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Physicochemical Studies of the Relation between Structure

and Function in Hemoglobin Hiroshima
(HC3p8, Histidine — Aspartate)”

Kiyohiro Imai,t Howard B. Hamilton,} Takaoki Miyaji,§ and Susumu Shibata |

ABSTRACT: Various physicochemical properties of Hb Hiro-
shima (HC3g, histidine — aspartate) were studied to clarify
the mechanism for the altered oxygen equilibrium functions
of the hemoglobin and the role of the C-terminal histidine
residues of the 8 chains. The cooperativity in oxygen binding
of Hb Hiroshima is markedly diminished by stripping it of
2,3-diphosphoglycerate (DPG). The effect of DPG on the
oxygen equilibrium of Hb Hiroshima is, however, apparently
normal because its overall oxygen affinity exhibits the same
dependence on the concentration of DPG as that of Hb A and
the overall free energy of interaction among the binding sites
of oxygen of Hb Hiroshima increases on the addition of DPG
by an extent similar to that of Hb A. Ultraviolet difference
spectra suggest that the conformational changes of the o3,
contacts that occur during oxygenation are impaired in Hb
Hiroshima corresponding to its diminished cooperativity and

Hemoglobin Hiroshima is a mutant hemoglobin with
greatly altered oxygen equilibrium functions: it has an oxygen
affinity 5-fold higher than that of Hb Alat pH 6.5, a decreased
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that the penultimate tyrosine residues of the 8 chains in Hb
Hiroshima undergo environmental changes similar to those
which occur in Hb A during oxygenation. The intrinsic micro-
scopic equilibrium constant for the fourth stage of oxygena-
tion, k., for Hb Hiroshima is insensitive to the concentration
of DPG and nearly equal to that for Hb A, whereas the con-
stant for the first stage of oxygenation, k;, decreases on the
addition of DPG and is always larger than that of Hb A, irre-
spective of DPG concentration, indicating that deoxy-Hb
Hiroshima probably assumes a more unconstrained form than
deoxy-Hb A. The reaction rates of 4,4'-dipyridine disulfide
with the sulfhydryl groups of oxy- and deoxy-Hb Hiroshima
were more rapid than for Hb A, particularly that of the deoxy
form. Electron paramagnetic resonance spectra of NO-Hb
Hiroshima are identical with those of NO-Hb A.

Bohr effect about half that of Hb A, and reduced heme-heme
interaction (Hill’s constant, 2.0-2.6, compared to 3.0 for Hb
A) (Imai, 1968). The carriers of this hemoglobin have no ap-
parent clinical symptoms save a mild erythrocytosis in com-
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Commission is a cooperative research agency of the U. S. National
Academy of Sciences, National Research Council, and the Japanese
National Institute of Health of the Ministry of Health and Welfare,
with funds provided by the U. S. Atomic Energy Commission, the
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STRUCTURE-FUNCTION RELATIONS OF HB HIROSHIMA

pensation for its less efficient oxygen-transport function (Ham-
ilton et al., 1969).

Although the biochemical lesion in Hb Hiroshima was
initially judged to be an amino acid substitution, histidine
— aspartate, at the site H21(143)8, recent X-ray crystallo-
graphic studies of deoxyhemoglobin Hiroshima at 3.5-A reso-
lution and confirmatory chemical examination (Perutz et al.,
1971) showed that the amino acid substitution in Hb Hiro-
shima is at HC(146)3, i.e., the C-terminal residue of the 8
chain.

Previously, on the basis of a tentative atomic model for
oxyhemoglobin at 5.5-A resolution (Perutz, 1965), we sug-
gested that the altered oxygen binding properties of Hb
Hiroshima might be explicable in terms of interference with
the cross-links between sister 8 chains, specifically, those in-
volving H21(143)3, where the amino acid substitution was
thought to be (Imai, 1968; Hamilton et a/., 1969). A more
recent atomic model at 2.8-A resolution (Perutz et al., 1969),
however, showed that the bridges between sister 3 chains are
of minor importance and do not involve the H213 residue.

Recent evidence suggests that certain amino acid res-
idues at or near the C terminal of the 8 chain play impor-
tant roles in the binding of ligands by normal hemoglobin:
HC3 histidine in oxygen-linked protonation (Perutz et al.,
1969); HC2 tyrosine in triggering conformational changes
(Perutz, 1970); H21 histidine in binding DPG (Bunn and
Briehl, 1970; Perutz, 1970). Thus it would appear that further
studies of Hb Hiroshima might yield more detailed informa-
tion on the contribution of the C-terminal of the 8 chain to
these reactions. We report here results of the following studies:
the effect of DPG on oxygen equilibrium, uv difference spec-
tra, reactivity of sulfhydryl groups, and epr spectra of NO-Hb
derivatives. In the light of these results we discuss the relation
between the functional and structural abnormalities of this
mutant hemoglobin, and also the role of the C-terminal resi-
dues of the 8 chain in the oxygen-binding functions of hemo-
globin,

Materials and Methods

Preparation of Hemoglobins. Hb Hiroshima and Hb A as
control were obtained from the same hemolysate in oxygen-
ated form. The hemoglobins were separated from each other
by two methods: column chromatography and starch-block
electrophoresis. The hemolysate containing Hb Hiroshima
was put on a CM-Sephadex column equilibrated with 0.05
M phosphate buffer (pH 6.0), and Hb F followed by Hb Hiro-
shima were eluted with 50 mm Na*; Hb A and Hb A, were
eluted together with 100 mm Na*. Hb A was separated from
Hb A; on a DEAE-Sephadex column equilibrated with 0.05
M Tris-HC! buffer having a pH gradient of 8.6-7.0. Starch-
block electrophoresis was employed using Tris-EDTA-borate
buffer (pH 8.6). The purities of the separated hemoglobins

1 Abbreviations used are: Hb, hemoglobin; DPG, 2,3-diphospho-
glycerate; epr, electron paramagnetic resonance; NO-Hb, nitric oxide
derivative of hemoglobin; Bis-Tris, 2,2-bis(thydroxymethyl)-2,2°,2"’-
nitrilotriethanol; 4-PDS, 4,4'-dipyridine disulfide; P;o, oxygen pressure
at 50% oxygenation of hemoglobin; n, Hill’s constant, empirical mea-
sure of cooperativity; ¥, fractional oxygen saturation; p, oxygen pres-
sure; AF1, free energy of interaction; AOD, change in optical density,
The location of an amino acid residue, e.g.,, H21(143)8, is given accord-
ing to Perutz’s system that specifies its position within a segment of the
chain and permits comparison of homologous sections of myoglobin,
and the «, 8, and vy chains (Perutz, 1965). The figure in parentheses is
the residue’s position numbered from the amino terminal.,

were tested by agar-gel electrophoresis. No significant con-
tamination could be detected for either Hb A separated by
column chromatography, or for Hb Hiroshima. Hb A sepa-
rated by electrophoresis, however, was contaminated with a
small amount of Hb F (less than 3 97). Hemoglobins separated
by column chromatography were used for oxygen equilibrium
and uv difference spectra, and hemoglobins separated by elec-
trophoresis for reactivity of the sulfhydryl groups and epr of
nitric oxide derivative experiments. Hemoglobins, stripped
of DPG as described previously by Benesch et al. (1968), con-
tained no detectable DPG when assayed by the method of
Ames and Dubin (1960). Hemoglobin concentrations were
determined by spectrophotometry of pyridine hemochro-
mogen derivatives (Paul er a/., 1953) and are given on heme
basis unless otherwise stated. DPG concentration was deter-
mined by titration (Benesch er al., 1969). DPG was obtained
as the pentacyclohexylammonium salt tetrahydrate (Calbio-
chem, Los Angeles) and converted into the free acid by passage
through a column of the H form of Dowex 50; Bis-Tris and
4-PDS were used without further treatment (Aldrich Chemi-
cal Co., Milwaukee).

Uv Difference Spectra. Deoxyhemoglobin as reference for
difference spectra of oxy- vs. deoxyhemoglobin in 0.1 M gly-
cine-NaOH buffer was prepared in a 200-ml cylindrical to-
nometer with a square-fused silica cuvet of 10-mm light path.
Deoxyhemoglobin as reference for uv difference spectra of
oxy- vs. deoxyhemoglobin in the presence and absence of
DPG was prepared in Benesch’s versatile tonometer (Benesch
et al., 1965) which contained stripped hemoglobin solutions
without and with DPG in the cuvet and reservoir, respectively.
The uv difference spectrum in the absence of DPG was deter-
mined using the deoxyhemoglobin solution in the cuvet and
the spectrum in the presence of DPG by mixing the solutions
in the cuvet and reservoir. In each instance, deoxygenation
was performed by repeated alternate evacuations and flush-
ings with pure nitrogen gas (99.999 %7), accompanied by mild
shaking of the tonometer. The concentration of oxyhemo-
globin was adjusted to that of reference deoxyhemoglobin
by using an isosbestic point of 548 mu. The difference spec-
tra were recorded by a Hitachi Model 124 spectrophotometer
(Hitachi Ltd., Tokyo) with a fixed slit width and servo control
of photomultiplier voltage. The band width of the incident
light was constantly 1 mu over the entire range of wavelength
used for the determination. Uv absorption spectra between
240 and 350 mu of oxyhemoglobin and of reoxygenated hemo-
globin previously used for the reference coincided with each
other within 29, Methemoglobin content, determined as
described by Benesch er al. (1965), was less than 8% of total
hemoglobin after the determination except in the case of
stripped hemoglobin where the content amounted to
15%.

Reactivity of the Sulfhydryl Groups with 4-PDS. The rate
of reaction of the reactive sulfhydryl groups of hemoglobin
with 4-PDS was determined as described by Ampulski es al.
(1969) with minor modifications. For the reaction of 4-PDS
with deoxyhemoglobin Benesch’s versatile tonometer was
used. Oxyhemoglobin and 4-PDS solutions put into the cuvet
and the reservoir of the tonometer, respectively, were deoxy-
genated and the reaction was started by mixing them with
each other. The change of optical density at 324 mu over time
was recorded by a Hitachi Model 124 spectrophotometer.

Oxygen equilibrium curves of hemoglobin in the absence or
the presence of DPG were determined by the automatic re-
cording apparatus of Imai er a/. (1970). Methemoglobin con-
tent (Benesch er al., 1965) was 11 and 157 of total hemoglo-
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FIGURE |: Effect of DPG on the oxygen equilibrium curves of Hb
Hiroshima and Hb A. p, oxygen pressure (mm of Hg); Y, fractional
saturation of hemoglobin with oxygen. (O) DPG-free (stripped);
(®) 0.01 mm DPG; (A) 0.05 mMm DPG; (4)0.15 mM DPG;(J) 0.3 mM
DPG. Bold and fine lines are for Hb Hiroshima and Hb A, re-
spectively. Hb concentration, 6 X 1078 M; in 0.0! M Tris-HCI buffer,
pH 7.0; temperature, 20°.

bin, respectively, before and after determination of oxygen
equilibrium.

Epr Spectra of NO-Hb. Epr spectra of NO-Hb were mea-
sured as described by Shiga et a/. (1968) using a Varian Model
E12 epr spectrometer (Varian Associates, Palo Alto, Calif.).

Results

Effect of DPG on Oxygen Equilibrium Curves. Oxygen equi-
librium curves of Hb Hiroshima and Hb A in the absence (i.e.,
stripped) or in the presence of various amounts of DPG are
shown in Figure 1, where they are represented by Hill plots
(Wyman, 1964). The plot was biphasic as reported previously
(Benesch et al., 1968; Imai et al., 1970) for Hb A in 0.01 mm
DPG where the hemoglobin was not saturated with DPG.

-0.5 ~
L ! 1

t 2
(OPG) (x10*M)

FIGURE 2: The dependence of the oxygen affinities of Hb Hiroshima
(®) and Hb A (O) on the concentration of DPG. P;, is oxygen pres-
sure (mm of Hg) at 50 % saturation. Conditions as for Figure 1.
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FIGURE 3: Scatchard plots of the data shown in Figure 1. Symbols
are as for Figure 1. In the portion on the right hand the scale of
abscissa is expanded.

The logarithm of oxygen pressure at 50 % oxygen saturation
of hemoglobin, log Ps, which is a simple measure of overall
oxygen affinity, was obtained from the data shown in Figure
1 and plotted against DPG concentration (see Figure 2). The
effect of DPG on the oxygen affinity of Hb Hiroshima was
similar to that of Hb A: the ratio of P; in the presence of
0.3 mm DPG to P; in the absence of DPG was 5.94 for
Hb Hiroshima and 5.91 for Hb A. Contrary to the normal
dependence of oxygen affinity of Hb Hiroshima on DPG,
the cooperativity in oxygen binding of Hb Hiroshima showed
a different dependence on DPG from that of Hb A: the co-
operativity of Hb Hiroshima was diminished markedly by the
stripping of DPG while that of Hb A was diminished only
slightly. Hill’s constant, n, which is regarded as an empirical
measure of cooperativity, in Hb Hiroshima was decreased
from 1.9 in 0.3 mm DPG to 1.1 by stripping, yielding an al-
most hyperbolic oxygen equilibrium curve, while that of Hb
A decreased slightly from 2.8 to 2.4 without altering appre-
ciably the shape of the curve. These results are summarized
in Table 1. The values of n, 1.9 and 2.8, are somewhat smaller
than those which were previously obtained for Hb Hiroshima
and Hb A in 0.1 M phosphate buffer (pH 7.0), i.e., 2.2 and 3.0,
respectively (Imai, 1968). This may be due to the larger amount
of methemoglobin in the samples used for the present studies
(15%) than in those of the previous studies (3%). The upper
ends of all the Hill plots in Figure 1 apparently converge to-
ward a common asymptote while the lower ends diverge from
one another. Scatchard plots (Edsall es al., 1954) of the data
demonstrate this feature more clearly (see Figure 3). The
extrapolation of the Scatchard plotsto 4Y — 4(p — =) yielded
intercepts around 0.6 on the right coordinate irrespective of
the kind of hemoglobin and concentration of DPG. This shows
that Hb Hiroshima and A have similar intrinsic microscopic
equilibrium constants for the fourth stage of oxygenation,
k;, in Adair’s equation for successive oxygenation (Adair,
1925), and that k; is almost independent of DPG concentra-
tion (see Table I). On the other hand, the intercepts on the
left coordinate, which corresponded to the equilibrium con-
stant for the first stage, &y, differed from each other depending
on the kind of hemoglobin and the concentration of DPG.
The values of k; for both Hb Hiroshima and Hb A increased
by about 10-fold by stripping of 0.3 mm DPG, but those for
Hb Hiroshima were always larger than those for Hb A irre-
spective of the concentration of DPG (see Table I). From the
values of k; and k., a free energy of interaction, AF1, which



STRUCTURE-FUNCTION RELATIONS OF HB HIROSHIMA

TABLE I: Effect of DPG on Oxygen Equilibrium.

Hb Hiroshima Hb A
DPG (mm) 0 (stripped) 0.3 0 (stripped) 0.3
Pgoe (mm of Hg) 0.31 1.84 1.81 10.7
P PFC Py 5.94 5.91
ne 1.1 1.9 2.4 2.8
k¢ (mm Hg™Y) 2.0 0.22 0.11 0.011
ks (mm Hg™1) 4.3 4.3 3.7 4.6
AFY (cal/mole per site) 450 1710 2040 3580
A(AF1)¢ (cal/mole per site) 1260 1540

« Oxygen pressure at 507 saturation. ® P5,"F © and Ps,™ in the presence of 0.3 mm DGP and in its absence (stripped). ¢ The Hill
constant. 4 Intrinsic microscopic equilibrium constants for the first and fourth stages of oxygenation, in mm Hg~1, /¢ Overall
free energy of interaction, and the increment of free energy due to addition of DPG, in calories per mole per site.

is involved in the cooperative interaction among hemes as
defined by Wyman (1964), was estimated as previously de-
scribed (Tyuma er al., 1971). The AF: was increased by the
addition of DPG both for Hb Hiroshima and Hb A, but the
value for Hb Hiroshima was smaller than that for Hb A
whether in the presence or absence of DPG, indicating a paral-
lel dependence of AF: to Hill’s constant, n (see Table I). The
increment of AF; due to the addition of 0.3 mMm DPG was
1260 and 1540 cal per mole per site for Hb Hiroshima and
Hb A, respectively, but the discrepancy between these values
is probably not significant and may be ascribable to experi-
mental error. The effects of DPG on oxygen equilibrium of
Hb A described above coincide well with those reported pre-
viously by Tyuma er al. (1971).

Uv Difference Spectra. Figure 4 shows the uv difference
spectra of carbonmonoxyhemoglobin Hiroshima and A, pH
10.7 vs. 8.4. Both the hemoglobins had almost identical AOD
at 245 mpu. Figure 5 shows the uv difference spectra of oxy-
vs. deoxyhemoglobin. The AOD at 242 mu for Hb A was very
close to zero at pH 8.4 but increased toward positive
at pH 10.3 probably because of environmental changes around
the HC28 tyrosine residues following their ionization. The
AOD at 242 mu of Hb Hiroshima exhibited a dependence on
pH similar to that of Hb A.

Slight but significant discrepancies were, however, found
between the difference spectra of oxy- vs. deoxyhemoglobin
Hiroshima and A in the range of 280 to 295 mu. Narrow
banded spectra with two maxima at 283 and 291 mu and one
minimum at 288 mg, superposed on a broad band with a
peak at 275 myu, appeared in the difference spectra of Hb

TABLE 111 Apparent First-Order Rate Constants for the
Reaction of 4-PDS with Sulfhydryl Groups of Hb Hiroshima
and Hb A.c

Oxy Form Deoxy Form
Hb Hiroshima 0.480? 0.250
Hb A 0.190 0.0326
Hb As¢ 0.214 0.0292

« Conditions as for Figure 7. ® In min—1. ¢ Hb A separated
from sample containing Hb Hiroshima. ¢ Hb A from a normal
adult.

Hiroshima and A, but the difference between the maximum
at 291 mu and the minimum for the former was somewhat
diminished compared to that for the latter, both at pH 8.4
and 10.3 (see Figure 5).

The narrow banded spectra of stripped Hb Hiroshima was
considerably diminished corresponding to its greatly impaired
cooperativity (n = 1.1) (Figure 6A), but returned to approxi-
mately the same magnitude as that in 0.1 M glycine—-NaOH
buffer (compare Figure 5) on the addition of 0.3 mm DPG,
when cooperativity was intermediate (n = 1.9). On the other
hand, the narrow banded spectra of Hb A was not affected
significantly by the addition of DPG and it exhibited only a
small change of n (see Figure 6B and Table I).

Reactivity of the Sulfhydryl Groups to 4-PDS. Figure 7
shows the reaction rates of the sulfhydryl groups in oxy- and
deoxyhemoglobins with 4-PDS. The number of reactive sulf-
hydryl groups in oxyhemoglobin per tetramer was 2.14, 2.21,
and 2.37 for Hb Hiroshima, Hb A separated from Hb Hiro-
shima, and normal adult Hb A, respectively. The reactions
of the deoxyhemoglobins could not be followed to the end
because the rates were too low but the number of reactive
sulfhydryl groups were assumed to be the same as those of
oxyhemoglobin. The rate plot was linear for Hb A but only
approximately so for Hb Hiroshima indicating a pseudo-
first-order reaction. Apparent first-order rate constants were
obtained from the initial slope of each plot and are summa-
rized in Table II. Oxy-Hb Hiroshima reacted somewhat more

0.3

o2}

A0D

[N o

N
=l

) I L L N
240 260 280 300 320

Almp)
FIGURE 4: Ultraviolet difference spectra of CO-Hb Hiroshima (solid

line) and CO-Hb A (dashed line), pH 10.7 vs. 8.4, Hb concentra-
tion, 3 X 107% M; in 0.1 M glycine~-NaOH bulffer,
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FIGURE 5: Ultraviolet difference spectra of oxyhemoglobin vs. deoxy-
hemoglobin at pH 8.4 (A, top), and 10.3 (B, bottom). —, Hb Hiro-
shima; ----, Hb A. Hb concentration, 6 X 1075 M; in 0.1 M glycine-
NaOH buffer. Narrow banded spectra around 291 my in the circle
are enlarged 4-fold.

rapidly (2.5-fold) than Hb A but the deoxy form reacted much
more rapidly (8-fold).

Epr Spectra of Nitric Oxide Derivatives. Nitric oxide bound
to ferrous hemoglobin, unlike oxygen or carbon monoxide,
exhibits an epr spectrum which originates from its odd elec-
tron and is a reflection of the ambient structure of globin
around the hemes to some extent (Gordy and Rexroad, 1961;
Shiga er al., 1969). To investigate whether the structure around
the hemes of Hb Hiroshima is affected by the amino acid
substitution, we compared the epr spectra of NO Hb Hiro-
shima and Hb A. The spectra obtained at room temperature
are shown in Figure 8; there were no significant differences
at this temperature, or at +5, —20, —50, —70, —100, and
—160° between the spectra of Hb Hiroshima and Hb A.

Discussion

The overall oxygen affinity of Hb Hiroshima shows almost
the same dependence on the concentration of DPG as does
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FIGURE 6: Ultraviolet difference spectra of oxyhemoglobin rs.
deoxyhemoglobin in the absence of DPG (—-—) and in the presence
of 0.3 mMm DPG (----). (A, top) Hb Hiroshima; (B, bottom) Hb A.
Hb concentration, 6 X 107 M; in 0.01 M Bis-Tris buffer, pH 7.0.
Narrow banded spectra around 291 mu in the circle are enlarged
4-fold.

Hb A. Moreover, the free energy of interaction, AF1, of the
mutant hemoglobin is increased by the addition of DPG to a
degree similar to that of the normal hemoglobin. These results
indicate that DPG has an influence on oxygen equilibrium
properties including oxygen affinity and cooperativity of Hb
Hiroshima equivalent to that of Hb A. Further, it is apparent
that the C-terminal histidine residues of the 8 chains are not
involved in the binding of DPG. The cooperativity of Hb
Hiroshima, however, appears to be increased more markedly
by the addition of DPG than does that of Hb A. Thus, the
“intrinsic cooperativity,” i.e., the AF; in the absence of DPG,
is only 450 cal/mole per site for Hb Hiroshima compared to
2040 cal/mole per site for Hb A. Consequently, the coopera-
tivity is increased 3.8-fold for Hb Hiroshima but only 1.8-
fold for Hb A by the addition of 0.3 mmM DPG, although the
absolute value of the increment A(AF) is similar for the two
hemoglobins (see Table I). Thus, it might be anticipated that
the cooperativity of a hemoglobin with intermediate heme-
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FIGURE 7: Pseudo-first-order rate plots of the reactions of the re-
active sulfhydryl groups of oxyhemoglobin (A, top) and deoxy-
hemoglobin (B, bottom) with 4,4’-dipyridine disulfide (4-PDS). (C)
Hb Hiroshima; (A) Hb A separated from Hb Hiroshima; (a),
Hb A from normal adult. Hb concentration, 4 X 10° M; initial
concentration of 4-PDS, 1.6 X 10~¢ M for oxyhemoglobin and 1.7
X 107 M for deoxyhemoglobin; in 0.1 M phosphate buffer, pH 7.0;
temperature, 20°,

heme interaction would be strongly affected by DPG since
the ratio of its “intrinsic” AF: to the increment of AF; caused
by DPG is small. This has in fact been observed for N-ethyl-
succinimide hemoglobin with an intermediate cooperativity
(n = 2) (Benesch and Benesch, 1961; Riggs, 1961), that ap-
pears to be markedly diminished by stripping, though again,
the decrement, A(AF7), is similar to that of unmodified hemo-
globin A (K. Imai, unpublished observations).

H. F. Bunn (personal communication) found that the oxy-
gen affinity of Hb Hiroshima in 0.05 M Bis-Tris buffer (pH
7.2) containing 0.1 M NaCl was decreased by DPG in the
same manner as that of Hb A, but Hill’s constant for Hb
Hiroshima was increased slightly from 2.3 to 2.5 by the addi-
tion of 1 mMm DPG, in contrast to our results where # decreased
almost to 1. This is probably due to differences in experimental
conditions. According to Benesch et al. (1969) chloride can
also reduce oxygen affinity although the extent of the effect
is not as marked as DPG; further, DPG no longer exerts an
effect on oxygen affinity in the presence of 0.5 M NaCl. Ap-
parently 0.1 M NaCl masks the effect of DPG on oxygen equi-
librium by weakening the specific bonds between DPG and
hemoglobin. Thus the insensitivity of Hill’s constant to DPG
in the presence of 0.1 m NaCl reported by Bunn is probably
due to the large ionic strength of the solvent and his results
are compatible with ours.

The “full cooperativity” of Hb Hiroshima, i.e., that in the
presence of DPG, even though increased to a greater extent
over the stripped form than Hb A, is still less than normal.
Briehl and Hobbs (1970) showed that the narrow banded uv
spectra in the range from 280 to 295 my are form dependent,

Hb Hiroshima

—_—
50 gauss

FIGURE 8: Electron paramagnetic resonance spectra of nitric oxide
derivatives of Hb Hiroshima and Hb A. Microwave frequency,
9.532 GHz; modulation frequency, 100 kHz; modulation amplitude,
5 G; time constant, 1.0 sec. Hb concentration, 1 X 10-3m;in 0.1 m
phosphate buffer, pH 7.0, at room temperature.

being attributable to perturbations of aromatic chromophores,
and suggested that the tryptophans at C33 were probably
involved. Bolton and Perutz (1970) demonstrated from their
analysis of X-ray data that these C38 residues have contacts
with five residues of the partner « chains in oxyhemoglobin
which decrease to four in deoxyhemoglobin. Chemically
modified Hb A from which two residues, the penultimate
tyrosine and the C-terminal histidine of the B8 chain, are re-
moved has no heme-heme interaction (Antonini et al., 1961)
and its form-dependent difference spectra are greatly dimin-
ished (Nagel er al., 1966). Genetically modified Hb Bethesda
(HC28, tyrosine — histidine) has reduced heme-heme interac-
tion (Hayashi er al., 1971) and its form-dependent difference
spectra are likewise diminished (K. Imai, unpublished ob-
servations). This evidence strongly suggests that the form-
dependent difference spectra are related to the conformational
changes at the 3, contacts which accompany the cooperative
reactions of oxygen binding. The dimin shed narrow-banded
spectra of Hb Hiroshima imply that the conformational change
at the «,83; contact during oxygenation is impaired, resulting
in turn in the impaired cooperativity of oxygen binding of
Hb Hiroshima.

The proposed mechanism to explain impaired cooperativity
of hemoglobin variants such as Hb Chesapeake (Nagel et al.,
1967), Yakima (Novy et al., 1967), Kempsey (Reed er al.,
1968), and Kansas (Bonaventura and Riggs, 1968), which have
amino acid substitutions at the sites of «8: contacts, is a
direct inhibition of the conformational changes at the a;3.
contacts which are essential for rearrangement of the subunits
in cooperative oxygen binding. In Hb Hiroshima the inhibi-
tion would probably be indirect because the amino acid sub-
stitution is remote from the region of 13, contacts. According
to Perutz’s stereochemical model (Perutz, 1970) the C-terminal
histidine residues of the 8 chains are free to rotate in oxyhemo-
globin but in the deoxy form the histidine’s imidazole side
chain and a-carboxyl group form salt bridges with y-carboxyl
groups of FG1 aspartates of the same § chains and with the
e-amino groups of the C-5 lysines of the partner « chains,
respectively, thereby tending to constrain the quaternary struc-
ture in the deoxy conformation. A plausible explanation for
the diminished cooperativity of Hb Hiroshima was recently
suggested by Perutz et al. (1971): Hb Hiroshima, with an
aspartate replacing the 8-terminal histidine, has no salt bridges
between the C3 termini and the FG1p3 aspartates, as a con-
sequence of which the salt bridges with the CS5a lysines are
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probably rendered unstable, resulting in an impaired inter-
action between the a; and §8; subunits.

Other findings reported here are likewise explicable in terms
of the loss of the salt bridges between the C3 termini and the
FG13 aspartates in Hb Hiroshima, and were predicted recently
by Perutz er al. (1971). Thus, Hb Hiroshima and Hb A have
similar intrinsic microscopic equilibrium constants, k., for the
fourth stage of oxygenation, but the constant for the first
stage, ki, for Hb Hiroshima is much larger than for Hb A.
The former finding suggests that Hb Hiroshima and Hb A
assume similar conformations after binding the third oxygen
molecule. During oxygenation the C-terminal histidine resi-
dues of the 8 chains in Hb A are freed by rupture of their
salt bridges, the constraints maintaining the molecule in the
deoxy form are lost, and the molecule assumes the oxy form
(Perutz, 1970). During oxygenation the salt bridges with C5a
lysines in Hb Hiroshima will be ruptured and the C termini
freed as in Hb A. Thus, Hb Hiroshima will assume an un-
constrained conformation similar to that of Hb A. Epr spec-
troscopy of NO Hb Hiroshima showed that no detectable
distortion of globin around the hemes of the 8 chains occurs.
This is consistent with the observation that the k., for Hb
Hiroshima and Hb A are similar, and with the proposal that
the fourth oxygen molecule probably binds to the heme of
one of the 3 chains (Perutz, 1970), an assumption supported
by data of Tyuma er al. (1971). That k, for Hb Hiroshima was
much larger than for Hb A is probably because, as discussed
above, the deoxy form of Hb Hiroshima is less constrained
than deoxy A, due to the absence of the salt bridges between
the residues HC383 and FG13. This tends to shift the equilib-
rium between the oxy and deoxy conformations toward the
oxy form, thereby increasing the oxygen affinity of Hb Hiro-
shima.

Almost all sulfhydryl reactivity of hemoglobin is attrib-
utable to the sulfhydryl groups of the F98 cysteines. The
reactivity of the sulfhydryl groups of Hb A is greatly decreased
by deoxygenation (see Table II). This is accounted for by the
salt bridge, described above, between HC33 and FG13 (943),
which limits accessibility to the adjacent F98 (938) cysteine
(Perutz, 1970). The reactivity of the sulfhydryl groups of the
F98 cysteines of Hb Hiroshima is somewhat increased in the
oxy form, but is much greater than Hb A in the deoxy form.
There is no salt bridge in Hb Hiroshima to inhibit the SH
reagent from reacting with the sulfhydryl groups. Similarly,
the absence of this same salt bridge which, in Hb A, is re-
sponsible for half of the alkaline Bohr effect (Perutz er al.,
1969), clearly accounts for the halved Bohr effect of Hb Hiro-
shima (Pertuz et al., 1971).

Nagel er al. (1966) suggested on the basis of experimental
evidence from spectrophotometric titration and uv difference
spectra that oxy- and carbonmonoxyhemoglobin A have eight
normal tyrosine residues with pK’s of 10.6 which decrease to
six on deoxygenation, probably because of environmental
changes around the HC2(145)3 tyrosine residues. This is
supported by Perutz’s (1970) stereochemical model of hemo-
globin. That the uv difference spectra of CO-Hb Hiroshima
and A have almost identical AOD at 245 mu suggests that
they have an equal number of normal tyrosine residues (i.e.,
eight), when they are in the carbonmonoxy and also probably
in the oxy form. Further, the similarity of the pH dependent
AOD at 242 mu may be taken to indicate that the Hb Hiro-
shima HC28 tyrosine residues adjacent to the substituted
aspartates at the C termini undergo environmental changes
similar to those which occur in Hb A during oxygenation.
From this it follows that the expulsion of the penultimate
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tyrosine residues from the pockets between the F and H helices
of the 8 chains during oxygenation (Perutz, 1970) is probably
not inhibited in Hb Hiroshima. On the other hand, the expul-
sion of the penultimate tyrosines seems to be inhibited in Hb
Chesapeake (Nagel er al., 1967) which is almost noncoopera-
tive, and moreover hemoglobins which have lost the pen-
ultimate tyrosine residues, such as Des-His (14683)-Tyr (1453)
hemoglobin (Antonini e al., 1961), Hb Rainier (HC283, tyro-
sine — cysteine) (Hayashi er a/., 1971), and Hb Bethesda
(HC28, tyrosine — histidine) (Hayashi er al., 1971), exhibit
almost completely diminished cooperativity (A. Hayashi,
1971, personal communication). These data indicate that
expulsion of the penultimate tyrosine seems to be essential
to cooperative oxygen binding. That the cooperativity of Hb
Hiroshima is not diminished completely may be attributed
in part to the lack of any apparent constraints on the move-
ment of the penultimate tyrosine.

It is worth noting that the oxygen equilibrium functions of
Hb Hiroshima are quite similar to those of N-ethylsuccinimide
hemoglobin (Benesch and Benesch, 1961; Riggs, 1961) and
Des-His (HC38) hemoglobin (Kilmartin and Wootton, 1970)
with regard to increased oxygen affinity, halved Bohr effect,
and intermediate cooperativity. The similarities seem to re-
sult from interference with the formation of, in the case of
N-ethylsuccinimide hemoglobin, or in the absence of the
salt bridges between the y-carboxyl groups of the FG13 aspar-
tates and the C3 termini in Des-His hemoglobin and Hb Hiro-
shima. These three hemoglobins, two man made, the other
a naturally occurring mutant, aptly illustrate the importance
of the 3 terminal in the allosteric functions of hemoglobin
and offer convincing support for Perutz’s stereochemical
model of hemoglobin.
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