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Recently, Taketa and Morell (1) reported the oxygen affinity of cat
hemoglobin., They found that the low oxygen affinity of cat blood (relative
to human blood (2)) was reflected in the low oxygen affinity of cat hemoglo-
bin. Thus, the difference was not attributable to an intracellular modifi-
cation of the oxygenation properties of cat or human hemoglobins. They also
reported that cat hemolysates contain two hemoglobin components. The concen-~
tration of the minor component varied from 10-40% in twelve samples. Both
components were reported to have similar oxygenation properties.

Prior to this publication we had completed studies on the oxygenation
properties of cat hemoglobin., Our primary interest was in the functional
changes associated with protein subunlt dissociation, but because our
results differ somewhat from those of Taketa and Morell (1), they are
reported in full here, We find that cat hemoglobin readily dissociates
below 0.1% protein concentration, and that this dissociation affects the
functional properties of the hemoglobin. The oxygen affinity is increased
and the Bohr effect decreased. Human hemoglobin shows a much smaller in-
crease in the oxygen affinity and the Bohr effect is unchanged. The pK's
and AH!s of these hemoglobins are reported. The primary differences
between cat and human hemoglobins are the position and magnitude of the
deoxy-oxy shift of the acid pK. Only a single hemoglobin band was ob-

served during electrophoresis.
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Methods and Procedure

Cat blood was collected by cardiac puncture and human blood was col-
lected by venipuncture. Coagulation was prevented with heparin. After
removal of the serum the solutions were washed three times with cold 0.9%
NaCl and the cells lysed with 3-5 volumes of cold glass-distilled water.

The stroma were separated by centrifugation and the hemoglobin solutions
were dialyzed overnight at 400 against 0.2M NaCl which had been exhaustively
bubbled with Np. Dialysis was continued for 24 hours against No bubbled
0.01M phosphate buffer of pH 8.0.

Oxygen equilibria were determined spectrophotometrically by the method
of Riggs and Wolbach (3). Methemoglobin concentrations were determined on
the hemoglobin samples before and after the equilibrium measurements (4).
The degree of dissociation was measured by Sephadex chromatography (5).
Starch-gel electrophoresis was carried out at pH 9.0 according to the method

of Smithies (6).

Results

Figure 1 shows the variation in oxygen affinity (plotted as log of the
oxygen pressure (mm Hg) required for half saturation versus pH) of cat
and human hemoglobins at EOOC, 0.15% Hb concentration, and 0.1M phosphate
buffer. The smooth curves are theoretical and derived from calculations
of the pK values (7). The major difference between the two hemoglobins at
alkaline pH is the affinity for oxygen. The major difference in the acid
pH region is in the magnitude of the pH dependence (acid Bohr effect).
Heme-heme interaction values fall in the range 2. 6-3.1 for cat hemoglobin
and 2.7-3.2 for human hemoglobin.

If the assumption is made that two non-interacting ionizing groups per
heme are involved in the Bohr effect and that one becomes a weaker and the

other a stronger acid upon oxygenation then the pK values may be calculated
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Fig. 1. Oxygenation properties of cat (Q) and human (® ) hemoglobins
(0.15% Hb) at 20°C in 0.1M phosphate buffers. The log of the
half saturation value (Pso) is plotted versus the pH. The
points are experimental, the smooth curves are theoretical.
Insert shows the heme-heme interaction values at 50% saturation
as a function of pH.

(7). Thus,
+
log Pso = C + log (H + k) (£ + k)
(8" + k) (" + ko)

where K; and K; refer to deoxyhemoglobin and K; and Ko refer to oxyhemoglo-
bin, The pK values and constants for cat and human hemoglobin are shown
in Table I, Clearly the main difference lies in the magnitude of the acid
pK shift and the position of the pK values. This difference not only
accounts for the increased acid Bohr effect, but also contributes strongly

to the differences in oxygen affinity at alkaline pH. The heats of

Table I

The pK!s and Heats of Oxygenation of Cat and Human Hemoglobins (0.15% Hb)
at 20°C in 0.1M Phosphate Buffers

C pka DpKe ks DKy  ApKacid  apKg ~— AH
cat .683 5.1% 6.15 8.51 6. 94 1.02 1.57 =14.9 Keal
human .65k 5,21 5.86 8.47 6. 90 .65 1.57 -13%.6 Keal
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oxygenation also are shown in Table I and are very similar. They were
derived by averaging values obtained at different pHts (4 for cat and 8 for

human hemoglobin) and 15°C.

Log Pgg
7
=
[ea]
o

05
3 a 8y
o 2t 8% o '
I+
] 1 i
-2 -l 0
0.0f Log %H
A1 S I J
-3 -2 -l 0
Log %Hb

Fig. 2. The effect of dilution on the oxygenation properties of cat hemo-
globin at pH 6.0, 7.0, and 8.0. Heme-heme interaction values at
50% saturation as a function of protein concentration are shown
in the insert.

In an effort to explain the oxygenation properties of hemoglobin many
workers have considered the effects of subunit dissociation (8-14), Sved-
berg and Hedenius (15) reported years ago that cat hemoglobin dissociates
at low protein concentrations., Our data (Fig. 2) confirm the observations
of Svedberg and Hedenius. Below 0.1% hemoglobin concentration there is a
large increase in the oxygen affinity of cat hemoglobin. The effect is
most pronounced at lower pH values. Similar data for human hemoglobin is
given in Fig. 3. For human hemoglobin the effect is much smaller and
apparently independent of pH. Diluting the protein concentration to 0.005%
at pH 6.0 results in a Pso change of 2 mm Hg for human hemoglobin and
13 mm Hg for cat hemoglobin, The values of n show a slight decrease at low

protein concentrations.
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Fig. 3. The effect of dilution on the oxygenation properties of human
hemoglobin at pH 6.0, 7.0, and 8.0, Heme-heme interaction values
at 50% saturation as a function of protein concentration are
shown in the insert.

Cat hemoglobin elutes after human hemoglobin from a 2 x 40 cm column
of Sephadex G-100. Tt appears to be approximately 15-30% more dissociated.
Electrophoresis for 4 hours at room temperature and 40O volts showed a single

band moving slightly slower than human hemoglobin.

Discussion

The oxygen affinity data of Taketa and Morell (1) are similar to those
presented here. However, their data for cat hemoglobin are 0.11 and 0.18
log units lower than ours. The salt concentrations used in their experiments
were higher (0.14M versus 0.lOM), but these should decrease, not increase
the oxygen affinities (16). They also reported lower heme-heme interaction
values (1.8, 2.0) for cat hemoglobin., Both of these results would be
expected if their cat hemoglobin was partially oxidized (17). Our sample

initially contained 0.7T% methemoglobin; Taketa and Morell (1) did not
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report methemoglobin levels. Oxidation could also explain their finding of
two hemoglobin components in cat hemolysates. Lessard et al. (28) reported

that cat hemoglobins contain 8 "reactive' sulfhydryl groups per tetramer.

They located three of these on the alpha chain and one on the beta chain.
Therefore it is possible that oxidation caused polymerization by disulfide
formation between tetramers (32). This would account for the varying
amounts of the minor component observed by Taketa and Morell (1) and also
might account for thelr observation of a single peptide difference between
the major and minor components. Although hemoglobin polymorphism is wide~-
spread among vertebrates (18), actual quantitative variation in a minor
component is unusual. Other workers have reported only a single component

in cat hemolysates (19-21).

In Wyman®s equation, C represents a constant which reflects the oxygen
affinity of the hemoglobin molecule under a given set of conditions, ir-
respective of pH effects. On dissociation of the protein into subunits
under these same conditions, the value of C may change, and/or any or all
of the values of the four pKts may change. 1In the case of human hemoglobin,
apparently only C changes, For cat hemoglobin C is changing, but also the
acid pK shift is increasing in magnitude. Tt appears doubtful that the
basic pK values are changing.

This pK change implies that the basic pK group, presumably a histidine
in the hydrophobic pocket in which the heme is located (7) or one or more &
amino groups (27, 33), is changed very little as the molecule dissociates.
This is in agreement with the recent findings of Steinhardt et al. (22).

The acid pK, presumed to be a carboxyl, is changed in the cat, but not in
human hemoglobin as dissociation occurs. It is difficult to say quantita-
tively what is happening to the acid pK*s of cat hemoglobin, In order to

do so, we need data at low protein concentrations and low pH. The formation
of methemoglobin under these conditions is prohibitive.

Antonini et al. (23, 24) have qualitatively described the dependence
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upon protein concentration of human adult and human fetal hemoglobins.
Similar data have been presented for the lamprey (9), bullfrog and tadpole
(25), and various turtle hemoglobins (BH). There has been some disagreement
as to whether sheep hemoglobins dissociated upon dilution (25, 26), but
recently Gilbert (29) has shown that sheep hemoglobins do dissociate, and
that there are differences in the dissociation properties of the multiple
sheep hemoglobin components. Chiancone et al. (30) have shown that the
sedimentation coefficients of mammalian hemoglobins are lower than those of
hemoglobins from lower vertebrates. They interpreted these data to mean

that memmalian hemoglobins are more dissociated and that the degree of

dissociation decreases as one goes from mammals toward fish. Cat hemoglobin
appears to be one of the most easily dissociated of mammalian hemoglobins.
With attention focused on the subunit dissociation and exchange reactions as
possible models to explain the oxygenation properties of hemoglobin (8-1k4),
the existence of hemoglobins with different subunit dissociation properties
should facilitate the design and execution of critical experiments to support
or negate these models.

It should be mentioned that the close similarity in the pKts and constants
for cat and human hemoglobins is probably not a good indication of close
structural relationships. Hemoglobing from primates, which are presumed to
be more closely related structurally to human hemoglobin, often show oxygena-
tion properties more dissimilar to those of human hemoglobin than does cat

hemoglobin (31).
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