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ABSTRACT: A cryogenic technique for the isolation of the ligation intermediates in the association reaction
between hemoglobin and carbon monoxide at’@0[Perrella, M., Davids, N., and Rossi-Bernardi, L.
(1992)J. Biol. Chem. 26,/8744-8751] was used to study the effects of proton and chloride concentrations
on the rates of the stepwise reactions. The reaction rate was observed to increase continuously in the
course of the ligation process, yet the acceleration of the reaction after the binding of two ligand molecules,
observed previously in 100 mM KCI, pH 7, was not observed at other pH values. At pH 6.3, such an
acceleration occurred after the binding of three ligands, and at pH 8.5, a large acceleration was observed
after the binding of the first ligand molecule. Greater CO binding tgstiebains was observed under all
conditions, as in the previous study. The functional heterogeneity of the chains in the first ligation step
increased with pH. The chloride concentration did not influence the distribution of the ligand between
the o and 5 chains at pH 6.3 and 8.5. At pH 7, less binding to thehains was observed at 7 mM
chloride with respect to 100 mM. The nature of the biliganded component isolated at pH 7 in 100 mM
KCI and unresolved by the cryogenic technique was studied using a combination of cryogenic and
noncryogenic isoelectric focusing. This component was a mixture of intermedigts¢°5<°), about

65%, and ¢5°°)(a9B), about 35%. The experimental data were compared with the distributions of
intermediates calculated according to the Monod kinetic model assuming rapid and concerted transitions
between two quaternary structures at each ligation step. The model provided a qualitative fit of the observed
distributions of intermediates at acidic and neutral pH. A large discrepancy between the experimental
observations and the predictions of the model was found at alkaline pH. The mechanism of the association
reaction is discussed in the light of the available information on the tertiary/quaternary structures of the
intermediates, as obtained from the studies of the deoxy/cyanomet model of ligation.

Deoxyhemoglobin reacts with the heme ligands to yield N
10 species, or intermediates, differing for the state of ligation,
type of liganded chain and configuration of the liganded k
chain in the tetramer, Figure 1. Detailed information is
available on the structures and functional properties of the L
end states. The properties of the intermediates cannot be
inferred from those of the end states, unless a two-state k
mechanism is assumed a priori. The structural properties
of the intermediates determine the mechanisms of the|® |
reactions, which yield the concentrations of the various |8 |«
species under dynamic and equilibrium conditions. Thus, o
the intermediates are the key to unlock the mechanisms. ke

The complexity of the binding process, the intrinsic
property of cooperative systems to suppress the concentra-
tions of the intermediates and the technical limitations of
traditional approaches have hindered the access to quantita-
tive information on the intermediates in the reactions between L
hemoglobin and oxygen. Thus, most of the information on
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Ficure 1: Adair scheme of reaction pathways in the association
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ligands. The cyanide complex of the ferric heme and the tetramers, known as the Bohr effect. Shibayama etGal. (
metal-substituted hemoglobins have made a direct study ofsuspecting that loss of cyanide might have occurred in these
the thermodynamics of cooperative binding and linkage at studies during the anaerobic incubation of mixtures of
the various stages of ligation feasibl#).( The enormous  deoxy-, cyanomethemoglobin, and hybrid species 21, have
amount of data made available by these studies has greatlyexpressed criticism. They have shown that the formation
expanded our understanding of these processes and confirmedf free ferric species promotes a rapid exchange of electrons
the role of hemoglobin as a paradigmatic case study for among the species, which changes the composition of the
protein—protein and proteirtligand interactions. mixture and makes the studies questionable. Furthermore,
The interaction of carbon monoxide with hemoglobin is Shibayama et al.6) have observed a low concentration of
reversible and cooperative with a Hill coefficient similar in  species 21, about 9% relative to the parental species 01, and
value to that measured from the oxygen binding isotherms. 41, in experiments in which oxygen was removed slowly
We have developed a cryogenic technique to stabilize andfrom equilibrium mixtures of oxy- and cyanomethemoglobin.
analyze the mixture of intermediates in solutions of hemo- Such a low proportion of species 21 disagrees strongly with
globin interacting with CO under dynamic and equilibrium the nearly statistical values of the concentrations of the same
conditions ). This technique does not allow the collection species 21, 01 and 41 obtained by Perrella et3l.apd
of data as rapidly as the traditional approaches to the studyDaugherty et al.4, 7) under true equilibrium conditions.
of hemoglobin-ligand interactions, but its unprecedented However, Ackers et al.g) have confirmed that no cyanide
resolving power and accuracy have contributed to the depletion occurred under the conditions of the experiments
clarification of several features of these reactions. These of Perrella et al.§) and Daugherty et al4( 7) (see also the
studies are complementary to those carried out on the otherResults for further comments) and pointed out that the low
models of ligation cited above, which exhibit the features concentration of species 21 observed in the experiments of
of systems under conditions of low cooperativity. The highly Shibayama et al.6) was due to failure to attain true
cooperative interaction of hemoglobin with carbon monoxide equilibrium.

simulates the conditions operatifg vivo. The studies of Daugherty et a#)(and Perrella et al 5}

In a previous study of the association reaction at@0n might provide a possible clue for the interpretation of our
100 mM KCI, pH 7, we have shown that the reaction rate, findings on the basis of the tertiary/quaternary structural
conformational changes occur at the diliganded state. Fur-since there is no objective reason to question their validity,
thermore, the first molecule of ligand binds slightly faster iy the following, we summarize the main indications from

to thef chains than to the chains. In the presence ofIHP,. such studies to provide an adequate background for the
a potent modulator of oxygen affinity that binds hemoglobin jiscussion.

in the 3 chain pocket, the overall rate of the reaction in the
first binding step does not change significantly, but the
chains react slightly faster than th# chains 8). This
observation indicates that the interaction of a modulator wit
its binding site on one type of chain can influence not only
the reactivity toward the homotropic ligand of that chain but
also the reactivity of the other type of chain. Thus, the
binding of IHP has a 2-fold effect. First, it changes the
tertiary structure of the bondetichains. Second, this change
in tertiary structure of the bonded chains promotes a change
in the tertiary structure of the chains not directly involved

The energetics of the monoliganded intermediates indicates
that these species are in T structure at all pH values. The
h pH profiles of the Bohr effect of these species are consistent
with the energetics. The diliganded species 22, 23, and 24
(Figure 1) are in R state according to the energetics. The
observed changes in the Bohr effect with pH of these species
are consistent with an interpretation of such effects as due
to tertiary structural changes within the R state. The
energetics and the pH profile of the Bohr effect of intermedi-
ate 21 are different from those of intermediate 22, despite

in the interaction with the modulator. Owing to the relevance them both having one. and onef liganded chain. The
of such mechanisms for the understanding of cooperativity EN€rgetics indicagea T structure for intermediate 21 as for
and linkage, we have extended our previous studies to othefth® monoliganded species. The pH profile of the Bohr effect
conditions of H and CI concentrations. In addition, we Of intermediate 21, however, is not equivalent to the sum of
have identified and measured the concentrations of two € PH profiles of the two monoliganded species. This
intermediates, 21 and 22 in Figure 1, which play a key role finding is consistent with the analysis of the energetics of

in the mechanism of cooperativitg)(and are not resolved ~ SPecies 21, which indicates cooperativity in binding the
by the cryogenic technique. ligand within the dimeric half-molecule. The triliganded

species are in quaternary R state according to the energetics.
The significant amount of Bohr protons released upon
oxygenation by these species at neutral and acidic pH,
whereas at pH above 8 no Bohr effect is observed, indicates
that the tertiary structures of the unliganded chains in the R
quaternary structure vary with pH, as observed for the
d diliganded species 22, 23, and 24. In conclusion, the tertiary
structures of the chains within each quaternary structure are
— — _ influenced by the conditions, e.g., pH. The interactions of
! Abbreviations: IHP, inositolhexaphosphate; 2,3-DPG, 2,3-diphos- {he homotropic ligands with the protein control both the
phoglycerate; EGOH, ethyleneglycol; FeCy, ferricyanide; HbCO, terti truct f the chai d th t truct
carboxyhemoglobin; Hb, deoxyhemoglobin.” All rate constants are '€rtiary structures ot the chains and the quaternary structure
microscopic constants and concentrations are on a heme basis. of the tetramer. The heterotropic ligands influence the

The tertiary and quaternary structural changes occurring
in the course of the ligation process have been probed
recently by two complementary approaches using the deoxy/
cyanomet model. Daugherty et a#t) (have measured the
modulation by proton of the energy of assembling dimers
into tetramers at each ligation step. Perrella et®lhéave
measured the release of protons by the partially ligate
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tertiary structures of the chains within each quaternary . _____ B Qe - ot -
structure.
[l [ N
MATERIALS AND METHODS - o [ ok - ok
Hemoglobin Preparation Hemoglobin A was purified Parent AA Hybrid AB Parent BB

by chromatography from red blood cell lysat&. ( Stock

solutions (15 g/dL) in 5 mM and 100 mM KCI, pH 7, were

stored in liquid nitrogen. To prepare deoxygenated hemo- o BL
globin for the reactions with CO at pH 68 0.05, samples

of the stock solutions were titrated with 0.1 M HCI, diluted | [
with distilled water or 100 mM KCI to the final protein L
concentration and equilibrated with, Wy tonometry. The B «
average [CI] in the experiments carried out at low chloride Dimer A Dimer B

concentration was & 2 mM. To prepare deoxygenated Fure2: Schematic representation of the dimer exchange reactions
hemoglobin at pH 8.5t 0.1, samples at pH 7 in 5 mM or  between two parental symmetrical species AA and BB yielding an
100 mM KCI were equilibrated with N The pH was then ~ asymmetrical hybrid AB.

adjusted by the addition of suitable amlounts of O.Ieolxygerlllatedcontaining catalase and superoxide dismutase and saturated
0.1 M KOH in 5 m_l\_/l or 100_mM KC, respectively. A . with CO. |EF was then carried out for-3! h, starting at 30
samples were stabilized against auto-oxidation by the add"V/cm and ending the run at 80 Vicm. At the end of the
tion Of catalase and superoxide dismutase. After equilil_Jra— run, the hemoglobin zones on the plate were stained with
tion with Ny, traces of Qwere removed from the hemoglobin Coomassie Blue fast stain. Alternatively, the hemoglobin

solution by the addition of dithionite (Bmol/mL). zones were excised from the gel and the protein eluted in
Isolation of the IntermediatesThe CryOgeniC teChnique 10 mM phosphate and 10 mM KCL pH 7, was assayed using
for the isolation, identification and quantitation of the CO the pyridine hemochromogen method.
intermediates is described in detail in previous wogks3. Data Analysis The data on the concentrations of the
Briefly, to trap the intermediates a solution deoxyhemoglobin jntermediates were determined by the cryogenic procedure
(=1 mM, heme concentration) is mixed rapidly with a after the complete binding of CO to hemoglobin and before
substoichiometric solution of CO (0.9 mM) and after 100 any significant dissociation of the ligand. Thus, the data
ms the mixture (208300 uL) is injected into a stired  shown in this work do not vary with the time course of the
anaerobic cryosolvent, 1 mL of 60% (v/v) EGOH/water, reaction, but with the total amount of bound CO. The
containing phosphate (10 mM) and a 10-fold excess of FeCy concentrations of the intermediates obtained at each value
with respect to Hb and cooled at30 °C. Under these  of total CO bound to hemoglobin depend on the values of
conditions, all CO binds to hemoglobin, no significant the rates along the pathways in Figure 1. Numerical methods
dissociation of CO occurs and only the unliganded chains of analysis, based on the Finite Element approach, were used
are quantitatively oxidized to the ferric staté).( This to calculate the values of the parameters ¢ 1) in a kinetic
chemical and thermal quenChing prOCEdUre stabilizes thescheme CO“taining] rate constants. One parameter was
intermediates with regard to the redistribution of the ligand assigned an arbitrary or published val@. (Two kinetic
among the chains and the exchange of dimers among theschemes were used for the analysis, (1) a kinetic scheme of
various partially oxidized tetramers. The pH of the 22 MM four consecutive reactions assuming no functional hetero-
phosphate solution used to prepare the cryogenic mixturegeneity of the intermediates in the same state of ligation [this
was 7.5 for experiments using hemoglobin samples at neutralscheme allows for three adjustable parametefsl,’, and
or acidic pH and 6.5 for hemoglobin samples at alkaline pH. |,/ assumingl, = 6.0 uM~1 st (10, 19]; (2) a kinetic
The mixture of oxidized intermediates was then Separatedscheme, such as the one shown in Figure 1, assuming a
by cryofocusing at-25°C on gel tubes, and the hemoglobin - nymber of adjustable parameters varying from 5 to 11 and
components excised from the gel tubes were assayed by theyt |east one fixed value constant, suchkasor ki, = 6.0
pyridine hemochromogen method after elution from the gel. uM~ts 1 As a result of the error in the determination of
Two intermediates isolated by this technique as a single the concentrations of several intermediates, as high as 100%
component are shown in Figure 1 enclosed in a box. of the concentration value$)( and the very low values of
Analysis of the Hemoglobin Components Isolated by the concentrations of some intermediates, fitting—10
Cryofocusing Samples of solutions of partially oxidized adjustable rate constants to the data of this work yielded
HbCO, prepared and stored as a standard, or of solutionsnegative values for some of the parameters. Thus, con-
containing CO intermediates, as trapped by the procedurestrained forms of the scheme in Figure 1 had to be used
described above, were cryofocused. The gels were then(Figure 8).
removed from the glass tubes, sliced in correspondence to Monod Kinetic Model The concentrations of the inter-
the isolated components ang 50 slices containing the same mediates formed in the association reaction under the
component were placed on the slot of a gel plate for IEF at conditions of the experiments reported in this paper were
15 °C. Before loading the gel plate, the slices, still calculated assuming a concerted transition of hemoglobin
containing the solvent used for cryofocusing, were kept under between two quaternary structure$2( 13. The basic
COin a glass vial cooled at15 °C to slow the denaturation  assumptions were as follows. At each pH value, the T and
and auto-oxidation of the protein. The slots of the plate were R structures are characterized by unique values for the
filed with a solution of ampholines, pH range—9, microscopic rate constants for the associatighandkg',
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Ficure 3: Noncryogenic versus cryogenic separations of mixtures of hemoglobin species. (a) IEFPGtobh5a gel slab, containing

ampholines pH range-68, of a one-to-one mixture of Hband HbCO; (b) cryofocusing at25 °C on a gel tube of the same mixture as
in panel a; (c) IEF at 15C on a gel slab, containing ampholines pH rangeBy of a sample of HbCO 50% oxidized by FeCy; (d)
cryofocusing at-25 °C on a gel tube of the same mixture as in panel c. The nine components in panel d are identified in Table 2.
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Ficure 4: IEF at 15°C on a gel slab, containing ampholines pH
range 6-8, of some of the components in Figure 3d, isolated by
cryofocusing at—25 °C, a sample of 50% oxidized HbCO and
identified in Table 2. Five slices containing the component excised
from the gel tube used for cryofocusing were loaded on each gel
slot (a—g). The components loaded on each slot and the main g
species obtained by disproportionation of the components are (from
cathode to anode): (a) componefitln Hb™; (b) component 112,

Hb*, and @f5°°)(a™5°9); (c) components h3 and 4, Hb,
(089 (a™5C0), and OB (aC9B); (d) component h5, Hb',
(a9 (o™ 5C0), (aCOB™)(aCOBT), and HbCO; (e) components n
6 and 7, @¢TBO)(a"5CO), (OB (98T, and HbCO; (f) com-
ponent A 8, (@*°51)(a%4™), and HbCO; (g) component°rD,
HbCO.

and dissociationkt andkg, reactions:
gk’
gk
gk’
okg

whereg' andg are statistical weight-factorsg’ = 4, 3, 2,
and 1 andg =1, 2, 3, and 4 foi = 1, 2, 3, and 4.

a b c
+

Ficure 5: Cryofocusing separation at25 °C on a gel tube of the
intermediates in the association reaction between hemoglobin and
CO in 100 mM KCI, pH 7, yielding about 50% CO saturation. (a)
The nine components are identified in Table 2; (b and c) IEF at 15
°C on a gel slab, containing ampholines pH range8y of
component A5 excised from the gel tube. Identity of the species
from cathode to anode: Hb (a*3%9)(at3%9), (0C°B+)(aCOB™),

and HbCO.

for i = 1—4, can be calculated knowing the values of the
allosteric constantl. = [Tq]/[R¢], and the ratio,c, of the
affinities for the ligand of the two structurek; and Kg,
since

f =Lc/(1+ Lc) (2)

The kinetics of the model can be described by four consec-
utive reactions caracterized by the following rate costants:

At each ligation step the equilibration of the liganded K= g'[f(i—l)k’T +@1- f(i—l))k'R] 3)
species between the two quaternary structures, T and R,
occurs more rapidly than the binding of the next CO k = olfiky + (1 — f)kg] (4)
molecule. Thus, the proportions of intermediates in T and
R structuref; = [T)/([Ti] + [Ri]) and (1— f), respectively, i=1,2,3,4
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Ficure 6: IEF at 15°C on a gel slab, containing ampholines pH
range 6-8, of the products of disproportionation of some of the
intermediates isolated by cryofocusing-a25 °C as in Figure 5a.
The components are identified in Table 2. Ten slices containing
the component excised from the gel tube used for cryofocusing
were loaded onto each gel slot{g). The components loaded onto
each slot and the species obtained by disproportionation of the
components from cathode to anode are: (a) comporfeht Hb*;

(b) component h2, Hb" and @*3¢°)(a*3%9); (c) component h

4, Hb" and @°987)(a®9B"); (d) component 75, Hb", (a*3¢0)-
(a™BC9), (0C9B1)(a96%) and HbCO; (e), Component®n6,
(atC9) (o™ 5°°), and HbCO; (f) component’r8, (@C98)(acs™)

and HbCO; (g) component’r@, HbCO. A better resolution of
component A5 on a gel slab containing ampholines pH rang&7

is shown in Figure 5, panels b and c.

The numerical solution of the system of differential
equations was carried out using the Matlab 4.0 software.
Values ofKg were calculated assuming the association and
dissociation rate constarits= 6.0uM~t st andl, = 0.011
s tat 20°C, respectively, invariant with pHLL, 14. Values

Biochemistry, Vol. 37, No. 7, 1998021

of Ky were calculated from the association rate constiahts
listed in Table 4 and the dissociation rate constdntsf
Samaja et al.14) and Sharma et al16, 1§. Table 1 lists
some values of as determined from oxygen equilibrium
isotherms by Imai17) and Chu and Ackersl@) and from

the carbon monoxide equilibrium data of Perrella et).(
The values ot, determined from the above data on the rate
constants and used for the calculations, were 41072 at

pH 6, 1.594 102 at pH 7 [1.53+ 1072 from the data of
Perrella et al. 19)] and 18.14+ 102 at pH 8.5. The
assumption of the Monod kinetic model, i.e., the rapid
attainment of the T/R equilibrium at each ligation step before
the binding of the next CO molecule, may not hold true under
all conditions in our CO binding experiments. However,
the distributions of intermediates calculated assuming pub-
lished values of the rates of the T/R interconversia®, (
21) were close to those calculated using the assumption of
the model.

RESULTS

Hybridization and Disproportionation Reactions of the
Oxidation Intermediates.Figure 2 gives a schematic rep-
resentation of such reactions. Parental species AA, e.d., Hb
and BB, e.g., HbCO, yield the hybrid AB, namely(3")-
(a®9B%9) by exchanging the dimers. The exchange reactions
occur rapidly and reversibly at temperatures above zero.

1.00
A B
0.80 F -
. 4y

0 4 a

0.60 | -
( ]

0.40 | - °

0.40
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Ficure 7: Fractional values of the concentrations of the species formed in the association reaction versus total fractional value of bound

0.00 0.20 0.40 0.60 0.80 1.00

Sco

CO. Hb, ©); HbCO, @); sum of intermediates 11 and 12 (Figure [);(sum of intermediates 21, 22, 23, and Z4sum of intermediates

31 and 32 4). (A) Data at pH 6.3 in 7 and 100 mM KCI; (B) data at pH 7 in 7 mM KCI; (C) data at pH 8.5 in 7 and 100 mM KCI; lines
fitted according to a four rate constant scheme of consecutive readtions, 13, |4, assumind, = 6.0 uM~! s~ under all conditions
(11); (D) statistical distributions of intermediates in the association reaction calculated assyiming = 13’ = |'. The state of ligation

of the intermediates for each line is indicated by the respective arrows.
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Ficure 8: Analyses of the data on the concentrations of the intermediates in the association reaction at pH 6.3, 7, and 100 mM KCl,
according to various constrained forms of the scheme in Figure 1 and asskyirgk;, = 6000 mM™ s71 in all cases. Adjustable
parameters: (A)ki, ko, ks, ks, K4, Ks, k, Ko, Ks, kio; (B) K1, Ko, Ka, Ks, Ks, Ke, k7 = kg = kg = kug; (C) ki, ko, ks = ks, ka = ks, kz = ko, kg =

Kio. (D) K1, ko, ks = ks, ks = ke, k7 = ko = kg = kao.

Table 1: Values ot, the Allosteric Constantl@), at 20-25 °C Table 2: Identification of the Components Isolated by
from Various Sourcés Cryofocusing
L component_from Gel slot for Species from
pH Imai (17) Chu and Ackers¥8) Perrella et al.19) cryofocusing IEF at 15°C IEF at 15°C
1[Hb*] @) Hb"
6.3 1.12x 10° 1.12x 1P
6.5 (6.2><X106 ) ( ) : 2 [(oBO) (o B+ b gng?CO)(a+ﬁCO) (traces)
70 (2.11x 109 (7.87x 10) 2.05% 107 [(e" =) (B (®) A
(a"B°) (e B°°)
7.4 8.7x 10¢ 1.15x 107 HbEO (t
8.0 1.02x 107 Ot nG CO (traces)
3 [(a B ("B (c) (o BO) (" f°)
8.5 9.26x 10® 2.49x 10 Char o, Ly
8.95 1.58x 10¢ 4 (@) ("B Hb
(aCOﬂ+)(aCOﬁ+)
aThe values obtained by extrapolation are in brackets. HbCO (traces)
5 [(a"B) (9B (d) Hb*
COQ+ +RC +RCO +RCO
Under these conditions, IEF detects only two components, Gl Ca) gzcgﬂ%gcgﬁ%
i.e., the parental species. The three components can be HbCO
detected by cryofocusing, since at subzero temperatures the 6 [(«®93°) (ot 50)] (e) Hb* (traces)
tetramer dissociation reactions are slow. The case of the 7 [(@°B")(@“%")] (' B0) (e )
hybridization reactions is illustrated in Figure 3. A 1:1 S‘bc%)(a )
mixture of Hb" and HbCO was focused at I& yielding a 8 [(C9B+)(aC9BC0)] 0) Hb* (traces)
pattern of two major components (Figure 3a). The same (0O (0BT
sample injected into a cryosolvent-a@5 °C and cryofocused HbCO
at this temperature yielded a pattern of three major compo- 9 [HbCO] ©) g;@;ﬁ’;ggé@;ﬁg 8;2223
nents (Figure 3b). The minor components appearing in HbCO
Fl_gure 3b are the products (.)f hybéldlzafocn OfdeHobEO aFirst column: species separated by cryofocusing a sample of
with trace amounts of species(5<°)(a.*3°°) and @“°B+)- partially oxidized HbCO (Figure 3d); second column: slots on the gel

(0€9B™), which contaminate the sample. This is shown more plate in Figure 4 (ag); third column: products of disproportionation
clearly in Figure 3, panels ¢ and d. A solution of HbCO, (bold character) of the species isolated by cryofocusing, Figure 3D,
50% oxidized by FeCy, yielded four components when refocused at 13C, Figure 4 (&g).

focused at 15°C (Figure 3c) and, at—25 °C, nine

components (Figure 3d), which are the products of hybrid- (o"3%°)(a.“95") have identical isoelectric points and cannot
ization of the four parental species shown in Figure 3c. In be resolved. The nine components in Figure 3d are listed
principle, 10 components in statistical proportions should be and identified in Table 2, first column, according to a simple
obtained at-25°C. However, hybridso*51)(a*°5%°) and procedure Z) suggested by the observation that, at equilib-
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should yield the bands of Hband HbCO, if it contains
species [21), or the bands ofo(*3%°)(at3°°) and @OB)-
(098, if it contains species [22] If both species are

Table 3: Relative Proportions of Intermediates 21 and 22 Isolated
in the Association Reaction in 100 mM KCI, pH 7, and at Various
Values of CO Saturation

Sco% [21] (%) [22] (%) present, all four bands are obtained. The relative amounts
55 62 38 of Hb* plus HbCO andd59)(at3%°) plus @C°5)(at9BT)

42.7 59 41 depend on the proportions of intermediates 21 and 22 formed
52.5 59 41 in the association reaction between Hb and CO.

55.1 61 39 Figure 5a shows the separation by cryofocusing of the
?Z:; gg gi intermediates in the association reaction at about 50% CO

saturation. Nine components are observed, as for the
separation of the standard sample of partially oxidized HbCO
rium, the focusing position of the hybrid in a linear gradient iy Figure 3d. The identification of the components is also
is midway between those of the parental speck®. (It the same (Table 2). Notable is the difference in the
should be noted that cyanide binding to the ferric chains concentrations of the oxidized intermediates between the
cancels out the charge differences among the species. Irsagmple in Figure 3d, which contains species in statistical
the presence of a saturating concentration of cyanide, theproportions, and the sample in Figure 5a, in which Hbe
components in Figure 3d cofocus with componeh®, that  product of oxidation of Hb, and HbCO predominate over
is, HbCO. Incomplete saturation by cyanide restores the || the other species due to the cooperativity in the association
pattern of nine components. Thus, depletion of cyanide reaction. As a result of the low concentrations of the
during the incubation of the deoxy/cyanomet intermediates jntermediates and the low protein content of the sample,

in the experiments of Daugherty et af) @nd Perrella et al.
(5), as suspected by Shibayama et @), (vould have been

components 3 and 4 and 6 and 7, which overlap in Figure
3d, are resolved in Figure 5a. The main components in

monitored by the cryofocusing technique they used for the Figyre 5a were excised and refocused at@5jielding the

analyses of the equilibrium mixtures.

pattern of Figure 6 (panels-ay). Such a pattern is the same

A more elaborate procedure for the identification of the as that in Figure 4 (panels—a) except that the products of
hybrids in Figure 3d makes use of the disproportionation disproportionation of component 4 in Figure 6¢c are not
reactions of the hybrids at temperatures above zero. Figurecontaminated by component 3. Similarly, the products of
4 (panels ag) shows the pattern of species obtained by disproportionation of component 6 in Figure 6e are not
refocusing at 15C on a gel slab the protein components contaminated by component 7.
excised from gels used for cryofocusing the sample of  Figure 5, panels b and ¢, shows details of the dispropor-
partially oxidized HbCO, as in Figure 3d. Since components tionation products of component 5 from two experiments of
3 and 4 and components 6 and 7 in Figure 3d partially ijsolation of the intermediates in the association reaction in
overlap, they were excised together. Listed in Table 2, third 100 mM KCI, pH 7. Four species, Hb (or*59) (ot 5<0),
column, are the identities of the separated parental speciegac95+)(a93+), and HbCO, were obtained. The amount
for each gel slot, second column. of Hb* plus HbCO was systematically greater than the

Minor bands appearing on the gel in Figure 4 (panelgla amount of "A%9)(at3C°) plus ECOBM)(aCCB™) (Table 3).
were the result of physical contamination by adjacent This indicates that both intermediates 21 and 22 were formed
components in the process of gel slicing and of slight auto- in the association reaction, albeit in different concentrations.
oxidation of the CO-liganded chains exposed to oxygen. A Effects of H and CI- on the Distribution of the Intermedi-
quantitative assay was carried out to check whether theates. The concentrations of the intermediates were obtained
parental species, produced by disproportionation, were in theat two different values of chloride concentration, 7 and 100
expected 1:1 ratio. Typically, the analysis of the protein mM, at pH 6.3 and 8.5, and at 7 mM chloride at pH 7. The
loaded on slot b in Figure 4 yielded 46.2% HIB2.1%  data at 100 mM chloride, pH 7, shown here were obtained
o 250, and 1.7% HbCO. It cannot be excluded that traces partly in a previously published world( and partly in this
of HbCO observed in Figure 4 (panels b and c), and similarly work (Table 3). Since the data in 7 and 100 mM chloride
of Hb* observed in Figure 4 (panels e and f), could also be were not significantly different at pH 6.3 and 8.5, such data
due to heme exchange and electron-transfer reactions beforevere pooled.
and during IEF. However, the finding that the ratios of the ~ Scheme of four Consecutii Reactions.Ignoring the slight
parental species were close to the expected value, as in théunctional heterogeneity of the intermediates in the same state
example quoted above, indicates that the effects of theseof ligation, Figure 7 (panels-ac) shows the fractional values
reactions were of minor importance. of the concentrations of Hb, HbCO and total concentrations

Resolution of the Mixture of Intermediates 21 and 22 in of mono-, di-, and triliganded intermediates obtained at pH
the CO Association Reactiomhe cryogenic technique does 6.3, 7, and 8.5 as a function of the fractional value of bound
not resolve intermediates 21 and 22, which upon oxidation CO. The lines in Figure 7 (ac) were obtained by fitting
by FeCy, yield the species with identical isoelectric points the data according to a four rate constant model, assuming
[21]ox, i.€., @TFT)(@CCB%0), and [22}y, i.e., @°FT)(a"5%O). 4 =6.0uM"tsatall pH values11). The values of the
The disproportionation reactions illustrated in the preceding fitted constants are listed in Table 4. The distributions of
section provide a solution to this problem. Species21] intermediates calculated fdy = I’ = I3’ = 14, that is in
disproportionates at 1% yielding Hb" and HbCO. Species the absence of cooperativity, are plotted in Figure 7d. The
[22].x disproportionates to yield specias{3¢°)(at5°) and calculated ratios of the rate constaritg/l,—1', which are
(091 (aOB). Thus, the component unresolved by cryo- useful for a discussion of the mechanism, are listed in Table
focusing, when eluted from the gel and refocused at@5 5.
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Table 4. Rate Constants Fitted to the Data in Figure-7cjaAccording to a Model of Four Consecutive Reactions Assurjng: 6 uM~* s7*

(1p*
pH
I (uM~1s7Y) [CI7] =7 (mM) [CI7] = 100 (mM)
6.2 7 7 8.5
Iy 0.273+ 0.023 0.116+ 0.025 0.113+0.011 0.0888t 0.008
P 0.516+ 0.045 0.415+ 0.092 0.265+ 0.026 0.858+ 0.087
I3 1.40+ 0.139 1.51+ 0.394 1.470.170 1.70+ 0.197
aData at 7 and 100 mM chloride were pooled except at pH 7, as indicaBata from Perrella et al 3].
Table 5: Ratiody'/ln-1" of the Stepwise Rate Constants for CO 0.2
Binding According to a Mechanism of Four Consecutive Reactions A
andl,'/l," at Different pH Value® a
0.20 F &
pH 12
7(CI] = 7(CI] = s o
6.3 g[?nl\/]l) 1(%Cm;wy 8.5 0.15 F ¢ 4 27
I/  1.8940.23 3.58+1.11 2.34+0.32 9.66+1.31 s o *
I3/l  2.70+0.36 3.63+-1.24 555+-0.84 1.98+0.31 .10 °© o ®
l4ly  4.30+0.43 3.98-1.04 4.08:047 353041 2
4Ny 220+18  51.7+111 53.1+52  67.6+6.1 17 \e

aRatios calculated from the data listed in TablebData from 0.05 1 N :
Perrella et al. (3).

Schemes of Multiple Pathways of Reactigxsignificant 0.00 ' ' ' '
difference between the concentrations of species in the same P— B
state of ligation was observed for the monoliganded inter- g A Tag
mediates, as shown in Figure 9. The concentrations of L AN
intermediates 23 and 24 and the concentrations of intermedi- VAR~ \ )i
ates 31 and 32 were similar within the error. A difference i ] . e ° \f
between the sum of the concentrations of the diliganded CWFL e e \u
intermediates along the peripheral pathway in Figure 1, that /. T \a
is 23 plus 24, and the sum of the diliganded intermediates ! ° 5 o O . \ .
along the central pathway, that is 21 plus 22, could be 0.05 1/ ° o8
indicative of functional heterogeneity among these interme- / @ 1 b
diates, particularly between species 21 and 22. However, N
the observed difference was not significant. Only the 0.00 ' : ! '
analysis by noncryogenic techniques of the mixture of the . C
products of the oxidation of intermediates 21 and 22 yielded 0.08 F
clear evidence of a slight functional heterogeneity of these R A
two species. However, since the observed difference in the A .
concentrations of species 21 and 22 by this procedure was 06 -/, 12
less than the error in the determination of the concentrations Y N
of the intermediates, it was not possible to make use of such 0.04
an information to obtain significant values of the relevant e o
rate constants of the association reactions. Figure 8 shows o e fe  AN\A
the analysis of the data at pH 6.3 according to the scheme 0.02 ' oA < 24
of Figure 1. Figure 8 (panelsl) summarizes the results 1
of the analyses using constrained kinetic schemes, which 0.00 L L L .
could provide information on the functional heterogeneity 0.00 020 040 060 080  1.00
of the a and 3 subunits. All of them agreed in indicating S co

faster binding to the8 chains in the first ligation step with

a value of the ratid/k; in the range 1.21.7 and failed to
provide information with regard to the next binding steps.
The data at pH 7, in 7 and 100 mM KCI (from previously
published work), and pH 8.5 were analyzed similarly yielding
evidence of a significant functional heterogeneity of the
andg chains in the first ligation step. To compare the values
of the ratioky/k;, as obtained under the various conditions,
the scheme of Figure 8d with five adjustable parametars (
ko, ks = ks, ks = ke, k7 = kg = kg = klO) was used. The

Ficure 9: Concentrations of the monoliganded (circles) angl
monoliganded (triangles) intermediates in 7 mM KCI (open
symbols) and 100 mM KCI (closed symbols). (A) pH 6.3; (B) pH
7; (C) pH 8.5. The lines were fitted assuming the kinetic scheme
depicted in Figure SDM_, ko, k3 = ks, ks = kg, k7 = kg = kg

= kyo adjustable constants and; = k;; = 6.0 uM~1 s71). In
panel B, the full and dashed lines fit the data at 7 and 100 mM
KCI, respectively. The data at 100 mM KCI are from Perrella et
al. 3.

results are listed in Table 6. The same scheme was used tantermediates, shown as the lines fitting the concentrations

calculate the distributions af and 8 chain monoliganded

of such intermediates in Figure 9, panelsca
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Table 6: Ratioky/k; of the Rate Constants for CO Binding to the
andg Chains in the First Ligation Step under Various Conditions of
pH and Ct Concentratiorés

pH [CIF] (mM) ko/ks

6.2 7,100 1.24-0.14
7 7 2.05+ 0.55
7 100 1.47+0.15
8.5 7,100 2.19: 0.35

@ The ratio was calculated assumikg= kz, ks = ks, ka = kg, k7 =
ko = ks = kio, ki1 = ki = 6 uM~ s71, as in the kinetic model of
Figure 8d. The value at pH 7, 100 mM Civas obtained by the
analysis of the data from Perrella et &).(

DISCUSSION

Functional Heterogeneity of Intermediates 21 and 2&

Biochemistry, Vol. 37, No. 7, 1998025

CO reactions, suggests the following interpretation of the
observed difference in their concentrations. In the second
CO binding step, the production of species 21 should be
favored kinetically with respect to species 22, 23, and 24 as
a result of the cooperativity within the dimeric half-molecule.
The species 22, 23, and 24 that might be formed in this step
are in the R conformation. They should react with the third
CO molecule more rapidly than species 21, which retains
the T conformation. Thus, the differences in the rates of
formation and further reaction with CO of species 21 and
22, predicted on the basis of the energetics, can explain
gualitatively the observed different concentrations of these
species in the association reaction.

Modulation of the Association Reaction by Proton and
Chloride. Some interesting indications were provided by

shown in Table 2, the species isolated by cryofocusing athe analyses carried out at different levels of complexity.

sample of partially oxidized HbCO and identified (first
column) by our previously reported procedurg2( 2

Data Analysis According to the Model of Four Consesgeiti
Reactions.If the slight functional heterogeneity of the chains

disproportionate into the expected parental species whenof the intermediates in the same ligation state is ignored and
refocused at 18C (third column). Furthermore, the unstable the data are pooled, as in Figure 7, it can be noted that the
asymmetric hybrids disproportionate into the same parentaldistributions of the intermediates (Figure 7, panetsqadid
species irrespective of the method used for their produc- not conform to those expected for a statistical distribution

tion: a) an equilibrium solution of 50% oxidized HbCO in

(Figure 7d) under all the conditions studied. The monoli-

which 10 species are present in approximately statistical ganded species, particularly at acidic pH, tended to approach

proportions [Figures 3 (panel d) and 4 (panetgg3; b) a
nonequilibrium solution obtained by rapidly mixing Hb with

the statistical distribution, yet the other species were present
in low amounts as a result of the high cooperativity in the

CO to yield 50% saturation and by the thermal/chemical reaction. A simple model of four consecutive reactions
guenching to trap the intermediates [Figures 5 (panel a) andprovides a useful, although approximate, overview of the
6 (panels aq)]. effects. Using this model, Gibsod® determined a value
Besides confirming the validity of the procedure for the of the rate constant for the binding of the last CO molecule,
identification of the intermediates, the disproportionation 1/ = 6.0 uM~! s7%, invariant with pH (1), from studies of
experiments have clarified the nature of the component the kinetics of CO rebinding in flash photolysis experiments.
unresolved by the cryogenic technique. This component, By adopting this value we found that the rate constants for
which amounts to no more than 5% of the total in the CO the binding of the third CO molecule were approximately
association reactions, contains both intermediates 21 (abouinvariant under all conditions (Table 4). The data at pH 6.3
65%) and 22 (about 35%) [Figure 5 (panels b and c) and and 8.5, where no significant chloride effect was observed,
Table 3]. The slight quantitative difference between the two and the data at pH 7 in 100 mM chlorid®) (indicate that
intermediates was reproducible and, according to the proteinthe rates of the binding reactions increase continuously under
assays carried out as controls, not due to a significantall conditions (Table 5) and, (a) at acidic pH, no marked
interference by the reactions of auto-oxidation, heme ex- acceleration occurs up to the binding of the last CO molecule
change, and electron transfer in the course of isolation (I;/li' = 1.89 andls/l;) = 2.70), (b) at neutral pH, the
procedure. The difference in the concentrations of speciesreaction accelerates significantly after the binding of the
21 and 22 indicates that the structurally nonequivalent second ligand moleculd,{/l,' = 2.34 andl3'/l;’ = 5.55),
configurations of the liganded andf chains endow these and (c) at alkaline pH, the reaction undergoes a marked
intermediates with different kinetic properties in the interac- acceleration after the binding of the first ligand molecule
tions with CO. This finding is consistent with the thermo- (I2/li' = 9.66 and3'/l;) = 1.98). Such accelerations in the
dynamic study of the same CO intermediates carried out by reaction rates at neutral and alkaline pH explain the greater
Huang and Ackers 2@), which indicates a slight, but overall cooperativity found under these conditioh8Il{' =
significant, difference in the energetics of these species. A 53 and 67, respectively) as compared with that observed at
difference in functional properties between species 21 andacidic pH (4/l,' = 22).
22 is not consistent with a concerted mechanism of coop- A simulation of the kinetics assuming a concerted model
erativity and has been the main argument in favor of an of quaternary structural transitionk2) was carried out using
alternative interpretation of the mechanism of hemoglobin the approach suggested by Hopfield et &B) (see Materials
cooperativity, known as the symmetry rul#).( Thus, our and Methods for details). The distributions of the intermedi-
work supports the concept that a common basic mechanismates predicted by the model are plotted in Figure 10, panels
underlies all hemoglobin reactions. a and b and are checked against the experimental data in
The error in the determination of the distributions of Figure 10a. Assuming the data brfrom Imai (17), Table
intermediates in the CO association reaction does not allow1, the predicted distributions of intermediates are close
us to calculate the rate constants for CO binding to enough to the observed values at pH 6.3 and 7. At alkaline
intermediates 21 and 22. However, the energetics of thepH, the predicted concentrations of monoliganded species
intermediates in the deoxy/cyanomet model (see introductoryare much larger than those observed at pH 8.5 (Figure 10a).
portion of this paper) extended to the intermediates in the Assuming the data oh from Chu and Ackers1@8), the



2026 Biochemistry, Vol. 37, No. 7, 1998 Perrella et al.

1.00 1.00
A pH 6.3 B pH 63
0.80 F 0.80 |
0
‘(0 4y [s 4\
0.60 I ° 0.60 |
o
1 !
| 4 i 2
0.40 oo 0.40 e 3
m Q
o 2
0.20 | ° _
Sel % ) 0.20
° * [ 2o o
0.00 : . 0.00 1 N
pH 7 pH 7
0.80 | 0.80 |
10 4\ 0 4\
[ ]
0.60 o% 0.60 |
fi . fl .
0.40 | oK 0.40 F
o l(2
0.20 [ e o on_§ 020 |
26 g
o o3
X% 4 2 2 4
0.00 T
pH 8.5
0.80 | g
4
] 8
0.60 o .
e} )
0.40 L
8
0.20 y
. ‘ S
0D 33
g 8 O 08¢
0.00 X 1 1 ‘
0.00 0.2¢ 0.40 0.60 0.80 1.00 0.00 0.20 0.40 0.60 0.80 1.00
Sco Sco

Ficure 10: Distributions of intermediates generated by the association reactions at pH 6.3, 7, and 8.5, as calculated assuming concerted
transitions of quaternary structures at each ligation step [Monod etZlatd Hopfield et al.,13)]. Calculations based on the values of

the allosteric constarit determined by ImaiX7) (A), and by Chu and Ackerslg) (B), Table 1. The data at pH 6.3 and 8.5 are the data

in Figure 7, panels a and c, obtained in 100 mM KCI. The data at pH 7, 100 mM KClI, are from Perrell&@8ptEhe(symbols and arrows

are as in Figure 7.

predicted concentrations of diliganded species are larger tharnvarious parameters obtained from the literature or extrapo-
the values observed at pH 6.3 and especially at pH 7. Atlated. Our kinetic simulation agrees with the results of a
alkaline pH, a much larger population of monoliganded more sophisticated analysis, including geminate ligand
species is predicted than that observed at pH 8.5 (Figure 10b)rebinding, carried out by Henry et ak4). At alkaline pH,
in agreement with the simulations carried out using the Imai's however, values df several orders of magnitude lower than
data. The simulations were also carried out using the valuesthose determined from equilibrium experiments under similar
of I, from MacQuarry and Gibsori{). Statistical distribu- conditions would fit the experimental data reported in this
tions of intermediates were predicted under all condition by work. The large discrepancy between the predictions of the
assuming the values af from Chu and Ackers18) and at two-state model and the experimental observations at alkaline
alkaline pH assuming the values of Imdi7j. pH suggests that both quaternary and tertiary structural
In conclusion, ignoring the slight difference in the transitions might be involved in the cooperative binding of
concentrations of species 21 and 22 reported in this work, CO under these conditions. This is not surprising since
which suggests different CO binding kinetics for these €vidence of the involvement of tertiary and quaternary effects
intermediates, the two-state model provided a qualitative fit in cooperativity has been obtained also in the nonphysi-
of the observed distributions of intermediates at acidic and ological case of the cyanomet model of ligation.
neutral pH, despite the approximations contained in the The energetics of the deoxy/cyanomet intermediates
assumptions made for the kinetic simulation and in the provides the rationale for a possible interpretation of the
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experimental findings, particularly at alkaline pH. The free and a slight effect at pH 7, would be speculative since the
energy change&Gc for the transition from deoxy to fully  data are not sufficiently precise. A structural interpretation
liganded and to the monoliganded intermediates is about 7.1is complicated by the existence of at least two classes of
and 3.7 kcal/mol at pH 7 and about 3.7 and 2.5 kcal/mol at sites for chloride binding, involving the-amino group of

pH 8.5, respectively4). Thus, at alkaline pH, the energy Vall(a) (30, 31 and thee-amino group of Lys8Z) (32),

of the monoliganded state becomes very close in value tocharacterized by different affinities for the ligand and pH
that of the R quaternary structure. This phenomenon is notdependence of the affinities. However, the findings reported
due to a quaternary change in structure of the intermediateshere and in other works, quoted above, that chloride, proton
but to a pH-dependent tertiary structural effect within a T and organic phosphate elicit different, or opposite, effects
quaternary structure. Such a tertiary effect is likely to lower on ligand binding to thea and § chains suggest the
the energy barrier for the binding of the second molecule of possibility that mechanisms of interaction among the modu-
ligand. Similar values for the energetics of the oxygen lators of oxygen affinity exist, which could be of significance
monoliganded intermediates were calculated from oxygen for the fine-tuning of oxygen delivery to the tissues.
equilibrium experiments26). Thus, it can be predicted from

the energetics that the second molecule of CO will react with ACKNOWLEDGMENT
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