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Abstract

Haptoglobin (Hp) is an abundant and conserved plasma glycoprotein, which binds acellular adult

hemoglobin (Hb) dimers with high affinity and facilitates their rapid clearance from circulation

following hemolysis. Humans possess three main phenotypes of Hp, designated Hp 1-1, Hp 2-1,

and Hp 2-2. These variants exhibit diverse structural configurations and have been reported to be

functionally non-equivalent. We have investigated the functional and redox properties of Hb-Hp

complexes prepared using commercially fractionated Hp and found that all forms exhibit similar

behavior. The rate of Hb dimer binding to Hp occurs with bimolecular rate constants of ~0.9

μM−1s−1, irrespective of the type of Hp assayed. Although Hp binding does accelerate the

observed rate of HbO2 autooxidation by dissociating Hb tetramers into dimers, the rate observed

for these bound dimers is 3- to 4-fold slower than that of Hb dimers free in solution. Co-

incubation of ferric Hb with any form of Hp inhibits heme loss to below detectable levels. Intrinsic

redox potentials (E1/2) of the ferric/ferrous pair of each Hb-Hp complex are similar, varying from

+54 to +59 mV (vs NHE), and are essentially the same as reported by us previously for Hb-Hp

complexes prepared from unfractionated Hp. All Hb-Hp complexes generate similar high amounts

of ferryl Hb following exposure to hydrogen peroxide. EPR data indicate that the yields of

protein-based radicals during this process are approximately 4% to 5%, and are unaffected by the

variant of Hp assayed. These data indicate that the Hp fractions examined are equivalent to each
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other with respect to Hb binding and associated stability and redox properties, and that this result

should be taken into account in the design of phenotype-specific Hp therapeutics aimed at

countering Hb-mediated vascular disease.
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INTRODUCTION

Hemoglobin (Hb) is an abundant and conserved metalloprotein which is the primary

dioxygen (O2) transporter in many organisms [1]. Adult human Hb consists of two alpha (α)

subunits and two beta (β) subunits, each of which are held together non-covalently and

contain a single, iron(Fe)-containing protoporphyrin IX prosthetic group [1]. Hb is redox

active, especially when released from the reducing environment of erythrocytes during

normal and aberrant hemolysis [2]. For example, autooxidation of oxyhemoglobin (HbO2)

or oxymyoglobin (MbO2) produces met-Hb or met-Mb, respectively, and superoxide

radicals (O2
•−, HO2

•) via electron transfer [3,4]. Superoxide spontaneously dismutates into

O2 and hydrogen peroxide (H2O2), which can then react with Fe(II) or Fe(III) within Hb to

produce ferryl Hb (Fe(IV)oxo species; e.g., Fe4+=O2−) [5]. In the case of reaction with

Fe(III), a protein-based radical is additionally formed (i.e., Y•-Fe4+=O2−) [5]. Ferryl Hb,

protein-based radicals, and H2O2 can all oxidize biological substrates in vivo, including Hb

itself, and these reactions have been implicated in diverse pathophysiologies [2].

Haptoglobin (Hp) is a Hb-scavenging plasma glycoprotein which binds non-covalently to

hemoglobin dimers that are generated by dissociation of acellular Hb tetramers after

hemolysis [6]. Hp has been shown to reduce the oxidative toxicity of acellular Hb in part by

facilitating its rapid removal from circulation through CD163-receptor-mediated endocytosis

[7,8]. Additionally, Hp binding impedes the renal clearance of Hb [9], dramatically

diminishes the rate of heme dissociation from ferric Hb dimers [10–12], and reduces Hb-

mediated bacterial pathogenesis in vivo, likely through impaired bacterial iron acquisition

from free heme [13]. In addition, we have shown that Hp binding considerably alters the

intrinsic redox properties of bound Hb dimers [14,15]. These findings suggest roles for Hp

in iron and Hb homeostasis, anti-oxidant behavior, immune function, and possibly other

processes [6,9,16].

The gene which codes for Hp in humans exists in three main isoforms: Hp1F, Hp1S, and Hp2

[17]. Each isoform generates a single polypeptide which is cleaved into one Hp alpha (α)

subunit (9–17 kDa) and one glycosylated Hp beta (β) subunit (34–39 kDa) [6,17]. The α

subunits derived from Hp1F and Hp1S (α1 subunits) possess slightly different amino acid

compositions that result in either fast(α1F)- or slow(α1S)-migrating electrophoretic species

[17]. Those derived from Hp2 (α2 subunits) are believed to migrate uniformly [17]. Hp β

subunits are the site of non-covalent binding of Hb dimers [6,7]. In mature human Hp, these

α and β subunits are thought to be assembled through disulfide linkages into the following

configurations: (a) Hp 1-1, which has the formula (α1β)2; (b) Hp 2-1, which has the formula
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(α1β)2(α2β)n and possibly others; and (c) Hp 2-2, which has the formula (α2β)n, where n

indicates a variable number of repeats of the Hp αβ protomer [6]. Individuals with wild-type

Hp genetic loci bear only one of these three Hp variants, although different configurations of

Hp α1F and α1S subunits occur within each protein [6]. Other variants have also been

identified in some populations [6].

Hp 1-1, Hp 2-1, and Hp 2-2 have been associated with widely differing biological activities

in vivo [16]. For example, Hp 2-2 has been associated with an increased susceptibility to

diabetic cardiovascular disease; uptake of Hb-Hp(1-1) complexes by CD163 receptors is

reportedly faster and its binding results in increased concentrations of anti-inflammatory

mediators than Hb-Hp(2-2) complexes; and the angiogenic potency of Hp 2-2 is reportedly

greater than that of Hp 1-1 [18]. Many other differences between the in vivo behavior of Hp

1-1 and Hp 2-2 have also been suggested [16,18]. However, there is a dearth of mechanistic

studies that have attempted to address the biochemical basis of these differences. To

investigate and better understand the effects exerted by human Hp on Hb following binding,

we studied Hb dimers in complex with: (a) unfractionated Hp, which consists of a mixture

of Hp 1-1, Hp 2-1, and Hp 2-2; (b) fractionated, dimeric Hp (i.e., Hp 1-1); and (c)

fractionated, polymeric Hp (i.e., predominantly Hp 2-2, with minor amounts of Hp 2-1). We

previously reported that unfractionated Hp binding alters the oxygenation and oxidation

states of the Hb iron [15,19]. To examine the effects of Hp heterogeneity, we complexed

both ferrous and ferric Hbs with unfractionated Hp and its fractionated forms in an

experiment-specific fashion to approximate the experimental conditions reported earlier for

studies using unfractionated Hp [15]. We report that Hb-Hp binding kinetics, hydrogen-

peroxide-driven oxidative transitions of the heme iron, radical formation, heme loss rates,

and intrinsic redox potentials are all similar among the different forms of Hp-Hb complexes

examined.

MATERIALS AND METHODS

Protein purification, handling, sample preparation

Fractionated dimeric and polymeric Hp were provided by Bio Products Laboratory, Ltd.

(BPL; Hertfordshire, UK) [20]. These samples were obtained by purifying human Hp from

pooled donated plasma and then separating the Hp variants by size exclusion

chromatography. Although much of the Hp 2-1 was removed from the polymeric Hp

fraction, small amounts of Hp 2-1 trimers, which are similar in size to Hp 2-2 polymers, co-

purified in the polymer fraction. Purity was verified by native polyacrylamide gel

electrophoresis using a NativePAGE Novex 4–16% Bis-Tris gels in an Invitrogen

electrophoresis apparatus (Carlsbad, California, US). Human Hb was derived from whole

blood, which was collected with informed consent in accordance with an IRB-approved

protocol at the National Institutes of Health (Bethesda, Maryland, US). Recombinant mutant

H64Y/V68F sperm whale apo Mb was produced and purified as previously reported [21].

Hb was purified from whole blood using established methods [22]. Following the

completion of these steps, erythrocyte catalase was removed using an ÄKTA FPLC system

and an XK 16/70 column containing Superdex 200 media or an XK 50/100 column

containing Sephacryl 200 media (GE Healthcare Bio-Sciences Corporation, Piscataway,
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New Jersey, US). The volume of the samples loaded onto these columns was <1% of the

column bed volume, sample concentrations for each injection were <60 mg/mL, and flow

rates were set to 1.0 mL/minute. Samples were pre-filtered through syringe filters with a

0.45 μm pore size and 25 mm diameter prior to application to the columns (EMD Millipore,

Billerica, Massachusetts, US). All Hb purification steps were performed at 4°C using 20

mM or 50 mM potassium phosphate buffer, pH 7.0 at 22°C. Elution of protein was

monitored by optical absorbance at 280 nm. Because human Hb and catalase have relative

molecular masses of approximately 64.5 kDa and 220 kDa, respectively [23,24], catalase

elutes before Hb. Catalase activity assays [25] performed on Hb samples before and after

this gel filtration step indicated that the enzyme was removed to levels that were below the

detection limit of this assay. Following catalase removal, samples were re-concentrated at

4°C to approximately 1.5 mM in heme equivalents using Centricon Centrifugal Filter

Devices (EMD Millipore, Billerica, Massachusetts, US). Hb samples were stored at −80°C

when not in use. Hp was stored at 4°C when not in use.

The molar extinction coefficients used to calculate Hb concentrations in heme equivalents

were: 15.2 mM−1cm−1 at 576 nm for Hb(O2) and 4.4 mM−1cm−1 at 631 nm for ferric Hb

using 50 mM potassium phosphate buffer, pH 7.0 at 22°C, in both cases [26,27]. The

concentrations of all Hb-containing solutions are given in heme equivalents. Mass

concentrations in milligrams of Hp per milliliter of buffer solution were provided by BPL. In

fluorescence emission stopped-flow measurements of Hb-Hp binding, as well as in the ferryl

species quantification assays using disodium sulfide (Na2S), relative molecular masses of 43

kDa and 49.8 kDa for Hp 1-1 and Hp 2-2, respectively, were used in conjunction with BPL-

provided mass concentrations (bicinchoninic acid assay) to estimate the molarity of Hb

dimer binding sites in a given Hp stock solution (i.e., the molarity of Hp αβ dimers). These

values are based on the work of Kurosky et al. [28], although there are conflicting values

elsewhere in the literature [6]. In the spectroelectrochemical, H2O2-induced radical

formation, and heme loss studies, HbO2-Hp complexes were prepared by adding significant

molar excesses of HbO2 to solutions of Hp using concentrations that were estimated using

the above methods. The resulting samples were incubated on ice for ~10 minutes and then

fractionated by size exclusion chromatography using either a 10/300 GL column containing

Superose 12 for volumes of less than 100 μL or an XK 16/70 column containing Superdex

200 media for larger volumes (GE Healthcare Bio-Sciences Corporation, Piscataway, New

Jersey, US). Sample volumes, concentrations, flow rates, and buffers were the same as

described above for catalase removal. The peaks that elute first correspond to HbO2-Hp

complexes (≥ 150 kDa), and are followed by unbound tetrameric HbO2 (~64.5 kDa). This

method results in a population of Hp that has all of its Hb αβ dimer binding sites occupied,

with no excess HbO2 present in solution. Individual samples were re-concentrated as

necessary at 4°C using Centricon Centrifugal Filter Devices (EMD Millipore, Billerica,

Massachusetts, US).

Where indicated, Hb and Hb-Hp complexes (met-Hb and met-Hb-Hp, respectively) were

generated by adding 10-fold or greater molar excesses of potassium ferricyanide from a 20

mM stock solution to each sample and incubating them on ice for approximately five

minutes before applying the samples to an XK 16/20 column containing approximately 30

mL of Sephadex G-25 media or a gravity-fed disposable PD-10 desalting column with a ~10
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mL bed volume (GE Healthcare Bio-Sciences Corporation, Piscataway, New Jersey, US).

Conversion from the Fe(II) to the Fe(III) state could be followed visually by observing the

samples’ color change from red to brown. The stock solution of potassium ferricyanide was

prepared and the concentration estimated by dry weight. Sample loading volumes for this

step were less than 2 mL, concentrations in heme equivalents were less than 1.5 mM, and

the buffer used was 50 mM potassium phosphate buffer, pH 7.0 at 22°C unless otherwise

indicated.

Heme-free H64Y/V68F Mb (apoMb) was prepared using the butanone method of Ascoli et

al. [29] An extinction coefficient of 15.2 mM−1cm−1 at 280 nm was used to determine the

molar concentration of apoMb [21].

Rapid Mixing Experiments

Fluorescence emission stopped-flow experiments were conducted using an Applied

Photophysics SX-17 microvolume stopped-flow spectrophotometer equipped with a

refrigerated water circulator bath for temperature control (Leatherhead, Surry, UK). The

instrument was configured as follows: Excitation path length, 10 mm; entrance and exit slit

widths, 0.5 mm (i.e., 2.3 nm spectral bandwidth); excitation wavelength, 285 nm; cutoff

filter, 360 nm; and shot volume, 100 μL. The volume of the cell was 20 μL and the

photomultiplier unit was positioned at a 90° angle from the incident light. The fluorescence

cell dimensions were 10 × 2 × 1 mm. The refrigerated water circulator bath was set to 22 °C

for all experiments and at least three time courses were accumulated and averaged for each

data set.

Autooxidation and Heme Loss

Autooxidation experiments were carried out by incubating HbO2 in 50 mM KPi at pH 7.4,

37 °C, and then recording visible spectra (350 nm to 700 nm) every 5 minutes for 16 hours.

Experiments were performed at five different total HbO2 concentrations, ranging from 2.5 to

100 μM in heme equivalents, in the absence or presence of 1 αβ equivalent of Hp1-1 per Hb

dimer. Then time courses at a fixed wavelength were fitted to either single or two-exponent

expressions with an offset using Equation 1.

Eq. 1

where y is the observed absorbance reading as a function of time, y∞ is the absorbance

value at infinite time, y1 and y2 are the absorbance changes associated with the fast and slow

phases, and k1 and k2 are the fast and slow first-order observed rate constants. When fitting

to a single-exponent, y2 was set equal to zero and not allowed to vary. In some cases the

final absorbance value after complete autooxidation, y∞, was difficult to determine

independently when the reaction was very slow, particularly for high concentrations of free

HbO2. However, the value of y∞ for free HbO2 tetramers could be obtained from the fitted

values for the Hp(dimer)-HbO2 experiment at exactly the same protein concentration

because, in this case, the rate was 3- to 4-fold greater and the endpoint was well defined.
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Heme loss rates from met-Hb alone and in complex with Hp were measured using the

method of Hargrove et al. [21]. In these experiments, spectra between 400 nm and 700 nm

were recorded every minute for 4 hours at 37 °C using 200 mM potassium phosphate buffer,

600 mM sucrose, prepared at pH 7.0 at 22 °C. Concentrations of Hb and Hb-Hp complexes

in heme equivalents were 2.5 μM, and the concentration of H64Y/V68F apoMb was 20 μM.

Total reaction volumes of 1.0 mL were prepared by placing 800 μL of the buffer into each

cuvette for thermal equilibration at 37 °C prior to the start of data collection. This 800 μL

volume contained met-Hb or met-Hb-Hp complex at a concentration such that dilution to 1.0

mL would give a final concentration of 2.5 μM in heme equivalents. Following thermal

equilibration, 200 μL of a pre-prepared stock solution of H64Y/V68F apoMb was quickly

added to each of the cuvettes to give a final concentration of 20 μM following dilution to 1.0

mL. Data collection was then started.

Spectroelectrochemistry

The intrinsic redox potentials of fractionated Hp samples complexed with human Hb were

recorded under anaerobic conditions in 200 mM potassium phosphate buffer, pH 7.2 at

22°C, using [Ru(NH3)6]Cl3 as mediator in a three electrode set up (platinum mesh working

electrode, platinum wire auxiliary electrode, and Ag/AgCl reference electrode) [30–32].

Before starting the potential sweep the protein sample was degassed and purged with argon,

and throughout the experiments, the protein solution was maintained under positive argon

pressure to avoid oxygenation. The final concentration of the protein in solution was 0.08

mM in heme equivalents and that of the mediator was 0.8 mM. All potentials reported are

relative to the normal hydrogen electrode (NHE). UV-Vis absorbance spectra were recorded

with a Cary Bio 100 spectrophotometer and the potential scans were performed using an EG

& G Princeton Applied Research Model 863 potentiostat. Prior to voltage scanning the

protein solution was subjected to a high positive potential to convert all the deoxygenated

bound Hb dimers into met-Hb as indicated by a steady Soret band at 405 nm. Once this

steady band at 405 nm was obtained, implying the conversion of all the Hb to the Fe(III)

state, the potential of the platinum working electrode was made progressively negative

producing more and more Fe(II)Hb absorbing at 430 nm. The protein solution was allowed

to equilibrate at each applied potential (Eapp) for ~15 minutes to reach a steady state

absorbance. The potential sweep in the negative direction was continued until the

absorbance at 430 nm reached a maximum as a function of the potential scan indicating

conversion of all Hb to the Fe(II) state. At the end of each experiment, the direction of the

potential scan was reversed from negative to positive to establish the reversibility of the

process.

The differences in absorbance for the Soret bands (405 nm for Fe(III)-heme and 430 nm for

Fe(II)-heme) at each applied potential are related to the relative concentrations of each

species through Beer’s law [30–32]. Once the respective concentrations were determined,

log[Ox]/[Red] was plotted as a function of the applied potential (after conversion to NHE

scale) according to the Nernst equation:

Eq. 2
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where Eapplied is the applied potential at each data point, E½ is the redox potential when

[Hbred:Hp] = [Hbox:Hp], R is the universal gas constant, T is the absolute temperature, n is

the number of electrons transferred in an ideal Nernstian system, F is the Faraday constant,

and [Hbred:Hp] and [Hbox:Hp] are the concentrations of the Fe(II)- and Fe(III)-bearing Hb-

Hp complexes, respectively. Horse heart Mb was used as a standard for calibration purposes

(Sigma-Alrich, Saint Louis, Missouri, US).

Ferryl Hb species stability within the complex

H2O2-induced ferryl Hb species were detected using a Cary 100 visible light optical

absorbance spectrophotometer (Agilent Technologies, Santa Clara, California, US) and the

following previously-described method [33]. A stock solution of met-Hb was prepared and

its concentration calculated using appropriate molar extinction coefficients. Then the

following four samples were prepared in 20 mM potassium phosphate buffer, pH 7.4 at

22°C, pre-chilled to 4°C: (a) 10 μM metHb and 20 μM H2O2 in a volume of 9 mL of buffer;

(b) 10 μM met-Hb premixed with 20 μM unfractionated Hp and then reacted with 20 μM

H2O2 in a volume of 9 mL of buffer; (c) 10 μM met-Hb premixed with 20 μM Hp(dimer)

and then reacted with 20 μM H2O2 in a volume of 9 mL of buffer; and (d) 10 μM met-Hb

premixed with 20 μM Hp(polymer) and then reacted with 20 μM H2O2 in a volume of 9 mL

of buffer. Hp concentrations were calculated based on mass concentrations of Hp stock

solutions and the molecular masses of each form of Hp (see above). The concentration of

unfractionated Hp was calculated using supplied mass concentrations and an approximate

molecular mass of 46.4 kDa. A 16.6 mM stock solution of H2O2 was used for the H2O2

additions, and this stock solution was prepared using unbuffered H2O and an extinction

coefficient at 240 nm of 43.6 M−1cm−1 for H2O2 [34]. Sample preparation was done as

quickly as possible, with H2O2 being added to the complexes immediately before mixing by

inversion and starting a timer. At time points of 2 minutes, 45 minutes, and 90 minutes post-

H2O2-addition, 1 mL samples were withdrawn in triplicate from each of the four sample

tubes and were transferred to smaller tubes containing catalase to give a final concentration

of 200 units of activity per mL in each 1 mL sample (Sigma-Aldrich, Saint Louis, Missouri,

US). Samples were incubated on ice for 30 seconds to allow the catalase to degrade any

remaining H2O2. Then, 20 μM disodium sulfide (Na2S) was added to each tube and mixed

by inversion. Visible light optical absorbance spectra were recorded for each sample

between 500 nm and 700 nm. A stock solution of 2 mM Na2S in H2O was prepared for this

purpose by dry weight using a molar mass of 78.0 g/mol for Na2S. Spectra for each sample

were plotted following the completion of the experiment and sulfhemoglobin (sulf-Hb)

concentrations were calculated using an extinction coefficient of 24.0 mM−1cm−1 at 617 nm

[33].

Electron Paramagnetic Resonance

H2O2-induced radical formation was investigated using a previously reported method [35].

Briefly, the HbO2 and HbO2-Hp samples were oxidized to met-Hb and met-Hb-Hp

complexes using excess potassium ferricyanide as described above. For measurements made

in the liquid He temperature range, sample concentrations were measured

spectrophotometrically following oxidation to the ferric state, and were determined to be: (1)

Hb = 1,200 μM; (2) Hb-Hp(unfrac) = 600 μM; (3) Hb-Hp(dimer) = 189 μM; and (4) Hb-
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Hp(poly) = 380 μM. For the measurements made in the liquid nitrogen temperature range,

all samples were diluted to 390 μM, except for the Hb-Hp(polymer) sample which was used

at a concentration of 290 μM due to sample limitation. In the experiments conducted using

liquid nitrogen, HbO2 was oxidized to the ferric state prior to Hb-Hp complex preparation,

whereas in the liquid helium experiments the complexes were oxidized after complex

formation. Ferric samples were treated on ice with either 1-, 1.5-, or 5-fold molar excesses

of H2O2 for the indicated times before quickly freezing them in a dry-ice-ethanol bath prior

to recording spectra. EPR spectra were recorded using a Bruker EMX spectrometer

equipped with a liquid helium continuous flow cryostat connected with a GFS600 transfer

line and an ITC503 temperature controller (Oxford Instruments, Abingdon, Oxon, UK). The

experimental parameters are provided in the figure legend accompanying each data set.

Reagents

Reagents were purchased from Sigma-Aldrich (Saint Louis, Missouri, US) or Fisher

Scientific (Pittsburgh, Pennsylvania, US). Bovine liver catalase was purchased from Sigma-

Aldrich (C100-50MG), and its functional activity was verified using established methods

prior to its use [25].

Fitting

Where indicated, data were fit using Excel Solver (Microsoft Corp., Redmond, Washington,

US) and a nonlinear regression method described elsewhere [36].

RESULTS

Hp purity and verification of fractions

The purity of Hp fractions obtained from BPL was investigated using blue native

polyacrylamide gel electrophoresis. Figure 1 depicts a representative gel containing samples

of unfractionated Hp, dimeric Hp and polymeric Hp in lanes 2, 3, and 4, respectively.

Although the relative migration patterns of these samples agree with previous reports [16],

the estimated molecular masses of each Hp variant are shifted to higher values, possibly due

to the effects of Hp glycosylation of the Hp β subunits. These data indicate that the Hp

fractionation results in efficient separation of the different forms of Hp.

Hb-Hp association rates

Hp binds HbO2 with a stoichiometry of one HbO2 dimer to one Hp αβ dimer [16]. The

stoichiometry of this interaction is believed to be equivalent for the different forms of Hp

[6], and the binding affinity has been examined previously by analytical ultracentrifugation

[37], electrophoresis [37,38], calorimetry [39], and fluorescence quenching [37,40] methods.

These studies suggest that the equilibrium dissociation constant (KD) is immeasurably low

[37,39] and ≤10−15 M [40]. The rate constant for the association of Hp with HbO2 dimers

was first examined by Nagel and Gibson [41,42], and subsequently Alfson et al. [43] and

Cohen-Dix et al. [44]. These investigators used rapid mixing fluorescence emission

spectrophotometry to monitor complex formation. They reported that, upon excitation with

light of a wavelength of ~285 nm, Hp exhibits intrinsic fluorescence with an emission

maximum at a wavelength of ~350 nm [41]. This fluorescence emission maximum is
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quenched upon interaction with all forms of Hb, and this fluorescence decrease is a direct

measure of Hb-Hp complex formation [41–43]. We applied this method to probe for

differences between the rates of Hb-Hp complex formation using unfractionated Hp, dimeric

Hp, and polymeric Hp.

As shown in Figure 2A, rapid mixing of 80 μM HbO2 in heme equivalents with 0.1 mg/mL

unfractionated Hp, dimeric Hp, or polymeric Hp (pre-mixing concentrations) in air-

equilibrated buffer results in the quenching of Hp intrinsic fluorescence on time scales of

several seconds. In this experiment, we report Hp mass concentrations instead of molarities

because conflicting reports exist as to the molecular masses of the different forms of Hp [6].

However, approximations of the dimeric and polymeric Hp molarities in Hp αβ protomer

equivalents can be calculated assuming molecular masses of 43 kDa and 49.8 kDa for these

species, respectively [28]. Using these values, the molarities of dimeric Hp and polymeric

Hp were calculated to be ~2.3 μM and ~2.0 μM, respectively. The corresponding value for

unfractionated Hp could not be estimated due to the heterogeneity of this sample with

respect to molecular mass. However, its molar concentration is expected to be between these

calculated values.

The data in Figure 2A show that at approximately equivalent Hp concentrations, all three

fractions of Hp bind HbO2 at very similar speeds. We attempted to estimate quantitatively

the rate constants for these bimolecular association reactions. HbO2 in dilute solution is

known to exist in equilibrium between the tetrameric and dimeric states [45]. The following

expressions allow computation of the concentration of free dimers in our solutions:

Eq. 3

where Ydimer is the fraction of HbO2 dimers, PO is the total Hb concentration in monomers

equivalents, and K4,2 is the HbO2 tetramer-to-dimer dissociation equilibrium constant.

Previous work [45] reported that K4,2 is equal to approximately 1 μM in heme concentration

in 0.1 M potassium phosphate buffer, pH 7.0 at 22 °C.

We mixed 0.05 mg/mL unfractionated Hp, dimeric Hp, or polymeric Hp with HbO2 at 20

μM, 30 μM, 40 μM, and 50 μM heme concentrations in post-mixing heme equivalents.

Following the analysis of Nagel and Gibson [41,42], the observed time courses for these

rapid mixing reactions were then fitted to a single-exponential expression (i.e., Equation 1,

with y2 = 0). The observed pseudo first order rate constants for these reactions are plotted as

a function of HbO2 dimer concentration in Figure 2B. To construct these plots, we

calculated the fraction of HbO2 dimers present after mixing using Equation 3, then

computed the concentration in dimeric units as YdimerP0/2 (Equation 3). The dimer

concentrations in Figure 2B are 2.0, 2.5, 2.92, and 3.3 μM at 20, 30, 40, and 50 μM total

heme concentrations post-mixing, respectively. Linear fits to the resulting data points yield

slopes that approximate the second-order rate constant (k′) for the bimolecular association of
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HbO2 dimers with Hp αβ dimers. The values calculated from these slopes are presented in

Table 1.

The calculated rate constants for these experiments suggest that the rates of HbO2-Hp

complex formation are very similar for the different Hp variants. This result indicates that

the Hb binding sites and solvent accessibility of dimeric and polymeric forms of Hp are

similar, if not identical. Our calculated association rate constants are all in the range of ~0.9

μM−1s−1, which agrees well with the value that was previously reported by Nagel and

Gibson for experiments involving Hp 1-1 (i.e., ~0.5 μM−1s−1) using 0.1 M potassium

phosphate buffer, pH 7.0 at 22 °C [42]. Cohen-Dix et al. [44] estimated a 10-fold smaller

association rate constant (i.e., ~0.09 μM−1s−1) but used total heme concentration, did not

correct for the amount of dimer present, and only looked at a single HbO2 concentration.

Autooxidation and heme loss rates

It has been known anecdotally for many years that dilute solutions of oxygenated human Hb

are much less stable than concentrated samples. In 1991, Zhang et al. [46] showed that the

major cause is dissociation of HbO2 into dimers, which then autooxidize ≥20-fold more

rapidly than tetramers. This finding suggests that the binding of HbO2 to Hp would also

increase the rate of autooxidation, presumably because only Hb dimers bind to Hp. We

verified this suggestion by measuring autooxidation of HbO2 samples in the absence and

presence of 2 equivalents of Hp (dimer) per 1 HbO2 dimer as a function of total HbO2

concentration (i.e. at 2.5, 5.0, 10, 50, and 100 μM in heme equivalents).

As shown in Figure 3A, the initial rate of autooxidation of free HbO2 increases at least 15-

fold, from ~0.02 hr−1 to ~0.3 hr−1, when the heme concentration is decreased from 100 μM,

where the protein is primarily a tetramer, to 2.5 μM, where it is roughly 50% dimers [46]. At

the low protein concentration, the time course is probably biphasic, with each phase likely

corresponding to non-equivalent autooxidation of the α and β subunits as suggested by

Tsuruga and Shikama [47]. However, in order to examine the hemoglobin concentration

dependences in consistent manner, we fit all the time courses to a single-exponent

expression. An exact interpretation of these autooxidation times courses will require much

more detailed study.

Our simple analysis of the time courses for all five different free HbO2 solutions shows a

progressive increase in the initial rate as the concentration is decreased 50-fold (Figure 3B).

In contrast, when the HbO2 is bound to Hp 1-1, a single phase is observed with an

autooxidation rate constant of ~0.10 ± 0.03 hr−1 (Figure 3A), which does not vary with

protein concentration (Figure 3B, dotted line), verifying that only Hb dimers bind to Hp. The

solid line in Figure 3B for free HbO2 was computed using the following expression:

Eq. 4

where kobserved is the fitted autooxidation rate at given HbO2 concentration (P0 in Equation

3); Ydimer is the fraction of hemoglobin subunits in dimers, which was calculated using

Equation 3; (1-Ydimer) is the fraction of hemoglobin subunits in tetramers; and kautoox,dimer

and kautoox,tetramer are the autooxidation rate constants for free Hb dimers and tetramers,
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respectively. The solid line in Figure 3B was computed using K4,2 = 1μM, kautoox,dimer = 0.4

h−1, and kautoox,tetramer = 0.01 h−1. The latter values are similar to those reported by Zhang et

al. [46]. Thus, the extrapolated tetramer autooxidation rate constant is 40-fold smaller than

that for free dimers.

Based on the data in Figures 3A and 3B, it is clear that Hb binding to Hp does speed up

autooxidation roughly 10-fold compared to HbO2 tetramers. However, the initial rate of

autoxidation of the HbO2-Hp(dimer) complex is still ~4-fold slower than the extrapolated

rate of autooxidation of free HbO2 dimers (Figure 3A), indicating that the hemoglobin dimer

is stabilized by interaction with Hp compared to when it is free in solution.

Previous work by Bunn and Jandl [10,11] indicated that Hp binding to met-Hb impedes the

transfer of heme from the resulting complexes to albumin, and that it abolishes radiolabeled

heme exchange between met-Hb-Hp complexes and unbound met-Hb. Although this finding

was recently corroborated by Lipiski et al. [12], who further reported equivalence between

dimeric and polymeric Hp with respect to heme transfer to hemopexin, these findings

controvert those of Bamm et al. [48]. The latter investigators reported that Hp 1-1 is more

effective at attenuating heme release from Hb-Hp complexes than Hp 2-2 on the basis of

studies with low-density lipoprotein [48]. We have investigated these findings further using

the methods of Hargrove et al. [21], which offer the advantage of a spectrally unique apoMb

reporter of heme loss.

Heme loss rates from met-Hb can be measured by co-incubating met-Hb with a heme-free

Mb mutant (H64Y/V68F apoMb) which has a comparatively high affinity for heme and

exhibits unique “green” visible light optical absorbance spectral properties following heme

uptake [21]. Under conditions where H64Y/V68F apoMb is present in significant molar

excess (i.e., ≥10-fold), heme dissociation from the met-Hb is normally irreversible due to

rapid capture by the apoMb reagent [21]. This capture step results in the emergence of an

optical absorbance peak at ~600 nm, and plotting absorbance changes at this wavelength as

a function of time reveals the rate at which heme dissociates from met-Hb (Figure 3C).

We co-incubated either met-Hb alone or met-Hb-Hp complexes with H64Y/V68F apoMb

and monitored visible light optical absorbance spectra over a four-hour period at 37 °C.

Figure 3C shows absorbance time courses recorded at 600 nm. The absorbance changes for

the control reaction containing met-Hb alone is biphasic and can be fit to the two

exponential expression in Equation 1. The observed rate constants for free met-Hb are k1 =

~9.2 hr−1 and k2 = ~0.5 hr−1, agree with literature values [21], and correspond to the rate of

heme dissociation from met-Hb β and α subunits, respectively. In contrast, little or no

increase in absorbance at 600 nm is observed when met-Hb-Hp complexes are reacted with

H64Y/V68F apoMb. These results show that the rate of heme dissociation from met-HbA

dimers bound to all three fractions of Hp is ≤ 0.01 hr−1 and that Hp binding almost

completely inhibits heme dissociation on relevant physiological time scales (i.e., 1 to 24

hours; Figure 3C). Although our data corroborate those of Lipiski et al. [12], it is possible

that the nonequivalence reported by Bamm et al. [48] could still be correct if low-density

lipoprotein has a higher affinity for heme than hemopexin or H64Y/V68F apoMb.
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Intrinsic redox potentials

The tendency of the iron centers in Hb to gain or lose electrons is reflected by their intrinsic

redox potentials (E½). This value is affected by the ligands binding to the iron in the first

coordination sphere and the electronegativity of atoms in the second coordination sphere

[32]. These Hb redox potentials are physiologically important because iron oxidation states

influence both axial ligand binding (e.g., O2) [27] and redox reactivity [2,5]. Additionally,

E½ measurements represent sensitive probes of distal pocket, porphyrin, and protein

structural elements in Hb and other hemeproteins [49]. The red blood cell is a reducing

environment, keeping the Hb iron centers in the 2+ oxidation state. However, following red

cell lysis and dilution into plasma, Hb dissociates into dimers and can readily participate in

redox chemistry [50]. We have recently shown that unfractionated Hp binding to Hb dimers

can potentially short circuit this redox cycling by shifting the Hb E1/2 to lower values [15].

This study showed that E½ for free Hb is +124 ± 5 mV, whereas that for the dimer of Hb

bound to Hp is +54 ± 2 mV [15]. These findings agree with previous E½ measurements[51–

53] and indicate a greater tendency of the heme iron centers within Hb-Hp complexes to be

stabilized in the Fe(III) state than in free tetrameric Hb. Brunori et al. [54] previously

studied Hb-Hp complexes prepared from fractionated forms of Hp and reported equivalent

behavior for all the forms and redox potentials similar to those that we observe. However,

more recent work has reported that Hp 1-1 mitigates Hb redox reactivity more effectively

than Hp 2-2 [55]. In this study, we determined the E1/2 values for the Hb-Hp(dimer) and Hb-

Hp(polymer) complexes using a spectroelectrochemical method.

Figure 4 shows the variation in the absorbance peaks at the Soret region for a solution of Hb

dimer bound to purified dimeric Hp as a function of applied electrode potential during a

typical experiment. The isosbestic points at 415 nm, 455 nm, ~520 nm, ~610 nm, and ~660

nm indicate the presence of only two light-absorbing species, Fe(III)-heme and Fe(II)-heme.

The relative concentrations of oxidized and reduced iron centers at each applied potential

were calculated based on the absorbance intensities of the Soret peaks at 405 nm (Fe(III)-

Hb) and 430 nm (Fe(II)-Hb), respectively. Nernst plots were obtained by plotting the log of

the ratio [Hbox:Hp]/[Hbred:Hp] versus applied potential and are shown in Figure 5B.

Equation 2 was fit to the resulting data points to determine the applied potential at which

[Hbred:Hp] = [Hbox:Hp] and hence gives the value for E½. Similar spectral behavior was

observed for a polymeric Hp bound to Hb dimers (spectra not shown) and the Nernst plots

for these species, along with unfractionated Hb-Hp, are shown in Figure 5. The resulting

midpoint redox potentials for each sample are presented in Table 2. In agreement with the

report of Brunori et al. [54], these data indicate that unfractionated Hp, dimeric Hp, and

polymeric Hp exert similar effects on the E½ values for bound Hb αβ dimers, reducing E½

for the ferric/ferrous pair from ca +124 mV to ca +55 mV. The Hb dimer bound to Hp loses

cooperative redox behavior as indicated by the linear nature of the Nernst plots compared to

the non-linearity observed for free Hb tetramers. For all Hb-Hp complexes investigated the

redox reaction is completely reversible. This indicates that although Hp stabilizes the Fe(III)

state of the bound Hb dimers, it still binds with Fe(II) state strongly enough to retain the Hb-

Hp complex. These data together suggest that Hp stabilizes “R-like”-state met-Hb during

binding and that the effect is independent of the degree of Hp polymerization.
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H2O2-induced ferryl species formation

Exposure of met-Hb to the endogenous oxidant H2O2 results in the formation of a ferryl

heme species and a protein-based radical incident to H2O2 degradation [2,5]. This

peroxidase or pseudo-peroxidase activity of Hb is believed to be enhanced by Hp binding

[56], although the underlying mechanism is not fully understood. Hp binding to Hb dimers

results in higher yields of detectable ferryl species and/or a decreased rate of their decay

[15]. We sought to investigate whether the different forms of Hp exhibit similar behavior in

this regard. Lipiski et al. [12] recently confirmed early findings by Nyman [57] that Hp 1-1

and Hp 2-2 behave similarly. However, Engler et al. [58] reported that Hb-Hp(1-1)

complexes exhibit greater peroxidase activity than complexes prepared from Hp 2-1 or 2-2.

We investigated this apparent discrepancy further using the methods of Berzofsky et al. [33].

One method of detecting and quantifying ferryl heme species involves the use of disodium

sulfide (Na2S) [33]. This reagent rapidly reacts with heme groups containing Fe(IV) atoms

to produce a green product, sulfhemoglobin (sulf-Hb), which exhibits a strong and unique

optical absorbance band with a maximum absorbance at ~617 nm [33]. The concentration of

sulf-Hb in solution can be calculated using an extinction coefficient of 24.0 mM−1cm−1 at

this wavelength [33]. Due to the specificity of the reaction between Na2S and high-

oxidation-state heme groups, sulf-Hb has routinely been used as a reporter for studying the

transient generation of Fe(IV) oxo Hb species in biological samples and in vitro experiments

[33].

We compared the effects of unfractionated Hp, dimeric Hp, and polymeric Hp on the

formation of Fe(IV) oxo Hb species by oxidizing 10 μM met-Hb and met-Hb-Hp complexes

to the Fe(IV) state using 20 μM H2O2. Following the H2O2 addition, samples were

incubated for 2, 45, or 90 minutes at room temperature, after which catalase was added to

degrade any remaining H2O2. Then, 20 μM Na2S was mixed into each sample and optical

absorbance spectra between 500 nm and 700 nm were recorded. Figure 6A contains sulf-Hb

spectra of the samples from the 90 minute time point. As is evident by the absorbance peak

at ~618 nm, these data show that sulf-Hb is present in all samples, with the greatest

concentrations being present in the Hp-containing preparations. The sulf-Hb concentrations

calculated from these spectra are 8.0 ± 0.1 μM, 7.9 ± 0.1 μM, and 8.1 ± 0.2 μM for the

samples prepared with unfractionated Hp, dimeric Hp, and polymeric Hp, respectively, and

4.9 ± 0.1 μM for the sample containing met-Hb only. Data from the other time points are

presented in Figure 6B, which consists of a plot of optical absorbance intensities at 618 nm

against co-incubation times.

These data indicate that, at all time points investigated, the Hp-containing samples generated

higher sulf-Hb concentrations than met-Hb alone. This finding agrees with our previous data

using unfractionated Hp [15] and indicates that Hp binding modulates the reaction of Hb

with H2O2 in a manner that stabilizes the ferryl Hb species. The new results in Figure 6

show that the fractionated forms of Hp all exert the same effects on Hb with respect to

H2O2-induced Fe(IV) oxo species formation.
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Radical formation

One method of studying the consumption of H2O2 by met-Hb is with the use of low-

temperature electron paramagnetic resonance (EPR) spectroscopy. This method allows for

the direct detection and quantification of the remaining high-spin ferric heme and protein-

based radicals that are generated during this process [59]. We investigated whether met-Hb-

Hp complexes prepared using unfractionated Hp, dimeric Hp, and polymeric Hp exhibit

different behaviors regarding H2O2-induced radical formation.

Met-Hb and met-Hb-Hp complexes, were prepared as described in Materials and Methods

and were treated with equimolar, 1.5-fold excess, and 5-fold excess H2O2. These samples

were then incubated on ice for either 10 seconds or 60 seconds, and were quickly frozen

before recording low-temperature EPR spectra. Spectra recorded at 10 K for Hb, Hp-

Hp(dimeric), and Hb-Hp(poly) are shown in Figure 7. In the absence of H2O2, the addition

of 0.1 M NaF uniformly converts these samples from a mixture of axial high-spin (g = 6 and

2) and rhombic low-spin (gz =2.77 and gy =2.25) heme signals into one that contains

exclusively axial high-spin Fe. Treatment of met-Hb and met-Hp-Hp complexes with H2O2

results in a significantly diminished axial high-spin g = 6 EPR signal (~90% based on the g

= 6 signal amplitude relative to that of the Hb-F complex) and development of stronger

radical g = 2 signal. The radical yields calculated from double integration and normalized to

a 1 mM copper standard are shown in Table 3. Expanded spectra for the protein radical g = 2

signal were recorded for additional samples at 115 K and are presented in Figure 8. Other

than subtle differences in hyperfine splittings, the similar overall line width and total spin

concentration reveal similar radical formation during the reaction of Hb with H2O2 when

bound to the various Hp isoforms.

DISCUSSION

Hemolysis and the transfusion of banked blood or Hb-based therapeutics can result in

varying quantities of circulating acellular Hb which can induce life threatening radical

generating reactions in patients with a compromised vascular system [60]. Small to

moderate levels of free Hb (<10 μM) have been reported to arise from transfused red blood

cells and in sickle cell anemia [61]. In the case of Hb-based oxygen therapeutics, much

larger quantities of free Hb are found in circulation. The later scenario has provided both the

scientific and industrial communities a unique opportunity to examine closely the toxicity

associated with acellular Hb in animals and in humans [62,63].

The pseudoperoxidase enzymatic activity of free Hb has been shown to trigger a cascade of

lipid oxidation and downstream oxidative reactions [63]. Ferryl heme and associated protein

radicals with high redox potentials (~1.0 V) can induce a wide variety of oxidative reactions

that affect the protein and nearby molecules [2]. A number of specific oxidative changes

have been reported to occur when the protein is reacted with excess H2O2 in vitro. First, the

heme vinyl groups may become modified and covalently linked to the protein [64]. Second,

extensive globin chain cross-links and irreversible modifications of several amino acids

occur primarily in the “hotspots” of β subunits. Third, exposure to extracellular Hb, in the

form of oxygen therapeutics or when Hb is released from old red blood cells, have also been

reported to induce oxidative toxicity in kidney and brain tissues [65].
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Biological systems express several globin and heme scavengers that can, under normal

physiological states, deal effectively with acellular Hb in circulation [60]. Hp is the first-line

scavenger that binds and accelerates the clearance of Hb in the circulation, although the

macrophage CD163 receptor has also been the focus of several recent investigations [66–

68]. New insights into the structure of the Hb-Hp complex have made it possible to examine

the functional and structural interplay between the two proteins [7,69]. The crystal structure

of porcine dimeric Hp-Hb complex revealed that the Hb-binding site is a putative serine

protease domain, which contains several loops exposed on the surface and in the amino-

terminal regions [7]. Amino acid residues in helices C, G and FG of both Hb subunits are

part of the primary interface with Hp. These contacts are similar to those in the α1β2

interface of the intact Hb tetramer. The crystal structure suggests that the Hb-Hp interaction

may originate from an initial complex between the C-terminus of Hb α subunits and the

active serine protease domain of Hp. Another striking finding from the crystal structure is

that those amino acids on Hp which are susceptible to oxidation are in very close proximity

to the Hb-Hp interface [66,70].

Whether oxidative side reactions initiated by Hb can be avoided or controlled in the Hp

complex is a pivotal question under investigation in many laboratories. Identifying the

region(s) that govern the interaction between Hb and Hp, and the affinity and specificity of

each Hp fraction towards Hb is critical for the design of protective interventions against Hb

toxicity in plasma. The degree to which Hp neutralizes the redox activity of the heme iron

has been reported to differ among Hp phenotypes. This phenomenon has been shown in a

number of systems both in vitro and in vivo [71]. Epidemiological studies appear to suggest

that Hp 2-2 genotype is a risk factor for morbidity and mortality in a number of hemolytic

conditions. This conclusion is based on the observation that the antioxidant capacity of the

Hp 2-2 protein is decreased compared to the Hp 1-1 protein [16]. Further support for this

hypothesis was obtained in cell culture media treated in an identical manner. The presence

of increased redox activity was demonstrated in the plasma of transgenic Hp 2-2 diabetic

mice compared with Hp 1-1 [71].

In this investigation we set out to examine the interactions between human Hb with

fractionated Hp and in particular, the dimeric and polymeric forms. Hp samples were

fractionated from pooled plasma, and native gel analysis suggested minimal cross

contamination between monomeric and polymeric Hp fractions. We applied the methods of

Nagel and Gibson [42] to study the kinetics of HbO2 binding to Hp and found that

unfractionated Hp, dimeric Hp and polymeric Hp bind HbO2 dimers at almost identical

rates. These data agree with the previously reported rates determined using Hp 1-1 [42], and

show that all three fractionated forms of Hp fractions react rapidly with Hb dimers.

HbO2 binding to Hp does speed up autooxidation roughly 10-fold due to dimerization.

However, as shown in Figures 3A & 3B, the observed rate for dimers bound to Hp is still

significantly slower than that of free HbO2 dimers observed at low protein concentrations.

Probably the most important Hp-mediated abrogation of Hb toxicity is stabilization of heme

within the central cavity of the Hb subunits, which almost completely prevents its

dissociation and subsequent free heme-mediated oxidative reactions and inflammatory

responses. In previous work, Hp-Hb was shown to prevent heme transfer from Hb to LDL
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[48]. Hp was also shown to prevent utilization of Hb iron by various pathogens [13]. We

therefore examined heme loss kinetics from complexes of Hb with the dimeric and

polymeric fractions and contrasted this with the unfractionated complexes of Hp using the

H64Y/V68F apoMb heme-scavenging agent developed by Hargrove et al. [21].

When the met-Hb-Hp complex is mixed with the apoMb mutant, there is no detectable heme

transfer after 6 hours as judged by the lack of change in the visible absorption spectrum of

the mixture. In contrast, when free metHb is mixed with apoMb, the solution turns

completely green after 4 hours, with the appearance of a strong peak at 610 nm indicative of

heme transfer to form holo H64Y/V68F met-Mb (Figure 3C). Biphasic time courses are

observed for free metHb. The rapid phase represents heme loss from β subunits and the slow

phase heme loss from α subunits. When metHb dimers are bound to Hp, there is little or no

loss of heme in the same time period from either unfractionated, dimeric or polymeric Hp

complexes. Thus, the most dramatic effect of Hp binding to Hb is retention of heme, even

after autooxidation of the iron. These experiments suggest that the overall affinity of apoHb

bound to Hp for the oxidized form of heme is greater than or equal to that of the apoMb

reagent (KD ≪10−12 M [21,72]).

The high affinity of Hp for Hb dimers has two important implications. First, addition of

exogenous Hp both markedly inhibits heme loss and second, as a result of this inhibition,

globin precipitation is prevented. ApoHb denaturation occurs more rapidly at 37 °C when

the heme is lost, but holoprotein is very stable under physiological conditions. As shown in

Figure 3B, all three Hp fractions prevent heme dissociation from the corresponding met-Hb-

Hp complexes. These findings are consistent with a recent study which showed that both Hp

and hemopexin (heme scavenger) were equally effective in preventing vasoocclusion in a

sickle cell mouse model infused with Hb [73]. In that study, heme was shown to specifically

bind to endothelial Toll-like receptors (TLR4) and trigger a cascade of inflammatory

responses, which could be attributed to oxidation and degradation of cell-free Hb [73]. Hp

bound metHb and prevented heme loss and hemopexin captures any free heme released from

metHb during its denaturation.

We also examined whether Hp fractions exhibit differences in their ability to suppress the

redox activity of Hb in the presence of oxidants. We focused our attention on Hb

pseudoperoxidase activity in the presence or absence of Hp fractions. Recent mechanistic

experiments from our laboratory revealed that unfractionated Hp stabilizes the higher

oxidation state of Hb (i.e., HbFe(IV)) and short-circuits subsequent radical-generating steps

after exposure to oxidants such as H2O2. Ferryl Hb stabilization is accompanied by a

significant increase in the concentration of the protein radical (•HbFeIV), likely on the

penultimate tyrosine 145 of the Hb β subunit [74]. When Hp binds to Hb dimers, a sharp

drop in the redox potential of the complex is observed. This negative shift in redox potential

and its stabilized ferryl state appear to be the central element in how Hp protects against Hb-

induced oxidative damage [15]. In this report we show that the redox potential of the Hb-Hp

complex drops a constant amount no matter which Hp isoform is bound. This result

indicates that Hb-Hp complexes have the same redox reactivities, regardless of the Hp

phenotype. Additionally, the Nernst plots for Hb-Hp complexes show a loss of cooperativity
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when compared to the plots for Hb and have slopes slightly less than one, indicating active-

site heterogeneity (Table 2).

Our peroxidation data show that the initial stages of the iron reaction with H2O2 and

subsequent ferryl formation within the heme pocket are not inhibited by the sequestration of

Hb with Hp. In contrast to uncomplexed Hb, however, the ferryl species formed within the

Hb-Hp complex was stabilized and persisted throughout the experiment. Using Na2S to

derivatize ferryl Hb into sulfHb, we were able to estimate the levels of ferryl Hb in these

solutions. There was approximately twice as much sulfHb accumulated within the Hb-Hp

complex irrespective of the size of the fractions as opposed to that of free Hb. This result is

in accord with recent work, which showed that Hp binding to Hb prevents oxidative damage

to the globin. The damage is instead redirected to Hp itself [74]. Hp has also been shown to

stabilize ferryl Hb-associated protein radicals [74]. EPR experiments suggest that Hp might

stabilize the protein radicals on tyrosine β–145, with possible subsequent migration to the

Hp molecule [74]. In this study the stabilization of the ferryl form is also observed in our

UV/Vis spectrophotometry experiments, but less stabilization of the protein radicals is seen

in the current EPR study. The radical EPR spectra have line shapes typical for a protein

tyrosyl radical and can be simulated as a tyrosyl radical with a “relaxed” conformation

having a dihedral angle between the pZ orbital of C1 and the Cβ hydrogen of the phenoxyl

group ca. 30° [75]. However, determination of the exact protein location and detailed

structure of the radical require combined site-directed mutagenesis, isotope replacements

and EPR studies, which are beyond the scope of this study. Furthermore, the overall changes

in EPR lineshape and signal size by Hp binding are marginal, thus the major stabilizing

effects of Hp binding to Hb are almost complete inhibition of heme loss and reduction in the

rate of autooxidation compared to free Hb dimers.

Another key conclusion is that the rate constants for the bimolecular association of Hb

dimers are the same on all the forms of Hp under our experimental conditions. Similarly,

heme loss does not occur rapidly from Hb-Hp complexes. The enzymatic ability of met-Hb

to carry out redox cycling and consumption of H2O2 is also the same in all of the Hp

complexes, as measured by the ability of each complex to stabilize ferryl heme and its

associated protein radical. The genetic heterogeneity of human Hp isoforms has been

reported to result in Hb-Hp complexes that differ in their binding and redox activities in vivo

[16]. We do not presently have an explanation as to why in vitro data from our laboratory as

well as others [12] reveal no major differences in either binding kinetics or redox properties

of the different Hp fractions. Variability in the purification and fractionation processes of Hp

into its major components may have contributed to non-equivalent behavior. It is also

plausible that differences may be due to molecular mass differences which affect Hp

distribution, clearance, and/or degradative pathways in vivo, or that the different isoforms of

Hp have non-equivalent glycosylation which may result in functional differences under

physiological conditions. Diverse methods have been used to characterize Hp activity,

including those involving the use of linolenic acid, LDL, and hydrogen peroxide [71].

Although our data do not allow us to conclude that Hp genotypes on their own confer

greater or lesser protection in isolation or as group, these biochemical findings should be

taken into account when determining the role of heme-iron mediated vascular pathologies

based on gene polymorphisms.
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Fe(II) ferrous iron

Fe(IV) ferryl iron

Hb hemoglobin

Hp haptoglobin

met-Hb or met-Hb-Hp Hb bearing Fe(III) alone or in complex with Hp, respectively

Hb or Hb-Hp complexes deoxygenated Hb alone or in complex with Hp, respectively

NHE normal hydrogen electrode

O2 dioxygen

HbO2 O2-ligated Hb

sulf-Hb sulfhemoglobin

O2
•− superoxide radical

V volts. We use the term heme to refer to protoporphyrin IX

bearing either Fe(II) or Fe(III) for simplicity
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Highlights

• Previous work correlates different isoforms of haptoglobin to different

phenotypes

• This work involves studies of hemoglobin-haptoglobin binding and interactions

• Binding kinetics, heme loss, and redox reactions are similar between isoforms

– Haptoglobin also modifies the autooxidation rate of bound hemoglobin

dimers
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Figure 1.
Purity of fractionated forms of Hp. Samples were prepared in 50 mM potassium phosphate

buffer, pH 7.4 at 22 °C and were loaded at the following concentrations and volumes:

unfractionated Hp, 5 μL of 8 μM sample; and dimeric and polymeric Hp, 5 μL of 4 μM

sample. Samples were run and gels prepared using the NativePAGE system by Invitrogen

(Carlsbad, California, US) in accordance with instructions provided by the manufacturer.

Lane 1 contains NativePAGE unstained marker, and Lanes 2, 3, and 4 contain

unfractionated Hp, dimeric Hp, and polymeric Hp, respectively.
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Figure 2.
Binding kinetics of HbO2 with unfractionated, dimeric, or polymeric Hp. A, Representative

time courses. B, Plot of observed rate constants for HbO2-Hp association reaction. Total

fluorescence changes as a function of time were measured by stopped-flow rapid mixing

spectrophotometer using 50 mM potassium phosphate buffer, pH 7.4 at 22 °C. All

fluorescence changes were normalized to total emission changes to correct for uniform

intensity variations due to inner-filter effects. In Panel A, reactant concentrations are 80 μM

HbO2 in heme equivalents and 0.1 mg/mL unfractionated Hp, dimeric Hp, or polymeric Hp

(pre-mixing concentrations). In Panel B, the x-ordinate units are given as Hb αβ dimer

equivalents.
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Figure 3.
Autooxidation and heme loss from Hb and Hb-Hp complexes. A, Representative time

courses for the autooxidation of HbO2 in the absence and presence of Hp(dimer) in 50 mM

potassium phosphate, pH 7.4 at 37°C. Normalized absorbance decreases at 576 nm are

shown using black lines and were fitted to a single-exponent expression (Equation 1, y2 =

0), with the fits shown as gray lines. The fitted rate for 100 μM free HbO2, is 0.02 h−1 and

that for 100 uM HbO2-Hp(dimer) is to 0.093 h−1. The rate for autooxidation of 2.5 μM free

HbO2 is 0.26 h−1. However, in the latter case, the fit to a one exponential expression is poor

(see text). B, Plot of observed autooxidation rate constants versus Hb (monomer)

concentration in the presence and absence of Hp(dimer). Black circles represent rates for

free HbO2; gray circles represent rates for HbO2 bound to Hp(dimer). The solid line

represents a fit to Equation 4 using K4,2 = 1 μM, kautox(dimer) = 0.40 h−1 and kautox

tetramer) = 0.01 h−1. C, Time courses for heme loss at 37 °C using 200 mM potassium

phosphate buffer, 600 mM sucrose, pH 7.0 at 22 °C. The absorbance changes at 600 nm are

plotted as a function of time for these reactions. The time course for free met-HbA was fitted

to a two exponential expression with rate constants equal to 9.4 and 0.50 hr−1 whereas time

courses for the met-Hb-Hp complexes showed so little change that fitting was not possible

even when much longer incubation times were used. Thus, the rate of heme dissociation

from these complexes must be ≤ 0.01 h−1.
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Figure 4.
Representative ferric and ferrous absorbance spectra during the positive-to-negative

potential sweep for Hb-Hp(dimeric). A, The Soret optical absorbance peaks at ~405 nm and

~430 nm are indicative of met-Hb and Fe(II)-Hb, respectively. At increasingly negative

potentials, the maximum at ~405 nm diminishes and an absorbance peak at ~430 nm

emerges. Absorbance intensities at the Soret peaks were used to calculate the [Hbred:Hp]:

[Hbox:Hp] ratio. B, Heme oxidation state is also observed in the visible region. Arrows

indicate the direction of absorbance change as the potential of the working electrode is made

progressively negative. At the end of a negative potential sweep the scan direction was

reversed, resulting in the regeneration of the original spectra. This indicates complete

reoxidation of the heme moieties and shows that the redox process is reversible. Spectra

recorded in 200 mM KPB buffer at pH 7.2 in the presence of 0.8 mM mediator. Panels A

and B were both constructed using data from the same experiment.
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Figure 5.
Representative Nernst plots for A, Hb-Hp(unfractionated); B, Hb-Hp(dimer); and C, Hb-

Hp(polymer) as obtained from separate spectroelectrochemistry experiments. Experiments

were conducted using 200 mM potassium phosphate buffer, pH 7.2 at room temperature,

and protein concentrations of 0.08 mM in heme equivalents. The open dots represent actual

data points and the lines represent the best fit of Equation 2 to these data (see Materials and

Methods). E½ values calculated from multiple trials for each species are presented in Table

2.
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Figure 6.
Ferryl Hb species formation in H2O2-treated met-Hb and met-Hb-Hp complexes. A,

Absorption spectra of sulf-Hb and sulf-Hb-Hp complexes. B, Concentration of sulf-Hb and

sulf-Hb-Hp complexes as a function of H2O2 reaction time. In Panel A, 10 μM met-Hb or

met-Hb-Hp complex were co-incubated with 20 μM H2O2 in 20 mM potassium phosphate

buffer, pH 7.4 at 22°C, for 90 minutes prior to the addition of 200 units/mL of catalase.

Then, 20 μM Na2S was added to each sample and visible absorption spectra recorded. In

Panel B, data from specific time points from this experiment are shown. Each data point is

an average of three measurements. Error bars represent standard deviations. In Panel A,

spectra corresponding to Hb-Hp samples appear superimposed due to overlap of the data

sets.
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Figure 7.
Liquid He temperature EPR spectra of H2O2-treated met-Hb and met-Hb-Hp complexes. A,

Hb in the absence of Hp. B, Hb-Hp(polymer) complexes. C, Hb-Hp(dimer) complexes. The

buffer used for these spectra is 50 mM potassium phosphate buffer, pH 7.0 at 23°C. The

instrument parameters corresponding to these spectra include: frequency, 9.58 GHz; power,

1 mW; and modulation frequency, 100 kHz; temperature, 10 K. The modulation amplitudes

were 1 G for the samples containing met-Hb, met-Hb-Hp(unfract.), and met-Hb-Hp(dimer).

The modulation amplitude was 2 G for the samples containing met-Hb-Hp(polymer). The

spectra are normalized for different protein concentrations and modulation amplitudes.
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Figure 8.
Liquid N2 temperature EPR spectra of H2O2-treated met-Hb and met-Hb-Hp complexes for

the protein-derived radical. The buffer used for these spectra is 20 mM potassium phosphate

buffer, pH 7.4 at 23°C. Instrument parameters: frequency, 9.285 GHz; power, 1 mW;

modulation frequency, 100 kHz; modulation amplitude, 2.0 G; time constant: 327.7 ms;

temperature, 115 K. Each spectrum represents one scan and is presented without

normalization with the exception that the Hb-Hp(polymer) sample was normalized to 379

μM because the stock solution was more dilute than the other stock solution concentrations.
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Table 1

Rate constants for bimolecular association of Hb dimers with binding sites on Hp. Each value was determined

by averaging three reactions, with standard deviations for the fits contained in Figure 2B provided. 500 data

points were collected for each reaction over the course of 5 seconds.

Hb + Hp k′ (μM−1s−1)

Hp (unfrac.) 0.9 ± 0.2

Hp (dimeric) 0.9 ± 0.1

Hp (polymeric) 0.8 ± 0.2
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Table 2

Mid-point redox potentials (E½) of Hb alone and in complex with the different Hp fractions. Measurements

made using wild-type native Hb in 200 mM potassium phosphate buffer, pH 7.2 at 22 °C. All values reported

here and in ref. 15 were performed in the same laboratory using the same apparatus and standardization

methods, and represent a mean determined from triplicate experiments plus or minus (±) one standard

deviation.

Sample E½ (vs NHE) (mV)

Hb (α2β2 tetramers)† +124 ± 5

Hb-Hp (unfractionated)† +54 ± 2

Hb-Hp (dimeric) +59 ± 2

Hb-Hp (polymeric) +58 ± 2

†
Values previously reported in Banerjee et al. [15] using 200 mM potassium phosphate buffer, pH 7.0 at 22 °C.
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