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A B S T R A C T Hemoglobin Hiroshima is an electropho-
retically fast-moving variant with a fourfold increase in
oxygen affinity and a decreased Bohr effect. Based on a
decreased rate of dissociation of 02 in the presence of
dithionite and an increased rate of binding of COby the
deoxy form, we have concluded that the kinetic basis of
the high affinity exhibited by Hb Hiroshima is the con-
currence of a faster combination rate and a slower dis-
sociation rate for ligands.

INTRODUCTION

Hemoglobin Hiroshima, discovered by Hamilton, Juchi,
Miyaki, and Shibata (1) in several members of a Japa-
nese family, is a fast-moving beta chain variant associ-
ated with increased oxygen affinity and compensatory
erythrocytosis. The present communication deals with a
preliminary account of the kinetic basis of the oxygen
equilibria of this hemoglobin variant.

METHODS
Venous blood from a donor known to be heterozygous for
Hb Hiroshima was sent from Japan to New York in iced
containers and processed within 48 hr.

Hemolysates were prepared by the method of Drabkin
(2) with minor modifications. Hemoglobin Hiroshima was
isolated by starch block electrophoresis (3) using veronal
buffer, 0.04 mole/liter at pH 8.6, and the variant, which
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migrated cathodally to Hb A, was eluted from the starch
with 0.001 M phosphate buffer (pH 7). The purity of the
isolated hemoglobin was verified by starch gel electrophore-
sis (Tris-borate buffer pH 8.6) (4). Haptoglobin comprised
about 90% of a preparation which was purified according
to the previously described method (5).

The binding of CO by hemoglobin and the reaction of
oxyhemoglobin with dithionite were measured by the stopped
flow method using the apparatus of Gibson and Milnes (6)
with some modifications. An analogue-to-digital converter
model 130 E; (Digital Equipment Corp., Maynard, Mass.)
was used to digitize the photomultiplier output which was
then transferred to a DECPDP8/I computer under control
of a program described by DeSa and Gibson (7).

Hemoglobin binding to haptoglobin was measured by the
method of Nagel and Gibson (5) based on the quenching of
the aromatic amino acid fluorescence by the hemes of hemo-
globin. Excitation at 287 mtu was used, and light was ob-
tained from a 150 w direct current xenon lamp and a
Bausch and Lomb 250 mmgrating monochromator. An EMI
photomultiplier type 9525-B and a Corning glass filter No.
7-60 detected the protein fluorescence at 350 mA. As in the
absorbance stopped flow experiments, the data were collected
directly into the memory of a PDP-8/I computer, and si-
multaneous visual observations of the reaction was possible
with an oscilloscope.

RESULTS
Binding of CO. The kinetics of the reaction between

deoxy-Hb A and deoxy-Hb Hiroshima with carbon
monoxide is shown in Fig. 1. Hemoglobin solutions were
24 ,umoles/liter (heme) before mixing, and in 0.1 M po-
tassium phosphate buffer, pH 7.0. The carbon monoxide
solutions were prepared by bubbling buffer with pure
CO at 1 atm of pressure and diluted with oxygen-free
0.1 M potassium phosphate buffer, pH 7.0. The final
concentration of carbon monoxide after mixing was 97.5
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FIGURE 1 Kinetics of the combination reaction between
carbon monoxide and Hb A and Hb Hiroshima, determined
by stopped flow method; A --- A, Hb A; 0 --- *, Hb
Hiroshima. Abscissa: milliseconds. Ordinate: change in op-
tical density at 450 m/. Temperature: 220C; 0.1 M potas-
sium phosphate buffer, pH 7.0. Hemoglobin concentration:
24 Amoles/liter (heme) before mixing. CO concentration:
97.5 Amoles/liter (after mixing).

umoles/liter. Dithionite was added to the deoxy-Hb solu-
tion and the CO-phosphate buffer, which were subse-
quently mixed in equal volumes in the stopped flow ap-
paratus. The reaction was followed at 450 m/A, and the
experiments were performed at 220C. The second-order
constant for Hb A is 1.8 X 10 M-1 sec1 and 3.6 X 10
M1 sec' for Hb Hiroshima.

The reaction of oxy-Hb and dithionite. The solu-
tions of Hb A and Hb Hiroshima were 24 ,umoles/liter
(before mixing) and in 0.1 M potassium phosphate

buffer, pH 7.0. These solutions were mixed with a 0.2%
dithionite solution in a stopped flow apparatus. The reac-
tion was followed at 541.5 my and at 220C, and the re-
sults are shown in Fig. 2. The k obtained for Hb A was
35 sec1, and for hemoglobin Hiroshima it was 20 sec'.

The replacement of oxygen by carbon monoxide. The
displacement reaction of 02 from oxy-Hb by CO was
studied in the stopped flow apparatus, and the results
are shown in Fig. 3. One syringe contained Hb Hiro-
shima diluted with a 0.1 M potassium buffer, pH 7.0,
equilibrated with different concentrations of 02. The
other syringe contained the same buffer saturated with
CO. The reciprocal of the observed rate of replacement
of oxygen by carbon monoxide, expressed as a rate
constant vs. the 02 concentration, is depicted in Fig. 3.

The intercept in this case is 4/k4, as demonstrated by
Gibson and Roughton (8).

rhe dissociation velocity constant, k4, corresponds to

k4
Hb4(02)4--> Hb4(02)3

In the case of Hb Hiroshima, k4 is 33 sec' as compared
with 55 sec' for Hb A under similar conditions.

The binding of hemoglobin by haptoglobin. This reac-
tion was studied with a stopped flow apparatus provided
with a fluorescence attachment. The reaction was fol-
lowed by utilizing the fluorescence quenching of the 350
my emission of haptoglobin by the hemes of hemoglobin.
Solutions of Hb A and Hb Hiroshima, 25 omoles/liter
(heme), in 0.1 M potassium phosphate buffer, pH 7.0
were reacted with a 3.05 AtM solution of haptoglobin at
220C; the results are shown in Fig. 4. The pseudo first-
order combination rate is 1.1 sec' for Hb A and 1.9
sec' for Hb Hiroshima.

DISCUSSION
Hemoglobin Hiroshima was initially described as the
substitution of , 143-histidine by aspartic acid. Perutz
et al. (personal communication) has recently completed
an X-ray study of deoxy-hemoglobin Hiroshima, which
demonstrated that the difference electron density maps at
3.5 A resolution are featureless in the region of His 143
but show a strong positive peak representing aspartate
at position 146. The final definition of the site of the
substitution will require further chemical studies.

Hemoglobin Hiroshima has been shown to exhibit an
increased affinity for oxygen (1, 9). At pH 7.0, the
purified solution of Hb Hiroshima has a P50 (pressure
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FIGURE 2 Kinetics of the reaction of oxy Hb A and Hb
Hiroshima with dithionite. Abscissa: milliseconds. Ordinate:
change in optical density at 541.5 my. Temperature: 220C;
0.1 M potassium phosphate buffer; pH 7.0. Hemoglobin con-
centration: 24 Amoles/liter (heme) before mixing. A --- A,
Hb A; - -- *, Hb Hiroshima.
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of 02 at 50% saturation), which is 4 times higher than
that of a solution of Hb A. The Bohr effect (the varia-
tion of oxygen affinity with pH) is considerably re-
duced in this variant: the A log P 50/A pH ratio is re-
duced by half in the range between pH 7.4 and 7.0 (1).

Another interesting feature of the oxygen equilibria
of Hb Hiroshima is the presence of moderately decreased
heme-heme interaction. The Hill equation (10) describes
empirically the oxygen equilibria of Hb,

log (s/1 - s) = it log p + log k,

where s represents the fractional saturation with oxygen,
p is the partial pressure of oxygen, and n is a constant
representing in a general way the stabilizing interactions
between the oxygen-binding sites. An it value of 1 rep-
resents no heme-heme interaction, and n = 4 represents
the maximal possible interaction in a tetrameric mole-
cule that contains four binding sites.

In Hb Hiroshima, at pH 7.0, n = 2.0, rather than 2.7-
3.0 as classically found in Hb A. Furthermore, the n
value varies with pH and increases to 2.6 at pH 7.8
when continuous recording methods are employed. This
is in contrast with the behavior of n in Hb A, which
varies much less with pH. An intriguing feature of the
oxygen equilibria of Hb Hiroshima has been observed:
at low pH, the curve is biphasic (1, 9).

The data described here show that the increased ligand
affinity is probably due to changes in both binding and
dissociation reactions, though our measurements have
so far involved different ligands for the two types of
kinetic reactions which can most accurately and easily
be studied using carbon monoxide for binding and oxy-
gen for dissociation.

It has been recently demonstrated that most of the
cooperativity between hemes in hemoglobin is due to
changes in the dissociation constants (11, 12). Hence,
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FIGURE 3 Kinetics of the replacement of 02 bound to Hb
Hiroshima by carbon monoxide at different 02 concentra-
tions. Plot of the reciprocal rate constant of the replacement
reaction vs. 02 concentration before mixing. Temperature:
220C; 0.1 M potassium phosphate buffer, pH 7.0.
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FIGURE 4 Combination rate of haptoglobin with Hb A and
Hb Hiroshima, studied by fluorescence quenching. Hapto-
globin solution, 3.05 ,Amoles/liter; 0 --- 0, Hb A, 25
Amoles/liter (heme); A - - - A, Hb Hiroshima, 25 Amoles/
liter (heme). All solutions in 0.1 Ai potassium phosphate,
pH 7.0. Temperature: 22'C; concentrations before mixing.

a difference in rates should be observed between the
dissociation velocity constant k4 of the first site in a
fully liganded molecule and the dissociation velocity con-
stant obtained with dithionite, which is greatly influ-
enced by the dissociation of the rest of the ligands in the
tetramer.

In Hiroshima the ratio between k4/4 (8.25 sec') and
the dissociation rate measured by dithionite (20 sec')
is only slightly lower than that of Hb A: 13 sec' and
35 sec', respectively. This demonstrates the presence
of apparent differences in the dissociation constants for
each of the hemes, implying cooperativity between bind-
ing sites, a phenomenon which has classically been re-
ferred to as "heme-heme interaction."

The variation of n with pH and the biphasic charac-
ter of the oxygen equilibrium curve at low pH, cannot be
explained with the available data, and further work is
in progress to resolve this problem.

The moderate decrease in heme-heme interaction can-
not be fully explained with the present data. Neverthe-
less, a substitution in the C terminal portion of the
H helix, which interferes with heme-heme interaction,
is consistent with an important role for Tyr HC2(145)P
in the underlying mechanism of cooperativity. Early
suggestions of the participation of this residue in the
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heme-heme interaction mechanism (13) have been fur-
ther developed and supported by the findings of Moffat
(14) and Perutz (15).

Since the binding between hemoglobin and haptoglobin
appears to occur exclusively via the hemoglobin dimer at
micromolar levels of concentration (16), the slight in-
crease in the rate of the binding observed with Hb Hiro-
shima may be due to a small increase in the dissoci-
ability of this hemoglobin variant or a modification of
the binding site by the substitution.
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Note added in proof: Since the submission of this article
for publication, the structure of Hb Hiroshima has been
established. X-ray diffraction crystallography of this mu-
tant, confirmed by independent chemical analysis, shows
that the amino acid substitution aspartate for histidine is at
position p-146 (HC3) and not 143(H21) as previously re-
ported. (Perutz, del Pulsinelli, Eyck, Kilmartin, Shibata,
Miyaj i, Iudi, and Hamilton. 1971. Nature (London). [In
press] ).
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