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Oxygen binding to homodimeric Scapharca inaequi-
valvis hemoglobin (HbI) crystals has been investigated
by single-crystal polarized absorption microspectropho-
tometry. The saturation curve, characterized by a Hill
coefficient nH 5 1.45 and an oxygen pressure at half
saturation p50 5 4.8 torr, at 15 °C, shows that HbI in the
crystalline state retains positive cooperativity in ligand
binding. This finding will permit the correlation of the
oxygen-linked conformational changes in the crystal
with the expression of cooperativity.
Polarized absorption spectra of deoxy-HbI, oxy-HbI,

and oxidized HbI crystals indicate that oxygenation
does not induce heme reorientation, whereas oxidation
does. Lattice interactions prevent the dissociation of
oxidized dimers that occurs in solution and stabilize
an equilibrium distribution of pentacoordinate and
hexacoordinate high spin species.

The study of the homodimeric, cooperative hemoglobin from
the clam Scapharca inaequivalvis, HbI,1 has suggested a mech-
anism of cooperativity in oxygen binding that is radically dif-
ferent from that operative in HbA. The mechanism is based on
the comparison of the deoxy- and liganded HbI crystal struc-
tures, determined in orthorhombic and monoclinic crystals,
respectively, and entails prominent tertiary changes in the
heme environment but only subtle quaternary changes (1–4).
Communication between the heme groups via localized struc-
tural changes is made possible by the unusual assembly of the
globin chains. In HbI, the heme-carrying E and F helices form
the dimer interface (5) rather than being exposed to solvent as
in HbA. Thereby, the heme groups are brought into nearly
direct contact through a network of hydrogen bonds, which is
modified upon oxygenation (2–5).
In order to establish whether the crystal structures of HbI

fully correlate with function in solution, we asked the question
whether cooperative oxygen binding is retained by the protein
in the crystalline state. In fact, it cannot be excluded, a priori,
that crystallization conditions favor a protein conformation
different from that prevailing in solution and that lattice in-
teractions restrict its activity-related movements. The func-

tional behavior has been commonly used as a stringent crite-
rion to compare structural properties of proteins in solution
and in the crystalline state (6–9).
The response of crystals of human hemoglobin A (HbA) to

oxygenation exemplifies the delicate interplay between in-
tramolecular rearrangements associated with ligand binding
and intermolecular interactions stabilizing the crystal. Deoxy-
HbA crystals, grown from high salt solutions, shatter in the
presence of oxygen (10, 11), as lattice interactions neither pre-
vent nor accommodate the T 3 R quaternary transition (12,
13). In contrast, deoxy-HbA crystals, grown from polyethylene
glycol solutions, are stable when exposed to oxygen because the
protein remains in the T quaternary state with intact salt
bridges (14–16). A single crystal polarized absorption mi-
crospectrophotometric study has shown that oxygen binds non-
cooperatively to these crystals, saturating both a and b hemes
(17, 18). Similar studies have been carried out on stable crys-
tals of Hb Rothschild (19) and des-Arg HbA (20).
Single-crystal polarized absorption microspectrophotometry

is here exploited to determine oxygen binding curves to HbI
crystals grown in the deoxy state. To obtain a precise estimate
of the fractional saturation of reduced hemes, it is critical to
evaluate exactly the amount of HbI molecules present in the
oxidized form. The spectrum of soluble HbI in the oxidized state
is pH-dependent and reflects an equilibrium distribution be-
tween two high spin dimeric components and a low spin mono-
meric hemichrome (21). Therefore, this equilibrium has been
characterized in the crystalline state.

MATERIALS AND METHODS

Isolation, Purification, and Crystallization of HbI—Scapharca inae-
quivalvis HbI was isolated and purified as described previously (22).
Crystals of deoxy HbI were grown at room temperature by mixing
deoxygenated 5 mM phosphate buffer, pH 8.0, containing 22 mg/ml HbI,
and deoxygenated 3.5 M phosphate buffer, pH 8.5, as measured after
calibration of the electrode with the standards 48 mM phosphate buffer,
pH 7, and 50 mM carbonate buffer, pH 10. The final solution contained
30 mM sodium dithionite. Crystallization vials were deoxygenated and
stored anaerobically. Crystals of size suitable for microspectrophoto-
metric measurements (10–30 mm thick) grew in 1.8–2.0 M phosphate
buffer as rhombic plates, belonging to the orthorhombic space group
C2221,

2 like the larger deoxy-HbI crystals grown for x-ray studies (2, 3).
Oxygen Binding by HbI Crystals—Individual crystals of deoxy HbI

were withdrawn from a crystallization vial and were washed at least 6
times in 3.5 M phosphate buffer, pH 8.5, containing 1 mM EDTA and
0.35 mg/ml (20 units/mg) catalase (Sigma, bovine liver), in air. No
crystal damage was observed during this procedure. Crystals were
placed in a Dvorak-Stotler flow cell (23) and covered with an optically
isotropic, gas permeable, silicon-copolymer membrane, MEM213
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THE JOURNAL OF BIOLOGICAL CHEMISTRY Vol. 271, No. 7, Issue of February 16, pp. 3627–3632, 1996
© 1996 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in U.S.A.

3627

 by guest on A
pril 27, 2019

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


(General Electric). Helium-oxygen humidified gas mixtures were pre-
pared with a computerized gas standard generator (Environics, series
200) and flown into the cell using 316 stainless steel tubing. Oxygen
pressure at the outlet of the cell was determined by an oxygen meter
equipped with a Clark electrode. The flow cell was mounted on the
thermostatted stage of a Zeiss MPM03 microspectrophotometer.
Single crystal polarized absorption spectra were recorded between

450 and 700 nm. The electric vector of the incident polarized light was
parallel either to the a or to the b crystal axis. These axes coincide with
the diagonals of the plate and are principal optical directions of the
crystal. Polarized light absorption along these directions obeys the
Beer-Lambert law. The optical theory for myoglobin and hemoglobin
crystals has been previously reported (18, 24, 25).
Oxygen binding curves were determined by recording polarized ab-

sorption spectra of HbI crystals equilibrated with either progressively
increasing or progressively decreasing oxygen pressures, at 15 °C, as
described previously (17, 18). The time required to obtain a stable
spectrum of oxygenated HbI crystals depends on crystal thickness and
oxygen pressure. For oxygen pressures below 2 torr, equilibration times
for HbI crystals suitable for microspectrophotometric studies are of the
order of days, and oxygen electrode drift precludes measurements. Long
equilibration times also cause the unavoidable formation of oxidized
HbI. For these reasons, even at higher oxygen pressures, each crystal
was used for no more than three measurements.
pH-dependent Spectral Changes of Oxidized HbI Crystals—Oxida-

tion of HbI crystals was achieved by suspending them in a solution
containing 3.5 M potassium phosphate and 2 mM potassium ferricyanide
for about 30 min. Polarized absorption spectra of oxidized HbI crystals
were recorded after suspending the same crystal in 3.5 M potassium
phosphate at different pH values.
Solution Spectra of Oxidized HbI at High Salt Concentration—Con-

centrated oxy-HbI in a solution containing 10 mM phosphate buffer, pH
7.0, was oxidized with potassium ferricyanide dissolved in the same
buffer. The oxidized protein was subsequently concentrated to 4 3 1023

M (heme) with an Amicon Centricon 10 apparatus, thus eliminating the
excess ferricyanide and the ferrocyanide formed during the redox reac-
tion. The concentrated HbI solution was mixed in different ratios with
4 M potassium phosphate buffer, at pH values between 6.3 and 8.5, to
yield a final phosphate concentration of 1–3 M. Absorption spectra were
recorded between 450 and 700 nm by using a Varian Cary 3 spectro-
photometer, at 15 °C. The pH of each solution was measured after
spectral recording. It was not possible to determine spectra in the
presence of phosphate concentrations higher than 3 M and of protein
concentrations higher than 1 3 1023 M, nor to oxidize concentrated HbI
in a high ionic strength buffer, due to protein precipitation.
Data Analysis—Fractions of deoxygenated, oxygenated, and oxidized

hemes in HbI crystals were determined by a least squares fitting of the
polarized spectra recorded in the presence of various oxygen pressures
to a linear combination of deoxy-, oxy-, and oxidized HbI polarized
spectra (reference spectra) (17, 18). Spectra of crystals containing oxi-
dized HbI in proportions higher than 20% were not used for oxygen
affinity determinations.
The pH-dependent absorption spectra of oxidized HbI in solution

were analyzed with a singular value decomposition algorithm (Matlab,
The Math Works Inc., Natick, MA) and fitted according to the equilib-
rium scheme given by Spagnuolo et al. (21), which describes the pH-de-
pendent interconversion of three components, a dimeric hexacoordi-
nate, a dimeric pentacoordinate, and a monomeric hemichrome.
The pH-dependent polarized absorption spectra of oxidized HbI in

the crystal were fitted to a linear combination of the basis spectra of the
three oxidized species in solution. The contributions of the different
components to the observed polarized spectra Aobs were calculated by
the following expression:

Aobs 5 cDh 3 ADh 1 cDp 3 ADp 1 cM 3 AM 1 coff 3 Aoff (Eq. 1)

where ADh, ADp, and AM are the basis spectra in solution of the dimeric
hexacoordinate, dimeric pentacoordinate, and monomeric hemichrome,
respectively, and cDh, cDp, and cM are coefficients proportional to both
the fractional concentration of the various species and their extinction
coefficients along each crystal axis. coff 3 Aoff represents a horizontal
offset. The use of the above expression is justified by the observation
that the ratio of absorbances at each wavelength in the two perpendic-
ular directions of polarization is almost constant, i.e. the electronic
transitions are almost perfectly x, y polarized (18, 24, 25).

RESULTS

Oxygen Binding by Crystals of HbI—Single crystal polarized
absorption spectra of HbI, recorded along the a and the b
crystallographic axes, at oxygen pressures between 2 and 37
torr, at 15 °C (Fig. 1), indicate that HbI crystals bind oxygen
reversibly and that oxygenation does not lead to crystal dam-
age. In order to determine the fraction of oxygenated, deoxy-
genated, and oxidized hemes at different oxygen pressures,
polarized absorption spectra of pure deoxy-, oxy-, and oxidized
HbI (reference spectra) were obtained using the same crystal.
First, a ferrous HbI crystal was fully oxidized by suspending it
in a solution containing 2 mM potassium ferricyanide. Upon
oxidation, fine crystal cracks transiently appear on the crystal
surface. Thereafter, excess reagent was removed, and polarized
spectra were recorded (Fig. 2a). The oxidized HbI crystal was
then reduced by resuspending it in a solution containing 30 mM

sodium dithionite, and spectra were recorded (Fig. 2b). Finally,
the crystal was washed with a dithionite-free solution equili-
brated with oxygen at a pressure of 760 torr. Polarized spectra
were recorded and corrected for the presence of small amounts
of oxidized protein (Fig. 2c). Since no appreciable spectral dif-
ferences were observed by comparing spectra recorded at 160
and 760 torr, these spectra represent the absorption of fully
oxygenated HbI crystals. An example of the least-squares fit-
ting of the observed spectra in the presence of 5.5 torr of oxygen
to a linear combination of the reference spectra and an offset is
shown in Fig. 2d.
Hill plots of the data are shown in Fig. 3. The oxygen pres-

sure required for half-saturation (p50) is 4.9 6 1.0 and 4.8 6 0.8
torr, as determined from spectra recorded along the a and the
b crystal axes, respectively. The Hill coefficient (nH) deter-

FIG. 1. Single crystal polarized absorption spectra of HbI at
different oxygen pressures. Crystals of HbI, suspended in a solution
containing 3.5 M potassium phosphate, 1 mM EDTA, 0.35 mg/ml cata-
lase, pH 8.5, at 15 °C, were equilibrated with humidified oxygen mix-
tures between 2 and 37 torr. Polarized absorption spectra were recorded
with the electric vector parallel either to the a or to the b crystallo-
graphic axis. Due to the long time required to equilibrate a crystal at
low oxygen pressures, one crystal was used for no more than three
measurements. Spectra of different crystals were normalized to the
reference crystal spectra (see Fig. 2). Oxygen pressure is plotted on a log
scale such that distances are proportional to chemical potentials.
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mined from the two sets of data is 1.43 6 0.07 and 1.46 6 0.06,
respectively. In solution, at 15.1 °C, in 0.1 M phosphate buffer,
pH 7.8, the p50 for HbI is 5.7 torr and the Hill coefficient is 1.44
(26).
Polarized absorption spectra of hemoglobin crystals provide

information on the heme orientation in different ligation states
(24, 25). The pertinent parameter is the polarization ratio (PR),
i.e. the ratio of the absorbances in two perpendicular directions
at wavelengths where the electronic transitions are almost
perfectly x, y polarized. A good estimate of PR can be obtained
by calculating the ratio of absorbances at 556 nm for deoxy-HbI
and at 542 nm for oxy-HbI. The PR values (Aia/Aib) are 1.79 and
1.81 for deoxy- and oxy-HbI, respectively (Table I), indicating
that oxygen binding is not accompanied by a heme tilt. This
result is in agreement with the crystallographic finding that
hemes have the same orientation in deoxy-HbI (2) as in CO-HbI
(1, 3) and oxy-HbI crystals (4).
pH Dependence of the Equilibrium Distribution of Oxidized

Species in HbI Crystals—Polarized absorption spectra of oxi-
dized HbI crystals (Fig. 4a) and spectra of oxidized soluble HbI
in 1–3 M phosphate buffer at millimolar protein concentrations
(Fig. 4b) were recorded as a function of pH. For both sets of
data, the pH-dependent spectral changes were analyzed in
terms of three components, the hexacoordinate aquomet, the
pentacoordinate species, and the hemichrome. Representative

examples are given in Fig. 4, c and d. The most striking differ-
ences concern the monomeric hemichrome, which is practically
absent in the crystalline state over the entire pH range exam-
ined (Fig. 5a). Thus, in the crystal, the spectra are a combina-
tion of the spectra of the pentacoordinate and the hexacoordi-
nate dimeric species, with the latter component varying
between 70 and 35% at pH values between 6.3 and 8.5. The
contribution of the aquomet hexacoordinate species to absorp-
tion is consistently higher in the spectra recorded with light
polarized along the b crystal axis, a result suggesting that in
the two oxidized species, the hemes are differently oriented
with respect to the crystal axes.
The calculated pKa for the transition between the two di-

meric species is 7.07 6 0.13 and 7.02 6 0.11, as determined by
polarized absorption spectra along the a and the b crystal axes,
respectively (Fig. 4a, inset).
In solution, the hemichrome and the high spin hexacoordi-

nate component are the predominant species under all the
conditions investigated (Fig. 4d and Fig. 5, b and c). The
amount of hemichrome decreases in the alkaline range with a
concomitant increase of the pentacoordinate heme, whereas the

FIG. 2. Single crystal polarized absorption spectra and polar-
ization ratios of deoxy-HbI, oxy-HbI and oxidized HbI (refer-
ence spectra). The spectra of oxidized HbI were recorded on a crystal,
oxidized with 2 mM ferricyanide and then washed with 3.5 M potassium
phosphate, pH 8.5 (panel a); the spectra of deoxy-HbI were obtained by
suspending the same crystal in 30 mM dithionite (panel b); the spectra
of oxy-HbI were obtained by resuspending the crystal, after removal of
dithionite, in a solution equilibrated at 760 torr of oxygen (panel c). The
contribution of a small fraction of oxidized HbI to the oxy-HbI spectra,
as evidenced by a shoulder at 602 nm, was subtracted, and the spectra
were properly normalized as described previously (18). For each set of
spectra, the polarization ratio is plotted on the top portion of each panel.
In panel d, the observed polarized spectrum, recorded with the electric
vector parallel to the a crystal axis, at an oxygen pressure of 5.5 torr
(——), is compared with that calculated from the fitting to a linear
combination of the reference spectra (– – –), the fractional contribution
of the spectra of deoxyHbI, oxyHbI, and oxidized HbI being 42.5, 50.1,
and 7.4%, respectively. The fractional saturation with oxygen, defined
as the ratio of oxygenated hemes over reduced plus oxygenated hemes,
is 54.5%.

FIG. 3. Hill plots of oxygen binding data for HbI crystals. Crys-
tals of HbI were suspended in 3.5 M potassium phosphate, 1 mM EDTA,
pH 8.5, at 15 °C. The Hill coefficient nH and the p50 are 1.43 6 0.07 and
4.9 6 1.0 torr, respectively, from data recorded along the a axis (open
symbols, dashed line), and 1.46 6 0.06 and 4.8 6 0.8 torr from data
recorded along the b axis (closed symbols, solid line), either by increas-
ing (Ç, å) or decreasing (É, ç) the oxygen pressure.

TABLE I
Projection of heme planes and polarization ratios in crystals of HbI

sin2zia
a sin2zib

a sin2zic
a PR(A\a/A\b)calc

b PR(A\a/A\b)obs
c

deoxy-HbI
heme 1 0.940 0.193 0.867
heme 2 0.529 0.540 0.930
Sisin

2zim 1.469 0.733 1.797 2.0 1.79

oxy-HbI 1.81

oxidized HbI
(pH 8.5)

2.40

a zia, zib, zic are the angles between the normal to the plane of the i
heme chromophore (taken as the z molecular axis) and the m crystal
axes a, b, and c. The plane of the heme was determined as the least
squares best plane through the 24 porphyrin skeletal atoms, using the
x-ray coordinates of HbI (2SDH.pdb from Brookhaven Data Bank).

b Calculated as Sisin
2zia/Sisin

2zib.
c Calculated as the ratio of absorbances at 556 nm for deoxy-HbI, 542

nm for oxy-HbI, and 602 nm for oxidized HbI.
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amount of hexacoordinate heme is essentially constant over the
pH range studied. In 3 M phosphate, namely at an ionic
strength approaching that of the crystal suspending medium,
the amount of hemichrome is significantly higher than in 1 M

phosphate (Fig. 5c).
The polarization ratio for oxidized HbI crystals was calcu-

lated from the reference spectra at pH 8.5 (Fig. 2a) either at
602 nm or at 500 nm. At these wavelengths, which correspond
to the absorbance maxima of the pentacoordinate and hexaco-
ordinate high spin components, respectively, the heme behaves
as a planar absorber (25). The PR values obtained, 2.4 and 2.3,

respectively, differ considerably from the value characteristic
of the ferrous protein.

DISCUSSION

Allosteric transitions of oligomeric proteins within the crys-
tal lattice are usually limited by intermolecular interactions
that stabilize a particular conformational state. This is the case
for human hemoglobin A, Hb Rothschild, and des-Arg Hb,
crystallized from polyethylene glycol solutions, that remain in
the T state upon oxygenation (14–20). However, when trigonal
crystals of Escherichia coli aspartate carbamoyltransferase in

FIG. 4.Dependence on pH of the spectra of oxidized HbI in the crystal and in solution. a, a single crystal of oxidized HbI was suspended
in a solution containing 3.5 M potassium phosphate at pH 6.3 (zzzz), 6.8 (- - - -), 7.0 (– – –), 7.5 (— — —) and 8.5 (——). Polarized absorption spectra
were recorded along the a and the b crystal axes. Inset, the absorbance change at 600 nm along the a (E) and the b axis (●) was fitted to the equation
for the ionization of a group with pKa 5 7.07 6 0.13 and 7.02 6 0.11, respectively. b, absorption spectra of 1 mM oxidized HbI in a solution
containing 1 M potassium phosphate at pH 6.0 (zzzz), 6.5 (- - - -), 7.0 (– – –), 7.5 (— — —), and 8.0 (——), at 15 °C. Spectra were normalized by
subtraction of a horizontal offset (see panel d). The optical path was 1 mm. c, fitting of the oxidized HbI spectrum in the crystal at pH 7.5, recorded
along the a axis (zzz), to a linear combination (——) of the spectra of high spin hexacoordinate (– – –), high spin pentacoordinate (–z–z–), low spin
hemichrome species (not detectable), and an offset (———). The basis spectra are taken from Spagnuolo et al. (21). The residuals between observed
and calculated spectra are reported in the top part of the panel. d, fitting of the spectrum of oxidized HbI in a solution containing 1 M potassium
phosphate, pH 7.5 (zzz), to a linear combination (——) of the spectra of high spin hexacoordinate (– – –), high spin pentacoordinate (–z–z–), low spin
hemichrome species (zzz) and an offset (———) (21). The residuals between observed and calculated spectra are reported in the top part of the panel.

FIG. 5. Dependence on pH and phosphate concentration of the fraction of high spin aquomet, high spin pentacoordinate, and low
spin hemichrome for crystalline and soluble oxidized HbI. The fractions of high spin hexacoordinate (Ç, å), high spin pentacoordinate (E,
●), and low spin hemichrome (M, f) species were calculated by a linear combination of the basis spectra as described under “Materials and
Methods”. Panel a, crystalline HbI; open and closed symbols refer to data recorded along the a and b crystal axes, respectively. Panel b, soluble HbI
in 1 M phosphate buffer. Panel c, soluble HbI in phosphate buffer, pH 7.5.
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the T state are soaked in a solution containing the substrate
L-aspartate and phosphate, a slow molecular transition to the R
state takes place, suggesting a kinetic rather than a thermo-
dynamic barrier between the two conformations (27). Further-
more, in crystals of tetrameric L-lactate dehydrogenase from
Bifidobacterium longum, grown from a solution where the R
state conformation prevails, lattice forces favor a 1:1 mixture of
T and R state molecules, the latter ones binding a substrate
analog (28).
Activity measurements have provided an independent crite-

rion to establish whether and to which extent lattice interac-
tions affect symmetry and regulation of some oligomeric pro-
teins. Glyceraldehyde-3-phosphate dehydrogenase from lobster
muscle retains in the crystalline state the negative cooperativ-
ity (“half-of-the-sites reactivity”) exhibited in solution in the
reaction with the chromophoric acylating reagent b-(2-furyl)ac-
ryloylphosphate (29–31). The tryptophan synthase a2b2 com-
plex from Salmonella typhimurium maintains the reciprocal
regulation of ligand binding and catalytic activity of the a and
b sites mediated by intersubunit interactions (32, 33). On the
other hand, the asymmetric environment of the two chemically
equivalent subunits of aspartate aminotransferase from
chicken heart mithochondria within triclinic crystals causes a
kinetic asymmetry in the reaction with natural substrates that
has no counterpart in solution (34).
Suspensions of cross-linked microcrystals of rabbit muscle

phosphorylase a showed homotropic cooperativity in the reac-
tion involving a fixed concentration of glucose 1-phosphate and
variable concentrations of maltoheptose (Hill coefficient in the
crystal nH 5 1.08 versus 1.17 in solution) but not in other
reactions (35). HbI represents a most favorable study case as it
fully retains positive homotropic ligand binding cooperativity
in crystals of the quality used for x-ray studies. The structure
of liganded HbI presently available has been determined using
crystals belonging to the monoclinic C2 space group (1–4),
whereas the structure of deoxy-HbI has been determined using
crystals belonging to the orthorhombic C2221 space group
(2, 3). The observed conformational differences between the
liganded and the unliganded states of HbI involve small
changes in the relative position of the two subunits (3.3° rota-
tion and 0.4 Å translation) with striking changes in the heme
environment. These include sinking of the heme groups 0.6 Å
deeper into the subunits due to the extrusion of Phe-97 from
the proximal side of the heme pocket into the subunit interface.
The movement of one heme alters the hydrogen bond network
that links the heme propionates to F helix residues (i.e. Lys-96
and Asn-100) of the other subunit, thus increasing its oxygen
affinity. It will be of interest to compare these conformational
differences with those occurring in orthorhombic crystals
grown in the deoxy state and exposed to increasing oxygen
pressure, in order to verify whether some of them may simply
be due to different lattice contacts.
The oxygen affinity measured along the two orthogonal axes

is the same. Since the contribution of the two hemes to polar-
ized light absorption is different along the two crystal axes
(Table I), this result indicates that, within experimental error,
the two hemes possess the same oxygen affinity and, hence,
that the monoliganded intermediates cannot be distinguished.
The comparison of the polarization ratios of liganded and

unliganded HbI provides information on a possible reorienta-
tion of the heme upon oxygenation. The similarity of the PR
values (1.79–1.81) indicates that ligand binding is not accom-
panied by a heme tilt, in agreement with the existing crystal-
lographic evidence (1–4). The observed PR value for deoxy-HbI
(1.79) is lower than that (2.0) calculated from the x-ray coordi-
nates of the deoxy molecule, assuming a rigid heme plane. In

all myoglobin and hemoglobin crystals, the observed PR value
is consistently lower than the calculated value, due to fluctua-
tions of the heme that produce an apparent out-of-plane
(z-polarized) component in the heme absorption (36).
For oxidized HbI crystals, the PR value (2.3–2.4) observed at

pH 8.5 differs from that characteristic of reduced HbI crystals
and can be attributed to a different heme orientation. Although
the available data do not allow one to estimate the extent of
rotation, even a tilt of a few degrees would be expected to
involve appreciable conformational changes in the surrounding
globin, due to the tight packing of the heme inside the protein.
Indeed, in the crystal, oxidation of reduced HbI induces the
development of fine cracks, which rapidly disappear, while, in
solution, the transition from reduced to oxidized HbI causes
quaternary changes that ultimately lead to dissociation of the
dimer into the monomeric, low spin hemichrome (M). The dis-
sociation equilibrium in solution involves also two spectroscop-
ically distinct dimeric species, a hexacoordinate aquomet (Dh)
and a pentacoordinate (Dp) component, according to the
scheme: M ^ Dh ^ Dp. As described by Spagnuolo et al. (21),
the amount of Dh is essentially constant between pH 6.5 and
8.0 and over the ionic strength range 0.01–0.1 M. The mono-
meric hemichrome is favored by acid pH and higher ionic
strength, while the pentacoordinate species prevails at alkaline
pH and at low ionic strength. The monomerization process
occurs in solution even under solvent conditions approaching
those of the crystal mother liquor. In contrast, in the crystal the
dimeric pentacoordinate form is stabilized over the whole pH
range studied, whereas the monomeric hemichrome formation
is absent due to lattice forces that drastically shift the equilib-
rium toward the right. Thus, HbI crystals provide an interest-
ing example of the balance between lattice energies and ener-
gies involved in tertiary and quaternary rearrangements of
multisubunit proteins. Lattice interactions that do not restrict
the large tertiary and subtle quaternary conformational
changes associated with cooperative oxygen binding are strong
enough to impair the quaternary transition that would lead to
dissociation of the oxidized protein into monomers.
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