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To examine the validity of the recent fiiding by Gill et al. (S.J. Gill, E. Di Cera, M.L. Doyle, G.A. Bishop and C.H. Robert, 
Biochemistry 26 (1987) 3995) that the third overall Adair constant (A,) for human hemoglobin tetramers (Hb A) is too small to be 
determined and therefore that the contribution of the triply ligated species in the oxygenation process is negJigibly small, highly 
accurate oxygen equilibrium curves for concentrated pare Hb A solutions were determined with an automatic oxygenation apparatus 
and analyzed by a least-squares curve-fitting method with various options. The present results indicate that an appropriate choice of 
weighting for data points is the kh to the correct evaluation of the Adair constants and the pnsent e~puin~~tal data cannot 
accommodate the Ad& scheme with A3 = 0, giving distinctly positive values for A,. Several criteria for correct determination of the 
Adair constants are presented. 

1. Inboduction 

The oxygen equilibrium of tetrameric hemo- 
globin is described by the Adair equation [l], 

r_ Alp + 2A,p* + 3A,p3 + 4A4p4 

- 4(1+ A,p + A,p’+ A3p3 + A4p4) ’ 
0) 

where Y denotes the fractional saturation of he- 
moglobin with oxygen, p the partial pressure of 
oxygen, and A, (i = l-4) the overall equilibrium 
constant for the binding of the first i oxygen 
molecules. This equation is of general validity as 
long as hemoglobin binds oxygen in a tetrameric 
form. The fractional population of the molecular 
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species combining with i oxygen molecules at a 

given p is expressed by 

fi= 
A,p’ 

1 + Alp + A2p2 + Asp3 + A4p4 
(i = O-4). 

(2) 

If the a- and j3-subunits of hemoglobin are 
entirely equivalent, both in their affinity for oxygen 
and in their manner of interaction, eq. 1 is rewrit- 

ten as 

Y =e (K,p + 3K,K,p* + 3KIK2K3p3 

+ K,K,K,K4p4)(1 + 4K,p + 6KIK3p2 

+4KIK,K,p3 + KIK2KgK4p4)-I. (3) 

Here, Ki (i = 1-4) which is related to the A terms 
a% 

KJ =W4, K2 = 2Ad3A,, K3 = 3A3/2A2, and 

K,, = 4-%/A,, (4) 
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is the intrinsic (i.e., corrected for statistical fac- 
tors) stepwise equilibrium constant corresponding 
to the i-th equilibrium, 

Hb(Oz)i_r + 0, * Hb(OZ)i. (5) 

The cooperative nature of hemoglobin is well 
expressed by the Hill plot, i.e., lo&Y/(1 - Y)] vs 
log p [2]. Since 

log& -log p+log Kr asp-+0 

and 

(6) 

log& = log p + log K4 as p --, 00, (7) 

the Hill plot possesses asymptotes with a slope of 
unity at the bottom and top ends and their inter- 
cepts on the ordinate at log p = 0 give log Kr and 
log K4, respectively [3]. 

The four-step equilibrium constants (Adair 
constants) in eq. 1 or 3 were first determined by 
Roughton et al. [4-61 from accurate oxygen equi- 
librium curves which were measured by a gaso- 
metric technique. They paid particular attention 
to a precision determination of both ends of the 
curve (O-2% and 98-99.5% saturation) to an accu- 
racy of 0.05% saturation as compared to that of 
0.5% in the intermaate range (5-958) and 
evaluated the Adair constants by fitting the Adair 
equation to the equilibrium curves by a least- 
squares method in which the end observed points 
were weighted 100~times more heavily than those 
of the intermediate range. They stressed that such 
a high-precision determination of the bottom and 
top ends of the curve was essential to the evalua- 
tion of the K terms with reasonable accuracy. 

The author and his co-workers [3,7,8] de- 
termined accurate oxygen equilibrium curves for 
human adult hemoglobin (Hb A) under various 
conditions of solution and temperature with their 
automatic oxygenation apparatus [3,9,10] which 
combined a polarographic measurement of p with 

a spectrophotometric determination of Y. From 
those curves, they evaluated the Adair constants 
by a least-squares curve-fitting method in which 
the low- and high-range observed points were 
weighted according to a parabolic dependence of 
the standard error of Y on Y. 

Recently, Gill and co-workers [l&12] at- 
tempted to determine the Adair constants from 
equilibrium curves measured by their thin-layer 
optical technique which combined the spectropho- 
tometric measurement of Y with the stepwise, 
controlled change in p by means. of a precision 
gas dilution valve. This technique is suitable for 
concentrated hemoglobin solutions while our ap- 
paratus is appropriate for dilute solution. They 
evaluated the Adair constants for concentrated 
Hb A solutions (2-12 mM on a heme basis) by a 
least-squares curve-fitting method with the ob- 
served points equally weighted, i.e., without 
weighting, and obtained an unanticipated result, 
namely, that the value of A, (& according to 
their designation) was too low to be determined, 
indicating that the population of the triply ligated 
species was unmeasurably small [13]. When ah the 
A terms were constrained to be nonnegative in the 
least-squares procedure, the best fit of A, was 
always zero, making the K, value undefinable. 
They further showed that the negligible contribu- 
tion of the triply ligated species to the ligation 
process Gas also the case within the range of pH 
6.95-9.10 [14], in the presence of different partial 
pressures of CO1 [15], and even for carbon mono- 
xide binding equilibrium [16]. 

As the likely cause of the obtaining of virtually 
zero values for A, by Gill et al., whereas we 
measured definitely positive values, Gill and co- 
workers [13] emphasized that the hemoglobin con- 
centrations used by the latter group (60-600 PM) 
were so low that partial tetramer-to-dimer dissoci- 
ation of hemoglobin could exert a significant in- 
fluence on the observed Adair constants. Previ- 
ously, Ackers and co-workers [17-191 stressed that 
the effect of dimeric species must be incorporated 
into the analysis of oxygen equilibrium data unless 
the hemoglobin concentration employed is greater 
than 1 mM. 

Marden et al. [20] showed that the top part of 
the equilibrium curve from which the population 
and affinity of the triply liganded species are 
calculated is extremely sensitive to the normaliza- 
tion of the data, i.e., the conversion of absorbance, 
values to oxygen saturation values. The normaliza- 
tion requires the determination of total ab- 
sorbance change either by extrapolation or by 
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least-squares fitting. If A, is actually zero, then 
the following expression 

log~Y=210gp+log~ asp+00 (8) 
2 

holds instead of eq. 7 and the Hill plot shows an 
upper asymptote with a slope of 2. Therefore, 
strict experimental testing of the upper asymptote 
can be a key to the solution of the A, problem. 

In the present study, highly accurate oxygen 
equilibrium curves for pure Hb A of high eon- 
centration (1.2 mM) were determined with our 
apparatus and analyzed in various manners in 
order to ascertain whether or not the experimental 
data can be accommodated within the Adair 
scheme with A, = 0. The current problems con- 
cerning the correct evaluation of the Adair con- 
stant will be extensively discussed from both ex- 
perimental and analytical points of view and by 
comparing our technique with that of Gill and 
co-workers. 

2. Materials and methods 

2.1. Materials 

Freshly prepared human whole hemolysate was 
passed through a Sephadex G-25 column equi- 
librated with 5 mM Tris and then deionized by 
passing through a Dintzis column [21]. Minor 
hemoglobin components were removed from the 
deionized hemoglobin solution as follows (H. 
Morimoto, unpublished data). Hb A, was re- 
moved on a CM-32 column which was equi- 
librated with sodium phosphate buffer (4.8 mM 
Na+, 2.8 mM phosphate, pH 7.2). The Hb A, 
group was further removed on a DE32 column 
which was equilibrated with 5 mM Tris plus 1 mM 
acetate (pH 8.7). All these column procedures 
were carried out at 4’ C in the presence of CO. 
No impurity was detected in the resultant hemo- 
globin sample as assessed by isoelectric focusing. 
Immediately before oxygen equilibrium measure- 
ments, the CO form was converted to the oxy 
form by illumination under a continuous stream 
of pure oxygen [22]. 

Phosphates were products of Merck. Bis-Tris, 
catalase, and superoxide dismutase were purchased 
from Sigma. 

2.2. Methemoglobin content 

Visible-range absorption spectra of hemoglobin 
were recorded on a double-beam spectrophotome- 
ter (model 32OL, Hitachi). MetHb content was 
calculated from absorbance readings at 560, 576 
and 630 nm by using the values of the millimolar 
absorption coefficient at different pH values [23]. 

2.3. Oxygen equilibrium measurements 

Oxygen equilibrium curves were determined 
with an improved version [3,10] of our automatic 
oxygenation apparatus employed in the previous 
study [9]. The spectrophotometer used for the 
apparatus was a model Cary 118C (Varian Associ- 
ates). The wavelength of the detection light was 
620 nm and the path length of the oxygenation 
cell with movable windows [24] was set to 4.5 mm 
so that the total absorbance change upon de- 
oxygenation of a 1.2 mM hemoglobin sample was 
approx. 0.6. Temperature within the cell was 
maintained constant within 25 f 0.02O C. To mini- 
mize auto-oxidation of hemoglobin during mea- 
surement, cat&se and superoxide dismutase were 
added to the sample to a concentration of 0.1 PM 
[25,26]. Although the slow response of the oxygen 
electrode was previously considered to be a major 
factor causing the disagreement between the de- 
oxygenation and succeeding reoxygenation curves 
[9], metHb formation due to auto-oxidation has 
proved to be the more dominant factor. Therefore, 
the hemoglobin sample was deoxygenated and re- 
oxygenated as quickly as possible without restrict- 
ing the gas flow rate except for the air flow during 
the early stages of reoxygenation. 

During the measurement, the absorbance and 
oxygen pressure data were acquired at real time by 
a personal computer (model PC-98XA; Nippon 
Electric, Tokyo), which was equipped with an 
Intel 80286 microprocessor and a 1Zbit A/D 
converter. Absorbance data acquisition used one 
channel of the converter and the resolution was 
0.00024 (= 1 absorbance unit/212). The dynamic 
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Table 1 

Raw data of two deoxygenation curves measured under PHOS and BISTRIS conditions 

PHOS BISTRIS 

No. PO* Abs No. PO? 

1 158.949 1.66412E-03 1 144.636 

Abs 

1.78080E-03 
2 143.024 1.7808oE-03 2 
3 128.376 1.97523E-03 3 
4 115.129 2.36411E-03 4 

5 103.390 2.63633&03 S 
6 92.7872 2.86967E-03 6 
7 83.2587 3.37SZOE-03 7 
8 74.7068 3.72519E-03 a 
9 67.2152 4.26963E-03 9 

10 60.3375 4.69738E-03 10 
11 54.1154 5.55291E-03 11 
12 48.5908 6.09735&03 12 

13 43.6592 7.22509E-03 13 
14 39.2186 8.43062E-03 14 
15 35.2050 9.98616E-03 15 
16 31.6405 0.0123194 16 
17 28.4318 0.0149249 17 

18 25.5091 0.0192804 18 
19 22.9143 0.0245692 19 
20 20.6054 0.038245 20 

21 18.5058 0.0437021 21 

22 16.6503 0.0592573 22 
23 14.9832 0.0796346 23 

24 13.4765 0.106704 24 
25 12.1163 0.141ocil 2s 
26 10.8886 0.181366 26 
27 9.76560 0.229003 27 
28 8.78904 0.279675 28 
29 7.90316 0.330346 29 

30 7.107% 0.377283 30 
31 6.39647 0.418194 31 
32 5.74775 0.4ss91s 32 
33 5.16879 0.485003 33 
34 4.64564 0.507986 34 

35 4.17828 0.526458 35 
36 3.75976 0.540691 36 
31 3.36913 OS51657 37 

38 3.02734 0.561224 38 
39 2.71344 0.567407 39 
40 2.44140 0.573590 40 

41 2.19726 0.577634 41 
42 1.96010 0.581173 42 
43 1.75781 0.584362 43 
44 1.57645 0.586423 44 
4s 1.41601 0.588757 45 
‘I6 1.26953 0.590273 46 
47 1.13699 0.591595 47 

48 1.00446 0.59334s 48 
49 0.89983 0.594395 49 
so 0.80915 0.595056 50 

129.701 1.85857E-03 
116.713 2.09189E-03 
105.cm 2.36411E-03 
94.4892 2.480?7E-o3 
84.9049 2.63633803 
76.3321 2.90854E-03 
68.6522 3.33632E-03 
61.7604 3.60853803 
55.4547 3.91964Ea3 
49.8325 4.30852E-03 
44.7404 4.6585OE-03 
40.1645 5.12514E-03 
35.7281 5.74735&03 
32.1009 6.564OOE-03 
28.8504 7.30288EO3 
25.91!7 8.2362OE-03 
23.2700 9.6750413-03 
20.8565 0.0114250 
18.7360 0.0137972 
16.8387 0.0168304 
15.0879 0.0216526 
13.5463 0.0277191 
12.1721 0.0365856 
10.9444 0.0487186 
9.84931 0.0652071 
8.85879 0.0867511 
7.97291 0.113934 
7.16376 0.148933 
6.44530 0.189182 
5.78961 0.235420 
5.21064 0.283836 
4.68749 0.327857 
4.19921 0.373628 
3.77371 0.416055 
3.37611 0.448371 
3.02734 0.477537 
2.72042 0.500636 
2.44140 0.517436 
2.19726 0.529958 
1.96707 0.540691 
1.76478 0.549168 
1.58342 0.555585 
1.42299 0.561418 
1.27650 OS65579 
1.14397 0.569001 
1.02539 0.571529 
0.920757 0.573823 
0.823101 0.5761% 
0.732420 0.577634 

(continued) 
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PHOS 

No. PO, AbS 

BISTRIS 

No. PO, Abs 

51 0.725445 0.596223 51 0.648715 0.519268 

52 0.648715 0.596612 52 0.571985 0.580201 

53 0.578961 0.597390 53 0.509206 0.581446 
54 0.516182 0.598245 54 0.453403 0.582768 

55 0.460378 0.598517 55 0.404575 0.583351 
56 0.411550 0.599295 

57 0.369698 0.599451 

range of oxygen pressure data acquisition was 
expanded by using 2 channels of which one served 
the range from the maximum pressure down to 
10% thereof, the other covering the range from 
10% maximum pressure down to zero. The sam- 
pling of data points on the deoxygenation curve 
was carried out in such .a way that each successive 
point was taken when its oxygen pressure value 
decreased to IY times the last sampled value, where 
a was a selectable factor smaller than unity, typi- 
cally being 0.9. The sampling of data points on the 
reoxygenation curve was made in the same way 
except that the factor was replaced by l/a. 
Through this method of sampling, the data points 
were collected at constant intervals on a log p 

scale. 

2.4. Analysis of oxygen equilibrium data 

The analysis of equilibrium data was carried 
out with the computer described above. Programs 
were written in BASIC, compiled, and run on the 
operating system, MS-DOS (Microsoft Corp.). 

The absorbance values were converted to 
oxygen saturation values using the equation, 

Absi - AbsB 

q. = Abs, - Abs,, = 

Absi - Absa 

AAbs, 
(j=l-N), 

(9) 

where Abs,, Abs,, and Absj represent the values 
of the absorbance at p = 0, p = 00, and p for the 
j-th point (pi), respectively, AAbs, the total ab- 
sorbance change upon full oxygenation or re- 
oxygenation, and N was the number of data points 
collected. Abs,, was determined by extrapolating 

the bottom portion of the curve toward p = 0 

along an AbSj vs pi plot displayed on the CRT 
monitor of the computer. Abs, was determined 
either by graphical extrapolation of the top por- 
tion toward p = cxq along an Absj vs l/pj plot 
[3,8,27] or by least-squares fitting together with 
As. In the graphical extrapolation, the quadratic 
function, 

Abs=ax’+bx+c (10) 

(x =p and l/p for bottom and top extrapola- 
tions, respectively), was least-squares fitted to the 
endmost 15-18 data points in the bottom or top 
region and the best-fit c value was made equal to 
Absr, or Abs,, respectively. 

The Adair constants were evaluated by fitting 
eq. 1 to oxygen equilibrium curves by a least- 
squares method as previously described [3,8,28]. 
When Abs, and Abs, were predetermined by 
extrapolation, the fitting was made on the (pj,Yj) 
data set. When Abs, was treated as an unknown 
parameter, the fitting was made on the (p,,Abs,) 
data set. These curve-fitting procedures were per- 
formed either with weighting or without weight- 
ing. The weight function used was 

w~=~[yi(l-Y,)]-2,j~l[);(l-~)]-2 (11) 

which is based on an experimentally determined 
parabolic dependence of the standard error of Y 
(S,) on Y f9]. i.e., 

Sy=0.08Y(1 - Y). 02) 

The asymmetric nature of the equilibrium curve 
was expressed by means of the symmetry index 
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(W) [29] defined by 

K&4 44 
W=Egq=A:. 

The curve is symmetric about the half-saturation 
point on the Hill plot when W= 1, while it be- 

comes more asymmetric as the value ‘of W be- 
comes either smaller or larger than unity. 

3. Results 

Oxygen equilibrium curves were determined for 
purified Hb A at a concentration of 1.2 mM (on a 
heme basis) at 25°C and pH 7.40 using either 0.1 
M potassium phosphate buffer or 0.1 M Bis-Tris 
buffer containing 0.1 M Cl-. The data obtained 
using phosphate and Bis-Tris are henceforth desig- 
nated as ‘PHOS data’ and ‘BISTRIS data’, respec- 
tively. The raw data for deexygenation curves are 
presented in table 1. The metHb contents in total 
Hb determined before and after oxygen equi- 
librium measurement are listed in table 2 together 
with the absorbance values at three wavelengths. 

3.1. Least-squares fitting with weighting and Abs, 
fixed 

Fig. 1 shows the quadratic extrapolation of the 
bottom and top ends of the deoxygenation curve 
(PHOS data). The Abs,, and Abs, values thus 

Table 2 

Absorbance vaIues and metHb content of hemoglobin samples ’ 

Absorbance at b MetHb 

560nm 576 nm 63Onm (‘) 

PHOS data 
Before measurement 0.490 0.880 0.010 0.6 
After measurement 0.481 0.850 0.014 2.3 

BISI’IUS data 

Before measurement 0.486 0.862 0.010 0.3 
After measurement 0.472 0.835 0.013 1.9 

a Immcdiateiy before and after oxygen equilibrium measure 
ment, part of the sample was 22-fold diluted with 0.1 M 
phosphate buffer (pH 7.0) and its absorption spectrum was 
recorded. 

b Light path length, 10 mm. 

PO. - 

1 /PO, - 

Fig. 1. Quadratic extrapolation of bottom end (upper) and top 
end (lower) of PHOS data (deoxygenation). !Square symbols 
indicate observed points. Lines were calculated from eq. 10 

and their end points on the ordinate gave Absn = 0.60261 and 
Abs, = 0.00044 (AAbs, = 0.60217). 

obtained are given in table 3 for PHOS data and 
in table 4 for BISTRIS data. The best-fit A values 
were obtained by the weighted least-squares 
method with Abs,, and Abs, fixed, and the results 
are listed in table 5. No negative A values oc- 

curred for this manner of analysis on the present 
equilibrium data. Table 5 also includes values of 
the stepwise Adair constants, K,, oxygen pressure 
at half saturation, PS8. median oxygen pressure 
[2,28], Pm, maximal slope of the Hill plot, n_, 
and symmetry index, W, which were calculated 
from the A values. Both the deoxygenation and 
reoxygenation curves are presented as Hill plots in 
fig. 2, where the experimental plots are superirn- 
posed on lines calculated from the best-fit A 
values. Comparison of the parameter values in 
table 5 and of the plots in fig. 2 indicates that 
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Table 3 

Parameter values obtained by least-squares curve fitting (PHOS data ‘) 

A, @=H.3-‘) A, (mmHf~-~) A, (mmHg-3) A, (mmHg-4) Abs, W 

weighted 
(A) Quadratic extrapolation 
(B) Abs, increased by O.lW 

of AAbs, 
(C) Abs, decreased by 0.1% 

of A Abs, 
(D) Fitting with Abs, 

floated 
(E) Fitting with A, = 0 

and Abs, floated 

Unweighted 
(F) Quadratic extrapolation 
(G) Abs, increased by 0.1% 

of AAbs, 
(H) Abs, decreased by O.lW 

of AAbs, 
(I) Fitting with Abs, 

floated 
(I) Fitting with A3 = 0 

and Abs, floated 

6.04x10-* 

5.60x10-2 

6.30~10-~ 

6.08x10-2 

5.05x10-2 

1.38x10-’ 

3.66x10-’ 

-6.58x10-’ 

1.36x10-’ 

6.24~ lo-’ 

1.92x1O-3 

2.44x10-3 

1.39x10-3 

4.77 x 10-3 

3.11 x10-3 

3.19x10-4 

1.57x10-4 

4.46x10-4 

3.18x10-’ 

0 (fixed) 

1.62x1O-4 

9.77x10-5 

2.26~10-~ 

-1.84~10-~ 

0 (fixed) 

2.55 x 1O-4 

2.59~10-~ 

2.52X1O-4 

2.56X1O-4 

2.60x10-4 

2.53x1O-4 

2.56X1O-4 

2.50 X 1O-4 

2.69x1O-4 

2.62 x 1O-4 

0.00044 9.14 

0.00194 3.30 x 10 

- O.OGO16 5.03 

0.00046 9.36 

0.00146 cc 

0.90044 4.50 x 10 

0.00104 1.19 x 102 

- 0.00016 2.39 x 10 

0.08362 2.82 x 10 

0.00232 00 

a The results for the dooxygenation data are presented. The reoxygenation data gave similar results. Abs, was fixed at 0.60261 in all 
cases Abs, was fixed in cases A-C, F-H. 

Table 4 

Parameter vahtes obtained by least-squares curve fitting (BISTIUS data “) 

AI (-His-‘) Az (=W-*) A3 (=Hg-? A4 (mmH~-~) Abs, W 

weighted 
(A) Quadratic extrapolation 
(B) Abs, increased by 0.1% 

of AAbs, 
(C) Abs, decreased by 0.1% 

of AAbs, 
(D) Fitting with Abs, 

floated 
(IS) Fitting with A, = 0 

and Abs, floated 

Unweighted 
(F) Quadratic extrapolation 
(G) Abs, increased by 0.1% 

of A Abs, 
(I-I) Abs, decreased by 0.1% 

of A Abs, 
(I) Fitting with Abs, 

floated 
(J) Fitting with A, = 0 

and Abs, floated 

7.52x lo-* 

6.10x lo-* 

8.17x 1O-2 

7.76x lo-’ 

4.42x lo-* 

6.38x10-’ 

1.61 x10-* 

1.34x10-s 

6.77~10-~ 

2.66x10-* 

1.73x 10-s 

1.46x 10-4 

2.38x 1O-3 

1.60x10-’ 

0 (fixed) 

1.85 x10-” 

1.88x10-3 

1.82x10-’ 

1.85 x10-’ 

l.89x1O-3 

0.00082 3.50 

0.06140 1.26x10 

O.ooO23 2.14 

0.09093 4.35 

0.00166 00 

8.77x 1O-2 

8.44X 10-2 

9.09x10-2 

7.09x 10-a 

8.58x lo--’ 

1.18~10-~ 

1.34x10-2 

1.02x10-2 

2.64x10-2 

1.37 x10-2 

4.98x 1O-4 

1.91x10-4 

8.02 x 1O-4 

-1.16x10-” 

0 (fixed) 

1.82x10-’ 

1.84x10-’ 

1.80x10-’ 

1.!cJ4x10-~ 

1.87~10-~ 

0.00082 564x 10 

cLOQ140 3.60 x 102 

0.09023 2.31 x 10 

0.00395 7.25 

0.00239 00 

’ The results for the deoxygenation data are presented. ‘Ibe m-oxygenation data gave similar results. Abso was fixed at 0.58717 in all 
cases. Abs, was fixed in cases A-C, F-H. 
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PHOS data 
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LOG P 

I I I 
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Fig. 2. Hill plots of deoxygenation (0) and succeeding reoxygenation (0) curves measured on single hemoglobin samples. Symbols 
indicate observed points and lines were calculated from the A values obtained by weighted least-squares analysis (case A in tables 3 

and 4). 

agreement between the deoxygenation and re- 
oxygenation curves is excellent for both PHOS 
and BISTRIS data sets. 

Because of this excellent agreement, only de- 
oxygenation data will be presented in the ensuing 
text. However, identical results were also obtained 
for reoxygenation data in the succeeding analysis. 

Since the asymptotic nature of the top end of 
the equilibrium curve is highly sensitive to the 
Abs, value used, the extent to which the A values 
are influenced by minute changes ,in Abs, value 
was also .investigated Fig. 3 shows top end ex- 
trapolations of PHOS deoxy data in which the 
Abs, value at the ordinate intercept (i.e., the c 
value in eql 10) was forced to increase or decrease 

by 0.1% of the AAbs, value compared to the 
normally extrapolated value (fig. 1, lower). The 
extrapolated lines apparently deviate from the data 
points and look unnatural. The best-fit A values 
obtained with the altered Abs, values are given in 
tables 3 and 4 (cf. cases B and C with case A). 
Upon minute changes in Abs,, the A, and A, 
values vary only slightly whereas those of A, and 
A, show marked variations in the opposite direc- 
tion, the A, value for PHOS data even being 
negative. Fig. 4 shows how strongly the top por- 
tion of the Hill plot above 99% oxygen saturation 
(log[ Y/(1 - Y )] > 2) is influenced by a change in 
Abs, of only 0.1% of the AAbs, value. Similar 
results were also reported previously [20,30]. 
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1 /PO, - -1 0 1 2 3 

LOG P 
Fig. 3. Extrapolation of top end of PHOS data (deoxygenation). Fig. 4. Hill plots of deoxygenation curve (PHOS data) with 
(Upper) Abs, was increased by 0.1% of AAbs, (ii cq. 10, II different top end extrapolations. (0) Normal quadratic ex- 
and b wexe floated while e was fried at 0.00044+0.00060 = trapolation (case A in table 3); (0) Abs, was increased by 0.1% 
0.00104); (lower) Abs, was decreased by 0.1% of AAbs, of AAbsT (case B); (0) Abs,was decreased by 0.1% of AAbs, 

(c=-0.00016). (case C). Lines were calculated from the best-fit A values. 

3 

2 1 

Table 5 

Best-fit parameter values for deoxygenation and reoxygenation curves measured on single hemoglobin samples a 

PHOS 

WxY Reoxy 

BISTRIS 

Deoxy -xY 

Al (mmHg-‘) 6.04~10-~ 

A, (mHg-‘) 1.38x1V3 

A, (mmI%-3) 3.19x10p4 

A, (mHK4) 2.55 x 1O-4 

K, (mm%-‘) 1.51 x10-2 

K2 (-I-Q-‘) 1.52~10-~ 

K, (mmfh-‘) 3.47 x lo- l 

K4 W%-‘) 3.20 

PHI be3) 8.22 

Pm (~Hg) 7.91 

nmti 3.21 
W 9.14 

5.84x10-2 7.52x10-’ 
1.59x10-3 6.38x10-’ 

2.89~10-~ 1.73x10-3 
2.67X 1o-4 1.85~10-~ 
1.46x10-2 1.88x10-* 
1.82~10-~ 5.66x10-2 

2.72x 10-l 4.07x10-’ 

3.69 4.28 
8.13 4.92 

7.82 4.82 
3.23 3.18 

1.09x 10 3.50 

7.36X 10-2 
5.51x10-~ 

1.60~10-~ 
1.97x10-3 
1.84x10-2 

4.99x10-2 
4.35x10-l 
4.93 
4.84 

4.75 
3.23 
4.17 

’ The bottom and top absorbance values were obtained by quadratic extrapolation. Best-fit A values were obtained by. weighted 
least-squares analysis. Other parameters were calculated from the A values. 
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l/p01 3 

Fig. 5. Extrapolation of top &d of PHOS data (deoxygenation). 
(Upper) With A, floated (case D in table 3); (lower) .with AJ 

fried at 0 (case E). In both cases, Abs, as well as the Adair 
constants was treated as an unknown parameter in the weighted 

least-squares analysis. 

3.2. Least-squares fitting with weighting and Abs, 
floated 

It may be pointed out that the quadratic graphic 
extrapolation could introduce some subjective ef- 
feet into the Abs, value, since the goodness of fit 
in the extrapolation plot was judged by eye. 
Therefore, eq. 1 cotibined with eq. 9 was least- 
squares fitted to (pj,Absj) data sets with Absa 
fixed and Abs, floated, and five parameters (four 
As and Abs,) were simultaneously evaluated. The 
top end extrapolation using the best-fit Abs, value 
for PHOS data is shown in fig. 5 (upper). The 
best-fit parameter values are given in tables 3 and 
4 (case D). They are virtually identical with those 
obtained through quadratic extrapolation by eye 
(case A), indicating that the possible subjective 

effect mentioned above is not a matter for con- 
cern. 

Further least-squares fitting was performed with 
Abs, floated and A, fixed at zero. In this case, 

the best-fit Abs, value produces an unnatural 
extrapolation of the top end (see fig. 5, lower 
part). By forcing A, to be zero, the agreement 
between the experimental and calculated Hill plots 
becomes worse; the top portion of the experimen- 
tal Hill plot wanders around the calculated line 
which has an asymptotic slope of 2 (fig. 6). Due to 
a compensating effect, the A, value is markedly 
increased when A, is forced to be zero (cf. case E 
with case D in tables 3 and 4). 

3.3. Least-squares fitting without weighting 

The present oxygen equilibrium data were 
analyzed through the same least-squares fitting 

r I I 

-3L ’ I I 1 

-1 e 1 2 
LOG P 

Fig. 6. Hill plots of deoxygenation c-e (PHOS data). (0) 

With A, floated (case D in table 3); (0) with A3 fixed at 0 
(case E). Lines were calculated from the best-fit A values. 
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procedures as those labeled cases A-E in tables 3 
and 4 except for using no weights, i.e., using equal 
weights. Cases F-J correspond to cases A-E, re- 
spectively. 

When predetermined values of Abss and Abs, 
were used (cases F-H), exactly the same phenom- 
enon regarding the behavior of As as that noted in 
cases A-C was equally observed but the best-fit 
values of A,, AZ, and A, were somewhat different 
from those obtained in weighted fitting. Interest- 
ingly, when Abs, was floated (case I), the A, 
value became negative for both PHOS and 
BISTRIS data. When A, was fixed at zero (case 
J), deviation between the experimental points and 
the calculated line at the top portion of the Hill 
plot was evident (fig. 7). 

-31 ’ 
-1 

I I I 

e 1 2 
LOG P 

Fig. 7. Hill plots of dcoxygenstion curve (PHOS data) ob- 
tained tiy unweightcd fitting. (0) With Abs, obtained by 
quadratic extrapolation (case F in table 3); (0) with Abs, 
floated (cast I); (0) with A, = 0 and Abs, float4 (case J). 

Lines were calculated from the best-fit A values. 

LOG P 

Fig. 8. Y vs log p #lots of deoxygenation curve (PHOS data) 
obtained by unweighted fitting. Other details as in fig. 7. 

As shown for cases F and I in fig. 7, the 
unweighted least-squares fitting shaws a general 
trend that both the bottom and top .portions of the 
calculated Hill lines deviate upward from the cor- 
responding experimental plots. This indicates that 
the fitted curves are more asymmetric than those 
observed, as shown by increased values of W 
(tables 3 and 4)_ 

Fig. 8 shows oxygen saturation vs log p plots 
of the same data as those plotted in fig. 7. Using 
this form of data presentation, resolution of the 
deviations between the top ends (also the bottom 
ends) of equilibrium curves is difficult, whereas it 
is readily achieved on the Hill plot where the end 
portiOns are enlarged. 

4. Discussion 

4. I. Problmnr and strategies: experimental aspects 

To obtain true values of the Adair constants 
from the oxygen equlibrium curve, the hemoglobin 
sample must be of high purity with respect to 
contamination by minor hemoglobin components 
and derivatives other than the oxy or deoxy form, 
such as me&b and COHb, and dissociated forma. 
The present experiments using purified, con- 
centrated Hb A samples with low levels of metHb 
satisfy these conditions. 
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To determine a highly accurate oxygen equi- 
librium curve both the hemoglobin sample and the 
apparatus must be stable enough during measure- 
ment. The degree of stability is judged from the 
agreement between the deoxygenation and re- 
oxygenation curves measured for a single hemo- 
globin sample. The reversibility of oxygenation, 
i.e., the agreement between the two curves, is an 
important criterion that allows us to feel confident 
of having observed the ‘equilibrium’ [3,10]. Any 
changes other than those of the absorbance associ- 
ated with oxygenation and reoxygenation can be 
factors affecting the reversibility; namely, metHb 
formation, protein denaturation, . aggregation or 
dissociation, drift of apparatus, etc. In the present 
study the increment in metHb content during 
measurement was only 1.6-1.7% (table 2). The 
maximum drift of zero baseline for the spectro- 
photometer used is 0.0004 absorbance units per h 
as described in the instruction manual and con- 
firmed by the author. This drift amounts to only 
0.067% of the typical AAbsr value (0.6), and this 
percent value is smaller than the AAbs, change 
(0.1%) intentionally introduced into the extrapola- 
tion tests for the top end of the plots (see section 
3). The excellent agreement between the de- 
oxygenation and reoxygenation curves as demon- 
strated on the Hill plots (fig. 2) and by the best-fit 
parameter values (table 5) proves that true equi- 
librium curves were indeed determined in the pre- 
sent study. 

The importance of reversibility has been recog- 
nized by few investigators. Gill et al. [13] pre- 
sented one data set which showed agreement be- 
tween deoxygenation and reoxygenation curves 
(see data set J + J* in their paper). However, 
their reversibility test was not sufficiently strict, 
since reoxygenation was achieved only up to p = 
30 mmHg (Y = 0.986) while deoxygenation started 
at p = 4.50 mmHg (Y = 0.999). Further, their data 
set showed a significant difference in AAbs, be- 
tween the deoxygenation (0.1269) and reoxygena- 
tibn (0.0971)- curves, indicating that some irr* 
versible change contributing to 23% of A Absr 
occurred .during measurement. Compared to their 
thin-layer cell, our apparatus has the advantage 
that the top portion of the equilibrium curve to 
which A, is sensitive can be measured rapidly in 

both forward and reverse directions, since only a 
small amount of oxygen combines or dissociates 
in this region. This minimizes the effect of sample 
and machine instability and provides accurate data 
suitable for exploring the asymptotic properties of 
the top portion. 

The reliability of the best-fit parameter values 
becomes greater as the number of data points per 
equilibrium curve increases [31]. With our ap- 
paratus this number can easily be increased by 
using a sampling factor, a, closer to unity with no 
change in total measurement time. On the other 
hand, with Gill’s thin-layer cell, the measurement 
time becomes longer in proportion to the number 
of data points, since complete establishment of 
equilibrium is required upon every stepwise change 
in p. The measurement time cannot be prolonged 
very much due to the limited stability of hemo- 
globin samples. Decrease in the thickness of the 
layer reduces the equilibration time, but A Absr 
becomes smaller, thus impairing the spectrophoto- 
metric accuracy. In fact, the small AAbsr value 
(approx. 0.1) of Gill’s group as compared to ours 
(approx. 0.6) can cause loss in resolution due to 
lowered signal-to-noise ratio [31]. 

4.2. Problems and strategies: analytical aspects 

The author has stressed the importance of cor- 
rect extrapolation of both ends of the oxygen 
equilibrium curve [3,10,27]. To make unequivocal 
extrapolations possible, the equilibrium data must 
be collected over a wide range of saturation. The 
Hill plot is very useful for a diagnostic test of 
equilibrium data. To resolve the asymptotic nature 
of the Hill plot for Hb A under the usual experi- 
mental conditions, it is necessary to measure 
oxygen saturation from 1 to 99.9% [3,8]. Because 
of the asymmetric nature of the equilibrium curve, 
extrapolation of the bottom part is easier than 
that of the top. Therefore, Abs,, was fixed at a 
constant value while Abs, was changed or floated 
in the present analysis. 

The present analysis shows that even a 0.1% 
change in Abs, can cause significant changes in 
the shape of the upper portion of the Hill plot (fig. 
4) and in the best-fit Adair constants (tables 3 and 
4). Based on a similar analysis, Marden et al. PO] 
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concluded that unique solutions for the R-state 
affinity and populations of intermediate states 
may be impossible to achieve, since the differences 
in that affinity and fraction of the triply liganded 
species are within the experimental errors of a few 
parts per thousand. However, the present study 
indicates that careful determination of the upper 
extreme enables one to resolve even a 0.1% change 
of Abs, on the Abs vs l/p plot (fig. 3) and such 
efforts are hence worthwhile in order to achieve 
unique solutions. 

4.3. Magnitude of A, value 

The author concludes that (a) the major cause 
for the occurrence of a zero (or negative) A, value 
in the analysis of Gill et al. is the use of equal 
weighting and (b) the zero A, value cannot be 
accommodated within accurate equihbrium data. 

Gill% group [13] employed equal weighting in 
their least-squares fitting procedure. This manner 
of weighting (i.e., unweighting) can be appropriate 
when the residuals are evenly distributed through- 
out the equilibrium curve. However, the actual 
distributions are apparently uneven (see fig. 2 of 
ref. 13), suggesting that heavier weights should be 
applied to both ends. 

In the analysis of Gill et al., a small ‘negative’ 
fitted value for A, was obtained in virtually all 
cases when constraints on the A terms to be 
positive were removed [13]. This means that their 
raw data or adequacy of their analysis, or both, 
should be reexamined; otherwise they should have 
obtained physically meaningful positive values, or, 
at least, values randomly distributed around zero 
for A,. 

We used a parabolic weight function (eq. 11) 
which is based on eq. 12. As previously pointed 
out, the curve fitting using this weighting is equiv- 
alent to that using equal weighting on the Hill plot 
[3,8]. The explanation for obtaining the error dis- 
tribution of Y (eq. 12) in spite of even error in 
absorbance measurement is as follows. In our 
least-squares analysis, the independent variable 
( p) is treated as error-free and its error is incorpo- 
rated into the dependent variable (Y). The relative 
error, Sp/p, rather than Sp itself, and therefore 
the error of log p, is nearly constant in the major, 
intermediate region of saturation [9]. This results 
in a parabolic distribution of error for Y, since a 
minute shift of the Y vs log p plot along the 
abscissa produces a change of Y which shows a 
bell-shaped dependence on Y. 

The present equilibrium data are not consistent 
with an asymptotic slope of 2 for the upper end of 
the Hill plot and, consequently, with a zero A, 
value. When Aj is forced to be zero, the top end 
extrapolation and the top portion of the.Hill plot 
show apparent disagreement between observed and 
fitted data (figs 5 and 6). Such disagreement also 
occurs when equal weighting is used (fig. 7). The 
present analysis with normal end extraPolation 
and weighting consistently gave positive A, values 
which are comparable to A, values (table 5). These 
values yield K4 values ranging from 3 to 5 (refer 
to eq. 4). The zero A, value makes the K, value 
as large as 21 mmHg-’ [32] which is inconsistent 
with the generally accepted affinity for the R state 
Pa 

4.4. Criteria for correct determination of the Adair 
constants 

The present analysis showed that the choice of The following criteria are given. (a) Deoxygena- 
weighting has a quite different consequence. On tion and reoxygenation curves must agree 
fitting with equal weighting and Abs, floated, throughout the entire range of saturation. (b) The 
negative A3 values were obtained whereas, on weighting used in least-squares fitting must be 
fitting with weighting, the A, value was always appropriate; it must be determined from experi- 
positive irrespective of whether Abs, was fixed or mental error distribution data. (c) Positive values 
floated (tables 3 and 4). The former way of fitting for As must be obtained without any constraint on 
probably reproduces the situation encountered by them. (d) There must be no systematic deviation 
Gill’s group. It was pointed out that equally between the experimental and fitted curves. (e) 
weighted fitting results in an unusually small value Agreement between given equilibrium curves must 
for A, [31]. be tested on the Hill plot, not on the conventional 
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Y vs log p plot; it is impossible on the latter to 
resolve small deviations on the top portion which 
are distinct on the former (cf. fig. 8 with fig. 7). 
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