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To investigate the mechanism of allosteric switching
in human hemoglobin, we have studied the dissociation
of the ligand (CO) from several intermediate ligation
states by a stopped-flow kinetic technique that utilizes
competitive binding of CO by microperoxidase. The
hemoglobin species investigated include Hb(CO),, the
diliganded symmetrical species (« 8-CO); and («-CO
)2, and the di- and monoliganded asymmetrical species
(«-CO 8-CO)(a B), (a-CO B)(a B-CO), (« 8-CO){(« B), and
(a-CO B8)(a 8). They were obtained by rapid reduction
with dithionite of the corresponding valence interme-
diates that in turn were obtained by chromatography
or by hybridization. The nature and concentration of
the intermediates were determined by isoelectric fo-
cusing at =25 °C. The study was performed at varying
hemoglobin concentrations (0.1, 0.02, and 0.001 mm
[heme]), pH (6.0, 7.0, 8.0), with and without inositol
hexaphosphate. The results indicate that: (a) hemoglo-
bin concentration in the 0.1-0.02 mM range does not
significantly affect the kinetic rates; (b) the o chains
dissociate CO faster than the 8 chains; (¢) the symmetri-
cal diliganded intermediates show cooperativity with
respect to ligand dissociation that disappears in the
presence of inositol hexaphosphate; (d) the monoli-
ganded intermediates dissociate CO faster than the
diliganded intermediates; (e) the asymmetrical dili-
ganded intermediates are functionally different from
the symmetrical species.

Tetrameric human hemoglobin may form two monoli-
ganded and two triliganded species during reaction with heme
ligands. Moreover, two distinct interfaces between the o and
8 chains allow for the presence of four diliganded species.
Some of these intermediates have been shown directly by
experiments with cryogenic methods for hemoglobin at equi-
librium with CO (1). Investigations into the functional prop-
erties of these species are central in understanding the molec-
ular mechanism of the hemoglobin reaction with heme li-
gands.

There are two main difficulties when investigating the
properties of the native intermediates of the reaction of hemo-
globin with heme ligands. (@) Under equilibrium conditions,
the amount of intermediates is low, due to the positive coop-
erativity of hemoglobin; and (b) under nonequilibrium con-
ditions, ligand and dimer exchange is competitive with most
experimental techniques.

Experimental approaches proposed to overcome these dif-
ficulties have included the use of variant hemoglobins (2, 3),
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hemoglobins with iron substituted by other metals (4-7), and
cross-linked hemoglobins (8), thus not dealing with native
normal human hemoglobin. Other authors used unmodified
hemoglobin and CO or NO as ligands (9-12), but the unknown
distribution of the intermediates in the mixtures under study
required arbitrary assumptions regarding hemoglobin reactiv-
ity. Still other studies employed the CN™ ion as ligand; the
species (a 8-CN); and (a-CN 8).! have been studied by several
techniques, including NMR and EPR (see Ref. 13 for a
review), and the equilibrium constants for the tetramer to
dimer association of all the CN-methemoglobin intermediates
were recently obtained (14). Comparing these results with the
properties of the corresponding intermediates obtained with
gaseous ligands is of great importance to evaluate if the
features observed on CN-met species may be extended to
gaseous ligands.

Kinetic studies of the ligand dissociation from hemoglobin
and its intermediates yield useful information into the elec-
tronic and steric factors affecting the reactivity of hemoglobin,
because faster or slower rates correspond to a more “tense”
or “relaxed” quaternary structure of the protein, respectively.
Carbon monoxide has the highest cooperativity, compared
with O, and NO, in the “on” reaction ({,'/I,’ = 17 (15), I’ /l,’
=2(186),and l,’/l;’ <1 (17) for CO, O,, and NO, respectively),
and the rate of the dissociation of the ligand is considered a
valid probe to study the mechanism of quaternary structure
changes.

Earlier studies of the dissociation of the first CO from
Hb(CO),,? obtained with NO replacement techniques (18, 19),
gave little insight into the quaternary changes of the protein.
In contrast, studies using microperoxidase (MP), an endeca-
peptide that binds CO stronger and faster than hemoglobin,
allowed the investigation of the successive steps of ligand
dissociation (9). However, this study, which used diluted
hemoglobin solutions, could not distinguish the functional
differences between « and 3 chains nor the effects of dimers
on the kinetics.

In this work, we have investigated the dissociation of CO

1 The rate constants of the reaction of Hb with CO (I’,.) are so
keyed: n (1-4) is the number of ligands bound to the molecule; x («
or 8) is the hemoglobin chain involved in the reaction; the prime
mark (') indicates that it is an “on” reaction (otherwise, the reaction
is “off”). The species that are partially oxidized and partially liganded
to CO, for example (a* 8-CO),, are referred to as the partially oxidized
compounds. The reduced forms of the partially oxidized compounds,
as (a $-CO),, are referred to as the intermediates of the reaction of
hemoglobin with CO.

2The abbreviations used are: Hb, deoxy (unliganded) hemoglobin;
Hb(CO),, carboxyhemoglobin; HbO,, oxyhemoglobin; Hb*, methe-
moglobin; IEF, isoelectric focusing; IHP, inositol hexaphosphate; Mb,
deoxy (unliganded) myoglobin; MbCO, carboxymyoglobin; MbQ,
oxymyoglobin; Mb*, metmyoglobin; MP, unliganded microperoxi-
dase; MPCO, microperoxidase bound to CO; MP*, oxidized micro-
peroxidase.
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from hemoglobin intermediates using the following reaction
scheme,

Na dithionite
—

Hb‘rmeO HbA"‘Co (tg/, =03 S) (1a)
Hb,"° _, Hb, + mCO (= 0.03-0.2 s7) (1b)
mCO + mMP — mMPCO (k=10 uM~1g™1) (1c)

mCO + Hb, — Hbmc0 (I' =04-6 uM~'s™) (1d)
where n + m = 4, and the values for I’ are from Ref. 15. In
this scheme, the ligand exchange between hemes during the
reaction is eliminated because microperoxidase is present in
a 10-fold excess over deoxy hemes and has a faster combina-
tion rate with CO with respect to hemoglobin. Furthermore,
the knowledge of the distribution of the partially oxidized
species before the reduction of ferric iron by dithionite (rou-
tinely checked by IEF at —25 °C) avoided the need of assump-
tions regarding their distribution.

The approach reported herein for the preparation of none-
quilibrium mixtures originates from the observation that all
the products of the partial oxidation of Hb(CQ), can be
obtained by hybridization of the species Hb*, Hb(CO),, (a*
B8-CO),, and (a-CO %), (20). These four species are stable
with respect to both dimer and ligand exchange because of
their symmetrical structyre and the absence of free sites for
ligand binding. The reduction of the ferric iron by dithionite
yields the respective intermediates of the reaction of hemo-
globin with CO, which can be studied with appropriate tech-
niques. However, investigations into two-step reactions where
the second step is faster than the first, as the dissociation of
CO from diliganded intermediates, require starting solutions
with large amounts of the intermediate species, as the mono-
liganded asymmetrical species. These species, when partially
oxidized, are stable with respect to ligand exchange, but
undergo rapid dimer rearrangement. Thus, they were obtained
in ternary mixtures prepared by mixing equimolar amounts
of any pair of symmetrical molecules. These partially oxidized
mixtures were shown to contain roughly 50% of the asym-
metrical hybrid (20) and were rapidly reduced by dithionite
to yield the intermediates of the reaction with CO.

The aim of this work is to evaluate the cooperativity of the
tetramer and to assess the functional heterogeneity of the «
and 8 chains. We show that: (a) the dissociation of CO from
the o chains was faster than the 8 chains; (b) the dissociation
of CO was faster from the monoliganded than from the
diliganded molecules; (¢) organic phosphates and H* always
enhanced a faster dissociation of the ligand; and (d) the
symmetrical diliganded intermediates were functionally dif-
ferent from the asymmetrical diliganded intermediates.

EXPERIMENTAL PROCEDURES

Reagents—The buffer (20 mM KP;, 50 mM KCl, 1 mm EDTA, pH
7.0, at 20 °C, unless otherwise stated) was deaerated with vacuum
and stored in stoppered glass bottles under nitrogen. Fresh sodium
dithionite (Carlo Erba, Milano, Italy) solutions (140 mg/ml) were
prepared by dissolving anaerobically in the buffer, extracting residual
gas with vacuum, and titrating to the selected pH in an IL237
tonometer (Instrumentation Laboratory, Paderno Dugnano, Italy).
Stock anaerobic solutions of 18.5 mM inositol hexaphosphate, 0.37
mM sperm whale Mb*, and 0.6 mM MP* (Sigma) were prepared daily.

Subzero IEF—Subzero (—25 °C) IEF was carried out loading 50~
200 ug of protein onto the gel-containing tubes (20). At the end of
the 22-24-h IEF, a color slide of the tubes was taken and the
distribution of the intermediates was estimated by scanning the slide
with a Cliniscan (Helena Laboratories, Beaumont, TX) integrator
operating at 465 nm.

Hemoglobin—Oxygenated hemoglobin (HbQO,) was obtained from
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nonsmoker donors (HbCO < 2%), washing red cells with isotonic
saline, hemolyzing with water and CCl, in the ratio 1:1:0.4, and
freeing organic phosphates with Sephadex G-25 against 0.1 M KCI.
The approximately 7.5 mM hemoglobin stock was stored in liquid
nitrogen until use.

To obtain methemoglobin (Hb*), HbO, was oxidized by 1.2 eq of
K3Fe(CN)g for 1 h at room temperature, pH 6.8. The mixture was
passed through Sephadex G-25, deaerated, and stored at 0 °C until
use.

Hemoglobin concentrations are expressed on a molar heme basis
(after mixing for stopped-flow experiments) and were obtained as
met-cyanide derivatives using an extinction coefficient of 11.05 mM™*
cm™! at 540 nm (21). The other extinction coefficients at 592 nm for
Hb(CO),, Hb, MP, and MPCO were 2.03, 5.96, 0.843, and 1.19 mM™!
cm™?, respectively.

Preparation of («* 8-CO), and (a-CO B8*);—Solutions containing
(a* 3-CO); and («-CO §*), were prepared from four different blood
samples, using slight modifications of a method previously described
to obtain the species (a* 8-02); and (a-0; 8%); (22). Twelve ml of 7.5
mM HbO; was oxidized at pH 6.5 by 0.5 eq of K;Fe(CN), either for 2
h at room temperature or for 1 min at 0 °C to obtain solutions
enriched in the former or the latter species, respectively. After re-
placement of O, with CO by gentle bubbling and passage through
Sephadex G-25 at 0 °C, the solution was loaded to a 4 X 32-cm CM52
(Whatman Ltd., England) column previously equilibrated with a 5
mM KP;, 0.5 mM EDTA, pH 6.8 at 25 °C buffer. All these operations
were carried out anaerobically. An ionic strength gradient (5-15 mm
KP;, 1 mm EDTA, pH 7.5 at 25 °C) was then applied at a flow rate
of 60 mi/h, and fractions were collected, bubbled with CO and then
with N, concentrated to 1.2 mM, and stored under nitrogen at ice
temperature. The purity of the solutions was in the 90-95% range, as
checked by IEF at —25 °C.

Preparation of the Ternary Mixtures—Solutions with the species
{a-CO B*}a* 8*) or {(a* B-CO)a* (*) were obtained by mixing
anaerobically (5 min at room temperature) equimolar amounts of
Hb* with (a-CO 8*), or (a* 8-CO),, respectively, at a total protein
concentration of 1.2 + 0.1 mM. Solutions with the species (a-CO 8-
CO)(a* 8*) or (a-CO 8*)(a* 8-CO) were prepared by mixing under
the same conditions Hb* with Hb(CO),, or («-CO 8*), with (a* 8-
CO),, respectively. The mixtures were then refrigerated and used
within 1 h. Isoelectric focusing at —25 °C showed that the amount of
asymmetrical monoliganded and diliganded hybrids in the mixtures
was 45 and 40%, respectively.

Kinetic Data Determinations—Kinetic progress curves were ob-
tained at 20 °C with a Durrum-Gibson stopped-flow instrument (Di-
onex, Palo Alto, CA), equipped with a 2-cm path length cuvette (dead
time, 0.003 s) and with a 1:3.8 reagents mixing ratio. Usually, 4 ml of
the stock MP* solution was reduced by 0.5 m] of 140 mg/m! sodium
dithionite and loaded into the larger stopped-flow syringe.

The time required to reduce 98% of the oxidized hemes (Reaction
1a) was <1 s for [dithionite] = 140 mg/ml. At the end of this reaction,
the CO released by hemoglobin (Reaction 1b) reacts with MP (Re-
action 1c) faster than with Hb (Reaction 1d) because of the higher
values of the rate constants and of the concentration with respect to
hemoglobin. Thus, the recombination of Hb with CO is inhibited,
and the overall rate of the Reaction chain 1a-d is controlled by the
rate of CO dissociation from hemoglobin. This measured rate was
independent of slit width for values less than 0.2 mm, corresponding
to a photomultiplier voltage of 500 V.

Absorbance spectra of the species Hb(CO),, Hb, MPCO, and MP
indicated that any wavelength in the range 450-650 nm could be used
to monitor the CO dissociation kinetics. At 592 nm a large optical

Tetramers
2-1ig

(asymm} -\:2.
1

1-1ip —-—lﬂ—> o-lig
Dimers
Fi6. 1. Scheme of the CO dissociation reaction that occurs
in the presence of contaminants (diliganded asymmetrical and

triliganded intermediates) and of the tetramer to dimer re-
action.
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density change (about 0.4) was detected at high protein concentration
with a 2-cm cuvette, and the spectral drift due to conformational
changes that were observed using NO as ligand (10) is minimized.
For the experiments at {heme] = 0.001 mM, we used & wavelength of
435 nm.

Kinetic data were collected by a Nicolet 3091 digital oscilloscope
(Nicolet Instrument Corp., Madison, WI). The start of the reaction
was set 1 s after the trigger signal to allow complete reduction of
oxidized hemes, and data were transmitted to a PC-350 computer
(Digital Equipment Corp., Maynard, MA) used for storage, retrieval,
and computation.

Caliculation of I, and LL,—Calculation of the rate constants was
performed by two methods. The first is a standard first-order treat-
ment of data in the 0-2.5 s range (about one-fifth of the reaction).
The second is the application of a finite element-generating function
(23) to the scheme of Fig. 1 and the full time courses of the reaction.
The scheme accounts for the tetramer to dimer reaction and for the
presence of contaminants of the symmetrical diliganded species, such
as the asymmetrical diliganded and some triliganded species, that
were detected in minor amounts (less than 3%) by IEF. Since several
of these side reactions were never investigated before nor were studied
here, we assumed that (unless otherwise stated): (a) the tetramer to
dimer dissociation constants obtained for CN-liganded hemoglobin

1.2

Log LYY /Y (1))
o
_A_m

0. 0 +— ¢ e
&0

20 40 80 100 120

Tima (s)

Fic. 2. First order plot (Y = fractional CO saturation) for
the CO dissociation from MbCO and Hb(CO),, without (—)
and with (- — ) IHP ({IHP]/{(Hb,] = 2). The lines are the linear
regressions calculated in the 0-5 s range. Only one point out of 100
is drawn for clarity. Other conditions: pH 7.0, 20 °C, [heme] = 0.1
mM (after mixing).

YL /YD

o 5 10 15 20 25 30 35 40

Tima (®)

CO Dissociation from Hemoglobin

hold true also for CO-liganded hemoglobin; (5) the value for the CO
dissociation from the triliganded species (l;) is equal to I,; (c) the
value for the CO dissociation from the asymmetrical diliganded
intermediate (L,) is equal to }; {(d) the value for CO dissociation from
dimers (1) is equal to [, (0.012 s7') as for noncooperative processes.

The rate constants referred to in this work are intrinsic microscopic
constants.

RESULTS

CO Dissociation from MbCO and Hb(CO),—The kinetics of
CO dissociation from 0.1 mM MbCO, pH 7.0, with and without
added IHP (Fig. 2), were found to be first order up to 95% of
the reaction, with an apparent k = 0.024 s™*, to be compared
to £ =0.017s"'in 8 uM MbCO (9). Under the same conditions,
the dissociation of CO from Hb(CO), is an accelerating pro-
cess (Fig. 2). The acceleration is greater without added THP.
The value for [, calculated from the initial portion of the
kinetics, is 0.011 s (I}, = 0.017 s~', when [IHP]/[Hb,] = 2)
to be compared with [, = 0.007 s™* (19) and 0.009 s (9),
which were determined under slightly different conditions.

CO Dissociation from the Intermediates at [Heme] = 0.1
mM—Table I shows the values for I, i, L., and s that were
calculated as explained under “Experimental Procedures.”
Fig. 3, left panel, shows the initial portion of the kinetics of
CO dissociation from («-CO 8); and the ternary mixture (a-
CO B); + (a-CO B)(a B) + (a B)2, pH 7.0. Fig. 3, right panel,
shows similar data obtained on (¢ 8-CQO), and the ternary

TABLE I
Values of the kinetic rate constants (s, values accurate to +14%) for
the dissociation of CO from symmetrical diliganded (1., and l»s) and
monoliganded (1, and l,s) intermediates, [heme] = 0.1 mM
Rate constants are intrinsic and were calculated using the first
order plot and the scheme reported in Fig. 1.

pH IHP Lo bs b by

1st order plot 70 No 0.16 0.10 0.10 0.049
7.0 Yes 0.16 0.11 0.15 0.10
6.0 No 0.12 0.12 0.10 0.12
6.0 Yes 0.096 0.08 0.064  0.060
8.0 No 0.009 0.005
8.0 Yes 0006 0004 00068 0.003

Scheme of 7.0 No 0.22 0.15 0.085 0.035
Fig. 1 7.0 Yes 0.22 0.15 0.17 0.10

YL /Y (D

Time (8

FiG. 3. Dissociation of CO from the « and g chains of hemoglobin at pH 7.0, 20 °C, and [heme] = 0.1
mM for the symmetrical diliganded intermediate () and the ternary mixtures (®). Displayed data (1
point out. of 100) are the average of 6-10 progress curves for each solution, obtained from 4 different preparations.
The lines are the results of the fits of the data to the scheme in Fig. 1, assuming l; = I, L, = h, la = I; final root
mean square = 0.0097 and 0.0120 for the « and g chains, respectively.
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F1G. 4. The left panel shows the CO dissociation from the two ternary mixtures, (a-CO 8-C0), + (« 8)(a-CO 8-
CO) + (a B): (A) and (a-CO B), + (a-CO B)(a B-CO) + (a B-CO). (<). Some of the kinetics already reported in
Figs. 2 and 3 are drawn here to help comparison (——): from left to right, (a-CO 8),, {« B-CO);, and Hb(CO),.
- - -, calculated kinetics for the CO dissociation from equimolar amounts of (a-CO ), and (a 8-CO), without their
asymmetrical hybrid. The right panel shows the kinetics of the mixture {a-CO 8-CO); + (& 8)(a-CO 8-CO} + {a
B): (A) and of Hb(CO), (——) as in the left panel, but on a different time scale.
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Fi1G. 5. Same as in Fig. 3, but with THP ([IHP)/[Hb,] = 2),
pH 7.0, [heme] = 0.1 mM, 20 °C. Symmetrical diliganded inter-
mediate (W), ternary mixtures (@), and (- - -) CO dissociation from
the ternary mixtures without IHP as in Fig. 3, added here to help
comparison.

mixture (a 3-CO), + (a 3-CO}a 8) + (a B).. All curves are
first order in the 0-2.5 s range (not shown).

Fig. 4, left panel, shows data obtained with the ternary
mixtures Hb + (a 8)(a-CO §-CO) + Hb(CO), and («-CO 8).
+ (2-CO B)(a B-CO) + (« 8-CO), at pH 7.0. For comparison,
we added in the figure the kinetics of (a-CO 8),, (« 8-CO),,
and Hb(CO), and the kinetics for a mixture of equimolar
amounts of («-CO B), and (a B-CO),, without their hybrid (a-
CO B)(x 3-CO), calculated from the data reported in Table I,
top section.

Additional experiments were performed at pH 6.0 and 8.0.
At pH 8.0 the dissociation of CO from the § chains in the
absence of IHP was found to be too slow for the stopped-flow
apparatus and could not be measured.

Effect of the Protein Concentration—We evaluated the ef-
fect of dimers on the CO dissociation progress curves of the
symmetrical diliganded species, performing experiments at
(heme] = 0.02 and 0.001 mM. At [heme] = 0.02 mM, the first-
order rate constants were comparable within experimental
error (+20%) with those obtained at [heme] = 0.1 mM. By

contrast, at [heme] = 0.001 mM, the rate constants for (a-CO
B)2 (0.032 57, at pH 7.0, independent of IHP) were about one-
third to one-fifth of the values obtained at [heme] = 0.1 mM,

Effect of IHP—Fig. 5 shows the CO dissociation kinetics of
the symmetrical diliganded intermediates and the ternary
mixtures containing the monoliganded intermediates in the
presence of IHP ({IHP]/[Hb,] = 2), pH 7.0, and [heme] = 0.1
mM. The kinetics of the ternary mixtures without IHP was
added in the figure for comparison.

DISCUSSION

Distribution of the Partially Oxidized Species and of the
Intermediates—The concentration of the intermediates be-
fore the reaction with MP is of critical importance for the
interpretation of the kinetics. We must consider the system
at the two stages in our protocol: (a) initially the hemoglobin
mixture was in the CO/met form at equilibrium with respect
to dimer and ligand exchange; and (b) the addition of dithio-
nite and MP perturbed the pre-existing dimer and ligand
equilibrium.

Subzero IEF provided information on the concentrations
of all the species present in the partially oxidized mixtures.
The purity of («-CO 8%); and (a* 8-CO), obtained by chro-
matography was >90%. Focusing of the ternary mixtures
showed that the asymmetrical hybrid formed by the recom-
bination of the dimers from the parent species was 456% of
the total. This value was consistent with the distribution at
equilibrium of dimers, parent species, and their hybrids, cal-
culated at the highest heme concentration used here (Table
II). For this calculation, the tetramer to dimer dissociation
constants of each of the partially oxidized species were as-
sumed to have the same value of 1 uM reported for Hb{CO),
(24).

This equilibrium was perturbed by the ideally instanta-
neous reduction of ferric iron. To predict the extent of the
changes due to dimer rearrangement, we used the equilibrium
constants for the tetramer-dimer reactions reported for the
partially CN-liganded intermediates under comparable con-
ditions (14), since similar data on CO intermediates are not
available. Even if the ligand is different, there are good
reasons to believe that the values of the constants will not be
too different when using CO instead of CN7, as pointed out
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TABLE 11
Fractional distribution at equilibrium in a mixture containing the
diliganded symmetrical intermediate (a-CO B),, unliganded
hemoglobin, and the monoliganded intermediate (« 8)(a-CO 8) before
and after the reduction with dithionite at the three heme
concentrations used in this work

The same pattern occurs for the other intermediates with the 8

chains bound to CO.

Before reduction®

[Heme] (a-COB*), (a-COE*) (a*§%): (a*B*) (a-COB*)(a* 8*)

mM
0.1 0.232 0.035 0.234 0.035 0.466
0.02 0.209 0.083 0.208 0.083 0.417
0.001 0.122 0.254 0.123 0.254 0.246
After reduction®
[Heme] (a-COB); (a-COB (aB) (a ) (a-CO B)(a B)
mM
0.1 0.234 0.037 0.259 0.001 0.463
0.02 0.199 0.086 0.270  0.001 0.437
0.001 0.096 0.237 0.329 0.002 0.334

@ Calculated using the same value for the dissociation constant for
the three tetramers (1 X 107 m).

b Calculated using the following values for the dissociation con-
stants: 1.7 X 1075, 2.8 X 107%, 5.2 X 107* M for (a-CO 8)2, («-CO B}«
8), and (a B)., respectively.

by the same authors (14). With this assumption, we calculated
the distribution of the components in the ternary mixture
(including also free dimers) at the three heme concentrations
employed in this work (Table II). At equilibrium, the concen-
tration of the asymmetrical hybrid is similar to that found in
the partially oxidized solution when [heme] = 0.1 mM in spite
of the change of the equilibrium constants. Thus, the distri-
bution of the partially oxidized species obtained by IEF is
reasonably representative of the distribution of the interme-
diates at the start of the reaction with MP.

As for the effect of ligand exchange, we evaluated the rate
of CO dissociation from the partially oxidized species during
the time required to reduce oxidized hemes, assuming that
the values of !, and /; reported in Table I hold true. This
assumption may represent the most unfavorable condition
since the partially oxidized species are likely to have a stronger
affinity for CO than the respective intermediates. Neverthe-
less, we found that CO dissociation during this time was <2%
of the total.

To use the scheme of Fig. 1 as the generating function to
fit the data, the assumptions listed under “Experimental
Procedures” had to be made. As shown in Table III, these
assumptions gave the best results in term of residual errors,
as compared with the results obtained using other arbitrary
sets of assumptions.

Dissociation of CO from the Hemoglobin Intermediates—
The CO dissociation from Hb(CO), was an accelerating pro-
cess almost unaffected by IHP in the initial portion, in
agreement with previous results that /, is a rate-limiting step
(19). The acceleration is likely due to the disappearance of
the rate-limiting species Hb(CO),, with increasing amounts
of intermediates with faster dissociation rates than Hb(CO),.
IHP increases the rate of CO dissociation from at least some
of the intermediates, leading to lower amounts of intermedi-
ates, and, therefore, the acceleration, not the rate, of the
reaction is apparently less in the presence of IHP than in its
absence.

The dissociation of CO from the «a chains of the interme-
diates was faster than from the 8 chains at any pH, [IHP],
ligation state, and [heme] in the 0.1-0.02 mM range. At pH
7.0, the dissociation of CO from the monoliganded interme-

CO Dissociation from Hemoglobin

diates was faster than from the diliganded intermediates,
implying a conformational change of the protein when disso-
ciating the first CO from («-CO 8); or (a 8-CO),. The species
(a B-CO), exhibits more cooperativity in the kinetics than (a-
CO ﬂ)z, since lm/lzg > lla/lga.

The kinetics of the monoliganded intermediates was unaf-
fected by IHP, while IHP increased the rate of CO dissociation
from the symmetrical diliganded intermediates. In the pres-
ence of IHP, the /,/l, ratio approached unity, both for the «
and the 8 chains, implying that the quaternary conformation
of the symmetrical diliganded intermediates with IHP is very
similar to that of the monoliganded intermediates.

The difficulties in studying the asymmetrical diliganded
species in comparison to the symmetrical diliganded inter-
mediates are: (a@) they cannot be studied as pure species; (b)
the dissociation of CO yields two different monoliganded
species because the reaction of the « chains is indistinguish-
able from that of the 8 chains; and (c) the asymmetrical
diliganded species may exchange dimers at a rate comparable
with the rate of CO dissociation. We calculated from the first-
order plot of the CO dissociation from the ternary mixture
Hb + (a-CO B-CO){(a ) + Hb(CO), that apparent k& = 0.033
s7! in the 0-2.5 s range. This value could be assigned to (-
CO B-CO)(a B), since the dissociation of CO from Hb(CO),
should be negligible in this time range. The possible disap-
pearance of the asymmetrical diliganded intermediate to yield
the parent species Hb and Hb(CO), following dimer rear-
rangement is consistent with the kinetics of this ternary
mixture which slows down and becomes nearly parallel to
that of Hb(CO), after 15-20 s {about 20-30% of the reaction,
Fig. 4, bottom panel). This indicates that the only CO-disso-
ciating species present here is Hb(CO),.

The interpretation of the CO dissociation kinetics from the
mixture (a« 8-CO); + (a-CO B)(« 8-CO) + (a-CO B), is even
more complex because the progress curve lies between those
of the two parent species. The observed kinetics is indistin-
guishable from that calculated for a 1:1 mixture of the two
parent species (dashed line in Fig. 4, top panel), suggesting
that the hybrid dissociates CO at a rate comparable to («-CO
B). or slower.

CONCLUSIONS

The main innovative features of this work were the char-
acterization of the functional heterogeneity of the chains of
hemoglobin and the measurement of {; and J, under conditions
closer to the environment of the red cell than in earlier studies.
The use of a higher protein concentration was limited in this
approach by the solubility of MP and its loss of activity due

TasLE I
Results of fits of the same sets of data ([heme] = 0.1 mMm, pH 7.0) to
the scheme of Fig. 1 at different arbitrary values for some of the
parameters
The rate constants are intrinsic microscopic constants, and RMS
is the residual mean square error, expressed in fractional saturation
units.

No IHP With IHP
Assumptions af/B RMS
L b b b

See “Experimental o 0.22 0.085 0.22 0.17 0.0097
Procedures” 8 015 0.035 0.15 0.10 0.0120
ba=1U a« 0.13 0.085 0.13 0.16 0.0166
g 011 0.039 0.11 0.095 0.0146

=1 a 015 0082 0.15 016 0.0168
8 020 0025 020 0.072 0.0148

=0 o« 015 0.082 0.15 0.16 0.0168
8 020 0.029 020 0.072 0.0148

No tetramer to a 013 0.095 0.13 0.16 0.0165
dimer reaction 8 013 0.037 013 0.091 0.0148

AILA=Z ‘11 £1mentiee, 110 ‘oAl 1o innie nthan virciaanina 12 Bin Al AAAAL TTIATT DANE A TAAOA



ASBMB

The Journal of Biological Chemistry

CO Dissociation from Hemoglobin

to polymerization phenomena (25). Data shown in Table II
and the kinetics obtained at the lowest heme concentration
point out that previous work (9) performed at [heme] = 0.001
mM suffered from significant tetramer to dimer reaction, thus
giving little insight into the cooperativity of the molecule. A
recent study on the distribution of the intermediates of hemo-
globin half-saturated with CO (26) suggests that the asym-
metrical and symmetrical diliganded intermediates are func-
tionally different. This result, consistent with the findings on
CN-met intermediates (14), reinforces our observation on the
CO dissociation from the diliganded intermediates, suggesting
that there are preferred pathways in the ligand dissociation
reaction from hemoglobin.
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