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Abstract 

A thin-layer gas-solution microcalorimeter has been developed to study the binding reactions of gaseous 
ligands with l&and binding macromolecules. We have measured the enthalpy of binding oxygen and carbon 
monoxide to horse myoglobin, human hemoglobin A,, and sperm whale myoglobin in phosphate buffer at pH 
7.h, with the enzyme reducing system of Ila :,kti El]. Reactions of human hemoglobin were also done under 
various buffer conditions in order to elucidate the Bohr effect. These binding reactions were found not to 
exhibit a detectable enthalpy change over the temperature range of 1O’C to 25°C. The enzyme reducing system 
was shown to react with oxygen in a manner that releases a substantial amount of heat. This problem was 

corrected by using a minimum amount and by placin g the buffer and enzyme system in the reference cell 

cffcciively canceling the oxygen enzyme raactiou heat as well as the heat of gas dissolution. It was also 
demonstrated that glucose-6-phosphate, one of the reducing system components, in SO m C: <tiitcu~~irations can 
influence the heat of binding oxygen and carbon monoxide to hemoglobin. This effect was shown to be absent 
in the myoglobins and also with hemoglobin at glucose-G-phosphate concentrations less than 5 mM. 
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1. Introduction 

The thermodynamic characterizations of lig- 
and binding reactions of oxygen with hemoglobin 
have normally been pursued by analyzing ligand 

t Deceased on 25 June, 1991. 
Abbreviations used: M =subunit containing a heme, Mb= 
myoglobin, Hb = hemoglobin, O2 = oxygen, CO = carbon 
monoxide, ENZ = enzyme reducing system. 
Correspondence to: Dr. C.R. Johnson, Department of Chem- 
istry and Biochemistry, University Of Colorado at Boulder, 
Box 215, Boulder, CO 80309 (USA). 

binding curves within the Adair formalism. The 
Adair coefficients provide the free energy changes 
associated with successive steps in oxygenation; 
the separation of the free energy changes into 
enthaIpic and entropic contributions is more 
probIematic. Application of the van ‘t Hoff rela- 
tionship to the temperature dependence of the 
free energy changes results in an enthalpic-en- 
tropic separation. However, caution must be ex- 
ercised, for this analysis assumes that the change 
in heat capacity of reaction associated with ligand 
binding is zero, in other words the enthalpy of 
reaction is independent of temperature. A second 
assumption for optical methods, is that there is a 
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Table 1 

Tahls of previously reported enthalpics (kcal/mol hcmc) 

Species Reaction Ref. 

M+CO-,MCO M+O,+MO, MO,+CO-MCO+O, 

Sperm whale -21.2 - 17.9 Kcycs ct al., 1971 [I41 
myoglobin - 17.7 Rudolph et al., 1972 115) 

Human - 13.2 Roughton, 1935 1161 
hemoglobin A,, - - 13.4 Splittgerber. 1968 1171 

- 15.7 Bucci ct al., 1991 [IS] 
- 12.4 - 7.7 Parody-Moreale et al., 1987 [19] 
- 15.0 - Gil! et al,. 1980 1201 

- 8.6 Mills and Ackers, 1979 [I3] 
- 12.3 Imai, K. 1979 [21] 

- 17.2 - 13.2 -4.0 Gaud et al., 1974 [22] 
- 7.0 Atha and Ackers, 1974 [23] 

- 11.7 lmai and Tyuma, 1973 [24] 
Myoglobin - 16.2 Rudolph et al., 1972 [15] 

- 22.3 - 17.5 Theorell, 1934 [25] 
Human myoglobin - - 13.0 Rossi-Funelli and Antonini, 1958 [2G] 

linear optical response upon ligand binding which 
is temperature independent. 

An a!ternative approach to the van ‘t Hoff 
method for obtaining enthalpies of ligand binding 
is to directly measure the enthalpy change upon 
ligand binding by calorimetry. To this end we 
have developed a thin layer gas-solution mi- 
crocalorimeter which utilizes millimolar concen- 
trations of heme in microliter quantities while 
exhibiting microjoule sensitivity. In this paper we 
report the development of this calorimeter and 
an initial study of the temperature dependence of 
the overall binding enthalpies of oxygen and car- 
bon monoxide with sperm whale and horse myo- 
globin, and human hemoglobin. Table 1 contains 
previously determined van ‘t Hoff and calorimet- 
ric values for the binding of carbon monoxide and 
oxygen to hemoglobin and myoglobin. 

2. Materials and methods 

2. I General preparations 

Horse and whale Met myoglobin samples were 
purchased from Sigma. The solutions were fil- 
tered (0.45 pm) and dialysed at 6°C for 48 hours 
in four separate six liter soIutions of 0.1 M potas- 

sium phosphate and 1 mM EDTA at pH 7.6. 
Human Hemoglobin A,, samples, stripped of or- 
ganic phosphates, were prepared according to the 
method reported by Williams and Tsay [2]. The 
resulting hemoglobin, less than three percent met, 
was then dialyzed at 5°C for 36 hours in three 
separate six-liter solutions of 0.2 M potassium 
phosphate and 1 mM EDTA at pH 7.6. The 
phosphate buffer was chosen for its small proto- 
nation heat of approximately -0.8 kcal/mol [3]. 
Purified protein samples were stored as pellets in 
liquid nitrogen until ready for use. Enzyme reduc- 
ing system components we. purchased from 
Sigma and placed in the appropriate buffers be- 
fore addition to the heme solutions. The samples 
were checked for alteration in pH before begin- 
ning the experiment. 

2.2 Concetltration determination 

Hemoglobin and myoglobin concentrations 
were determined using =. pxviousIy calibrated 
thin-layer optical cell (0.0101 cm) placed in a 
Gary 219 spectrophotometer. Hemoglobin extinc- 
tion coefficients were ta.ken from the values of 
Benesch et al. [4] modified by van Assendelft and 
Zijlstra IS]. A computer program based on these 
values was written to determine the concentra- 
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tions of oxygenated, deoxygenated and met 
hemoglobin components. The appropriate myo- 
globin extinction coefficients were taken from 
Antonini [6] and Antonini and Brunori [7]. Con- 
centrations of myoglobin were determined in the 
fully oxygenated reduced forms. The oxy-horse 
myoglobin millimolar extinction coefficient at 580 
nm is 14.4 mM-’ cm-’ and the oxy-sperm whale 
myoglobin at 581 nm is 14.6 m M-’ cm-‘. 
Hemoglobin concentrations were approximately 4 
mM heme, while those for myoglobin were 2.5 
rnn/P hcme. Precise concentrations were deter- 
mined to three significant figures after the addi- 
tion of enzyme reducing system just before the 
beginning of the experiment. 

The calorimeter (Fig. l), an extensive modifi- 
cation of an earlier version, consists of two alu- 
minium blocks shielded by an aluminium case 

Fig. 1. Calorimeter and gas dilution valve in detail. 

enclosed in a CPVC canister [S]. Two thin-w::I!cd 
flat-bottom NMR tubes, acting as cell holders. 
extend through the top aluminium block into 
close fitting copper cups mounted on thermopiles 
that are hooked in opposition (twinned). The 
bottom aluminium block contains spring loaded 
aluminium pistons serving to position the ther- 
mopiles with constant force against the copper 
cups, making it easier to assemble. Nominal 100- 
ohm resistor wires arc wrapped around the out- 
side of the copper cups and computer contr~?llcd 
thermo-electrical compensation is employed. A 
stainless steel dilution valve at the top allows for 
the titration of gaseous ligands by way of succcs- 
sive logarithmic dilutions. In this set of cxperi- 
ments it is used simply to supply an excess of 
reacting ligand. The valve is equipped with an 
oxygen electrode in order to monitor the activity 
of oxygen and check the system for leaks. Tem- 
perature is controlled by a Tronac regulated wa- 
ter bath with deviations less than -10.0003”C. 

The instrument is calibrated electrically by 
placing a nominal iO0 ohm resistor wire wrapped 
around a thin-walled copper dowel inserted into 
an NMR tube cell (Fig. 2). This cell, which mim- 
ics the sample orientation, is placed into the 
calorimeter. A series of calibration heats are run, 
the cell constant was determined to be 2.99 + 0.02 
joules per volt second with a 0.43% heat loss. 

The sample and rcfercnce solutions, measured 
by Hamilton syringe (typically 50.0 ,ul), are sus- 
pended on a piece of filter paper that is placed 
on tile inside wall of a flat bottom modified NMR 
tube approximately 2.5 cm in length and 7 mm in 
diameter (Fig. 2). These close-fitting cells are 
then inserted into the calorimeter so that they 
extend into the region of the copper cups. In the 
case of carbon monoxide or oxygen binding to 
deoxy he;ne the sample and reference are flushed 
with buffer equilibrated nitrogen until oxygen is 
removed, this procedure taking up to five hours 
for the high affinity horse Mb at low tempera- 
turcs. The bore of the valve is then flushed with 
buffer equilibrated carbon monoxide or oxygen, 
the valve is turned and reacting ligand is reIeased 
into the reaction chambers. In the replacement 
reaction in which oxygen is dispIaced by carbon 
monoxide, the system is flushed with buffer equi- 
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Thin-wall nmr tube 

Fitter paper lmlng 

Copper dowel 

Reststor wire wrap 

/ 

Thin-wall nmr tube 

REACTION CELL CALIBRATION HEATER CEL!. 

Fig. 2. Modified NMR tube cell and calibration heater. Cells arc rounded at the top in wdcr that they may be easily removed from 

the cnlorimcter. 

fibrated oxygen and then titrated with carbon 
monoxide. All of these types of reactions are 
completed in less than five minutes and 95% 
electrical compensation is obtained. The heat ef- 
fect caused by the dissolution of gas is canceled 
out by the placement of buffer in the refercncc 
cell. Reactions conducted with a number of dif- 
ferent filter papers at varying concentrations of 
heme indicated no unusual filter paper interac- 
tions. 

3. Results and discussion 

In order to limit the extent of met heme pro- 
duction the enzyme system of Hayashi was used 
(Fig. 3) under conditions shown in Table 2 [l]. 
The components for the reducing system include 
an NADPH generating system (NADP, glucose- 
6-phosphate, glucose-6-phosphate dehydroge- 
nase) and an electron-mediating system (fer- 
redoxin and ferredoxin-NADP reductase). To- 
gether, along with catalase (used to eliminate 
peroxides), this ensemble serves to keep hemo- 

globin and myoglobin in their reduced forms in a 
continuous fashion with glucose-6-phosphate act- 
ing as the fuel. The reducing system is thought to 
accomplishes this without aIteration or damage to 
the reduced protein. However, two problems were 
manifested when reacting carbon monoxide and 
oxygen with myoglobin and later with hemoglobin. 
The first situation was encountered when react- 
ing sperm whale myoglobin and enzyme system 
with carbon monoxide while placing 
in the reference cell. For the binding 

Mb + CO --) MbCO 

A.H = - 17.3 + 0.05 kcal/mol heme 

only buffer 
of co, 

When the replacement reaction was carried out, 

MbOz + CO + MbCO + 0, 

AH= - 1.32 + 0.02 kcal/mol heme 

Finally for oxygen binding, 

Mb + 0, + MbO, 

AH= - 17.4 + 0.05 kcal/mol heme 
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ENZYME REDUCING SYSTEM enzyme system, in the absence of myoglobin, with 
oxygen yielding an exothermic response. 

ENZ + 0, + ENLO,? 
GLUCOSE-6-PHOSPHATE 

DEHYDROGENASE 

GLUCOSE-S-PHOSPHATE B-PHOSPHOGLUCONO-6LACTONE 

c% 

NADP. NADPH 

2 N,?O? 4 LJ 
NAOPH-FERREDOXIN REDUCTASE 

o, l 2HyD 

CATALASE <\ 

I 
f \ 

FERREDOXIN (Fc -2) FERREDOXIN (Fe ‘31 

\ t 

07 - 2 H 20 

?=-+I 
I J 

HEME (l-e -3) HEME (Fe -2) 

Fig. 3. Enzyme reducing system of Hayashi et al. [l]. Glucose- 
6-phosphate is n@l regenerated, therefore an excess must be 

used. 

It was apparent that the enthalpy changes were 
not internally consistent and it was hypothesized 
that the enzyme system was interacting with oxy- 
gen (Fig. 3). This was tested by reacting the 

AH = - 1.41 _t 0.03 kcal/moI 

(based on heme used) 

An exothermic baseline shift in the last two reac- 
tions indicated that there was an on-going reac- 
tion of the enzyme system with oxygen. The solu- 
tion to this problem was to pIace the enzyme 
system in the reference cel1 and decrease the 
concentrations of the components of the system 
to minimize the effect. Using this method re- 
sulted in an oxygen binding enthalpy of 

Mb + 0, + MbO, 

AH = - 16.0 _C 0.05 kcal/mol heme 

The reducing system enthalpy of reaction with 
oxygen is controlled to less than -0.1 kcal/mol 
heme. 

The replacement of 0, bound to myoglobin by 
carbon monoxide was performed under oxygen so 
that the introduction of a small amount of carbon 
monoxide did not significantly interrupt the oxy- 
gen enzyme reaction (i.e. no baseline shift). 

The prospect of oxygen reacting with this com- 
monly used enzyme system leads to the question 
of whether large arnounts of oxygen are being 
consumed. In some types of oxygen binding ex- 
periments this effect could produce significant 

Table 2 

Experimental conditions 

Species 

Sperm whale myoglobin 

Horse myoplobin 

Buffer 

2.41 mM Heme 
0.1 M Potasstum phosphate 

1 mM EDTA 
pH 7.6 

Reducing system 

5.0 mM Glucose-(i-phosphate 
I0 PM Catalase 

10 PM Ferredoxin 
100 PM NADPH 
100 PM Glucose-&phop!rate dchydrogenase 
1.0 pM Ferredoxin-NADP+ reductase 

Human hemoglobtn A,, 4.19 mM Heme 
0.2 M Potassium phosphate 
2 mM EDTA 
pH 7.6 

2.0 mM Glucose-6-phosphate 
10 pM Catalase 
10 p M Ferredoxin 
100 pM NADPH 
100 PM Glucose+phosphate dehydrogenase 
1.0 p M Ferredoxin-NADP+ reductase 



12 C.R. Joimon et al. / Biophys. Clmn. 45 (I992) 7-15 

deviations in oxygen activity. Hayashi has sug- There are two probable explanations for the 
gested that based on the work of Nakamura H20, increase in heat with glucose-6-phosphate. It has 
is being created [1,9]. Ferredoxin-NADP r,educ- been shown that at 50 mM concentrations of 
tase is known to exhibit NADPH oxidasc activity giucosc-6-phosphate autoglycosyiation occurs 
in which one mole of oxygen is consumed while leading to a shift in the dimer-tetramer equiiib- 
NADPH is oxidized to NADP+ (Fig. 3). This rium in the direction of dimer production [lo-121. 
process is accompanied by the production of As noted by Mills and Ackers the enthaipy of 
H202. Hayashi noticed that when cataiase was binding oxygen to hemoglobin dimers is more 
excIuded from the enzyme system Met exothcrmic than to the tetrameric form [13]. The 
hemoglobin production was increased, most likely second explanation may bc that at higher concen- 
due to the production of H,O, and its oxidative trations the phosphate buffer is no longer the 
effect on the heme. As Met production is cur- dominant species absorbing the released Bohr 
tailed by the introduction of catalase, it is as- protons. The heat of protonation for glucose-6- 
sumed that the HzO, is being changed back into phosphate is potentially more exothermic than 
water and oxygen resulting in no net loss of phosphate and may result in the appearance of 
oxygen. larger heat release [3]. 

The second problem was discovered when re- 
acting human hemogiohin A,, with carbon 
monoxide and oxygen under enzymatic condi- 
tions. It was found that 50 mM glucose-6-phos- 
phate interacts with hemoglobin to produce larger 
than expected heats upon iigand addition. To 
probe this interaction carbon monoxide and oxy- 
gen were reacted at 10°C with hemoglobin at 55 
and 105 mM glucose-G-phosphate with and with- 
out enzymes present (Table 3). At 10°C Met 
formation is lower allowing for experiments with- 
out enzyme reducing system. The reactions were 
then conducted without enzyme system or giu- 
case-&phosphate (Table 3). 

Lower concentrations of glucose-6-phosphate 
(2 m it4) yield results similar to those found when 
the enzyme system is absent, thus reactions were 
performed under these conditions. Reactions of 
hemoglobin and reducing enzymes with 2 rnIU 
glucose-6-phosphate yield. -_ 

Hb -I- 4 CO + Hb(CO), 

AH= - 15.6 &- 0.05 kcal/mol heme 

Hb( O,), + 4 CO ---, Hb( CO), + 4 0, 

AH= -3.55 i_ 0.02 kcai/moi heme 

Hb + 4 0, + Hb(O,), 

AH= - 12.2 4 0.05 kcai/moi heme 

Table 3 

Hb + 4 CO + HbcCO)‘, 
AH = - 15.7 &- 0.05 kcal/moi heme 

Hb( O& + 4 CO -+ Hb(CO)J + 4 O2 

AH = - 3.53 + 0.02 kcai/moi heme 

Hb + 4 Ot -+ Hb(O,), 

AH = - 12.2 + 0.05 kcai/moi heme 

The enthaipy values for iigand binding to myo- 
giobin were independent of glucose-6-phosphate 
concentration (O-200 mM). Increasing the con- 
centrations of the other enzyme constituents in- 
dependently did not alter the results for both 
hemoglobin and myogiobin. 

In order to investigate possible total reaction 
heat capacity changes, a number of experiments 

Glucose-h-phosphate enth:\lpy rffccts (kcnl/mole hrmc) 

Reaction Glucose-h-phosphate cont. (m M) 

With enzymes Without enzymes 

0 55 10.5 0 55 IO5 

Hb + 4 CO -) Hb(CO), - 15.6 - 16.0 - 18.0 - 15.6 - 16.1 - 17.9 
Hb(Oz), +4 CO + Hb(CO), + 4 Oz - 3.55 -3.53 - 3.54 - 3.52 - 3.56 - 3.52 
Hb +4 0, --) Hb(021J - 12.2 - 12.5 - 14.5 - 12.2 - 12.4 - 14.6 
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Table 4 

AH (kcal/mol heme) for the reaction systems studied ns a function of temperature 

Reaction ” Temperature PC) - 

IO 15 

M+CO-,MCO” 

Sperm whale myoglobin - 17.3 - 17.2 

Human hemoglobin A,, - 15.7 - 15.6 

Horse myoglobin - 16.2 - 16.2 

M+O,+MO,h 

Sperm whale myoglobin - 16.0 - 16.0 

Human hemoglobm A,, - 12.2 - 12.1 

Horse myoglobin - 15.6 - 15.7 

MO,+CO+MCO+O,C 

Sperm whale myoglobin - 1.35 -1.32, 

Human hemoglobin A,, -3.53 - 3.54 
Horse myoglobin -0.52 - 0.53 

” Conditions for these reactions are even in Table 2. 

” Sensitivity: +0.05 kcal/mol heme. 

’ Sensitivity: f0.02 kcal/mol heme. 

20 25 

- 17.3 - 17.3 

- 15.6 - 15.6 

- 16.3 - 16.3 

- 16.0 - 16.1 

- 12.1 - 12.1 

- 15.7 - 15.7 

-I.:! . - 1.31 

-3.54 - 3.53 
- 0.55 -0.52 

- 

at different temperatures were conducted (Table 
4). It is apparent that at this level of precision, 
the cnthalpy change for these reactions over a 
15°C temperature range varies less than 0.1 
kcal/mol. This is an important observation as 
one of the basic assumptions in van ‘t Hoff stud- 
ies has been that there is little appreciable reac- 
tant to product heat capacity effect. The values 
obtained in this set of experiments compare most 
favorably with the work of Rudolph et al., Gaud 
et al., Gill et al. and Imai (Table 1) [l&22,20,21]. 
The work by the first three groups was done 
calorimetrically while that done by lmai involved 
spectral van ‘t Hoff studies. 

In addition to the apparent lack of a reactant 
to product heat capacity change for ligand bind- 
ing to hemoglobin and myoglobin there is the 
observation that the enthalpy change for the oxy- 
gen-carbon monoxide replacement reaction of 
hemoglobin .is significantly greater than in myo- 
globin. Until it is possible to resolve the individ- 
ual ligand binding enthalpies of hemoglobin, it 
will not be possible to deduce the origin of this 
effect. 

To further explore the effect of Bohr proton 
release by hemoglobin seven different sets of 
buffer conditions were investigated. 

Potassium phosphate, 2 m M EDT.4 at 

(1) 0.2 M Potassium phosphate, 2 mM EDTA at 
pH 7.6. 
(2) 0.2 M Tris-HCI, 2 mM EDTA at pH 7.6. 
(3) 0.2 A4 Potassium phosphate, 0.2 M NaCl, 2 
mM EDTA at pH 7.6. 
(4) 0.2 M 
pH 6.3. 
(5) 0.2 M 
pH 9.0. 
(6) 0.2 M 
(7) 0.1 M 
9.0. 

Potassium phosphate, 2 rnh2 EDTA at 

Tris-Cl-, 2 rnhf EDTA at pH 9.0. 
Sodium borate, 2 m M EDTA at pH 

When carbon monoxide or oxygen bind with 
deoxyhemogIobin at pH 7.6, approximately 2.3 
Bohr protons are released [27,7]. As the pH of 
the solution is increased, there is a corresponding 
decrease in the Bohr effect; at pH 9.0 the number 
of protons released nearly vanishes. Similarly as 
the pH of the solution is decreased from pH 7.6 
to 6.3, proton release is again minimal; as the pH 
is further lowered protons are absorbed upon 
binding oxygen or carbon monoxide. In order to 
obtain the intrinsic enthalpy change accompany- 
ing ligand binding, the heat of protonation of the 
buffer must be subtracted from the measured 
enthalpy. The release of 2.3 protons to the phos- 
phate buffer will contribute -0.5 kcal/mol hemc 
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Table 5a 

Enthalpy of binding (kcal/mol heme) at 150°C (Solutions contain 1 mM EDTA) 

Conditions Reaction 

Hb + 4 CO -) Hb(CO), Hb+4 0, ---) Hb(O,), Hb(O,), + 4 CO -+ Hb(CO), + 4 0, 

0.2 M Potassium phos; ,ate - 15.6 - 12.1 - 3.53 

pH 7.6 - 15.1 I’ -11.6” 

0.2 M Tris-HCI -21.7 - 17.9 -3.81 

pH 7.6 - 15.2 :’ - 11.4 :’ 

0.2 M Potassium phosphate - 15.6 - 12.1 - 3.54 

0.2 M NaCl - 15.1 :’ -11.6:’ 

pH 7.6 

’ Intrinsic enthalpy assuming 2.3 protons per hemoglobin released upon oxygen or carbon monoxide binding. 

to the observed enthalpy [3,7]. Thus the intrinsic 
enthalpy of CO and Ot binding to hemoglobin at 
pH 7.6 is - 15.1 kcaI/mol heme and - 11.6 
kcal/mol heme respectively. To confirm these 
values, Tris-HCI buffer was used at pH 7.6 (Con- 
dition set 2); its heat of protonation is approxi- 
mately - 11.3 kcal/mol heme. The heat effect of 
Bohr proton buffer protonation is large and ai- 
lows for confirmation of the derived intrinsic 
enthalpy for ligand binding (Table 5a). 

It has been demonstrated that the ionic 
strength and identity of the specific buffer system 
have significant effects on the free energy of 
binding carbon monoxide and oxygen to hemoglo- 
bin [28,29,7]. In particular phosphate and chlo- 
ride are known to bind more strongly to the 
deoxy-hemoglobin state than to the oxy- or car- 
bon-monoxy-state [30,73. The free energy differ- 
ence of oxygen binding between buffer systems 

(1) and (2) is calculated to bc less than 0.1 
kcal/mol hcme [29]. To explore these intcrac- 
tions from an enthalpic perspective sodium chlo- 
ride was added to the phosphate buffer, yielding 
buffer condition set (3). There was no detectable 
change in the enthalpy due to the addition of 
chloride (Table 5a). 

Buffer condition sets (4)-(7) were used to 
probe the enthalpy change associated with proton 
release from the hemoglobin molecule (TabEe 5b). 
The Bohr effect is known to be small or non-ex- 
istent at pH 6.3 and 9.0. The data obtained at pH 
9.0 is consistent with a Bohr effect of approxi- 
mately 0.5 protons per hemoglobin molecule 
without taking into account the binding of the 
various anions. This suggests that possibly at high 
anion concentration and pH, the anions bind 
significantly to both the oxy- and deoxy-forms (i.e. 
no anion release). 

Table 5b 

Enthalpy of hinding (kcal/mol hcme) at 15.O”C (Solutions contain 1 m M EDTA) 

Conditions 

0.2 M Potassium phosphate 
pH 6.3 

0.2 M Potassium phosphate 
pH 9.0 

0.2 M Tris-HCI 
pH 9.0 

0.1 M Sodium borate 
pH 9.0 

Keaction 

- Hb -b 4 CO + Hb(CO), Hb+4 0, * Hb(O,), Hb(OJ3 + 4 CO -) Hb(CO), + 4 0, 

- 19.0 - 15.1 - 3.88 

- 19.9 - 16.3 - 3.55 

-21.4 - 17.5 - 3.83 

- 20.7 - 17.1 - 3.52 
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In the future we will examine the enthalpy of 
oxygen binding with hemoglobin and myoglobin 
as a function of oxygen partial pressure in order 
to construct oxygen binding curves from which 
free energy changes for ligand binding can be 
derived. From these free energy and entha!py 
changes a complete picture of the fundamental 
thermodynamic framework of these reactions 
should be possible. 
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