
Mn2+ because the former is diamagnetic, and thus does not
shift resonances outside of the diamagnetic envelope of 0-10
ppm, and while the latter is paramagnetic, its magnetic
properties cause resonances to broaden substantially rather
than shift (36).

Circular Dichroism Spectroscopy.The influence of metal
ions on the heme binding site of hemopexin was evaluated
by determining the Soret-CD spectrum of the Hx-heme
complex in the presence and absence of metal ions. While
addition of up to 18 equiv of Co2+, Mn2+, and Ni2+ has only
a minor effect on this region of the CD spectrum, addition
of comparable amounts of Cu2+ and Zn2+ converts the
bisignate line shape of this spectrum into a positive Cotton
effect (Figure 6) that reverts to the bisignate spectrum upon
addition of EDTA.

DISCUSSION

The binding and transport of metal ions by proteins present
in blood plasma are major factors in the maintenance of metal
ion homeostasis. While the metal ion binding properties and
transport roles of albumin (37) and transferrin (38, 39) have
been studied extensively, the possible contributions of other
plasma proteins [e.g., ceruloplasmin (40) and histidine-rich
glycoprotein (41, 42)] are recognized but less well defined.
The abundance of albumin in plasma ensures this protein
will dominate metal ion transport, but less abundant proteins

may also participate at least transiently in metal ion binding
or exchange processes. The fact that many potential metal
ion binding proteins of plasma, including hemopexin, are
acute phase reactant proteins (43) means that their concentra-
tions will increase as the need arises and argues for an
essential role for them in minimizing the potential toxicity
of metal ions released to blood as the result of various disease
processes.

As described above, all hemopexin samples purified in
this work were from cryosupernate prepared from single
donors. Thus, the chromatographic heterogeneity observed
here is the result of the well-recognized microheterogeneity
of hemopexin reported previously (32). Some previous
reports have described hemopexin preparations with com-
ponents having a mass that is consistent with the formation
of dimers or trimers (27-30). Sedimentation velocity analysis
of the hemopexin purified by the method developed in our
study fails to detect hemopexin species of a mass greater
than that expected from the amino acid sequence and variable
carbohydrate content of the protein. As hemopexin possesses
three disulfide bonds in the N-terminal domain and three in
the C-terminal domain, it seems likely that the larger forms
of hemopexin observed in some previous studies result from
aggregation caused by disulfide exchange reactions that are
promoted by the more strenuous conditions to which many
other methods subject the protein during purification. From
our results, the spontaneous formation of larger hemopexin
speciesin ViVo seems unlikely.

By far, the most common use of metal affinity chelate
chromatography is for the purification of proteins with the
ability to bind metal ions, and frequently, this functional
attribute is the result of incorporating a poly-His sequence
at one end of recombinantly expressed proteins. In the case
of human Hx, the intrinsic metal ion binding capability of
the protein was sufficient to allow development of an
efficient purification protocol that also took advantage of
the differential affinities of metal ion binding proteins of
plasma cryosupernate to afford a highly purified product.
Less commonly, metal affinity chelate chromatography has
been used as an analytical technique to characterize the metal
ion binding properties of proteins. Two studies, for example,
compared the retention of several proteins to assess protein
surface properties and the roles of surface His, Cys, and Trp
residues in retention by such resins (44, 45). The results of
these studies emphasized the crucial role of surface His

FIGURE 5: 1H NMR spectrum (500 MHz) of the downfield-shifted signals of apoHx. (A) Hx in a 90% H2O/10% D2O mixture with 50 mM
NaCl, at pH 7 and 25°C, containing 0, 1, 2, or 3 equiv of Ni2+ as indicated; (B) Hx in a 90% H2O/10% D2O mixture and 50 mM NaCl
containing 2 equiv of Ni2+ at 37°C (top trace). Hx in 100% D2O and 50 mM NaCl (pH 7) containing 1 equiv of Ni2+ at 25°C (bottom
trace). The inset illustrates the coordination of histidine to Ni2+ through Nδ1.

FIGURE 6: Effect of Zn2+ binding on the CD spectrum of the Hx-
heme complex: the Hx-heme complex (thick black curve),
additions of 3-15 equiv of Zn2+ (thin black curve), and addition
of 18 equiv of Zn2+ (red curve). The Hx-heme concentration is 8
µM, with 50 mM bisTris buffer and 50 mM sodium chloride (pH
7.0, 25°C).
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residues in binding of metal ions in general and in the binding
of Cu2+ and Ni2+ in particular. Our findings that human Hx,
which possesses 19 His residues, is best retained by
immobilized Cu2+ and Ni2+ and that sequestration of at least
two of these His residues through binding of heme diminishes
the retention of the protein to these immobilized metal ions
are consistent with these previous studies. Notably, the order
of elution from immobilized Co2+ and Zn2+ is reversed with
the addition heme, an observation that presumably reflects
a significant but undefined change in the accessibility of
potential protein surface ligands that accompanies the binding
of heme. The minor components noted above that are
observed most clearly in the elution of the Hx-heme
complex from immobilized Co2+ and Zn2+ columns provide
evidence for more than one binding site for these metal ions
at least. Better understanding of the structural basis for these
observations will require structure determination of human
Hx with metal ions bound.

NMR Studies of Ni2+ Binding to the Hx-Heme Complex.
The initial characterization of the metal ion binding properties
of human hemopexin provided by our work raises the
question of where the metal ion binding sites of hemopexin
are located and what the relative affinities of these sites for
various metal ions are. Human hemopexin is an acidic protein
[pI ∼5.5-6.4 (see the Results)] with 19 histidyl residues,
so the availability of carboxyl and imidazole groups to serve
as ligands for metal ion binding is not a limitation. The
structure of rabbit hemopexin suggests possible structural
origins for linkage between metal ion and heme binding to
this protein. For example, two His residues (His213 and
His2662) provide ligands to the heme iron. In addition,
His223 and His272 form H-bonds with heme propionate 6,
and His254 is nearby. Other His residues (His56, His217,
and His225) are located in the vicinity of the heme binding
site, and many others are on the surfaces of the N- and
C-terminal domains in positions that face each other in the
three-dimensional structure of the rabbit protein. To the
extent that the binding of heme may bring these surfaces of
the two domains closer together, the involvement of these
residues in binding metal ions could differ in apoHx and
the Hx-heme complex.

While detailed characterization of the metal ion binding
sites of human hemopexin is beyond the scope of this study,
our initial NMR studies provide evidence concerning the
nature of residues involved in the binding of Ni2+ to
hemopexin. Inner sphere ligands to Ni2+ can occur in a
variety of geometries, not all of which lead to paramagnetic
Ni2+. The observation of hyperfine-shifted resonances of
Ni2+-containing Hx clearly shows, however, that Ni2+ bound
to Hx is paramagnetic, consistent with either tetrahedral or
octahedral geometry. The two exchangeable resonances at
∼65 ppm (Figure 5) provide strong evidence for at least two
histidyl residues coordinated to Ni2+. For His coordinated
through Nδ1, the Nε2 proton would be sufficiently far from
the Ni2+ not to be broadened beyond detection (inset of
Figure 5), and the Nδ1 proton would similarly be detectable
for His coordinated through Nε2. No other amino acid residue
is likely to have an exchangeable signal shifted so far
downfield by paramagnetic Ni2+ ions. The resonances at
∼125 and∼90 ppm cannot be exchanged with D2O and

probably arise from CH groups of ligands coordinated to
Ni2+. On the basis of studies of other Ni2+-substituted
proteins (36, 46-50), ligands that could give rise to these
signals are (a) the Cδ2 protons of His residues coordinated
to Ni2+ through Nδ1 (inset of Figure 5), (b) theâ-CH/γ-CH
protons of coordinated Asp or Glu residues, and (c) theγ-
andε-protons of Met. We do not include theâ-protons of
Cys in this list because all Cys residues of Hx participate in
disulfide bonds.

Unlike other Ni2+-containing proteins that have been
characterized by NMR spectroscopy, Hx contains sialic acid
groups. Thus, we considered whether the NMR signals
between 130 and 20 ppm resulting from Ni2+ binding to Hx
(Figure 5) could arise from interaction of Ni2+ with sialic
acid. Saladini and colleagues (51) have reported thatN-
acetylneuraminic acid (NANA), the principal sialic acid in
humans, binds Cd2+ and Co2+ through its carboxylate group
and pyranosidic oxygen and that bonding interactions
between the acetamido group, which contains a potentially
exchangeable NH group, and the bound metal ions do not
occur. This result suggests that any paramagnetic perturbation
to the chemical shift of the acetamido NH group of Ni2+-
bound NANA would have to be a dipolar effect because
scalar interactions are rapidly attenuated by bonding frame-
works constructed ofσ-bonds alone. Without knowledge of
the magnetic susceptibility tensor, dipolar chemical shift
perturbations cannot be calculated (36). However, we can
estimate the likely dipolar shifts experienced by an NH group
of Ni2+-bound NANA from the study of Ni2+-containing
azurin (49). The Ni2+ of Ni2+-bound azurin is likely to have
a greater anisotropy to its magnetic susceptibility than Ni2+-
bound NANA because the latter will not be constrained to
adopt the low symmetry of the site in azurin. Even with
protons close to the Ni2+ and lying on the main axes of the
magnetic susceptibility tensor, the calculated dipolar chemical
shift perturbations of 3-17 ppm (49) are considerably
smaller than the 55 ppm required to account for the chemical
shifts of the exchangeable resonances of Ni2+-bound Hx
(Figure 5).

Effect of Cu2+ and Zn2+ on the Soret-CD Spectrum.The
UV-CD spectrum of the human Hx-heme complex studied
here exhibits no change upon addition of Cu2+ or Zn2+ ions
and, thus, no effect of metal ion binding on the secondary
structure of the protein. While the Soret-CD spectrum
exhibited no change upon addition of Co2+ or Ni2+, addition
of Cu2+ or Zn2+ changed the Soret-CD spectrum from a
bisignate line shape to a positive Cotton effect, and this
change could be reversed by the addition of EDTA. Previ-
ously reported Soret-CD spectra for various species of the
Hx-heme complex indicate that rat and rabbit Hx-heme
complexes exhibit a positive Cotton effect while the human
protein exhibits a bisignate spectrum (52), although an earlier
report (53) indicated a positive Cotton effect for the human
protein.

The origin of the species-specific variation in the Soret-
CD spectrum of the Hx-heme complex is most simply
explained by the variation in sequence and length of the
peptide linking the N- and C-terminal domains of Hx. For
rabbit Hx, the heme ligand His213 is present in this peptide,
so variations in the coordination geometry of the correspond-
ing residue in other species of Hx could contribute to species-
specific spectroscopic properties. In some species (e.g.,
human), at least one additional His residue and an additional

2 All sequence numbers used in this report refer to rabbit Hx.
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glycosylation site occur in the hinge peptide, so for these
species of Hx, alternative axial ligands may be possible, and
the preference for one axial His or another may vary with
solution conditions. For this change in spectrum to result
from a change in His ligand, a structural change in the heme
prosthetic group is apparently required. Blauer et al. (54)
have provided evidence from studies of model heme proteins
and heme peptides that bisignate heme Soret-CD spectra
reflect distortion of a heme pyrrole ring from planarity with
the rest of the heme or the distortion of heme vinyl geometry
and do not result from alterations in axial ligand geometry.
Some other mechanisms by whichthe Soret-CD spectrum
may be influenced seem unlikely. For example, the crystal-
lographically determined structure that is available provides
no evidence for heme orientation disorder, and the extensive
hydrogen bonding interactions of the heme propionates
mitigate against efficient exchange of the heme with the
putative heme binding site that has been proposed (55) for
the N-terminal domain of the protein. The clear monomeric
character of the protein studied in this report argues against
a contribution from dimerization- or aggregation-induced
exciton coupling of heme groups to the variation in Soret-
CD spectrum observed here, as do the bisignate Soret-CD
spectra reported for ferricytochromesb5 (56) andc (57), both
of which are known to be monomeric.

The mechanism by which Cu2+ or Zn2+ induces changes
in the Soret-CD spectrum of the Hx-heme complex is not
clear, but it could involve (a) binding in the vicinity of the
heme binding site with a resulting electrostatic perturbation
of the heme environment caused by the presence of the
charged metal ion that is sensed only by the Soret-CD
spectrum, (b) exchange of one of the axial ligands to the
heme iron for another His residue that is near the heme
binding site, or (c) perturbation of an electronic interaction
between an adjacent Trp or Tyr residue and the heme group.
The fact that binding of some metal ions induces this
spectroscopic effect while the binding of others does not
presumably indicates the inequivalence of binding sites for
various metal ions.

Possible Implications of Metal Ion Binding to the Hx-
Heme Complex.As discussed above, the ability of hemopexin
to bind metal ions raises the clear possibility that this protein
participates in some manner in the transport of metal ions
in blood or in the exchange of metal ions between proteins.
Presumably, such a role would be more significant for apoHx
because it exhibits the greater affinity or capacity for metal
ions and because the Hx-heme complex should not remain
in plasma long prior to its removal by the liver. The
possibility that the binding of metal ions such as Cu2+ and
Zn2+ could promote a change in axial ligation raises the
further possibility that these or other metal ions may
participate in the dissociation of the Hx-heme complex.
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