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ABSTRACT. Ligand photodissociation experiments are used to measure the prephotolysis equilibria between
doubly liganded R and T quaternary conformers of the symmetrieGeeHbCO hybrids, recqBco)2

and @cqBreco2. The free energies obtained from these data are used to calculate the cooperative free
energies of thedrecqfre)2 and Qrebreco2 intermediate CO-ligation states of normal hemoglobin in the

T conformation, quantities important to the evaluation of current models of cooperativity. The symmetry
rule model, incorporating sequential cooperativity of T-state ligand binding withigGadimer in addition

to the traditional two-state cooperativity of the tetramer, predicts a larger free energy penalty for disturbing
both dimers in a doubly liganded T tetramer than would be expected in the two-state model as currently
formulated. (Cooperative energy penalties are simply proportional to the number of tetramer-bound ligands
in the traditional two-state model.) The value found here for the energies of doubly liganded T microstates
in which both dimers are perturbed, A90.3 kcal/mol, is consistent with the symmetry rule model but
significantly higher than that expected<6 kcal/mol) in the two-state model of cooperativity.

A novel kinetic model describing the ligand rebinding and  Cooperative free energiesAG., for most of the twenty
quaternary structural relaxation reactions of HbCO after 'R andT microstates in HbCO can be obtained for input
ligand photodissociation is presented in our companion article into the model directly from thermodynamic measurements
(1). This model provides a framework that promises to (5) or reasonable extrapolations therefraij However, an
systematize and unify the description of the allosteric and important subset dfAG. values, those for the T-conformer
ligand binding reactions of hemoglobin by relating the free Microstates containing a single ligand on each dimer ([22],
energies of activation to the free energies of reaction via [23], and [24] ligation in the Ackersij] indexing conven-
linear free energy relations (LFERS)t has been known for tion), was not available from equilibrium data. We thus

; - ; - .. turned to ligand photodissociation kinetic studies of the
some time that the kinetics of the bimolecular ligand binding o .
and the R>T quaternary transition reactions of hemoglobin symmetrical iror-cobalt metal hybrids of HbCO0kecdco)>

can each be described by LFERsJ). The microstate linear (species2d) and (icqfirecq (species24), to determine the

! . ti IESAG(T) and?*AG(T).
free energy relation (MLFER) model combines the LFER re?r;;]ec Ivi eltnergl hC( .) ah% dcé4)d t bind CO
approach with recent advances in the thermodynamic char- € cobaltous porphyrins 1gs an 0 not bind -~
. ) (6, 7), allowing their complexes to serve as equilibrium
acterization of allostery4 to simultaneously apply LFERs

. : . models for the [23] and [24] ligation states of fully ferrous
to both the quatemary structural relaxation and ligand binding hemoglobin. Th[e Ia]tter ar[e d]iffi?:ult to observe at eg]/uilibrium
reaction kinetics on the microscopic level of all twenty R

e _ because cooperative ligand binding tends to suppress the
and T quaternary conformation/ligation microstates of the ,5ations of intermediate ligation states in favor of the
hemoglobin tetramer. end states, J(°'T) and R, (*)R). Substituting both the.- or
B-chain irons with cobalt permits equilibrium measurements
*To whom correspondence should be addressed. Tel.: 831-459- " _these OtherWISe ephem_eral intermediate Ilgathn_ states,
4007. Fax: 831-459-2935. E-mail: goldbeck@chemistry.ucsc.edu. while preserving the essential features of cooperativity (see
T Supported by the National Institute of General Medical Sciences ref 5 and references therein). Given that the stabilities of
(NLH&n?Vfgrr;tit?'(\)ﬂf3ggﬁ%mia doubly liganded hemoglobins are generally expected to lie
s San Francisco State University. near the switch point between the R and T quaternary
'Washington University School of Medicine. conformers, solutions &f3and24 can be expected to contain

! Abbreviations: IHP, inositol hexaphosphate; DPG, 2,3-diphospho- significant populations of both forms. The free energies
glycerate; LFER, linear free energy relation; MLFER, microstate linear 23AGC(T)C°’F6CO and 24AGC(T)C°’F6CO can then be obtained

free energy relation; TLFER, two-state linear free energy relation; Tris, e . .
tris(hydroxymethyl)aminomethane; EDTA, ethylenediamine-tetraacetic T0mM measurements of T/R equilibria in the respective hybrid.

acid; KNF, Koshland, Nemethy, and Filmer. These equilibria are measured in the present work with a
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method first developed by Marden et aB) that uses the  Scheme 1

distinctly different kinetics of the R and T forms after ligand ' K e
photodissociation to assess their relative populations in the "Ry ——> "R —=—=2 T
prephotolysis sample. (In contrast, direct thermodynamic kmr
measurements of these equilibria are difficult because their 2kr 2kr 2
effect on the cooperative free energies will be small
COT;)aredhtO the n(ﬂlse in suchI mears],urﬁngegﬁas kcal/ v ; v e v
mol.) Itis then possible to “translate” the hybrid cooperative X 11 i " RT o 1
free energies to the values desired for normal hemoglobin, R R ‘_‘TWT‘R‘“ T
BAG(T)Fe/FeCO and 2*AG,(T)FeFeCQ by applying known ke P 123
transformation ruless).

Measuring these microstate energies is important in
evaluating the ability of specific models of hemoglobin v J, 2 v
cooperativity to describe the effect of ligation on conforma- 2R, ___k____, 2R —»’W 237
tional free energy throughout the range of ligation states ’ kR
available to the T quaternary conformer. Previous evidence
for the symmetry rule model, obtained from thermodynamic Scheme 2
measurements of microstate cooperative free energies in ki " kry

A _] 01Rt i 5 01R - — 5 01T

hemoglobins stripped of allosteric effectors, rested on the [ N
observation that all ligation species with at least one ligand ke ke 2011
bound to each dimer are dominantly in the R conformation.
This is in contrast to the traditional two-state model, in which
the relative stability of R and T conformers depends only L P 12
on the number of ligands bound to the tetram@: The R — 5 R 1—42_>RT 2T
structural basis of the symmetry rule is attributed to a lower ' krr
energy penalty associated with perturbing the structure of ks ks 2k
one dimer in the T quaternary state, as opposed to perturbing
both dimers. A crucial difference between the models is thus
the existence or absence of thefiee energy gag"AG(T) o K 2.
— 2IAG(T) (n = 1). This gap was observed to be at least K% R ———> ¥R T(—k) “1

TR

2.3 kcal/mol in previous thermodynamic measurements of
HbCO microstate energies supporting th? symmetry mode| opposed to the relative monomer independence of traditional
(5), whereas it is postulated to be zero in traditional two-

ot dels. Equilibri " h lobin i two-state models (the monomers within each dimer being,
state models. Equilibnium measurements on hemogiobin In ygqr 4y - much more tightly bound to each other than are
solution have been limited in assessing this energy gap

S . fthe dimers), is thus confirmed by the remarkably close
because one cannot ob_serve t_he continuing perturbation Ocorrespondence found here between the thermodynamic and
T-conformational energies as ligands are added beyond theKinetic evidence.
symmetry “switch point” for the quaternary transition. Such
measurement are effectively “leveled” by the greater stability MATERIALS AND METHODS
and relative insensitivity to increasing ligation of the R ) . ) .
conformers after the ligation switch point is passed. Th&, The cobalt-iron hemoglobin hybrid specie23 and 24
values for?T and 24T inferred here from kinetic measure- Were prepared as described by Huang and AckgrsSpret
ments thus help fill this gap and permit a more direct r€gion _tlme-_resolved absorption spectrawer_e measured after
evaluation of the TIAG; gap. photodlssomafuon o_f the CO-cor_anexed hybrids (unde_r 1 atm

The IAG, values calculated from the cobalt hybrid CO) a@s described inj. The stripped samples (120M in
photolysis data allow us to determine the energies of N€me) had been column-stripped of the physiological allo-
T-conformation microstateT and 24T, that cannot be  Steric effector DPG. Effector-bound samples were produced
observed directly in equilibrium experiments on normal from the stripped hybrids by adding 2 mM IHP. All samples
hemoglobin. With the energies measured here,7.0.3 were in pH 7.4 buffered solutlons_cor!talnmg 0.1 M Tris,
kcal/mol for both 2AG(T) and 2“AG((T), we can now 0.1 M NaCl, and 1 mM EDTA, maintained at 2B 1 °C.
cqmplete with greater confidence_ the picture of T conformer KINETIC MODELING PROCEDURES
microstate energies drawn previously from the thermody-
namic data. Overall, this picture shows that the dominant The MLFER modeling procedures used below were based
perturbation of T conformational energy observed throughout on the model for normal hemoglobin presented in the
the ligation series occurs when a ligand is added to a companion paperlj. That model is modified in the present
previously unliganded dimer, the perturbation free energy work to account for the effect of heme metal substitution on
accompanying addition of a second ligand to a dimer being ligand binding, effector binding, dimerdimer association,
two to three times smaller. The principle of relative dimer and microstate cooperative free energies. Schemes 1 and 2
independence underlying the symmetry rule, the idea thatpresent the microscopic rate constants for the kinetics of
the conformational accommodations of the tetramer to ligand binding and quaternary structure change after CO
ligation-induced forces within a given quaternary state (R photodissociation from the cobalt hybridd3 and 24,
or T) occur relatively independently within each dimer, as respectively. The kinetic model for the geminate recombina-
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Scheme 3
Heme [Fe--CO] [Fe-]r [Fe~COl Rw Ro To Ryt Ri Tt Rz Ry T D
Type
R 2 2 0 0 0 0 0 00O 0O 0 0 O
Ry 0 0 2 2 0 0 1 0 0O 0O 0 0 O
R 0 0 0 0 2 0 0 1 0 0O 0 0 2
T 0 0 0 0 0 2 0 0 1 0O 0 0 O

tion phase of the post-photolysis reactions was identical t0 1apje 1: Microstate Thermodynamic Parameters2®@and 24
that presented inlj. That geminate recombination kinetic  Cobalt-Iron HoCO Hybrids (0.1 M Ci)

scheme (per heme basis) was combined with the bimolecular Equilibrium
recombination and allosteric kinetics presented in Scheme  Species’ [i1] IAGS conformation  “Kgr?
1 or 2 (per tetramer basis) of the present work by the use of
statistical factors that depend on the number of heme sites 23 hybrid
available to bind ligands. These factors, calculated using o[ [01] 03403 T 9% 10*
simple combinatorial statistics, describe the distribution of 7Ly R
geminately recombined hemes within the tetramers. To X [11] 34405 T 400
illustrate, the reaction step 7 T
K [23] 6.9+03 R 0.2
[Fe:--CO)— [Fe--],
. . o L 24 hybrid
in the (per heme) geminate recombination kinetics was yor
B VA
replaced with the two (per tetramer) steps %, [01] 28403 T 1x10°
Coks 7 |
[Fe-CO,— Ry, 1 2, [121  54+05 T 20
Clks 24  7.0£03 R 0.09
[Fe~CO}— Ry, 2)

aFree energies are referencedG(T) of Hb A as zero of energy,
where the statistical facto®, are given by in kcal/mole:bTetra}mQric Co_/FeCO ligation species. Orientatiom.of
andg subunits are indicated in speciz301]. Open squares represent
1 unliganded Fe subunits, X-filled squares represent liganded subunits,
C =nP/ n'P (3) and crosshatched squares represent cobalt substittiimergies of
n n ZO n unliganded and fully liganded species are from data of Huang and
n= Ackers 6). Energies of the partially liganded species [11] and [12]
21 were estimated from equilibrium data using rules described in the text.
p=—% pz‘”( —p)" (4) d Calculated fromiAG, values in Figure 9.
" (2—n)!n!

_ o _ ) sured directly in thermodynamics experiments, in principle
andp is the net photolysis yield after geminate recombina- they can be estimated (albeit within wide error margins) from

tion. A similar replacement was made for the equilibrium data using the following transformation rules
K for Fe— Co substitution inferred by Huang and AckeB: (
[Fe...]r_S, [Fe--],. (1) replacing iron with cobalt on an heme increases the

IAG: by 1.5 kcal/mol, but (2) if the3 heme in the same

Cooperatie Free Energies of Hybrid Speci@he MLFER dimer is bound to CO, the energy increase diminishes to 0.4
model uses the free energies of quaternary structure transkcal/mol, and (3) replacing iron with cobalt on tfieheme
formation and ligand binding reactions to predict relation- of a dimer already containing am cobalt increases the
ships between the activation energies of those reactions forenergy by an additional 0.4 kcal/mol. In other words, cobalt
individual R and T conformational microstates. Those substitution at aro. heme produces the dominant energy
energies are calculated in turn from the microstate coopera-perturbation, although coupling to ligand binding within the
tive free energies. The cooperative free energies of all of same dimer can decrease this effect, whereas substitution at
the equilibrium cobalt hybrid CO-ligation species have been a 8 heme produces a negligible energy perturbation unless
measured previouslyb), but the photolysis products of the it is coupled toa substitution within the same dimer. When
23 and 24 hybrids studied in the present work also include these rules were applied to the cooperative free energies of
several nonequilibrium species whose energies have not beetthe [11] ligation species, both the Co/FeCO hyhtiti(5.4
measured. The equilibrium energies used in the present workkcal/mol) and HRCO (3.3 kcal/mol) produced similar
(wherein all cooperative free energies are referenced toestimates for the energy of t2811] nonequilibrium ligation
OIAG(T) of Hb Aq as the zero of energy) are shown in Table species, the average estimate being shown in Table 1. A
1. Also shown are the energies of the T conformations of similar procedure using the energies of the ligat2dobalt
the [11] and [12] species for th@3 and 24 hybrids, hybrid (6.0 kcal/mol) and the [12] ligation species of normal
respectively. Although those energies have not been mea-hemoglobin (3.4 kcal/mol) yielded the consensus estimate
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shown for the energy of the hybr2i[12] ligation species. As explained more completely in the companion article
However, because of the relatively large uncertainties in these(1), thermodynamic linkage between the cooperative and
estimates and the sensitivity of the model to their values, ligand binding energies leads to the following relationship
they were not used directly in the set of experimentally fixed between the T and R microstate ligand binding rate constants:
cooperative energy values from which reaction energies were

calculated in the model. Instead, the energies of2Bj&1] .00k —

and24[12] T conformer species were made free parameters , ,

to be optimized in the fitting procedure, starting from the ke exp(—oco(tTHFAGYT) — "AG(T))/RT) (7)
estimated energies as initial values, and the optimized values

were used to calculate reaction free energies. This left threewhere {j) and ({ + 1)k) index the reactant and product
remaining species for each hybrid whose energies were notmicrostates, respectively. The values of the two free param-

available from equilibrium measurements, specifically, the eters in this relationkz and aco, were determined by
less stable quaternary conformer corresponding to eachoptimizing the fit of the model to the data.

species in Table 1. As we did for normal hemoglobin in the

moanion Cw med here that th rative fr Summarizing the MLFER model parametrization for the
companion paper, we assumed here that the Cooperative freg ., hybrids, 10 parameters were optimized simultaneously
energies of the R conformers are relatively independent of .

perturbations. We thus set the unknown energies of thel the fitting of the model to the data: three geminate time

R-microstate$'R,; and 1'R,; of the 23 hybrid equal to the cor(;sftant fparameter_gl, gzﬁ ar|1d93 (1): “ker, de.' andaco;
experimental energy 8fR,3, and similarly for the24 hybrid, %n ourllree energleséat e latter correspondingAdSy.e,
we set the energies 8fR,, and 2R, equal to the experi- A%'lHP’ A(iC(T)' aqtzj AGK(T) mzzhe case of hybrd3
mental energy of’R... Finally, the last unknown cooperative and>AGp, “AGiup, “AG(T), and**AG(T) for hybrid 24
free energies, those for tR&T; and24T,, microstates, were Also including the additional free parametes, indepen-

made free parameters in the model. Note that it is from the dently optimized in a global fit of a 6-exponential decay
values of those parameters that we then calculate, using thé@XPression to the datd)means that the model presented
cobalt perturbation rules described above, the free energied1€r® used a total of eleven parameters to describe the full
of the 2T and 2T microstates of normal hemoglobin. The time course of ligand rebinding and structural relaxation in
energies determined here thus provide important inputs toPhotolyzed cobalt-hybrid-HbCO. The procedures used to

the MLFER model for normal hemoglobin presented in our OPtimize the values of these parameters in fitting of the
companion paperlj. kinetic data are described in réf the heme spectral-type

As is the case for normal hemoglobin, the allosteric MatrixM introduced therein by eq A15 being defined here

effector IHP is known to bind more strongly to the deoxy T PY Scheme 3 for the hybrids.
state than to the liganded R state of cobalt hybrid hemoglo- Dimer—Tetramer and Effector Binding Equilibrialhe
bins (10). The free energies of effector binding are used in model accounted for the multiple equilibria corresponding
the MLFER model to calculate the T-microstate cooperative to the T/R, equilibrium (eq 8), dissociation of carboxy R
free energies in the presence of IHP, starting from experi- tetramers into dimers (eq 9), and the binding of IHP to the
mental energies measured in the absence of IHP. HoweverR,, T,, and dimer species (eqs-402) in the prephotolysis
quantitative measures of the IHP binding energies do not sample containing each hybrid. (Photolysis-induced changes
seem to be available for the hybrids. In the absence of in dimerization and effector binding were neglected, as these
experimental values for the effector binding energies, we were expected to occur too slowly to significantly influence
made these free parameters in the model, allowing for a CO-hemoglobin allostery on the time scales investigated here.)
ligation dependence of effector binding by separately pa- Free energy values for the dissociation of thef@ms of
rametrizing the energies for the zero and doubly ligated he 23 and24 hybrids into dimersAGp = —RTIn(Kp)) were
T-states and interpolating values for the singly ligated taken from Huang and Acker§)( As experimental measure-
microstates. (These values were referenced to the IHPenis of the free energy of IHP binding to thedpecies of
binding energy of the R states as the zero of energy, thee copalt hybrids do not seem to be available, they were
latter energy being assumed to be independent of ligation.) ggtimated here using the rough approximation that the trend
Microstate Rate Constants for Ligand Binding and Qua- spserved for normal hemoglobia 1), in which the binding
ternary TransitionThe relative allosteric activation energies energy for the R fOFmAGmp) is about half of that for the

were then calculated from deoxy T form P'AGwe = AGL, — AGR, ~ AGL./2),
i ~t i o1 01 x 1 applies to the cobalt hybrids as well. Finally, the binding
AG'rr = 0rr{"AGgr = "AGgy) + "AGRr  (5) energy for the dimer form was estimated from the data of
Gray (12) to be about 1 kcal/mol less stable than that for
where the value of the linear free energy parametgwas the R form AGP,, ~ AGR,, + 1.0 kcal/mol).
taken to be 0.2, the value for normal hemoglobin. This
approach fixed the values of the microscopie-R rate L,(29)
constantdkgr to within a common factorikgr), which was BR=—=2T (8)
optimized as a parameter in the model. Thus,

) ) 23, K03
ker= OlkRT exp(—ogr('AGgr — OlAGRT)/ RT) (6) R=—2D,(29) ©)

i ; 23 K23 23
whereR is the gas constant andis temperature. R+ IHP=———="R-IHP (10)
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K,,oT(23)
22T 4 |HP —= 2T |Hp (11) a e

KinpP(23)
D,(23) + IHP ——

D,(23) + IHP (12)

and analogous equations for specds(Note that B in the
above equations refers to a doubly CO-ligated dimer.)

RESULTS

The time dependent plot of th23 hybrid Soret band
photolysis difference spectrum shown in Figure 1a contains
kinetic contributions from both the R and T quaternary forms,
the former giving rise to geminate andl00us time-scale
diffusive recombination of CO ligand and the latter giving
rise to CO recombination on the millisecond time scale. The
addition of IHP shifts the prephotolysis equilibrium of
quaternary species strongly to the T form for #8hybrid,
as the amount of geminate recombination and microsecond
diffusive recombination are sharply reduced in Figure 1b,
leaving millisecond CO-recombination to dominant the
kinetics. A similar shifting of the prephotolysis equilibrium
toward the T form upon addition of IHP is also evident in
the time dependent photolysis spectra of @ hybrid
(Figure 2) as a decrease in the amplitudes of the geminate
and diffusive R-state ligand recombination processes, al-
though the effect is not as dramatic as that seen in Figure 1
for the 23 hybrid.

These effects can be seen more clearly in the SVD
component VY, which corresponds to the approximate time
course of CO recombinatiorl), V; decays via geminate
recombination to about 70% of its initial value by:% after FiGURE 1: Time-resolved Soret region absorption spectra of
photolysis and then decays via second-order recombinationPhotolyzed Ce-Fe hybrid HbCO speci€z3. Photolysis difference
in two kinetic phases of roughly similar amplitudes corre- spectra for hybrid (a) stripped of DPG and (b) plus IHP.

sponding to R-state~(100 us) and T-state (millisecond) ing the amplitude of its geminate ligand rebinding to that
recombinations, respectively, in the stripp@d hybrid for native HbCO. The latter, being entirely in the R
(Figure 3b). This is in contrast to the time course observed conformer, has the maximum geminate amplitude of the three
in native HbCO (see Figure 5d in reff) in which the  HbCO porphyrin-metalation forms compared here. The ratio
amplitude of the T-state recombination is much smaller than of the geminate rebinding amplitudes for a given hybrid to
that of R. Given that the geminate recombination yield of that for the native then provided an estimate of the prepho-
the T form of the protein is expected to be negligibly small tolysis fractional population of R state conformers for that
(8, 13), the smaller amplitude of the geminate recombination hybrid. Using geminate rebinding amplitudes obtained from
phase in the hybrid vs the native protein3d0 vs 35%)  a phenomenological 6-exponential it to the kinetic data for
suggests that a significant fraction of the hybrid sample is the hybrids (Table 2) and native HbCO (see Table 3 in ref
present as the T form before photolysis. This prephotolysis 1) gave values of 0.37, 0.38, and 0.44 for the strippéd
T population is expected to remain in the T form after 24 and native amplitudes, respectively. (We assigned the
photolysis and thus contribute to the larger amplitude of two fastest exponential processes observed in the stripped
T-state CO recombination that is observed in the hybrid. hybrids to geminate recombination on the basis of the close
Addition of IHP to the23 hybrid reduces the geminate similarity of the time constants (see Table 2) and decay
recombination phase ofMo less than 5% of the total signal  spectra (Figures 7 and 8) of the hybrids to those for the
and, while distinct phases corresponding to second-order R-corresponding geminate processes in native Hb)ONote
and T-state recombination can still be discerned, the formerin this regard that all of the exponential decay processes
is much smaller in amplitude than the latter (Figure 4b). observed in the hybrid samples corresponded reasonably well
These observations are consistent with a prephotolysis samplen lifetime, decay spectrum, and thus physical assignment,
that is dominated by the T quaternary form of the proteinin to the analogous processes in native HbCO, with a small
the presence of IHP, as expected from the strongly stabilizingexception in the case &3 + IHP. In the latter case, only
interaction of IHP with the T state. A similar trend is the fastest exponential process corresponded to geminate
observed in the Ytime course upon addition of effector to  rebinding. Thus, processes-2 in hybrid 23 corresponded
the 24 hybrid (Figures 5b and 6b), although again it is not to processes-35, respectively, in the native protein IHP,
as pronounced as that observed for 23hybrid. and processes 5 and 6 in the hybrid together correspond to
A rough estimate of the energy difference between the R process 6 (T-state rebinding) in the native sample. A similar
and T, microstates was obtained for each hybrid by compar- correspondence in phenomenological rate processes between

) 8
log,, time(s) wavelength (nm)
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Ficure 2: Time-resolved Soret region absorption spectra of
photolyzed Ce-Fe hybrid HbCO specie?4. Photolysis difference 02 . . . . .
spectra for hybrid (a) stripped of DPG and (b) plus IHP. 10” 10" 10° 10 10° 10° 10" 10°

time (us)
the hybrids and normal HbCO was found in a previous Figure 3: The first three SVD components of photolysis data for
photodissociation kinetic studyl4).) These values for the  stripped hybrid HbCQ23. (a) Basis spectra,;&U; (), S,
amplitudeSanybria andanaive led to an estimate of 1.0 kcal/ (- -), and §¥s (-+-). (b) Temporal amplitudes are shown as

mol for the free energy difference between theahd R ﬁgng?’tfglzsv\}[g%msszzfégﬁﬁﬁeg@(}z(?})'Lgig\/zeﬁr?s_)e'm

microstates of the hybrids (frodG¢(T2) — AG(R;) = —RT and SYA/; (-++), calculated from the MLFER kinetic model.

* In(anaivdanybria — 1), an expression that for simplicity

neglected the greater intensity of the photolysis difference value was used in the MLFER kinetic model of normal
spectrum of the R state relative to the blue-shifted T state). hemoglobin presented iri)

If one neglects for the moment the perturbation of microstate  The kinetic parameters of the MLFER model optimized
energies that accompanies cobalbn substitution, this value  for the hybrid photolysis data, including those for the
provides a rough estimate of the difference between the geminate rebinding processes, are presented in Table 3. (Note
energy of thé®T and?T microstates (and thus the probably that it may be possible to model tHAG, dependence of
isoenergetic?T microstate as well) and the energy of the the geminate rebinding parameters tgbulated here by

R, microstates in the native stripped protein. Addition of MLFERs in a manner similar to those used for the bimo-
this value to the previously measured cooperative free energylecular rebinding parameters, but that was not attempted in
of the R, microstates of HRCO yields an estimated value this work. In this sense, the geminate parameters presently
of ~7.5 kcal/mol for the free energy of tiérT, 2°T, and?/T remain outside of the MLFER conceptual framework.) The
microstates. The value of the latter energy is an important geminate parameter values reported here did a satisfactory
input to the MLFER kinetic model for native HbCO job of reproducing the time course of geminate rebinding
presented in the companion papg). (n the present work,  (see the first several hundred nanoseconds of panel b in
the estimated value @fG(T,) — AG¢(Rz) was added to the  Figures 3-6), but the values of gfor both hybrids were

R, free energies of the hybrids to obtain initial values for unexpectedly small {1 ns), given the value of 130 ns
AG((T,), a free parameter in the MLFER kinetic modeling determined for Hb A(1). It is not clear whether this indicates
procedure that was optimized for each hybrid. The values a real difference between the mechanism of geminate
of AG((T,) optimized below for the hybrids were then used rebinding in the hybrids and that of the native protein or a
to calculate a consensus value for th&T, 2°T, 4T} shortcoming of the model in deconvoluting the geminate
microstate free energy of HIEO via the cobalt-substitution  dynamics of the hybrid R conformer from the large back-
energy transformation rules given above. This consensusground signal presented by the prephotolysis T-conformer
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Ficure 4: The first three SVD components of photolysis data for FIGURe 5: The first three SVD components of photolysis data for
hybrid HbCO23 + IHP. (a) Basis spectra,,%U,. (b) Temporal stripped hybrid HbC4. (a) Basis spectra,,%U,. (b) Temporal
amplitudes, §/2V,, and calculated fits. Components are labeled amplitudes, $/2V,, and calculated fits. Components are labeled
as in Figure 3 legend. as in Figure 3 legend.

population in the IHP-bound samples (which would tend to . .
lower the effective signal-to-noise ratio compared to that in the latter gorrequqdence provides further evidence for the
the HBCO study) apparent insensitivity ofigr to the presence (and- vs

The %y value reported for hybri@3in Table 3 was not pB-chain location) of iror-cobalt substitution.
very different, within the reported uncertainties, than the =~ The MLFER parameters for CO recombination were
value found for normal hemoglobit) The thermodynamic  insensitive tao.,5 chain differences, the two hybrids having
driving forces for the R— T, transition also appear to be  essentially identical values faxco (0.6) andkg (both the
very similar in this hybrid and unmodified HbCO (compare Pseudo first-order rate constants in Table 3 corresponding
the R — T, free energy differences shown in Figure 9a and t0 @ bimolecular rate constant for CO binding ofu®1~*
in Figure 2 of refl). Thus, we find here a reasonably close S ). These parameters do seem more perturbed by the
Correspondence in the rate constants for isoenergetic quaSUbStitUtion of iron with cobalt than the allosteric parameters
ternary structural transitions of differently metalated hemo- @rr and®ksr, however. Theoco value for the hybrids is
globins. This finding supports the idea underlying this work about 30% larger than that for normal hemoglobin, which is
that cobalt substitution preserves the essential features ofclearly significant. The increase suggests that the transition
hemoglobin cooperativity represented by the MLFER pa- state for CO binding becomes somewhat more product like
rameters. S|m||ar|y, th@lkRT value reported for hybr|d4|s with iron—cobalt substitution. The CO rebinding rate con-
smaller than that fo3 by a factor of 2.4. This factor matches ~stants of the hybrids may also be perturbed, but given the
closely the ratio that would be predicted by a MLFER linking relatively large uncertainties in determining the rate constants,

the kinetics of the hybrids by using they R~ To transition it is not clear if the difference from the value for fully ferrous
free energies, 6.6 vs 4.2 kcal/mol @8 and24, respectively ~ hemoglobin is very significant.
(see Table 1 and Figure 9), and ther value of normal Allosteric effector interactions were measured in the

hemoglobin (0.2). Because the two hybrids were modeled hybrids with two parameteré&yGp(To) andAGp(T>), that
independently, using therr value of normal hemoglobin  allowed for a heme-ligation dependence to the free energy
in a separate MLFER modeling procedure for each hybrid, of IHP binding to the tetramer, as has been observed for
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Ficure 7: Model-independent decay spectra calculated from a
6-exponential fit to photolysis data for hybrB (a) stripped and

d (b) + IHP. Spectra for decay's: 71 (=), T2 (- - -), 73 (- * -), T4
(+=*),75s (— —), 76 (- — -) (numbering as in Table 2).

Ficure 6: The first three SVD components of photolysis data for
hybrid HbCO24 + IHP. (a) Basis spectra,,%U,. (b) Temporal
amplitudes, §/2V,, and calculated fits. Components are labele
as in Figure 3 legend.

Table 2: Effect of IHP on Observed Time Constants and Spectral ﬁnﬁrg¥ ?P: ”t_”: bla(:)lng to dgox&Slap?.earedd to bg less than
Amplitudes from Simple 6-Exponential-Decay Global Fitting of alt o at for » and no figation depen e_nc_e was
Cobalt-Iron Hybrid HbCO Photolysis Data observed. These results suggest that metal substitution at the
f-chain heme site more strongly perturbs IHP binding to the

hybricP L . .
y n r2 i v i fe tetramer than does substitution at thehain. This observa-
23 0024 0086 3.3 47 170 7300 tion is consistent with the principal role thaichain contacts
(0.23) (0.14) (0.03) (0.12) (0.15) (0.32) X e S o
234 IHP* 0.055 045 25 160 3500 8800 play in stabilizing IHP at the effector binding site in the
(0.11) (0.03) (0.02) (0.15) (0.08) (0.61)  central cavity of the tetramel ), the structural perturbation
24 0.028 012 24 60 240 4900 imposed by metal substitution being expected to propagate
(0.16) (0.22) (0.03) (0.19) (0.28) (0.12)

244 IHPC 0042 018 73 62 420 12000 most directly viqthg tert_iary structure of the affected chain
(0.16) (0.15) (0.07) (0.15) (0.11) (0.34) to the effector binding site. '
aTime constants are ins. fractional itod , The microstate rate constants shown in Table 4 afford a
s, fractional amplitudes (proportional to Lo .
the vector norms of the decay spectra) are listed in parentheses.MOre complete look at the allosteric kinetics of the hybrids
b Conditions: 12QuM heme, pH 7.4, 0.1 M Tris, 0.1 M NaCl, 1 mM  and the combined effects of cobalt substitution and IHP
EDTA, 20°C. 2 mM IHP. effector described above in the context of the free parameters
O%gT, AGHp(To), and AGiup(T2). The ikgr rate constants
DPG and IHP binding with native proteir7,(11). The calculated for strippe@3 were on average-40% smaller
binding of IHP to thea-chain substituted hybrid24, was than the rate constants for the corresponding microstates in
found to resemble more closely that of normal hemoglobin Hb,CO, whereas those for stripp@d are ~70% smaller.
in both strength and ligation dependence than that of the The greater perturbation of allosteric rates in the latter hybrid
fB-chain substituted hybrid23. The 24 AGe values (see  is consistent with the greater perturbation of microstate
Table 3) were decreased from those of Hjb% ~30% and, energies imposed by cobalt substitution at thechains,
as in normal hemoglobin, the binding of two CO ligands which results in a smaller thermodynamic driving force.
roughly halved the IHP binding energy. In contrast, the Examining the hybrid rate constants in the presence of IHP
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08 Table 3: Initial and Optimized Values of MLFER Kinetic Model
0.4F Parameters for Photolyzed €&e Hybrid HbCO
0k hybrid parameter triél optimized
23 o° 0.02 0.03
o2f g 0.12 0.0
g 0.05 0.08
01f Oy 2 x 104 9.0+ 1.0x 1C¢®
o A Qco 0.5 0.60+ 0.01
s 0 ke® 5x 10° 6+2x 10°
ok UAGH(T) 34 3.8+ 0.1
' BAGH(T) 7.9 7.6+0.3
o2} AGip(To) -5.0 —22+01
AGip(T2) -5.0 -2.0+£0.1
-0.3F
24 0.° 0.02 0.06
-04f gP 0.12 0.0
. . . . . 9P 0.05 0.08
0300 410 420 430 440 450 460 Olkgy 2 x 10¢ 3.94+0.5x 10°
wavelength (nm) Oco 0.5 0.58+ 0.01
ket 5x 10 6+2x 10
05 L2AGH(T) 5.8 5.44 0.1
2AGH(T) 8.0 8.7+0.3
AGip(To) -5.0 —3.7+£0.1
o4F AGip(T2) -5.0 -1.6+0.1
aRate constants are in*s ® Time constants are ims. ¢ Pseudo-first-
03r order rate constant (1 atm CO)Trial values used to determine the
starting point for optimization proceduresStatistical average dfl =
02k 100 optimizations run usingAG, and AGp energy inputs that were
o randomly varied byt 0.3 kcal (standard deviation) from values given
p in text.
0.1F
binding behavior of the symmetric hybrids is actually much
or more similar to that expected from the traditional two-state
model of hemoglobin allostery than is that of native
o1r hemoglobin.
The addition of IHP had little effect on the CO rebinding
025 — - - — or) . rate constants calculated for tB8 hybrid (see Table 5), a
10 10 10 10 10 10 10 10 . e . .
time (us) consequence of the apparent insensitivity of IHP binding to

FiGURE 8: Model-independent decay spectra calculated from a CO ligation in this hybrid. LO\_N_ering the energy ofallthe T
6-exponential fit to photolysis data for hybrii (a) stripped and microstates equally, the addition of IHP did not change the

(b) + IHP. Spectra labeled as in Figure 7 legend. cooperative energy penalties for ligand binding. The interac-
tion of IHP with the 24 hybrid, on the other hand, does
shows that the latter effect is nearly offset by the greater appear to decrease with CO |igati0n, which increases the
perturbation on IHP blﬂdlng imposed by metal substitution Cooperati\/e energy pena|ty for both ||gand b|nd|ng Steps_
at thes chains. The net effect is that the-R T microstate Because the model assumed a linear dependence of IHP
rate constants for th23 and24 hybrids are more similarto  pinding energy on the extent of CO ligation, the cooperative
each other in the presence of IHP. They are thus reduced byenergy penalties of both CO binding steps were increased
more similar amounts, 70 and 80%, respectively, from the equally. This was reflected in the equal fall off of the
corresponding rates in normal hemoglobin. calculated CO binding rate constants for & and 2T
The bimolecular CO recombination rate constants calcu- microstates o24 upon addition of IHP.
lated for the hybrid T microstates (Table 5) tended to cluster A graphical comparison of the rebinding kinetics in normal
together very closely compared to those for native hemo- and Fe-Co hybridized HbCO (Figure 10) shows a much
globin (the latter varied over a very large range that tighter clustering of the T-state rebinding rate constants in
approached that traditionally assigned to the difference the hybrids relative to the native protein (all of the points
between R- and T-state recombination rate constafjs) ( indicate T-state rate constants except for the R-state rate
This lack of a dramatic cooperativity effect on ligand binding constants corresponding ttAGco = —11.8 kcal/mol),
within the hybrid T microstates is consistent with the absence despite the additional dispersion associated with the addition
of the [21] ligation microstate in the set of states available of IHP to 24. The bimodal distribution of R and T-state
to the symmetric FeCo hybrids. Without the presence of rebinding rates shown for the hybrids, reminiscent of a simple
the asymmetrically ligandetfT microstate and its anoma- two-state model, is not evident in native HbCO (although
lously low cooperative energy in the symmetric-Keo some of the dispersion in the latter points is again due to
hybrids, the cooperative energies of the T microstates the effect of IHP). Although the uncertainties in the rate
increase relatively evenly with ligation (see Figure 9). Such constants are relatively large, the difference in slope between
an evenly spaced “ladder” of cooperative energies leads, viathe line fitting the aggregate hybrid points and the line for
thermodynamic linkage, to similar recombination rates for Hb A, seems significant, again suggesting that cobalt
the T microstates within the MLFER model. Thus, the ligand- substitution significantly perturbs the transition state for the
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Ficure 9: Scheme of cooperative energiess,, for iR andiT microstates of HRCO (a) stripped and (b}-IHP, and Hk,CO (c) stripped
and (d)+IHP. Experimental values (solid) were taken from data of Huang and Ackerémaining values (dashed) were either fixed
inputs for MLFER kinetic model, estimated as discussed in text, or optimized parameters.

Table 4: Microstate R-T and T~R Quaternary Transition Rate Constants Calculated from MLFER Model

iijT ijkTR
hybrid i stripped IHP stripped IHP
23 [01] 9+1x 10 1.9+ 0.2x 10 0.10+ 0.05 4+ 3 x 1073
[11] 26+ 0.2x 1C° 5,54+ 0.6 x 1¢° 14+ 3 0.7£0.1
[23] 7.24+04x 10 14+0.1x 10 3+1x 106 15+ 04x 1
24 [01] 3.9+ 0.5x 10 1.4+ 0.3x 10 3+2 2+1x107?
[12] 15+02x 10 3.84+£0.4x 1C° 1.0+ 0.6x 17 25+15
[24] 524+ 0.7x 17 9+1x 1 1.0+ 0.5x 10 1.0+ 0.4x 10°

aRate constants are inm’s

Table 5: Microstate Bimolecular CO Recombination Rate Constants

Calculated from MLFER Model for IronCobalt Hybrids 23 and

cobalt-substitution transformation rules derived from equi-
librium thermodynamic data. Hence, this concordance further

242 validated the assumption implicit in the present work that
23 24 these rules can be usefully extrapolated to the estimation of
stripped IHP stripped ap energies of nonequilibrium microsta}tes. (Note that the present
work applied the rules to T microstates, whereas the
L‘fnkT 0_1ii (2)_05 0.1631 304 6+2 6+2 R-microstate energies were assumed to be relatively insensi-
01,13, 04+01 0.124+0.04 tive to perturbations.) These rules were thus employed again
1123 0.12+0.04 0.10+0.03 below to calculate the cooperative free energies of T
2% 0.4+01 0.13+04 microstates of the native protein from those of the hybrids.

a2 Rate constants are pM ! s7%.

CO rebinding reaction at the ferrous heme sites in-€Ee

hybrids.

The optimized values of the; Tooperative free energies,
HAG, and ?°AG, of the respective (stripped) hybrid23

Initially estimated roughly above, more precise values for
the cooperative free energies of the doubly liganded T states
of each hybrid2?AG, and?*AG, respectively, are provided
by the MLFER optimized values given in Table 3. Applying
the iron— cobalt transformation rules to these energy values
to calculate the cooperative free energies of the corresponding

and?24, each fell within the ranges established by our initial microstates in Hb Agives values of 7.9+ (0) = 7.9 (no
estimates (see Table 1). These estimates were based operturbation rule applies) and 8-7 2(0.4) = 7.9 (rule 2)
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Plotting RT In(ikeo), where thékeo are the rebinding rate constants
for the 'R andiT microstates of natived), or 23 hybrid () and
24 hybrid (©), (with and without IHP) vs the free energy of
rebinding gives a straight line whose slope is equakHaco.

Biochemistry, Vol. 43, No. 38, 200412075

the T (n = 1) microstates directly, equilibrium measure-
ments of cooperative energies have provided only a lower
limit to the putative T microstate energy gag"AG(T) —
2IAG(T) > 2"AG(R) — 2'AG((T) = 2.3 kcal/mol) b)).

The pivotal role of the T energy gap in the symmetry
rule led us to undertake kinetic studies of the ir@mobalt
HbCO hybrids as a means to measure the cooperative
energies of the “missing®T microstates. If these energies
are not too high, then the CO complex of @#or 24 hybrid
will comprise a mixture of thé®T and?°R or ?*T and?*R
microstates, respectively, at equilibrium. The very different
kinetic properties of R and T states after ligand photodis-
sociation then provide a sensitive assay of the= [T,/

[R2] equilibrium constant and thus the free energy of the

23T or 2“T microstate. Using the different geminate recom-

bination kinetics of the R and T states, a rough estimate of
the range of free energy valuefRT- In L, ~ —1 to 1 kcal/

mol was obtained above for the hybrid samples with and
without IHP, values consistent with the assumption that each
sample contained a finite equilibrium of R and T conformers.

This finding is also consistent with the results of a previous
CO photodissociation study of these hybrids, which found

Energies were calculated from the thermodynamic linkage relation Similar populations of R and T conformers in the equilibrium

iAGco = TAG(product) — TAG(reactant)+ AGEO, where the
ligand binding free energy of free dimejs,Ggo, was—11.8 kcal/

complex of23 (14).
With this simple and relatively transparent validation of

mol. Lines represent a linear least-squares fit to the points for native the kinetic assay approach in place, we applied the novel
or hybridized HbCO with the indicated negative slopes (the R-state \j|_FER kinetic model to obtain more precise values of the
irr(]atz;]nedlfrilg)rate for each metalation species was weighted only onceasr a}n'd'z“T free energies. In doing 59’ however, we found
that initial attempts to model the hybrid photolysis data with
a procedure that optimized the value of the allosteric MLFER
coefficientart as a free parameter did not converge well.
This was in contrast to the successful optimization of the

energies of HRCO: thus, 22T and2T (and?2T, which does same parameter in a MLFER model fit pf simi]ar data for
not have an analogue in the symmetric hybrids) are expected’o'Mal HbCO presented in the companion artidle The
to be isoenergetic in normal HbCO. poor convergence of the unconstrairgg parameter in the
hybrid MLFER model was probably due to several factors.
A principal factor was the low population of R conformers
present in the prephotolysis hybrid samples, particularly those
The symmetry rule model of hemoglobin allostery has containing IHP, compared with normal HbCO. Thus, the
been based upon the observation of a pattern in theeffect of theorr parameter in modulating the-RT transition
cooperative free energies of the 10 ligation “microstates” rate was diluted in the overall photolysis kinetics of the
accessible to equilibrium experiments, a pattern pervasivehybrid samples, which tended to be dominated by bimo-
across a variety of ligation analogue syste&sl6—23). In lecular recombination of CO with the T state. A second factor
this pattern, thé'T microstate (both ligands bound to the was the introduction of additional free parameteé&;p(To)
sameo dimer in the T-state tetramer) stands out among and AGyp(T2), to the MLFER models of the hybrids,
the observed microstates in that it is much lower in energy accounting for the extent of IHP binding and its effect on
than other doubly liganded T microstate8T (n = 1), microstate energies. A third factor was the smaller effect of
indicating that the manner in which ligands are distributed IHP on the hybrids, which provided both less complete IHP
between dimers crucially affects the cooperative energy of binding and less of a shift in theRT driving force in those
the tetramer. The lower energy &fT is attributed in the tetramers that did bind IHP with which to assess the MLFER
symmetry rule model to the lower energy penalty exacted arr value. Finally, a fourth factor was the somewhat weaker
by perturbing the structure of one dimer in the T quaternary dimer—dimer association reactions of the hybrids, which
state, as opposed to perturbing both dimers. However, justresulted in a higher fraction of (nonallosteric) R-like dimers
how much lower has remained an open question, becausen the hybrid samples (15 vs 10%). All these factors would
the other T microstates are not observed at equilibrium. They tend to contribute to making the value ok effectively
are apparently higher in energy than their ¢d®unterparts underdetermined by the data. Nonetheless, we were able to
that are observed (at least in hemoglobin stripped of obtain good convergence in the hybrid modeling procedures
effectors), as are thesBnd T, microstates. The major break by fixing the value ofagr at the value for normal HbCO,
in stability that tips the allosteric equilibrium from the T to  0.2. This extrapolation of the Hb Avalue to the hybrids
R form thus occurs when ligand binding perturbs both was supported by the observation of a self-consistency
dimers, that is, dimer perturbation by ligand binding becomes relation in the’krr values obtained fa23 and24. The latter
symmetrical across the tetramer. As we are unable to observevere found to be related by an unconstrained MLF&ER

kcal/mole, respectively. The close agreement between the
two estimates is gratifying, given that Huang and Ackers
(5) did not observex, chain effects in the cooperative free

DISCUSSION
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value that was very close to the KBO value. (This appear to be discounted by the identicalalues found here
relationship was also robust with respect to variations in the for the two hybrids. The observation of identical intrinsic
constrainedirt value: MLFER analyses usingrr values CO binding rate constants for thedy3recq2 and QrecqBco)2
of 0.15 or 0.25 to fit each hybrid’s kinetics independently hybrids strongly suggests equivalent CO rebinding kinetics
still found that their®kgy rate constants were related by an for thea. andg chains in fully ferrous tetramer. This is also
o value close to 0.20, results not shown.) consistent with previous observations of the geminate and
The apparent congruenceadr values for the iror-cobalt bimolecular recombination reactions in these hybrids, which
hybrids and normal hemoglobin suggests that cobalt substitu-found little difference betweea andf chain kinetics {4).
tion does not significantly perturb the nature of the allosteric  The 1AG. values for the T microstates determined here
transition state. This means that even though cobalt substitu-have several ramifications. First, the equality of the energies
tion significantly perturbs the cooperative energies, the effect of 2°T and ?*T calculated for normal HbCO extends from
of those energy changes or-H rates is still mediated by  equilibrium to metastable microstates the observation of a
their effect on the activation free energy required to reach relative insensitivity of cooperative free energiesuf chain
the same R-like transition state. On the other hand, the largerdifferences. This observation implies that the remaining
value of aco found for the hybrids (0.6) compared with “missing” T, microstate ??T, should also be very close in
normal hemoglobin (0.4) implies that cobalt substitution energy to?*T and?*T. Second, this value cPAG(T) (7.9
alters the CO recombination reaction pathway so as to makekcal/mol) provides an input that is pivotal in accurately
the transition state more like the product state. determining a MLFER model for normal HbCQ)( With
Previous structural and chemical studies have investigatedthis value, that MLFER model was able to elucidate several
the manner in which cobalt substitution preserves core surprising features of normal HbCO kinetics that have not
elements of the allosteric mechanism while perturbing the been reported by previous workers, including cooperativity
cooperative energies, particularly those of theubstituted of ligand binding within the T microstates, the concomitant
hybrids. Replacing all four irons with cobalt produces a emergence of thé'T microstate as a kinetic bottleneck in
tetramer that binds oxygen with only slightly less cooper- CO recombination reactions, and a suggested reassignment
ativity than ferrous HbZ4). This preservation of cooperat-  of different R-state CO recombination rate constants tradi-
ivity occurs despite the smaller displacement of the metal tionally attributed tao,5 chain differences to R-state angd T
from the heme plane in cobaltous deoxyHB5) The + CO — 2T recombination reactions instead. Moreover, it
relatively small effect of the cobalt-heme displacement was able to do so with a minimum of free parameters and
perturbation on cooperativity has been attributed to a with a better quality of fit than simple two-state models that
compensating increase in the length of the cobalt-imidazole neglect the 7 energy gap.
nitrogen bond connecting the heme site via the proximal The?'T cooperative energies determined from the hybrid
histidine to the F helix and the dimer-dimer interface, these photolysis kinetics give us the most important piece missing
structural elements and their interactions constituting the coreheretofore from the microstate energy picture of HbCO. To
of the allosteric mechanism. However, the perturbation the 10 equilibrium microstate energies obtained from ther-
imposed byo-metal substitution is clearly greater than that modynamic measurements, we can now add the three
of 8 substitution, as evident in the cooperative free energies metastable"T microstates determined here and the seven
of 23 and24 (see Figure 9) and the other cobdltbn hybrids metastable staté&R, 1R, °R, 2'R, 3T, 32T, and*'T estimated
(5). The perturbation strength, as measured by a concomitantin ref 1 to paint a complete picture of all 20 possible

increase inf subunit ligand affinity, of a(Fe — M)
substitution with M= Co, Ni, and protoporphyrin (no metal)
was correlated with the intrinsic strength of the metal-
histidine bond by Fuijii et al.26). The cobalt-imidazole bond
is stronger than that of iron, and an increase in affinity for
the first ligand accompanies Fe- Co substitution. In
contrast, metal substitution at tfiesubunits has little effect
on the ligand affinity of thex subunits. Thus, the different

combinations of ligation and quaternary conformation (see
Figure 2 in refl). This represents the first quantitative
determination of all the stable and metastable minima on a
free energy landscape for the allosteric and bimolecular
ligand recombination reactions of hemoglobin. Furthermore,
by using the MLFER paradigm, we can now calculate the
heights of all the saddle points on the landscape connecting
those minima from the minima free energies and a small

sensitivities of the chains to metal substitution suggests thatnumber of experimentally determined kinetic parameters.

o chains are less able thghchains to accommodate the

In particular, we now have a picture of the entire “ladder”

smaller displacement from the heme plane of the cobalt atomof T microstates reflecting the detailed effects of ligand
(compared with iron) in the T quaternary state, perhaps duenumber and placement on the cooperative free energies
to a greater constraint on the metal-histidine bond geometry (albeit the two highest rungs, corresponding toahd T,

imposed by thea-chain conformation. Such a constraint
would explain the apparent correlation of conformational
strain energies in-substituted hybrids (destabilizifidG.(T)
values so as to increase ligand affinity) with metal-histidine
bond strength that is implied by the results of Fujii et al.
The lack ofa,S chain differences observed previously in
theIAG; values of fully ferrous HbA has suggested that the
affinities and kinetics of ligand binding are probably very
similar for the two chain types. Nevertheless, it did not rule
out the possibility of a difference in the intrinsic ligand

are the least well determined). We find that the value of the
T, energy gap iS"AG(T) — 'AG(T) = 3.7 kcal/mol.
Similarly, when binding a second ligand to the tetramer, the
cooperative free energy penalty for binding at the unliganded
dimer is?"AG(T) — MAG(T) = 4.6 kcal/mol or¥!AG(T)

— 2IAG((T) ~ 5.2 kcal/mol. These estimates of the energetic
cost of perturbing an unliganded dimer are roughly similar
to the previous estimate available from equilibrium measure-
ments, MAG(T) — %AG(T) = 3.3 kcal/mol, and are
significantly greater than the cost of adding a second ligand

binding kinetics of the chains. That possibility, however, does to the same dimef!AG(T) — *AG(T) = 0.9 kcal/mol, or
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BIAG((T) — 2"AG((T) ~ “AG(T) — AG(T) ~ 1.5 kcal/ (T—R conversion is thought to produce the cracking often
mol. Thus, the cooperative energies determined from our observed upon oxygenation of deoxy Hb crystals), the
kinetic results extend the pattern of dimer conformational binding of oxygen molecules to the T state is observed to
energies observed in previous thermodynamic experimentsconform to a linear Hill plot of saturation vs (pressure

to the metastable microstates as well. In other words, wewith a slope of unity. A Hill coefficient i) of unity is

can now state for the entire ladder of T microstates that the traditionally considered a hallmark of noncooperative bind-
major increments in cooperative energy occur upon binding ing. In comparison, solution phase Hb tetramers typically
of the first ligand to an unliganded dimer, the perturbation bind ligands with anny ~3. However, the cooperativity

of dimer structure accompanying the binding of a second implied by extrapolating théd AG; values observed for
ligand apparently being much smaller, irrespective of the unconstrained Hb©and HbCO tetramers in solution to a
ligation status of the other dimer. This is in contrast to the tetramer constrained to the T-state by environmental forces
equally spaced ladder of T microstate energies proportionalis expected to incorporate both cooperative and anticoop-

to ligation number {AG. = | - AAGMo—se where erative ligand binding steps, unlike the large preponderance
AAGMo—state ~» 11/4 kcal/mol and = number of ligands) of positive cooperativity associated with binding to a tetramer
implicit in the traditional two-state model. free to convert from T to R. The former situation may be

The cooperativity of ligand binding within the T quaternary difficult to detect with the relatively crude measure of net
conformation implied by previous equilibrium measurements cooperativity represented by, (23). Essentially, the Hill
of IAG, values for HbCO and HbQis explicitly extended coefficient represents the projection of an observed ligand
to the metastable T microstates of HbCO by #®G. and binding isotherm upon a particular model of cooperativity
22AG, values measured here. This cooperativity is further in which all four ligands are assumed to bind simultaneously,
supported by the kinetic evidence for a wide dispersion in a value of 4 representing perfect overlap with the model. It
the T-microstate CO rebinding rate constants (irrespective thus appears ill-defined as a gauge of intersubunit interactions
of allosteric effector binding) found inlj. In other words, that may be orthogonal to that particular model. In particular,
the kinetics of ligand rebinding to the T quaternary state it is not clear that ligand binding in alternating cooperative
appear to depend on the number and the dindémer and anticooperative steps can be meaningfully compared in
distribution of bound ligands in a manner consistent with this manner with the simultaneous binding of all ligands.
the 1AG, values of Huang and Acker$); However, this This situation is illustrated by the Hill plot for oxygen binding
feature of the symmetry rule model (and its kinetic analogue, to a T-constrained tetramer calculated from the previously
the MLFER model) is incompatible with traditional formula- measuredAG values of the equilibrium microstates of HpO
tions of the two-state model, which hold that all cooperativity (0, 2.9, 2.9, and 5.1 kcal/mol for the [01], [11], [12], and
in ligand binding is mediated by the equilibrium between [21] T microstates, respectively, from Ackers et &3)),
two quaternary state, R and 274 28). In terms of the metastable microstate energies from the MLFER model
cooperative free energies, the symmetry model incorporatesreported in the present work and in r&fand the known
the observed inequalities in energy penalties accompanyingoxygen affinity of a free hemoglobin dimeAGo.° = —8.35
binding to different T microstates, whereas the two-state kcal/mol ). (Although the metastable microstate energies
model assumes that these are all equal. Conceptually, theapply to HbCO, the differences IAG; values for CO and
symmetry model implies a significant cooperativity in ligand O are probably no larger than the effects of crystal packing
binding that is localized to each dimer in the T conformation, forces that are necessarily neglected in comparing solution
reminiscent of the sequential KNF model of cooperativity and crystal phase ligand binding.) The Hill plot calculated
(29), in addition to the global cooperativity mediated by the from theiAG values is reasonably linear, with a slope very
R<T transformation. It can thus be considered a hierarchical close to unity (Figure 11a). Yet the variations in ligand
model in which sequential cooperativity within the T-state binding affinities between the T-microstates giving rise to
dimers modulates the two-state equilibrium mediating global this calculated isotherm are nearly as large as those tradition-
cooperativity. The earliest formulations of the two-state ally assigned to the difference between R- and T-state
model by Monod et al. insisted that not only were ligand properties. Clearly, the Hill coefficient is insensitive to this
binding affinities independent of ligation within the R or T mixture of strongly cooperative and anticooperative ligand
state but also that subunit structures remained symmetricbinding steps.
within a quaternary stat®). In other words, subunit tertiary Rivetti et al. concluded that there was a small positive
structure was coupled to ligation only via the global net cooperativity in the crystalline T state, but that its effect
quaternary structure. The advent of more detailed mechanistic(an ~10% increase imy) was roughly canceled from the
models for allostery30—34) required the recognition that  Hill plot by the effect of a 5-fold higher ligand affinity for
subunit tertiary structure is directly altered by ligand binding the a-chains versus that for thé-chains, the latter effect
(27, 35). Similarly, the assumption that there is no intersub- apparently being induced by crystal forc&¥) The latter
unit coupling between such structural changes except via theeffect can be modeled by adding a 1-kcal/mol energy penalty
R<T quaternary transformation appears increasingly diver- to the 1AG, values for binding @ to a B8 chain. The
gent from recent thermodynamic and kinetic evidence, at recalculated Hill plot (Figure 11b) indeed shows a canceling
least for subunits within a given dimer. of the~10% increase imy calculated in the absence of this

The most significant previous experimental evidence crystal effect (cf. Figure 11a). Also note that the remarkably
regarding the question of T-state cooperativity in hemoglobin low affinity of the crystal is also predicted by thaG; values
has come from ligand binding studies of deoxy hemoglobin (with the-chain affinity correction derived from the crystal
in crystals 86, 37) and sot-gels 38). Constrained by crystal ~ data) (see Figure 11b). Seen in this light, the crystal data is
or gel environmental forces from converting to the R state in very good agreement with tHAAG, values determined
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crystal effects and (b) with a 5-fold lowering @fchain affinity in Ficure 12: Fractional @ saturationy) of hemoglobin in solution

the crystal. Values of If{(1 — y)), wherey is the ligand binding Vs oxygen pressure calculated from the symmetry rule méAd&{
saturation, calculated frofAG, values are shown as points (0). values given in text)<), two-state model (- -), sequential model
The lines are linear least-squares fits to the points with slopes (---), and concerted-binding model. ). Inset shows the corre-
indicated (Hill coefficients). sponding calculated mole fraction of th& microstate ([21] ligation
state for the sequential model) vs oxygen pressure. (The concerted

from thermodynamic and kinetic measurements on solution model implies no finite concentrations of intermediates.) The
; P symmetry rule model calculation used the ligand affinity of free
phase hemoglobin, although it is not expected that the dimer (—8.35 kcal/mol Q) for the value of the R-microstate affinity.

symmetry rule’AG. values represent a unique fit in this  The other model affinities were scaled for comparison to match
regard. On balance, then, the crystal and-g@l ligand- the p50 of the symmetry rule model calculation.

binding isotherm data do not appear to offer strong evidence
for or against the T-state cooperativity implicit in the

symmetry rule model and the microstate cooperative free Overall, there are two separate but closely tied questions

energies measured in solution. considered in this work: (1) What are thAG, values for
The evaluation of cooperativity models from the evidence HbCO and (2) what do those values imply for models of
presented by ligand binding isotherms is made difficult by cooperativity? We have extracted additiohAG. values for
the ephemeral nature of the ligation intermediates that suchnormal HbCO from the hybrid photolysis data so as to
models attempt to describe, a circumstance that has motivatessemble, along with the values measured or inferred from
alternative approaches to the study of hemoglobin function previous thermodynamic studies, a reasonably complete
such as measurements of dimeiimer association reactions  description of its cooperative behavior. Our companion article
of ligation analogues 16) and ligand photodissociation  finds that these energies provide a better description of HbCO
kinetics 39). The relative insensitivity of calculated ligand-  kinetics than is available from more maimodels. With the
binding isotherms to significant differences between models first question largely answered by the thermodynamic and
of cooperativity can be further illustrated by comparing kinetic evidence, then, what are the implications for coop-
isotherms of equab50 values calculated from (1) tHAG, erativity models? The symmetry rule model has emerged as
values for HbQ@ above; (2) a two-state model with a structural interpretation of thHeAG, data in terms of the
AAGMo—sate= (MAG(T) — %AG((T))/4, that is, equal free  relative independence of eadl dimer as it is perturbed
energy penalties summing to the same total penalty as thatoy ligand binding to the T conformer. This interpretation
in (1); (3) a KNF-type sequential model in which the free represents a partial relaxation of the narrower view implicit
energy penalty decreases linearly with each ligand bound,in conventional two-state models, a view that could be termed
becoming zero for the last binding step; and (4) th&v@ar  “monomer autonomy”. The latter is the assumption that the
concerted-bindingry = 4) model (Figure 12). The binding  perturbation of structure concomitant with ligand binding to
isotherms predicted by the first three models differ by at a given subunit in a T-state tetramer remains entirely
most+2% saturation and have very similar Hill coefficients localized to that subunit. Monomer autonomy implies equal
(slope= 3.2, not shown). Note that even the mostveal  cooperative free energy penalties in the absence of significant
model (4) is able to reproduce the behavior predicted by morea, chain difference (there seems to be no evidence in
sophisticated models to withit5% saturation. The calcu-  solution for the difference observed in this regard in the
lated concentration of tetramers in tARE microstate, in crystal data). The symmetry rule model, on the other hand,
contrast, shows a marked dependence on the differentexplicitly recognizes the possibility that structural perturba-
energetics implied by the models (see Figure 12 inset). It is tion of one monomer in a dimer may be communicated to
about twice as large in the symmetry rule compared with its very tightly coupled partner monomer, whereas the
the two-state model at all oxygen pressures and is intermedi-monomer autonomy of the traditional two-state model is
ate in value between these cases for the sequential modeassumed to largely hold for subunits on different dimers
chosen (the particular choice of a sequential model is (dimers being much less tightly bound to each other than
somewhat arbitrary in that one can imagine many other are the monomers within a dimer).

sequential variations of cooperative energy penalty with
ligation linking the known stabilities of the end states).
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The symmetry rule model rationalizes the patterivo®, namic measurements on normal and hybrid hemoglobins to
values observed at equilibrium, in particular the surprisingly better characterize the effects of allosteric effectors on
low energy of the HbCG'T microstate, 4.2 0.3 kcal/ microstate energies. In particular, it seems reasonable to
mol. In a two-state model of HbCO cooperativity, this energy expect that using fixed values for the free energies of IHP
is expected to be-5.5 kcal/mol, half of the total cooperative  binding determined from experiment (i.6lAG. values
free energy penalty. It also rationalizes the surprisingly high measured with IHP), rather than optimizing these values as
energy of the'T and 2T microstates,~3.4 kcal/mol, free parameters, as was done in the present work, could better
compared to the two-state expectatior2.8 kcal/mol. constrain the fitting and permit a completely independent
Intersubunit structural coupling within a dimer is expected optimization of theogr parameter for the hybrids.
to give a bigger initial penalty for binding the first ligand to In summary, the ligand photodissociation kinetics of
a dimer and a smaller penalty for binding a second ligand symmetric Fe-Co HbCO hybrids were used to determine
to an already perturbed dimer. the cooperative free energy of the T quaternary conformer

In addition to rationalizing the equilibriufr\G, data, the when one ligand is bound to each dimer, a quantity that is
symmetry rule model also makes a testable prediction: thenot available from equilibrium measurements. This energy
cooperative free energy penalty for binding two ligands will value, along with its impact on the analysis of normal HbCO
be higher than the two-state expectation given above if both kinetics presented in our companion articlg @dds further
dimers are perturbed. That prediction is verified by the support to previous thermodynamic evidence for the central
2=DAG((T) value reported here, 78 0.3 kcal/mol. Note finding of the symmetry rule model of hemoglobin cooper-
that the perturbations dfAG. values reported here and ativity. That is the higher (by 4 kcal/mol) free energy of a
previously, -2 kcal/mol, relative to the expected two-state T, microstate in which both dimers are perturbed by ligand
values are not much smaller than the increment of coopera-binding compared with placing both ligands on the same
tive free energy traditionally thought to accompany the dimer. This finding cannot be explained by currently accepted
binding of a ligand to the hemoglobin tetramer. formulations of the two-state model. Ligand binding iso-

The excellent fits to the hybrid photolysis data produced therms calculated with this;energy gap may be considered
by the MLFER model are not remarkable in themselves, only weakly perturbed compared with those calculated from
given that the hybrid AG,(T) values have a simple two-  current two-state models, as indeed are the current two-state
state like ligation dependence (consistent with the absenceisotherms compared with those calculated from a KNF-type

of [21] ligation); thus, the data can be fit by a conventional
two-state kinetic model (WitAAGMo~staeas a free param-
eter) with similar accuracy (results not shown). (This
contrasts with the situation for normal HbCO, in which the
presence of both [21] and [2(= 1)] ligation requires a
MLFER model for the best fitX).) What is remarkable is
the simplicity that emerges from the complexity of hemo-
globin’s photodissociation kinetics with the application of

accurate thermodynamic information to the analysis. Hemo-

globin’s complexity arises from its subunit interactions, the
energetics of which are described by a given set/A®,
values. Applying those values via MLFERS permits a kinetic

analysis that calculates all microscopic rates from a single

intrinsic R— T reaction rate constarftikgr ~ 1 x 10*s ™),

a single intrinsic rate constarkz(~ 10uM~* s71) underlying
bimolecular CO rebinding to all the subunits in either
guaternary conformation, and a singiar value (0.2), all
of which change little, if any, with Fe> Co substitution at
botha or both3 hemes. The fourth MLFER parameteso,

increases from 0.4 to 0.6, the CO rebinding transition state

apparently being more sensitive to €oFe perturbation of
adjacent subunit tertiary structure than is theR T

transition. Moreover, the MLFER parameters are independent

of allosteric effector binding, allowing effectors to be
incorporated naturally into the model via their effect on the
IAG..

The apparent robustness of this simple picture suggests
that it may also be applied to systematize the study of

allosteric kinetics in other hemoglobins that differ by

chemical modification or protein amino acid sequence, given
the necessary thermodynamic information. It also suggests

a practical benefit in that the kinetics under a wide variety
of effector conditions may be predicted in detail from a few

experimentally determined parameters. In that regard, the
present results point to the importance of further thermody-

model or the two-state model as originally formulated

without the benefit of modern structural insights. Despite
the relative insensitivity of calculated binding isotherms to

the details of different models of cooperativity, the admission
of increasing complexity to such modela/hen warranted

by additional structural, thermodynamic, or kinetic informa-

tion—is motivated by the opportunity for a deeper under-

standing of the molecular mechanisms of cooperativity and
allostery.
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