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Abstract

Oxygen binding by hemoglobin fixed in the T state either by crystallization or by encapsulation in silica gels is
apparently noncooperative. However, cooperativity might be masked by different oxygen affintiendf subunits.

Metal hybrid hemoglobins, where the noniron metal does not bind oxygen, provide the opportunity to determine the
oxygen affinities ofr and3 hemes separately. Previous studies have characterized the oxygen bingihijy.8(Fe* "),

crystals. Here, we have determined the three-dimensi@ml structure and oxygen binding ef(Fe*™),3(Ni%"),

crystals grown from polyethylene glycol solutions. Polarized absorption spectra were recorded at different oxygen
pressures with light polarized parallel either to ther c crystal axis by single crystal microspectrophotometry. The
oxygen pressures at 50% saturatips09 are 95+ 3 and 87+ 4 Torr along theéb andc crystal axes, respectively, and

the corresponding Hill coefficients are 0.960.06 and 0.9G: 0.03. Analysis of the binding curves, taking into account

the different projections of the hemes along the optical directions, indicates that the oxygen affinity; dlemes is
1.3-fold lower thanx, hemes. Inspection of the 3D structure suggests that this inequivalence may arise from packing
interactions of the Hb tetramer within the monoclinic crystal lattice. A similar inequivalence was found fgr the
subunits ofx(Ni?*),B(Fe?t), crystals. The average oxygen affinity of thesubunits(p50= 91 Tory is about 1.2-fold

higher than thg8 subunits(p50= 110 Tor. In the absence of cooperativity, this heterogeneity yields an oxygen binding
curve of Hb A with a Hill coefficient of 0.999. Since the binding curves of Hb A crystals exhibit a Hill coefficient very
close to unity, these findings indicate that oxygen binding by T-state hemoglobin is noncooperative, in keeping with the
Monod, Wyman, and Changeux model.

Keywords: allosteric models; hemoglobin crystals; microspectrophotometry; oxygen binding; X-ray crystallography

Several models have been proposed over the years to explain ctite Pauling—-KNF model predicts that oxygen binding to a heme
operative oxygen binding by hemoglobikib): the Monod, Wy-  affects both the structure and the affinity of the adjacent subunits.
man, and Changeux modéMWC) (Monod et al., 196§ the The original stereochemical mechanism of Peki@70 focused
Pauling mode(Pauling, 1935 later expanded by Koshland, Nem- on the role of salt bridges in the stabilization of a low-affinity T
ethy, and Filme(KNF) (Koshland et al., 1966 the stereochem- state and in the origin of the Bohr effect. The structural mechanism
ical mechanism of Peru{d970 and the symmetry rules of Ackers was fully in agreement with the essential features of the MWC
etal.(1992. A critical difference among these models is the degreemodel. Tertiary conformational changes that occur upon oxygen
of cooperativity of the T quaternary state and, therefore, the exterttinding within a subunit do not propagate through eitherdhs,
of signal communication between hemes. Whereas the MWC modear the a,-8; interfaces, and there are only two quaternary states.
predicts that oxygen binds to both the T and R state noncooperddowever, in later formulations of his model, Perutz seemed to
tively and that, therefore, there is no direct heme—heme interactiorgccept the idea of intersubunit sign@Rerutz, 1989; Perutz et al.,
1998. Recent X-ray diffraction data on fully oxygenated hemo-
Reprint requests to: Andrea Mozzarelli, Institute of Biochemical Sci- globin were interpreted as evidence of such heme-heme inter-

ences, University of Parma, 43100 Parma, Italy; e-mail: biochim@ipruniv.2ction(Paoli et al., 1996 Ackers et al(1992 found that the free
cce.unipr.it. energy distribution of the intermediate species formed using cya-
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nomet hybrids and some metal-hybrid hemoglobins deviates sigmonoclinic and isomorphous to Hb A crystélsiisi & Shibayama,
nificantly from the predictions of the MWC modéhckers et al.,  1989. However, hemoglobin function in the crystRivetti et al.,

1992; Ackers, 1998 To account for these deviations, a model was 1993a, 1993b; Kavanaugh et al., 1995; Bettati et al., 1996, 1997,
proposed that requires ligand binding to the T state to be coopert998 and the high-resolution structures of unliganded and li-
ative. The degree of cooperativity strongly depends on the tetraganded HiBrzozowski et al., 1984; Liddington et al., 1988, 1992;
meric hemoglobin used to mimic intermediate states of oxygenatiorPaoli et al., 199phave been determined using crystals grown from
However, careful studigShibayama et al., 1997, 1998ave dem-  PEG solutions. These crystals are particularly stable and do not
onstrated that key results of Ackers’s work are affected by valencyhatter upon oxygenation, in contrast to the behavior of crystals of
exchange between deoxy and cyanomethemes. Furthermore, themoglobin grown from high-salt solutiori$aurowitz, 1938.
values of cooperative free energies of the tetramer—dimer dissocFor these reasons, in the present work, crystadgB& "), 8(Ni?*),

ation at different degrees of ligatidAckers, 1998 indicated that from PEG solutions were grown, precise oxygen-binding curves
the intradimer cooperativity upon oxygen binding is very small were measured and the 3D structure of the deoxygenated species
compared to that arising from the quaternary transitiflaton  was determined. The results further strengthen the view that T-state
et al., 1999. In a recent analysis, it was concluded that both hemoglobin binds oxygen noncooperatively.

thermodynamic and kinetic data of ligand binding to hemoglobin
are well explained by the MWC modéEaton et al., 1999 A
critical test of the model was the determination of the degree o
cooperativity of oxygen binding by the T quaternary state of Hb. A . . .
T-state Hb that does not switch to the R state upon exposure tghree-dlmensmnal structure of deoxfe”*),8(Ni**),
oxygen can be obtained either by crystallization from polyethylenenspection of the electron density maps of the refined model in the
glycol (PEG solutions(Brzozowski et al., 1984; Mozzarelli et al., molecular regions that mostly vary in the-$ R transition, hy-
1991, by deoxyHb encapsulation in silica gelShibayama &  drogen bonds and salt links at theB, and a3, interfaces, and
Saigo, 1995; Bettati & Mozzarelli, 1990r by the substitution of  the switch region between the C helix of thechains and the FG
the ferrous iron with nonoxygen binding metal ions, such as nickekorner of thes chains, shows that the crystallizetFe?*),8(Ni?*),
(Shibayama et al., 1986a, 19860@xygen binding curves for T-state is in the T quaternary state. Moreover, inspection of the distal site
hemoglobin in the crystalline state as well as in the gel wereregion (Fig. 1) shows that only a weak electron density peak is
characterized by a Hill coefficient close to unity, in spite of sig- present in the neighborhood of thehemes, at 3.4 Aaverage for
nificant differences in oxygen affinities and Bohr effé®ivetti the two« hemes$ from the iron atom and, therefore, not coordi-
et al., 1993a; Shibayama & Saigo, 1995; Bettati & Mozzarelli, nated to it. This feature, which was completely absent at the distal
1997; Mozzarelli et al., 1997 However, a Hill coefficient of unity  site in theB chains, has been interpreted as a distal-site trapped
could occur in the presence of cooperativity that is compensatedyater molecule. As in the other IHP-containing structures of
and therefore masked, by the inequivalence of the oxygen affinitiesib (Paoli et al., 1995 no electron density was observed for the
of the @ andB subunits(Rivetti et al., 1993a; Eaton et al., 1999 allosteric effector.

Rivetti et al. (19933 calculated that thex subunits bind oxygen A structural overlay of the refined structure with the atomic
with an affinity four- to fivefold higher than thg subunits. Con-  coordinates of human deoxyHb A, crystallized and solved at the
sequently, the estimated cooperative free energy of binding withisame resolution from PEG solutions in an orthorhombic space
the T quaternary state was10% of the overall cooperative bind- group (Protein Data BankPDB) data set 1HGA (Liddington

ing free energy, as measured by the difference in binding freet al., 1992, shows a strong conservation of the 3D structures in
energy of the first and fourth oxygen molecules. The calculationghe two crystal formgroot-mean-square deviatigRMSD) for the
were based on the different projectionsaodindg hemes along the  whole tetramer @ backbone is 0.59 A the largest deviation being
crystal axes derived from the three-dimensiof8D) structure of  localized at residue Ser D&4.83 A). Similarly, the refined struc-

the unliganded and liganded Hb. At that time, the structure of theure of a(Fe*™),B(Ni?"), was compared with those of hybrid
fully oxygenated Hb was not available and was obtained by comHb crystals grown from high-salt solutions, which display an iden-
bining the structure of the-oxyHb (Liddington et al., 1988, 1992 tical molecular packing in the R2nonoclinic crystal lattice. If the
with that of thea(Ni?"),B8(Fe&#CO), (Luisi et al., 1990. Re- complete tetramer structur€s70 backbone & atomg are super-
cently, by using oxygen binding curves of Hb in the presence ofimposed, RMSD values of 0.52 and 0.59 A are obtained for the
inositol hexaphosphate and the corresponding structures of theomparisons of deoxy(Fe*"),8(Co?"), anda(Ni%"),8(FeCO,,
deoxygenated and fully oxygenated Hb in the presence of theespectively, with thex(Fe*),8(Ni%"), structure reported here.
allosteric effectoi(Paoli et al., 1998 the calculated inequiva-  Table 1 summarizes pairwise structural comparisons for the iso-
lence was found to be 2(Blozzarelli et al., 199Y. To experimen-  lated Hb chains, which underline a substantial structural identity,
tally determine the difference of oxygen affinity betweendhend  within the limits of the experimental error, for the hybrid

B subunits, an investigation of(Ni?*),8(Fe*"), crystals, where  Hb structures, both for salt- and PEG-grown crystals. Within this
Ni-containing hemes do not bind oxygen, was carried(Bttati pattern, the largest structural deviation observed between the
etal., 1996. This study indicated that the affinity of tiiesubunits  «(Ni?"),8(Fe**), (sald and thea(Fe*),B(Ni?*), (PEG 3D

was about twofold higher than that previously estimated on thestructures occurs in the N-terminal region of g chain, residue
basis of the calculations, thus indicating that even the small coopHis2 (2.4 A).

erativity of T-state Hb might be overestimateRivetti et al., 1993a;

Mozzarelli et al., 199¥. Further characterization of thes in- — o .

equivalence of T state Hb requires the determination of oxygenoxygen binding by:(Fe=")>3(Ni*7), crystals
binding curves fo(Fe*™),B8(Ni%"), crystals as well. Crystals of Polarized absorption spectra were recorded between 0 and 760 Torr
a(Fe?™),8(Ni?"),, grown from ammonium sulfate solutions, are of oxygen at 15C (Fig. 2). The strong and oxygen-independent

Besults
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Fig. 1. Electron density map of the heme ofa(Fe?*),8(Ni?"),. Electron density is contoured at &.0The heme group is shown
edge-on, from the solvent side of the molecule. The distal HisF7 residue is on the right.

contribution of Ni-porphyrin to the spectra leads to relatively lim- 1996. The Hill plots (Fig. 5 exhibit slopes of 0.96c 0.06 and

ited spectral changes induced by oxygen binding with respect t®.90 = 0.03 for theb and c axes, respectively, indicating that
those observed for Hb A. Nevertheless, these changes are largexygen binding is noncooperative. A Hill lower than one might
than those observed far(Ni%"),3(Fe*™), where Ni-porphyrin  arise from a difference between the oxygen affinitiespinda,
absorptions strongly dominate the spediBettati et al., 1996 due to different intermolecular contacts of thesubunits within
Representative fits of spectra, recorded at different oxygen preghe crystal latticésee DiscussionThe projections of heme planes
sures, to a linear combination of the reference spectra are shown along the optical axes computed from X-ray structures for the
Figure 3. The calculated fractional saturations with oxygen and thexidized and the oxygenated and deoxygenated reduced forms of
fractions of oxidized hemes are reported in Figure 4. The pB@s  a(Fe?"),B8(Ni?"), (Table 2; Fig. 6 are used in a procedure de-
oxygen pressures at half saturaji@re 95+ 3 and 87+ 4 Torr  scribed previously(Rivetti et al., 1993a; Bettati et al., 1996
along theb andc crystal axes, respectively, indicating that there is determine the relations between apparent crystal binding curves
a small inequivalence of oxygen affinity between éheemes. The  and subunit binding curvesig. 7). The observed ratio of oxygen
value of p50 calculated by Rivetti et g1993a for « hemes in  affinities along theb andc axes is 1.09, consistent with a ratio of
Hb A crystals was 80 Torr. The value of p50 determined forghe the p50s ofa; and a, of 1.30 (Fig. 7A) and a calculated Hilh
hemes ina(Ni?"),B(Fe*™), crystals was 110 Tor{Bettati et al.,  greater than 0.999Fig. 7B).

Table 1. RMSD values (A) calculated in structural overlaysagfFe?*),8(Ni2*),
structure (crystals grown from PEG) with selected liganded and unliganded Hbs

a Chains B Chains Full tetramer
Hemoglobin (141 Cx pairy (144 Cu pairy (570 Cx pairy PDB file
a(Ni?"),B8(FETCO), 0.38(1.40 0.44(1.14 0.52(2.37) INIH
a(FETCO)B(Ni?), 0.34(1.50 0.49(1.47) 0.59(1.73 1COH
a(FE1),8(FET), 0.40(1.68 0.45(1.3)) 0.59(1.83 1HGA

aValues in parentheses represent the largest atom deviation observed in each structural comparison.
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Inter- and intra-subunit salt bridges are involved in the control of
T-state oxygen affinity as well as in T-state quaternary stabilization
(Perutz, 1970; Sun et al., 1997The oxygen affinity of T-state
Hb increases as pH increasgésrtiary Bohr effeck (Lee et al.,
1988. We have measured the oxygen bindingite?*),8(Ni%"),
as a function of pH. It was found that the oxygen affinity is pH-
independentFig. 8), as observed for Hb A ang(Ni?*),3(Fe?t),
crystals(Rivetti et al., 1993a; Bettati et al., 199&(Fe**),8(Ni%"),
binds oxygen noncooperatively in solution, with a pH-dependent
p50 that has a value 6f170 Torr at pH 7.5 in the presence of IHP
(Shibayama et al., 198BbAfter temperature correctiofRivetti
et al., 1993a; Bettati et al., 1996, and see bg|otlve oxygen
affinity determined in solution is the same as in the crystal.

The temperature dependence of the oxygen affinity was mea-
sured between 5 and 2C. From the van't Hoff plofFig. 9), aAH
of —11.5+ 0.4 kcay/mol was calculated. The value afH for
a(Ni?"),8(Fe?), crystals was—12.1 + 0.8 kcaymol (Bettati
et al., 1996 and that for Hb A crystals was 13.3+ 0.8 kca)/mol
(Rivetti et al., 1993p

function of oxygen pressure. Crystals were suspended in a solution corPiSCUSSiON

taining 50%(w/v) PEG 1000, 10 mM potassium phosphate, 1 mM IHP,
pH 7, 15°C, and equilibrated with decreasing oxygen pressures betwee

Pxygen binding curves of human hemoglobin A crystals exhibit a

760 and 0 Torr. Polarized absorption spectra were collected with lightHill coefficient of one both in the absen¢®lozzarelli et al., 1991;

linearly polarized parallel to either theor thec axis.

Rivetti et al., 1993pand in the presence of allosteric effectors
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Fig. 3. Fit of the observed spectfaontinuous curvesat different oxygen pressures with a linear combination of oxy, deoxy, and met
reference spectr@ashed lines The calculated best-fit spectrum is shown in each panel as the dashed curve that superimposes on the
observed spectrum.
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(Mozzarelli et al., 199Y. The same finding was observed for he- strong allosteric effectorgLalezari et al., 1990; Marden et al.,

moglobins modified at ther;8, subunit interface, Hb Rothschild
(BTrp37Arg (Rivetti et al., 1993p at thea-subunit carboxy ter-
minus, desArg144 Hb (Kavanaugh et al., 199%and at the8-subunit
carboxy terminus, desHis1861b (Bettati et al., 199¥and Hb Cow-
town (BHisl46Ley (Bettati et al., 1998 The oxygen affinities
range from about 10 Torr for the desArgidHb (Kavanaugh
et al., 1995 to 140 Torr for Hb A(Rivetti et al., 1993a The

1990 and in metal hybrids containing magnesiyih) and zinc
(II') (Miyazaki et al., 1999 Remarkably, the lowest oxygen affin-
ity T state does not exhibit both a Bohr effect and IHP effect in
solution (Miyazaki et al., 1999 as in the crystalRivetti et al.,
1993a; Mozzarelli et al., 1997Therefore, crystallization does not
induce the formation of conformations not present in solution, only
stabilizes one conformation over the others. Based on the model

oxygen affinity of Hb in the crystal is the same in the absence angroposed by Rivetti et al19933, suggesting that there are high

in the presence of IHPMozzarelli et al., 199Y, indicating that

The same tertiary T state is obtained in solution in the presence afrystal is that with intact salt bridges.

Ellb
—_
™
—
~
EN
=1]
[}
p—
-1 1 -1 1
1 2 2

log oxygen pressure (torr)

Fig. 5. Hill plot of the oxygen binding curves shown in Figure 5. The Hill coefficients and the p50s arec@9®3 and 93t 4 Torr,

and 0.89+ 0.02 and 85+ 4 Torr along theb andc axes, respectively.

log oxygen pressure (torr)

and low oxygen affinity T states associated with broken and un-
crystallization has stabilized the lowest oxygen affinity T state.broken intersubunit salt bridges, the conformation stabilized in the
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Table 2. Projections of heme planes used in calculations and 8 hemes to absorption intensifyRivetti et al., 1993a The
of a(Fe?™),B8(Ni%"), crystals calculated oxygen binding curves @fandB hemes indicated that
. _ — = the affinity of thea hemes was four to five times higher than the
Hemoglobin Subunit sitw, a* sin“zb Sin“zc g hemegRivetti et al., 1993a More recently, using a more com-
Deoxy? a 0.947 0.886 0.167 plete set of st_ruc_tural dat®aoli et al., 199§ the deconvolution of
. 0.999 0595 0312 the oxygen binding curves of the tetramer into thand 3 heme
B 0.972 0.716 0.407 Oxygen binding curves was carried out _for Hb A crystals in the
B> 0.999 0.930 0071 presence of allosteric effectofozzarelli et al., 199¥. These
Oxy® 0.043 0.904 0.153 calculations indicated that thehemes exhibit an affinity 2.5 times
Xy «“ : : : higher than thegs hemes, in good agreement with kinef®awicki
ay 0.996 0.576 0.428 & Gib 197 | ti indst & H
1 0.958 0757 0285 ibson, 7, nuclear magnetic resonan@endstrom o,

Bo 0.995 0.939 0.066 1972, electron paramagnetic resonar@sakura & Lau, 1978
and thermodynami¢Shibayama et al., 1986a, 1986imeasure-

Met® 1 g'ggg 8'221 8'122 ments on metal-hybrid hemoglobins. In the absence of any coop-
gz 0'976 0'665 0'358 erativity, nonequivalent oxygen binding afandB hemes leads to
B; 0'995 0'923 0.082 a Hill coefficient less than one. For example, a value of 0.89 is

estimated for a fourfold affinity difference betweerandB hemes
(Rivetti et al., 1993a These findings would imply that oxygen

aStructure reported in this paper. The submitted atomic coordinates arBinding by T-state hemoglobin is characterized by a Hill coeffi-
in theabcr axis system, so it was necessary to transform the coordinates to .

the a*bc axis system before computing the heme normal directions.  cient slightly higher than one to result in the experimental value of
bPDB file 1COH(T-statea(FeCQ,B(Co); crystallized from PEGLuisi unity observed for Hb crystals. On the basis of the calculatgd
& Shibayama, 1989 oriented in the unit cell of the deoxyHb structure inequivalence, the cooperativity of T state Hb is very loMoz-
repcorted here. ) ) zarelli et al., 199Y. However, this conclusion derives from a cal-
PDB file 1HGB(T-statex(Fe**),8(Fe*"), crystallized from PEGLid- . I . .
dington et al., 1999 oriented in the unit cell of the deoxyHb structure culation ofa ‘rfmd'g heme affinities based on small differences in
reported here. heme projections.
To experimentally define the oxygen affinity afandB hemes,
we have first investigated the oxygen bindingdaiNi%*),8(Fe* "),

crystals(Bettati et al., 1996and found that the average p50 of the

A special feature of the optical measurements of hemoglobirﬁ subunits is 110 Torr at 1%, a value about.twofold smaller than
crystals is thatx and 8 hemes contribute differently to the polar- the value calculated fpﬁ hemes_(Moz_zarelll et 5_“" 1997, The
ized absorption spectra recorded along two perpendicular optic£505 of the same hybrid, determined in solution in the absence and

directions. Consequently, oxygen-binding curves measured alonfj the presence of PEG, are 71 and 80 Torr, respectively. In the
these directions differ to a certain degree reflecting the predomiPresent study, we have completed the evaluation of the oxygen

nant projection ofx or 8 hemes. To deconvolute the oxygen bind- &ffinity of a and3 hemes by experimentally determining the pS0
ing curves of the tetramer into theand 8 heme oxygen binding of the « hemes. The average value is 91 Torr. This indicates that
curves, it is necessary to know the heme orientations in the deo)€ @ hemes exhibit an oxygen affinity only about 1.2 times higher

ygenated and oxygenated states, and the relative contributians ofthan thes hemes, a ratio very close to 1.3 found in solution in the
presence of IHP at pH 7 &hibayama et al., 1986bThe oxygen-

binding curve of a hemoglobin tetramer containingubunits with
p50 of 91 Torr ang3 subunits with p50 of 110 Torr exhibits a Hill
coefficient of 0.998 and an average p50 of 100 Torr. Consequently,

o the cooperativity of T-state Hb is even lower than that previously
1 estimated Bettati et al., 1996; Mozzarelli et al., 199Znd essen-
tially negligible.

It may be arguedAckers, 1998 that the crystal lattice con-
strains hemoglobin molecules, thus preventing functionally rele-
vant tertiary conformational changes from taking place upon oxygen

O
uptake within thea-8 dimer of the tetramer in solution. The ab-
b ‘ sence of the influence of allosteric effectors on oxygen affinity
observed in the crystal and the absence of Bohr effect might be
C B taken as evidence that Hb in the crystal is not a good system to
1 learn about Hb function in solution. These criticisms would not
BZ \ only undermine the validity of our approach but also any X-ray

crystallographic studies. In fact, if the crystal lattice forces protein
molecules in conformations different from those present in solu-
tion, 3D structures have little to say on protein function in solution.
Tertiary conformational changes associated to ligand binding have
been detected by X-ray crystallography by comparing the structure
Fig. 6. Projection of the iron-containing hemes of thesubunits and the of the unhgant;ied and liganded Hb. Thgse chgnges.lnvolve move-
nickel-containing hemes of thé subunits onto théc crystal face of the ~ Ments of the iron, the hemes, and amino acid residues. The ob-
polarized absorption measurements. served tertiary conformational changes within the T state are along
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Fig. 7. Relation between apparent crystal binding curvesasdbunit binding curves fax(Fe?"),8(Ni%"), crystals A: Dependence
of the ratio ofa; anda, heme affinities on the ratio of p50s observed for light polarized along telc crystal axesB: Hill nvalues
observed for light polarized parallel to theheavy broken curyeandc (heavy solid ling crystal axes, and the isotropic averatght
broken curvg as a function of the ratio af; anda, heme affinities.

the structural pathway from the deoxy T to the oxylRddington Structural inequivalence between the twdhemes in the crystal
et al., 1992; Paoli et al., 1996In agreement with the structural may arise from packing of the tetramers in the, P@noclinic
data, the polarization ratio, a parameter very sensitive to heme tillattice, which provides structurally nonequivalent environments to

was found to vary from deoxy to oxy and metKiRivetti et al.,  the subunits. In particular, whereas theheme propionate groups
1993a. Furthermore, protein dynamics and function in the crystalpoint roughly toward the3; N-terminal region of a symmetry-
have usually been found to be the same as in solfibozzarelli related Hb tetramer, the, heme propionates face the distal-site

& Rossi, 1996; Mozzarelli & Bettati, 2000; and references therein region of a symmetry-related, chain. Such molecular packing
An interesting example is the oxygen binding®gapharca inaequi-  differences may account for different kinetics of ligand diffusion to
valvisHbl, a hemoglobin in which the mechanism of cooperativity the « hemes in the crystal, but may also exert some influence on
is mainly based on tertiary conformational chan@g@syer et al.,  the structuraldynamic rearrangements of the individuathains
1989, 1990. It was found thaScapharca inaequivalvislbl crys- in their reaction with oxygen. Indeed, different occupancies with
tals (Mozzarelli et al., 1996bind oxygen with the same cooper- oxygen were observed for the twe subunits of liganded
ativity (Hill n = 1.4) and affinity (p50= 4.9 Torp as in solution.  a(Fe*T0,),B(Ni?"), crystals and were attributed to different crys-
The twoa hemes bind oxygen with slightly different affinities, tal contacts of ther subunits(Luisi & Shibayama, 1980 Detailed
as previously observed for the tydhemes(Bettati et al., 1996 inspection of the heme cavities shows that hotiemes are slightly

6 LI T T T T T T T T T LI T T T T T
150 T T
L ° -
mo ! s ® 3 5
100 F g ° °
- ° — I’e)
a,
2 B ] =
o, L =
- N 4
50 -
- — 3 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 L ! .0034 .0035 .0036
7 8 9

pH
Fig. 9. Dependence of the oxygen affinity on temperature. Oxygen bind-
Fig. 8. Dependence of the oxygen affinity on pH. Oxygen binding curvesing curves were determined for crystals suspended in a solution containing
were determined for crystals suspended in solutions containing(&g% 50% (w/v) PEG 1000, 10 mM potassium phosphate, 1 mM IHP, pH 7.5.
PEG 1000, 10 mM potassium phosphate, 1 mM IHP, at different pH valuesThe values of p50 were determined from experiments using light polarized
15°C. The p50 is the mean of the values determined along #relc axes. along theb (filled circles) andc (open circley axes.
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domed along the CHA-CHC methine-bridge axis. An overlay of Table 3. Crystallographic data
the G backbones of botlx chains yields an RMSD of 0.30 A —
(calculated over 141 atom pairdnspection of the superimposed SPace group: monoclinic P2
structures in the protein region surrounding the heme group doedn't celk a; 55.7,b=81.4,c=631Aa=y=090,p3=978
not reveal any structural difference between the twdemes Vi = 2'.28 /Da .(one Hb tetramer per asymmetric unit

- . . Resolution range: 22.4-2.1 A
Wlthln the estimated experimental error. ., - Independent reflections: 32,068

Finally, _the absence of a Bohr_effec_tamFe2 )2/3(N_| )2 CryS-  Completeness: 98%
tals, and in all other Hbs examined in the crystalline state, is inR-merge : 6%
keeping with the absence of structural changes of the groups of

both &« and B subunits predominantly involved in the Bohr effect RMSDs for stereochemical parameters of the refined model
(Per_utz, 19_7]_] as cr_ystallographically d_o_cumented in the !iganded Refactor (12.0-2.1 A 20.0%
hybrids (Luisi & Shibayama, 1989; Luisi et al., 199@nd in all Riee (5% of the data 28.0%
other liganded HbgArnone et al., 1986; Abraham et al., 1992; Cruickshank DPI 0.28 A
Liddington et al., 1992; Paoli et al., 1996Thus, crystallization Ramachandran outliers None
stabilizes Hb in the lowest affinity T state where ligand binding RMSD bond lengths 0.018 A
does not lead to salt bridge breakddéiyazaki et al., 1999 RMSD bond angles 0.040 A
RMSD planar groups 0.046 A
AverageB-factor
Materials and methods Protein backbone 24.8%A
Side chains 456 A

Preparation of crystals

The hemoglobin metal hybrid(Fe?*),B8(Ni%"), was prepared
and purified using a modified version of the method of Shibayama
et al. (1986a. Samples were stored at80°C in a CO-saturated (1989 by an interchange of tha and ¢ axes(see Table B a

environment. CO was removed by photolysis in a stream of huprejiminary molecular replacement search, run with the program
midified oxygen at 4C. Crystals were grown from a deoxygen- amoRe (Bailey, 1994, allowed proper reorientation of the Hb tet-
ated solution containing 24 migiL hybrid hemoglobin and 21%  amer (the correlation coefficient for the molecular replacement
(wW/v) PEG 100qHampton Regear_ch, Riverside, CalifomdEO MM go|ytion was 54.9 After rigid body refinement of the starting
potassium phosphate, 1 mM inositol hexaphosptiate), 30 MM model, theR-factor was 0.361, in the 15-3.0 A resolution range
sodium dithionite, pH 7, at room temperature. Crystals appeafe@correlation coefficient 71)2

after 24—48 h. After growth, crystals were first resuspended twice The 3D structure of thex(F&2*),8(Ni2*), tetramer was sub-

in a solution containing 35%w/V) PEG. 1000} %O mM potassium sequently refined using the REFMAC program for restrained
phosphate, 1 mM IHP, and 30 mM sodium dithionite at pH 7.5, andrystallographic refinement applying a bulk solvent correctidar-
twice in a solution of the same composition but S08'v) PEG  ghydoy et al., 1997 in conjunction with the molecular graphics
1000. Crystals were stored under anaerobic conditions @@ 290 program O(Jones et al., 1991 The final model, which includes
crystal damage was observed upon exposure to oxygen. 4,380 protein atoms, four porphyrin groups, 2Fge2 Ni2*, and
266 water molecules, displays ideal stereochemical paranises's
Table 3, with a generaR-factor value of 20.0% Ry = 28.0%,

X-ray diffraction data collection of deoxy for the data in the 12.0-2.1 A resolution range.

a(Fe*"),B(Ni%*), crystals
Prior to X-ray exposure a batch of five suitable crystals was re'Microspectrophotometric measurements
moved from the anaerobic storage buffer, and washed twice with
a 50%(w/v) PEG 1000 solution, 10 mM sodium phosphate, con-Before measurements, crystals were resuspended six times in a
taining 30 mM potassium dithionite and 1 mM IHP at pH 7.5. The solution containing 50%w/v) PEG 1000, 10 mM potassium phos-
crystal selected for data collection was flash frozen under a nitrophate, 1 mM IHP, at a defined pH, and loaded in a Dvorak—Stotler
gen gas stream at 100 K and used for X-ray data collection on #dlow cell (Dvorak & Stotler, 197}, as previously describe@Ri-
Rigaku R-axis llc image plate system, using Cy Kadiation.  vetti etal., 1993a Single crystal polarized absorption spectra were
Under these experimental conditions, diffraction data to a mini-determined as a function of oxygen pressure by a system including
mum spacing of 2.1 A could be collectégee Table 3; evident a Zeiss MPMO03 microspectrophotometer, a gas mixer generator
crystal decay prevented data collection at room tempernatDie (Environics, series 200and an oxygen meter, equipped with a
fraction data reduction was achieved using MOSFLM and pro-Clark electrode(Yellow Spring), calibrated with humidified he-
grams from the CCP4 program suitBailey, 1994. lium, oxygen, and 5 and 21% oxygen mixtures. The electric vector
Crystals of a(Fe*™),B8(Ni?"), are essentially isomorphous of the incident light was parallel to either ther thec crystal axis.
with those obtained by Luisi and Shibayart089 for deoxy  Fractional saturations of reduced hemes with oxygen and fractions
a(Fe¥),B(Co?"), (PDB entry 1COH and the carbonmonoxy of oxidized hemes were calculated by fitting the observed spectra
adducta(Ni?"),8(FeCO, (PDB entry 1NIH, grown from am-  to a linear combination of the spectra of the fully deoxy, oxy, and
monium sulfate solutions. The atomic coordinates of these hybridexidized Hb crystalgreference spectra; Fig. LORivetti et al.,
were used as the starting model for the present crystallographit993a. The spectra of deoxy metal-hybrid Hb crystals were ob-
refinement. Since the unit cell edges @fFe?™),B8(Ni?"), (this tained by resuspending crystals in a solution containing 30 mM
study) were indexed differently from those of Luisi and Shibayama dithionite, 10 mM potassium phosphate, 5@%/'v) PEG 1000,
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Fig. 10. Polarized absorption spectfeeference spectyaand polarization ratio$PR) of fully oxidized, reduced, and oxygenated
a(Fe),8(Ni?"), crystals. The band shape is affected by the absorption properties of the nonoxygen binding nickel porphyrins of the
B subunits.

pH 7. The same crystal was resuspended in a dithionite-free solBailey S. 1994. The CCP4 suite—Programs for protein crystallograjptta

tion and, then, in a solution containing 5 mM potassium ferricya-_ Crystallogr Sect D 50/60-763. . .
9 P 4 Bettati S, Kwiatkowski LD, Kavanaugh JS, Mozzarelli A, Arnone A, Rossi GL,

nide. Upon complete oxidation, evaluated by the increase of the Noble RW. 1997. Structure and oxygen affinity of crystalline desHig146

peak at 630 nm, crystals were resuspended in a solution containing human hemoglobin in the T stat.Biol Chem 272833077-33084.

50% (w/v) PEG 1000, 10 mM potassium phosphate, 1 mM IHP. Bettati |S M?]Hﬁfe”i A. 1297- T ?tate hem(}glok?inl l;inds ﬂxygﬁn nonC(éOpﬁlra-
P : tively with allosteric effects of protons, inositol hexaphosphate, and chlo-

Spec_tra of the oxidized metal hybrid crystals were col_lected as @ iy Biol Chem 27232050-32055.

function of pH. Spectra of fully oxygenated metal-hybrid crystals gettati S, Mozzarelli A, Perutz MF. 1998. Allosteric mechanism of haemo-

were obtained by recording spectra at different oxygen pressures globin: Rupture of salt-bridges raises the oxygen affinity of the T structure.

between 160 and 760 Torr, at®, and by extrapolating the series _J Mol Biol 281581-585. . A .
Bettati S, Mozzarelli A, Rivetti C, Rossi GL, Tsuneshige A, Yonetani T, Eaton

of spectra to infinite oxygen pressufRivetti et al., 1993a WA, Henry ER. 1996. Oxygen binding by single crystals of hemoglobin:
Measurements carried out at 2D are affected by a relatively The problem of cooperativity and inequivalence of alpha and beta subunits.
higher rate of heme oxidation than at lower temperat@rand 3% Proteins 25425-437.

. . . . Brzozowski A, Derewenda Z, Dodson E, Dodson G, Grabowski M, Liddington
of metHb formation in 300 min, at 20 and 15, reSpeCtlvely R, Skarzynski T, Vallely D. 1984. Bonding of molecular oxygen to T state

This faster rate of oxidation and the appearance of a new species human haemoglobirNature 30774—76.
absorbing at-550 nm, attributed to a hemichrome, prevented theDvorak JA, Stotler WF. 1971. A controlled-environment culture system for high

determination of a complete binding curve on the same crystal. __resolution light microscopyexp Cell Res 68.44-148. .
Eaton WA, Henry ER, Hofrichter J, Mozzarelli A. 1999. Is cooperative oxygen

binding by hemoglobin really understoodiiat Struct Biol 6351-358.
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