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Abstract

A seminal difference exists between the two types of chains that constitute the tetrameric hemoglobin in verte-
brates. While « chains associate weakly into dimers, 3 chains self-associate into tightly assembled tetramers. While
heterotetramers bind ligands cooperatively with moderate affinity, homotetramers bind ligands with high affin-
ity and without cooperativity. These characteristics lead to the conclusion that the (3, tetramer is frozen in a qua-
ternary R-state resembling that of liganded HbA. X-ray diffraction studies of the liganded 8, tetramers and
molecular modeling calculations revealed several differences relative to the native heterotetramer at the “alloste-
ric” interface (o, 3, in HbA) and possibly at the origin of a large instability of the hypothetical deoxy T-state of
the 34 tetramer. We have studied natural and artificial Hb mutants at different sites in the 8 chains responsible
for the T-state conformation in deoxy HbA with the view of restoring a low ligand affinity with heme-heme in-
teraction in homotetramers. Functional studies have been performed for oxygen equilibrium binding and kinet-
ics after flash photolysis of CO for both hetero- and homotetramers. Our conclusion is that the “allosteric” interface
is so precisely tailored for maintaining the assembly between o3 dimers that any change in the side chains of 840
(C6), 899 (G1), and 3101 (G3) involved in the interface results in increased R-state behavior. In the homotetra-
mer, the mutations at these sites lead to the destabilization of the 8, hemoglobin and the formation of lower af-
finity noncooperative monomers.

Keywords: 3, tetramers; CO photodissociation; hemoglobin; molecular modeling; oxygen binding; site-directed

mutagenesis

The hemoglobin (Hb) of vertebrates is composed of two
pairs of o and 8 chains that have considerable homology
in their sequences. All hemoglobin subunits or myoglo-
bin in living species, from plants to higher vertebrates,
fold in nearly the same tertiary structure (Fermi & Perutz,
1981; Dickerson & Geis, 1983). Nevertheless, a seminal
difference exists between the two types of chains: iso-
lated o chains associate weakly into dimers, whereas at
the same concentration the 3 chains readily associate into
tightly assembled tetramers. The self-association of 3 sub-
units into tetramers is favored by oxygenation, implying
a higher ligand affinity for the tetramers than for the iso-
lated chains (Valdes & Ackers, 1977). The 3, tetramers
are also stabilized at acidic pH (Turci & McDonald, 1983)
and at high salt concentration (Tainsky & Edelstein,
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1973). While heterotetramers bind ligands (oxygen or CO)
at moderate affinity with high cooperativity, the (3, tetra-
mers bind ligands with high affinity without heme-heme
interactions, resembling the properties of the R-state in
o 3, tetramers or of the isolated « subunits (Antonini &
Brunori, 1971). Finally, the reactivity of the sulfthydryl
group at position 393 is approximately the same in oxy
or deoxy B4 and in oxy hemoglobin, but is much de-
creased in deoxy hemoglobin. According to the stereo-
chemical model proposed by Perutz (1970; Perutz et al.,
1987), these characteristics suggest that the homotetramer
B4 is frozen in the high-affinity R quaternary structure
(Monod et al., 1965).

X-ray diffraction studies of the CO form of the 3,4
tetramer have confirmed the R-like quaternary structure
of this Hb, with iron-iron atom distances indicating an
almost exact 2,2,2 symmetry (Arnone & Briley, 1978).
Crystal structure analyses of the 34 tetramer revealed
that, contrary to what is observed in most liganded hemo-
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globins, the C-terminal dipeptide of the CO 8, tetramer
was not disordered, but is firmly positioned by its interac-
tion, via water molecules, with residues His 2 and Lys 132
of the sister 3 chain corresponding to the 8,3, interface
in the normal heterotetramer (Arnone et al., 1982). An-
other major difference was found in the 34 tetramer at
residues located at the o, 8, interface in hemoglobin that
contribute to the allosteric transition between oxy and de-
oxy Hb tetramers. These authors reported that the side
chain of 340 Arg (C6) interacts with the side chain of 599
Asp (G1) of the opposite 3 chain through a salt bridge
that does not exist in oxy or deoxy HbA structures. This
feature has been considered as a major determinant in the
instability of the deoxy T-state conformation in the ho-
motetramer because the replacement of the 41 Thr (C6)
in the « chains by the bulky Arg residue “is not accept-
able in the T-state.” Unfortunately, crystals of deoxy 34
tetramers suitable for diffraction studies have not yet been
obtained. For this reason, the aim of the present work was
to use natural mutation or site-directed mutagenesis to
alter either the polarity or the size of certain residues at
locations corresponding to the «; 3, interface in reconsti-
tuted 34 tetramers produced in Escherichia coli. Following
the crystallographic analyses cited above and molecular
modeling of the interface of interest, we have tested the
influence of changing the residue at the 340 Arg (C6), 599
Asp (G1), and 8101 Glu (G3) positions and compared the
functional properties of hetero- and homotetramers re-
sulting from these artificial mutations.

Results and discussion

Spectrophotometric studies of 3 subunits

Isolated 3 subunits readily associate into tightly assembled
tetramers, with equal amounts of monomers and tetra-
mers occurring near 107° M (Valdes & Ackers, 1978;
Philo et al., 1988). The very high affinity of the isolated
chains precluded any attempt to perform accurate oxygen
equilibrium studies for subunit solutions with the instru-
mentation used for heterotetramers.

Figure 1A shows the static visible spectra and the dif-
ference spectrum (Ae, mM) between deoxy HbA and de-
oxy B, tetramer. This difference spectrum is similar in
shape and amplitude to the kinetic difference spectrum
reported by Antonini and Brunori (1971) between deoxy
HbA (T-state) and the sum of equimolar solutions of iso-
lated « and 8 deoxy subunits (R-state). Similar T — R
visible spectra have also been reported by Perutz et al.
(1974) for deoxy spectra with or without inositol hexa-
bisphosphate (IHP) of various high oxygen affinity he-
moglobins. This observation supports the view that the
unliganded 8,4 tetramer is in an R-like structure (deoxy R
or Ry) (Monod et al., 1965; Arnone et al., 1982). Fig-
ure 1B illustrates the spectra of CO HbA (R-state) and
COB, tetramer (R’-state) and their difference spectrum.
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Fig. 1. Static visible spectra for HbA and 3, tetramer in the deoxy (A)
and carbon monoxy forms (B). The figure also shows the difference spec-
tra between HbA — 34 subunits of the deoxy and liganded compounds.
The absolute spectra for the two species were recorded with the SLM
DW 2000 spectrophotometer. Absorbance values were converted to milli-
molar extinction coefficients (e, mM ~' cm™'). Heme concentration was
determined in CO saturated solutions with esgg som = 14.3 (Zijlstraet al.,
1991). Conditions were 0.1 M NacCl, 50 mM Tris buffer, 1 mM EDTA,
pH 7.2, 25 °C. Heme concentration was approximately 110-120 uM. Op-
tical pathlength was 0.2 cm.

A small red shift of the 8, tetramer spectrum relative to
that of COHbA was observed. The difference spectrum
between CO HbA — CO 8, is similar to that reported by
Philo et al. (1981) between concentrated (high affinity) —
diluted (lower affinity) liganded 8 chain solutions. On the
basis of these experiments performed in different labora-
tories, it is difficult to establish a straightforward corre-
lation between the liganded spectra of the heme complexes
and their ligand affinity. Analysis of these spectra does
suggest, however, that the tertiary configuration of the 8
hemes in the 3, tetramers is not the same as that of the
B hemes in the heterotetramer. Apparently the absence of
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the « subunits is sufficient to produce the difference spec-
trum. The origin of the differences in ligand affinity and
spectra between § monomers and tetramers is still un-
known. One may conclude that any solution of isolated
8 chains is made of a mixture of low affinity monomers
and high affinity tetramers, whose relative proportion de-
pends mainly on the heme concentration and to some ex-
tent to various physicochemical factors such as pH and
lonic strength (Tainsky & Edelstein, 1973; Kurtz et al.,
1981; Turci & McDonald, 1983; Philo et al., 1988).

In order to better investigate the functional properties
of the hemes in the (8, tetramer, we have recorded the
faint absorbance band III existing only in the static de-
oxy spectrum of HbA at about 760 nm and compared it
with that in 84 deoxy tetramer. A shift to higher wave-
lengths of band III with increased ligand affinity in vari-
ous heme complexes has been observed (Kiger et al., in
prep.). This inhomogeneous broadened absorption band
reflects the large distribution in the population of the
five coordinated high spin ferrous hemes. This band has
been assigned to a charge transfer between the porphyrin
w-system and the iron (a,, (7) — dyz) (Eaton et al., 1978)
and was used by different authors as a probe of static and
kinetic tertiary structural changes in the vicinity of the
heme (Friedman, 1985). Recently Dunn and Simon (1991)
studied the kinetics of the band III changes appearing
after photodissociation of CO HbA. They showed that
35 ps after the light pulse, a transient spectrum was ob-
served with a band maximum located at 765 nm, i.e.,
red shifted by almost 6 nm relative to the deoxy HbA
band III. This transient remained unchanged up to 60 ns,
indicating that the geometry of the heme group is only
partly relaxed and that equilibration of the surrounding
protein structure occurs on a longer time scale (Sawicki
& Gibson, 1976; Martin et al., 1983; Petrich et al., 1991).
Figure 2 shows the equilibrium characteristics of band II1
in the deoxy HbA (maximum absorbance at 760 nm) com-
pared to that of the deoxy B, tetramer, which is red
shifted infrared by almost 6 nm, i.e., at nearly the same
wavelength as the 35 ps transient reported by Dunn and
Simon (1991) after photodissociation of CO HbA. Kinetic
hole burning experiments by Campbell ¢t al. (1987) indi-
cated that the most red shifted wavelength species were
associated with the faster recombining population ¢higher
ligand affinity) of the photoproducts. These results have
been interpreted as indicating an incomplete relaxation of
the Fe/heme geometry after the flash, in which the deoxy
iron is not totally in the heme plane (presumably between
its position in the Ty and R4 conformations) and the
proximal histidine is maintained in its upright position
(R, position). Although the similarity of the absorption
bands I1I between unliganded 4 tetramer and deoxy
HbA at 35 ps may be fortuitous, we postulate here that
they reveal similar conformations of the hemes. Accord-
ingly, the results for the 8, tetramer may indicate that
the deliganded 3 hemes do not make a transition to the
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Fig. 2. Absorption band 11l in deoxy HbA and deoxy 8, tetramers.
Experimental conditions were as described for Figure 1. In both sam-
ples, small amounts of a buffered sodium dithionite solution were added
to the deoxygenated hemoglobin solutions to remove remaining traces
of oxygen and to reduce a small percentage of methemoglobin. These
optical spectra were calculated after subtraction of the small absor-
bance spectra of the CO complexes and are therefore plotted as Ae
(cm~' mM ™) vs. wavelength.

tense T-state, as observed in the heterologous tetramer.
They are rather in an “R-state” conformation similar to
that observed at 35 ps in HbA by Dunn and Simon (1991),
consistent with the high ligand affinity of the hemes in the
homotetramers. The spectrophotometric studies described
above suggest that the R, states are similar for HbA (as
a photoproduct) and for 8, at equilibrium; we postulate
that the explanation for the homotetramer being frozen
in an “Ry-state” may be due to a stabilization of the R
structure or more likely to a large destabilization of the
unliganded T-state. Support for this hypothesis is given
by the UV Raman resonance spectra of Kitagawa (1992),
who showed that deoxy 84 tetramers exhibit the larger
shift of the vgep5;s frequency (224 cm ), still higher than
that measured in mutant hemoglobins in which the in-
creased ligand affinity is attributed to the large destabi-
lization of the T quaternary structure.

Oxygen equilibrium studies of tetrameric
Hb variants at the o, 3, interface

Mutations at the (340 (C6) position

In native Hb, the 840 (C6) residue is arginine. This res-
idue is a major participant in the o, 3, “flexible joint” re-
gion, which contributes significantly to heme-heme
interaction. Two natural mutants have been discovered
at this position: Hb Waco (Arg — Lys) (Mrad et al., 1989)
and Hb Austin (Arg — Ser) (Moo-Penn et al., 1977). We
have engineered three additional mutations: Arg — Ala,
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Table 1. Oxygen binding parameters
for a,3,40 Hb variants?

840 Ser€

B840 Arg (40 Lys®

340 Ala (340 Asp
Py 5.1 4.1 2.2 2.2 1.2
Nsg 2.7 2.1 2.0 1.6 1.0
Bohr effect!  —0.5 —0.3  Normal nd nd
DPG effect® 0.5 0.4 Normal 0.4 nd
IHP effect’ 1.0 0.9  Slightly 0.7 0.15
decreased

2 Pso (in mm Hg) is the partial pressure of oxygen for half satura-
tion; nsq is the Hill coefficient at half saturation. Experimental condi-
tions: pH 7.2, 0.1 M NacCl, 50 mM bisTris, 20 ug/mL catalase, S0 uM
EDTA, 60-80 uM heme, 25 °C.

® The measurements were performed on the hemolysate of a $°thal-
assemia/Hb Waco-Athens-Georgia patient (Mrad et al., 1989).

¢ Values are from Moo-Penn et al. (1977).

4 A log Psg/ApH.

¢ A log Psp, +1 mM DPG.

"Alog Psp, +1 mM [HP.

Val, and Asp. Oxygen binding results for the mutants 340
Arg — Ala and Arg — Asp are given in Tables 1 and 2 and
in Figure 3. As expected from the similarity in size and
charge, substitution of Arg by Lys in native Hb Waco
does not affect its oxygen binding properties to an appre-
ciable extent. However, this substitution does produce a
lower ns, value and slightly diminished heterotropic ef-
fects (Bohr, sodium 2,3-diphosphoglycerate [DPG], and
[HP effects) relative to native HbA. When Arg is replaced
by Ser at the 340 (C6) position, the oxygen affinity is in-

Table 2. Allosteric parameters for o;[3,40 Hb variants ®

Hb L Cc KR KT %o T3 is

HbB40 Arg 1.1 x 10°  0.0087 027 31.0 6.7 2.45
HbB40 Lys 3.8x 104  0.0252 0.27 107 374 2.86
HbB40 Ala 38 % 10°  0.0668 026 3.9 594 3.13
HbB40 Asp 1.0 1.0 1.2 - - —
+1 mM DPG

HbB40 Arg 4.8 x 10° 0.0090 0.48 53.3 259 278

HbB40 Lys 3.2 x10° 00164 040 10.7 58.1 3.0

HbB40 Ala 3.3 x10* 0.0352 034 97 590 3.11
+1 mM IHP

HbB40 Arg 2.1 x 10° 0.0131 1.00 76.3 82.5 3.36

HbB40 Lys 8.3 x 10° 0.0183 1.00 54.6 83.7 3.41

HbB40 Ala 2.3 x10°  0.0233 0.46 19.7 744 3.28

HbB40 Asp 2.1 0.4400 1.33 3.0 152 090

ting the experimental curves to the equation of the two-state allosteric
model by using a nonlinear least-square procedure. Kg and Ky (mm
Hg) are the equilibrium oxygen dissociation constants for the R- and
T-states, respectively; L is the allosteric constant (=T,/Ry); ¢ is Kg/Kt;
i;, the switchover point, was calculated as —log L/log ¢. % T3 is the
amount of triply liganded T-state species calculated as (Lc) /(1 + Lc')
with i = 3. Experimental conditions were pH 7.2, 100 mM NacCl, 25 °C.

log[ Y/ (1-Y)]

- 3 1 —1 - 1 1 1
-1 0 1 2 3
log (P
9(Po,)
Fig. 3. Oxygen equilibrium binding curves (Hill plots) for the ;3,40
Hb variants described in the text. From right to left: (-++=) HbA 53,40
(C6) Arg; (=) 340 Arg — Lys; (==) 340 Arg — Ala; (====) 340

Arg — Asp. Conditions of the measurements were pH 7.2, 50 mM bis-
Tris, 0.1 M Nacl, 25 °C. Hemoglobin concentration were approximately
60 uM on a heme basis. Experimental curves were fit to the equation of
the two-state allosteric model using the parameters given in Tables 1
and 2 (Kister et al., 1987).

creased twofold, with a low nso value, while the hetero-
tropic effects are normal or slightly decreased. This
indicates that the principal properties of the “switch re-
gion” and the organophosphate binding site are main-
tained in this Hb. The authors of the study have reported
a high tendency for this mutant to form dimers, which
may account in part for the low ns, value and increased
oxygen affinity (Moo-Penn et al., 1977). The artificial Hb
B840 Arg — Ala synthesized in E. coli exhibits functional
properties similar to those of Hb Austin, i.e., a marked
increase in oxygen affinity and decreased cooperativity.
Substitution of the negatively charged Asp residue for the
positively charged Arg leads to a dramatic increase in ox-
ygen affinity and elimination of heme-heme interaction.
These changes are not reversed upon addition of IHP, in-
dicating a serious destabilization of the deoxy quaternary
structure for this mutant. As a whole, the data for this
series of mutants show that any variation at the Arg po-
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Table 3. Oxygen binding parameters for a,8,101 Hb variants?®

£101 Glu 8101 GIn
Py 5.1 5.7
nso 2.7 2.4
Bohr effect -0.5 -0.55
DPG effect 0.5 0.4
IHP effect 1.0 1.0

£#101 Ala £101 Lys 3101 Asp #101Gly
3.4 2.5 0.9 0.8
2.2 2.2 1.9 1.6

-0.45 Normal Normal Normal
0.4 0.5 0.4 0.4
nd 1.0 0.85 0.95

2 Pso, nsg, and experimental conditions as in Table 1. The 8 mutant hemoglobins have been

described as: 8 Glu —» Gln, Hb Rush; 8 Glu — Lys, Hb British Columbia; 8 Glu — Asp, Hb
Potomac; 8 Glu — Gly, Hb Alberta (Shih et al., 1985); 8 Glu — Ala (E. coli, this study).

sition — due to change in either size {Ser), hydrophobic-
ity (Val or Ala), or charge (Lys, Asp)—influences the
oxygen binding properties while maintaining heterotro-
pic effects close to normal. One should point out that the
Arg — Asp substitution leads to a complete destabiliza-
tion of the T structure and to enhanced dimer formation,
as demonstrated by high performance size-exclusion chro-
matography (not shown).

Mutations at the 3101 (G3) position

Mutations at the 8101 (G3) Glu position also lead to
profound alterations of the oxygen binding properties of
the mutated Hbs (IHIC, 1992). Tables 3 and 4 present
the results of oxygen binding studies for the available
natural mutants (Shih et al., 1985). In addition, we have
synthesized the 3101 (G3) Glu — Ala to test for the con-
sequences of the replacement of the negatively charged
Glu by the small hydrophobic Ala residue, which should
not result in creating a cavity or act as a helix breaker as
Gly may do in Hb Alberta. Overall, these results lead to
the following conclusions: (1) Suppressing the negative
charges of the 5101 residue in Hb Rush (Glu — Gln) re-
sults in a slight decrease in oxygen affinity and a moder-
ately increased Bohr effect, which was attributed to an
extra chloride binding site (Shih et al., 1985). (2) For all
other mutants listed in Table 3, increased oxygen affin-
ity and decreased cooperativity are observed. (3) All mu-
tated Hbs in this series exhibit normal or close to normal
effects of the heterotropic cofactors. (4) Suppression of

WT; Is
HbA 1.1 x 10° 0.0087 0.27 313 6.7 2.45
HbB101 Ala 2.2x10% 0.0344 0.25 7.3 472 297
+1 mM DPG
HbA 4.8 x10° 0.0090 0.48 533 259 278
HbG101 Ala 3.1 x 10° 0.0166 0.35 9.7 58.6 3.09

2 Definitions and conditions as in Table 2.

one aliphatic carbon in the negatively charged Asp in
place of Glu is sufficient to produce a very high oxygen
affinity with low cooperativity but with a normal Bohr
effect and normal interactions with organic phosphates,
(5) Substitution of 8101 (G3) Glu by either Gly or Asp re-
sults in comparable alterations of the functional proper-
ties of Hb.

Muztations at the 399 (G1) position

Drastic changes in oxygen binding properties of Hb
are observed after substitutions at the 399 (G1) Asp site.
This residue is involved in the crucial hydrogen bond with
o chain residues that stabilize considerably the T structure
at the «; 8, interface. All seven natural hemoglobin mu-
tants discovered at this position (IHIC, 1992) exhibit a
high oxygen affinity and low cooperativity in ligand bind-
ing, but only slight modifications of their interactions
with the heterotropic effectors. This suggests the in-
creased tendency to form dimers in the deoxy form, which
may be reassembled into tetramers upon addition of the
effectors.

The present results can be described globally in terms
of the original mechanistic model of Perutz (1970). Li-
ganded tetramers have nearly the same affinity as dimers
or isolated chains. The oxy R-state was thus described as
“relaxed,” meaning that there is no induced stress due
to tetramerization. Because in the R-state the subunit-
subunit interactions are weak, it is reasonable that per-
turbations of the “allosteric” interface do not change the
R-state affinity. However, in the T-state, the deoxy hemes
somehow pull against each other. In this tense state, slight
structural changes might cause the entire system to slip or
even break. The latter appears to be true for the mutant
23,40 (C6) Arg — Asp, where there is nearly complete
loss of the T-state properties. The change is less drastic
for the mutant o, 3,40 (C6) Arg — Ala, whose properties
appear to be due to a decrease in the “tension” of the
T-state. It seems that the T-state has “slipped” toward a
more “relaxed” state. This results in a compensated effect,
with a T’-state exhibiting an increased affinity for oxygen.
However, because this T’-state is now energetically closer
to the R-state, addition of ligands has a smaller effect
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Fig. 4. Kinetics of CO bimolecular recombination to mutant o, 8,40 (C6) Arg — Ala (A) and t0 o, 3,40(C6) Arg — Asp (B).
The solid curves are for the mutated Hbs; the dashed curves are for control HbA. Conditions were 40% photodissociation,
0.1 atm [COJ, pH 7.2, 0.1 M NaCl. Buffered IHP (0.5 mM, pH 7.2) was added as indicated. Hemoglobin concentration was
approximately 100 uM on a heme basis. Optical pathlength was 0.1 cm. The vertical axis is the log of the normalized change

in absorption.

(larger ¢) on the allosteric equilibrium. There is thus more
of the T’-state (50% T, for the mutant vs. 7% for HbA),
which compensates the higher T’ affinity, leading to a
change in Psq that is smaller than that of K (Tables 2, 4).

Kinetics of CO recombination to native
and E. coli synthesized o,(3, tetramers

CO bimolecular recombination kinetics after flash pho-
tolysis of the heterologous hemoglobin «,3,40 (C6)
Arg — Ala and «, 3,40 (C6) Arg — Asp are illustrated in
Figure 4. While the fast initial rate corresponding to CO
bimolecular recombination to the mutants’ quaternary
R-state is similar to that found for normal HbA, we ob-
served a 1.5-fold increase in the (slow) T-state on-rate
for the Arg — Ala mutation with more T-state behavior
(23% vs. 15% for normal HbA). Addition of the allo-
steric effector IHP to the Arg — Ala mutant results in an
increase of the T-state kinetic phase comparable to the
increase observed in HbA. Similar results were obtained
for the Arg — Val mutation (not shown). By contrast,
flash photolysis of the CO Arg — Asp mutant leads to
nearly monophasic R-state recombination kinetics, which
are barely influenced upon addition of IHP. These results
are in agreement with the oxygen equilibrium results for
this mutant, and indicate that introduction of a negatively
charged Asp residue at position C6 of the 8 chains leads
to the disruption of the normal contacts at the o 3, inter-
face. We have also engineered the 8101 (G3) Glu — Ala,
whose equilibrium oxygen binding indices are given in
Tables 3 and 4. Kinetics of CO recombination for this syn-
thetic mutant display an increased T-state on-rate, com-
patible with a higher affinity for the ligand (Fig. 5).

Kinetics of CO recombination
to mutant (34 tetramers

It has been suggested by Kurtz and Bauer (1978) and
Valdes and Ackers (1978) that the oxygenated 8 subunits
self-associate into tetramers more strongly than do the
deoxy subunits. These data imply that the oxygen affin-
ity of 84 should be higher than that of § monomers. In
contrast to the behavior of oxy 8, photodissociation of
CO-8 solutions gives rise to rebinding kinetics that are
biphasic (Philo et al., 1988). In every case, at least two ex-
ponentials are required to fit the CO kinetic data. Simu-

0 4 8 12 16 20

time (ms)

Fig. 5. Bimolecular recombination kinetics of CO to 100 uM solution
of the a3 8,101 (G3) Glu — Ala mutant in the absence (1) and presence
(3) of 0.5 mM IHP compared to native HbA (2 and 4, dashed lines) at
pH 7.2, 0.1 M NacCl, 50 mM bisTris, 40% photodissociation, 0.1 atm
[CO].
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lations consistently show two phases differing in rate by
a factor of 3-4, with the relative proportion of the faster
phase increasing at higher protein concentrations. These
data are consistent with a concentration-dependent equi-
librium between tetramers and monomers. Under our
experimental conditions, the fit for the recombination
kinetics of CO to 100 uM solutions of 8 chains indicates
85% fast phase (corresponding to tetramers) of rate 12 x
10 M~ s~!, while at 0.5 uM 8 chains, we obtained 65%
slow phase with a rate of 3 x 10° M~' s~!. These values
agree with those published by Antonini and Brunori
(1971) and Philo et al. (1981). For Bppmp Subunits that are
predominantly monomeric at all concentrations, curve fit-
ting gave 92% slow phase.

Because our analyses did not reveal a dependence of
the rate of CO recombination on protein concentration,
but rather a change in the relative proportion of the fast
phase (high affinity tetramers) and the slow phase (lower
affinity monomers), flash photolysis kinetics of CO in
solution of the mutated § chains were analyzed in terms
of their propensity to exist in either the monomer or tet-
rameric forms. Figure 6 presents the kinetics of CO re-
combination for the 340 (C6) Arg — Ala, Val, and Asp
mutations. For the three variants, the CO recombination
kinetics are shifted to more slow phase relative to the na-
tive 8 subunits, indicating a larger fraction of monomers.
The effect of the Arg — Asp mutation leads to the pres-
ence of almost 40% slow phase at 65 uM heme, i.e., twice
as much as for the Ala or Val mutations and four times
the percentage found in solutions of normal 8 chains.

Figure 7 presents the CO recombination kinetics for the
340 Arg — Ala mutant before and after addition of 1 mM
IHP. Clearly, IHP increases the percentage of slow phase,

time (ms)

Fig. 6. Bimolecular recombination kinetics of CO to: (1) native 3, tet-
ramer (3440 Arg) and mutated 3, tetramers; (2) Arg — Val; (3) Arg —
Ala; and (4) Arg — Asp. Conditions were 0.1 M phosphate buffer,
pH 7, at 25 °C. Heme concentration was 100 uM, and [CO] was 0.1 atm.
At the heme concentration used here, the ratio of the slow to fast rates
was 0.15 for the native 8, tetramer and about 0.65 for the 84 40 Arg —
Asp mutant, indicating an increased amount of monomer in the latter.
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Fig. 7. Recombination kinetics of CO to: (1) native 84; (2) 34 Arg —
Ala; and (3) 84 Arg — Ala + 0.1 mM IHP. Conditions were 0.1 M
phosphate buffer, pH 7, at 25 °C. Heme concentration was 50 uM, and
[CO] was 0.1 atm.

indicative of the presence of more monomers. At 100 uM
concentration of 8 chains, IHP has no observable effect
on the kinetics of normal 3 chains; at low heme concen-
trations (<0.5 uM), IHP favors 3 tetramers over mono-
mers (the overall rate is faster). Similar observations were
obtained for the 8 Arg — Val or Asp mutants. These re-
sults demonstrate that any change in the residue side chain
at the 840 position leads to instability of the tetrameric
form which, if also present in the heterologous tetramers,
may well explain the abnormal functional properties of
these mutants. Interestingly, the measurements of the CO
recombination kinetics for the 8101 Glu — Ala mutated
subunit demonstrated a much larger proportion of the
slow phase both in the absence and in the presence of IHP
(40% and 55%, respectively).

Model building of the allosteric
interface in B3, tetramers

In this study the modified residues occur at the «, 8, in-
terface; their interactions may be represented by the pair-
wise interactions across the interface, as indicated in
Figure 8. This interface is in close proximity to the hemes
and intimately involved in cooperative interactions. It is
composed of residues from the C helix, the FG corner,
the beginning of the G helix, and the C-terminal portion
of the chains. As summarized in Figure 8A, 10 « chain
and 10 8 chain residues participate in the R-state. For the
8, tetramer, this interface, presented in Figure 8B, par-
allels the structure of the interface of HbA for the R-state.
According to our criteria, 11 3 residues participate, one
more than for the contribution of 3 chains to the corre-
sponding interface in HbA. All but two of these residues
(398 Val and 5100 Pro) also occur among the contribu-
tions of the 8 chains to the interface in HbA, but these
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B Chain | o Chain B Chain | aChain Bl Chain
c3 37 Trp Tyr 145 |Tyr 140 36 Pro
37T

C6  40Asg Asn 102|Asn 97 ®
39 Gln

C7  41Phe Glu 101} Val 96
’ 40 Arg
FG3 96 Leu ‘ Asp 99| Asp 94 41 Phe
FG4 97 His His 97| Arg 92 96 Leu
FGS 98 Val Phe 41| Tyr 42 97 His
98 Val

Gl 99 Asp Arg 40| Thr 41
99 Asp

Gln 39 Lys 40
G2 100 Pro 3 100 Pro
G3 101 Glu Tep 37 Thr 38 101 Glu
HC2 145 Tyx Pro 36| Pro 37 102 Asn
145 Ty

B4 Chain | B Chain | & Chain B Chain | o Chain
36 Pro | 37Pro His 146| Arg 141 HC3
37 Top | 38The Tyr 145 Tyr 140 HC2
Leu 105] Leu 100 G7
38 Thr | 39 Thr
Asn 102] Asn 97 G4
39 Gln | 40Lys Glu 101|Val 96 G3
40 Arg | 41THr ¥ Po 100| Pro 95 G2
—
41 Phe | 42Ty Asp 99| Asp 94 Gl
val 98| val 93 FGS
43 Glu | 44Pro A
His 97| Arg 92 FG4
92 His | 87 His Asp 94| His 89 FGI
95 Lys | 90Lys Cys 93] Ala 88 F9
o6 Len | 91 Leu Glu 43| Po 44 CD2
Arg 40| Thr a1 Cs
97 His | 92 arg 4&H O
A\ ¢ £ Cs
‘\ Y
98 Val | 93 Val > [ 38{Tw 3904 |
9 Asp | 94 Asp Tp 37| Thr 38 C3
Po  36(Pro 372
100 Pro | 95 Pro ; c |
Tyr 35| Phe 36 C1
45
145 Tyr 1140 Tyr Val 34 Ser 35 BI6
146 His |141 Arg Val 33| Len 34 BIS

Fig. 8. Residues participating in the o, 8, interface. A: HbA in the R-state. B: The 8, tetramer. C: HbA in the T-state. Resi-
dues contributing to the interface as evaluated by energy criteria described in the text are indicated by connecting lines. For com-
parison, the corresponding residue of the other class of chains is indicated by the lists outside the vertical lines for HbA in parts
A and C. Boxes surround the residues that are identical for both the corresponding positions of both « and 8 chains. The resi-
dues presented here agree with the assignements of Fermi and Perutz (1981) for the R-state, with the following exceptions. They
assign «97 Asn and 343 residues to the interface. These residues do not participate by our criteria, whereas we assign four resi-
dues to the interface that were not noted by Fermi and Perutz: a91 Leu, «93 Val, 336 Pro, and 3145 Tyr. For the T-state they
did not find the « chain residues 39 Thr, 87 His, 90 Lys, and 93 Val at the interface, nor the 8 chain residues 38 Thr, 39 Gln,
93 Cys, and 94 Asp. In addition, they included the following residues that were not found at the interface by our methods: «86

Ala, «96 Val, «97 Asn, and 841 Phe.

two residues are at positions where the corresponding
residues of the « chains participate to the interface for
HbA. In addition, 339 Gin, identified as participating in
the contact for HbA, was not found in the contact for 3,
tetramer.

For HbA, structural differences between R and T are
extensive, since the allosteric transition concerns mainly
this interface. The residues identified by our energy cri-
teria as participating in the interface for Hb are indicated
in Figure 8C. The interface is clearly much more exten-
sive for the T-state than for the R-state, involving 16 «
residues and 20 3 residues, compared to the R-state with
each chain contributing only 10 residues. Among the T-
state residues at the interface are all of the residues that
participate in the R-state except 96 Val and 341 Phe.
Moreover, there are 7 additional residues for the o and
11 additional residues for the 8 chain that change the

character of the interface considerably. The additional
residues involve principally the C-terminal positions of
both chains, as well as portions of the C and F helices.

The allosteric transition involves reorientation of the
8 chains such that there is a crossing between the C helix
and the FG corner. For example, «42 Tyr moves from a
position in the R centered about a contact with 340 Arg
and 341 Phe of the C helix to a position in T that, while
maintaining a contact with 340 Arg of the C helix, ex-
tends the contacts to the G helices and residues 3899 Asp
and 8101 Glu. As revealed by the data presented here,
modifications of the key residues 340 Arg, 399 Asp, and
8101 Glu invariably reduce the stability of the T-state.
These residues are also clearly implicated in the stabil-
ity of the tetramers (Turner et al., 1992), since the vari-
ous mutations tested favor dissociation to monomeric
8 chains.
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Conclusions

All mutations at the o 3, interface that have been stud-
ied here for either heterologous or homologous 3 tetra-
mers result in the weakening or the complete disruption
of the tetramer assembly. This interface is so precisely tai-
lored for maintaining the assembly between a8 dimers in
HbA that any change in the side chains of residues 40
(C6), 99 (G1), and 101 (G3) involved in this interface re-
sults in increased R-state behavior (low or no cooperativ-
ity, increased ligand affinity), likely due both to the
destabilization of the quaternary T-state and to the en-
hancement of dimer formation. This is suggested by the
partial restoration of the functional properties of these
Hbs on addition of organophosphate effectors.

These results also suggest that the stable form is the
R-state of the 34 tetramer, whether in the oxy or deoxy
form, supporting the view that the peculiar behavior of
the homologous tetramer is related to the instability of
the quaternary T-state conformation, as also suggested
by Arnone et al. (1982) from the analyses of the three-
dimensional structure of the CO liganded 4 tetramer.
More detailed studies and calculations are necessary to de-
termine the cause of this large T-state instability of the
deoxy B, tetramers. The results presented above also
raise the question of how such a precisely tailored allo-
steric interface either in the hetero- or homotetramers has
been built from point mutations in the o and ancestral
non-« chains during the evolutionary processes.

Materials and methods

HbA was prepared from fresh red blood cell hemolysates
by chromatography on a DEAE-Sephadex column. The
purity of the solute was verified by isoelectric focusing,
showing a single band migrating at pI = 6.95. The Hb was
further stripped of remaining contaminants on an ion-
exchange column consisting of ion-retardation resin
AGI11A8 and mixed-bed exchange resin AG501X8-D
from Bio-Rad. Hb was concentrated under vacuum to
2 mM heme and stored in the oxy form in liquid nitrogen
until use. The methemoglobin content of the stock solu-
tion was less than 2%. The 3™ subunits were prepared
from saturated CO-HbA using the method of Bucci and
Fronticelli (1965), and the free sulfhydryl groups were re-
generated using 3 mM dithiothreitol. The 8 subunits were
further purified twice on a DEAE-Sephadex column to re-
move any unregenerated components. The purity of the
BSH solution was estimated by isoelectric focusing and
spectrophotometric criteria. After extensive dialysis
against a 10 mM phosphate buffer at pH 7 and vacuum
concentration, the free 3 chains were stored under 1 atm
CO at 4 °C until use. Under these conditions, no degra-
dation of the isolated subunits was observed during
storage.
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Expression of human 8 chains in E. coli

The B-globin chains were synthesized by using the expres-
sion vector pAT PrclIFXg. This vector directs the synthe-
sis of fusion protein CIIFX3-globin under the control of
A Pr promotor. E. coli strain CAG 1139, harboring pAT
PrclIFX@, was grown at 30 °C in M9 medium containing
2 g of glucose, 20 g of yeast extract, and 0.5 g of vitamin
B, with 10 mg tetracycline per liter.

Synthesis of the cIIFX 3-globin fusion protein was in-
duced by inactivation of the temperature-sensitive repres-
sor cI857 at 42 °C. The cells were harvested after 3-4 h
incubation. The protein was extracted, purified, and
cleaved with bovine coagulation factor Xa to liberate the
B-globin (Nagai & Thogersen, 1987). The 8, homotetra-
mers were reconstituted in the presence of cyanhemin
under 1 atm CO. Reconstitution of tetrameric hetero-
tetramers (o, 8,) was carried out in the presence of CO-
saturated native a chains. The reconstituted tetramers
were reduced with sodium dithionite in the presence of
CO and purified by ion-exchange chromatography on
CM-cellulose and DEAE-Sephacel columns. Both types of
Hb solutions were concentrated under vacuum (1-2 mM
heme) and stored under 1 atm CO in the cold. The purity
of the protein solutions was verified by isoelectric focus-
ing and by recording visible absorption spectra. For equi-
librium oxygen binding studies, the CO saturated Hb
solutions were decarboxylated under a stream of pure O,
and intense light in ice water for 1 h. Complete CO re-
placement by oxygen was verified from the visible absorp-
tion spectra. The equilibrium between tetramers, dimers,
and monomers was studied using high performance size-
exclusion chromatography, as described by Baudin-Chich
et al. (1988). The experiments were performed in 0.1 M
phosphate buffer, pH 7.5, and using a Lichrospher Diol
Si 200 column.

Spectrophotometric studies

Static absorption spectra of the hetero- and homotetra-
mers at a concentration of 100-150 uM on a heme basis
were recorded with an SLM-Aminco DW 2000 spectro-
photometer. The solutions were 100 mM NaCl, 50 mM
Tris buffer, | mM EDTA, pH 7.2, at ambient tempera-
ture. They were prepared in glass tonometers to which
an optical cuvette (0.2 cm pathlength) was attached. The
concentration of the solutions was calculated from the
absorbance of the CO component, taking an extinction
coefficient essonm = 14.3 mM~! cm™! (Zijlstra et al.,
1991) for both the hetero- and homotetramers. In a typi-
cal experiment, the static spectrum of the CO component
under 1 atm CO was first recorded. The sample was then
decarboxylated by intense illumination under a stream
of oxygen to obtain the oxy spectra. The two solutions
of HbA and 3, tetramer were deoxygenated under a
stream of humidified argon. Traces of sodium dithionite
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(<1% w/w) were added to remove any remaining oxygen,
and the deoxy spectra were recorded. Finally, the sample
was equilibrated under 1 atm CQO, and a last CO spectrum
was recorded and compared to the initial CO spectrum to
verify the absence of hemoglobin denaturation. Differ-
ence spectra were calculated as deoxy (or CO) HbA —
deoxy (or CO) B, tetramer. The same procedure was
used for the recording of the weak absorption band at
760 nm that is present in only deoxy hemes and is com-
monly referred to as band III. The deoxy spectra shown
in Figure 2 have been calculated after subtraction of the
small CO absorbance spectra.

Fluorescence studies were performed on 10 uM heme
solutions, 10 mM phosphate buffer, pH 7.0, using an
SLM 8000 spectrofiuorometer. Optical cuvettes were 4 X
10 mm, with excitation at 280 nm along the 10-mm axis.
Emission spectra were recorded for both the buffer and
the liganded Hb samples. The data were analyzed after
subtraction of the buffer spectrum. No significant differ-
ences were observed relative to the native Hb solutions,
indicating correct refolding of the recombinant Hbs.

Functional studies

Oxygen equilibrium studies were performed only for na-
tive and recombinant heterotetramers by a continuous re-
cording method using a Hemox Analyzer (TCS-Medical
Products Co., Huntington Valley, Pennsylvania) and an-
alyzed as previously described (Kister et al., 1987). Typi-
cal samples were 60 uM heme, 100 mM NacCl in 50 mM
bisTris buffer, pH 7.2, at 25 °C. When necessary, buff-
ered aliquots of DPG or of IHP were added in large mo-
lar excess to the tetramer concentration. Data were
analyzed according to the formalism of the two-state allo-
steric model (Monod et al., 1965).

Kinetics of CO recombination after flash photolysis

The bimolecular recombination rates (k,,) were mea-
sured after photodissociation by a 10-ns laser pulse deliv-
ering 160 mJ at 532 nm (Quantel YAG laser, France).
Samples were 1-100 M in heme in 1- or 2-mm optical cu-
vettes, with observation at 436 nm (Marden et al., 1988).
Measurements were made at 1 and 0.1 atm CO at dif-
ferent levels of dissociation (10-50%). For solutions of
8 chains, small amounts of sodium dithionite were added
shortly before the experiment in order to remove any trace
of oxygen. Hb concentrations were determined from the
extinction coefficients of CO Hb in the visible region of
the spectrum. CO concentrations for the analyses of the
kinetic data were based on Henry’s law coefficient of
1 mM/atm at 20 °C. Curve fitting procedures for the cal-
culation of the CO recombination rates were performed
as described in Marden et al. (1988).
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Model building

Computer models to aid in the design and interpretation
of the investigations on 3 chain mutants were constructed
using the BRUGEL program package (Delhaise et al.,
1984) on the basis of the structures of liganded (Shaanan,
1983) and unliganded (Fermi et al., 1984) human hemo-
globin, using the coordinates deposited in the Protein
Data Bank and the coordinates of Hb H kindly provided
by Dr. A. Arnone (Arnone et al., 1982). Energy minimi-
zations were performed on all the structures examined un-
til a root mean square of the derivative of the energy
function of 0.1 kcal/mol - A was achieved. Residues at the
opposite sides of an interface were considered to interact
if the sum of the pairwise contacts between them contrib-
utes at least 1% of the van der Waals potential between
the two subunits (Schaad, 1991). A contact was then in-
dicated by a line between the two residues (Fig. 8).
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