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SUMMARY 

The kinetics of the reactions of human hemoglobin with 
carbon monoxide and oxygen has been studied in photo- 
chemical and rapid mixing experiments over a large range of 
hemoglobin concentration. 

When the reaction is initiated by rapid removal of the li- 
gand from ligand-bound hemoglobin, the kinetics of the com- 
bination of hemoglobin with CO shows a marked concentra- 
tion dependence in both the photochemical and the rapid 
mixing experiments. In dilute hemoglobin solutions (below 
10s5 M in heme), dissociation of the ligand from oxyhemo- 
globin or carbonmonoxyhemoglobin is followed by slow 
changes (half-time of the order of seconds) in the properties 
of the system. 

These results lead to the following picture, which is also 
consistent with other as yet unexplained aspects of hemo- 
globin kinetics. (a) Ligand-bound hemoglobin dissociates 
reversibly into single chain molecules at concentrations below 
10d5 M. (b) Deoxygenated hemoglobin has a much lower 
tendency to dissociate into single chain molecules, and there 
is no appreciable dissociation even at concentrations of the 
order of 10M6 to low7 rd. (c) The association of deoxygenated 
(Y and /3 chains is a relatively slow process. Therefore, after 
sudden dissociation of the ligand from dilute hemoglobin 
solutions, the properties of the system, for a brief time, are 
those of a mixture of deoxygenated hemoglobin and deoxy- 
genated (Y and /3 chains. (d) The properties of the single 
chain molecules obtained by dilution of ligand-bound hemo- 
globin are the same as those of isolated ~11 and /3 hemoglobin 
chains as obtained by preparative procedures. 
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Research Grant AF-E-OAR-67-28 through the European Office of 
Aerospace Research, United States Air Force. 

$ United States Public Health Service Postdoctoral Fellow 
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Sciences. 

Although the kinetics of hemoglobin reactions has been under 
active investigation for more than 40 years, in detail it still 
represents largely an unsolved problem (l-3). 

In an attempt to correlate the functional behavior of hemo- 
globin with the subunit structure of the protein, studies of the 
kinetics of the reaction with ligands under conditions that 
promote dissociation into subunits have been recently under- 
taken (4, 5). 

In the previous paper of this series (5), observations on the 
kinetic behavior of hemoglobin in concentrated salt solutions 
have been reported. Under these conditions, which promote 
dissociation of the a& tetramer into cy/3 dimers, there is no 
change in the kinetics associated with the splitting of the mole- 
cule; thus it had been concluded that in hemoglobin the C+ 
dimer is the relevant unit in the kinetics of the reaction with 
ligands. 

The kinetic studies have also been extended to conditions that 
presumably favor dissociation into single chain molecules. 
Previous observations on the kinetic behavior of dilute hemo- 
globin solutions after flash photolysis (4) were shown to be 
fully consistent with the assumption of dissociation of ligand- 
bound hemoglobin but not of deoxyhemoglobin into single chain 
molecules. Investigations on the kinetic behavior of dilute 
hemoglobin solutions both in rapid mixing and in photochemical 
experiments have now been extended and are reported in the 
present paper. The results provide further evidence that 
ligand-bound hemoglobin dissociates into single chain molecules. 
It is shown that the different tendency of ligand-bound hemo- 
globin and deoxyhemoglobin to dissociate into single chain 
molecules may explain a number of peculiar effects seen in 
hemoglobin kinetics and in turn leads to predictions of the 
behavior of the system that have been verified by experiment. 

MATERIALS AND METHODS 

Human hemoglobin was prepared from freshly drawn blood 
according to the toluene procedure (6). The final oxyhemo- 
globin solutions (3. to 7% concentration) were stored in t,he cold 
and used within 10 days. 
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The hemoglobin (Y and p chains were prepared according to 
Bucci and Fronticelli (7) and Bucci et al. (8). Bound hydroxy- 
mercuribensoate was removed with dodecanethiol by the pro- 
cedure of De Renso et al. (9). Hemoglobin and chains con- 
centrations are given i.n heme equivalent. 

Other reagents were commercial products of analytical grade. 
Gases were obtained from S.I.O. (Rome). 

Spectrophotometric measurements were carried out with a 
Cary model 14 recording spectrophotometer. Stopped flow 
experiments were made with a Gibson or a Gibson-Durrum 
apparatus (10). 

Flash photolysis experiments were performed with the ap- 
paratus described before (5) ; the same basic apparatus was also 
used for experiments in which the sample was kept photodis- 
sociated for different lengths of time. In this case the flash 
lamps were turned off, and a 250.watt tungsten lamp (operated 
with alternating current) was placed on the top of the magnesium 
oxide-coated chamber containing the cell. With the relatively 
small light intensities supplied by this lamp, very small CO 
concentrations were needed to obtain almost complete photo- 
dissociation of the carboxyhemoglobin. Under these conditions 
even the monitoring light of the flash photolysis apparatus 
produced some photodissociation; this was made negligible by 
proper filtering of the monitoring light before it reached the 
cell. Temperature control in the photochemical experiments 
was achieved by immersion of the cell until immediately before 
the experiments in a constant temperature bath. 

All of the other procedures and the preparations of the reagent 
solutions were the same as described in previous papers (4, 5, 
11, 12). 

RESULTS 

Photochemical Experiments 

As mentioned in the introduction, the kinetic behavior on 
flash photolysis of dilute HbCO solutions may be explained on 
the basis that the ligand-bound derivatives of hemoglobin 
undergo a reversible dissociation into single chain molecules of 
the type’ 

h 
crx+Rx’ 

kz 
bR)X2 0) 

The values of the constants involved were estimated to be, at 
pH 7 and room temperature, kl = 2.2 x lo5 r1 see-I; kz = 
0.49 se0 (4). 

On the other hand, kinetic evidence indicates that in deoxy- 
hemoglobin the equilibrium is much more in favor of the dimer, 
so that no appreciable dissociation into single chains occurs 
with this derivative within the accessible concentration range 

(475). 
Thus, with dilute hemoglobin solutions ( < 1(Y5 M), the kinetics 

of recombination of CO after flash photolysis of the CO deriva- 
tive is biphasic, unlike the kinetics of combination with CO in 
rapid mixing experiments. The biphasic recombination is 
explained, on the basis of the equilibrium shown in Scheme 1, 
by the following reactions, which take place on flash photolysis. 

1 The dimer notation is used regardless of the actual polymeriza- 
tion state of hemoglobin, i.e. (YB or or@*; justification for this has 
been given elsewhere (5). 

(2) 

hv 
(aS)X* - (a@) + 2x 

(43 + x --L (4)X \ 

IL ca,mJ 

slow 

(43X + x - 

hu 
ax-a+x 

CY+LY 
ld. 

- ax > 
fast 

hv 
px-a+x 

8+x 
lb 

- RX > 
fast 

Accordingly, the “slow” rate corresponds to that observed in 
rapid mixing experiments on the reaction of deoxyhemoglobin 
with CO (1’~ lo5 M-~ set-l) (1); the “fast” rate corresponds 
to that measured directly with isolated hemoglobin chains 

0’ N 4 x lo6 M-I set?) (11, 12). The amount of fast reacting 
material increases with dilution of the protein. 

The kinetic behavior of hemoglobin on flash photolysis, as a 
function of hemoglobin concentration, is illustrated by the 
experiment reported in Fig. 1. The reader is referred to other 
papers (1, 4, 5, 13) for a discussion of the situation at high hemo- 
globin concentration, particularly with respect to the effect of 
pH, thepresenceof concentratedsalts, and theprofileof thephoto- 
lytic flash. The main purpose of the experiment shown in Fig. 1, 
in connection with the present paper, is to show that the “dilu- 
tion effect” on the behavior of hemoglobin is similar at pH 7 
and 9, in the presence and absence of concentrated salts, and 
with the two types of photolytic flashes. 

In all of the work described above, the photodissociation of 
the hemoglobin is obtained by flashes lasting less than 1 msec. 
If  photodissociation of a dilute CO hemoglobin solution is not 
carried out by a brief photolytic flash but is maintained for 
different lengths of time by prolonged illumination, the results 
shown in figure 2 are obtained. The most striking effect which 
now appears is that the kinetics of the recombination with CO 
in the dark varies with the time of illumination of the sample. 
These kinetic curves can be analyzed in terms of two components, 
one reacting rapidly, the other slowly, with CO; if the fraction 
of optical density change taking place rapidly is plotted against 
the time of illumination, the results shown in Fig. 3 are obtained. 
At a hemoglobin concentration of 2.9 x lo-’ M the half-time for 
the change shown in the figure is about 2 sec. 

These results can be explained by assuming that the following 
reactions take place during illumination. 

hv 
(a&X, - bR) + 2x 

hv 
ax-cx++ 

hv 
Rx-R+x 

a + R 5 (4) 

In other words, the explanation is that in the light the single 
chain molecules associate to form slowly reacting c#3 dimers; 
the time course of the change in kinetics shown in Fig. 3 allows 
an estimate of ka. 
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pH 8.9, 0.05 M borax 
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FIG. 1. Effect of hemoglobin concentration, pH, ionic strength, 
and flash profile on the kinetics of CO combination after flash 
photolysis. The ordinates give the optical density changes in 
arbitrary units. l , data obtained with “brief” flash (109 joules, 
duration to 10% peak ~100 psec) ; 0, data obtained with “long” 
flash (300 joules; duration to 10% peak -300 rsec) ; a, the same 
data have been obtained with both flashes. The CO concentration 
is 1 X lo-4 M; x is 435 rnp; the temperature is 20”. 
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FIG. 2. Tracing of oscilloscope records showing changes occur- 
ring on illumination of dilute HbCO solutions. Arrows indicate 
beginning and end of illumination (see the text). The record in 
the top panel is obtained with a brief photolytic flash (300 joules; 
duration to 10% peak ~300 rsec). Hb concentration, 2.95 X 
lo-’ M; CO concentration, 6.2 X 10-r M; 0.1 M phosphate buffer, 
pH 7.0; temperature, 21”. Degree of saturation of hemoglobin 
with CO in the dark, 0.92; light path, 10 cm. 

Also, other features of the curves shown in Fig. 2 are consistent 
with the presence of single chain molecules in dilute CO hemo- 

globin solutions. Thus, on shining the light, the kinetics of the 
approach to the steady state is biphasic, part of the optical 
density change occurring rapidly, part slowly. This may be 
accounted for mainly by the fact that the rates of approach to 
the steady state are different for hemoglobin and the isolated 
hemoglobin chains2 

Other sets of experiments similar to that shown in Fig. 2, 
which were carried out under different conditions, notably dif- 
ferent hemoglobin and CO concentrations, gave results con- 
sistent with the general picture outlined above. Thus at a lower 
hemoglobin concentration (5.6 x 10-a M) than in the experiment 

2 The kinetics of approach to the steady state in the light and in 
particular the heterogeneity varied, at constant hemoglobin con- 
centration, with the CO concentration. This too is not incon- 
sistent with the schemes proposed. The biphasic approach to the 
steady state in the light was present also when the reaction was 
followed at different wave lengths in the Soret zone, notably at a 
wave length where deoxyhemoglobin and the isolated deoxygen- 
ated chains are isosbestic. Thus the small increase in optical den- 
sity associated with the combination of a and j3 chains at 430 mp 
(14) can be only in small part responsible for it. 
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of Fig. 2 and at a similar CO concentration (6.8 X lo+ M), 

the fraction of rapidly reacting material initially present was 
greater ( >90%) and the half-time for the change in the kinetics 
of recombination on prolonged illumination was longer, about 
5 sec. 

Control experiments for the results described above were 
carried out with myoglobin; in this case the kinetics of photo- 
dissociation and ‘recombination corresponded to simple ap- 
proaches to equilibrium, and there was no effect on varying the 
length of illumination of the sample. 

Rapid Xtiing Experiments 

Kinetics of CO Combination with Freshly Reduced Hemo- 
globin-If oxyhemoglobin is partially dissociated into single 
chain molecules, the following reactions should take place when 
the solution is rapidly deoxygenated by mixing with sodium 
dithionite. 

PO2 - P + a 

ka 
a: + P - (4) 

Deoxygenation of hemoglobin and hemoglobin chains in the 
presence of dithionite is a rapid process (owing to the high 
values, -10 to 50 set-l, of the 02 dissociation velocity constants) 
in comparison with the association of a and p chains (12, 14). 
Thus, just after deoxygenation of a dilute HbOz solution, a 
fraction of the material should be present as deoxygenated (Y 
and p chain molecules. If  the system is now allowed to react 
with CO, it should show the presence of species reacting with 
CO at a rate much higher than that for hemoglobin and similar 

I I I , I 
0 IO 20 30 40 

TIME OF ILLUMINATION (SC) 

FIG. 3. Effect of illumination time on the fraction of “rapidly 
reacting material” (see the text). The experimental conditions 
are the same as in Fig. 2. The values at time ~0 are obtained with 
a brief photolytic flash and correspond to 100% photodissociation; 
in the experiments corresponding to the other points the percen- 
tage of photodissociation was from 80 to 95%. 
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t 

” 05 1.0 1.5 
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FIG. 4. Progress curves obtained in rapid mixing and flash 
photolysis experiments with dilute hemoglobin solutions. l , 
HbOz mixed with a dithionite solution containing CO; 0, the same 
as l , but HbOs deoxygenated by dithionite few minutes before 
mixing with CO; X, flash photolysis on the HbCO solutions ob- 
tained at the end of the rapid mixing experiments. Hb concen- 
tration, 1.5 X 1OW M (after mixing); CO concentration, 3 X 
IO-6 M (after mixing); 0.1 M phosphate buffer, pH 6; light path, 2 
cm. 

to that for the reaction with CO of isolated hemoglobin chains. 
The situation has obvious analogies with the rapid photodis- 
sociation of dilute HbCO solutions. 

It was already noticed a long time ago by Roughton (15) that 
“freshly reduced hemoglobin” shows a biphasic kinetics on 
reaction with CO, with an initial phase more rapid than the 
ordinary rate found for “aged” hemoglobin. The effect has 
been confirmed in the experiments described below, the results 
of which correspond to the expectations outlined in Scheme 4. 
The experiments are carried out as follows. An oxyhemoglobin 
solution in 0.1 M phosphate buffer at neutral pH is mixed in 
the stopped flow apparatus with a solution containing dithionite 
(~0.27~) and carbon monoxide, the concentration of CO being 
kept as low as possible. The experiment is followed at wave 
lengths between 430 and 440 rnp, where oxyhemoglobin and 
CO hemoglobin have a lower extinction than deoxyhemoglobin. 
On mixing the two solutions, deoxygenated hemoglobin forms 
rapidly, and then combines with CO. The two processes 
naturally overlap to some extent, but the conditions may be 
adjusted so that they occur largely in sequence. The results of a 
typical experiment of this kind are shown in Fig. 4. I f  HbOz is 
mixed with the same dithionite solution used in the experiments 
just described sometime (several seconds) before allowing it to 
react with CO, the rapid phase in the reaction with CO disap- 
pears. Fig. 4 also shows the behavior on flash photolysis of the 
WC0 solution obtained at the end of the rapid mixing experi- 
ments. It is clear that both the relative amount of fast and 
slow components and the rates of reaction with CO are similar 
in the flash photolysis and in the rapid mixing experiment start- 
ing with HbOz. Fig. 5 gives the results of other experiments 
performed at different hemoglobin concentrations, other con- 
ditions being the same: it is clear that the fraction of the rapid 
phase in the combination with CO increases with decrease in pro- 
tein concentration, just as should be expected for a phenomenon 
involving dissociation. It should also be pointed out that the 
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I I I I I 
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HEMOGLOBIN CONCENTRATION IN HEME (M) 

FIG. 5. Pkrcentage of “rapidly reacting hemoglobin” when 
oxyhe&oglobin is mixed with a solution of dithionite containing 
CO (see Fig. 4) as a function of protein concentration. The con- 
tinuous line is a theoretical curve calculated for the equilibrium 
016 ti (Y + fl with K = 1 X 10-C M on the assumption that the dimers 
react slowly and the monomers rapidly with CO. The abscissae 
give hemoglobin concentration before mixing since the approach to 
the equilibrium for the association-dissociation process in ligand- 
bound hemoglobin is a relatively slow process (4). CO concen- 
tration, 1 X 10-b M (before mixing); 0.1 M phosphate buffer, pH 
6.5; X, 437 rnM; temperature, 19”. 

FIG. 6. Oscilloscope trace showing a slow increase in optical 
density at 430 rnp following the rapid deoxygenation of dilute 
oxyhemoglobin solution in the presence of dithionite. The trace 
corresponds to Experiment 19 reported in Table I. 

relative amounts of fast and slow optical density changes in 
these experiments vary slightly with wave length, in agreement 
with the difference ti extintion in the Soret zone between deoxy- 
genated hemoglobin and hemoglobin chains (11, 14). 

Slow Changes in the Soret Region Following Deoxggenation of 
HbOrOn the basis of the reactions described in Scheme 4, 
another effect can be predicted to occur on rapid deoxygenation 
of a dilute HbOz solution. The isolated hemoglobin chains have, 
in the deoxy form, spectral properties in the Soret region sign%- 
cantly different from those of deoxygenated CY/? dimers (11, 14) ; 
in particular, the extinction coefficient at 430 m is about 15% 
lower for the isolated chains than for hemoglobin. Thus one 

should expect that the process (Y + p ---% (c$?) in Scheme 4 
would show up as a slow increase in optical density at 430 rnp 
following the rapid deoxygenation of the system. Fig. 6 shows 
the slow optical density change, lasting a few seconds, 
occurring after mixing a dilute HbOz solution with dithionite. 

The nature of this change may be further identiCed by follow- 
ing it at different wave lengths. As is evident from Fig. 7, the 
kinetic difference spectrum so obtained corresponds to the 
static or kinetic difference spectrum obtained on mixing the 
isolated hemoglobin CY and /3 chains. In addition, the fraction 
of optical density change taking place slowly increases with a 
decrease in protein concentrations (Table I) ; its size corresponds 
to the expectations from the degree of dissociation into single 
chains estimated from other experiments and the differences in 
extinction between deoxyhemoglobin and the hemoglobin chains. 

In view of the reported side effects of dithionite (1, 16, 17), 

+zo 1 

A%lM 
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-,oL I I I 
400 420 440 460 

A W) 

FIG. 7. Difference spectra in the Soret region. Continuous line 
gives the difference spectrum recorded statically between the 
isolated deoxyhemoglobin (Y and j3 chains and their equimolar mix- 
ture. 0, difference spectrum obtained in kinetic experiments on 
mixing equimolar amounts of isalated LY and j3 chains in the 
deoxygenated form. l , kinetic difference spectrum corresponding 
to the slow changes occurring in the Soret region after deoxygena- 
tion by dithionite of an oxyhemoglobin solution at a concentration 
of 3 X 10-” M before mixing (see the text and Fig. 6). 

TABLE I 

Optica. density changes at .&TO mp recorded in stopped flow apparatus 
on mixing oxyhemoglobin with dithionite 

Oxyhemoglobin in 0.2 M phosphate buffer, pH 6.5, was mixed 
with ~0.5% dithionite in 0.01 M NaOH; the temperature was 19”; 
the light nath was 2 cm: X = 430 mm. 

19 
25-29 
32-34 

2.6 X lO+ M 0.200 
1.3 x 10-B M 0.104 

0.65 X lO+ Y 0.047 

A0.D. 
Slow6 

0.012 
0.009 
0.006 

A0.D. 
&w/AO.D 

total 
x 100 

.- 
% 
6 
8.5 

12 

“P 

.$a 

1.8 
3.0 
3.7 

0 Total optical density change between time 0 and ~1 min. 
b Optical density change taking place “slowly” (see Fig. 6). 
c Half-time for the “slog” optical density change. 
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which might cast doubt on the meaning of the experiments just 
reported, several controls were carried out with isolated a! and 
@ chains. When the oxygenated derivatives of the isolated 
chains were mixed with dithionite under the same conditions 
used for hemoglobin, there was no sign of slow optical density 
changes in the Soret zone, following the main reaction, in the 
time range up to several seconds. 

The rates for the slow change in optical density following 
deoxygenation of dilute HbOz at different hemoglobin concen- 
trations are given in Table I. They are similar to those measured 
directly by mixing isolated deoxy (Y and /3 chains, and therefore 
give further support to the proposed interpretation of the effect. 

Kinetics of Dissociation of Oxygen from Oxyhemoglobin-The 
dissociation of oxyhemoglobin into single chain molecules at 
low protein concentration should also be reflected in a change in 
the kinetics of oxygen dissociation with protein concentration. 
Thus between pH 6 and 7 the rate of dissociation of oxygen 
from oxyhemoglobin at high protein concentration is higher 
(2- to a-fold) than that for the isolated hemoglobin chains (1, 
12). 

Fig. 8 shows the time course of oxygen dissociation measured 
by mixing oxyhemoglobin with dithionite, at a protein con- 
centration from 5 X 10F4 M to 1.3 X 10m6 M. The two curves 
differ in the expected direction: at low protein concentration 
there is clear evidence of kinetic heterogeneity, the reaction 

1s 
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FIQ. 8. Kinetics of deoxygenation of oxyhemoglobin in the pres- 
ence of dithionite. A, hemoglobin concentration, 5 X 10-4 M 
(after mixing) ; X, 650 rnp. 0, hemoglobin concentration, 6.25 X 
10-s M (after mixing); A, 560 rnp. 0, hemoglobin concentration, 
1.3 X We M (after mixing); X, 437 mp. Oxyhemoglobin in 0.2 M 
phosphate buffer, pH 6.5, mixed with ~0.5~0 dithionite in 0.01 M 
NaOH; temperature, 19”. 

tending to slow down as it proceeds. Although this effect is 
less straightforward than the others reported in the previous 
sections, it is nevertheless entirely consistent with the proposed 
picture. 

Also in this case, controls were carried out with isolated hemo- 
globin chains; with these, no significant change in the kinetics of 

oxygen dissociation was observed with protein concentration. 

DISCUSSION 

This paper presents a number of old and new observations on 
hemoglobin kinetics which may all be reconciled and explained 
on the basis of association-dissociation processes, involving 
single chain molecules, which occur in dilute hemoglobin so- 
lutions. The structural origin of the effects in terms of a dis- 
sociation process is clearly shown by their dependence on protein 
concentration: they become more and more evident below 10F5 M 

hemoglobin, a protein concentration range in which, for technical 
reasons, experiments on hemoglobin kinetics are often done. 
This conclusion is in agreement with recent ultracentrifuge 
experiments (18) and with other reports (19, 20), which indi- 
cate that hemoglobin may dissociate into monomers in very 
dilute solutions. 

The behavior of hemoglobin in all the kinetic experiments is 
consistent with the following picture. 

1. Ligand-bound hemoglobin tends to dissociate into single 
chain molecules because of reversible equilibria of the types 

bB)Xz = ax + m 

Dissociation starts to be large at concentrations below 10m5 M 
in heme. Dissociation of ligand-bound hemoglobin is independ- 
ent of the nature of the ligand, carbon monoxide and oxy- 
hemoglobin being the same in this respect. 

2. Deoxygenated hemoglobin has a much lower tendency than 
ligand-bound hemoglobin to dissociate into single chain mole- 
cules, and there is no appreciable dissociation even at concen- 
trations of the order of 10m6 to lo-’ M in heme. Thus when 
ligand-bound hemoglobin loses its ligand (by photodissociation 
of the CO compound or by mixing of the oxygenated form with 
dithionite), the single chain molecules associate to form (c@) 
dimers. 

3. The association of deoxygenated c11 and B chains is a rela- 
tively slow process, so that after sudden dissociation of the 
ligand from dilute hemoglobin solutions, the properties of the 
system, for a brief time, are those of a mixture of deoxygenated 
hemoglobin and deoxygenated a! and /3 chains. 

4. The properties of the single chain molecules obtained by 
dilution of ligand-bound hemoglobin are the same as those of 
isolated CY and /3 chains obtained by the hydroxymercuribenzoate 
procedure (7). This concerns the rates of reaction with ligands 
(11, 12), the spectral properties (ll), and the speed of associ- 
ation to form hemoglobin (14). 

It is tempting to try to calculate from the kinetic experi- 

a Description of the dissociation equilibrium in the simple 
terms (cY~) * ~1 + fl is probably an oversimplification since the 
isolated chains themselves, notably the B chains, have a strong 
tendency to associate (8). For this reason it is desirable in the 
text to speak of single chain molecules instead of monomeric single 
chains. The situation is further complicated by the presence of 
the other dissociation-association equilibrium C&Z* 2&S), which 
has been discussed elsewhere (5). Finally, the combination of 
deoxy OL and fl chains is kinetically complex and cannot be de- 
scribed as a simple bimolecular process (14). 
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ments equilibrium and kinetic constants corresponding to the 
association-dissociation processes into single chains in ligand- 
bound hemoglobin and deoxyhemoglobin. Although in prin- 
ciple this might be done, actually, since most of the information 
is admittedly semiquantitative and it is not clear whether the 
association-dissociation can be described in the simple terms 

(43 ti (Y + p (14), only a rough estimate of the size of the 
constants is justified. Another difficulty in this respect arises 
from the unexplained variability that is often observed in the 
“dilution effect” in flash photolysis experiments with different 
hemoglobin samples. This has been reported before (5, 13) and 
might appear also in comparing the amount of rapid phase in 
the flash photolysis experiments in Figs. 1 and 2, although some 
conditions, notably the CO concentrations, are different in the 
two cases. In most of the experiments reported in this paper, 
the concentration of ligand-bound hemoglobin at which half 
of the material shows the properties of single chain molecules is 
of the order of 10m6 M, in agreement with previous observations 

(4). 
The rate of association of the deoxygenated chains, which can 

be deduced by the experiments shown in Figs. 2 and 6, corre- 
sponds to a velocity constant, assuming a simple bimolecular 
reaction, of the order of lo6 M-’ set-I. A similar, although some- 
what lower, value was obtained in studies of the reaction of the 
isolated (Y and /I chains (14). 

The specific aspects of the single esperiments will now be 
discussed briefly. The results reported in Fig. 1 emphasize the 
distinction already discussed elsewhere (4, 5) between the 
“quickly reacting forms” on flash photolysis at high and low 
hemoglobin concentration. In particular, it may be noticed 
that at high hemoglobin concentration ( >10p5 M) the amount 
of rapid phase depends on the length of the photolytic flash and is 
larger at pH 9 than at pH 7; these differences tend to vanish on 
dilution. This pattern is similar in dilute buffer solutions and 
with added 2 M NaCl, confirming that the kinetic behavior of 
the (r& tetramer and of the LYP dimer is the same (5). 

The experiments just discussed serve as an introduction to 
those in which photodissociation is produced by light of constant 
intensity but varying duration. It has already been pointed 
out that even in this more complex case the behavior of the 
system is entirely consistent with the proposed picture involving 
association-dissociation into single chains. It may also be noted 
that these experiments give further evidence that the peculiar 
kinetic behavior of dilute hemoglobin after flash photolysis is 
not due to photochemical side effects and that the only notice- 
able effect of the light is to remove the bound ligand since after 
prolonged illumination the recombination with CO is similar 
to that observed in rapid mixing experiments. 

A brief comment is required on the use of dithionite in the 
rapid mixing experiments, in connection with possible side effects 
due to this reagent. Dalziel and O’Brien (16, 17) have made 
a careful study of the spectral changes occurring on treating 
oxyhemoglobin with dithionite after the rapid deoxygenation 
reaction, and the problem has also been discussed in connection 
with kinetic experiments involving the use of this reagent (1). 
It has been concluded that dithionite must be used with great 
care in hemoglobin studies, although clear side effects are evi- 
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dent only under special conditions. The present experiments, 
on the other hand, provide evidence t.hat the spectral changes 
occurring within a few seconds after mixing oxyhemoglobin with 
dithionite are real kinetic features of the system, independent of 
chemical side effects of the reagent. Evidence for this is given 
by the absence of the slow optical density changes in the con- 
trols carried out with isolated hemoglobin chains and by the 
consistency of the size and velocity of the slow changes with 
the model proposed. 

In conclusion, the results reported in the present paper show 
a clear correlation of the kinetic behavior of hemoglobin with 
association-dissociation into single chain molecules. In cases 
like this, where the degree of dissociation of the protein depends 
on the presence of the ligand, a number of peculiar kinetic effects 
will appear; the extent to which they will be evident, however, 
will depend on the way the experiments are carried out and on 
the relative size of the rates for the association-dissociation 
processes and for the reactions with ligands. In this respect the 
case of hemoglobin might be taken as an example of a situation 
that is likely to occur in other proteins and enzymes. 
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