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SUMMARY 

A model is presented which is able to describe satisfac- 
torily the increase of the alkaline and acid Bohr effect due 
to the binding by human hemoglobin of 2,3-diphosphoglycer- 
ate. From an analysis of this extra Bohr effect it could be 
concluded that the histidines H21(143)/3 are very probably 
responsible for the increase in alkaline Bohr effect. The 
second ionization of the phosphate groups of 2,3-diphospho- 
glycerate is responsible for the increase in acid Bohr effect. 
For Kd the pH-independent part of the apparent association 
constant of the deoxyhemoglobin-diphosphoglycerate com- 
plex, we estimated a value of 8 X lo5 M-l at 25” and an ionic 
strength of 0.1. It appeared further that the binding of di- 
phosphoglycerate by oxyhemoglobin is under these experi- 
mental conditions negligible as compared with the binding 
to deoxyhemoglobin. From binding experiments on deoxy- 
hemoglobin with diphosphoglycerate at 4” and at an ionic 
strength of 0.1 a value for Kd of (6.5 f  1.5) x 105ML1 could 
be estimated. Measurements of the rate of reaction of l- 
fluoro-2,4-dinitrobenzene with the (-r-NH2 groups of deoxy- 
hemoglobin showed that in the presence of 2,3-diphospho- 
glycerate the reactivity of the a-NH2 group of the fl chain 
was strongly depressed. 

The effect of 2,3-diphosphoglyceratei in lowering the oxygen 
affinity of hemoglobin has been the subject of many recent studies 
(l-4). At first, it was believed (2, 5) that DPG was inhibiting 
the oxygen binding without affecting the well known pH de- 
pendence of the oxygen affinity of hemoglobin, the so-called 
Bohr effect. Benesch et al. (6) were the first to report 
on a change in Bohr effect when DPG was present. This result 
was confirmed by others (4, 7). Recently (8) we have reported 
that dur to the binding of DPG also the acid Bohr effect was 
enhanced and to a similar extent as the increase in alkaline Bohr 
effect. The very likely binding site for DPG in deoxyhemo- 
globin is on the dyad axis at the entrance of the central cavity 
(9, IO), where the five negative charges of DPG can form 
saltbridges with positively charged groups of the p chains; these 

1 The abbreviations used are: DPG, 2,3-diphosphoglycerate; 
FDNB, I-fluoro-2,4-dinitrobenzene; DNP, 2,4-dinitrophenyl. 

groups are very probably the two t,crminnl NIIZ groups, the 
two histidines 1121 (11) and the lysincs EF6 (9, 10). In view of 
this we explained our data in terms of pli shifts (due to salt- 
bridge formation) of the second ionization of the phosphate 
groups of DPG and of the two histidines 1121. In a recent report 
Riggs (12) has proposed a model describing the mechanism of 
the enhancement of the alkaline Bohr effect due to the binding 
of DPG. In his proposal he takes only into account the change 
in proton charge of deoxyhemoglobin upon DPG binding. He 
stated explicitly that the change in ionization of DPG with pH 
was ignored. Consequently his model lrrcdicts that thr acid 
Bohr effect will not be affected by DPG binding. Since we did 
find a change in acid Bohr effect in the presence of DPG, the 
purpose of this paper is to present au &ended model, in which 
we will also take into account the change in ionization of DPG 
with pII. 

The model will be checked using the csperimental Rohr data 
reported earlier (8). In order to correlate the Bohr data with 
binding data for deoxyhemoglobin under similar experimental 
conditions we have carried out binding espcrimcnts in the pH 
region 7 to 8. 

In addition we want to present extra cvidrnce for the involve- 
ment of the or-NH2 group of the p chain iu the DPG binding. 
The chemical evidence reported in the lit~crnturc is based on the 
observation that binding of DPG decreases strongly upon block- 
ing of this group (4, 13, 14) and on the fact’ that various hcmo- 
globins, which have the (Y-NH2 group of the /3 chain acetylated 
or blocked in another way, show strongl:- diminished affinity 
for DPG (15, 16). We wish to report on the reversed situation 
that upon DPG binding the reactivity of the a-NH? group of 
the fi chain toward reagents is diminished. The reaction studied 
is that of I-fluoro-2,4-dinitrobcnzcnc with the oc-NH2 of both 
chains. 

MATERIALS AND METHOl)5 

HelrLogZobin Preparation-Human hemoglobin was prepared 
by the tolueue method (17). Tl re solutions wcrc dialyzed against 
distilled water and subsequcntlg freed from Dl’G by repeated 
passing, using a recycling system, through a mixed bed ion es- 
change column (Amberlite IRA 400 and IR 120). The number 
of moles of DPG present per tetramer, iiidirntcd by 12, was 0.03 
as judged by the spectrophotometrical method of Bartlett (18). 
By processing myoglobin through the Rartlrtt procedure it ap- 
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peared that the residual absorption which gives rise to this value 
of n = 0.03, is very probably entirely due to heme degradation. 
Correcting for this residual absorption n was zero in all cases. 

Reaction of Human Hemoglobin with FDNB and Characferiza- 
lion of Products-In the kinetic experiments the rate of reaction 
of FDNB with deoxyhemoglobin and with the deoxyhemoglobin- 
DPG complex was measured as described for the free LY chains 
(19). Solutions of deoxyhemoglobin were prepared with a con- 
centration of 2 x 10-4 M and with n varying from 0 to 4; 10 ml 
of these solutions were added under anaerobic conditions to a 
mixture of 5 ml of 0.2 M phosphate buffer and 5 ml of lo+ M 

FDNB solution in a jacketed vessel thermostated at 25”. Before 
adding the hemoglobin solution, the FDNB solution was made 
oxygen-free by bubbling nitrogen through. At regular time 
intervals 2-ml samples were pipetted into test tubes containing 
6 ml of 0.2 M phosphate buffer at pH 5.4 at O”, kept in an ice 
bucket. In this way the reaction was stopped completely. Im- 
mediately after sample taking deoxyhemoglobin was converted 
to carboxyhemoglobin. The excess FDNB was removed by 
dialyzing the samples at 4” against three changes of 2 liters of 
0.02 M phosphate buffer at pH 5.4. Control FDNB solutions 
dialyzed in the same way showed a residual absorbance near 
0.002 at 353 nm, which is the wave length of maximum absorb- 
ance of DNP-substituted terminal NH2 groups (20, 21), and 
were used as blanks in the spectrophotometrical measurements. 
The reaction rate was followed by measuring the ratio R = A353: 
A,,,, where Ass3 is the absorbance of the hemoglobin-DNP de- 
rivatives at 353 1mr and A540 the absorbance at 540 nm. The 
ratio R is indicative for the amount of (r-NH* groups substituted, 
since only A353 does change upon reaction. In addition to the 
measuring of the over-all kinetics of the hemoglobin tetramer 
with FDNB, the absolute amounts of the DNP-substituted cr and 
@ chains were measured by isolating the separate chains using 
the chromatographic procedure of Clegg et al. (22, 23). FDNB 
was obtained from Sigma and was used without further purifi- 
cation. For all experiments freshly prepared FDNB solutions 
(10 mM) in 0.1 M NaCl were used. 

DPG-binding Experiments-Four milliliters of a buffered 
(0.05 ht Tris-HCl buffer) solution containing oxyhemoglobin 
and DPG both in a concentration of about 1 mM were dialyzed 
against 10 ml of Tris buffer in a test tube. Prior to the experi- 
ment 1 mg of dithionite per ml was added to the inner and outer 
solution in order to deoxygenate both compartments and to 
convert oxyhemoglobin into deoxyhemoglobin. The total ionic 
strength was kept at 0.1 with KCl. The test tubes were sealed 
and shaken for 72 hours at 4”. The time needed to reach equi- 
librium was checked in control experiments. After reaching 
equilibrium, the DPG concentration in the outer solution was 
measured by the Bartlett procedure (18) and the number of 
moles bound per hemoglobin tetramer calculated. 

DPG was obtained as salt from Calbiochem and was con- 
verted into the acid form by repeated passing through Amberlite 
IR 120. 

Calculations-First we want to extend the Riggs model by 
taking into account the change in ionization of DPG with pH. 
The two second ionization steps of the phosphate groups must 
be those responsible for the extra acid Bohr effect (8). It is note- 
worthy to say here that the extra Bohr effect (AZ versus pH) as 
shown in Fig. 1 has been obtained by subtracting the Bohr effect 
measured without, DPG from that observed in the presence of 
DPG. Since the extra acid Rohr effect is equal in magnitude to 
the extra alkaline Bohr effect (see Fig. 1) it will be obvious that 
the enhanced alkaline Bohr effect also can be described in terms 

2775 

AZ , I I I 

-‘O 
6 1 e PH 

FIG. 1. The extra Bohr effect due to the binding of DPG by 
deoxyhemoglobin; hemoglobin concentration 2.5 X 10-4 M 
(tetramer basis). The ratio n between the concentration of DPG 
and hemoglobin was 0.5 (O), 1.0 (X), and 2.0 (0). Drawn lines 
were calculated with pK1 = 6.95, pKI = 6.65, Ka = 8 X lo6 M-I, 

and KO = 2 X lo4 M-I. 

of only two ionizable groups. A priori both the two histidines 
H21 and the two ar-NH2 groups of the fl chains in the tetramer 
could be responsible, but WC have reasons to believe (see below) 
that the contribution of the NH2 termini is small as compared to 
that of the histidines H21. 

In deriving the proper set of equations we denote the con- 
centration of DPG molecules in which both phosphate groups 
have 1 proton bound as (DHz), that of the DPG molecules in 
which one of the phosphate groups has 1 proton bound as (DH) 
and the concentration of completely ionized DPG molecules as 
(D). The dissociation of these protons is ruled by the micro- 
scopic dissociation constant K1 of the second ionization of the 
phosphate groups. In the same way let (HbH2) be the con- 
centration of hemoglobin with the two relevant groups in the 
protonated form, (HbH) that of hemoglobin with one of the two 
groups protonated, (Hb) that with both groups ionized, and Kz 
the microscopic dissociation constant of the two groups on the 
tetramer. With these notations it follows that hd, the number 
of protons bound by deoxyhemoglobin, is given by 

h 
d 

= 2 K,X [a,Kl/&(Kl +a,>)]” + (aH/Kd2 + a&z 

KdX[a,Kr/(K2(K1 +a,))]’ + &.JKz -I- 1)” 
(1) 

where X is the total concentration of free DPG, aLI is the proton 
activity, and Kd is the pH-independent association constant of 
the hemoglobin-DPG complex, defined by 

(HbfL D) 
Kd = (HbH2)(D) (2) 

For r,& the number of protons bound by DPG calculated per 
hemoglobin tetramer, we can write 

rd = XDHd + @HI 
‘Hb 

where crib is the total concentration of hemoglobin. In case 
DPG binds also to oxyhemoglobin we arrive at a similar set of 
equations for ho and ro, the number of protons bound by oxy- 
hemoglobin and DPG, respectively, except that KO replaces 
&. 

AZ, the total estra Bohr effect due to DPG binding, is now 
given by 

AZ = (hd - ho) -t (rd - ro) 

This key relation differs from the Riggs model in so far that the 
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Riggs model does not include the term rd - rO. The equations 
given by Riggs (12) can easily be obtained from the above equa- 
tion by assigning to K1 an infinite value. 

RESULTS 

E&a Bohr E$ect-Based on the model described w-e have 
carried out several computer calculations in order to see if the 
experimental data, reported earlier by us (8), would sufficient,ly 
be accounted for by this extended model. The shape of the 
additional Bohr effect curve due to the binding of DPG is shown 
in Fig. 1. The curves shown in Fig. 2 are calculated with a con- 
stant value for Kd and varying values for Ko. For pK1 and pKz 
we used the values estimated as outlined below. The most im- 
portant conclusion which can be drawn from Fig. 2 is that the 
extended model presented here is indeed able to match the over- 
all shape of the experimental curves. 

In order to evaluate the proper values of the several parameters 
we proceeded as follows. From the mathematical treatment 
given in the previous section it can be proven that the cross-over 
point, which is the pH where AZ = 0, is equal to (pK1 + pKz) /2. 
Since pK1 can directly be measured by titration of a solution 
of DPG, pKz can be estimated from the pH value of this cross- 
over point. For the mean value of pKl we found from accurate 
titration experiments at 25” and at an ionic strength of 0.1 (KCl) 
a value of 6.95 which is 0.15 lower than reported by Benesch 
et al. (6). From this pK1 value and the crossover point at pH 
= 6.8 we calculated pK2 = 6.65. 

At this point we are left with the problem to get proper values 
for & and Ko; in the binding experiments on deoxyhemoglobin 
the only parameter which has to be varied in order to fit the 
data is Kd, since K1 and Kz can be estimated from the Bohr 
curve. Here the analysis is not troubled by the extra parameter 
Ko. Therefore, in order to fit the Bohr data we chose as starting 
value for Kd the value obtained from the binding experiments 
at 4”. There we found (see below) Kd = (6.5 f  1.5) X lo5 M-l. 

Subsequently we calculated several curves with varying values 
for Kd and Ko. The best fit of the Bohr data shown in Fig. 1 
was obtained with Kd = 8 x lo5 M-’ and with a much lower 
value for Ko, viz. Ko = 2 X 104 M-l. That Ko should be much 
smaller than Kd is shown in Fig. 2, where curves are shown with 
Kd = 8 x lo5 and various values for Kc. The figure shows 
clearly that when Ka is half the value of Kd, as has been reported 
(24, 25), hardly any extra Bohr effect would be detected. The 
observation that Kd and Ko should differ a lot in order to get the 
additional Bohr effect supports the evidence presented (1, 26, 
27), that at near-physiological ionic strength the binding of 
DPG by oxyhemoglobin can be neglected as compared with the 
binding by deoxyhemoglobin. 

/ I 

FIG. 2. The influence of increasing Ko values on the extra Bohr 
effect. The curves were calculated with Ka = 8 X lo5 M-l, pK, = 
6.95, pK2 = 6.65, and various Ku values. Curve A, Ko = 4 X lo5 
M-l; Curve B, Ko = 8 X lo4 M-I; Curve C, Ko = 5 X lo3 II-~. 

Binding Experiments--In Fig. 3 the pH dependence of the 
binding of DPG by deoxyhemoglobin is shown. The hemoglobin 
concentration was 2.5 X lop4 M (tetramer basis) and the total 
DPG concentration 1.0 x 1O-4 M. The concentrations are 
given per total volume, which is the sum of the volumes of inner 
and outer compartment. The figure shows that above pH 7 
the binding decreases with increasing pH, which is consistent 
with earlier reports (1, 2, 24). The drawn line is calculated 
with the same values for pK1, pK2, and Kd as those used to cal- 
culate the curves in Fig. 1. In other sets of experiments Kd 
varied between 5 X lo5 M-I and 8 X lo5 ar-l. 

Kinetic Experiments-In Fig. 4 first order plots are shown 
for the reaction of the (r-NH2 groups of the (Y and fi chain of 
deoxyhemoglobin with FDNB in the presence and absence of 
DPG. We did not make an attempt to analyze the data quan- 
titatively in terms of the intrinsic reaction constant and dissocia- 
tion constants of both termini (19, 20). The figure shows, how- 
ever, clearly that the reaction of FDNB with deoxyhemoglobin 
is decreased when DPG is present. The plot for deoxyhemo- 
globin without DPG is linear up to a degree of at least 50% 
substitution indicating that the rates of reaction of both termini 
are about equal resulting in a pseudohomogeneous reaction. 

FIG. 3. A plot of N, the number of DPG molecules bound per 
tetramer by deoxyhemoglobin, versus pH at, 4” and an ionic 
strength of 0.1. Hemoglobin concentration 2 X lo-” M; DPG 
concentration 1.0 X 10e4 M. Drawn line was calculated with pK1 
= 6.95, pKz = 6.65, and Kd = 8 X lo5 M-‘. 

La 
0 

- 0. 

- 0. 

-0 

0 20 40 60 
TlMEImm] 

FIG. 4. First order plot of the reaction of FDNB with the (r-NH2 
groups of deoxyhemoglobin at pH 7, 25”, and an ionic strength 
of 0.1; in the presence of DPG (0); in the absence of DPG (0). 
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In the presence of DPG the reactivity of deoxyhemoglobin is 
lowered and the plot becomes biphasic indicating a diminished 
reactivity of the NH? terminus of the /3 chain due to the shielding 
effect of this group by DPG. A priori a decreased reactivity 
clue to the presence of DPG could also be caused by a change in 
reactivity of the o(-NH2 group of the o( chain. Therefore, sub- 
stitution reactions were carried out at pH 7 under experimental 
conditions identical with those of the kinetic experiments re- 
ported in Fig. 4. The reaction was allowed to proceed for 1 
hour. The reaction mixtures, with and without DPG, were 
processed through the chromatographic procedure of Clegg el al. 
(22,23). The results are such, that each of the two peaks usually 
obtained (22, 23), corresponding with the separated o( and 0 
chains from which the heme groups have been removed, split 
up into two peaks corresponding with the substituted and un- 
substituted OL and fl chain, respectively. The peaks containing 
the substituted chains were yellow colored while the peaks con- 
taining the unreacted material could only be detected by spec- 
trophotometrical measurements at 280 nm. After collecting 
the samples extensive dialysis was carried out to remove all 
chemicals which might interfere with the spectrophotometrical 
measurements and the relative amounts of the materials under 
the four peaks were measured at 280 nm. It appeared that the 
ratio P of the amounts of substituted and unsubstituted a chains 
did not depend upon the presence of DPG and amounted to 1.58. 
On the contrary the ratio of the amounts of substituted and 
unsubstituted 6 chains changed from P = 0.80 in the absence of 
DPG to P = 0.47 in the presence of DPG. This seems to indi- 
cate that the depressed reactivity of deoxyhemoglobin toward 
FDNB is entirely due to a decrease in reactivity of the NH2 
terminus of the p chain. 

DISCUSSION 

The most important conclusion which can be drawn from the 
foregoing is that both the general features of the extra Bohr 
effect due to the binding of DPG and the results obtained in 
binding experiments are quite well consistent with the model 
presented. The Kd value as measured by us is about 5 times 
larger than the one calculated from the data of Benesch et al. 
(B), while it is about equal to the value which can be calculated 
from the data of Calwell et al. (27). We do not have an explana- 
tion for this discrepancy. In excellent agreement with the 
results reported in both papers we found that at near-phys- 
iological ionic strength K. can be neglected as compared with 
Rd. A consequence of the fact that at low ionic strength Kd is 
only twice the value of K. (24, 25) would be that the extra Bohr 
effect should decrease with decreasing ionic strength (see Fig. 
3). From the value for Kd of 8 x lo5 M-I we calculated a mean 
binding free energy of 1.6 Cal per saltbridge present, which is a 
very reasonable value. 

A very striking result is the value for pK1 of 6.65 of the two 
groups of hemoglobin responsible for the extra alkaline Bohr 
effect. This pK value suggests strongly that these groups are 
the two histidines H21. If  so, then the question arises why the 
a-NH2 group of the /3 chains do not contribute to the extra Bohr 
effect; the possible esplanation that they are not involved in 
the binding of DPG is ruled out by the observation of Bunn and 
Briehl (15) who found that various human hemoglobins in which 
the NH2 termini of the @ chains are modified, showed depressed 
affinity for DPG. 211~0 the results of Bauer (13) and Pace et ~1. 
(14) who found that DPG interferes with the binding of COP by 
the NH2 termini and the x-ray data of Peruts (9) and Arnone 
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(10) point in the same direction. Our kinetic data present 
further evidence for the part played by this group in binding 
DPG, since the results show clearly a diminished reactivity of 
this group toward FDNB in the presence of DPG. A possible 
explanation might be that the pK of the (r-NH2 group of the /3 
chain is higher than 6.65 so that this group will contribute to the 
alkaline Bohr effect at higher pH values than the group with a 
IJK of 6.65. Since with increasing pH the binding of DPG by 
hemoglobin decreases (see Fig. 3) this contribution would con- 
sequently be diminished. In agreement with this would be that 
the degree of substitut’ion by FDNB of the a chain is about 
twice as large as the degree of substitution of the p chain. The 
lower reactivity of the a-NH2 group of the fl chain toward FDNB 
as compared to that of the a: chain might, however, also be due 
to the binding of phosphate ions to the a-NH2 group of the /3 
chain in deoxyhemoglobin. Kinetic experiments in non-phos- 
phate buffers could give the answer to this difficulty. 
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