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Abstract

Hemoglobin is a regulatory component of the oxygen transport to the tissues, and for decades has been a
prototype to develop new strategies for the study of the structurerfunction relationships in proteins. One of the most
difficult, and so far, unattained objectives of hemoglobin research has been the study of the hemoglobin molecules in
a state of partial ligation with oxygen, or intermediates, as a means of testing theories of cooperativity. A cryogenic
technique has been developed for the isolation, identification and quantification of the reaction intermediates of
hemoglobin and CO, which in many aspects is a close approximation to the physiological ligand. The technical
features that are crucial for the evaluation of the significance of the experimental data obtained using this technique
and various approaches to the analysis of the data are reported. The discussion points out the importance of
accessing direct information on the nature and concentrations of the intermediates in solution to clarify mechanisms
of cooperativity as opposed to the less informative studies of the bulk properties of the solution. Q 1999 Elsevier
Science B.V. All rights reserved.
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1. Introduction

The Nobel prize awarded to Kendrew and Pe-
rutz in 1962 for the determination of the crystal
structures of myoglobin and hemoglobin was a
landmark event that determined the development

U Tel.: q39-02-26423-303; fax: q39-02-264-233-02.

of modern protein science. Since then, these pro-
teins have been model compounds for the devel-
opment of new technologies and theories for the
study of the relationships between structure and

w xfunction 1,2 . Myoglobin has a tertiary structure
similar to that of the a and b chains in te-
trameric, a b , hemoglobin. The functional be-2 2
haviour of myoglobin and of the isolated hemo-
globin chains is characterised by a hyperbolic
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oxygen binding isotherm with a P value of ap-50
proximately 1 torr, which makes this protein inad-
equate for oxygen transport. Assembling two a
and two b chains in a tetramer brings about a
dramatic change in function. The sigmoidal shape
of the oxygen binding isotherm of hemoglobin
allows the protein to load oxygen at the lungs,

where the ligand concentration is high, and to
unload it at the tissues, where the ligand concen-
tration is low. The P value, which under physio-50
logical conditions is approximately 28 torr, shifts
with the change in binding of several allosteric
ligands, such as hydrogen ions, chloride, carbonic

Ž .anhydride and 2,3-biphosphoglycerate 2,3-BPG ,

ŽFig. 1. Oxygen equilibrium isotherms at 378. Full curves, hemoglobin solutions in 0.1 M KCl, pH 7.22, equilibrated with from left to
. Ž .right : O rN mixtures; O rN rCO mixtures PCO s40 torr ; O rN mixtures and a slight molar excess of 2,3-BPG;2 2 2 2 2 2 2 2

Ž .O rN rCO mixtures PCO s40 torr and a slight molar excess of 2,3-BPG. Dashed curve: fresh whole blood equilibrated with2 2 2 2

Ž . Ž .O rN rCO mixtures PCO s40 torr at pH 7.4. Inset from left to right , increments in logP observed by the single additions of2 2 2 2 50
CO and 2,3-BPG, increment calculated by summing the single effects of CO and 2,3-BPG and increment observed by the2 2

w xaddition of both CO and 2,3-BPG. Adapted from Brenna et al. 4 .2
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Ž .Fig. 1 . The affinities of the modulators for the
binding sites, distant from the hemes, are higher
in the unliganded state of the protein and are
modified by the binding of the other modulators.
A body of information unique in its richness has
been gathered on the kinetic, thermodynamic and
structural properties of the liganded and unli-
ganded forms of the protein and on their interac-
tions with the modulators. In some cases the
nature of the interactions among some of the
modulators has been clarified, as shown by the
studies on blood gas transport by Rossi-Bernardi

w xand collaborators 3,4 . They demonstrated that
the oxygen binding isotherm of whole blood un-
der physiological conditions of CO , 2,3-BPG and2
hydrogen ion concentrations is reproduced in vitro
by the addition of the physiological concentra-
tions of these modulators to concentrated solu-
tions of hemoglobin in 0.1 M KCl. The effects of
CO and 2,3-BPG, however, are not additive,2
indicating competitive interactions with the pro-

Ž .tein Fig. 1 .
Most of the experimental evidence on the

mechanisms of the interactions between the
hemoglobin and oxygen and the modulation of
such interactions has been provided so far by the
analyses of the oxygen binding isotherms. These
data together with the information on the struc-
tural and functional properties of the end states,

Ž . Ž .i.e. oxy- HbO and deoxyhemoglobin Hb , have2
provided a great deal of the experimental support
for the most successful model for the interpreta-
tion of cooperativity, which was described by

w xMonod et al. 1965 5 . The MWC model assumes
that at each stage of the ligation process the
protein molecules exist in equilibrium between
two structures. Structure T, identified with the
structure of the crystals of Hb, has low affinity for
oxygen. Structure R, identified with the structure

Ž q.of the crystals of methemoglobin Hb and car-
Ž .boxyhemoglobin HbCO has high affinity for the

ligand. Cooperativity ensues from the progressive
increase in the proportion of molecules in the R
structure driven by the increase in bound ligands
according to the law of mass action. The tertiary
changes in the structure of the subunits, which
must occur on ligation, do not contribute to

Ž .cooperativity. An alternative model KNF , de-

w xscribed by Koshland et al. 6 in 1966, does not
assume a pre-existing equilibrium of structures.
The structure of the cooperative molecule
switches progressively from the T to the R con-
figuration according to the rules of subunit inter-
actions in the course of ligation specific to that
molecule. Cooperativity ensues from the tertiary
structural changes. Information on the functional
and structural properties of the intermediate
states of ligation or on the distributions of such
species under a particular set of conditions, al-
though not required to define the MWC model, is
nevertheless the ultimate test for both the MWC
and KNF models.

The aim of this article is to give an account of
the work carried out to isolate, identify and quan-
tify the partially liganded species, intermediates
in short, in the reactions of hemoglobin with
carbon monoxide. The intermediates are rare
species in the sense that they are unstable and
their concentrations are low, particularly under
equilibrium conditions. The results of this 20-year
long effort point out how essential the informa-
tion on these species is for the clarification of the
mechanisms of cooperativity. The key method-
ology that made the project possible is a
cryogenic electrophoretic technique for the
separation of protein species stabilised at low
temperatures. Hopefully this article will provide
the background for a proper evaluation of the
work carried out so far, progress and pitfalls,
and contribute to diffuse the information on
the cryogenic technique, which may prove useful
in the study of other systems involving unstable
species, such as protein]protein, protein]peptide
and protein]nucleic acid complexes.

2. Trapping the intermediates

2.1. Background

The a and b chains assembled in the hemo-
globin oxy- and deoxytetramer form two types of
contacts. The a b and the symmetrical a b1 1 2 2
contacts are extensive and do not dissociate un-
der physiological conditions. The a b and the1 2
symmetrical a b contacts dissociate yielding two2 1
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structurally identical dimers, a b and a b . Be-1 1 2 2
cause of the non-equivalence of arb contacts
and the assumed intrinsic differences in the
properties of the a and b chains, the binding of
heme ligands yields 10 ligation states, as depicted
in Fig. 2. In solutions of partially liganded ferrous
hemoglobin all the states are unstable because of:
Ž .a the mobility of the ligand, which can dissociate
from a heme and rebind to a different heme; and
Ž .b the exchange of dimers among the tetramers
according to the scheme in Fig. 3. All three
gaseous ligands, O , CO and NO, have high rates2
for the association reaction. The rate of the disso-
ciation reaction, the step controlling the mobility
of the ligand, is markedly different for the three
ligands. Oxygen and nitric oxide have the highest
and slowest dissociation rates, respectively and

w xsimilar association rates 7 . Carbon monoxide is
an intermediate case with a value of the dissocia-
tion rate constant of approximately 0.01 sy1 from

HbCO and 0.1 sy1 from the monoliganded species
w x8 . Contrary to NO, CO equilibrium isotherms
similar to the oxygen isotherms have been mea-

w xsured 9,10 .
As shown by the work of Ackers and collabora-

w xtors 11 , the dimer association reaction is fast
and independent of the type of ligand and state of
ligation of the associating dimers, whilst the te-
tramer dissociation is strongly dependent on both
the ligand and state of ligation of the tetramer.
Therefore the controlling step of the dimer rear-
rangement reactions is the tetramer dissociation
reaction.

2.2. Cryomethods and the strategy for the isolation
of the intermediates

The project for trapping the intermediates
between hemoglobin and CO was inspired by
Rossi-Bernardi who suggested that the difference

Ž . Ž .Fig. 2. The 10 CO ligation states of hemoglobin. Each tetrameric species dissociates yielding the dimers, a b and a b , shown1 1 2 2
in parentheses, where the subscripts are omitted for simplicity. In brackets is the notation of the ith ligation state and the respective

w xdegeneracy j according to Ackers 11 .
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Fig. 3. Scheme of the dimer exchange reactions. The dashed lines indicate the a b and a b contacts that dissociate under1 2 2 1
physiological conditions. Each symmetrical parent species dissociates into dimers in the same ligation state. The asymmetrical
hybrid dissociates into dimers in different state of ligation. Through the dissociation into dimers two parent tetramers in solution
yield the hybrid and the hybrid disproportionates into the parent tetramers.

in the rate of oxidation by ferricyanide between
the unliganded and the CO-liganded chains could
be exploited to prevent the mobility of the ligand,
since only the ferrous hemes bind CO. Further-
more, the oxidation of the heme iron would place
a positive charge on each of the oxidised chains.
Because of the different pK values of the a and
b chains in the reaction:

q q y q Ž .Hb qH OªHb OH qH 12

the oxidation of the intermediates in Fig. 2 yields
nine differently charged species. Species
Ž q CO .Ž CO q. Ž CO CO .Ž q q.a b a b and a b a b cannot
be distinguished. The nine species can be sepa-
rated by chromatographic or electrophoretic
methods, provided that some means of stabilising
the tetramers is found. The pioneer work of Dou-

w xzou and collaborators 12 in the field of cry-
obiochemistry provided useful information on the
stability of the hemoglobin]carbon monoxide
bond in hydro-organic solvents at subzero tem-
perature. Furthermore, Park in 1975 showed that
the asymmetrical valence hybrids of hemoglobin

Ž .can be isolated by isoelectricfocusing IEF at
subzero temperatures in the range from y5 to

y108C using gels of polyacrylamide, cross-linked
with methylene-bis-acrylamide, in ethylene
glycolrwater mixtures containing Ampholines in

w xthe 6]8 pH range 13 . These important experi-
ments helped define the proper strategy for the

Ž .isolation of the CO intermediates. 1 Quenching
a hemoglobin solution partially saturated with
CO into an anaerobic hydro-organic solvent at
subzero temperature containing an excess of fer-

Ž .ricyanide would: a oxidise the unliganded chains
Ž .to the ferric state; b prevent any dissociated

Ž .ligand from rebinding to other chains; and c
stabilise the ligand]hemoglobin interaction and

Ž .prevent the oxidation of the liganded chains. 2
Cryofocusing the products of the chemicalrther-
mal quenching would isolate nine out the 10
ligation states. The crucial steps in the procedure
were the long-term stability at subzero tempera-
tures, the resolution, identification, quantification
of the oxidised intermediates and adequate vali-
dation tests, as described in the following.

2.3. Stability of the asymmetric species

At the moderate subzero temperatures attained
by Park’s technique the tetrameric species are not
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Ž .Fig. 4. Electrophoretic separations at y408 in 50% vrv
Ž . Ž . Ž .Me SO. a Equimolar mixture of HbA CO and HbC CO2

Ž .incubated at 58C for 15 min before separation for 2 h. b
Ž .Same as a , but after the separation in the three bands

electrophoresis was interrupted for 2 h and then resumed for
Ž . Ž . Ž .another 2-h period. c Samples of HbA CO and HbC CO

mixed at y308 and then separated at y408. Adapted from
w xPerrella et al. 16 .

stable enough over the long periods of time re-
quired to attain the focusing equilibrium in a
highly viscous solvent. In less viscous solvents,
such as mixtures of ethylene glycolrmeth-
anolrwater, the polyacrylamide gels undergo a
structural change, the glass transition, which
makes them non-permeable to ions at just a few
degrees below zero. Co-polymers of acrylamide,

Ž .methylacrylate or ethylacrylate and methylene-
bis-acrylamide have low glass transition tempera-

w xtures in various hydro-organic solvents 14,15 .
Using a standard thermostattable cell for gel tube
electrophoresis, a simple modification of the stan-
dard buffers for discontinuous buffer gel elec-
trophoresis, consisting of the dilution of the buf-
fers and the addition of dimethylsulfoxide
Ž . Ž .Me SO to 50% vrv , good resolution of mix-2

Ž . Ž .tures of HbA CO , HbC CO and their hybrid,
formed by dimer exchange at 58C, was achieved in
approximately 2 h of electrophoresis at y408C, as
shown in Fig. 4. Since at this temperature the

asymmetrical hybrid species was stable for the
time required for the separation, the amount of
hybrid formed upon incubation of the parental
species under various conditions of pH and tem-
perature was quantified after separation and the
rate constants for the tetramer dissociation reac-
tion were calculated. These experiments indicated
that the asymmetrical species would not exchange
dimers significantly for periods of time of 20]30 h
at temperatures Fy258C and under alkaline pH

w xconditions 16 .
Subzero temperature electrophoresis is a valu-

able technique for the separation of species dif-
fering significantly in charge, which need to be
stabilised at very low temperatures. The glass
transition temperature of the co-polymer gels can
be lowered by increasing either the proportion of
methylacrylate or the length of the hydrocarbon
chain of the alcoholic moiety of the ester. The
second approach is of limited application since
the solubility in hydro-organic solvents of the
acrylate esters drops dramatically from meth-
ylacrylate to buthylacrylate. Nevertheless elec-
trophoresis close to y508 is feasible using the
methylacrylateracrylamide co-polymers.

2.4. Separation of the ¨alence hybrids by IEF

Electrophoresis is not suitable for the separa-
tion of the complex mixtures of partially oxidised
HbCO, which were the objective of the project,
since the positive charge of the oxidised chains is
partially neutralised by Reaction 1. Good resolu-
tion is achieved by IEF using the acrylate
esterracrylamide co-polymers provided that the

Ž .solutions of soda catholite and phosphoric acid
Ž .anolite are replaced by Ampholine solutions.
The subzero pH gradients, the time required for
the attainment of such gradients and their time
stability were measured using various mixtures of

w xcommercial Ampholines 17 . Shallow pH gradi-
ents, such as those shown in Fig. 5, allow the
separation of nine species within 0.1 units of the
pH gradient and 12]14 mm of gel length, al-
though the complete resolution of all the species
under these conditions also depends on the thick-

w xness of the protein zones 18 .
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Ž . Ž . Ž .Fig. 5. pH gradients in tube gel IEF in 20% vrv ethylene glycol-15% vrv methanol-65% vrv water measured at subzero
Ž .temperatures. a Gradients at y128. `, 1% Ampholine, pH 8]9.5, as catholite, 0.1% Ampholine, pH 6]8, as anolite, 3%

Ampholine, pH 6]8, in the gel. Arrows show the positions reached in the gel by Hbq and HbCO after 24-h focusing. v, 1%
Ž .Ampholine, pH 7]9, as catholite, 0.1% Ampholine, pH 5]7, as anolite, 3% Ampholine, pH 5]7, in the gel. b Gradients at y238.

Ž . Ž .Ampholine ranges as in a ` . c Gradient at y238. 1% Ampholine, pH 7]9, as catholite, 0.1% Ampholine, pH 6]8, as anolite, 3%
w xAmpholine, pH 6]8, in the gel. Adapted from Perrella et al. 18 .

2.5. Identification of the intermediates

A spectroscopic analysis of zones that, although
sharp and resolved at subzero temperature, be-
come distorted and slowly diffuse into one an-
other upon exposure to room temperature is
technically difficult per se. This approach would
not solve the problem of species identification
since the spectra of the oxidised chains are influ-
enced in different ways by the pH and solvent
composition of the gel zone in which each species
focuses. The key to the solution of this problem is
provided by the mechanism of the dimer ex-
change reactions, as shown in Fig. 6. A sample of
partially oxidised HbCO, quenched into the
cryosolvent and focused at y258, yields a pattern
of nine components, Fig. 6a. The same aqueous
sample focused at 58 is resolved into four zones
containing, from cathode to anode: Hbq,
Ž q CO .Ž q CO . Ž CO qŽ CO q.a b a b , a b a b , HBCO, Fig.
6b. The continuous disproportion at 58 of the
asymmetrical hybrids, stable at y258, causes seg-

regation of the four symmetrical parental species.
Since the charge of each hybrid species is the
average charge of the respective parental species,
in a linear pH gradient, such as the gradient in
Fig. 5, the focusing zone of the hybrid is equidis-

w xtant from the focusing zones of the parents 18 .
The identification of the hybrids in Fig. 6a be-
comes straightforward when the identity of the
parents is known.

Ž CO CO .Ž .As mentioned, intermediates a b ab
Ž CO .Ž CO .and a b ab cannot be resolved since the

oxidised counterparts have identical isoelectric
points. The mechanism of the dimer exchange
reactions again provides the key to the solution of
the problem. Each hybrid species is stable at
subzero temperature, but readily disproportion-
ates into the parental species at temperatures
above zero. If the zone on the gel containing the
unresolved components, component no. 5 in Fig.
6a, is excised and the protein content is re-focused

Ž .at 58, the expected hemoglobin species are: 1
Hbq and HbCO, if the component contains
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Ž .Fig. 6. Identification of the valence hybrids. a Pattern of nine components obtained by focusing a sample of 37%-oxidised HbCO
q Ž q CO .Ž q CO . Ž CO q.Ž CO q.at y258. Components 1, 3, 7 and 9 are the symmetrical parents Hb , a b a b , a b a b and HbCO, respectively;

Ž q CO .Ž q q. Ž CO q.Ž q q. Ž CO CO .Ž q q.2 is a b a b , hybrid of 1 and 3; 4 is a b a b , hybrid of 1 and 7; 5 is the unresolved mixture of a b a b
Ž CO q.Ž q CO . Ž q CO .Ž CO CO . Ž CO q.Ž CO CO .and a b a b , hybrids of 1 and 9, 3 and 7, respectively; 6 is a b a b , hybrid of 3 and 9; 8 is a b a b ,

Ž . Ž q Ž q CO .Ž q CO . Ž CO q.Ž CO q. .hybrid of 7 and 9. b The four parental species from cathode to anode: Hb , a b a b , a b a b and HbCO
Ž . Ž .obtained by focusing on a gel plate at 58 the same sample as in a . The separated proteins were stained with Coomassie Blue. c

Ž .Disproportionation and separation by IEF at 58, as parent species, of the hybrids isolated as component 5 in a . The identification
Ž . w xof all the asymmetrical hybrids in a was confirmed similarly by disproportionation 19 .

Ž CO CO .Ž q q. Ž . Ž q CO .Ž q CO .species a b a b ; 2 a b a b
Ž CO q.Ž CO q.and a b a b , if the component contains

Ž CO q.Ž q CO . Ž . qspecies a b a b ; and 3 Hb , HbCO,
Ž q CO .Ž q CO . Ž CO q.Ž CO q.a b a b and a b a b , if the
component contains both species. The rela-
tive amounts of Hbq plus HbCO and
Ž q CO .Ž q CO . Ž CO q.Ž CO q.a b a b plus a b a b measure
the relative concentrations of intermediates
Ž CO CO .Ž . Ž CO .Ž CO .a b ab and a b ab in the

w xquenched hemoglobin solution 19 . Fig. 6c is the

analysis of component 5 in Fig. 6a by the above
procedure indicating that component 5 is a mix-

Ž CO CO .Ž . Ž CO .Ž CO .ture of a b ab and a b ab .

2.6. Quantification of the intermediates

The concentrations of some intermediates un-
der equilibrium conditions are less than 1% of
the total and the gel zone comprising one such
intermediate contains -2 mg of protein under
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usual experimental conditions. The relative pro-
portions of the focused components can be de-
termined by densitometry of the zones using the

w xgels still encased in the glass tubes 20 or using
w xmagnified colour slides of the gels 21 . In the first

case resolution is impaired by diffusion of the
zones during the procedure of tube alignment
and calibration. In the second case the problem
of diffusion is minimised by taking the slides
immediately after removing the tubes from the
electrophoresis cell, but the photographic proce-
dure alters the spectral properties of the zones. In
both cases a calibration procedure is required.
Major problems were: low sensitivity; deconvolu-
tion of the peaks of irregular shape; base-line
setting; and blank correction. An alternative to
densitometry is the assay of the hemeproteins
eluted from the gel slices containing the focused
zones by the pyridine hemochromogen method
w x21 . The two methods were found comparable in
precision using solutions of partially oxidised
HbCO containing various and large proportions

w xof ferric and ferrous chains 21 . The pyridine
hemochromogen method does not require cali-
bration, is sensitive and suitable for determining
the low amounts of protein isolated in the equi-
librium experiments. Blanks carried out using

Ž .samples of pure Hb and HbCO see Fig. 10 allow
the optimisation of the quenching conditions and
the estimation of corrections, when necessary.
The error due to contamination of a protein zone
by the adjacent zones during gel slicing is aver-

aged out by eluting several slices containing the
same zone. The fractions of the nine species
isolated from samples of hemoglobin equilibrated
with CO in five independent experiments at 48%
saturation and the errors are listed in Table 1 to
provide an example of the application of the
method. The method yielded a similar percent
error in the 15]85% CO saturation range.

2.7. Validation of the procedure

Each step of the chemicalrthermal quenching
procedure for trapping the CO intermediates has

w xbeen tested 21 . However, before any attempt to
use data to study function, a test for the whole
procedure was needed that would make it reliably
applicable under the conditions of paucity of in-
termediates due to cooperativity. The following
experiments describe the problem and the answer
provided.

Fig. 7a]d are scans of colour slides of gel tubes
showing the formation of the intermediates dur-
ing the approach to equilibrium in solutions of
Hb and HbCO rapidly mixed in 1:1 ratio and
reacted for times varying from 50 ms to 15 min

w xbefore quenching 22 . The concentrations of the
intermediates build up through the reactions of
dissociation and association of the ligand and the
overall rate of the process were governed by the
slowest reaction, i.e. the dissociation of CO from

Ž .HbCO t f7 s . The total fractions of the1r2
intermediates, f , vs. time were: ts1.2 s, f sT T

Table 1
aConcentrations of CO intermediates at 48% saturation

Ž .Species Fraction % Parameters

y1Ž .Ž .ab ab 41.8"0.2 K s1.5"0.1 torra
CO y1Ž .Ž .a b ab 2.4"0.1 K s3.1"0.3 torrb

COŽ .Ž .ab ab 4.9"0.3 c s29"4a a
CO CO ’Ž .Ž .a b a b 1.0"0.1 c qc s21"4ab ab
CO COŽ .Ž .a b ab 2.9"0.2 c s10"2bb

CO COŽ .Ž .q a b ab c s942"186a ab
CO COŽ .Ž .ab ab 1.4"0.2 c s570"108abb

CO CO CO 5 5Ž .Ž .a b a b 3.8"0.5 c s3.1=10 "0.7=10a abb
CO CO COŽ .Ž .ab a b 4.7"0.7

CO CO CO COŽ .Ž .a b a b 37"2

a Concentrations of CO intermediates at 48% saturation were obtained by equilibrating for 20 h at 208 in a gas tight syringe
Ž . Žw x. w xequimolar solutions of HbA and HbA CO in 0.1 M KCl, pH 7 23 . The site-specific parameters were calculated by Di Cera 30 .
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Fig. 7. Densitometer scans of colour slides of the gel tubes used for the separation by IEF at y258 of samples of 1:1 mixtures of Hb
and HbCO in 0.1 M KCl, pH 7, reacted at 228 for times varying from 50 ms to 5 min before trapping the intermediates by the
chemicalrthermal procedure. The major peaks, labelled 1 and 9, correspond to the focused zones of Hbq and HbCO, respectively.

w xAdapted from Perrella et al. 22 .

8.5%; ts3.5 s, f s12.3%; ts60 s, f s21.6%;T T
ts5 min, f s25.4%; ts15 min, f s24.0%.T T
Such values were calculated from the densitomet-

w xric scans of the color slides 22 , corrected using a
blank measured by the pyridine hemochromogen
method. The CO saturation calculated from the
mixing ratio of the reactants, 50%, agreed with
that calculated from the measured fractions of
the intermediates.

Fig. 8a]d are scans of color slides of gel tubes
showing the approach to equilibrium in a solution
of Hb containing a high proportion of intermedi-

w xates 22 . The solution was obtained by mixing a
sample of partially oxidised HbCO, containing
approximately 37% of ferric chains, rapidly with
dithionite. Dithionite reduces the ferric chains to

the ferrous state restoring the functionality of the
solution with regard to the CO dissociation and
association reactions. After reaction times varying
from 1.5 s to 15 min the solution was re-oxidised
by quenching a sample into the anaerobic solu-
tion of ferricyanide cooled at y258C. A picture of
the tube of gel at reaction time ts0 s, before
reduction by dithionite, is shown in Fig. 6a and
the scan of the colour slide of the gel in Fig. 8a.
The partially oxidised species form a nearly statis-
tical distribution since all species have the same
quaternary R structure of HbCO. More than 70%
of the species are valence hybrids, which yield
unstable intermediates upon reduction. Under the
experimental conditions the reduction of the fer-
ric chains was completed in F1 s. At ts1.5 s,
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Ž . ŽFig. 8. a The distribution of species in a 37% oxidised sample of HbCO 4 mM heme concentration in 10 mM phosphate, 0.05 M
.KCl, pH 7 as determined by scanning a color slide of a gel tube used for focusing the sample at y258. A picture of the gel tube

Ž .with the identification of the species is shown in Fig. 6a. b]d Scans of color slides of gel tubes used for the separation by IEF at
y258C of the intermediates, trapped by the chemicalrthermal quenching procedure and produced by reacting the 37% oxidised
solution of HbCO shown in a with dithionite at 228C for times varying from 1.5 to 80 s before quenching. Adapted from Perrella et

w xal. 22 .

Fig. 8b, a slight change in the pattern of re-
oxidised intermediates, with respect to the pat-
tern in Fig. 8a, is observed, which becomes more

Ž . Ž .evident at ts2.5 s Fig. 8c . At ts80 s Fig. 8d
the total fraction of intermediates had dropped
from over 70% to approximately 29% of the total
and was far from statistical. After 15 min the total
fraction of intermediates was approximately 25%,
i.e. the value reached in the approach to equilib-
rium experiments in Fig. 7. Such a value is also
similar to the value yielded by the equilibrium
concentrations listed in Table 1. The fraction of
liganded chains, approximately 63%, remained
constant at each reaction time indicating that the
intermediates were trapped quantitatively and

that the low concentrations of intermediates
found after 80 s or longer were indeed the equi-
librium concentrations. Fig. 8 provides both a
validation of the procedure and a pictorial de-
monstration of cooperativity.

3. The intermediates under equilibrium conditions

An equilibrium CO isotherm was measured at
Ž .208 using concentrated hemoglobin G 5 grdl in

0.1 M KCl, pH 7.0, and COrN mixtures of2
w x Ž .known compositions 10 Fig. 9 . Under these

conditions the effect of uncooperative hemo-
globin dimers on the isotherm is negligible, as
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indicated by the value of Hill’s ns3.4. Further-
more, the attainment of the equilibrium between
the solution and the gas phase was observed by
spectroscopic and gasometric methods and the
saturation values agreed with those calculated
from the concentrations of the intermediates at
equilibrium. More precise and detailed distribu-
tions of the intermediates under the same condi-
tions were obtained by equilibrating various

Ž .amounts of HbA and HbA CO in gas-tight sy-
w xringes 23 . Fig. 10a shows the pattern of focused

zones obtained from a nearly equimolar mixture
of Hb and HbCO and Fig. 10b]c the controls
carried out by quenching samples of the pure Hb
and HbCO solutions. The fractions of intermedi-
ates vs. CO saturation are plotted in Fig. 11a]c.
A slight chain heterogeneity is observed in the
monoliganded state, which vanishes at higher sat-

urations. The sum of the diliganded species
Ž CO .Ž CO . Ž CO .Ž CO .ab ab plus a b a b is equal, within

Ž .error see also Table 1 , to the sum of the dili-
ganded species unresolved by the cryogenic tech-

Ž CO CO .Ž . Ž CO .Ž CO .nique, a b ab plus a b ab . Reso-
lution of the mixture of these intermediates,
isolated at y258, by re-focusing at 58 yielded
similar concentrations of the two intermediates.

3.1. Analyses of the equilibrium distributions

Ž .Three different approaches have been used. 1
Energetics of the intermediates using the linkage
between the free energies of ligand binding and
of dimer assembly into tetramers, as described by

w x Ž .Ackers and Smith 24 . 2 Site-specific thermody-
namic analysis of ligand binding, as described by

w x Ž .Di Cera 25 . 3 Comparative analyses of the

Ž y1 .Fig. 9. Fractional CO saturation, Y, of HbA solutions 5 g dl in 0.1 M KCl, pH 7, equilibrated with a gas phase of varying Pco
w x Ž . Ž . Ž .value 10 . v Spectrophotometric measurements. D Gas volumetric measurements. q Data calculated from the concentrations

of the intermediates as determined in the equilibrated solutions by the chemicalrthermal quenching procedure. The curve was
w xcalculated using the data on the concentrations of the intermediates. Adapted from Perrella and Denisov 15 .
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Ž .Fig. 10. Cryofocusing separations of the CO intermediates under equilibrium and dynamic conditions. a Pattern of intermediates in a nearly equimolar mixture of
Ž . Ž .HbA and HbA CO in 0.1 M KCl, pH 7, equilibrated at 208C for 20 h. b and c Controls carried out by quenching separately into the cryosolvent containing

Ž . Ž .ferricyanide samples of pure HbA and HbA CO , respectively. d Pattern of intermediates in the association reaction between HbA and CO in 0.1 M KCl, pH 7, and
Ž . Ž .208C yielding 33% of liganded chains. e Control carried out by quenching samples of pure HbA and HbA CO into the same cryosolvent containing ferricyanide.
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Ž . Ž . Ž . Ž .Fig. 11. Equilibrium distribution of the CO intermediates of HbA in 0.1 M KCl, pH 7, at 208. a Hb v and HbCO ` ; b
Ž CO .Ž . Ž . Ž CO .Ž . Ž . Ž CO .Ž CO CO . Ž . Ž CO .Ž CO CO . Ž .monoliganded species a b ab v , ab ab ` , and triliganded species a b a b I , ab a b B ; and

Ž . Ž CO .Ž CO . Ž .Ž CO CO . Ž . Ž CO .Ž CO . Ž . Ž CO .Ž CO . Ž .c diliganded species a b ab plus ab a b q , a b a b v , ab ab ` . The curves were drawn
Ž Ž .. w xaccording to the site-specific partition function Eq. 4 . Adapted from Perrella and Di Cera 23 .

distributions of intermediates using a model-inde-
pendent site-specific description and the MWC

w xand KNF models 23 .

3.1.1. First approach
The four equilibria between Hb and O were2

first used by Adair to describe the binding
isotherm:

i iw x w x Ž .YsÝ iA X rÝ A X 2i i i i

where Y is the fraction of liganded sites and Ai
are the affinity constants, or Adair constants,

between hemoglobin and i molecules of ligand X
w x26 . The stepwise Adair constants K for thei
consecutive binding of four molecules of ligand
are related to the Adair constants A by thei
relationship: K sA rA . The Adair constantsi i iy1
can be calculated either by a statistical analysis of

w xthe binding isotherms 27 or from the concentra-
tions of the intermediates. The free cooperative
energy of ligand binding, DG , is defined as theC
difference between the free energy, DG , of bind-i j
ing i ligand molecules to a cooperative species ij,
where j specifies the degeneracy of the ith liga-

Ž .tion state Fig. 2 , and the free energy, iDG , ofX
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binding i ligands to an uncooperative species,
such as the hemoglobin dimers. Ackers and Smith
w x24 have shown that DG is also equal to theC
difference between the free energy, iDG , of2 j
assembling uncooperative dimers to yield an ij
liganded tetramer and the free energy, 0DG , of21
assembling deoxy dimers into a deoxy tetramer:

i 0 Ž .DG sDG y iDG sDG y DG 3c i j x 2 j 21

Ž .Eq. 3 allows one to relate the ligand affinity, A ,i
to the energy of dimer assembly into tetramers,
iDG . At 208 in 0.1 M Cly, pH 7, iDG changes2 j 2 j
dramatically from the unliganded, 0DG sy14.821
kcal moly1, to the CO liganded state, 4DG s21
y7.8 kcal moly 1, yielding DG s 7 kcalC

y1w x imol 10,11 . Therefore the DG values of the2 j
intermediates are an important conformational
probe, which can be accessed from measurements
of the dimer]tetramer equilibria only for ligation
models in which the mobility of the ligand is

Ž . iprevented. Eq. 3 allows one to obtain the DG2 j
values of the CO intermediates from the mea-
surements of the ligand affinities, which, in turn,
can be obtained from the concentrations of the
intermediates at equilibrium. Ackers and col-

w xlaborators 11 have shown that in some ligation
models, such as the deoxyrcyanomet hybrids, in
0.15 M chloride, pH 7.4, and 21.58, DG for theC
monoliganded species and the diliganded species,
Ž qCN qCN .Ž .a b ab , is 50% of the total change

Ž .from Hb to cyanomethemoglobin HbCN . All
other diliganded species and the triliganded
species have the same DG value of HbCN. ThisC
finding contradicts the MWC model, which ex-
cludes the possibility that species in different
states of ligation have the same energy and that
species in the same state of ligation, differing for
the configuration of the ligand in the tetramer,

Ž qCN qCN .Ž . Ž qCN .Ž qCN .such as a b ab and a b ab ,
have different energies. The analysis of the CO
intermediates, using a non-linear least square

w x y1method 28 , yielded DG s3.5 kcal mol forC
the monoliganded species, i.e. 50% of the total
change as observed for the deoxyrcyanomet hy-

w xbrids 15 . The DG value for intermediateC
Ž CO CO .Ž .a b ab could not be calculated. However,
a theoretical simulation based on the estimated

range of the total fraction of diliganded species,
0.5 ] 3.5% , suggested that interm ediate
Ž CO CO .Ž .a b ab could have any value of DG inC

y1 w xthe range 7]4.5 kcal mol 15 . The finding that
the monoliganded species have a DG of 3.5 kcalC
moly1 is consistent with the predictions of the

w xMWC model 29 . The study failed to indicate a
meaningful difference in DG value between theC

Ž CO CO .Ž .two key intermediates, a b ab and
Ž CO .Ž CO .a b a b , which would be inconsistent with
the MWC model. Interestingly, the isotherms cal-
culated from the concentrations of the intermedi-
ates assuming DG values for intermediateC
Ž CO CO .Ž . y1a b ab equal to 7 and 4.5 kcal mol ,
respectively, i.e. a 20% difference, differ by less
than 0.7% saturation. The values of the Hill’s
coefficient for the two isotherms are also almost

w xindistinguishable 15 . These calculations point
out the limitations of the traditional approaches
to the study of cooperativity. The isotherms and
the Hill’s coefficient, although thermodynamically
valid concepts, when applied to highly cooperative
systems are insensitive to properties of the inter-
mediates that are crucial for the determination of
the mechanism.

3.1.2. Second approach
Ž .The partition function in Eq. 2 can be made

explicit with respect to all pair-wise interactions
Ž . w xof the chains as in Eq. 4 30 :

iw x Ž . w xÝ A X s1q2 K qK Xi i a b

2 2q c K qc Ka a a bb b

2XŽ . w xq2 c qc K K Xab ab a b

3Ž . w xq2 c K qc K K K Xa ab a abb b a b

42 2 w x Ž .qc K K X 4a abb a b

where K and K are the affinities of the twoa b

chains in the unliganded state and c’s are the
pair-wise coupling constants, which define either
the cooperative nature of the chain interactions
or the absence of cooperativity. Because of the

Ž CO CO .Ž .non-equivalence of intermediates a b ab
Ž CO .Ž CO . Xand a b ab , c and c can have equalab ab

w xor different values. Di Cera 30 has provided the
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solution of the partition function and calculated
the values of the c’s for the distribution of CO
intermediates at 48% saturation listed in Table 1.
From such values the free energies for the inter-
actions of each pair of liganded chains as a func-
tion of the state of ligation of the remaining two
chains were calculated, i.e. DG in the case of no00
ligation, DG and DG in the case of one lig-10 01
anded chain, and DG if both chains are lig-11
anded. The energy values listed in Table 2 were
calculated assuming c scX . Listed in Table 2ab ab

are also the values calculated assuming the MWC
model, which predicts an energy minimum at 50%
saturation. The free energies are negative, indi-
cating that all interactions produce positive
cooperativity, and are, within error, equal in value,
i.e. they are independent of the interacting chains
and of the saturation.

The calculations carried out assuming c s20ab

=cX yielded a similar picture. In either case theab

energy values do not conform to the prediction of
the MWC model and are the expression of a
mechanism following the rules of the KNF model
w x30 . The energy values calculated using the data
on the concentrations of the intermediates in the
low and high CO saturation ranges were similar

Žto those obtained at 50% saturation Di Cera,
.personal communication .

3.1.3. Third approach
The concentrations of the intermediates vs. CO

saturation in Fig. 11 were fitted using the model-
Ž .independent site-specific Eq. 4 and the binding

equations derived for the MWC and KNF models
w x30 . The lines in Fig. 11 are the result of the

site-specific analysis. The affinities calculated for
the three cases, listed in Table 3, are significantly
different. The MWC model markedly underesti-
mates the nearly 10-fold increase in affinity from
the first to the second ligation state evidenced by
the model-independent analysis. The values of
the cs derived for the model-independent analysis
indicate strong chain interactions throughout the

Ž .ligation process see Table 1 . The MWC and
KNF models fit the experimental data similarly,
but less satisfactorily than the site-specific analy-
sis. Both underestimate the population of dili-
ganded species, particularly the MWC model,
which yields a value of 1% at 50% saturation
against the experimental value of approximately

Ž .5% Table 1 . This finding indicates that a good
qualitative agreement between the distributions
of intermediates at equilibrium calculated by a
model-dependent analysis of kinetic data and the
experimental data obtained by the cryogenic tech-
nique is not sufficient to exclude other models
w x31 .

Despite the significant discrepancies in the val-
ues of the affinity constants derived from the
three types of analysis the calculated isotherms

Ž .cannot be distinguished Fig. 12 . This confirms
the inadequacy of the analyses of isotherms for
the study of mechanisms, as noted above, and, in
particular, for discriminating models of coopera-
tivity.

4. Intermediates under dynamic conditions

The association reaction between hemoglobin
and CO and the effects of several modulators on

Table 2
y1Ž .Free energies of pairwise chain interactions kcal mol for CO binding to hemoglobin calculated from the data in Table 1,

w xadapted from Di Cera 30

Pair DG DG DG DG00 10 01 11

c sc s10.5ab ab

a a y2.0"0.2 y1.2"0.2 y1.2"0.2 y1.3"0.21 2
a b y1.4"0.2 y0.7"0.2 y1.0"0.2 y1.0"0.21 1
a b y1.4"0.2 y0.7"0.2 y1.0"0.2 y1.0"0.021 2
b b y1.3"0.2 y1.0"0.2 y1.0"0.2 y1.3"0.21 2
MWC y0.5 y2.6 y2.6 y0.3
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Table 3
y1Ž . Ž .The stepwise Adair constants K is1]4 torr calculated from the equilibrium distributions of CO intermediates according toi

w xa model in-site-specific analysis and to the MWC and KNF models 23

Site-specific analysis MWC model KNF model

K s1.7"0.2 K s2.0"0.2 K s2.2"0.21 1 1
K s28"2 K s5.9"0.6 K s18"12 2 2

2 2 2Ž . Ž . Ž .K s 1.3"0.1 =10 K s 6.1"0.7 =10 K s 1.4"0.1 =103 3 3
3 2 3Ž . Ž . Ž .K s 1.0"0.1 =10 K s 9.1"0.9 =10 K s 1.2"0.1 =104 4 4

the reaction were studied by the isolation of the
intermediates formed when Hb reacts with subs-

Žtoichiometric amounts of CO Fig. 10d,e and Fig.
. w x13 19,32 . The lines fitting the distributions of

intermediates at different pH values in Fig. 13
were obtained by numerical methods using a sim-
plified kinetic scheme of four consecutive reac-
tions, which does not distinguish intermediates in

w xthe same state of ligation 33 . This approach
yields only relative values of the rate constants,
which, however, is the relevant piece of informa-
tion for the study of the cooperative mechanism
of the binding reaction. The rate constants for the
association reaction, as obtained from the analy-
ses of the distributions of intermediates at dif-
ferent pH values in 0.1 M KCl, reveal that the

reaction is cooperative at each binding step under
all conditions. The overall cooperativity, as mea-
sured by the ratio of the rate constants between
the last and first reaction, lX rlX , and the accelera-4 1
tion in the reaction, as measured by the ratio of
the constants between any two consecutive reac-

X X w xtions, l rl , are pH-dependent, Table 4 19 . Atn ny1
pH 6.3, lX rlX s22 and a significant acceleration is4 1
observed after the binding of the third ligand. At
pH 7, lX rlX s53 and an acceleration is observed4 1
after the binding of the second ligand. At pH 8.5,
lX rlX s67 and an acceleration is observed after4 1
the binding of the first ligand. Because of the
complexity of the kinetics this behaviour could
not be predicted by the classical flow kinetics

w xwork of Gibson et al. 34,35 .

Ž .Fig. 12. v CO fractional saturation values calculated from the distributions of intermediates in Fig. 11. Also shown are the curves
Ž . Žobtained from the affinity constants derived from analyses of the intermediates using the MWC continuous line and KNF dashed

.line models.
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Table 4
X X X XRatios l rl and l rl of the stepwise rate constants forn ny1 4 1

the CO association reaction at 208 in 0.1 M KCl and different
pH values according to a mechanism of four consecutive

w xreactions 19

pH

6.3 7.0 8.5

X X
l rl 1.89"0.23 2.34"0.32 9.66"1.312 1
X X
l rl 2.70"0.36 5.55"0.84 1.98"0.313 2
X X
l rl 4.30"0.43 4.08"0.47 3.53"0.414 3
X X
l rl 22.0"1.8 53.1"5.2 67.6"6.14 1

Another feature of the association reaction
clarified by the cryogenic method is the slight
functional heterogeneity of the chains, particu-
larly in the first binding step. This aspect of the
CO kinetics, and its structural interpretation, has
been controversial, but it has been recently con-
firmed by the stopped-flow studies of native and

w xmutant hemoglobin of Olson et al. 36,37 . Chain
heterogeneity is slight, but significant, and is in-
fluenced by pH, chloride at neutral pH, and inosi-

Ž . w xtolhexaphosphate IHP 19,32 . Particularly in-
w xteresting is the effect of IHP 32 . In 0.1 M

chloride, pH 7, CO binds to the b chains first.
The addition of IHP in 2:1 ratio with Hb reverses
the order of reactivity of the chains, although the
overall rate of the association reaction is not
affected significantly. This suggests that IHP bind-
ing to the b chains modifies the rate of the
reaction with CO not only of the b chains, but
also of the a chains. The implications are that
the MWC interpretation of the effect of the mod-
ulators as due to the stabilisation of the T struc-
ture may be an oversimplification of the mecha-
nism and, possibly, that mechanisms may exist for
the interaction among the modulators other than
the simple competition for the same binding site,
as indicated by the experiments in Fig. 1.

The data at different pH values in 0.1 M KCl
are compared in Fig. 14 with the distributions of
intermediates predicted by a kinetic form of the
MWC model, which assumes an instantaneous
equilibration between the T and R structures of

w xthe intermediates at each ligation step 19 . The
fractions of molecules in the T and R structures

were calculated using data from the O binding2
isotherms as measured at different pH values by

w x w xImai 38 and by Chu et al. 39 . The poor agree-
ment between the predictions of the MWC model
and the experimental data at acidic and neutral
pH could be due to the approximations of the
kinetic model. At alkaline pH, however, the large
deviation from the prediction of the MWC model
suggests that cooperativity in the association reac-
tion does not ensue solely from quaternary
changes in structure.

5. Conclusions

The cryogenic technique for trapping the inter-
mediates in the reactions of hemoglobin with CO
has disclosed features of the mechanism of
cooperativity in this paradigmatic protein that
could not be revealed by the study of the bulk
properties of hemoglobin solutions either under
equilibrium or dynamic conditions. Carbon
monoxide is the closest approximation to the
physiological ligand that is available for study by
the cryogenic technique at present. How far the
information obtained from these studies can be
extrapolated to oxygen may be questionable be-
cause of the known differences in chemical bond-
ing to the heme between O and CO and the2
different stereochemical constraints imposed by
the heme pocket on the binding of the two lig-
ands. 1H-NMR studies by Ho et al. have revealed
heterogeneity of the chains in hemoglobin solu-
tions in equilibrium with O in the presence of2

w xorganic phosphate 40,41 . The higher affinity for
O of the a chains as compared to that of the b2
chains under these conditions is paralleled by the
preferential CO binding to the a chains observed
by the cryogenic technique in the presence of

w xIHP under dynamic conditions 32 . This suggests
that at least some of the mechanistic information
obtained with CO can be qualitatively extrap-
olated to the physiological ligand. In a recent
study of the kinetics of oxygen binding to hemo-

w xglobin Gibson 42 reached the conclusion that a
simple two-state model is not adequate to de-
scribe the oxygen interactions.
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Fig. 13. Fractional values, f , of the concentrations of the species formed in the association reaction between HbA and CO at 208C vs. total fractional value of boundi
Ž . Ž . Ž . Ž . Ž . Ž .CO, S . Hb, ` ; HbCO, v ; sum of monoliganded intermediates, I ; sum of diliganded intermediates, e ; sum of triliganded intermediates, D . A Pooled dataCO

w x Ž . w x Ž . w xat pH 6.3 in 7 and 100 mM KCl 19 . B Data at pH 7.0 in 100 mM KCl 32 . C Pooled data at pH 8.5 in 7 and 100 mM KCl 19 . Lines fitted according to a four rate
X X X X X y1 y1 w xconstant scheme of consecutive reactions, l , l , l , l , assuming l s6.0 mM s under all conditions 35 . The state of ligation of the intermediates for each line is1 2 3 4 4

indicated by the respective arrows.
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Ž .Fig. 14. Distributions of intermediates full lines generated in the association reaction between HbA and CO at 208 in 100 mM
KCl and pH 6.3, 7.0 and 8.5, as calculated assuming concerted transitions of quaternary structures at each ligation step.

w x Ž . w x Ž .Calculations based on the values of the allosteric constant L determined by Imai 38 A and by Chu and Ackers 39 B . In panel
Ž .A the concentrations of intermediates, as obtained at the same pH values and shown in Fig. 13, are added for comparison.

w xSymbols as in Fig. 13. Adapted from Perrella et al. 19 .
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The analyses of the distributions of the inter-
mediates have demonstrated that the binding
isotherms, although thermodynamically valid con-
cepts, are inadequate tools for the study of the
mechanisms in highly cooperative systems. Direct
information on the intermediates is mandatory.
The limitation of the cryogenic technique, which
resolves only nine out of the 10 species reacting
with CO, has been overcome, as described above
w x19 . The differences in the functional properties

Ž CO CO .Ž . Ž CO .Ž CO .of species a b ab and a b a b are
very slight, as indicated by the similarity of their
concentrations under dynamic and equilibrium
conditions. Because of their paucity the precision
in the determination of these key intermediates is
still inadequate to answer a crucial question. The

w xmechanism proposed by Ackers 43 , known as
the symmetry rule, suggests that intermediates
Ž L L.Ž . Ž L .Ž L.a b ab and a b ab are in the T and R
quaternary structures, respectively, thereby hav-
ing significantly different functional properties.
This mechanism implies that tertiary structural
changes in the hemoglobin dimeric unit within
the T structure contribute partly to cooperativity.
It may be over-demanding on the cryogenic tech-
nique, at the present state of the art, to ask if
such a requirement is also fulfilled for the case of
LsCO. The physiological significance of the dis-
crepancy between the similarity in the properties

Ž L L.Ž . Ž L .Ž L.of intermediates a b ab and a b ab
when L is CO and the marked difference
observed in other ligation models by Ackers et al.
w x11 , is that a large functional heterogeneity in
these intermediates, if occurring also with O ,2
would suppress cooperativity and impair oxygen

w xtransport 15 . The discrepancy among different
ligation models should not be overemphasised.
More intriguing are the structural reasons re-
sponsible for the observed energetic plasticity of
the intermediates. The main general conclusion
reached by the work on the CO intermediates,
both under dynamic and equilibrium conditions,
is that cooperativity ensues from tertiary and qua-
ternary structural changes. This is not a require-
ment of the classical formulation of the MWC
model and is also the major novelty of the
symmetry rule.
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