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The Bohr effect of hemoglobin and that of the aquomet and cyanomet valency hybrids was measured in the presence
and the absence of IHP (inositol hexaphosphate) and DPG (2,3-diphosphoglycerate). In the absence of these organic phos-
phates the four hybrids show similar, but suppressed Bohr effects as compared to hemoglobin. Addition of IHP and DPG re
sults in all cases in an increase of the Bohr effect. The additional phosphate induced Bohr effact of the hybrids with the &
chain in the oxidized form is almost identical to that of hemoglobin, while this effect of the hybrids with oxidized 8 chains
is slightly Iower than that of hemoglobin. The results suggest (a) that the Bohr effect is correlated to the lization state of the
hemoglobin molecule rather than to its quaternary structuse, (b) that the additional phosphate induced Bohr effect is re-
Iated to the change in quaternary structure of the tetramer, and (¢) that with respect to the Bohr effect of the hybrids there

is no difference between high and low spin species.

1. Introduction

Since the discovery of the Bohr effect by Bohr et
al. [1] much work has Leen done to elucidate tlic mo-
lecular mechanism of this effect (for a review, see ref.
[21). It has been well established that the so called al-
kaline Bohr groups Val 1¢ and His 1468 account for
approximately 70% of the alkaline Robr effect. Asa
candidate for the remaining 30% of the effect Perutz
has suggested His 122« [3] . Kilmartin and Rossi-
Bernardi, however, hypothesized that this remaining
part of the Bohr effect could be based on a difference
in chloride ion binding between oxy- and deoxyhemo-
globin [2] . Receatly we have presenied evidence for
the validity of this hypothesis [4,5].

The change in pK of the Bohr groups must be caused
by a change in structure of the protein upon ligand
binding. According to the stereochemical model of
Perutz [6] this structural change involves both the
tertiary structure of the subunits and the quaternary
structure of the whole tetramer, the latter going upon
ligation from the deoxystructure or T state to the oxy-
structure or R state. At intermediate stages of ligation
intermediate structures exist in which the subunits are

in the liganded or unliganded tertiary structure while
the whole tetramer is in the R or T state.

If the Bohr effect is correlated with a change in ter
tiary structure of the subunits, one expects a gradual
release of Bohr protons as the molecule is saturated
with ligand. This gradual release should be absent in
case the Bohr effect is correlated with a change in
quatemnary structure. In CO recombination studies a
linear relationship between the release of Bohr proton
and the rate of ligand saturation has been found [7—9
suggesting a correlation with the tertiary structure. On
the other hand the properties of chemically modified
and mutant hemoglobins in which one of the two qua
ternary structures is destabilized indicate a linkage of
the Bohr effect to the quaternary structure [2,10-12]

In this respect the properties of artificial interme-
diates are of great interest, because these molecules
have two chains frozen in the liganded state while the
other two are free to bind ligands. Banerjee and Casso
studying oxygenation equilibria have shown [13,14]
that the two 2quomet hybrids have a suppressed alka-
line Bohr effect, although the degree of suppression is
quite different for boih hybrids. The oxygenation
studies of Brunori et al. [15] indicate, however, that
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the cyanomet hybrids possess a suppressed but equal
Bohr effect. The suppression of the Bohr effect ob-
served for the valency hybrids may be understood in
terms of tertiary structural changes, since upon ligation
enly two of the four subunits change their tertiary
structure. Relating the Bohr effect to the TR transi-
tion the suppressed Bohr effect of the hybrids can also
be explained by assuming that of the intermediates in
the unliganded form not all molecules possess the qua-
ternary T-structure. In the latter case, however, the full
Bohr effect should be restored by addition of an effector
such as THP or DPG, which are known to stabilize the
T-structure [16].

To obtain more information on this subject we meas-
ured the Bohr effect of the artificial aquomet and cya-
nomiet intermediates in the presence and absence of
IHP and DPG. The results are compared with those ob-
tained for hemoglobin.

2. Materials and methods

Hemoglobin was prepared according to the toluene
method of Drabkin [17]. The hemoglobin solutions
were freed from organic phosphates by passage over a
mixed bed icn-exchange column (Amberlite IRA 400
and IR 120). For the preparation of a and 8 chains
carbon monoxide hemoglobin was reacted with p-
chloromercuribenzoate |18]. The chains were sepa-
rated on DEAE-Sephadex (start buffer, 0.1 M Tris-HCl,
pH 8.0; limit buffer, 0.1 M Tris-HCI, pH 8.0,04 M
NaCl). The regeneration of the SH-groups of the a and
B chains was achieved by a f-mercaptoethanol treat-
ment on G25-Sephadex [19]. After this treatment the
« chains contained 1.0 free SH-groups as judged from
a Boyer titration [20] . A number of 2.0 free SH-groups
for the B chains was found after they had been incu-
bated for approximately 12'h with a 5-fold excess of
dithiothreitol, which was removed on G25-Sephadex.

To check whether this procedure yielded native oSH
and gSH chains, the chains were recombined to form
hemoglobin. The hydrogen ion titration curve of the
recombined « and 8 chains was within the experimental
accuracy identical with the titration curve obtained
with freshly prepared oxyhemoglobin. For the sedi-
mentation coefficient of the recombined hemoglobin
an apparent value of 4.1 S (20°C, 0.1 M KCl, pH 7.3)
was found, identical to the value we found for oxyhe-
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moglobin.

After replacement of the bound CO by Oy (see be-
low) the chains were oxidized by adding a stoechio-
metric amount of K3Fe(CN)g in 0.2 M phosphate buf-
fer pH 6.6 [21]. Immediately after chain oxidation the
hybrids were prepared by adding the other chain hav-
ing CO bound. If required a small excess of KCN was
added to obtain the cyanomet hybrids.

Measurements of the apparent sedimentation coef-
ficient of the hybrids yielded a value of 4.5 S (25°C,
0.05 M KCl, 0.05 M bis—tris buffer, pH 7.0). Electro-
phoresis showed that no single chains were present. The
percentage of oxidized heme groups was determined by
optical spectroscopy; samples which showed a deviation
of more than 5% from the theoretical value were dis-
carded. 13C-NMR spectra of the hybrids reacted with
13C0O (Stohler Isotope Chemicals), recorded one week
after preparation, showed one single resonance charac-
teristic for the reduced chain [22,23] indicating that
heme exchange from one chain to the other did not oc-
cur. Nevertheless ail experiments were carried out with-
in four days after chain recombination.

Ultracentrifugation experiments were performed
with a model E Spinco ultracentrifuge at a speed of
67 770 rpm.

The 13C-NMR spectra were obtained at 25.2 MHz
on a Varian XL-100 spectrometer equipped with a
Varian 620/L computer using the pulse Fourier trans-
form technique.

Electrophoresis was performed with the Gelman
Sepratek electrophoresis system.

DPG (Calbiochem), obtained as the pentacyclohex-
ylammonium salt, was converted to the acid form by
passage through Amberlite IR 120. The concentration
of the DPG stock solution was determined by titration.
The DPG solutions were neutralized with NaOH.

The concentration of the IHP (Sigma) solutions was
determined by weight.

The Bohr curves in the presence and the absence of
IHP and DPG were measured at 25°C with a pH-stat
equipment constructed for this type of experimems
[24] . After the hybrids were freed from the phosphate
buffer, removal of CO was achieved in a rotating ton-
ometer, passing oxygen over the solution under con-
stant illumination. The tonometer was cooled by ice
to 0°C. Subsequently the hybrids were deoxygenated
under a constant flow of argon. From the tonometer
a known volume was transferred anaerobically to the
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titration vessel of the pH-stat equipment. Deoxygena-
tion was checked for completeness by withdrawing
anaerobically 2 small amount of the solution from the

titration vessel followed by measurement of the optical

spectrum. For the measurement of the Bohr effect of
hemoglobin the same procedure was followed.

3. Results and discussion

Fig. 1 shows the Bohr effect of hemoglobin in the
absence and the presence of a 6-fold excess of IHP.
The curves shown are very sitnilar to those presented
by Kilmartin [21]. The additional IHP induced Bohr
effect observed (i.e., the Bohr effect in the presence
of THP minus the Bohr effect in the absence of IHP)
is due to a difference in interaction of IHP with oxy-
and deoxyhemoglobin.

Figs. 2 and 3 show the Bohr effect of the aquomet
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Fig. 1. The Bohr effect of hemoglobin (measured as the num-
ber of protons released per tetramer upon lication) in the pre-
sence (@) and the absence (o) of IHP; hemoglobin concentra-

tion, 1.7 X 10~ M on tetramer basis; IHP concentration, 1.0

X 1073 M; 0.1 M KCI; 25°C.
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Fig- 2. The Bohr effect of o382 (measured as the number of
protons released per tetramer upon ligation) in the presence
(4) and the absence (2) of IHP; hybrid concentration, 1.7 X
10™* M on tetramer basis; IHP concentration, 1.0 X 107> M;
0.1 M KCI; 25°C.
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Fig. 3. The Bohr effect of a38% (measured as the number of
protons released per tetramer upon ligation) in the presence
(®) 2nd the absence (0) of IHP; hybrid concentration, 1.7 X
10™* M on tetramer basis; IHP concentration, 1.0 X 107> M;
0.1 M KCI; 25°C.
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hybrids with and without IHP. In the absence of IHP
both aquomet hybrids show a Bohr effect which is
about half the Bohr effect of hemoglobin. This result
seems to contradict the observation of Baneijee and
Cassoly [13,14], that the hybrid with the § chain in
the oxidized form has a Bohr effect twice as large as
that of the other hybrid. In our opinion this apparent
discrepancy can be accounted for by a difference in
solvent conditions.

If the Bohr effect is related to the T—R transition,
the observed suppression of the Bohr effect for the
hybrids would suggest that in the deoxygenated form
about half of the molecules possess the R quaternary
structure. In this event it is likely that addition of I[HP
will result in a2 Bohr effect comparable to that found
for hemoglobin in the presence of [HP. Figs. 2 and 3
show that this is definitely not so. The maximum value
for the Bohr effect ineasured in the presence of IHP is
significantly lower than the value measured for hemo-
globin in the presence of ITHP.

The influence of IHP on the Bohr effect of the cya-
nomet hybrids is shown in the figs. 4 and 5. In the ab-
sence of IHP a decreased Bohr effect is observed of
about half the effect of normal hemoglobin. It should

Komber of pratens per T - T -
= a B
a - IH?
a . 4P
[ 1

1| /C'
| AN
S AN\

©

50 P "W 80 H

0

20 F

Fig. 4. The Bohr effect of a:'zl'CNﬁz (measured as the number
of protons released per tetramer upon ligation) in the presence
(w) and the absence (o) of IHP; hybrid concentration, 1.7 X
107 M on tetramer basis; IHP concentration, 1.0 X 10~ M;
0.1 M KCl; 25°C.
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Fig. S. The Bohr effect of azﬁ;CN {measured as the number
of protons released per tetramer upon lizgation) in the presence
(@) and the absence (o) of IHP; hybrid concentration, 1.7 X
10™* M on tetramer basis; IHP concentration, 1.0 X 107> M
KC1; 25°C.

be stressed here that this Bohr effect is obseived while
it is known from NMR studies [25] that in the absence
of phosphates the deoxy cyanomet hybrids are for the
greater part in the R quaternary state. As is seen the ef-
fect of IHP on the Bohr effect of the cyanomet hybrids
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Fig. 6. The additional IHP induced Bohr effect (ie. the Bohx
effect with {HP minus the Bohr effect without IHP) of a8,

(—-), a3~"82 (———) and hemoglobin (——). Experimental
conditions as in figs. 1, 2, and 4.
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Fig. 7. The additional IHP induced Bohs effect of 283 (——),
azfECN (~——) and hemoglobin (—). Experimentat condi-
tions as in figs. 1, 3 and 5.

is similar to that observed for the aquomet hybrids.

Figs. 6 and 7 show the additional IHP induced Bohr
effect of hemoglobin and of the aquo- and cyanomet
hybrids. The figures clearly demonstrate that the addi-
tional Bohr effect of the hybrids resembles very much
that found for hemoglobin. This result suggests that in
the presence of IHP the deoxy hybrids possess a qua-
termary structure very similar to that of deoxy hemo-
globin. The fact, however, that the additional Bohr ef-
fect of the hybrids does not exceed that observed for
hemoglobin indicates that upon addition of IHP the
suppressed Bahr effect observed without IHP does not
become restored. Otherwise the additional Bohr effect
of the hybrids should have exceeded that of hemoglo-
bin.

Figs. 8 and 9 show the additional DPG induced
Bohr effect of hemoglobin and of the aquo- and cya-
nomet hybrids. It is seen that DPG has an influence on
the Bohr effect of the hybrids analogous to the effect
of THP. From these data the same conclusions are
reached as from the results obtained with IHP.

The results presented so far strongly suggest that the
alkaline Bohr effect is related to the state of ligation of
the subunits within the tetramer rather than to the
change in quatemary structure of the hemoglobin
tetramer. This conclusion is supported by the observa-
tion that the sum of the Bohr effects of the two cya-
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Fig. 8. The additional DPG induced Bohr effect of hem
(—, aiB; (——-) and a‘{CNﬁz (—-—); protein concen

1.3 X 107% M on tetramer basis; DPG concentration, 1.
103 M; 0.1 M KCl; 25°C.

nomet and the two aquome? spin state hybrids i
equal to the Bohr effect of normal hemoglobin.

Qur observations are in accordance with the |
studies of the Bohr effect [7—9] and with the st
chemical model presented by Perutz [6]. The ot
tions of Olson and Gibson (9) that in case of n-b
isocyanide binding the B chains contribute 20%
Bohr effect and the « chains 80% cannot be reac
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Fig. 9. The additional DFG induced Bohr effect of hen

(—), @28% (———) and 83N (——); experimental
tions as in fig. 8.
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understood unless there are ligand specific effects, be-
cause the four hybrids show similar Bohr effects, sug-
gesting an equal contribution of both chains to this ef-
fect in case of oxygen binding.

In addition to the things we discussed some other

foatiirac af tha da’n mracaméad mnnd amcies rectlenc ~An
features of the datia HLUOGIILCU icea Somie urtner Com-

ment. First figs. 6—9 show that the intermediates with
the B chains in the ferric form have a lower additional
Bohr effect than the intermediates with the 8 chain in
the ferrous form, which have an additional Bohr ef-
fect which is almost identical to the one of hemo-
globin. This observation can be understood taking into
account that in the T state IHP and DPG are bound at
the entrance of the central cavity by a cluster of posi-

tively charoad arannc Incatad an tha A nhaine M4 271
voly COargel grOups :0Caea On Ui p Cnains [£0,4/ .

In the intermediates the geometry of this binding site
is more likely to be similar to that in deoxyhemoglobin
when the § chains are in the reduced form, than when
they are in the ferric form. A similar difference in be-
haviour of the hybrids has been observed for the bind-
ing of DPG and some spin labels [28,29] .

ocgum.uy o difference is found between the low
spin cyanomet hybrids and the high spin aquomet hy-

brids even at low pH. In other words the spin state of

eIt at 20 QLis PilS 210 SPMI starc Uk

the heme iron of the two chains in the ferric form does
not influence the Bohr effect of the intermediates
studied.

Finally, since part of the Bohr effect of hemoglobin
is due to difference in interaction of chloride ions with
the T and R state [4,5], the question remains which
pan t Ul ult: DUHL effect of ul\: uuermemates n’ugnf ﬁe
due to differences in interactions of these ions with
the unligated and ligated hybrid. Studies on this sub-
ject and on the interaction of IHP separately with the
oxy- and deoxy hybrids are in progress.
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