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ABSTRACT: Stepwise cooperative free energies and intermediate Hill coefficients are used to assess the
presence of noncooperative sequences in the database of binding free energies previously obtained for
the eight partially ligated intermediates of human hemoglobin, encompassing a variety of hemesite analog
substitutions. This analysis is prompted by the observed noncooperative binding of two ligands to
hemoglobins that are partially substituted with’Zsmeme, an analog of deoxy Feheme (Holt et al.
(2005)Biochemistry 44XXXXX). The results show that noncooperative binding sequences are observed
in all hemesite analog studied to date. The noncooperative binding observetZinp{FeQ,) and @2
FeQ32Zn) is therefore not a Zn-specific substitution artifact. One of several binding sequences from
singly to triply ligated hemoglobin is also observed to occur with little or no positive cooperativity. These
results demonstrate the variability possible among different ligation pathways in a highly cooperative
multi-subunit system such as hemoglobin. As a direct consequence of this variability, differences among
ligation pathways are not always detectable using cooperativity functions based on statistical distributions,
such as the Hill coefficienty. The limitations of Hill coefficient analysis in evaluating cooperativity in
intermediates of complex systems is contrasted with the utility of the stepwise binding parameters.

In the course of binding four oxygens, the human hemo- These classical modifications have historically been thought
globin tetramer (H)assumes a total of eight partially ligated to exert their influence on dimeitetramer assembly free
intermediates, or microstates. Through the binding free ener-energies, ligand binding constants, and cooperativity by
gies of each microstate, a detailed picture of the Hb cascadeweakening the dimerdimer interface, thereby simulta-
(Figure 1) is emerging in which thes dimer within these neously affecting all hemesites in both dimers. By contrast,
microstate tetramers acts as a functional, cooperative unit.however, asymmetric modifications demonstrate that the
The foundation of these recent ideas has been built on twoperturbation of the dimerdimer interface is not com-
experimental observations. The first is that binding the sec- municated to both dimers within the tetramer. Like the first
ond ligand to the tetramer occurs with a higher affinity when observation described above, in which different binding free
ligation occurs on the same dimer, in contrast with the three energies for the second ligation step were found, the
other doubly ligated tetramers bearing a ligand on lagth asymmetric response of the tetramer to asymmetric mutation
dimers (Figure 1) (reviewed in reff). Of the four unique points to theo dimer within the tetramer as a source of
configurations of bound ligand in doubly ligated Hb, the most communication leading to cooperativity.
thermodynamically stable (by an order of magnitude) is that ~ As demonstrated in the previous papéy, éome binding
in which one dimer is fully ligated and the other remains sequences within the cascade can occur without significant
deoxy. This asymmetric distribution of binding affinity (and cooperativity ¢, 8). This finding is particularly nonintui-
cooperativity) at the second binding step has been observedive: given the strong positive cooperativity observed in the
in a variety of hemesite analogs at equilibriu-@), and overall binding isotherm, it seems likely that each successive

in CO binding kinetics in wild type4) and analog Hb%), binding event in the Hb cascade would exhibit positive
and is therefore concluded to be a real property of Hb rather cooperativity. The fact that noncooperativity is not a gener-
than an artifact of any particular analog. ally recognized feature of Hb binding requires a closer

A second robust observation concerns the effect of class-examination of the sequence of binding steps in the overall
ical mutations and chemical modifications of residues in the cascade, particularly with reference to the possibility of a
dimer—dimer interface. When the modification is applied Zn-substitution artifact.
asymmetrically, i.e., to only one of the dimers within the  |n this report, the existing database of stepwise binding
tetramer, the subsequent alteration of the binding constantfree energies that comprise the Hb binding cascade are
is confined to the modified dimes6). No significant change  assessed for stepwise cooperativity in order to ascertain the
to ligand binding in the wild type partner dimer is detected. extent to which noncooperative sequences in the cascade are
a general phenomenon, independent of the specific hemesite
" This work was supported by grants from the National Institutes of analog employed. The results of this comparison show that

Health (GM24486) and the National Science Foundation (MCB0077596). |; yAti ; it .
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1 Abbreviations: Hb, hemoglobin. cooperativity, regardless of the hemesite analog. In addition,
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Ficure 1. Asymmetric distribution of cooperativity in the Hb binding cascade. The cumulative and stepwise changes in free energy that
comprise the @binding cascade of human Hb. The Hb tetramer is illustrated wittftkebunits shaded, the,dgand represented by X,

and the ligand configurations designated as microstate sppcld® cascade is most commonly described by nine cumulative binding free
energies, each of which is referenced to the deoxy (sp@dieetramer (listed at left), or equivalently, by 16 stepwis® values, each of

which consists of a single ligation step between specific binding configurations (listed at right). Both cumulative and stepwise changes in
free energy can be transformed to the stoichiometric binding con¥anks,, Kz, andK, to yield the sigmoidal @binding curve.

it is shown that ligation of a deoxy dimer whose partner Ligation of the free dimer occurs with no cooperativity,
dimer is fully ligated occurs with low cooperativity. It is  providing an excellent thermodynamic reference state;
concluded that these low and noncooperative binding se-binding to the free dimer is therefore defined as intrinsic
quences are a general property of Hb under these solutionbinding, AGjy, for all hemesites. The binding free energy
conditions. The relationship of these results to previous AG,; is not directly accessible experimentally, due to
observations made at the partially ligated stages in Hb is exchange of dimers among tetramers andigand among
shown to be consistent with a dimer-based mechanism ofhemesites which results in disproportionation to a solution
cooperativity. of mixed species. But the assembly free energies can be
measured accurately using a variety of techniques (i.e., the
MATERIALS AND METHODS kinetic haptoglobin trapping method, large-zone size exclu-
Determination of Binding Free Energies from Assembly ~ Sion chromatography, sub-zero isoelectric focusing), while
Free Energies ligand exchange can be prevented through the use of stable
. . hemesite analogs (as reviewed in &f The change in
The experimental parameter for the hemesite analog assembly free energy is equal to the change in binding free

systems which forms the basis for this analysis is the free : : : :
energy of assembly of Hb tetramer from dimer, IvG,. g:lrgecig.y, either of which yields the cooperative free energy
o

Assembly free energies are directly translated into ligand
binding free energies via the thermodynamic linkage rela-
tionship between assembly and ligation, illustrated for
binding two ligands X) to a dimer in Hb:

ZAG, — M'AG, = AG, — 2AG,, = PAG, (1)

The tetrameric binding free energy is thus determined from

YAG, two assembly free energies plus the intrinsic binding free
+ T— energy:
species 01 AGZl = Z(AGint) + (Z:I'A(B2 — OIAGZ) or
2AGimI AG,, AG,; = 2(AG,,) + *'AG; (2)
Each binding step is therefore composed of an intringk;
X 2AG, X multiplied by the number of ligands bound, and a cooperative
+ T AG (Figure 2A). When referenced to the deoxy tetramer,
X X the cooperative free energy is, by definition, a cumulative

species 21 free energy.
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Ficure 2: Energetic components of the binding free energy. Color coding of the bars is the same as in the cascade of Figure 1. (A) The
nine cumulative binding steps are, by definition, referenced to the deoxy tetramer gjplediée intrinsicAG results from multiplying the

intrinsic free energy of binding<8.34 kcal/mol) by the total number of ligands bound. The free energy of ligand binding is equal to the
intrinsic free energy plus the cooperative free energy: withouiBg binding to the tetramer would be noncooperative. (B) For stepwise
binding, the intrinsic free energy is the same for each binding step. Of the 16 reactions, those with very similar binding energies have been
grouped together, resulting in only 11 binding steps shown here. Cooperative ligand binding results from a stepwise decrease in the cooperative
free energy penalty (shown in the middle panel), which is more readily observed in the stepwise reactions. Vah@&sviere previously
determined from measurements in a standard buffer of 0.1 M Tris, 0.1 M NaCl, 1 mEIN&, pH 7.4, 21.5°C. Errors were propagated

as the square root of the sum of squares ofith&, experimental errors.

Stepwise Binding

The intermediate binding constaky, is related toAG,; ligands bound, whereas each stepwis®; includes a single
by AGiq value.
—AG,, Cumulatve Constants: Binding Isotherms for Complete
kZl = €xX RT (3) Ligation
_ o The nine microstate binding constakidranslate directly
and is composed of both an intrinsic const&pt and a into the traditional @ binding curves in the following way.
cooperativity constan'k: Contributions of all partially ligated intermediates to the
5 o1 overall binding isotherm of the Hb tetramer are contained
Koy = (ki) (“kQ) (4) within the binding polynomialZ,
Error propagation for the conversion afG; values tok; Z,=1+K][O,] + K2[02]2 + K3[02]3 + K, [0,)* (6)
values was carried out by calculatikgfrom high and low
values ofAG;. whereK; (i = 1, ...,n andn = 4) are stoichiometric, or

Both cooperative free energies and binding free energiescumulative, binding constants, historically known as Adair
can be expressed as stepwise values (Figure 1). The stepwiseonstants Z). The fractional saturation of hemesites on a
cooperative free energy for binding a ligand to spedi#s  molar basisy, is the derivative of the binding polynomial

to form specie®1 is with respect to ligand concentration:

ZING = 'AG, — AG, (5) o_1dInZy

e Y=ol (7)
ndin[Oy]

where the subscript s denotes a stepwise free energy. As for
cumulative values, each stepwise binding free enéx@y Because it is a cumulative constant, e&ghs a weighted
is composed of an intrinsic binding free energy and a sum of binding constants for all the configurational isomers
cooperative free energy (Figure 2B). In the cumulaii@;, making up the cascadéd;, wherej indexes the different

the intrinsic free energy is multiplied by the number of configurations of bound ligand within a tetramer that has
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boundi ligands, as in Figure 1. The composition of e&h
in terms of microstate binding constants is

K; = 2k;; + 2Ky,
K, = 2Ky, + 2Ky, + Kog + Koy
K= 2k3; + 2Kg,

Ks =k )
Note that allK; andk; are cumulative equilibrium constants
where the uppercase denotes a macroconstant composed
the lowercase microconstants. The statistical factor of 2
applied tokys, kio, ko1, koo, ka1, andks, is required because
these species can be formed in two structurally unique, but
functionally indistinguishable, configuration®)(i.e., species
11is eitheray[O,]B1:a.02 or auf1:0[0] B2 For simplicity,
the Hb cascade in Figure 1 shows only one of the two
possible configurations for speciég, 12, 21, 22, 31, and
32

The complete tetramer partition function, then, is

Zo =1+ (2%, + 2'%)s + (27, + 2%%, + k. +
ZAKJSZ + (23lkC 4 232kc)S3 + (41kc)34 (9)

where s = ky[O]". The binding isotherm is calculated
directly from this partition function, in combination with
eq7,

("Ks+ 2K ) + 3K )S® + 4("K s

Y= 41+ (1jKJs + (ZJ'KC)S2 + (3jKJ53 + (41'KJS4} (10)
where
lJ'KC — lekc + 212kc
2ch — 221kc + 222kC + 23kc + 24kc
3J'KC — 231kC + 232kc
K, =, (12)

Experimental error envelopes for were propagated
from the AG; error by calculating a lower limit isotherm
using the upper limit values for dING., and an upper limit
isotherm using the lower limit values for dING, terms.

Cumulatve Constants: Binding Isotherms for Partial
Ligation

The fractional saturation of hemesites developed above
(eq 10) encompasses all binding configurations which
contribute to the ligation of the deoxy tetramer (spe€®is
Subcascades, which also begin with speditdut end with
one of the partially ligated intermediates, may also be
considered (Figure 3). For example, the binding curve from
specied01 to the doubly ligated specietl is described by

_ (K)s+2(K)s
21+ (UK)s+ CKYD

21

(12a)

where

Holt and Ackers
1j __ 11 12
]Kc - kc + kc
2j __ 2]
]Kc - kc

Note that the statistical factor of 2, previously applied to
the constants for speciég, 12, and21for complete ligation
(eq 11), is no longer applicable. In the case of partial ligation
to form specie1, one of then dimers within the tetramer
must be considered to be “blocked”, i.e., unavailable for
binding. Thus, there is only one configuration of spedgés
formed, and likewise only one configuration of speclds

nd12 in the specie®1 subcascade.

The remaining subcascades are developed similarly.

. o (11kc + 12kC)S+ 2(22k982
specie2 Y,,= 21+ Pk + 12kc)s n (szc)sz}
(12b)
_ - (2"%kg)s + 2C%k)s
specie®3; Y3 = 21+ (211@8 N (23kc) 9 (12¢)
_ — (2"%)s + 2(%)s
specie4: Y,,= 21+ (k2912k0)5+4;941<g52} (12d)
species3L: o
Y3 =

(llkc+ 212kc)3+ 2(21kC + 22kC + 24kC)SZ + 3(31kc)33

3{1 + (11kC + 212kC)s_|_ (21kC + 22kc + 24k()82 + (31kr)53}
(12e)

for species32:
Y5 =
(lekc+ 12kc)s+ 2(21kc + 22kc + 23kC)SZ + 3(32kc)33

3{1 + (lekc + le()S_{_ (21kC + 22kc 4 231(()82 + (32kc)53}
(12f)

Note that, in the case of the speci23 subcascade, both
o-subunits are available for binding; therefore the statistical
factor for specied1is 2. This is also the case for species
11in the32 subcascade, and for specigsin the24 and31
subcascades.

The tetrameric binding curves were determined for a range
of hemesite analogs for which direct ligand binding measure-
ments are either not possible or not practical, and therefore
no value for the intrinsic binding constaik, exists. The
analog binding curves were therefore normalized by employ-

ing the normal Hbq.

Cumulatve Constants: The Hill Coefficient

The Hill coefficient,ny, is derived from the dependence

of fractional saturation,Y;, on ligand concentration for
binding to form theij intermediate:

\
din —
) 1-Y,
un _ )

~ din[0)]

H

(13)
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Ficure 3: Partially ligated Hb binding cascades. Each binding reaction that contributes to the isotherm for each species (shown in Figure
4) is highlighted. Thus, for example, both speciésand12 contribute to the binding curve of speci2f while only specied 1 contributes
to the binding curve of speciez3.

Although the value of the Hill coefficient is dependent upon Cooperativity Measured by Cumulaté Free Energies

ligand concentration (vi&;), it is generally reported as @ 1he cooperative free energy for all 16 steps comprising
singleny value corresponding to the maximum slope of €9 he cascadelAG,, has been reported for &jl microstate

13 over the complete binding process. In the present study,cqnfigurations in a variety of Hbs carrying hemesite analog
the Hill coefficient is related to the standard deviation of - g pstitytions (Table 1). For Hb tetramers whose native deoxy

Yis Fe™- or ligated Fe@-hemes have been substituted with
_ o hemesite analogs, the cumulative cooperative free energy
' Yij2 — 4(\(”.)2 ranges from+7.4 + 0.4 kcal/mol (Mg" substitution for
ny=———- (14) deoxy Fé&") to only +2.3+ 0.1 kcal/mol (C8' substitution
Yi(1—Yy) for deoxy F&" or FE*CN substitution for F&0,), as

S compared tot6.3 £ 0.1 kcal/mol for native Hb. In spite of
in that the difference between the mean square véi]jﬁe the variations induced by analog substitution, the dis-
and the square of the mean valug)t is the standard tribution of the cumulativelAG. as well as the stepwise
deviation of?i-, as previously shown by Edsall@, 1 and IAGgs in the binding cascade follows @nsensus pattern
Wyman (12) (see Discussion). Error propagation fay; was 1.3, 6:
carried out here in the same manner as described for the | 1 0 - 3
error envelope off;. (TAGg~ “AG:) = “AGes = (TAG~ TAG A

RESULTS 24AGcs% 31AGcs% 32AGCS) < 41AGcs (15)
Hb cooperativity was assessed in terms of both intensive Isotherms for Hb Analog<Of the Hb species for which

or cumulative (Hill coefficientny) and extensive or stepwise data is available for this study, direct oxygen binding

(1AG.) parameters for nine Hb systems. The distribution of measurements have only been reported for native Hb (the

binding free energy was found to follow a consensus pattern Adair constants)X3, 16§ and specie&3 and24 of Zn/FeQ

among all those Hbs, in agreement with that previously (7, 8, 17. The Zn/FeQ@isotherms show behavior very similar

observed for the cumulative free energiés-8). to that of the Adair binding curves, in that the doubly ligated
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Table 1: Cumulative Cooperative Free Energies for Hb Analogs in All Possible Configurations of Bound Ligand in Wild-Type Tétramers

hemesite analogs cooperative free energie\G, kcal/mol
unligated:ligated specigsl speciesl2 speciel specie®2 specie3 specie4 species3l speciesl32 speciedl ref
Fe™: FeQ 2.9+0.2 5.7+ 1.3 7.1+ 1.7 6.3+0.1 13

Zn’*:FeQ 34+01 31+01 52+01 6604 69+02 63+£01 69+03 6.9+£03 63+02 7
Mg?*:FeQ 33+05 34+06 (5.7£06) 7.0+£06 7.4+04 65+£04 79+05 82+05 7.4+04 14
Co?":FeCO 1.6+£02 22+02 23+02 32+02 31+£02 32+02 29+02 3.0+£02 26+01 15
Mg?*:FeCO 3805 35+£06 (5.7+£06) 84+11 78+£05 7.7£05 7.8+06 7.7£06 7.4+04 14
Fet:FeCO 3.3:03 34+04 (5.2+04) 6504 6.6:04 65+04 65+£04 6.6+£04 6.4+£02 15
Fet:Fe'™CN  3.1+03 33+03 43+03 64+03 6.1+03 64+03 6.3+03 6.2£03 6.1+02 1,15
Co*"Feé'CN 1.7+0.1 21+01 (3.2+04) 3.1+01 29+01 31+01 29+01 27402 23+01 15
Fet:Mn3t 29+04 37+04 (46+04) 66+04 68+04 62+04 65+04 65+04 69+04 3

a Solution conditions for all studies were 2T6, pH 7.4, 0.1 M Tris, 0.1 M NaCl, 1 mM N&DTA (total chloride 0.18 M). Parentheses indicate
values estimated as the average of parent assembly free energies plus 2 kcal (see text).

Fe/FeO, Adair Zn/Fe0,
1.0 1.0
08! |4 0.8
3
0.6 0.6
2,1
0.4 0.4
0.2 0.2
0.0 0.0
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Ficure 4: Calculated binding curves for each partially ligated Hb microstate up to the partial pressyraafiOThe binding curves are
determined from the cumulative cooperative free energies and their corresponding uncertainties (Table 1) and are color-coded according to
the corresponding subcascade (Figure 3). Very large experimental errors in the second and third binding steps in the native Hb curves
(designated as Adair) have been omitted for clarity.

specie®?2, 23, and24 bind incompletely under atmospheric  in which cooperativity is infinite. Likewise, the largest pos-
O, pressure ¥). Isotherms for non-oxygen ligands were sible ny for the 31 or 32 cascade is three, and for the com-
calculated using the intrinsic £binding constant (Figure plete cascade is four.
4). Incomplete ligation at 160 mmHg is observed in species  Binding to form specief1 yields a maximumny sig-
22, 23, and24, ranging from~30% saturation in Mg/FeCO nificantly greater than one in all analog Hbs. In contrast,
to ~95% saturation in the high-affinity Co/FeCO and ligand binding to form specie®2, 23, and 24 is typically
Co/FeCN Hb analogs. noncooperative. The exception may be found in the two
The Maximum Hill Coefficient,aIn comparing maximum  analogs in which C8 heme is substituted for deoxy e
Hill coefficients between the different subcascades, it should heme, where positive cooperativity is observed, particularly
be noted that the increase in Hill coefficient with increasing in species?4. The tendency toward negative cooperativity
number of ligands bound cannot be interpreted in terms of in both Zn/Fe®, Mg, and Fe/MA" analogs does not appear
increasing cooperativity (Figure 5). The largest possible Hill to be significant within the limits of error propagated from
coefficient for a doubly ligated cascade is two, i.e., the case the IAG; values.
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Ficure 5: Maximum Hill coefficients corresponding to the binding
isotherms for each partially ligated Hb microstate shown in Figure
4. Noncooperative binding is indicated by a value of one. The
largest possible value for the Hill coefficients increases with the
number of ligands bound.

AGg, keal/mol

FiGURE 6: Stepwise cooperative free energies for all 16 binding
reactions in the Hb cascade. Reactions found to be energetically
redundant are grouped for clarity. All analogs for which &,

value can be assessed for each intermediate are included in this

.. . . analysis, and all data was collected at 2 H 7.4.
Cooperatiity Measured by Stepwise Free Energies Y Gp

cases where Mg is employed as a deoxy hemesite ana-
log: Mg/FeQ and Mg/FeCO and, to a lesser extent, in
Zn/FeQ and Fe/MA*. However, the propagated errors are
large enough to prevent a clear assignment of negative coop-
erativity in each case. For these and the remaining analogs,
binding to form specieg2, 23, and24is therefore concluded
to be noncooperative within the error of the measurements.
For comparison with traditional £binding experiments
to native Fe/Fe@Hb, the four Adair binding constants were
partitioned intd AGs values by setting the microstataGes
values for native Hb equal to one another at eiabimding
step, i.e., that for specie®l is equal to the other doubly
of cooperativity in the binding of the first two ligands, one ligated species because it cannot be resolved by the Adair
ligand to each dimer, occurs when the stepwis&:, is the constants (Figure 4). The large propagated errors for the
same for the first and second binding steps. This condition second, third, and fourth binding steps (Figure 6) arise from
is met within the range of experimental error for the majority the large experimental errors f&k andKs; (2, 13. Due to
of all analogs studied to date (Figure 6). Positive coop- this large uncertainty, a definitive conclusion of cooperativity
erativity is observed in those cases where?'Gmeme is in many of the intermediate binding sequences cannot be
used as an analog for deoxy?Fgi.e., in Co/FeCO and made: it can only be concluded that there is no discrepancy
Co/FeCN. In these analog microstates, the stepwise coop-between the microstate constants from substituted Hbs and
erative free energy for speci@®, 23, and24 is generally the Adair constants from native Hb.
less than that for specietl and 12. A slight negative Positive Cooperatiity in Specie®1. In contrast to species
cooperativity in specieg2, 23, and24 is suggested in the 22, 23, and 24, binding to form specie®1 occurs with

The distribution of the stepwiséAGcs in the binding
cascade (Figure 6) follows @onsensus patteramong Hb
analogs:

Ccs C: cs Ccs
12—*24AGCS) > 11/12—-21AGCS% (21—-31AGCS%
21*32AGCS) > (22/24—~31AGCS ~ 22/23~3ZAGCS) >

31/32—*41AGCs (16)

Noncooperatiity in Specie®2, 23, and24. The absence
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positive cooperativity, which is observed as a smale®s of Zn-heme substitutionl{). And yet, incomplete, nonco-
for specie21 relative to that for the first binding steps (to  operative binding at the second binding step is predicted by
form speciedl1 or 12) (Figure 6). Only in the cases of Mg/  the Adair constants, measured using traditional experimental
FeQ and Co/FeCN is there overlap of the propagated errors methods with normal, unmodified Hb. In addition, as
among specie®l, 11, and 12. In the case of the Adair  demonstrated in the present study, noncooperative binding
constants, specie&l is part of an average which includes in species?22, 23, and 24 is not limited to Zn-substituted
the other doubly ligated species. Hb, but is a general feature observed over a range of hemesite
Positive Cooperatiity and Noncooperatity in Species analog subsitutions. Taken together, these data indicate that
31and32. Binding the third ligand to specie2, 23, or 24 binding the first two ligands, one ligand per dimer, occurs
to form specie®1 or 32 carries a smallAGsin each analog, with no significant cooperativity in normal human Hb under
indicative of large positive cooperativity (Figure 6). In the conditions of these studies. In contrast, binding the first
contrast, the propagated errors for binding the third ligand two ligands on the same dimer exhibits strong positive
to specie1 to form specie$1 or 32 are overlapping, with intradimer cooperativity. Thus, cooperativity is distributed
the exception of Co/FeCN. Due to this uncertainty, there is asymmetrically within the Hb binding cascade.
no compelling evidence for large positive cooperativity in ~ The noncooperative sequence of binding two ligands to
binding the third ligand to specie&l, (e.g.11or 12— 21 form specie®2, 23, or 24 involves binding a ligand onto a
— 31 or 32), although there appears to be a trend to a small deoxy dimer whose partner dimer is already ligated. This
degree of positive cooperativity. This is in contrast to the binding scenario also occurs upon binding the third ligand
very distinct difference il\G¢s between specie22, 23, and to specie®1, from specied 1 or 12to specie®1 to species
24 and specie81 and 32, indicative of large cooperativity 31 or 32, a two-step binding sequence which also exhibits
in every analog system. little or no positive cooperativity. Unlike the first two binding
Positive Cooperatiity in the Fourth Binding StefBinding ~ Steps, in which the noncooperative nature of the binding
the fourth ligand either to speci@d or 32 to form species ~ Sequence is clear from both cumulative or stepwise binding
41 typically exhibits a negativeAG., €.g., the final binding ~ free energies, the speci€xl binding sequence is only
step to the tetramer typically occurs with a higher affinity observable using the stepwise cooperative free energies. The
than that of the free dimer. This phenomenon, known as Possible significance of the lack of positive cooperativity in
quaternary enhancement, is experimentally observed in bothbinding to a deoxy dimer when the partner dimer is already
microstate analogs and native Hb6( 18-21). In some  ligated is discussed further below.
g%ﬂ%%systgga;irc\/aerl{ enhancement is evident at the thlrdCoopera’tve Free Energys the Hill Coefficient
Each of the @binding steps in any given pathway through
DISCUSSION the Hb cascade includes an intrinsic free energy of binding.

The distribution of cooperative free energy among the Hb AS the deoxy Hb tetramer binds,@ith much lower affinity
microstate intermediates is key to understanding the sequenc%han the deoify free dimer, an energetic penalty or cooperative
through which the subunits within the tetramer communicate. €€ €Nnergy;/AGe, has been applied to the tetramer. Each
Over the past decade, work on the Hb microstates has re-additional Q binds to the te.tra'mer with a smaller ene.rge'tlc
vealed that cooperativity is manifested in both intradimer Penalty until, at the fourth binding step, the tetramer binding
and cross-dimer interactions within the tetramer, which rep- &ffinity '5”. actually greater than that of the free dimer.
resents a significant departure from the concerted, two-state’\though 'AGc is typically reported as a cumulative value
view that dominated several decades of Hb resedtc)(  (or binding i ligands in configurationj to the deoxy

- o tetramer), the development of cooperativity within the

In order to evaluate the contribution to cooperativity by . : i
each of the sixteen ligation steps that comprise the Hb cascade is best evaluated by the incremental or stepwise
cascade, it has been necessary to use nonlabile hemesit“AGCsvalues’ l.e., the free energy change for binding a single

analogs to fix the arrangement of ligands amongahand ﬁgand. The stepwise cooperative free energy is thus a

B-subunits of the tetramer. This approach also requires thefundamental value which cannot be further partitioned.

use of linkage thermodynamics to determine binding free toﬁgecgzrgg?golzs O;tzes n:ﬁéofita:b,&g:!?ecsorﬁ?;%?:um”
energies of the intermediate ligation steps, since most UK; values ( u : ) wi

hemesite analogs do not lend themselves to direct bindingSp?C]'f? a?'geril?ca:]b;ng;ngt]hcurrvie.rl]n p::?mple, tthir;h;‘orr a?yt
measurements. An exception to this rule is the use éf Zn Set orfour Adair constants there IS no unique set ormicrostate

heme as a deoxy heme analog, which permits the mea-Pinding constants that can be deduced without additional
surement of direct @binding to native Fe hemesites in experimental data?). Thus, while numerical analysis of a
Zn/Fe hybrid tetramers. Even when, ®xchange among Measuredy vs [free ligand] data set can resolve the four
hemesites is controlled in this way, direct nding studies ~ Pest fitK; Adair constants, such fitting cannot provide unique
are still limited to the symmetric tetramers, spec@and ~ values of the nine constituent microconstagisregardless
24, due to dimer exchange that results in disproportionation Of the accuracy of experimental data or statistical confidence
of asymmetric hybrids during the course of Binding. limits of parameter estimates. This limitation applies to other
As shown in the previous reporf){ O, binding to form  functions that depend solely oi, including the Hill
species23 and 24 of the Zn-substituted Hb is incomplete ~ coefficientny and other parameters derived from the higher
and noncooperative. These characteristics are not typicallystatistical moments of th¥ function.
associated with the behavior of normal human Hb, and itis  The Hill coefficient therefore differs fundamentally from
initially compelling to assign these observations to an artifact the stepwise cooperative free energy in thatepresents a
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measure of statistical variance of the binding constant among

the microstatesl(l). The relationship ofiy to the variance
was pointed out by EdsalllQ) and further developed by
Wyman (2) based upon the following derivation attributed
to Linderstifon-Lang (for d/d(In [H*]) = —dv/d(pH)) for
the proton binding curves of proteins and polyelectrolytes
in general 10, 12. From the Hill equation,

Y
din——=
B n—-yY
™ din oy (7)
wheren is the number of binding sites,
o __.n dy
" Yi-Y)din[O]
n a YikioJ
Yin_vydin[o)] n—
Y= A o
__n_|>PKio) [Yikio]'|’
Y(n—Y){ YKo | YK[O)]
—— " v (18)
Y(n—=Y)

wherei is the number of ligands bound. The expression

Y2 — (Y)? is proportional to the standard deviation of the
distribution of bound ligand. Thus, the higher the Hill
coefficient, the more nonrandom the distribution of binding
constants over the range of oxygen concentration. Cooper

ativity generates a change in the binding constant, increasing
the variance. Factors other than cooperativity can cause

dispersion of binding constants, the most notable being
different intrinsic binding betweea- andf-subunits (which
manifests as apparent negative cooperativity). Because i
represents a statistical distribution, the Hill coefficient can
also mask microstate distributions in favor of the overall
variance. Thus, a large value of; can be associated with
the binding cascade of Hb without revealing that some of
the binding sequences are noncooperative. Still, the Hill

coefficient is useful as a measure of cooperativity, and when

limited to a two-step binding process, it can be quite specific.

The relative effectiveness of the stepwise cooperative free

energy and the Hill coefficient in analyzing a cooperative
cascade such as found in human Hb is illustrated in the
present analysis. In the first two binding steps, from deoxy
specied)1 to speciel, 22, 23, or 24, the two parameters
both indicate positive cooperativity in specied and
noncooperativity in specie®2, 23, and24. When the third
binding step is included, the Hill coefficient reports large
positive cooperativity, hiding the almost noncooperative
sequence from specidd or 12 to species31 or 32 through
specie®1that is readily observed in the stepwise cooperative
free energies.

Noncooperatiity and Dimer Autonomy in Hb

Analysis of the free energies associated with ligand binding
has been carried out and presented in this study in a model

Biochemistry, Vol. 44, No. 36, 2009.1947
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FIGURE 7: The six quaternary switchpoints in the symmetry rule
model. The first oxygen binding step to the deoxy tetramer (species
01) is communicated to the other subunit within tig¢ dimer. When

at least one subunit in each dimer is oxygenated, the resulting
tertiary changes disfavor the T interface and promote quaternary
switching to the R interface. In this model, most of the binding
cooperativity results from the quaternary switch, which itself is
controlled by the six switchpoint binding steps: from spedi&s

to 22 or 23; from specied 2to 22 or 24; and from specieg1to 31

or 32.

independent manner. The significance of these findings to
allosteric models is now considered. The consensus distribu-
_tion of microstate cooperative free energies among the eight
ligation intermediates of Hb is fundamentally incompatible
with a two-state energetic model of cooperativity-@). The
limitation of only two energetic states of the tetramer (high
and low affinity) dictates that the energetic contributions to
cooperativity from the intermediate ligation states be additive.
he cooperative free energies of the microstates are not found
to be additive, however, whether in native or asymmetrically
modified tetramers@). In 1992, the symmetry rule model
was introduced to provide a structural basis for the coopera-
tive free energy distribution among the microstates (Figure
7). In this model, the deoxy tetramer remains in a T
quaternary structure until at least one ligand is bound to each
dimer. The T structure is defined in terms of the orientation
of the two dimers relative to one another. Ligands on both
dimers, in any site configuration, result in a quaternary switch
to the R structure, i.e., a change in the dimdimer
orientation. The cooperative free energy for ligation within
the T class of microstates is therefore tertiary (or intradimer)
in nature, referred to as the free energy of tertiary constraint.
The symmetry rule model posits six ligation-induced qua-
ternary switchpoints: from speciddl to either22 or 23;
from speciesl2 to either22 or 24; and from speciegl to
either 31 or 32 In these switchpoint steps, the tertiary
constraint from ligation in the T structure is released, helping
to pay for the energetically expensive-¥t R conversion?,
22). In this sense, the formation and release of tertiary
constraint is viewed as a fundamental driving force of Hb
cooperativity in the symmetry rule model.
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The net cooperative free energy change upon binding all 6
four O, ligands to Hb ist6.3 kcal/mol under the conditions
of these studies. The symmetry rule model places the
majority of the net cooperative free energy change in the
dimer—dimer interface bonds, that is, the model charges 6.3
kcal/mol of free energy to break the T structure dimdimer
bonds, rotate the dimers, and form the R structure interface
bonds (including solvent rearrangement). The basis of this
assignment of cooperative free energy is the widely accepted
tenet that the low affinity of the T structure is due to the
constraint placed on its hemesites by the bonds of the eimer 44
dimer interface. In the high-affinity R structure, the interface 01— 11
is weakened, releasing the constraint on the hemesites. In
this case, the symmetry rule model and the historical two-
state model are based on the same assumption.

A classic Hb experiment places a mutation or chemical

23
11
-10 -
12 - 01

-14

Assembly Free Energy, AG)

Stepwise AGc
1 1
- - H
el

11— 23
modification in the dimerdimer interface, removing or 14
weakening T structure contacts, and invariably resulting in
a much higher affinity tetramer (as discussed in@gfin 01

the example of desArg Hb, the C-terminal Arg of the
a-subunits is removed enzymatically, eliminating-o? salt
bridge contacts in the deoxyHb dimedimer interface, as
confirmed by crystallography2@). The modification results

in a high affinity tetramer. As is the case for essentially all
human Hb mutants, both dimers within the tetramer carry
the modification. When the Arg was removed from only a
single a-subunit, forming a hybrid tetramer consisting of a
desArg dimer and a wild-type dimer, ligation to the wild-
type dimer exhibited a wild-typ€AGc, while ligation to the
desArg dimer yielded 8AG, reduced by 2 kcal/mol (a third
of the overall cooperative free energy of ligation in Hb), pH

resulting in high ligand affinity §). This asymmetric Ficure 8: Dependence of cooperativity in spec&%on pH. The
modification, and others applied throughout the dirgdimer assembly free energies for specis 11, and23 were measured

interface, demonstrated an autonomous response of thé¥ith respect to pH for the Fe/FeCN analog systed) (upper
! panel). The stepwise cooperative free energies are determined by

dimers within the tetramers that could not be identified when g piraction (middle panel). At neutral pH, the noncooperative nature
both dimers carried the same perturbation. of the binding sequence is observed as 1:1 ratio of the stepwise

The results of the asymmetric modification and asymmetric 2Ce Of the two binding steps. The ratio increases significantly
L . L beyond unity as the pH increases, indicative of positive cooperat-
ligation studies cast significant doubt on a fundamental j;x,
premise of the symmetry rule model and the historical two-

state model: that the great majority of the net cooperative  Second, the presence of low or no cooperativity in certain
free energy change in Hb is due to the TR quaternary  pinding sequences does not appear to be an artifact of
switch. Interestingly, the low, or noncooperative, binding hemesite substitution; however, this does not mean that it is
steps identified in the present study are the same siXpresent in vivo either. For example, in the2HE&e*CN
quaternary switchpoint ligation steps of the symmetry rule analog system, in which the stepwise cooperative free
model. These findings require additional formulation of the energies have been measured over the alkaline pH radye (
model, which falls outside the focus of the present study. positive cooperativity in th@1— 11— 23binding sequence
But the following caveats can be made with respect to the becomes evident as pH is increased (Figure 8). This case
mechanistic significance of noncooperative binding se- provides an excellent demonstration of the potential for
quences. First, noncooperativity in a binding sequence simplyvariability among the different pathways in a highly coopera-
means that no significant change has been measured in aive system, in particular, variability that is not manifested
free energy parameteAG., AG, AG;) from one reaction  in global or macro properties of the system, or even in
to the next. But the two binding events may likely result cumulative microstate free energies. The ability of interesting
from different structural properties. In general, where a free and important physical features of a “simple” molecule such
energy change is observed, a structural change has als@s human Hb to remain hidden in a global binding isotherm
occurred (either in solute or solvent or both), but in the is an “object lesson” which may likely be applicable to a
absence of change in free energy, no definitive conclusion wide range of allosteric systems.

can be reached as to whether a structural change has, or has In summary, binding sequences that contribute little or no
not, occurred. In this sense, then, the low cooperativity or positive cooperativity to the overall binding cascade of
noncooperativity of two sequential binding steps in the Hb human Hb are observed with a variety of hemesite analogs.
cascade should not be attributed, from these data alone, tdThis step-by-step development of cooperativity in the Hb
an autonomous response of the dimers within the tetramer.cascade is revealed in the stepwise cooperative free energy

11-01
5 11- 23

Ratio of Stepwise AGc

o

T T T
7.0 7.5 8.0 8.5 9.0 9.
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values, which yield more detailed information at the mi-
crostate level than do Hill coefficients.
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