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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: N?* > Cwt > Cc?t > Zn?" > Mn?*. The Hx—heme complex exhibited similar behavior
except the order of retention of the complex or?Znmand Cé*-charged columns was reversed. One-
dimensionalH NMR of apoHx in the presence of Niimplicates at least two His residues and possibly

an Asp, Glu, or Met residue in Rii 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. Pdr Mxwever, these data

were consistent with a high-affinity sité&Kf = (154 3) x 106 M~1] and a low-affinity site Ka < 2 x

10®* M~1). Binding of C#* and Zr#* to the Hx-heme complex produced significant changes in the Soret-
CD spectrum of the Hxheme 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 of hemopexin function that has not been considered in detalil,
heme that is released to plasma as the result of hemolysis ohowever, is its ability to bind non-heme metal ions. This
tissue damage. The protein circulates normally as apohe-facet of hemopexin function was first recognized by Porath
mopexin and is cleared quickly from circulation by the liver and Olin when they discovered that immobilized metal-
following heme binding. The apoprotein is then returned to affinity chromatography (IMAC) could be used to separate
circulation (, 2). In addition to reducing the extent of iron  several metal-binding plasma proteins, including hemopexin
loss, scavenging of heme by hemopexin is believed to preventjon Ni?*—tris(carboxymethyl)ethylenediamir&epharose
oxidative damage that can result from the oxidative catalytic 4B (13)]. Although this finding was confirmed in subsequent
activity of free heme 3, 4). The physiological roles5( 6) chromatographic studied44—18), no practical method for
and heme binding propertieg)(of hemopexin have been hemopexin purification by IMAC has been developed, and
reviewed recently, and the three-dimensional structure of theno characterization of metal ion binding to hemopexin has
rabbit hemopexirrheme complex has been determined to a been reported. In the current study, we have developed an
resolution of 2.3 A for the deglycosylated proteB).( efficient IMAC method for purifying human hemopexin from

Previous studies of hemopexin have emphasized either thea plasma byproduct of blood processing and have performed
physiological role of the proteirg( 6, 9) or the thermody-  an initial survey of metal ion binding to hemopexin.
namics and kinetics of heme binding (0—12). One aspect EXPERIMENTAL PROCEDURES
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(Whatman) that had been equilibrated &Ciwith buffer A calculated with SEDNTERP2Q) as modified by J. Philo
[10 mM sodium phosphate buffer (pH 7.4)]. The column (http://www.jphilo.mailway.com/download.htm), and a par-
was washed with this buffer until the eluant exhibited an tial specific volume for the (glycosylated) Hheme complex
absorbance at 280 nm of0.3 (path length, 1 cm). The of 0.702 mL/g 20) was used.

column was then developed with a linear gradient of sodium  potentiometric TitrationsThe binding of Z&*, C&*, Ni2*,
chloride (from 0 to 300 mM NacCl in 800 mL of buffer A) Mn2+, and C@‘F to apoHX and the Hxheme Comp'ex was
Fractions collected prior to 50 mM NaCl were pooled in 45 sty died potentiometrically at 2 according to the method
mL volumes, and NaCl (1.31 g) was added to each. After of | askowski and Finkenstadt2® with a computer-
the pH was adjusted to 7.4, these protein solutions were firstcontrolled Radiometer ABU93 Triburet as described previ-
subjected to IMAC at 25C on a 5 mLHiTrap chelating  ously @4). Radiometer glass (pHG201) and reference
HP column (Amersham) that had been saturated with ZnSO (xR130) electrodes were used to measure pH. Before
and equilibrated with buffer B [20 mM sodium phosphate titrations, protein solutions were transferred into 20 mM
buffer and 500 mM NaCl (pH 7.4)]. Bound proteins were sodium phosphate buffer, 10 mM EDTA, and 100 mM NaCl
eluted with an imidazole gradient in buffer B. Hx-containing (pH 7.3) and then exchanged into 50 mM NaCl (pH 7.2) by

fractions from ZA*-HiTrap were diluted 3-fold with buffer

B before a second IMAC step on a Ni&aturated HiTrap
column. Only Hx without heme (apoHx) was isolated in our
procedure. ApoHx eluted at 30 and 66-135 mM
imidazole from the Z#'- and N#*-HiTrap columns, respec-
tively. All IMAC separations were performed with arkta
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(lll)-protoporphyrin IX
(Frontier Scientific) was addeédAfter 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 Rfi-saturated HiTrap column as before
with the Hx—heme complex eluting as a single peak at-20
50 mM imidazole. Yields of 3660 mg of Hx, based on a
molar absorptivity at 280 nm of 123 000 Mcm™? for
apoHx (ExPaSy, ProtParamTool) and 136 00T ®m* for
the Hx—heme complex Z0), 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 &®
°C.

The A414A0g0 ratio for the Hx-heme complex isolated by
this method was typically 0.941.0 (20 mM sodium
phosphate buffer at pH 7.2 and 26). SDS-PAGE in 10%
gels revealed a single broad band at a MW of 5806000
under nonreducing conditions or a MW of 736880000
under reducing conditions.

Analytical Ultracentrifugation.The state of aggregation
of samples of the Hxheme complex (6.56M) was analyzed
by sedimentation velocity (50 000 rpm, 2@) 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 th
centerpiece. Radial scans monitored at 414 nm were acquire

with no interval set between scans and with radial steps of

0.003 cm in continuous mode. The resulting data were
analyzed as &(s) distribution of Lamm equation solutions
with SEDFIT @1). Solvent density (1.00077 g/L) was

L All references to heme in this report refer to ferriprotoheme IX.
Subsequent discussion of published studies of the lime complex
is similarly restricted to those concerning ferriprotoheme IX.

centrifugal ultrafiltration (Amicon Ultra, 30000 NMWL).
Protein and titrant solutions were flushed extensively with
Ar to remove dissolved C£ and the titrator vessels and
tubing were washed with 5 mM HCI and 0.1 M KCI to
remove adsorbed metals. Atomic absorption metal standards
(Zr?t, Cot, Mn?*, and Cd" from Titrisol, EM Science;
Ni?* from VWR) were diluted with a NaCl solution to a
final ionic strength of 50 mM.

Titration curves that were collected consist of-D
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 (9.96-11.49uM) after each microaddition
of metal solution. These data are expressed in terms of the
mole fraction of exchanged protorhi;‘g ,versus the [metat]/

[HX] ratio from which association constant&gf and the
saturating value OH;, g, can be obtained by nonlinear
regression analysis with Scientist (MicroMath) as described
previously @5).

NMR SpectroscopyNMR spectra of apo- and holoHx
were measured with Varian Unity Inova 500 and 600 MHz
spectrometers at 25C unless otherwise specified. Proton
chemical shifts were measured from the HOD peak at 4.75
ppm. One-dimensiondH NMR spectra were acquired with
spectral windows of 30066200000 Hz and with a Super-
WEFT pulse sequenc@®) or presaturation of the residual
solvent resonance. Avalue of 50 ms, acquisition times of
25—-167 ms, and repetition rates of #317 ms were used
for the Super-WEFT experiments. The saturation periods for
the presaturation experiments were 5@000 ms. Line-
broadening functions of 060 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 7Al (Thermo Galactic). Samples for NMR were
treated with EDTA (see Potentiometric Titrations) and then
exchanged into final solution conditions by ultracentrifuga-
tion. Samples were 0-30.5 mM protein in 50 mM sodium

echloride and in 99.99%H,0 or a 10%2%H,0/90% H,0
dnixture at pH 7.0. Quoted pH values were direct meter

readings uncorrected for any isotope effect. Added metal ion
solutions were dilutions of NiGland CoC} atomic absorp-
tion standards.

Electronic and CD Spectroscopfzlectronic absorption
spectra were recorded with a Cary 6000i U¥s 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
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(Zr?t, CA?*, Ni?t, Mn?t, and C@d") on hemopexin. These

CD spectra represent the average of four scans and were 5
collected with eithea 1 or a 0.1 cnuartz cuvette. Protein A
samples {8 uM holoHx) were prepared in 50 mM bisTris ' ‘

buffer and 50 mM NaCl (pH 7.0), and all spectra were 8r "
recorded at 25C. m

° ol JE .
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Sedimentation coefficient (S)
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 5 10 15 20
with protein cleavage and polymerizatid2v{-30) that have Sedimentation coefficient (S)
been issues with previously published methods. The lipid Figure 1: Analytical ultracentrifugation analysis of hemopexin
extraction step in our procedure had no detectable effect onusing sedimentation velocity. An early-eluting fraction (dashed line)
the properties of the hemopexin isolated and was institutedand a late-eluting fraction (solid line) of the Hkeme peak from
to eliminate channeling in the DE-52 resin during the sodium ”]Iek']\‘?T'H'gap ‘?O'Uﬁ?l arﬁ reﬁresemed- The inset is g‘” expansion
c_hloride gradient e_Iution. DE-52 chromatogra_phy allows a goéifmcm-osr;r?gt)glbuffgr ()260 %T/ﬁ F():gn;:fazr;fratuon 's 64M, in
first stage separation based on pl. This step is followed by
IMAC column chromatography that employs selectivity
based on affinity for ZA" and N?* ions. The IgG andxy-
macroglobulin that often copurify with hemopexib3{ 14,
16, 17) are resolved from apoHx during the 2NliHiTrap
imidazole gradient chromatography. In the finafNHiTrap
chromatography step for purification of the Hkeme
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complex, gradient conditions were identical to those used I I DA U 5.~ 5
for apoHx. The Hx-heme elution is well-resolved from the — : : 1os %
apoHx position, and unbound heme is retained on tRe-Ni el 1 g
HiTrap column under our gradient elution conditions. ol c‘l;:”] | Hx-heme 1% 2
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Hemopexin exhibits a broad band on SBISAGE which
is most likely a reflection of the Hxcarbohydrate hetero-
geneity. In agreement with studies of she&p) @nd human
(32) Hx, the five N-linked and one O-linked glycans in
human hemopexir3@) probably produce subcomponents of
Hx possessing different numbers of sialic acid residues. Our
purified hemopexin is comprised of at least five components o ) - ] )
with pl values ranging from 5.46 to 6.36 as indicated by Ficure 2: Affinity of Hx for immobilized metal ions. Elution

. . profiles of apoHx (top panel) and the Hkeme complex (bottom

analysis with the Beckman-Coulter ProteomelLab PF2D panel) generated using arki Purifier ad a 5 mLHiTrap chelating
system (data not shown). HP column (Amersham) charged with various metal ions. Columns

Sedimentation Velocity Measuremeritse oligomeriza- ~ Were %evﬁfgeﬁa‘{‘gtguag‘eirmcigr?tzé?:]eingr%‘gg“&ﬁﬁ;‘gﬂtﬂe&igiowm/'
tlon. state c.)f hemOpeXI.n was evaluat_ed by modellng the a flow raF:e ofp5 mL/min at 25C. Eacgh injection containgd 0.'2 mg
sedimentation boundaries observed in the sedimentationgf Hx in 2 mL.
velocity experiments as a superimposition of finite elements
of the Lamm equation for noninteracting species with ficientis consistent with a slightly elongated protein structure
SEDFIT @1). The resulting distribution functions of sedi- such as that defined by crystallographic analysis of the Hx
mentation coefficients(s) for early and late eluting fractions heme complex §). This analysis is consistent with the
of the Hx—heme peak from Nf-HiTrap chromatography conclusion that the Hxheme fractions represent two Hx
are shown in Figure 1. These results indicate that the Hx heme species with different, noninterconverting conforma-
heme complex purified by the method described in this report tional states of Hx or that the Hx in these samples exhibit
is monomeric. The sedimentation coefficients of the two slight differences in mass that reflect differences in glyco-
samples in Figure 1 are very similar but not identical. The sylation.
early fraction sediments at 4.12 S, and the late fraction Affinity of Human Hx for Metal Chelate Resin§he
sediments at 4.05 S with confidence intervals for S of 4.10  affinity of our Hx for various metal ions was assessed initially
4.13 and 4.044.07, respectively, calculated with the discrete by comparing retention on HiTrap columns charged with
species model of SEDFIT. The molecular masses of the various metal ions. All protein samples were stripped of
complex in these two fractions are estimated to be 56.2 andmetal ions with EDTA and exchanged into buffer B by
54.6 kDa, respectively, through transformation of tfg ultrafiltration prior to chromatographic analysis. The retention
distributions into thee(M) distribution. This transformation  of apoHx by M*-HiTrap columns observed in these experi-
assumes the same partial specific volume (0.702 mL/g) for ments is shown in the top panel of Figure 2. This analysis
both fractions of the protein and the frictional coefficient indicates affinities of apoHx for chelated metal ions in the
(fifo = 1.43) obtained with SEDFIT. This frictional coef- following order: Nt > Cw" > Co*t > Zn?t > Mn?*,
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20 30 Ficure 4: Effect of heme on metal ion binding affinity. Proton
[M*]/ [ApoHx] release upon metal ion binding to apoHx (empty symbols) or the

) . o . Hx-heme complex (filled symbols) is shown for (A) Zn (B) Ni%*,
Ficure 3: Potentiometric titration data for the addition of selected and (C) Mi#*. For clarity, every other point is not shown: the lines

metal ions to apoHx (25C, 50 mM NaCl, and pH 7.00H; isthe  have no numerical significance. Conditions: pH 7.00°@5 and
net number of protons released upon addition of a standard solutionsg mm Nacl.

of metal ion: @) zZn?*, (O) Ni*, (M) Mn?*, and @) Co**. For . - .
clarity, every other point is not shown: the lines have no numerical NMR Studies of Metal lon Binding to ApoHrformation

significance. about the type of ligands involved in Nibinding to apoHx
was sought using proton NMR spectroscopy. Spectra of
The same analysis performed with the+heme complexes  apoHx in 100% RO had no resonances outside thel®
demonstrated that the binding of heme to apoHx decreasedopm region and were similar to spectra reported previously
the retention of the protein to the HiTrap resin for all metal for rabbit Hx 34). The addition of N§* to apoHx in a 90%
ions considered. This result suggests that heme binding alterdd,0/10% D,O mixture resulted in the appearance of broad
the metal ion binding site(s) responsible for interaction with resonances with chemical shifts ef125, ~90, ~65, and
the metal-charged HiTrap column. Retention times for the ~30 ppm (Figure 5A). All four peaks appeared after the
Hx—heme complex followed the pattern shown here2'Ni  addition of 1 equiv of Ni" per Hx, but their relative
> CW" > Zn?* > Co?™ > Mn?" (Figure 2, bottom panel).  intensities changed with an increase irFNconcentration,
Note that the binding of heme to apoHx reverses the orderindicating occupation of multiple binding sites with different
of elution from C@"- and Zi*-HiTrap columns. The  binding affinities. When the temperature was increased from
presence of minor components in the elution profile suggests25 to 37°C, the spectrum of a sample of apoHx in a 90%
heterogeneity in binding of the protein to the resin, which, H,0/10% DO mixture containing 2 equiv of R per Hx
again, is most apparent for €oand Zr¢*. changed. All the signals broadened, though differentially,

Potentiometric Analysis of Metal lon Binding to Hx. leading to an apparent reduction in peak intensities (Figure
Potentiometric titrations were performed to characterize metal 5B). Significantly, the signal at-65 ppm split into two,
ion—Hx interactions further. Titrations of apoHx with Zn showing that it arises from overlapping peaks with different
Ni?*, Mn?*, and C8* (pH 7.0) are shown in Figure 3. temperature dependencies. Variation of the temperature
Consistent with the chromatographic results (Figure 2), thesebetween 10 and 42C did not lead to a clear splitting of
data demonstrate that all of the metal ions studied here bindany other signal (not shown), though lines were broader at
to apoHx, but the order of elution from the metal affinity the higher temperatures. In approximately 1009 PapoHx
chelate resin is not predicted by the titration data. With the containing 1 equiv of Ni" exhibited a substantially reduced
exception of the data for M, these data cannot be fit intensity for the overlapping signals &65 ppm, indicating
adequately with models that assume either one or two that they arise from protons that can be exchanged with
independent binding sites, suggesting the presence of moresolvent deuterons (Figure 5B). The other signals were not
than two binding sites. The differential behavior of metal significantly affected by the solvent exchange after exposure
ion binding is most dramatic with M, which had shown  to D,O for 72 h, consistent with them corresponding to
minimal interaction with apoHx during the MhHiTrap paramagnetically shifted CH protons. Addition of 0.9 equiv
chromatography experiments. In the potentiometric titrations of hemin to apoHx in a 90% #0/10% DO mixture
(Figure 3), Mi@* binding to apoHx exhibits a high-affinity ~ containing 3 equiv of Ni" yielded a spectrum essentially
binding site with aKa of (15 &+ 3) x 10° M~! and weak the same as the top trace of Figure 5A after the sample had
site(s) with an estimated affinity ok2 x 10° ML been left for 16 h. Heme binding to this sample of Hx and
Potentiometric titrations with Cti could not be conducted the absence of unbound heme were confirmed by electronic
under the conditions used in Figure 3 because of deproto-absorption spectroscopy and By NMR spectroscopy (not
nation of water coordinated to the metal ion. Even at pH shown). The NMR approach is relatively straightforward
6.5 (50 mM KNGQ) instability in the pH readings made because paramagnetically shifted heme resonances of the
analysis of the potentiometric titrations unreliable with this Hx—heme complex do not overlap the resonances shifted
metal ion (data not shown). by Ni2* (34, 35).

The effect of heme binding on the metal ion affinity of Cc?" binding to apoHx was investigated in a more limited
Hx is shown in Figure 4. These data suggest that hemeset of NMR experiments than those for’Nbinding. With
binding reduces the capacity and/or affinities of Hx for metal 2—4 equiv of C8* per Hx in 100% RO at 37°C, extremely
ion binding. The proton release observed upon metal ion broad signals were detected at approximately 135, 50, and
binding to the Hx-heme complex probably arises from —50 ppm (data not shown), confirming that €dinds to
interactions at numerous weak sites. Hx as indicated by the potentiometric data.
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Ficure 5: ™H NMR spectrum (500 MHz) of the downfield-shifted signals of apoHx. (A) Hx in a 9090/M0% D,O mixture with 50 mM
NaCl, at pH 7 and 23C, containing 0, 1, 2, or 3 equiv of Ri as indicated; (B) Hx in a 90% #0/10% DO mixture and 50 mM NaCl
containing 2 equiv of Ni" at 37°C (top trace). Hx in 100% ED and 50 mM NaCl (pH 7) containing 1 equiv of Niat 25°C (bottom
trace). The inset illustrates the coordination of histidine t&"Nrough Ny;.
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may also participate at least transiently in metal ion binding
T e or exchange processes. The fact that many potential metal

: ion binding proteins of plasma, including hemopexin, are
acute phase reactant proteid8)(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
240 180 420 460 500 this work were from cryosupernate prepared from single
donors. Thus, the chromatographic heterogeneity observed

. here is the result of the well-recognized microheterogeneity
FiGURE 6: Effect of Zr?+ binding on the CD spectrum of the Hx . . h
heme complex: the Hxhemg complex (t?]ick black curve), of hemopexin repqrted prewous_lyBZ). Som_e prev_lous
additions of 3-15 equiv of ZA&* (thin black curve), and addition ~ reports have described hemopexin preparations with com-
of 18 equiv of Z@* (red curve). The Hxheme concentration is 8  ponents having a mass that is consistent with the formation
#M, with 50 mM bisTris buffer and 50 mM sodium chloride (pH  of dimers or trimersZ7—30). Sedimentation velocity analysis

[0] (mdeg)

Wavelength (nm)

7.0, 25%C). of the hemopexin purified by the method developed in our
imil di ied ith study fails to detect hemopexin species of a mass greater
Similar NMR studies were not carried out with Znor than that expected from the amino acid sequence and variable

Mn2" because the former is diamagnetic, and thus does not.4ohydrate content of the protein. As hemopexin possesses
shift resonances outside of the diamagnetic gnvglopemﬂo . three disulfide bonds in the N-terminal domain and three in
ppm, and while the latter is paramagnetic, its magnetic y,o _terminal domain, it seems likely that the larger forms
properties cause resonances to broaden substantially rath€t¢ hemopexin observed in some previous studies result from
than shift 86). _ aggregation caused by disulfide exchange reactions that are
_ Circular Dichroism Spectroscopyhe influence of metal g moted by the more strenuous conditions to which many
ions on the heme binding site of hemopexin was evaluated gther methods subject the protein during purification. From
by determining the Soret-CD spectrum of the+theme ¢ regyits, the spontaneous formation of larger hemopexin
complex in the presence and absence of metal ions. Wh”especies'n vivo seems unlikely.
addl_tlon of up to 18 equiv .Of Co, Mn*", and NF* has only_ By far, the most common use of metal affinity chelate
a minor effect on this region of the CD spectrum, addition o omatography is for the purification of proteins with the
Of .compar.able amounts.of €u and .Zﬁ converts the ability to bind metal ions, and frequently, this functional
bisignate line shape of this spectrum into a positive Cotton attribute is the result of incorporating a poly-His sequence
effe.c.t (Figure 6) that reverts to the bisignate spectrum upon at one end of recombinantly expressed proteins. In the case
addition of EDTA. of human Hx, the intrinsic metal ion binding capability of
DISCUSSION the_ _protein ‘was sufficient to allow development of an
efficient purification protocol that also took advantage of
The binding and transport of metal ions by proteins present the differential affinities of metal ion binding proteins of
in blood plasma are major factors in the maintenance of metal plasma cryosupernate to afford a highly purified product.
ion homeostasis. While the metal ion binding properties and Less commonly, metal affinity chelate chromatography has
transport roles of albumir8{) and transferrin8, 39) have been used as an analytical technique to characterize the metal
been studied extensively, the possible contributions of otherion binding properties of proteins. Two studies, for example,
plasma proteins [e.g., ceruloplasm#0) and histidine-rich compared the retention of several proteins to assess protein
glycoprotein 41, 42)] are recognized but less well defined. surface properties and the roles of surface His, Cys, and Trp
The abundance of albumin in plasma ensures this proteinresidues in retention by such residgl(45). The results of
will dominate metal ion transport, but less abundant proteins these studies emphasized the crucial role of surface His
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residues in binding of metal ions in general and in the binding
of Cl?* and NF' in particular. Our findings that human Hx,

Biochemistry, Vol. 44, No. 6, 2005.869

probably arise from CH groups of ligands coordinated to
Ni2*. On the basis of studies of other ZNisubstituted

which possesses 19 His residues, is best retained byproteins 86, 46—50), ligands that could give rise to these

immobilized Cd" and NP+ and that sequestration of at least

signals are (a) the & protons of His residues coordinated

two of these His residues through binding of heme diminishes to Ni?* through N; (inset of Figure 5), (b) thg-CH/y-CH

the retention of the protein to these immobilized metal ions

protons of coordinated Asp or Glu residues, and (c)jthe

are consistent with these previous studies. Notably, the orderand e-protons of Met. We do not include th&protons of

of elution from immobilized C&" and Zr# is reversed with

Cys in this list because all Cys residues of Hx participate in

the addition heme, an observation that presumably reflectsdisulfide bonds.

a significant but undefined change in the accessibility of

Unlike other N?f-containing proteins that have been

potential protein surface ligands that accompanies the bindingcharacterized by NMR spectroscopy, Hx contains sialic acid
of heme. The minor components noted above that aregroups. Thus, we considered whether the NMR signals

observed most clearly in the elution of the Hixeme
complex from immobilized C& and Zr#* columns provide

between 130 and 20 ppm resulting fron¥Nbinding to Hx
(Figure 5) could arise from interaction of Niwith sialic

evidence for more than one binding site for these metal ionsacid. Saladini and colleague$1j have reported thal-
at least. Better understanding of the structural basis for theseacetylneuraminic acid (NANA), the principal sialic acid in

observations will require structure determination of human
Hx with metal ions bound.

NMR Studies of Ni 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

humans, binds Cd and C3" 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 ofNi

are located and what the relative affinities of these sites for bound NANA would have to be a dipolar effect because
various metal ions are. Human hemopexin is an acidic protein scalar interactions are rapidly attenuated by bonding frame-

[pl ~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

works constructed af-bonds alone. Without knowledge of
the magnetic susceptibility tensor, dipolar chemical shift
perturbations cannot be calculate®b), However, we can

structure of rabbit hemopexin suggests possible structuralestimate the likely dipolar shifts experienced by an NH group

origins for linkage between metal ion and heme binding to
this protein. For example, two His residues (His213 and
His266) 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

of Ni?"-bound NANA from the study of Ni-containing
azurin @9). The N?* of Ni?"-bound azurin is likely to have

a greater anisotropy to its magnetic susceptibility thatiNi
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 Ki and lying on the main axes of the

site, and many others are on the surfaces of the N- andmagnetic susceptibility tensor, the calculated dipolar chemical
C-terminal domains in positions that face each other in the shift perturbations of 317 ppm @9) are considerably

three-dimensional structure of the rabbit protein. To the

smaller than the 55 ppm required to account for the chemical

extent that the binding of heme may bring these surfaces ofshifts of the exchangeable resonances oftMiound Hx
the two domains closer together, the involvement of these (Figure 5).

residues in binding metal ions could differ in apoHx and
the Hx—heme complex.
While detailed characterization of the metal ion binding

Effect of Cd" and Zri#* on the Soret-CD Spectrurithe
UV —CD spectrum of the human H¥heme complex studied
here exhibits no change upon addition oCor Zr?* ions

sites of human hemopexin is beyond the scope of this study,and, thus, no effect of metal ion binding on the secondary

our initial NMR studies provide evidence concerning the
nature of residues involved in the binding of ?Nito
hemopexin. Inner sphere ligands to?Nican occur in a
variety of geometries, not all of which lead to paramagnetic

structure of the protein. While the Soret-CD spectrum
exhibited no change upon addition of Cmr Ni?*, addition

of CW?* or Zr*" changed the Soret-CD spectrum from a
bisignate line shape to a positive Cotton effect, and this

Ni?*. The observation of hyperfine-shifted resonances of change could be reversed by the addition of EDTA. Previ-

Ni?*-containing Hx clearly shows, however, thaéNbound

ously reported Soret-CD spectra for various species of the

to Hx is paramagnetic, consistent with either tetrahedral or Hx—heme complex indicate that rat and rabbit-tHheme
octahedral geometry. The two exchangeable resonances atomplexes exhibit a positive Cotton effect while the human

~65 ppm (Figure 5) provide strong evidence for at least two
histidyl residues coordinated to Ni For His coordinated
through N, the N, proton would be sufficiently far from
the NP* not to be broadened beyond detection (inset of
Figure 5), and the N proton would similarly be detectable
for His coordinated through M No other amino acid residue
is likely to have an exchangeable signal shifted so far
downfield by paramagnetic Rli ions. The resonances at
~125 and~90 ppm cannot be exchanged with@ and

2 All sequence numbers used in this report refer to rabbit Hx.

protein exhibits a bisignate spectrub®), although an earlier
report 63) indicated a positive Cotton effect for the human
protein.

The origin of the species-specific variation in the Soret-
CD spectrum of the Hxheme 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
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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 Bdl) (

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 whitie 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 9.
mitigate against efficient exchange of the heme with the

putative heme binding site that has been propo8&jifor

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 15

spectra reported for ferricytochromias(56) andc (57), both
of which are known to be monomeric.

The mechanism by which Cuor Zr?* induces changes
in the Soret-CD spectrum of the Htheme 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 lon Binding to the Hx

Heme Comple)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 Hkeme complex should not remain
in plasma long prior to its removal by the liver. The

possibility that the binding of metal ions such as*Cand

Zn?* could promote a change in axial ligation raises the
further possibility that these or other metal ions may

participate in the dissociation of the Hkeme complex.
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