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ABSTRACT. Symmetrical FeZn hybrids of human HbA have been used to me#&s(m¢ and Ky(5), the
dissociation constants for the binding of a single molecule of oxygen to unliganded HbAuatdrunit

and at a3 subunit, respectively. The kinetic constari§o) andl,'(3), for the combination of the first

CO molecule to unliganded HbA at anor a3 subunit, respectively, were also measured. Measurements
were carried out between pH 6 and pH 8 in the presence and absence of inositol hexaphosphate (IHP).
Both equilibrium constants exhibit a significant Bohr effect in the absence of IHP. The addition of IHP

to a concentration of 0.1 mM increases both dissociation constants in a pH-dependent manner with the
result that both Bohr effects are greatly reduced. These results require a negative thermodynamic linkage
between the binding of a single oxygen at eithercaor a  subunit and the binding of IHP to the T
guaternary structure of HbA. Although tifehemes are relatively near the IHP binding site, a linkage
between that site and thhehemes, such that the binding of a single oxygen molecule to the heme of one

o subunit reduces the affinity of the T state for IHP, requires communication across the mdig@ule.
exhibits a very slight pH dependence, with a maximum variation of 20%, Wh{& varies with pH

three times as much. IHP has no effect on the pH dependence of either rate constant butlfédyces
marginally, 20%, and,'(5) by 2-fold at all pH values.

The properties of the T quaternary structure of hemoglobin within the two state model by permittinigr, the oxygen
continue to be a topic of interest and controversy. In the affinity of the T state, to be a function of these parameters
classic formulation of the two state modd))(the ligand (2). still, it was argued that these were all tertiary effects on
affinities of the R and T states of hemoglobin were fixed, the individual subunits, and because they did not involve
and the ligand affinity of the hemoglobin molecule was communication or energy transfer between the subunits, the
modulated by variation df, the equilibrium between the T basic formulation of the two state model was still sound.
and the R states in the absence of ligand. This modulationFor this to be true in the case of organic polyanions, it would
could be affected by a variety of heterotropic allosteric be necessary to suppose that the effects of these heterotropic
effectors such as hydrogen ions and organic polyanions sucheffectors, which bind in the pocket between the tfo

as DPG or IHP, which bind to one quaternary structure subunits, were limited to modification of the properties of
better than to the other. This picture became untenable whennhe 3 subunits. To get around the latter limitation, Minton

it was found that oxygen equilibrium curves obtained under anq |mai proposed a three state mod®! (
different solution conditions could be fitted to the two state
model only if the oxygen affinity of the T state was permitted
to vary with pH and to be affected by the additions of other
heterotropic effectors. These effects were accommodated

Symmetrical FeZn hybrids of HbA permit a more detailed
examination of the reaction of a single ligand with deoxy-
genated HbA than is easily accomplished when the protein
contains four heme groups. It is possible to replace some,

t This work was supported by Program Project Grant GM58890 from ©F all, of the heme groups of HbA with zinc protoporphyrin
the National Institutes of Health. IX. This porphyrin mimics closely the deoxygenated heme

* To whom correspondence should be addressed. Tel: 716-862-6538.gr0up as shown by the thermodynamic analysis of Ackers
Fax: 716-862-6526. E-mail: rnoble@acsu.buffalo.edu. . . . - .

! Abbreviations: IHP, inositol hexaphosphate; DPG, diphospho- (4) butis unab_le to bind ligand. Thus’ a subunit Conta'r_"ng
glycerate; HbA, human adult hemoglobin &sa, the equilibrium Zn porphyrin is permanently unliganded. In symmetrical
dissociation constant for the reaction of a single oxygen molecule to FeZn hybrids, the hemes of two identical subunits, either

an otherwise unliganded HbA molecule at ansubunit; K,3, the ;
dissociation equilibrium for the reaction of a single oxygen molecule or 3, are replaced by Zn porphyrin. Measurements of the

at a8 subunit;Kr, the equilibrium dissociation constant for the reaction €quilibria of oxygen binding to the two symmetrical FeZn
of oxygen with the T state of HbA (two state modelg, the rate hybrids permit the separate determination of the affinities

constant for the combination of a single CO molecule witleaubunit ; i ;
of an otherwise unliganded HbA molecul¢ys, the rate constant for of the o and the subunits within the unliganded HbA

the combination of a single CO molecule withfasubunit of an tetrfime_r_for the first oxygen mC_ﬂeQUIél(_a) andKay(p). The
unliganded HbA molecule. availability of only two ligand binding sites also permits the

10.1021/bi0302649 CCC: $27.50 © 2004 American Chemical Society
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determination of the separate rate constants for the combina-
tion of the first CO molecule to an otherwise unliganded
HbA molecule at ana. or § subunit, Ii'(ct) and I1'(5),
respectively.

In the accompanying articl®), the oxygen equilibria and
CO combination kinetics of the symmetrical FeZn hybrids
of a series of variants of HbA in the presence of IHP at pH
7 are reported. Lo¢(, is observed to be linearly related to
log I+’ for both oc and 8 subunits. Although there is ample
evidence in the literature of a relationship betwéerand
Ki, the precision of the observed relationships seems
surprising in view of the fact that the binding of the first
ligand to hemoglobin is associated with a Bohr effe@t (
The presence of a Bohr effect indicates a ligand-linked
conformational change of sufficient magnitude to alter the
pK of one or more acid groups. Because the structural change
is ligand-linked, the new monoliganded structure must have
a higher ligand affinity than that of the deoxygenated
tetramer. One would not expect that the effect of a mutation
on the difference between the energies of two different
structures of hemoglobin would always be proportional to
the change it causes in the activation energy of CO
combination. The above relationship seems more in keeping
with changes in the constraints on ligand binding at the heme
within a fixed protein matrix. Oxygen binding to the T state
crystal of HbA is without a Bohr effect7]. It has been
suggested that crystallization selects for the lowest affinity
conformers of the T state of hemoglobi8).(The presence
of IHP results in a similar selection by virtue of the
preferential binding of IHP to low affinity conformers.
Because in the crystal a similar conformational selection
results in a loss of pH dependence, it is reasonable to expect
that IHP might similarly attenuate the Bohr effect associated
with the binding of the first ligand to unliganded hemoglobin.
Therefore, the effects of IHP on the pH dependencies of the
oxygen affinities and CO combination kinetics of the two
hybrids, @[Fe])(5[Zn]). and @[Zn])(B[Fe])., have been
examined.
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Ficure 1: pH dependence of lot,, the intrinsic dissociation
constant, and the Hill coefficient, for the equilibrium of binding

of the first oxygen molecule to the otherwise unliganded hybrids

EXPERIMENTAL PROCEDURES

Symmetrical FeZn hybrids of HbA were prepared as
previously described by combining a Zn protoporphyrin 1X
containing chain with its corresponding, heme containing,
partner chain, Zre chains with heme containing chains

of HbA, ao[Fe]s[Zn] (A) and a[Zn]S[Fe] (B), in the absencel)
and presence) of 100uM IHP.

UM, respectively, after mixing. Each data point is the average
of the data from measurements at minimally two wave-
lengths, at each of which multiple kinetic traces were

and vice versa9).

Oxygen equilibria were measured tonometrically as previ-
ously described using a 500 mL tonometerhwé 2 mm

averaged and then fitted to a two step sequential mechanism
as described in the accompanying artic (

The kinetics of CO recombination following flash pho-
tolysis were used to estimate the degree of dissociation of

cuvette attachedL(). The HbA concentration used for these
measurements was 16M in porphyrins equivalents. The
buffers used were 0.1 M HCI bisTris at pH 7 or below, with
or without the addition of 10@M IHP, and 0.1 mM HCI
Tris above pH 7, with or without the addition of 1Q0V
IHP. As described in the accompanying artich, titration
curves were fitted to the two step Adair equation solving
not only for K; andK; but also for the absorbance change
associated with complete saturation with oxygen.

Kinetics of CO combination with unliganded FeZn hybrids

were measured by stopped-flow procedures as previouslyResyrLTs

described using an OLIS (On Line Instrument Systems, Inc.,
Bogart, GA) stopped-flow apparatu®)( The concentrations

the diliganded FezZn hybrid of HbA inta/ dimers. The
measurements were performed as previously described by
Doyle el al. (0). Equilibrium and kinetic measurements were
carried out in the pH range from 6 to 8. Above pH 8, the
affinity of the HbA tetramer for IHP is progressively reduced,
presumably due to electrostatic effects. To assess the effects
of IHP binding onK; values, it is essential that the IHP be
bound even in the presence of a ligand on the HbA tetramer,
and above pH 8, it is not certain that this is the case.

Figures 1 and 2 present the pH dependencies of the

of CO and HbA (in porphyrin equivalents) were 20 and 2 equilibria of oxygen binding to and kinetics of CO combina-
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5.6 R quaternary structure and the dissociation mtbdimers.
Therefore, IHP would be expected to decrease or eliminate
an apparent Bohr effect resulting from the formation of

5.4

. 524 dimers. It could be argued that just like the transition from
) 8@?@ the T to the R quaternary state, the ligand-linked dissociation
; 5.0 1 of the Hb tetramer into,5 dimers would result in cooperative
2 48 ligand binding, which is not observed. However, at pH 7.4
in the absence of organic phosphates, Ackebs finds
4.6 negative cooperativity in the binding of two ligands to the
24 A l same type of subunits in an otherwise unliganded tetramer,
: b T and such negative cooperativity could conceivably mask
5.6 positive cooperativity resulting from dimer formation.

To determine the extent to which dissociation of the HbA
5.4 1 tetramer intoo3 dimers might affect measurements K,
the kinetics of recombination of CO following flash pho-

= 521 tolysis were examined as a function of pH and the absence
= 5.0 and presence of IHP at a hemoglobin concentrationd¥12
4 in porphyrin equivalents. In the absence of IHP, the percent-
- 48 D\_’D/Cﬂ age of the recombination occurring at the rapid rate indicative
4.6 4 of dimers varied slightly with pH: it was 65% at pH 6, 60%
B at pH 7, and 56% at pH 8. In the presence of 100 IHP,
4.4 — T T T 1 no rapid kinetic phase was observed at pH 6 or 7, but the
55 6.0 65 7.0 7.5 8.0 8.5 rapid kinetic phase made up 50% of the total at pH 8.
pH From the measurements of the degree of dissociation of

] , diliganded HDbA into dimers at low concentrations #(®
Ficure 2: pH dependence of loy’', the rate constant for the SN . . . .
combination of the first CO molecule with the otherwise unliganded Porp_hy””)g itis possible to calcula_te the fractional d!ssoma-
hybrids of HbA,a[Fe]3[Zn] (A) and a[Zn]B[Fe] (B), in the absence  tion into dimers at 16@M porphyrin, the concentration at
(O) and presence) of 100uM IHP. At pH 6 and 8, each complete ~ which equilibrium measurements were carried out, not only
experiment is plotted as a data point. At pH 7, the plotted values for the diliganded but also for the monoliganded and
are the averages of a large number of independent experiments O'?Jnliganded HbA molecule. The amount of tetramer re-
different samples of the two FeZn hybrids. The standard errors of . o L
these latter data are contained within the data points as they appeapSS€mbly associated with ligand removal is directly related
in the figure. to the ratio of the affinity of the dimer to that of the tetramer.

Because this ratio decreases with increasing pH, dimer

tion with the two symmetric FeZn hybrids of HbA. In Figure formation should present the greatest problem for the results
1, the intrinsic equilibrium dissociation constants (Torr) for of measurements at pH 8. From the measurements reported
the interaction of the first oxygen molecule with unliganded here and the oxygen affinity of thes dimer reported by
HbA are presented for the subunits (panel A) and the Ackers et al. 12), the affinity ratio at pH 8, in the absence
subunits (panel B). In the absence of IHP, thsubunits of IHP, is estimated to be 55. A degree of dimer formation
exhibit a significant Bohr effect irK;. The dissociation  of 56% at 2uM porphyrin results in 9% of the porphyrins
constant decreases by a factor of 2.7 between pH 6 or 7 andoeing in dimers at 16@M in porphyrin equivalents for the
pH 8. When IHP is added, the dissociation constant is diliganded hybrid. From this, one computes a degree of
increased at all pH values but to a greater extent at higherdissociation into dimers to be 1.25% for the monoliganded
pH with the result that the pH dependence is greatly reduced.hybrid and 0.17% for the unliganded tetramer. The effect of
Between pH 6 and pH 8 in the presence of IHP, the these amounts of dimer on the valuekafis much smaller
dissociation constant decreases by less than 25%. In thethan the scatter of the data in Figure 2. Furthermore, at pH
absence of IHP, tha subunits exhibit a 4-fold decrease in 8, dimers are also apparent in the presence of IHP, accounting
the first dissociation constarit;(a), between pH 6 or 6.5  for 50% of the heme groups at;2\V. If dimers were the
and pH 8. Again, the addition of IHP increases the dissocia- cause of the observed pH dependence in the absence of IHP,
tion constant more at a high pH than at a low pH. Despite then they should also result in a Bohr effect in its presence.
the scatter of the data, it is clear that little pH dependence The appearance of dimers at pH 8 in the presence of IHP is

persists after the addition of IHP. clear evidence of the reduction in the effectiveness of this
Before it can be concluded that IHP alt&go) andKy(5) allosteric effector in dimer assembly with increasing pH.

and reduces the Bohr effects of these parameters, the The pH dependencies of the kinetic constants present a

possibility that dissociation of the HbA tetramer intgs different picture than those of the equilibrium constants. In

dimers contributes to the observed pH dependencies mustrigure 2, the second-order rate constants for the combination
be evaluated. The binding of ligands to HbA progressively of a single CO with aroe subunit (panel A) or g subunit
destabilizes the tetramer as a result of the high ligand affinity (panel B) in an otherwise unliganded HbA molecule in the
of the a8 dimers. Because the dimetetramer equilibrium absence @) and presence) of IHP are plotted on
has been reported to be pH-dependdd),(the significant logarithmic axes as functions of pH. Thesubunits exhibit
formation of dimers as a result of oxygen binding could result a modest kinetic Bohr effect with the maximum variation in
in an apparent Bohr effect. It is known that IHP stabilizes 1,'(a) between pH 7 and pH 8 of only about 30%. The
the T state tetramer with respect to both the transition to the addition of IHP has no significant effect on the observed
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pH dependence and decreases the valuég(a) at all pH Miyazaki et al. (L3) reported the equilibria of oxygen
values by only 20%. Thg subunits exhibit a 60% increase binding to FeZn hybrids of HbA at pH 6.5, 7.5, and 8.5 in
in 1,'(3) between pH 7 and pH 8. Again, IHP has no the presence and absence of IHP. There are several reasons

significant effect on the pH dependence but decreBY483 for carrying out additional measurements. First, a single
by a factor of 2. experiment was carried out under each solution condition,

and there was no indication of the variation to be expected
DISCUSSION in duplicate experiments. More importantly, there are reasons

In the absence of IHP, botu(c) andK4(8) exhibit a Bohr to be concerned about the validity of the procedure by which
effect, consistent with the results of Imai and Yonet#)i (  the oxygen binding data of Miyazaki et al. were analyzed.
and more recently of Miyazaki et al1®). This indicates In their artlcle, it is sFated that the da_ta were fitted to the
that the binding of a single oxygen molecule at eithenan two step Adair equation. If one examines closely the data
or a8 heme alters the I of one or more acid groups points and the fitted curves in the Hill plots of the hybrids
presumably as a result of a ligand-linked conformational that appear in their article, one observes that in general
change. However, the presence of IHP severely attenuated'€ither the data points nor the fitted curves display the
the pH dependencies in both cases. This suggests that IHF2PPropriate symmetry. As is derived in the Appendix, any
constrains the protein matrix, inhibiting the ligand-linked i9and binding curve that is represented by the two step Adair
conformational changes, which occur in its absence upon€duation must yield a Hill plot, which is symmetrical with
binding a single ligand molecule. The addition of IHP results "€SPect to a 180rotation about the point at which log/f1
in a pH-dependent reduction of the affinity of both types of — Y)1 = 0, the point at which fractional saturatiol, is
subunit for the binding of the first oxygen molecule. The equal to 0.5. The fact that the fitted curves do not display
linkage relationships between binding a single oxygen such symmetry means that they are not the results of correct

molecule and binding a molecule of IHP are shown by the fittings to the two step Adair equation. That the data lack
follow diagram: such symmetry could have numerous sources. The fact that

the Hill coefficients appear to frequently increase as the
K, saturation increases suggests the possibility that a consistent
HbA +IHP +0, «—— HbAO, +IHP error occurs in the assignment of the multiplying factor for
the conversion from absorbance change to fractional satura-
}KIHP I‘Km tion, i.e., the absorbance change associated with complete
saturation of the binding sites may be consistently under-
IHP-HPA+0, < IHP-HbAO, estimated. The interpretation of the asymmetric curves by
K, which these data are fitted is more problematic. Suffice it to
say, they do not represent plots of the two step Adair
whereK; is the dissociation constant for the reaction of the equation. Although they report Hill coefficients, which are
first oxygen with HbA when no IHP is boundPKi is the  consistently slightly higher than those reported in Figure 1,
dissociation constant for the b|nd|ng of the first OXygen when the Kl values reported by Miyazaki et aﬂ_:‘) in the presence
IHP is bound, %K is the dissociation constant for the of |HP are reasonably consistent with those reported here.
binding of IHP to HbA when no oxygen is bound, atip However, theK; values that they report in the absence of
is the dissociation constant for the binding of IHP when a |Hp deviate significantly from the values in Figure 1. They
single oxygen is bound to HbA. Because the equilibrium indicate higher dissociation constants and smaller Bohr
constant of a state with itself must equal unity and be effects than found in the present work. The Hill plots that
independent of the pathway, it is necessary that display the greatest asymmetry are associated with these data
obtained in the absence of IHP. The data of Miyazaki et al.
(Ky x Kup)/ (PR, x 0K,Hp) =1 do indicate Bohr effects irKy(a) and Ky(5), which are
reduced by the addition of IHP. However, no discussion is
or presented of the significance of this finding in terms of linked
function theory or communication within the T quaternary
PR K = K XK e state of the HbA molecule.
The increase in the dissociation constaldige) andK(5),
This means that the effect of binding IHP on the dissociation and the inhibition of theK; Bohr effects by IHP are
constant for the first oxygen must be precisely equal to the reminiscent of the effects of crystallization on deoxygenated
reciprocal effect of the binding of a single oxygen molecule HbA. The affinity of HbA in solution in the absence of IHP
on the dissociation constant for the reaction of HbA with for the binding of the first oxygen molecule is greater than
IHP. Therefore, the binding of a single oxygen molecule at the oxygen affinity of T state crystal8); However, in the
either anoc or a8 heme has the effect of reducing the affinity presence of IHP, the affinity for the first oxygen in solution
of the HbA molecule for the allosteric effector, IHP. At pH approaches the affinity of the crystalg, (14), which is
8, the binding of an oxygen molecule at eithercaior aj insensitive to pH. Noble et al.1p) reported a linear
subunit reduces the affinity for IHP by approximately 5-fold relationship between the log p50 of T state crystals of a series
while at pH 7 the reduction in affinity for IHP is some 2-fold. of variants of HbA and the log,;’, the initial rate constant
At pH 6, the situation differs for the two types of subunits. for the reaction of CO with the unliganded variants. The slope
Binding an oxygen molecule at thfesubunit again reduces  of the line, d log p5@yswf/d 109 lini', was 1.3. In the
the affinity for IHP by 2-fold while binding at the. subunit accompanying articlesf, d logKi(a)/d logl,' (o) is reported
has a smaller effect. to be 1.76, and d lo#,(3)/d logl,'(B) is reported to be 1.07.
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The average of these latter two values is 1.4, in close subunit to which the single ligand is bound. However, the
agreement with the slope of the line for the relationship fact that IHP nearly eliminates th& Bohr effect by reducing
between solution kinetics in the presence of IHP and crystal the affinity of both theot and thes subunits of unliganded
affinity. It appears likely that the constraints placed by IHP HbA for the first oxygen means that the change in conforma-
on the conformational flexibility of the protein matrix during  tion, which occurs in the absence of IHP upon binding the
the binding of the first ligand in solution are similar to the first O, molecule, reduces the protein’s affinity for both
constraints imposed by crystallization. _ protons and IHP. It is generally agreed that monoliganded
The rate constants for the combination of CO watland ~ HpA in solution is in the T quaternary structure. Therefore,

f subunits of an unliganded HbA molecu,Ie are also pH- i appears that in the absence of organic phosphates, the
dependent. Although the pH dependencé: ) is small, — pinging of a single ligand to the unliganded HbA is

:Eat Otf)ll(ﬁ) IS qfu|||t_|ePS|gn|flcant._llf glnly_ihe_darl]iabobtalneld ljn d associated with a transitiomta T state structure, which
€ absence o were avaliable, it mig € concluded igrarg substantially from that seen in crystals of the
that these pH dependencies are the kinetic reflection of the . . . .
. : , deoxygenated protein or from that which occurs in solution
Bohr effects inKy(ar) andKy(5). However, this conclusion . . . .
in the presence of IHP when a single ligand is bound.

would be in error. In contrast to the equilibrium Bohr effects, . . 2 :
the pH dependencies of both'(a) and I1'(8) persist Because thg146 His residues have been implicated in the

unchanged in the presence of IHP. They are probably related! State Bohr effect18), presumably that oKy(f), it is
to ionizations, which are unique to the formation of the 'Maginable thatthe dissociation of protons from one of these
transition states of the combination reactions and are résidues, as the result of binding a ligand to a sinfle
unrelated to either equilibrium Bohr effect. It seems that the Subunit, might result in a significant electrostatic reduction
structural transitions involved in the Bohr effectstof(a) of the affinity of the T quaternary state for IHP. However,
andK,(B), which are inhibited by the presence of IHP, occur the data indicate that the binding of ligand at a single
after ligand binding and not as part of the formation of the subunit also induces a conformational change, which lowers
transition states of the combination reactions. IHP does affectthe affinity of the protein for IHP. It seems unlikely that the
the rate of binding of the first CO molecule, but unlike its K; Bohr effect in only oneo subunit could alter the
global effect on equilibrium, its kinetic effect is largely local, electrostatic potential of the IHP binding site sufficiently to
affecting primarily thepg subunits with which it interacts  result in a substantial reduction in IHP affinity. It is even
directly. Its effect on thex subunits is very modest. It appears more unlikely that the effects would be nearly the same as
that the relationship between Iég and logl:’ would be far that resulting from the Bohr effect of th@ subunit. Some
less perfect than that reported in the accompanying article other mode of communication between or among the subunits
in the presence of IHPS] if data, obtained at different pH  of the T quaternary structure is necessary to produce the
values and in the absence of IHP, were included. The gpserved effect. There are other examples of communication
hypothesis that the precise correlations observed at pH 7 inpatween the components of the T quaternary structure of
the presence of IHP result from the prevention of significant HbA in the absence of IHP. The cooperativity observed by
ligand-linked structural transitions upon binding a single Ackers and co-workersd], between the subunits of ag3
ligand appears reasonable. dimer within the T uate;rnar structure in the absence of
There is an abundance of evidence for ligand-linked . . q y .

; o L IHP, is certainly one and could be related to the same ligand-
conformational transitions within the T state quaternary . . : . .
structure, beginning with the demonstration of the T state linked changes in protein structure associated with the

! binding of the first ligand as discussed here. Miyazaki et al.

or K; Bohr effect ) and the modification of the two state : ) :
model to accommodate this observati@h (Yonetani et al. (13) clearly demonstrated that in unliganded, symmetrie; Fe

(16) have now reported that both the T and the R states Metal hybrids of HbA the properties of the heme groups are
change functional properties in response to a large varietySensitive to the nature of the metal ion in the nonheme
of solution variables. Recently, Samuni et al7yexamined ~ POrphyrins, even when the nonheme porphyrins are un-
the structural and functional effects of binding two ligands liganded. The existence of communication between and
to the symmetric FeZn hybrids of HbA. To do this, they among the subunits of HbA within the T quaternary structure,
used a variety of probes, including UV and visible resonance with the potential for long-range cooperativity and hetero-
Raman spectroscopy and kinetics of geminate and bi-tropic effects, seems clear. However, such linkage effects
molecular CO recombination following photodissociation. clearly depend on the nature and composition of the medium
The binding of the two ligands was carried out in a number in which the protein resides.

of different environments, which placed different constraints

on the conformational flexibility of the protein. They report APPENDIX

evidence of conformation and functional plasticity in the T

state with properties ranging from that of the lowest affinity, ) ] .
deoxygenated T state conformation to T state conformations  Symmetry of the Hill Plot for a Two Step Adair Equation.
with high ligand reactivity and reduced T state constraints Consider the reaction

within the globin.

It has often been theorized that the variations in T state
properties are local effects resulting from changes in the
tertiary structure of the subunit to which the ligand has
bound. In this framework, thik; Bohr effects would be the ~ where K; and K, are dissociation constants. Fractional
results of changes of theKpvalues of some residues of the saturation is given by the Adair equation:

Kl KZ
Hb + 2L <= HbL + L <— HbL,
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o, w
2K, ' KK,
L [?

K1 " KlKZ

+

1+

and it follows that

1+

2K,
o,

L Kl K1K2

Therefore,

5]
Y _2K1

1-Y

[L]?

KK,
L

K,

_|_

1

which simplifies to

At half saturation,Y/(1 — Y) = 1 and [LP = KiKa.

For any ligand concentration, [L], with fractional satura-
tion, Y, one can define another ligand concentration, [Q],
such that [Q]= KiKy/[L] and the associated fractional
saturation isY’. From the equation fo¥/(1 — V), it can be
seen that

K
1, Q1 K
Yo 2 K 2 ] _1-v
1-Y' 1+K1 1, [0 Y
2 [Q 2 K
and
lo v = —l|o Y
91—V 91 —v

when log[Q] = log(KiK5) — log[L]. Therefore, the plot of
log Y/(1 — Y) as a function of log[L] has 2-fold rotational
symmetry about its point of intersection with the line at
log{ Y/(1 — Y)} = 0. Clearly, at half saturation, [LF [Q].
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