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SUMMARY 

C02-dissociation curves of concentrated human deoxy- 
and carbonmonoxyhemoglobin at 37”, pH 7.6 to 7.0, pco, = 
10 to 160 mm Hg, have been obtained by a rapid mixing 
and ion exchange technique. The Coy-dissociation curves 
for deoxyhemoglobin can only be fitted by assuming two 
classes of binding sites for carbon dioxide. The simplest 
way to account for the experimental data is to assume that 
the a-amino groups of the a! and /3 chains react with carbon 
dioxide with affinities that differ by at least a factor of 3. No 
difference in reactivity with CO, was found among the four 
terminal a-amino groups of carbonmonoxyhemoglobin. 

At physiclogical pco *, pH, and temperature, carbon dioxide 
iu blood or hemoglobin solutions esists mainly as: (a) tlissol~cc! 
(102, (b) bicarbonate, and (c) c:Lrbarllillollerrloeloluirl. 

COn combines, uudcr ph>-siological colrtlitiolls, with the four 
a-NHs groups of valincs at the cwl of the 01 and B rhains of 
he~noglob~~~. The binding there i;: oxyg:-Cwli;lked, i.rT. at c~owtant 
pcos and pII dtoz)hcinoglol~iri form. r: more IIb(‘02’ thau HbO, 
or HWO. 

In the previous papers WC have rtportccl 011 the carbamntc 
react iolla of bovine hcrnoglobin by a new iou esc~lmqq/gcl filtra- 
tiou method. ‘l’hc initial USC of bovine hemoglobin, tluc to its 
czccllent stabilit>- at alkaline $1, has al~vays been prcfcrred b> 
all prcl-iouy iilvwtigators iir this Geld. \l’c lrav? no\v tlevclopetl a 
IICK mc~tliotl suital)lc t,o tlw iuvehtigation of the C‘O, rcactioris of 
human hemo~lobii~. ‘I’hcw Audits not only have a coriiitlrrablc 
plrysiological iritcrc\t, but rcprwrnt ali c;xwtinl itc>p for the 
study ol tlw iiiterac(iori between hrmo~lobifi and other :illoAcric 
ligallds. ,1 thorough review of previous work ill this field has rc- 
ccntly appcarrsd (1). 

The method drncribed in this paper rrquirrs 300 to 500 ~rq of 

* This work was supported by Contract 73.00432.01.115.35118 
from t,hc National Council of Ilesearch, Rome. 

I The abbreviations used are : IIbCOn, cnrhaminolremoglohin; 
2,3-UPG, 2,3-diphosphoglyccrate; dismox (acctszolnmid~), 2. 
acetylalnino-1,3,4~thiadizaole-j-sulfonamide; cardrase (cthox- 
zolamide), 6-ethos~-ber~zo-t,hiadiazole-2-s~~lfoa~nidc; IIb, de- 
oxyhemoglobin; IIbCO, car~)onmorlosyhemo~lo~)i~~; HbOz, 
oxyhrmoglobin; a*“~~, human hemoglobin reacted with cyanntt nt, 
the cv chainwamino groups; a@/, human hemoglobin rcactcd with 
cyanatc at, the ,Y chain a-amino grol~ps; TEA, triethylamine; 
K,, K’,, dissociation constant, of hemoglobin carbamatc; K,, K’,, 
ionization constant of the terminal wamino groups of hemoglobin. 

hrmoglobin for each &termination. FTowwcr, by using suitable 
microtrrhriiqucs for c’02 analysis, the total protein rcquircmcnt 
ran bc reducrd to - 100 mg. This rrprrsrnts a 20.fold improl-r- 
mcnt, at least, over previous techniques. Owing to the gwwral 
validity of the mctllod tlcscrilwd, which (aan taily br :icl:qtrd to 
tlir: investigation of the c’Oz rractioris of otlior prot(iris, a ratlirr 
tletailctl tlewripiion of the rqwrimcwtnl procedure k given in the 
miniprint hupph~ftf~t.2 

Hrnry’s Law rocfFic+nt in hemoglobiii solutions of varying coii- 
crntrations, at 37”, are shown in Fig. 2. C)’ gives the rorlceutra- 
tion of tlit sum (C’O, + I12C03) per liter of hcrrioglobili iolution 
at 760 mm Hg C’Oa, for the espcrimcuts at pH - 4.6. B’or the 
cqcrimci~ts at pI I - 6.2, &’ espres:xes the true free C’O, (MLW3 
is in “irlstarltallrous” equilibrium with HC’OJ-, which i;: removed 
in the ion rwhnrige process). Thr concentration of Ilz(‘03 is, 
howver, approximately l/600 (15) of C’O, and thus no practical 
tlifferrrlcc between the two cspcrimcntal approaches should be 
noticed. Fig. 2 shows that the data obtained by the esperimcnt,s 
at pII 6.2 are more scattered thau those yielded by the ‘I’an Slyke 
method. This was expected because of the greater number of in- 
tlrpcndcnt measurements needed b>- the former mcthotl. IIon-- 
cvrr, the most scattered points arc ltvs than 3’;; off thr least 
squaws line drawl through the erpcrimrntal data, and no sys- 
tematic deviations between thr tw mcthotls arc obscr\-cd. 

Carbamafes oj Ilb and IlbCO&Fig. 3 Aow the carbamate of 
tleo~~licrrioglobiri as a function of pH at p602 2 120 mm IIg. 
The slope of this curve at a given 111-1 was used to correct tlatn 
obtairictl at slightly different pIT valurs (\cc “Methocls,” w(‘- 
tion c). These corrections ww applied to both Hb a11cl IlbC:O 
data obtained at Merent pcoz T-alues. Iii fact, I’rrrella ?I al. (6) 
have sho~vn that curws at C’Oa fractional >aluratiorr wrsus pH 
at differrut ~~coz valurs run almost parnllrl to cac*h otlirr. CO, 
saturation curves at coiistarlt pH but with varying pco2 prez4ircl-; 
arc ~howu in Fig. 4 for tlcos~liemoglobiii, and in Fig. 5 for f  IbC’O. 
l’rcvious rsprrinients (5) have sh0w11 that the CO2 bin(ling 
properties of HbC’O ant1 HbO, arc iclrntical, aud data obtained 

2 Supplementary data for The Binding of COz to Human Hcmo- 
globin are availsblt as .JBC Uorument Xumbcr 74hI-851, in the 
form of G pages. Orders for supplcmcntary material shotlId sprcify 
t,hc title, author(s) and reference to this pnpcr, the .JBC J)ocl~ment 
number, and the number of topics desired. Orders should be ad- 
dressrd t,o The Jollrnal of Biological Chemistry, %i5O I:ockvillc 
Pike, Bcthrsda, RIarylnnd 20014 and mllst hc ncconlpnnicd by rc- 
rnittance to the order of the Journal in the amount of $1.00 for 
photocopy. 
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FIG. 1. The continuous flow apparatus for HbCOt determina- 
tion. A and B, 2-ml syringes; D, pushing platform; P, Perspex 
mixing block; R, double-walled glass chamber; L, nitrogen inlet; 
T, plastic tubing; M, mixer; t, two-way taps. 
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FIG. 2. Q’, the apparent solubility coefficient of CO2 in human 
hemoglobin solutions. n , HbCO, as estimated by the method of 
Van Slyke (13) at pH - 4.5, I - 0.14 at pcoz = 80 to 160 mm Hg. 
0, HbCO, and 0, Hb, as estimated by the ion exchange method 
of this paper. 

::.-I 
PH 

FIG. 3. Carbamates of human hemoglobin in moles of CO2 per 
mole of hemoglobin tetramer (+) versus pH at constant pco*, Z - 
0.2, temperature = 37”. 

with the CO form can be safely used for physiological applica- 
tions. 

FIG. 4. 4 Z)BTSZLS pcoz for human deoxyhemoglobin at various 
pH values. The solid lines have been calculated from the constants 
reported in Table I. 
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FIG. 5. 4 versus pcoz for human carbonmonoxyhemoglobin at 
various pH values. The solid lines have been calculated from the 
constants reported in Table I. 

nique. Unfortunately, Ferguson did not measure the pH of his 
solutions, and a direct comparison with his data is not readily 
possible. 

However, in a limited number of the experiments reported in 
Figs. 4 and 5, the total COz of the hemoglobin solutions used for 
HbCOz determination has also been measured. From such data 
it is thus possible to calculate the apparent pK (Equation l), 
of carbonic acid under experimental conditions of protein con- 
centration and ionic strength very similar to those of Ferguson. 
The equation used is a modified form of the Henderson-Hassel- 
bath equation (24, 25), i.e. 

pH = pKr + log 
[total CO,1 - [HbCO* + CO21 

[CO,1 
(6) 

DISCUSSION 

Method for Determining Carbamates of Human Hemoglobin- 
The main methods for determining HbCOz have hitherto been 
based on (a) the classical BaC03 precipitation method (16, 17), 
and (b) the measurement of the change of pco2 in solution as 
carbamate is formed, originally by manometry (18), but more 
recently with the aid of pcoz electrodes (19-23). In the case of 
human hemoglobin, the COz binding data presented in this paper 
can only be compared with the data of Ferguson (17), obtained 
with the barium method; and with those of Forster et al. (22) and 

Analysis of 12 experiments at pH 7.4 with pcoz values ranging 
from 21 to 160 mm Hg gave an average pK1 = 6.197 f  0.011. 
Ferguson assumed in his calculation of pH an arbitrary value of 
pK1 = 6.1. Revised values make it now possible to assign to 
each of Ferguson’s HbCOz determinations a precise pH value. 
Ferguson’s data can thus be compared with the corresponding 
values of HbCOz obtained by interpolation from the data of 
Figs. 4 and 5 at the same pcOz and pH. The comparison is shown 
in Fig. 6. No systematic deviations between the two methods of 
analysis are apparent. This is satisfactory, considering the dif- 
ferent experimental approach and the size of the corrections 
used bv Ferauson to calculate HbCOS. Brenna et al. (23), both obtained with the pco2 electrode tech- ~~~ ~ 
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FIG. 6. The percentage saturation of human hemoglobin with 
CO? as obtained by Ferguson (17) is plotted on the ordinate versus 
that obtained at the same pco2 and pH by the method of this paper. 
Only the most complete experiments of Ferguson, i.e. Experi- 
ments. 24.viii.35, 23.x.35, and 8.xi.35, have been considered. 0, 
deoxyhemoglobin; 0, oxy- or carbonmonoxyhemoglobin. 

The HbCOz binding data of deoxyhemoglobin at pH 7.4 re- 
ported in this paper can also be compared with data obtained 
under similar conditions of pH, pco2, temperature, and ionic 
strength by Brenna et al. (23) with the pco, electrode technique. 
At PCO~ = 40, Brenna et a2. reported a value of $I - 8% higher 
than the corresponding value obtained with the ion exchange 
method of this paper. This discrepancy rises to approximately 
10% at PCO~ = 120 mm Hg. It should be noted, however, that 
in the experiments of Brenna et al., the protein concentration was 
only 4 to 6 mM/Fe/liter. Furthermore, uncertainties as to the 
values of Q’ do have a much higher effect in the calculation of 
HbCOz in the pcoz electrode technique, especially at high pcoz 
values. Such uncertainties, coupled with the well known diffi- 
culties of accurately measuring pcoz in streaming fluids, may 
well explain the difference noted between the two methods. The 
experiments of Forster et al. (22) are in general qualitative agree- 
ment with the results reported here. Very few data in the critical 
pH range 7.3 to 7.6, however, have been reported by the same 
authors, and a quantitative analysis of their data is not feasible. 
The method for determining HbCOz presented in this paper is 
also validated by the agreement found between the values of Q’ 
obtained with the classical method of Van Slyke et al. (13) and 
the ion exchange procedure (Fig. 2). 

Analysis of Binding Data-According to Kilmartin and Rossi- 
Bernardi (9), only the NHs-terminal a-amino groups of horse 
hemoglobin react with CO2 in the pH range 7.0 to 8.0. Van Kem- 
pen and Kreuzer (26) reached the same conclusions for bovine 
hemoglobin. For human hemoglobin, Kilmartin et al. (27) have 
recently found that COz does not affect the oxygen affinity of 
hemoglobin carbamylated at the four a-NH2 groups. Thus, we 
may reasonably assume that the data of Figs. 4 and 5 represent 
the equilibrium between the four terminal valines of human he- 
moglobin and COZ. If all the four binding sites have equal affinity 
for COS, then, according to the analysis of Perrella et al. (6), 

4X[CO,l 
+ = 4z = cj- XICOI] (7) 
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FIG. 7. Scatchard’s plot of CO% binding data of human deoxy- 

hemoglobin at pH 7.4. The curved line has been drawn by hand 
through the experimental points. The straight line has been ob- 
tained by least squares fitting assuming a linear relationship be- 
tween +/[CO,l and 4. 

where 

(8) 

Fig. 7 shows a Scatchard plot of the data obtained for the most 
complete experiments of COZ binding, i.e. deoxyhemoglobin at 
pH 7.4. The “best” straight line through the points on this plot 
intercepts the abscissa at $I - 3, suggesting some heterogeneity 
between the four reacting sites. 

The simplest way to account for the experimental data, which 
would also be in agreement with the known difference in chemical 
bonding of the two pairs of the Lu-amino groups of the o( and fl 
chains (28, 29), is to attribute a different value of X (Equation 
8) to the two pairs of NHz-terminal amino groups. Equations 7 
and 8 can accordingly be transformed into 

2X,KO,l 
4J = 42 = 1 + X,[CO,l 

2X,lCO,l 
+ 1 + X*lCO,l 

(9) 

where 

K’,K’, K” K” 
‘I = K’,[H+] + [H+]z and x2 = 

e 1 
K”,lH+l + [H+]Z 

(10, 11) 

It should be clear that the Xs of Equations 7 and 9 can also be 
considered as apparent COZ binding constants, independent from 
the mechanism of COZ combination to cr-NH* groups expressed 
by Equations 4 and 5. If  the mechanism indicated by the two 
equations is correct, then the dependency of X or hl and XZ on 
pH can be described by Equation 8 or Equations 10 and 11. 
Values for Xi and XZ on the two classes of binding sites hypothe- 
sis have been obtained by a standard least squares procedure (30). 

Table I summarizes the values of X so obtained together with 
their standard errors. In the case of HbCO, due to the low car- 
bamate concentration and to the fewer number of experimental 
points, the model expressed by Equation 9 cannot be safely 
tested. In such a case, an empirical constant X has been calcu- 
lated according to Equation 7 to fit the data. The solid lines of 
Figs. 4 and 5 have been calculated assuming the constants re- 
ported in Table I. The results of the analysis of the CO8 binding 
data of human hemoglobin are, so far, in good agreement with 
the results previously reported by Perrella et al. (6) on bovine 
hemoglobin at pH 7.4, at 25”. 
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TABLE I 

Computed values of Xi and XZ (Equation 9) and associated standard 
errors at various pH values for Hb and HbCO 

Hb 

PH x1 (as’) 
I 

x2 (M-l) 

7.4 774 * 4.ly7c 113 + 6.27, 
7.2 348 i 8.3% 87 & 12.6% 
7.0 186 * 19.470 50 + 38% 

HbCO 

PH x 

7.6 X = 156 (equation 7) 
7.4 X = 92 (equation 7) 
7.2 X = 55 (equation 7) 

To calculate values of K’, ,K”, and K’, ,K”,, Equations 10 
and 11 can be transformed into the corresponding linear forms, 
of which Equation 12 is an example. 

1, 1 + [H+l -=- __ 
x,[H+] K’, K’,K’, 

02) 

A plot of l/Xi[H+] versus [H+] should give a straight line hav- 
ing 1 /K’,K’, as angular coefficient and giving 1 /K’, as intercept 
on the ordinate. When the values of Table I are treated according 
to Equation 12, however, no meaningful values of K’C,K”C and 
K’, , K”, can be obtained. The results of this analysis show that 
a considerable decrease in the standard errors of the parameters is 
required if a proper test of the effect of pH and of oxygen or 
carbon monoxide binding of human hemoglobin is to be made. 

Effect of Carbon Monoxide on HbCOz Binding-The effect of 
carbon monoxide on HbCO* binding can be deduced from the 
CO* binding data shown in Fig. 4 for deoxyhemoglobin and in 
Fig. 5 for carbonmonoxyhemoglobin. According to Reactions 
4 and 5, carbamates should only be a function of pH and pcoz. 
A decrease in CO2 binding at constant pcoz and pH can only 
mean that K, or K, (or both) are affected by the conformational 
changes that are known to occur in the hemoglobin molecule 
upon heme-ligands binding (25). 

Values of F, the difference in carbamate bound by deoxy over 
HbCO at constant pH, can be obtained from the data of Figs. 
4 and 5 and compared with those obtained from the difference 
in total COZ of human oxy- and deoxyhemoglobin solutions at 
PC02 = 40 mm Hg, pH 7.4 (31). The agreement, F = 0.2 versus 
0.21, is very satisfactory. F, as obtained from the data of Figs. 
4 and 5, is not linearly related with pco2, as previously supposed 
(31). 

The reproducibility in the determination of 2 (the percentage 
saturation of hemoglobin with COZ), by the method described 
in this paper, is 1 to 2%. It seems unlikely that this figure can 
significantly be improved. Thus, the present experimental ap- 
proach seems unsuitable for the calculation of statistically signifi- 
cant values of K, , K’, and K,, K’, and for the elucidation of the 
mechanism of the change of COz affinity with pH and ligand bind- 
ing. This is mainly due to the rather small difference between 
X1 and XZ, and to the narrow range of pcoz and pH investigated. 
A glance at the CO* binding curves of Figs. 4 and 5 shows that 
the study of the CO2 equilibrium has been limited to less than 
50% saturation. Unfortunately, technical reasons do not allow 

extension of the pcoz range much beyond 160 mm Hg. Further- 
more, at a pH lower than 7.0, the amount of HbCOz becomes too 
low to be determined with reasonable accuracy. At a pH higher 
than 7.6, on the other hand, the reaction of CO2 with the e- 
amino groups of the molecule might become significant, making 
the analysis of the COz binding data even more complicated. 

The results reported, however, show for the first time the be- 
havior of human hemoglobin in respect to the binding of the 
physiologically important non-heme-ligand COZ. The data should 
be useful for a proper analysis of the role of carbamate compounds 
in regulating oxygen affinity, and of their importance in the trans- 
port of COs by circulating blood. 

Arnone (32) has recently found by x-ray diffraction methods, 
an unexpected positive difference peak behind the P-heme pocket. 
The dimensions of the peak are consistent with the binding of 
COZ or HCOI-, but the hydrophobic nature of this binding site 
would favor the neutral COz molecule. Arnone’s studies suggest 
another form of CO? is “bound” to hemoglobin. It is relevant to 
ask whether this finding would complicate the scheme of COz 
reactions with human hemoglobin presented in this paper. As 
Arnone has clearly pointed out, however, the COn bound near the 
P-heme pocket would be at least 5 to 10 times less for the pcoz 
range investigated in this paper. In addition, any form of loosely 
bound COZ other than carbamate would be accounted for in our 
solubility coefficient for COZ in hemoglobin solution. Finally, it 
should be pointed out that at a pH below 6.8, Rossi-Bernardi 
and Roughton (25) have found that solutions of oxy- and deoxy- 
hemoglobin at the same pH and peoz contain the same amount 
of CO*. This would rule out a possible “oxygen linkage” of the 
COZ present in the P-heme pocket. 

Little doubt is left in regard to the inhomogeneity of the CO2 
reactions of the four a-NH2 terminal groups of the molecule. This 
finding explains the failure of previous attempts at analyzing 
CO2 binding data in terms of only two constants, K, and K, (25). 
The data reported in this paper are in agreement with the results 
of Kilmartin et al. (27), who showed that the effect of COZ on 
the oxygen equilibrium of a@$ wasdifferent from that in the case 
of c@~. The present data cannot be used alone to identify which 
of the two pairs of a-amino groups of human hemoglobin has the 
highest affinity for CO*. The method described, however, can 
now be applied to the study of the COs binding properties of 
a&? and c&p?, making this identification possible. 
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