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ABSTRACT Spontaneous autoxidation of tetrameric Hbs leads to the formation of Fe (III) forms, whose physiological role is not
fully understood. Here we report structural characterization by EPR of the oxidized states of tetrameric Hbs isolated from the
Antarctic fish species Trematomus bernacchii, Trematomus newnesi, and Gymnodraco acuticeps, as well as the x-ray crystal
structure of oxidized Trematomus bernacchiiHb, redetermined at high resolution. The oxidation of these Hbs leads to formation of
states that were not usually detected in previous analyses of tetrameric Hbs. In addition to the commonly found aquo-met and
hydroxy-met species, EPR analyses show that two distinct hemichromes coexist at physiological pH, referred to as hemichromes I
and II, respectively. Together with the high-resolution crystal structure (1.5 Å) of T. bernacchii and a survey of data available for
other heme proteins, hemichrome I was assigned by x-ray crystallography and by EPR as a bis-His complex with a distorted
geometry, whereas hemichrome II is a less constrained (cytochrome b5-like) bis-His complex. In four of the five Antartic fish Hbs
examined, hemichrome I is the major form. EPR shows that for HbCTn, the amount of hemichrome I is substantially reduced. In
addition, the concomitant presence of a penta-coordinated high-spin Fe (III) species, to our knowledge never reported before for a
wild-type tetrameric Hb, was detected. A molecular modeling investigation demonstrates that the presence of the bulkier Ile in
position 67b in HbCTn in place of Val as in the other four Hbs impairs the formation of hemichrome I, thus favoring the formation of
the ferric penta-coordinated species. Altogether the data show that ferric states commonly associatedwithmonomeric and dimeric
Hbs are also found in tetrameric Hbs.

INTRODUCTION

The oxygenated forms of myoglobin and Hb are easily

oxidized to their ferric (met) forms. Although autoxidation is

inevitable in nature for all oxygen-binding heme proteins, the

met-Hb content of freshly drawn blood is usually maintained

within 1%–2% by virtue of a strong reducing environment

(1). Indeed, autoxidation is of clinical and of chemical in-

terest, as it influences the life span of the erythrocyte, or the

usefulness of Hb-based blood substitutes (2).

Autoxidation rate and products depend on several factors,

including the dioxygen pressure, pH, and the nature of the

globin moiety. Recent spectroscopic and crystallographic

studies revealed that the oxidation of tetrameric Hbs from

several species can lead to the formation of different products

(3–5). Under physiological conditions, the oxidation of mam-

malian and temperate fish Hbs leads to the formation of the

aquo-met hexa-coordinated form both in a- and b-subunits,
whereas the oxidation of AF-Hbs leads to the formation of

an aquo-met form at the a-chains and of an endogenous

bis-His complex at the b-chains (b-hemichrome). EPR (6),

molecular dynamics (7), and crystallographic (8) studies

showed that mammalian Hbs can form hemichromes under

denaturing conditions, but preferentially at the a-chains
(a-hemichrome).

Ferric forms of Hb are physiologically inert to further

oxygenation, but several subsequent side reactions in the Hb

autoxidation reaction may interfere or merge into other

biochemical pathways, including the formation of a hemi-

chromewhose physiological role is controversial. The bis-His

complex can be involved in ligand binding (9–10) in the in

vivo reduction of met-Hb, in Heinz body formation, and in

NO scavenging (3). Recently, it has been suggested that

hemichrome can be involved in Hb protection from per-

oxidation attack (11). Indeed, the a-hemichrome species of

isolated human a-subunits complexed with the AHSP does

not exhibit peroxidase activity (11).

The crystal structure of oxidized forms of HbTb (5) and

of Hb1Tn (4), hitherto reported at room temperature and

moderate resolution, provided clues on the structure of

hemichromes in AF-Hbs. The oxidized, i.e., a-aquo-met,

b-hemichrome, forms of these proteins have similar quater-

nary structure, intermediate between the canonical R and T

states of Hb (4,5). The formation of the b-hemichrome is
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associated with a scissors-like movement of the EF helices in

the b-units, which makes the distance between distal and

proximal His close enough to form the endogenous bis-His

complex. This endogenous hexa-coordination is also favored

by sliding of the b-heme plane, which moves toward the

exterior of the heme pocket.

Here we report an EPR study on oxidized forms of HbTb,

Hb1Tn, Hb2Tn, HbCTn, and HbGa at physiological pH.

This study reveals that a wide variety of ferric forms are

present in frozen solution, including aquo-met and hydroxy-

met, two endogenous hemichromes, and one unligated high-

spin ferric form observed for HbCTn. The high-resolution

crystal structure (1.5 Å) of the a-aquo-met b-hemichrome

form of HbTb suggests that the more abundant hemichrome

has a distorted iron bis-His geometry, which is consistent

with EPR properties. HbCTn exhibits EPR properties

different from the other four AF-Hbs. Molecular modeling

is used to obtain a structural explanation for the distinct EPR

properties exhibited by HbCTn as compared to the other four

AF-Hbs.

MATERIALS AND METHODS

Hemoglobin purification

The purification and the storage of the five Antarctic fish Hbs (HbTb from

T. bernacchi (12), Hb1Tn, Hb2Tn, and HbCTn from T. newnesi (13), and

HbGa from G. acuticeps (14)) were performed as previously reported. The

five AF-Hbs were oxidized with K3Fe(CN)6; excess was removed by gel

filtration with a Sephadex G-25 column.

Electron paramagnetic resonance

Continuous wave EPR spectra were obtained at 12 K using a Varian (Palo

Alto, CA) E112 spectrometer equipped with a Systron-Donner frequency

counter and a PC-based data acquisition program. The samples of ferric

HbTb, Hb1Tn, Hb2Tn, and HbGa were at 0.5 mM tetramer concentration in

50 mM Hepes pH 7.6. Spectra were recorded at a microwave frequency

of 9.29 GHz, a microwave power of 10 mW, a modulation frequency of

100 kHz, and a modulation amplitude of 5 G.

X-ray crystallography

Crystallization of ox-HbTb was carried out at pH 7.6 and room temperature

via liquid-diffusion technique, using a capillary (5). Diffraction data on

HbTb crystals were collected at high resolution (1.48 Å) at the XRD1 beam-

line of Elettra synchrotron. A data set was collected at 100 K using glycerol

as cryoprotectant and processed with the program suite HKL (15). A

summary of the data-processing statistics is given in Table 1. The coordinates

of the low-resolution (2.5 Å) a-aquo-met, b-hemichrome structure of HbTb

(PDB code 1S5Y)were used as a starting model to refine the structure of oxy-

HbTb. The refinement was performed using the program CNS (16). The

refinement runs were followed by manual intervention using the molecular

graphic program O (17) to correct minor errors in the position of the side

chains. The molecular graphic program O (17) was used also to perform

molecular modeling. Seven side chains are modeled in alternative confor-

mations. Water molecules were identified by evaluating the shape of the

electron density and the distance of potential hydrogen bond donors and/or

acceptors. At convergence, the R-factor value was 0.199 (R-free 0.234). A

summary of the refinement statistics is also reported in Table 1. The

coordinates of the structure have been deposited in the PDB (18), with entry

code 2PEG.

Comparison of bis-His heme structures
and EPR parameters

The orientations of His axially ligated to the iron heme were derived for 11

hemichromes found in the Hb superfamily using structures from the PDB

and this work (4,5,8,11,19–25). In particular, the tilt angles between the

heme plane and the distal His-imidazole plane (ud), the tilt angle between the

heme plane and the proximal His-imidazole plane (up), the dihedral angle

between the proximal- and the distal-His imidazole planes (v), together with

the bond angle formed by the Ne2 atom of proximal His, the Fe, and the Ne2
atom of distal His (NFeN) have been calculated using CCP4 (26). These data

have been compared to those obtained for bis-His adducts of heme proteins

reviewed in Zaric et al. (27) and have been correlated here with the EPR

signals collected for these systems.

RESULTS

Electron paramagnetic resonance spectra

The EPR spectra of the five ferric Hbs from T. bernacchi
(HbTb), T. newnesi (three components Hb1Tn, Hb2Tn, and

HbCTn), and G. acuticeps (HbGa) at pH 7.6, measured at

12 K, show the presence of both an axial high-spin ferric

signal and three rhombic low-spin ferric signals (Fig. 1).

High-spin signals with identical g values (5.88 and 2.01)

were found for HbTb, Hb1Tn, Hb2Tn, and HbGa, whereas

the g ¼ 5.88 signal of HbCTn (Fig. 1, left panel, middle
spectrum) exhibits an increase in rhombicity (28) as compared

TABLE 1 Data collection and refinement statistics

Diffraction data

Space group C2

Cell parameters

a (Å) 87.16

b (Å) 87.74

c (Å) 55.38

b (�) 97.66

Resolution range (Å) 30.00–1.48 (1.53–1.48)*

No. of unique reflections 74461

Completeness (%) 99.4 (99.6)*

Rmerge (%) 3.5 (22.7)*

I/s(I) 28.9 (4.0)

Redundancy 5

Refinement

Resolution range (Å) 30.00–1.48

R (%) 19.9

Rfree (%) 23.4

No. of protein atoms 2239

No. of water molecules 215

rms deviation

Bond lengths (Å) 0.009

Bond angles (�) 0.90

Average atomic displacement

Protein (Å2) 16.4

Heme (Å2) 18.4

Water molecules (Å2) 27.2

*The numbers in parentheses refer to the outermost shell.
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to the other four AF-Hbs. Three sets of low-spin signals

with gmax and gmid values of 3.2 and 2.3/2.2, 2.9 and

2.3/2.2, 2.6 and 2.2, respectively, were resolved for the five

AF-Hbs (Fig. 1, right panel). In addition, one low-spin gmin

value of 1.8 was resolved. The EPR spectra shown in Fig.

1 are first derivatives of the EPR absorption envelopes,

which differ in shape for high-spin and low-spin ferric

signals, and span ;2300 G for the high-spin ferric signals

and over 3500 G for some low-spin ferric signals at X band,

the microwave frequency region used (29,38). For these

reasons, the intensities of spectral components in Fig. 1, left

panel, due to high-spin and low-spin hemes vary substan-

tially in intensity, even though the AF-Hbs contain compa-

rable amount of high-spin and low-spin hemes. One of the

three low-spin forms (g ¼ 2.6, 2.2), to which the gmin ¼ 1.8

signal is assigned, clearly arises from a hydroxy-met form

(class O of the Truth Table originally published by Blumberg

and Peisach (29)). It is of note that unlike the other four AF-

Hbs, the hydroxide form is not resolved in HbCTn (Fig. 1,

right panel), suggesting that the pKa of the bound water of

the aquo-met center is higher than that for the other four

AF-Hbs.

The g values for the remaining two low-spin signals fall

into class B of the Truth Table (29), which comprises bis-His

and bis-imidazole complexes. These data indicate that in

solutions of ferric AF-Hbs two distinct hemichromes (re-

ferred to as I and II) exist. Hemichrome II (g ¼ 2.9, 2.3/2.2),

with a less anisotropic EPR signal and g values close to those
of cytochrome b5, is less abundant than hemichrome I (g ¼
3.2, 2.3/2.2) of HbTb, Hb1Tn, Hb2Tn, and HbGa. A different

trend was observed for HbCTn (see below).

The high-spin signal in HbTb, Hb1Tn, Hb2Tn, and HbGa

corresponds to that of an aquo-met form. The rhombic dis-

tortion of the high-spin signal in HbCTn suggests the for-

mation of unligated, penta-coordinated Fe (III). Such forms

have been previously observed in distal histidine mutants

of myoglobin (30–31), in peroxidases (32), in a flavo Hb

(33), in a giant Hb at acidic pH (34), and in Scapharca
inequivalvis Hb (35). While noting that buffer-dependent

rhombic distortion of the high-spin signal of the aquo-met

form has been observed (30), the current results provide the

first spectroscopic indication for an unligated ferric form in a

tetrameric Hb. From the comparison of the EPR spectrum of

HbCTn with those of the other four AF-Hbs investigated

here, it appears that the formation of the unligated penta-

coordinated Fe (III) species in HbCTn is associated with a

decrease in the population of hemichrome I, with an invariant

population of the aquo-met form. In fact, in HbCTn the

cytochrome b5-like hemichrome II is more abundant than

hemichrome I.

FIGURE 1 CW-EPR spectra of five ferric

AF-Hbs: HbTb, HbGa, HbCTn, Hb1Tn, and

Hb2Tn. The protein concentration was 0.5

mM tetramer, buffer was 50 mMHEPES pH¼
7.6. Spectra were recorded at 12 K, a micro-

wave frequency of 9.29 GHz, a microwave

power of 10 mW, a modulation frequency of

100 kHz, and a modulation amplitude of 5 G.

Spectra in the left panel are replotted on a310

intensity scale on the right, showing the low-

spin signal region.
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Overall structure of oxidized HbTb

To obtain a detailed characterization of the iron-coordination

stereochemistry in hemichromes of AF-Hbs, the structure of

the oxidized HbTb (ox-HbTb), previously determined at low

resolution (2.5 Å) (5) and shown to contain an a-aquo-met,

b-hemichrome structure, was refined using synchrotron data

at 1.48 Å (Table 1). The final model, which contains 215

water molecules and seven residues modeled in alternative

conformations (Arg-11a, Glu-121a, Ser-29b, Asn-77b, Ser-
107b, Ser-139b, His-146b), shows an R-factor value of

0.199 (R-free 0.234) and good quality electron density maps

(Figs. 2 and 3).

The overall structure of ox-HbTb is similar to that

previously determined at room temperature and low resolu-

tion (5). The root mean-square deviations between the Ca

atoms of ox-HbTb and the previously determined structure

are as low as 0.63 Å. The quaternary structure is intermediate

(H state) between the R and T states. After superimposition

of the a1b1 dimer of ox-HbTb to that of the deoxy (T)

structure (36), a rotation of 6.7� is required to superimpose

the a2b2 dimers. A similar analysis performed between ox-

HbTb and the carbomonoxy (R) structure (12) provides an

angle of 4.7� in the opposite direction. The other structural

features considered diagnostic of an intermediate structure

between the T and R states are also conserved. In particular,

at the a1b2 interface a water molecule bridges Asp-95a1 and

Asp-101b2, with a distance between the O
d equal to 5.0 Å. In

the T state, there is a tight direct Asp-95a1-Asp-101b2

hydrogen bond (2.5 Å) (36), whereas in the R state the two

Asp side chains are far apart (6.4 Å) (12). Furthermore, in

ox-HbTb the position of Tyr-145b side chain is different

from those reported in both the R- and T-states (12,36). In

ox-HbTb, Tyr-141a protrudes toward the protein interior

and interacts via a water-mediated interaction with the back-

bone oxygen of Val-35a2.

High resolution of the structure also highlights novel

structural details. In particular, the b1b2 interface and some

of the residues in the CDb loop, which are poorly defined in

the previously reported structure (5), are well ordered in the

current low-temperature high-resolution structure. The b1b2

interface is stabilized by the insertion of Tyr-145b and by a

p stacking interaction between the two terminal His-146b1

and His-146b2 (Fig. 2). The inspection of the electron den-

sity map of this region reveals that His-146b1 and His-146b2

adopt two alternative conformations (A and B) in proximity

to the crystallographic twofold axis. The change in confor-

mation of His-146b is related to the change in the confor-

mation of Ser-139b.
The two symmetry-related side chains of His-146b adopt

two different conformations, in such a way that His in the A

conformation stacks onto the side chain of His in the B

conformation. Interestingly, a similar structural motif has

been previously observed in the R2 form of human HbA

(37).

Heme regions

The current high-resolution crystal structure allows a more

reliable characterization of the heme stereochemistry. The

a-heme is in an aquo-met/hydroxy-met state, with the center

of the electron density peak 2.0 Å distant from the iron and

4.1 Å from the Ne2 atom of His-59a, the distal His (Fig. 3 a).
In the b-chains, a bis-His coordination of the irons is

observed (Fig. 3 b). The tilt angles between the heme plane

and the distal His imidazole plane (ud), the tilt angle between
the heme plane and the proximal His imidazole plane (up),
the dihedral angle between the proximal and distal His

imidazole planes (v), and the bond angle between the Fe and
the His Ne2 atoms (NFeN) were calculated for the b-hemes

of ox-HbTb compared with other class B hemichromes of

known structure (Table 2). Distortion of the bis-His coor-

dination clearly appears from the analysis of the several

stereochemical parameters (see Discussion).

Molecular modeling

To understand the structural basis of the peculiar EPR be-

havior of HbCTn as compared to the other AF-Hbs, and in

particular to the highly sequence-related Hb1Tn, a model of

the hemichrome for HbCTn has been built starting from the

hemichrome structure of the Hb1Tn previously published

(PDB code 1LA6), corresponding to that of the hemichrome

I (see below). The main sequence change in the heme pocket

region between HbCTn and Hb1Tn is the substitution Val-

67b/Ile. In the model of the HbCTn hemichrome, the

bulky side chain of Ile-67b makes an unfavorable contact

with distal His-63b (Fig. 4) and negatively affects the path-

way to hemichrome formation. These considerations might

explain the low abundance of hemichrome I in HbCTn.

Molecular modeling of a cytochrome b5-like (uncon-

strained) hemichrome, hemichrome II (see below), has been

performed, starting from the current structure of the ox-HbTb.

FIGURE 2 Electron density map of the b1b2 interface of oxy-HbTb. The

alternative conformation of His-146 is apparent in proximity of a special

position (twofold axis).
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The model suggests that formation of hemichrome II in

HbTb should require an extensive rearrangement of the

b-heme region.

DISCUSSION

The EPR study on five oxidized AF-Hbs reveals that at phys-

iological pH all of them display a variety of ferric forms. The

g values for the high-spin signal in HbTb, Hb1Tn, Hb2Tn,

and HbGa corresponds to an aquo-met form. One of the

three low-spin signals is due to a hydroxy-met form. High-

resolution crystallographic data collected on HbTb (this study)

and data collected on Hb1Tn (4) clearly indicate that these two

signals come from the a-heme, where the aquo-met is in

equilibrium with a hydroxy-met form.

The other two distinct low-spin signals suggest the pres-

ence of two hemichrome states in the b-subunit charac-
terized by different stereochemical parameters of bis-His

coordination (38). In HbTb, Hb1Tn, Hb2Tn, and HbGa, the

more abundant form displays gmax and gmid values of 3.2 and

2.3/2.2, respectively, whereas the less abundant hemichrome

component exhibits gmax and gmid values of 2.9 and 2.3/2.2,

respectively. In HbCTn, which exhibits a distinctive behav-

ior, the relative abundance of the two hemichrome forms is

reversed.

In class B hemichromes, g tensor anisotropy is related to

state of charge of the imidazole rings and with the geometric

parameters of the bis-His coordination (29,38). In this

respect it should be noted that the g tensor anisotropy of the

two signals observed here (Table 2) does not resemble that of

the alkaline form of cytochrome b5 or that of a heme that

contains axial imidazolate ligands (39). The geometric

parameters that can influence the g tensor anisotropy are

the tilt angles of the distal and the proximal imidazole with

the heme plane, ud and up, and the dihedral angle formed

between the distal and proximal imidazole groups, v. Cy-
tochrome b5-like hemichromes and model compounds with

unhindered imidazoles display an ideal (least constrained)

geometry of coordination—ud and up close to 90�, and maxi-

mal p overlap between the axial imidazole planes and the

low-spin Fe (III) dp orbitals, i.e., v close to 0� or 90�—
deviation from this geometry leads to an increase in the

g anisotropy (38). In this framework, the more abundant

hemichrome (hemichrome I) in HbTb, Hb1Tn, Hb2Tn, and

HbGa can be classified as a distorted bis-His complex,

whereas the less abundant one (hemichrome II) is cyto-

chrome b5-like (unconstrained). The high-resolution crystal

structure of HbTb herein reported allows an accurate analysis

of the heme stereochemistry (Table 2). Our data clearly

indicate that the bis-His coordination in the ox-HbTb crystal

structure is significantly distorted. Consequently, this x-ray

crystal structure can be confidently assigned to hemichrome

I detected in solution.

An analysis of heme stereochemistry amongHbs forming a

bis-His complex indicates that distorted coordinations are

frequent (Table 2). In contrast, the ideal unconstrained

geometries are observed only for bis-His complexes of Hbs

isolated from Drosophila melanogaster (25) and H. sapiens
(a-chain of HbA complexed with AHSP) (11). EPR param-

eters for several of these bis-His complexes are available and

are compared to the geometries obtained from x-ray crystal

structures (Table 2). In general, g anisotropy increases with

deviation of ud from 90�, i.e., with the increase in the tilt angle
of the distal histidyl imidazole (with the exception of human

cytoglobin). g anisotropy also increases with increase in

deviation from v¼ 0� or 90�, the dihedral angle between the
proximal and distal histidyl imidazole planes. Thus our re-

sults demonstrate that in Hbs, as in model compounds (38),

distorted, constrained geometries of bis-His complexes result

in an increase in the g tensor anisotropy.

FIGURE 3 Electron density maps of

ox-HbTb: (A) a-heme; (B) b-heme.
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The findings from the molecular modeling of hemichrome

II in HbTb suggest that its formation is probably associated

to a partial/global unfolding of the protein. To date, it cannot

be ruled out that hemichrome II EPR signals come from dis-

sociated monomeric subunits. However, it should be noted

that the association constant of the tetramer for AF-Hbs is

even higher than for HbA (40). The formation of a-hemi-

chrome in AF-Hbs (as observed in horse Hb (8)) seems

unlikely since the key residues responsible for the bis-His

coordination in horse Hb are absent in AF-Hbs.

Unlike the other four AF-Hbs, in HbCTn hemichrome II is

more abundant than hemichrome I. In addition, a penta-

coordinated ferric form can be detected. It is likely that this

form almost quantitatively replaces the distorted hemichrome

I in the b-chains. A straightforward structural explanation for

the peculiar behavior of HbCTn has been hypothesized by

molecular modeling. The main difference in the b-heme

pocket between HbCTn and the other AF-Hbs is the

substitution Val-67b/Ile in HbCTn (41). The replacement

of Val-67b with a bulkier side chain generates unfavorable

interactions in the heme pocket (Fig. 4). Furthermore, the tight

packing of the heme region upon Val-67b/Ile substitution

suggests that the mutation may negatively affect the process

of hemichrome I.

It is worth mentioning that the main difference between

the current structure (ox-HbTb) and the previously low

resolution/room temperature structure of HbTb hemichrome

(5) is at the b1b2 interface. The b1b2 interface reported here-

with is novel in the Hb realm, in that it exhibits p-stacking of
the His-146b side chains along a well-ordered Cb terminal

region. Interestingly, this His is involved in the Bohr effect

of mammalian Hbs and is also considered relevant for the

root effect in HbTb (36).

As a final remark, it is interesting to note that, to our

knowledge, up to now no tetrameric Hb in a complete (a and

b) hemichrome state has been found. Horse Hb hosts the bis-

His adduct at the a subunit within a R quaternary structure

TABLE 2 Heme stereochemistry (see text) and g values for the bis-His coordinations of Hbs

Hemoprotein PDB code up (�) ud (�) v(�) NFeN(�) g1 g2 EPR reference

T. bernacchii (b subunit)* 2PEG 88.5 68.8 57.7 173 3.15 2.26 this work

T. newnesi (Hb1Tn, b subunit)* 1LA6 76.8 73.0 62.7 165 3.13 2.24 this work

E. caballus (a subunit)* 1NS6 83.1 67.6 22.7 173 – – –

O. sativay 1D8U 87.1 88.4 64.4 178 – – –

87.9 87.2 63.8 177

H. sapiens (cytoglobin)y 1URV 83.4 82.4 67.4 171 3.20 2.08 (42)

84.3 81.3 67.4 173

H. sapiens (AHSP-a subunit)z 1Z8U 83.2 85.1 89.1 174 – – –

89.8 85.7 68.6 175

H. sapiens (neuroglobin)z 1OJ6 88.4 81.8 65.5 175 – – –

89.3 78.1 67.3 175

88.5 79.1 66.1 175

88.8 79.4 60.9 176

Synechocystis s.z 1RTX 79.0 72.7 77.0 175 3.39 – (H. C. Lee and J. Peisach,

unpublished data)

C. arenicolaz 1HLB 89.3 77.0 65.0 177 – – –

M. musculus (neuroglobin)z 1Q1F 89.5 79.6 61.1 177 3.12 2.15 (42)

D. melanogasterz 2BK9 86.9 88.5 89.0 179 – – –

Cytochrome b5
B. Taurus 1CYO 85.9 86.3 21.2 178 3.03 2.23 (39)

R. norvegicus 1B5M 89.1 81.3 11.8 166 – – –

H. sapiens (domain of sulfite oxidase) 1MJ4 87.0 86.3 0.7 178 – – –

Sources of cytochrome b5 are reported for comparative analysis.

*tetrameric Hb.
ydimeric Hb.
zmonomeric Hb.

FIGURE 4 Modeling of the HbCTn b-heme. The Ile-67b/Val substi-

tution hampers the formation of distorted hemichrome.
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(8), whereas HbTb and Hb1Tn (4) host the bis-His adduct

at the b subunit within an R/T intermediate quaternary

structure. Despite this difference, in horse Hb, HbTb, and

Hb1Tn the hemichrome formation requires a similar sliding

of the heme toward the exterior of the heme pocket (4,8).

The finding that only partial (a or b) hemichrome states

have been observed suggests that a complete (a and b)
hemichrome state might not be reached within a folded

tetramer.

CONCLUSIONS

A number of ferric forms is present in AF-Hbs at physiolog-

ical pH. In particular, two EPR-distinct hemichromes are

observed. It is likely that the two hemichromes represent

different stereochemistry of heme coordination. The crystal

structure at high resolution of ferric HbTb suggests that the

most abundant hemichrome has a distorted geometry, con-

sistent with EPR parameters. Moreover, the crystal structure

reveals a low temperature effect, which induces an ordering of

the Cb-terminal regions in a novel b1b2 interface.

EPR spectra of HbCTn reveal that in this protein the dis-

torted hemichrome is less abundant than a cytochrome b5-like
unconstrained form and that an unligated penta-coordinated

ferric species is present. The different behavior of HbCTn

compared to that of the other AF-Hbs is rationalized, taking

into account the structural alterations caused by the Val-

67b/Ile substitution at the b-heme pocket.
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