
A D A C H I  A N D  A S A K U R A  
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ABSTRACT: The effects of 2,3-diphosphoglycerate and ino- 
sitol hexaphosphate on the mechanical stability of normal 
and sickle hemoglobins were investigated under various pH 
and buffer conditions. The rates of precipitation of the oxy 
and deoxy forms of these hemoglobins were significantly re- 
duced by the addition of 2,3-diphosphoglycerate or inositol 
hexaphosphate, particularly in neutral or acid conditions. 
This protective effect is attributed to the conformational 
change which occurs upon binding of these phosphates to 
the hemoglobin molecule. It was also found that 2,3-diphos- 
phoglycerate and inositol hexaphosphate coprecipitates 
with hemoglobin a t  these pH's. The 2,3-diphosphogly- 
cerate/hemoglobin ratio in the precipitate was 0.3 a t  p H  
7.0 and 0.85 a t  pH 6.5. At  pH 7.5, no 2,3-diphosphogly- 
cerate was detected in the precipitate although 2,3-diphos- 

A l t h o u g h  the gross structure of oxyhemoglobin S is be- 
lieved to be similar to that of oxyhemoglobin A (Perutz and 
Mitchison, 1.950; Perutz et al., 1951), the ease of precipita- 
tion of oxyhemoglobin S during mechanical shaking 
suggests that the conformation of oxyhemoglobin S in solu- 
tion is different from that of oxyhemoglobin A (Asakura et 
a/. ,  1973, 1974a). This difference may be located in the ab- 
normal 0s subunits since the oxy form of the & subunits 
are  more labile than that of the normal PA subunits (Asaku- 
ra et al.,  1974b). 

Recently, we have found that the rates of precipitation of 
oxyhemoglobins A and S were inhibited significantly by 
2,3-diphosphoglycerate and inositol hexaphosphate. These 
phosphate compounds are  known to bind to deoxyhemoglo- 
bin and to change the oxygen binding properties of hemo- 
globin (Benesch et al., 1968a, 1969; Chanutin and Her- 
mann, 1969). They also bind to oxyhemoglobin to a less ex- 
tent (Chanutin and Hermann, 1969; Garby ef  al., 1969; 
Luque et al.,  1969; Benesch et al., 1971; Berger et al., 
1973). It was shown by X-ray analysis that a molecule of 
2,3-diphosphoglycerate is held in the opening of the central 
cavity with valine ( @ - I ) ,  lysine (p-82), and histidine (0-143) 
of both deoxy chains complementing the negative charge 
of 2,3-diphosphoglycerate (Bunn et al., 1970; Perutz, 1970; 
Arnone, 1972). These results suggest that the binding of 
phosphates changes the conformation of hernoglobin and 
changes its oxygen binding property as well as its stability. 

I n  the present manuscript, therefore, we describe the ef- 
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phoglycerate still showed a considerable protective effect. 
From the degree of this protective effect, we estimated the 
association constant of 2,3-diphosphoglycerate for oxyhem- 
oglobin as 4.2-4.6 X I O 2  M-'.  Further studies with hemo- 
globin subunits showed that 2,3-diphosphoglycerate and 
inositol hexaphosphate inhibit precipitation of oxy and 
deoxy forms of both P A  and 0s subunits. The precipitation 
of CIA subunits, on the other hand, was accelerated by these 
organic phosphates in acid, while it was inhibited in alkali. 
The deoxy form of a subunits was extremely stable. These 
results suggest that the rate of precipitation of hemoglobin 
and its subunits depends on the protein conformation in so- 
lution. The clinical significance of the 2,3-diphosphogly- 
cerate effect on the stabilization of sickle oxyhemoglobin is 
also discussed. 

fect of 2,3-diphosphoglycerate and inositol hexaphosphate 
on the rates of mechanical precipitation of the oxy and 
deoxy forms of normal and sickle hemoglobins and their 
subunits under various conditions. The results clearly indi- 
cate that  the stabilization occurs upon binding of these or- 
ganic phosphates to hemoglobin. The mechanical shake test 
appears to be a sensitive indicator of conformational 
changes of the proteins in solution. The physiological signif- 
icance of the stabilizing effect of 2,3-diphosphoglycerate i s  
discussed with reference to the increased formation of 
Heinz bodies (Schneider et al., 1972) and elevated 2,3-di- 
phosphoglycerate levels in sickle erythrocytes (Charache et 
al.,  1970; Seakins et al.,  1973). 

Materials and Methods 
Chemicals and Enzymes. 2,3-Diphosphoglycerate and 

inositol hexaphosphate and other materials were purchased 
from Sigma. Enorase, pyruvate kinase, lactate dehydroge- 
nase, and phosphoglycerate mutase were purchased from 
Boehringer. 2,3-Diphosphoglycerate (pentacyclohexylam- 
monium salt) was converted into the free acid by treatment 
with Dowex-50. Buffers used are potassium phosphate buff- 
er and bis-tris' buffer. 

Preparation of Hemoglobin Solution. Red cells from 
fresh heparinized blood were washed three times with 0.9% 
NaCl and hemolyzed by adding 5 volumes of distilled 
water. After addition of one-tenth volume of 9% NaCl, the 
stroma were removed by centrifugation a t  10,000 rpm for 
20 min. Before each experiment the stock hemoglobin solu- 
tion was desalted with Sephadex G-25, and diluted to an 

' Abbreviations used are: bis-tris, N,N- bis(2-hydroxyethy1)imino- 
tris(hydroxyrnethy1)rnethane; DPG, 2,3-diphosphoglycerate; Hb. he- 
moglobin. 
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apprbpriate cancentmtiw with the buffers indicated. The 
concentrations of oxy- ahd deoxyhemoglobins were deter- 
mined 6y the use of eztinction coefficients of 15 mMA1 
cm-I a t  578 nm and 13.5 mM-' cm-' at 556 nm, respective- 
ly. 

Preparation of a- and @-Hemoglobin Subunits. The a 
and /3 chains of hemoglobins A and S were prepared by the 
method of Bucci and Fronticelli (1965). After treatment 
with carbon monoxide gas, the p-chloromecuribenzoate was 
removed from the separated chains by stirring with dode- 
canethiol according to the method of DeRenzo et al. 
(1967). The purity of these preparations were checked by 
electrophoresis on a cellulose acetate strip. 

Preparation of Deoxyhemoglobin. Experiments with 
deoxyhemoglobin were carried out using an anaerobic pho- 
tometric cuvet with a screw cap (Capcell, Technical Con- 
sulting Services (TCS), Southampton, Pa.). A buffer solu- 
tion in this anaerobic cuvet was-first bubbled with argon gas 
in order t6 .re.rqove mbst of opygen in the liquid and gas 
phases. A &ace of'6xIgeg was,removed by adding a freshly 
ptepayeck sodiurfi ditbioniye h t t p  through .a syringe nee- 
dTe tg make a :find Conc"ehtraiio mM. The vial was 
shaken fbs ,@OW 30 iec  tQ remov jning oxygen in the 
gas .pHase: .A coficeqtra'tted .s'oIution of deoxyhemoglobin, 
which was  previbusls d6nTybenaie'd by passihg argon gas 
over tlie surface, ,\vas. th'e'n *addtd to the an'aerobic cuvet 
using a Hamilton @$-tight syringe. The absorption spec- 
trum of the hemoglotjin solution was measured with a Per- 
kin-Elmer Coleman 124 spectrophotometer to check that 
the hemoglobin was completely deoxygenated. 

Shaking Experiments: A hemoglobin solution (2 ml) 
(heme concentration, .~O-SO.&M) in a 5 X 45 mm vial or 
Capcell was shaken wit1.a TCS shaker (Model 150) at a 
shaking frequency of 28 Rz. for:various time intervals a t  
room temperature. Mtbr  shakirg, the vials were centrifuged 
at  4000 rpm for 5 min and theabsorption spectra of the su- 
pernatant sohtions.werd recdrded between 500 and 700 nm 
with a Perkin-Elmer doubie beam spectrophotometer. The 
proportion of hemoglobin denatured during the shaking was 
calculated as described in previous reports (Asakura et al., 
1974a). 

The Measurements of 2,3-Diphosphoglycerate and Ino- 
sitol Hexaphosphate. 2,3-Diphosphoglycerate was deter- 
mined on perchloric acid extracts by the colorimetric meth- 
od of Bartlett (1959) and by the enzymatic method of Rose 
and Liebowitz ( 1  970). Inositol hexaphosphate was deter- 
mined by analysis of total inorganic phosphate by the ascor- 
bic method after ashing (Chen et al., 1956). 

Results 
Effect of 2,3-Diphosphoglycerate and inositol Hexa- 

phosphate on the Rate of Precipitation of Oxyhemoglobins 
A and S .  As shown in the previous reports (Asakura et al., 
1973, 1974a), oxyhemoglobin S precipitates a t  about a ten- 
fold faster rate than does oxyhemoglobin A during mechan- 
ical shaking (Figure I ) .  The rates are markedly slowed by 
the additibn of 1 r n ~  2,3-diphosphoglycerate or inositol 
hexaphosphate. Addition of inositol hexaphosphate pro- 
duces an initial lag phase which is always observed when 
the rate of precipitation is slowed down either by lowering 
the shaking rate or by lowering the temperature (Asakura 
et al., 1974a), It should be pointed out that if we used 2,3- 
diphgsphogIycerate in the commercially available pentacy- 
clohexylammonium salt form, the rates of precipitation of 
oxyhemoglobins A and S were conversely accelerated sever- 

M nufes M n u L  

FIGURE 1: (a) Effect of 2,3-diphosphoglycerate on the rate of me- 
chanical precipitation of oxy.hemoglobins A and S. A two-ml solution 
of oxyhemoglobin A (1 1 pM) or oxyhemoglobin S (12 pM) in 0.1 M 
bis-tris buffer (pH 7.2) was shaken in a 1.5 X 4.5 cm vial in the pres- 
ence and absence of 1 mM 2,3-diphosphoglycerate (DPG) with the 
TCS shaker at a frequency of 28 Hz at 21°. The total volume was ad- 
justed to 2 ml. After shaking the vials were centrifuged at 6000 rpm for 
5 min and the proportion of the remaining hemoglobin in the superna- 
tant was measured spectrophotometrically. (0-0) Oxyhemoglobin S; 
(0 - - - - 0) oxyhemoglobin S t DPG; (A - A) oxyhemoglobin A; 
(A - - - - A) oxyhemoglobin A + DPG. (b) Effect of inositol hexa- 
phosphate on the rate of mechanical precipitation of oxyhemoglobins A 
and S .  The concentrations of oxyhemoglobin A, oxyhemoglobin S, and 
inositol hexaphosphate (IHP) were 1 1  WM, 12 p M ,  and 1 mM, respec- 
tively. The other conditions were the same as those described in Figure 
la. (0-0) Oxyhemoglobin S ,  (0 - - - - - 0)  oxyhemoglobin S + 
I H P  (A - A) oxyhemoglobin A; (A - - - - - A) oxyhemoglobin A + 
IHP. 

a1 fold above pH 7.2. This acceleratory effect was found to 
be due to pentacyclohexylammonium ions and not due to 
2,3-diphosphoglycerate. For this reason, pentacyclohex- 
ylammonium ions were removed from 2,3-diphosphogly- 
cerate with cation exchange resin before use. Removal of 
this compound can easily be checked by the mechanical 
shake test with hemoglobin in 0.1 M bis-tris buffer (pH 
8.0). If the compound is removed, 2,3-diphosphoglycerate 
inhibits the rate of precipitation of hemoglobin, while the 
rate accelerates if the compound is present. 

Effect of pH on the Stabilization of Oxyhemoglobin by 
2.3-Diphosphoglycerate and Inositol Hexaphosphate. The 
affinity of 2,3-diphosphoglycerate for hemoglobin has been 
shown to decrease with increasing pH and this indicates 
ionic binding between negatively charged phosphate group 
and positively charged protein side chains. The half-maxi- 
mal binding of 2,3-diphosphoglycerate occurs at pH 8.3 for 
deoxyhemoglobin and a t  p H  7 for oxyhemoglobin at  the 5 
mM 2,3-diphosphoglycerate concentration (Garby et al., 
1969). The rate of precipitation of oxyhemoglobin A and S 
also depends on pH and on the type of buffers used (Asaku- 
ra et al., 1974a). Therefore, we examined the effect of 2,3- 
diphosphoglycerate and inositol hexaphosphate on the rate 
of precipitation of oxyhemoglobins A and S under various 
pH and buffer conditions. As shown in Table I ,  stabilizing 
effects of 2,3-diphosphoglycerate and inositol hexaphos- 
phate were clearly seen in both bis-tris and phosphate buff- 
ers a t  neutral and acidic pH's, where organic phosphates 
bind to hemoglobin. At pH 8.0, on the other hand, these 
stabilizing effects are almost completely abolished, though 
inositol hexaphosphate still shows a considerable effect on 
oxyhemoglobin S in bis-tris buffer. These results are consis- 
tent with the idea that stabilization is due to the binding of 
organic phosphates to hemoglobin and that the rate of me- 
chanical precipitation sensitively reflects protein conforma- 
tional change due to the phosphate binding. No significant 
differences between the proportions of these phosphate e f -  
fects for oxyhemoglobin A and oxyhemoglobin S were n j -  
ticed except that oxyhemoglobin S always denatures a. a 
faster rate than does oxyhemoglobin A. 
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TABLE I :  The Efiect of pH on the Stabilization of Oxy- and Deoxyhemoglobins S and A by 2,3-Diphosphoglycerate (DPG) 
and Inositol Hexaphosphate (IHP)." 

Buffer 

Bis-tris 
Phosphate 
Bis-tris 
Phosphate 
Bis-tris 
Phosphate 

_____ 

6 13 7 
6 12 4 
7 24 8 
7 14 3 
8 17 5 

36 I 8 
- 

__ ~ . _  - . . - - - - __ - __ 
Rate of Precipitation (733 min) Rate of Precipitation (%/30 min) 

_ _  
Oxy-Hb S Oxy-Hb A Deoxy-Hb S 

.._-_ - -  - - - - _  .- - __ _ _ ~ _  - 
DPG IHP - DPG IHP - DPG IHP 

9 7  2 1  5 4  4 6  4 5  6 0  4 2  1 0  
10 0 8 7  6 5  5 7  5 5  6 4  6 3  3 9  
16 3 5 0 4 6  3 0  1 8  16 2 7 1  I 5  
10 0 12 4 6 1  6 0  6 1  11  4 10 2 3 6  
17 5 9 4  1 0  1 0  1 0  19 0 7 6  0 
36 5 36 5 10 0 9 5  30 7 26 1 26 1 10 0 

- -- - _. - 

- - - _ -  -~ - -  

'' A 2-ml solution of 10 phi hemoglobin was shaken in the presence and absence of 1 mM organic phosphates with TCS shaker 
for 3 min (oxyhemoglobin) or 30 min (deoxyhemoglobin). Buffers used were 0.1 M Bis-tris and 0.1 M phosphate b u l k  with three 
different pH's. 

Effect of pH on the Stabilization of Deoxyhemoglobin 
by 2,3-Diphosphoglycerate and Inositol Hexaphosphate. 
2,3-Diphosphoglycerate, inositol hexaphosphate, and other 
phosphate compounds are known to bind tightly with deox- 
yhemoglobin. In the presence of 2,3-diphosphoglycerate or 
inositol hexaphosphate, the deoxyhemoglobin molecule is 
more stable in terms of its deoxy quaternary structure. The 
mechanical shake test showed that the deoxy forms of he- 
moglobins A and S are  far more stable than their oxy forms 
(Asakura et al., 1974a). Deoxyhemoglobin S is so stable 
that it is necessary to shake more than 30 min to measure 
the rate of denaturation a t  room temperature. As shown in 
Table I ,  the addition of 2,3-diphosphoglycerate or inositol 
hexaphosphate further stabilizes the molecule of deoxyhem- 
oglobin S in all pH ranges examined. The effect was seen 
even in phosphate buffer a t  pH 8.0. This may be explained 
by the shift of pK of 2,3-diphosphoglycerate binding with 
deoxyhemoglobin to the higher pH's, so that much more 
2,3-diphosphoglycerate can combine with deoxyhemoglobin 
a t  pH 8.0 than in the case of oxyhemoglobin. 

Effect of 2,3-Diphosphoglycerate and Inositol Hexa- 
phosphate Concentrations on the Rate of Precipitation OJ 

Oxyhemoglobins A and S .  In order to study the mode of 
molecular interaction between hemoglobin and 2,3-diphos- 
phoglycerate (or inositol hexaphosphate), different concen- 

trations of organic phosphates were mixed with hemoglobin 
and the rates of precipitation of the mixture are compared. 
As shown in Figure 2a, the stabilizing effect of inositol 
hexaphosphate reaches maximum when the ratio of inositol 
hexaphosphate to hemoglobin becomes 1. This result 
strongly suggests a 1 : 1 molecular interaction between oxy- 
hemoglobin and inositol hexaphosphate. The affinity of 
2,3-diphosphoglycerate for oxyhemoglobin appears to be 
smaller than that of inositol hexaphosphate, since the maxi- 
mum effect of 2,3-diphosphoglycerate was obtained when 
the ratio of 2,3-diphosphoglycerate to hemoglobin is I00 or 
more as shown in Figure 2b. This ratio naturally decreases 
as the concentration of hemoglobin increases. 

Effect of 2,3-Diphosphoglycerate Concentration on the 
Rate of Precipitation of Deoxyhemoglobin S. The protec- 
tive effect of 2,3-diphosphoglycerate on the precipitation of 
deoxyhemoglobin S is obtained a t  a lower concentration of 
2,3-diphosphoglycerate than in the case of oxyhemoglobin S 
(Figure 3). The protective effect reaches maximum when 
approximately 1 mol of 2,3-diphosphoglycerate is added to 
1 mol of deoxyhemoglobin S, indicating that deoxyhemo- 
globin has a higher affinity for 2,3-diphosphoglycerate than 
has oxyhemoglobin. 

Effect of Salt on the Stabilization of Deoxy- and Oxy- 
hemoglobin S by Organic Phosphates. Benesch et al. 
(1969) reported that the concentration of neutral salt has a 
decisive influence on the extent of 2,3-diphosphoglycerate 
binding with deoxyhemoglobin. At low salt concentrations 

&----- ~ ._ i!-- -3- . I 
IHP  IpM) 3PS \ - \v 

F I G U R E  2: (a) Effect of inositol hexaphosphate concentration on the 
rate of precipitation of oxyhemoglobins A and S. A 2-ml solution of 
oxyhemoglobin A (12.3 wM) or oxyhemoglobin S (10.3 p M )  in 0.1 M 
bis-tris buffer (pH 7.2) was shaken in the presence of inositol hexa- 
phosphate ( IHP) for 6 min a t  23O. The per cent inhibition by inositol 
hexaphosphate' waslcalculated by measuring i the remaining' hcmoglo- 
bin in  the supernatant. (0) Oxyhemoglobin A; (0 )  oxyhemoglobin S. 
(b) Effect of 2,3-diphosphoglycerate concentration on the rate of pre- 
cipitation of oxyhemoglobin A and S. The concentration of oxyhemo- 
globin A and oxyhemoglobin S were 10.8 and 10.2 /IM, respectively. 
The other conditions were the same as those described in Figure 2a. ex- 
cept that 2.3-diphosphoglycerate (DPG) was used. The shaking time 
was 3 min. (0) Oxyhemoglobin A; (0 )  oxyhemoglobin S. 

- 
I 

DPG (mM1 

F I G U R E  3: Effect of 2.3-diphosphoglycerate concentration on the rate 
of precipitation of deoxyhemoglobin S. A 2-ml solution of oxyhemoglo- 
bin S (I 2 p ~ )  was deoxygenated in  an anaerobic photometric cuvet as 
described in  the text and was shaken in the presence of various concen- 
trations of 2,3-diphosphoglycerate (DPG). Since deoxyhemoglobin is 
more stable than oxyhemoglobin, the solution was shaken vigorously 
wi th  TCS shaker (Model 2500) a t  a frequency of 30 H z  for 15 min. 
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TABLE 11: The Effects of Salt on the Stabilization of Deoxy- 
and Oxyhemoglobins S by Organic Phosphates." 

Rate of Precipitation 
~ 

Salt Deoxy Form Oxy Form 
(NaCl) (Z precipitation/ (% precipitation/ 

30 min) 3 min) 

0 21 0 27 8 
DPG 12 5 DPG 20 5 

IHP 4 5  
10 - 15 0 - 31 6 

DPG 6 5  DPG 21 8 
IHP 4 6  

100 - 15 0 - 31 5 
DPG 6 7  DPG 21 0 

IHP 26 0 
15 0 - 49 0 

DPG 15 0 DPG 42 0 
IHP 42 0 

___ - - . _______ 
- - 

500 - 

A 2 4  solution of deoxyhemoglobin (11.0 PM) or oxy- 
hemoglobin S (9.7 PM) in 0.05 M bis-tris buffer (pH 7.3) 
was shaken in the presence and absence of 1 mM organic 
phosphates and various concentrations of NaCl, at a fre- 
quency of 28 Hz for 30 min (deoxyhemoglobin) or 3 min 
(oxyhemoglobin) at 21 '. 

TABLE 111: 2,3-Diphosphoglycerate (DPG) and Inositol 
Hexaphosphate (IHP) in Precipitated Hernoglobha 

Ratio of 
Phosphate 
Compd to 

Precipitated 
Hemoglobin 

Phosphate Compd PH (mol/mol) 

DPG 

IHP 

6 . 0  1.51 
6 . 5  0 .85  
7 . 0  0 . 3  
7.15 0 . 2  
7 .5  0 
8 . 0  0 
7 .2  0.79 

" DPG: A 2-ml solution of oxyhemoglobin S (42 p ~ )  in 
0.1 M bis-tris buffer was shaken in the presence of 2 mM DPG 
for 30 min with TCS shaker (30 Hz). The proportion of dena- 
tured hemoglobin calculated by measuring the remaining 
hemoglobin in the supernatant solution was 90%. IHP: A 
2-ml solution of oxyhemoglobin S (21.7 PM) in 0.1 M bis-tris 
buffer (pH 7.2) was shaken in the presence of 20 p~ IHP for 
35 min with TCS shaker (30 Hz). The proportion of dena- 
tured hemoglobin calculated by measuring the remaining 
hemoglobin in the supernatant solution was 87%;. 

E F F E C T  O F  O R G A N I C  P H O S P H A T E S  O N  H E M O G L O B I N  S T A B I L I T Y  
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and at pH 7.3, the binding of 2,3-diphosphoglycerate with 
deoxyhemoglobin is tight and the binding ratio is 1 mol of 
2,3-diphosphoglycerate/mol of hemoglobin. Binding was 
inhibited by 500 mM NaCI. Thus, if the protective effect of 
2,3-diphosphoglycerate on the rate of mechanical precipita- 

I 2 3 4 5  
Minutes 

FIGURE 4: Removal of the protecting factor in the supernatant solu- 
tion after precipitation of hemoglobin. A 2-ml solution of hemoglobin S 
(13 p ~ )  in 0.1 M bis-tris buffer (pH 7.2) was shaken in the presence of 
I O  WM inositol hexaphosphate ( IHP)  for 25 min with TCS shaker (30 
Hz). After shaking, the precipitate was removed by centrifugation. TO 
the supernatant solution a concentrated hemoglobin was added to 
make a final concentration of 13 WM and a final volume of 2 ml. The 
time course of the hemoglobin precipitation was measured as described 
in the legend to Figure la .  (A) Oxyhemoglobin S (0 - 0) (C) super- 
natant + oxyhemoglobin S (. - - .); (B) oxyhemoglobin S + IHP 
(0 - 0). 

tion is due to the phosphate binding to  deoxyhemoglobin, 
this effect must be diminished in the presence of high salt 
concentrations. In order to confirm this, we investigated the 
stabilizing effect of 2,3-diphosphoglycerate on deoxyhemo- 
globin S in 0.05 M bis-tris buffer (pH 7.3), in the presence 
of different concentrations of salt. The result is shown in 
Table 11. In the presence of 100 mM NaC1, 2,3-diphospho- 
glycerate still shows a stabilizing effect, while this effect 
was lost in the presence of 500 mM NaC1. 

The effects of salt on the stabilization of oxyhemoglobin 
S by organic phosphates were also studied under the same 
buffer conditions and the results are shown in Table 11. The 
stabilizing effect of inositol hexaphosphate was greatly 
weakened by increasing the NaCl concentration up to 100 
mM or more, while the stabilizing effect of 2,3-diphospho- 
glycerate was not significantly affected by the salt concen- 
tration up to 100-200 mM. 

The Measurement of 2,3-DiphosphogIycerate and Inosi- 
tol Hexaphosphate in the Precipitated Hemoglobin. In 
order to find out if 2,3-diphosphoglycerate or inositol hexa- 
phosphate coprecipitates with oxyhemoglobin during me- 
chanical shaking, we measured the content of 2,3-diphos- 
phoglycerate or inositol hexaphosphate in the precipitated 
hemoglobin. This experiment was carried out by shaking 
oxyhemoglobin S in the presence of 2,3-diphosphoglycerate 
or inositol hexaphosphate at various pH's. The precipitates 
formed were collected bv centrifugation and washed several 

Y 

times with water. The contents of 2,3-diphosphoglycerate or 
inositol hexaphosphate in the acid extract of the precipitat- 
ed hemoglobin was then measured enzymatically or colori- 
metrically. The results showed that 2,3-diphosphoglycerate 
coprecipitates with oxyhemoglobin S when i t  is shaken 
under acidic conditions (Table 111). Above pH 7.15, how- 
ever, no detectable amount of 2,3-diphosphoglycerate was 
found in the precipitate although 2,3-diphosphoglycerate 
still shows a protective effect. The molar ratio of 2,3-di- 
phosphoglycerate to hemoglobin in the precipitates was 1.5 
mol per oxyhemoglobin tetramer at p H  6.0.-The value ap- 
proached zero as the pH of the medium was raised above 
7.0. Inositol hexaphosphate, on the other hand, coprecipi- 
tates with oxyhemoglobin even in alkaline pH's. This agrees 
well with the experimental results (shown in Figure I a )  that 
inositol hexaphosphate shows a protective effect even at pH 
8.0. Coprecipitation of inositol hexaphosphate with hemo- 
globin was first demonstrated by measuring the stabilizing 
activity of the supernatant (Figure 4). This experiment was 
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TABLE IV:  Effect of 2.3-Diphosphoglqcerate (DPG) and Inositol 
Hexaphosphate (IHP) on the Rate of Precipitation of 
Hemoglobin Subunits 

_ _  _ _  ~- - 

Rate of Precipitation (z 30 sec) 
- 

Deoxj 
Oxy Form Form Organic - -- - - - ~ 

pH Phosphate 13. P-\ ff\ 4 3. 3\ 

6 - 

DPG 
IHP 

DPG 
IHP 

DPG 
IHP 

7 - 

8 - 

29.8 
11 3 
8 4  

25 3 
14 4 
17 7 
20 7 
12 6 
12 5 

28 2 
21 8 
21 5 
23 6 
14 6 
17 1 
11 l ( 1 2 )  
10 7 
4 5 (6  5 )  

6 7 (6) 29 6 29 3 
12 5 (12) 20 2 21 4 
19 5 12 2 29 0 
15  0 27 0 21 8 
26 4 17 3 18 7 
21 8 1s 0 1s  0 
25 2 15 3 1 3  9 
13 0 15 0 13 O 

S O  12 7 0 

Two milliliters of a solution of subunits (26--30 phi? as 
heme) in Capcell were shaken in the presence and absence of 
1 mhi organic phosphates with the TCS shaker (28 Hz) for 
30 sec. The other conditions were the same as those described 
in Table I. Values in parentheses are the per cent of hemi- 
chrome formed in the supernatant during shaking. 

carried out first by shaking 13 K M  inositol hexaphosphate a t  
30 H z  for 25 min a t  p H  7.2, which precipitated 78% of total 
hemoglobin. After removal of the precipitate by centrifuga- 
tion, a concentrated hemoglobin solution was added to the 
supernatant solution to make the final concentration 13 wv. 
The final volume was also adjusted to 2 ml. Observation of 
the time course of the precipitation of oxyhemoglobin S i n  
this solution showed that the supernatant had lost the pro- 
tecting factor. Further evidence was obtained by measuring 
the inositol hexaphosphate content as total phosphate. As 
shown in Table 111, inositol hexaphosphate coprecipitates 
with oxyhemoglobin S and the molar ratio of inositol hexa- 
phosphate to oxyhemoglobin S in the precipitate was 0.79 
mol/mol of tetrametric oxyhemoglobin S a t  pH 7.2. 

Effect of 2,3-Diphosphoglycerate and Inositol Hexa- 
phosphate on the Rate of Precipitation of Oxy and Deoxy 
Forms of Hemoglobin Subunits. As shown in the previous 
paper (Asakura et al., 1974b), the isolated a,4, /$A, and 0s 
subunits showed different pH profiles for the ease of precip- 
itation during mechanical shaking. The a.4 and /3,% subunits 
had opposite p H  profiles; the a>\ subunits precipitated more 
rapidly in acidic pH’s than alkaline pH’s. While p.2 sub- 
units precipitated more rapidly in alkaline pH’s. The oxi- 
dizability of the hemoglobin subunits in solution also 
showed opposite properties. The pH profiles of the 0s sub- 
units were similar to those of @ A  subunits, though 6s sub- 
units were more unstable than @)% subunits in alkaline pH’s. 
These results are shown in Table IV. The effect of 2,3-di- 
phosphoglycerate and inositol hexaphosphate on the stabili- 
ty of hemoglobin subunits also differed among the various 
subunits. The @,A and @S subunits are generally stabilized by 
the addition of inositol hexaphosphate or 2,3-diphosphogly- 
cerate. On the other hand, these organic phosphates accel- 
erate the precipitation of o( subunits markedly at  pH 6 and 
7. while they show an inhibitory effect a t  pH 8.0. At pH 
7.4, the effects of these organic phosphates were slightly in- 
hibitory (2.3-diphosphoglycerate 7.3%. inositol hexaphos- 
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phate 15.8%). It is very interesting to compare the stability 
of deoxy subunits. Although the PA and PS subunits were 
not stabilized significantly upon deoxygenation, the deoxy 
form of the a subunits was so stable that it did not precipi- 
tate a t  all during shaking for 30 min. 

Discussion 
Although 2,3-diphosphoglycerate and inositol hexaphos- 

phate were originally assumed to bind only to deoxyhemo- 
globin, it is now generally accepted that these phosphates 
bind also to oxyhemoglobin (Chanutin et al., 1969; Garby 
et al.. 1969; Luque et al., 1969; Benesch et al., 1971; Ber- 
ger et a/., 1973). 

The association constant of 2,3-diphosphoglycerate for 
hemog!obin depends on pH, ionic strength, and temperature 
of the medium and also on the method of determination. 
The reported values of association constants for 2,3-diphos- 
phoglycerate to hemoglobin have varied widely (Benesch et 
al.,  1968a; Lo and Schimmel, 1969; Chanutin and Herman, 
1969; Garby et al., 1969; Riggs, 1971; Garby and DeVer- 
dier (1971); DeBruin and Janssen, 1973; Gerber et al . ,  
1973; Imai and Tyuma (1973). Generally, it is believed that 
the affinity for deoxyhemoglobin is one or two orders of 
magnitude larger than that for oxyhemoglobin. Inositol 
affinity for both oxy- and deoxyhemoglobins (Janig et al . ,  
197 I ) .  The present results obtained by the new mechanical 
shake method clearly show that the binding of these organic 
phosphates stabilizes both oxy and deoxy forms of hemoglo- 
bin molecule. In addition, from the rates of precipitation of‘ 
hemoglobin, it is possible to estimate the binding constant 
of 2.3-diphosphoglycerate to hemoglobin as 4.2-4.6 X 10’ 
v-1 ,2  

Below pH 7.2, a considerable amount of 2,3-diphospho- 
glycerate coprecipitates with hemoglobin. This may be due 
to a rise in the value of k ,  a t  low pH. Thus, k2  appears to 
be pH dependent. At pH 6.0, the ratio of 2,3-diphosphogly- 
cerate to hemoglobin in the precipitate exceeds 1. The na- 
ture of 2,3-diphosphoglycerate binding a t  low pH may be 
different from that at  neutral pH’s. The 2,3-diphosphogly- 
cerate content in the precipitate of deoxyhemoglobin was 
not measured because of the marked stabilization. The 
binding constant of 2,3-diphosphoglycerate for deoxyhemo- 
globin is assumed to increase by a factor of 2 since a smaller 
amount of 2,3-diphosphoglycerate is required for the stabi- 
lization of deoxyhemoglobin than oxyhemoglobin. Inositol 
hexaphosphate appears to have a higher affinity for both 
oxy- and deoxyhemoglobin than 2,3-diphosphoglycerate. 
The hemoglobin is stabilized when 1 mol of inositol hexa- 
phosphate is added/mol of hemoglobin (cf. Figure 2a). This 
result is consistent with that reported by Janig et a/ .  
( 197 1 ). Since hemoglobin bound to inositol hexaphosphate 
is stabilized, the mechanical shake method may be used for 
the rapid estimation of inositol hexaphosphate in solution if  
no other phosphate compounds are present. 

As we have shown elsewhere (Asakura et a/., 1974b). the 
a,% and j j ~  subunits of hemoglobin show completely differ- 
ent pH profiles when they are subjected to a mechanical 
shake test. The CYA subunits are stable in acidic pH‘s, while 
the @ subunits are more stable in alkaline pH’s. The effect 
of 2.3-diphosphoglycerate on the mechanical stability of he- 
moglobin subunits is also different. In 0.1 M bis-tris buffer 

_______ 
.4 discussion of the precipitation reaction can be found in the A p -  

pendix. 
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(pH 7.4), 2,3-diphosphoglycerate showed a stabilizing ef- 
fect on the oxy and deoxy forms of PA chains, while it had 
little effect on (YA chains. These results agree well with 
those reported by Benesch et al. (1968b). The PA subunits 
of hemoglobin bind with 2,3-diphosphoglycerate to the 
same extent in oxy and deoxy forms. The @ chains are  
known to form tetramers and P4 is reported to have a struc- 
ture which closely resembles that of deoxyhemoglobin (Per- 
utz and Mazzarella, 1963). At acidic or alkaline pH, how- 
ever, 2,3-diphosphoglycerate appears to interact more 
strongly with the oxy form of a chains as 2,3-diphosphogIy- 
cerate accelerates the rate of precipitation a t  acidic pH’s, 
while it inhibits a t  alkaline pH’s (cf. Table IV). The deoxy 
form of a chains is extremely stable and no precipitation oc- 
curs during shaking for 30 min a t  room temperature. This 
property is completely different from that of P A  subunits 
which precipitate a t  a similar rate ragardless of the oxygen- 
ation state. The Ps subunit showed essentially similar prop- 
erties to those of P A  subunits except that &, subunits precip- 
itated more rapidly a t  alkaline pH’s. 

It was reported that sickle erythrocytes contain a higher 
level of 2,3-diphosphoglycerate than normal erythrocytes 
(Charache et al., 1970; Seakins et al., 1973). The increased 
formation of 2,3-diphosphoglycerate may be bad for sic- 
kling of erythrocytes as 2,3-diphosphoglycerate shifts the 
oxygen equilibrium curves to the right. On the other hand, 
the increase of 2,3-diphosphoglycerate may be good for the 
stabilization of sickle oxyhemoglobin. As reported by 
Schneider et al. (1972), sickle erythrocytes contain a higher 
amount of Heinz bodies (intraerythrocytic aggregation of 
denatured hemoglobin). Further studies are necessary to 
evaluate the physiological significance of the increased 2,3- 
diphosphoglycerate for the stabilization of sickle hemoglo- 
bin. 
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Appendix 
The precipation of H b  and Hb-DPG may be formulated 

where k l  and k2 are  the rate constants of precipitation of 
hemoglobin and its complex with DPG and K = (k3 /k4) ,  
association constant of DPG binding to hemoglobin. 

The rate constant k 1 follows first-order kinetics (Asaku- 
ra et al., 1974a) and can be determined by measuring the 
rate of precipitation of hemoglobin in the absence of DPG. 
The amount of DPG in the precipitate can also be deter- 
mined from the acid extract enzymatically. Since no DPG 
precipitates in 0.1 M bis-tris buffer a t  p H  7.4, the kZ a t  this 
pH is considered to be very small relative to k 1. Thus, if we 
assume k3, k4 >> k l ,  k2 the apparent rate of precipitation 
V is described as 

V = ki (Hb)  .+ k,(Hb-DPG) k,(Hb) 

and association constant K can be calculated from 

where Hb, is total hemoglobin used, Hbppt, amount of he- 
moglobin precipitated, and (Hb-DPG) = (Hb, - H b  - 
Hbppt), thus, we can estimate K = 4.6 X I O 2  M - I .  

If the concentration of DPG is high compared to that of 
hemoglobin and kZ = 0, the kinetic equations may be 

k 4  k l  

k 3  
Hb-DPG e Hb - HbWt 

B C A 
solved with the use of Laplace transform. The differential 
equations are 

dA/d t  = - k,A + k, (DPG)B = k,A + X3B 

dB/d l  = k,A - X,B - kiB 
dC/dt  = kiB 

If the rate constants k3 and k4 are large relative to k l ,  
the solution is 

where A0 and Bo are the initial concentrations, before 
shaking, of Hb-DPG and Hb,  respectively. 

If we start from the initial equilibrium for the first reac- 
tion, we have 

dA/d i  = k,A, X,B, = 0 

Assuming the concentration of hemoglobin to be small 
compared with Hb-DPG, the initial velocity of precipita- 
tion may be found by differentiating A ( t )  with respects to 
the time and evaluating the result a t  t = 0. The result is 

If the reciprocal of the absolute value of V is plotted 
against the concentration of DPG, a linear curve results 

A value for k 1 may be obtained from the intercept and a 
value for the equilibrium association constant K = k3/k4 
may be obtained from the slope. From the results shown in 
Figure 2b, we obtain a value K = 4.17 X 10‘ M - I .  
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Alkali and Urea Induced Conformation Changes in 
Concanavalin A’ 

Mollie N. Pflumm* and Sherman Beychok 

ABSTRACT: The urea- and alkali-induced transitions of 
concanavalin A are apparently irreversible, as judged by 
circular dichroic (CD) spectra and hemagglutinating activi- 
ty, although the nature of the product depends on the pH at  
which reversal is attempted. The native protein exhibits a 
characteristic far-uv C D  spectral band centered at  223 nm, 
which is blue shifted by alkali and abolished by urea. Low- 
ering pH after denaturation with alkali leads to loss of pro- 
tein by precipitation in amounts dependent upon pH. The 
remaining soluble protein has CD characteristics which are 
dependent on the pH at  which reversal attempts are made. 
A similar pH dependence of the CD spectrum occurs on 
dilution of urea after denaturation, but this procedure leads 

c o n c a n a v a l i n  A, a lectin isolated from jack beans (Sum- 
ner, 191 9), undergoes an apparently irreversible conforma- 
tional transition between pH 8 and 9 at  room temperature 
(Pflumm et al., 1971; Zand et al., 1971). A similar transi- 
tion occurs a t  pH 8 if the protein is allowed to stand at  37O 
(Cunningham et al., 1972). The conformational changes 

+ From the Department of Biological Sciences, Columbia University, 
\ e x  York. New York 10027. Heceiwd May 23, 1974. Supported in 
par i  by grants from the National Science Foundation ( N S F  GB 
29181) and from the National Institutes of Health (5  R 0 1  CA 13014). 

to little or no precipitation, perhaps as a result of the lower 
final protein concentrations. Reversal at pH 6 leads to a C D  
band centered near 223 nm; products obtained a t  pH 7, 
however, show a band at  217 nm. In this same pH interval, 
native Con A undergoes changes in sedimentation coeffi- 
cient reflecting a transition from dimer to tetramer. Native 
Con A, however, exhibits a constant CD spectrum over this 
pH interval. Succinylated Con A has a CD spectrum closely 
resembling that of the native protein, but is more resistant 
to alkali denaturation, suggesting that specific group titra- 
tion, rather than general charge effects, are responsible for 
the alkaline lability. 

are followed by precipitation if the pH of the solution is 
below 9. Turbidity arises even in pH 7 solutions of the lectin 
(McKenzie et ai., 1972) suggesting that a slow transition 
occurs also at neutral pH. We have now examined this tran- 
sition in greater detail in an effort to determine whether it is 
indeed irreversible and, if it is, what structured features are 
responsible. Since the conformational changes involve ele- 
ments of the protein’s secondary and tertiary structure, the 
course of the transition may be monitored by changes in the 
circular dichroic (CD) spectrum of Con A. 

Native Con A exhibits an unusual far-uv C D  band cen- 
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