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ABSTRACT: Hemopexin (Hx) functions as a major heme scavenging protein in blood plasma and as such
circulates without heme bound. In recent work, we have demonstrated that Hx binds metal ions in vitro
in a manner that varies from one metal ion to another and that changes with heme binding. The structural
consequences of metal ion binding to the form of Hx that dominates in plasma have now been evaluated
by monitoring metal ion-linked changes in tertiary structure of the protein as reflected by changes in the
near-UV CD spectrum and the ultraviolet absorption spectrum as a function of temperature. As part of
this analysis we have developed thermally induced difference absorption maps (TIDAMs) to afford efficient
visualization of temperature-dependent changes in the UV spectrum of Hx that are induced by binding of
metal ions. The results are interpreted in terms of recent models proposed for metal ion binding sites on
Hx and have implications for the possible modulation of heme binding to Hx by metal ions in vivo.

Hemopexin (Hx)1 (MW ∼58000) is a type II acute phase
reactant glycoprotein that scavenges heme in blood plasma
to protect against oxidative damage (1-3) resulting from
the catalytic activity of heme released to the circulation by
hemolysis or rhabdomyolysis (4-6). The Hx-heme complex
is rapidly removed from circulation predominantly by
hepatocytes through receptor-mediated mechanisms (7-10).
Receptor-mediated uptake of the Hx-heme complex leads
either to encapsulation of the complex in endosomes, a fate
compatible with the return of Hx to the circulation (11)
following release of heme, or in lysosomes, a fate leading
to proteolysis with no return of Hx to the circulation (8).

Following an initial report of the three-dimensional
structure for the C-domain of rabbit Hx (12), Paoli et al.
reported the crystal structure of the full-length rabbit Hx-
heme complex (13). In that structure, a single heme is bound
between the N- (residues 1-208) and C- (residues 228-
435) domains by two histidyl residues. One of these heme
axial ligands (His266) is located in the C-domain, and the
other (His213) is located in the flexible hinge region that
links the two domains. The human and rabbit proteins are
expected to exhibit considerable structural similarity based
on ∼80% sequence identity. Homology modeling has been
used recently (14) to produce a structural model for the
human protein that diverges from that of the rabbit protein
in just two regions. The first of these regions is located in

the linker sequence that connects the two major structural
domains. This sequence is four residues longer in the human
protein and contains an additional His residue as well as an
additional site of glycosylation. The second region of
divergence is in a loop of the N-domain around residue 100.
This region comprises a site at which the human Hx-heme
complex is susceptible to hydrolysis by trypsin and plasmin
but the rabbit complex is not (15).

Binding of metal ions, particularly Zn2+ or Cu2+, to the
human Hx-heme complex reduces the thermal stability of
the complex (16), providing a potential mechanism for heme
release in hepatic endosomes. Several putative metal ion
binding sites have been identified in the model of the human
Hx-heme complex (14). While the principal form of Hx in
plasma does not contain heme, it does have the ability to
bind a variety of metal ions as reviewed recently (14), and
consequently, Hx may play a role in plasma metal ion
homeostasis. Accordingly, binding of metal ions to Hx is
expected to influence the heme-scavenging activity of the
protein, possibly through the alteration of protein structure.
To consider this possibility further, the effects of metal ions
on the structure of the circulating form of Hx have now been
studied by ultraviolet electronic and circular dichroism
spectroscopies.

MATERIALS AND METHODS

Sample Preparation.Human Hx was prepared from frozen
samples of the cryosupernatant fraction of human plasma as
described previously (17). However, following elution from
the Ni2+-HiTrap column, Hx was exchanged into sodium
phosphate buffer [50 mM containing 150 mM NaCl (pH
7.4)], and trace amounts of a high molecular weight
contaminant were removed with a Superdex 75 (10/300 GL)
(Amersham Bioscience) column. Following addition of
EDTA (final concentration 10 mM, pH 7.4), the Hx was
exchanged into one of three working buffers [(i) sodium
phosphate buffer (10 mM, pH 7.4), (ii) PBS (10 mM sodium
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phosphate buffer, 2.7 mM KCl, and 137 mM NaCl, pH 7.4),
or (iii) bisTris-HCl buffer (50 mM containing 50 mM NaCl,
pH 5.0)] by centrifugal ultrafiltration (Amicon Ultra 30000
NMWL). The concentration of Hx was determined from the
molar absorptivity at 280 nm of 123000 M-1 cm-1 (17).

For all thermal dependence studies, a protein concentration
of 5 µM was used. In experiments involving metal ions,
ZnCl2, CoCl2, CuCl2, MnCl2 (Titrisol standards; EM Sci-
ence), or NiCl2 (hexahydrate salt; Sigma) was added 20 min
before initiating the thermal ramp. A final metal ion
concentration of 100µM was selected to saturate the
principal metal ion binding site(s) of the protein as judged
from previous potentiometric titrations (17). These protein
and metal ion concentrations are the same as those used
previously to assess the effect of metal ion binding on the
stability of the Hx-heme complex (16), thereby facilitating
comparison of results. To measure electronic absorption
spectra, the protein solution (0.8 mL) was placed into a
masked 1 cm path length semi-micro quartz cuvette and
overlaid with light mineral oil (0.4 mL) before the cell was
sealed with a Teflon stopper. For far-UV CD measurements,
the protein sample (0.4 mL) was placed into a rectangular
quartz cuvette (1 mm path length) and sealed with a Teflon
stopper. GdnHCl solutions were prepared from material
recrystallized according to the method of Nozaki (18) or
Ultrapure grade from Invitrogen.

Temperature-Dependent Spectroscopic Measurements.The
thermal dependence of Hx electronic spectra in the presence
and absence of metal ions was monitored spectrophotometri-
cally with a Cary 6000i spectrophotometer equipped with a
Peltier device for temperature control. Spectra (255-310 nm)
were collected at 2.5°C intervals between 10 and 90°C
with a 1 nmspectral bandwidth, 0.04 nm data interval, and
0.1 s averaging time. Thermal dependence was also moni-
tored by CD spectroscopy with a Jasco J-810 spectropola-
rimeter fitted with a Peltier device. The ellipticity at
231 nm, which is regarded generally as a sensitive indicator
of the integrity of the tertiary structure of Hx (13, 19-21),
was recorded as a function of temperature (2 nm bandwidth,
1 s response time) at 0.1°C intervals from 3 to 95°C. For
simplicity, the ellipticity at 231 nm is referred to subsequently
as CD231. The average temperature gradient in all experiments
was 1.0-1.2 °C/min, and the Peltier devices in both
spectrometers were calibrated as described previously (16).

Data Analysis.All electronic absorption spectra were
corrected for the temperature-dependent changes in solvent
volume as described by Demchenko (22). The solution
densities were estimated to be the sum of the density
increments calculated for each component using parameters
and equations reported by Laue et al. (23). Second and fourth
derivative spectra were produced with GRAMS/AI (v. 7.00;
ThermoGalactic) using aλ-shift of 1.6 nm as described by
Butler (24) and Lange et al. (25). A 27-point Savitsky-Golay
smoothing function was applied to the final derivative
spectrum.

The degree of tryptophan exposure in Hx and complexes
it forms with metal ions was estimated at 20°C according
to the method of Shevchenko et al. (26) prior to initiating
thermal ramps. The average Tyr exposure (r) in Hx and its
metal complexes was determined as a function of temperature
from the second derivative absorption spectra according to
Ragone et al. (27) and subsequent reviews (28, 29). The

intensities of the peak maxima (∼287 and 295 nm) and
trough minima (∼283 and 291 nm) were used in this
calculation. The temperature dependence ofr and the
corresponding CD231 monitored for each sample were fitted
by nonlinear least-squares analysis to a two-state model
(Scientist v. 2.01; Micromath) as described previously (16)
to obtain the transition midpoint temperature (Tm), the
enthalpy change (∆Hm), and the change in heat capacity
(∆Cp).

Thermally induced difference absorption maps (TIDAMs)
were constructed from the density-corrected UV absorption
spectra using a 2.5°C perturbation step. The convention of
lower minus higher temperature spectrum was applied, and
the resulting difference spectrum was assigned to the average
of the two temperatures. The contour and 3D surface plots
in which the three axes represent wavelength, temperature,
and absorbance difference were prepared with the program
Origin (v. 7.5; OriginLab Corp.). The same procedure was
applied to the fourth derivative absorption spectra computed
with GRAMS/AI to generate difference contour plots in
which thez-axis represents the change in fourth derivative
intensity.

RESULTS

Thermal Dependence of Human Hx UltraViolet Spectro-
scopic Properties. On heating Hx from 10 to 90°C, the UV
absorption spectrum exhibits a slight blue shift and decreases
in intensity (Figure 1A). Calculation of the second (not

FIGURE 1: Temperature dependence of the near-UV spectrum of
Hx in sodium phosphate buffer (10 mM, pH 7.4). Spectra are shown
at 10°C intervals between 10 and 90°C. The arrows indicate the
direction of spectral change with increasing temperature. (A)
Electronic absorption spectra at 10°C intervals between 10 and
90 °C prior to correction for the change in solution density with
temperature. (B) Fourth derivative absorption spectra. The derivative
spectra were produced from baseline and density-corrected absorp-
tion spectra using successive 1.60, 1.55, 1.63, and 1.60 nm shifts
and a final smoothing by the method of Savitsky and Golay.
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shown) and fourth derivatives (Figure 1B) of the absorption
spectrum allows resolution of the small spectroscopic shifts
of the component aromatic residue absorption bands while
minimizing contributions from light scattering. The fourth
derivative spectrum exhibits multiple isosbestic points (275.6,
279.2, 286.5, 290.0, and 293.8 nm) as well as a complex
pattern of band shifts with increasing temperature that are
difficult to appreciate in the standard presentation format
(Figure 1B). For example, the maximum at∼283 nm shifts
to shorter wavelength with increasing temperature while the
maximum at∼291 nm shifts initially to longer wavelength
before reversing direction at higher temperatures. The
minimum at 287 nm shifts to the blue at more elevated
temperatures, and the minimum at∼295 nm shifts to the
red in a nearly monotonic manner throughout the thermal
gradient. The major change in the near-UV CD spectrum
that occurs with increased temperature is a decrease in CD231

(Figure 2A, inset). Changes in the CD spectrum between
200 and 220 nm are small, indicating that the secondary
structure of Hx remains largely unaffected at even the highest
temperatures we have studied so that the changes in
ultraviolet absorbance and CD231 must reflect primarily
changes in tertiary structure. For this reason, we refer to the
process responsible for the large, thermally induced spec-
troscopic transitions described below as reorganization rather
than denaturation.

The thermally induced change in CD231 that occurs with
reorganization of Hx in sodium phosphate buffer (Figure 2B
and Table 1) exhibits a midpoint transition temperature,Tm,
of 44.8 ( 0.2 °C. Similar analysis of the average Tyr
exposure to solvent,r, determined from second derivative
spectra, yielded aTm of 45.3 ( 0.7 °C (Figure 3A and
Table 1). The excellent agreement between these values
indicates that under these conditions, the changes in Tyr
exposure occur in tandem with disruption of the tertiary
structure of Hx. Furthermore, high concentrations of NaCl
(e.g., ∼140 mM in PBS) exert a significant stabilizing
influence on Hx structure as indicated by both CD231 and
the overall exposure of Tyr residues (Figures 2B and 3A,
respectively). For human Hx, theTm of Hx in PBS is at least
15.4°C higher than that observed in 10 mM phosphate buffer
alone (Table 1).

Influence of Metal Ions on Thermal Reorganization of Hx
Structure As Assessed by Near-UV CD.The effect of metal
ions on the temperature-induced change in CD231 for Hx in
sodium phosphate buffer (Figure 2B, Table 1) indicates that
Mn2+ has no detectable effect on theTm of Hx while Ni2+,
Zn2+, and Cu2+ reduce theTm of the protein by as much as
4.8 °C. Binding of Co2+, on the other hand, increases the
Tm of the protein marginally (∼0.6 °C). The control sample
containing a chloride concentration equivalent to that con-
tributed by the metal salts in these studies (200µM NaCl)
exhibited aTm that was within the error of that observed for
Hx in buffer alone.

In addition to altering theTm of Hx (Table 1), various
metal ions exhibit significant differences in the manner in
which they influence the change in CD231 immediately before
the transition (Figure 2A). This parameter,mf (defined in
eq 1 of ref16), represents the linear temperature dependence
of the ellipticity of the folded structure, and binding of metal
ions makes this parameter increasingly negative in the order
Zn2+ ∼ Mn2+ , NaCl ∼ Cu2+ < buffer only < Ni2+ ∼
Co2+ (10 mM phosphate buffer, pH 7.4). In addition,
the portion of the melting curve between 3 and 10°C exhibits
some curvature (i.e., steeper negative slopes toward lower
temperatures) with addition of Mn2+ or Cu2+ (data
not shown), suggesting that alternative low-temperature
structure(s) comprise the native state of these Hx-metal ion
complexes.

In contrast, effects of metal ions on the temperature
dependence of the ellipticity of the reorganized structure (i.e.,
above theTm) are much less pronounced than that observed
for the native structure (Figure 2A). Various metal ions
exhibit inequivalent effects on the slope of the posttransition
ellipticity as reflected by the parametermu (eq 1, ref16). Of
the metal ions examined, Cu2+ had the greatest effect on
mu, with mu becoming more negative in the order Cu2+ ,
Co2+ ∼ Ni2+ ∼ Zn2+ < NaCl∼ Mn2+ ∼ buffer only. Above
85 °C, the change in CD231 (Figure 2A) begins to flatten or
turns slightly upward. This behavior at very high temperature
is correlated with the observation that samples that were
thermally reorganized at pH 7.4 contain small amounts of
high molecular weight material [>130000 MW by SDS-
PAGE run in the presence of DTT (data not shown)]. At pH
5.0, incubation of Hx samples at temperatures>85 °C for
comparable periods of time does not result in formation of
these large oligomers. On the basis of this pH effect, it seems
likely that succinimide formation (30, 31) and the subsequent

FIGURE 2: Thermal reorganization of Hx and of complexes formed
by Hx with metal ions in sodium phosphate buffer (10 mM, pH
7.4) as monitored by far-UV CD spectroscopy. (A) Effect of
temperature on the ellipticity at 231 nm of complexes formed by
Hx with Zn2+ (bold line) or Ni2+ (light line). The inset shows the
CD spectrum of Hx at 10°C and at 90°C, the calculated difference
spectrum (dashed line), and the partial CD spectrum of the protein
in the same buffer with 6 M GdnHCl at 10°C (dotted line). (B)
Temperature dependence for reorganization of Hx (5µM) in sodium
phosphate buffer (10 mM, pH 7.4) (9), supplemented with
100µM CuCl2 (0), NiCl2 (]), ZnCl2 (4), CoCl2 ([), MnCl2 (O),
or 200 µM NaCl (b), and in PBS (2) with 100 µM ZnCl2 (5).
Equations 1-3 of ref16were used to fit the data. Parameters from
these fits were used to calculate the lines shown.
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cross-linking reactions that occur with a pH optimum
between pH 7 and 8 (32) are responsible for the production
of these high molecular weight products and related ellipticity
changes observed at very high temperatures although Trp-
mediated disulfide bond cleavage and associated cross-
linking reactions (33) may also contribute. In contrast, SDS-
PAGE shows extensive cleavage of samples thermally
reorganized in the presence of Cu2+, a finding that is not
surprising inasmuch as Cu2+ is known to catalyze peptide
bond hydrolysis by means of a variety of possible oxidative
mechanisms (34-36). Peptide bond cleavage resulting in
some loss of secondary structure would explain the shallower
posttransition slope observed for the Hx-Cu2+ complex.

Influence of Metal Ions on Thermal Reorganization of Hx
Structure As Assessed by AVerage Tyr Exposure to SolVent.
Analysis of absorption spectra by the method of Ragone et
al. (27-29) provides a measure, indicated by the parameter
r, of the extent to which Tyr residues are exposed to solvent.
For human Hx, the presence of 16 tyrosyl residues precludes
discrimination of behavior of individual residues, sor reflects
the average solvent accessibility of Tyr residues. The thermal
dependence ofr exhibits many similarities to the thermal
dependence of CD231 (Figures 2B and 3A). However, in the
presence of Mn2+, the two methods yield different results,
with the Tm for change in Tyr exposure occurring 2.3°C
higher than theTm observed for CD231. In both methods of
analysis, Cu2+ is the most destabilizing (Tm ) 40.0 °C) of
the metal ions examined. Both Ni2+ and Zn2+ decreaseTm,
but the relative magnitude of their observed effect on Hx is
slightly technique dependent (Table 1).

Influence of Metal Ions on Hx Structure As Assessed by
AVerage Trp Exposure to SolVent. To gain insight into the
basis for metal ion-induced changes inTm observed in
thermal reorganization experiments, the method of Shevchen-
ko et al. (26) was used to measure the effect of metal ions
on the Trp exposure at 20°C. This analysis indicates that
Cu2+, Zn2+, and Ni2+ increase the degree of tryptophan
shielding (i.e., decrease tryptophan solvent accessibility) in

Hx (Figure 3B). The magnitudes of these changes are not
large, perhaps reflecting the overall stability of the protein
structure attributable to the six disulfide bonds in the
sequence. Indeed, even in the presence of 6 M GdnHCl
(20 °C), the protein exhibits a 50.4% shielding of tryptophan
from solvent. The CD spectrum in the presence of 6 M
GdnHCl (Figure 2A, inset) confirms retention of significant
â-sheet structure (37).

Thermally InducedDifferenceAbsorptionMapping(TIDAM)
in Assessment of Metal Ion-Linked Thermal Structural
Reorganization of Human Hx.Thermal perturbation differ-
ence spectroscopy (22, 38-40) has been used to estimate
the number of aromatic residues at protein surfaces and in
fluid environments under conditions that no conformational
changes occur. In these earlier studies, ultraviolet spectra
were collected at 10-15 °C intervals, and the temperature
dependences of molar absorptivities were compared with
those of individual amino acids. In the present work, we have
modified this approach to study small changes in protein
conformation induced by the binding of metal ions. In these
experiments, incremental temperature changes (∆T ) 2.5°C)
are applied over a broad temperature range to assess
thermally induced changes in the ultraviolet spectrum of Hx
that result from structural rearrangements. Comparison of
the contour plots of thermally dependent ultraviolet absorp-
tion spectra obtained in the presence and absence of metal
ions permits observation of subtle changes in thermal
structural perturbations that result from binding of metal ions.
Analysis of such data by a method we refer to as thermally
induced difference absorption mapping (TIDAM) affords
enhanced visualization of spectroscopic changes arising from
conformational dynamics.

The changes observed by TIDAM with Hx in PBS (10-
90 °C) are shown in Figure 4. The areas designated as A
through F on the right panel denote regions that are either
common to all our experiments or that are affected by the
presence of metal ions. The difference spectra in area A (10-
15 °C, 260-290 nm) comprise a less intense version of the

Table 1: Spectroscopically Determined Thermodynamic Parameters for Thermal Reorganization of Human Hx and Hx-Heme Complexes
Formed with Metal Ionsa

technique

Hx

ellipticity (231 nm) Tyr exposureb Hx-hemed

sample Tm (°C) ∆Hm (kcal/mol) mf (mdeg/°C) mu (mdeg/°C) Tm (°C) Tm (°C) ∆Hm (kcal/mol)

sodium phosphate buffer
(10 mM, pH 7.4)
Hx-heme 64.6 105
Hx 44.8 78 -0.037 -0.088 45.3

+200µM NaCl 45.0 60 -0.031 -0.078 46.2
+100µM Mn2+ c 45.0 70 -0.016 -0.082 47.3 64.4 107
+100µM Co2+ 45.6 47 -0.043 -0.068 45.8 63.1 111
+100µM Ni2+ 43.0 39 -0.041 -0.073 41.8 61.0 102
+100µM Zn2+ 40.8 55 -0.010 -0.073 42.6 58.1 90
+100µM Cu2+ c 40.0 35 -0.031 -0.053 40.0 59.8 66

PBS
Hx-heme 72.5 182
Hx 60.2 107 61.2

+100µM Zn2+ 59.6 105 60.2 70.9 140
a [Hx] ) 5 µM in all cases. On the basis of reproducibility of replicate thermal reorganization data sets, the errors for CD231 data are estimated

to be(0.2 °C for Tm, (2 kcal/mol for∆Hm, (0.003 mdeg/°C for mf andmu, and(0.7 °C for Tm derived from Tyr exposure calculations.b From
second derivative spectra (27). c Only data obtained at>7 °C were used in calculation of thermodynamic parameters.d Data from Rosell et al. (16).
In this work thermodynamic parameters for heme release from Hx-heme were determined by monitoring changes in the Soret absorbance. The
error in these values is estimated to be(0.3 °C for Tm and(5 kcal/mol for∆Hm.
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spectrum of native Hx (Figure 4, left panel, and Figure 1A),
consistent with decreasing absorptivities of tyrosyl and
tryptophanyl residues with increasing temperature as part of
a dipolar effect. A disproportionate absorbance change in
the 290 nm region relative to 280 nm (e.g., area D), on the
other hand, is consistent with the blue shift in the absorbance
maximum and decreased intensity that generally results from
transfer of Tyr or Trp to a more polar environment (25, 41-
44).

Area B (15-35 °C) is highly dependent on solution
composition and in many cases exhibits sharp intensity
fluctuations that are attributable to substantial structural
changes of the protein. In sodium phosphate buffer (10 mM,
pH 7.4), changes in this area are particularly prominent in
the presence of Mn2+ or Zn2+ (Figure 5), but this effect is
eliminated by the addition of EDTA. For example, addition
of 200µM EDTA (pH 7.4) to a 5µM Hx solution containing
100 µM MnCl2 followed by thermal reorganization results
in a TIDAM profile that is virtually indistinguishable from
that of Hx in sodium phosphate buffer (Figure 5). A strong
inverse correlation can be observed between the intensity
fluctuations in areas A and B (Figures 4 and 5) and the slope
mf in the CD231 profiles preceding reorganization (Figure 2A

and Table 1). The larger the absorbance fluctuation in areas
A and B (e.g., Mn2+, Zn2+), the smaller the change in CD231

signal with increasing temperature in the premelt region (i.e.,
the flatter the baseline that precedes the reorganization or
the closermf f 0). Thus, binding of these metal ions to Hx
influences the distribution of conformations that the protein
populates prior to the principal thermally induced reorgani-
zational transition.

The structural dynamics reflected by areas A and B
(Figure 4) are distinct from the thermal processes related to
areas C, D, and E, which occur in the temperature range of
the principal reorganizational transition. On the basis of the
wavelength position (∼260-265 nm) and band shape, area
C includes a significant contribution from an increase in the
number of solvent-exposed phenylalanyl residues (22) as
reorganization proceeds. The number of such residues that
contribute to this spectroscopic feature cannot be determined,
however. Area D (∼291 nm) can be ascribed to a change in
the microenvironment(s) of one or more tyrosyl residues,
while area E (∼295 nm) primarily reflects changes in the
tryptophan environment.

Overall, the positions of areas C, D, and E relative to the
Tm (Figures 4 and 5, dashed line) along the temperature axis
permit visualization of the course of structural reorganization
that is linked to temperature and binding of metal ions. Under
most conditions, areas C and D are isothermal. A notable
exception is the case of the Hx-Mn2+ complex for which
area C reaches a minimum∼8 °C before area D reaches a
maximum (Figure 5). This finding correlates well with the
Tm measurements in which theTm from the CD231 is 2.5°C
lower than that obtained by monitoring tyrosine exposure.
These observations suggest that, in the presence of Mn2+,
significant conformational changes involving average ty-
rosine exposure occur late in the reorganization process. An
increase in tyrosine environment polarity is also shown by
the characteristic blue shift in the spectrum (Figure 6B).

Area E represents the late stages of structural reorganiza-
tion. The negative intensity change characteristic of this area
may arise from increased conformational flexibility as
reorganization nears completion, and an increase in interac-
tion between tryptophan residues becomes possible. An
alternative explanation for this spectroscopic result may be
an increase in tryptophan shielding as the result of aggrega-
tion of Hx. Upon completion of the principal reorganization
transition, the thermal profiles are relatively featureless [e.g.,
area F (Figure 4)], resembling to some extent the thermal
profile of Hx in GdnHCl (Figure 5). Consequently, spec-
troscopic changes represented by area F result from thermal
perturbation of surface residues.

DISCUSSION

Spectroscopic assessment of protein structure for the
circulating form of plasma Hx is more challenging than for
the Hx-heme complex because the circulating form lacks
the heme group as a spectroscopically sensitive reporter. For
this reason, we have studied the ultraviolet absorption and
CD spectra of the protein to characterize the changes in Hx
structure that accompany thermal reorganization and the
influence of metal ion binding on these changes. In the CD
spectrum, spectroscopic contributions of the secondary
structure (e.g., negative Cotton effect at 222 nm) overlap

FIGURE 3: Solvent accessibility of aromatic residues in Hx and
Hx-metal ion complexes. (A) Thermal dependence of changes in
tyrosine exposure determined from second derivative UV absorption
spectra by the method of Ragone (27). The effect of metal ions on
Hx (5 µM) was examined in sodium phosphate buffer (10 mM,
pH 7.4) (9), supplemented with 100µM CuCl2 (0, dotted line),
NiCl2 (]), ZnCl2 (4), CoCl2 ([), MnCl2 (O), or 200 µM NaCl
(b), and in PBS (2) with 100 µM ZnCl2 (5). The lines are
constructed from the fit parameters determined for eqs 1-3 of ref
16. (B) Effect of metal ions on the tryptophan shielding determined
according to the method of Shevchenko et al. (26). Measurements
were made at 20°C in sodium phosphate buffer (10 mM, pH 7.4)
with a metal ion concentration of 100µM or a sodium chloride
concentration of 200µM. Changes are relative to measurement of
tryptophan shielding in 6 M GdnHCl. Values>1 indicate an
increase in tryptophan shielding from solvent over that observed
in 6 M GdnHCl. The maximum error, represented by the bar, is
shown for Ni2+.

Structural Dynamics of Hemopexin Biochemistry, Vol. 46, No. 32, 20079305



those of the tertiary structure that are attributed to through-
space interactions of Trp residues (positive Cotton effect
∼230 nm) (45). For rabbit Hx, this positive ellipticity
originates entirely from the C-domain and probably involves
Trp256 and Trp268 (13, 19, 46). Presumably, corresponding
features in the spectrum of the human protein are responsible
for this marker band of tertiary structure. In the UV
absorption spectrum, intensity variations associated with the
change in microenvironment of a few aromatic residues are
small relative to the total absorption of the aromatic residues
of human Hx (19 Phe, 16 Tyr, 18 Trp). We have, therefore,
used changes in CD231 and derivative electronic absorption
spectroscopy to examine the effect of metal ion binding on

thermal stability and the related structural dynamics of human
Hx.

The characteristic shape of the Hx derivative absorption
spectrum is produced by the interference pattern of the
component aromatic absorption bands (22). The complex
changes in these derivative spectra that occur with increasing
temperature result from changes in environments of aromatic
residues that affect both absorption intensity and wavelength
maxima [e.g., increased polarity in the environment of
aromatic residues results in blue shifts in the bands (25)]
coupled with the intrinsic temperature-dependent changes to
the absorbances of individual residues [e.g., tyrosine under-
goes a red shift of∼0.9 nm over the temperature range of

FIGURE 4: Examination of structural dynamics of Hx by thermally induced difference absorption mapping. The panel on the left provides
the thermally induced difference spectroscopic surface of Hx (5µM) in PBS constructed from UV absorbance spectra using sequential
2.5 °C perturbations. This surface is presented as a contour plot in the panel on the right. Boundaries between absorbance change intervals
are indicated by black lines. The dashed line is theTm for the thermal transition monitored by CD at 231 nm. The areas indicated by letters
identify spectroscopic features discussed in the Results section.

FIGURE 5: Examination of the effect of metal ions and GdnHCl on the structural dynamics of Hx by thermally induced difference absorption
mapping. UV absorbance thermal perturbation difference contour maps are shown for Hx [5µM protein in sodium phosphate buffer
(10 mM, pH 7.4)] in the presence of 100µM Zn2+, Mn2+, or Cu2+ or 6 M GdnHCl. The dashed lines on the contour plots are theTm
determined by monitoring CD231.
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our experiments (47, 48)]. Nevertheless, selected ratios of
absorbance derivative intensities (27, 28) allow specific
monitoring of tyrosine exposure. Consequently, we can
examine the effects of metal ions on individual types of
aromatic amino acid residues.

Effects of Salt on Stability of Hx.Unlike some proteins
(e.g., ref 49), Hx demonstrates a substantial increase in
thermal stability in the presence of sodium chloride (16, 50,
51). For human Hx in sodium phosphate buffer (10 mM,
pH 7.4), the addition of 140 mM NaCl increases theTm as
detected by the change in CD231 by 15.4°C (Table 1). This
stabilizing effect is comparable to that produced by the
addition of heme (∆Tm ) +16.0°C; cf. Table 1 of ref16).
Coordination of heme iron to axial ligands His213 (in the
flexible linker region) and His270 (in the C-domain) and
formation of salt bridges involving the heme propionate
groups and several basic residues in both domains are
expected to stabilize the tertiary structure of the protein
considerably. The stabilizing effect of NaCl may be due to
ion binding within the central tunnels of theâ-propeller
structure of each domain [as observed in the crystal structure
of rabbit Hx (13, 52)] as well as to more general electrostatic
interactions in the linker region or at the acidic patches at
the entrance to the tunnels that are comprised of Asp286,
Asp338, and Asp381 [in site J (14)] and Asp34, Glu50,
Asp75, and Asp121 [site K (14)] in the model of the human
Hx structure (Figure 7). Anions other than chloride have been
shown previously to stabilize the Hx-heme complex (16).
The destabilizing effect of certain metal ions (e.g., Zn2+)
persists but to a lesser degree in the presence of high levels
of sodium chloride (Table 1, present work, and ref16).

Effects of Metal Ions on Stability of Hx.Of the metal ions
used in our studies, Cu2+ destabilized Hx the most. Examina-
tion of the CD reorganization curves near theTm and the
related thermodynamic parameters (Figure 2B and Table 1)
show that Hx has the lowest slope and∆Hm in the presence
of Cu2+. Cu2+ also induced the lowest∆Hm of the metal
ions studied for the release of heme from Hx-heme (16).
The reduced∆Hm associated with the reorganization of Hx
in the presence of Cu2+ presumably results from occurrence
of structural forms intermediate between the folded and
unfolded states of the protein (16, 53). Such species could
arise from partial stabilization of normally transient inter-
mediates through binding of Cu2+.

The next lowest∆Hm obtained from CD231 measurements
resulted from binding of Ni2+ to Hx (Table 1). Previous NMR
studies of Ni2+ binding to Hx at 25 and 37°C (17) indicated

FIGURE 6: Influence of temperature on the structure of Hx as
detected by thermally induced difference absorption maps con-
structed from fourth derivative absorption spectra. The contour plots
are shown for 5µM Hx in (A) PBS, (B) sodium phosphate buffer
(10 mM, pH 7.4) with Mn2+ (100µM), and (C) sodium phosphate
buffer (10 mM, pH 7.4) with 6 M GdnHCl.Tm values determined
from the thermal dependence of CD231 are shown by the dashed
lines.

FIGURE 7: Stereo diagram of a structural model of human Hx (14) with the proposed binding sites for metal ions discussed in the text
indicated.
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that this metal ion binds at sites involving His that exhibit
inequivalent temperature dependences. The combined results
obtained with Ni2+ at present indicate that the presence of
heme substantially reduces the heterogeneity of the available
binding sites for Ni2+ but not for Cu2+.

The binding of either Mn2+ and Zn2+ to Hx results in
diminished temperature dependence of CD231 in the pretran-
sition region of the thermal reorganization curves that
provides evidence that the conformational flexibility evident
in TIDAMs between 10 and 35°C (Figure 5) is gained at
the expense of chromophore mobility in the C-domain. Thus,
an altered environment for the aromatic residues giving rise
to the Cotton effect at 231 nm is induced upon binding of
these metal ions to Hx. Interestingly, themf resulting from
these aromatic groups with Mn2+ or Zn2+ bound to Hx
approximates themf observed for the Hx-heme complex
(16). An alternative explanation for the invariance in
ellipticity over this temperature range requires a series of
compensatory variations in dichroic strength to accompany
the conformational dynamics of these Hx-metal ion com-
plexes.

The HxTm value derived on the basis of tyrosine exposure
calculations is elevated relative to theTm from ellipticity at
231 nm in the presence of Mn2+ and to a less pronounced
extent with Zn2+. Because tyrosine residues in Hx are
predominantly located inâ-sheets [88% based on the crystal
structure of rabbit Hx-heme (13)], the stability of these
structural elements may be enhanced upon binding of these
metal ions. The effects of alteration of surface charges on
protein stability and conformation flexibility have been
considered recently (49, 54). Under the conditions of our
experiments, the effects we see with Mn2+ should result from
binding to a single, high-affinity site (14, 17). Therefore, an
alternative explanation for ourTm findings is that metal ion
binding may increase the susceptibility of a single Tyr residue
to dipolar effects and, thus, dominate the Tyr exposure
profile. A likely candidate for this role is Tyr204, which is
part of the putative metal ion binding site (Figure 7) proposed
recently that involves Tyr204, His213, Glu230, and His270
[site A (14)]. This site includes both His residues that
coordinate to the heme iron, so binding of metal ions to this
site could be responsible for themf we observe. Binding of
Zn2+ to the Hx-heme complex is proposed to occur near
the linker region (16, 17), possibly at a site involving His56
and His215 [site I (14)], thereby destabilizing the Hx-heme
complex. Therefore, binding of Zn2+ to Hx could, in
principle, occur at both of these adjacent sites and moder-
ate the effects on Zn2+ on the spectroscopic properties of
Tyr204.

Evaluation of protein conformational changes that occur
in response to environmental factors solely through consid-
eration ofTm values ignores more subtle structural changes
that may be involved. To examine the response of Hx
conformational dynamics to binding of metal ions, we have
developed thermally induced difference absorption maps as
a practical method that facilitates the analysis of small
changes in protein tertiary structure by focusing on the global
status of aromatic residues. Visualization of perturbations
in electronic spectra that result from small structural changes
by this analytical approach should be generally applicable
to evaluation of structural dynamics of other proteins that
remain soluble over a large range of temperature. In the

current study, the conformational dynamics of Hx near
physiological temperatures are shown to be affected sub-
stantially by metal ion binding. Consequently, binding
ofmetal ions may modulate the heme scavenging properties
of hemopexin in vivo.
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