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Abstract 

Oxygen binding by human hemoglobin (Hb) and the coupled reactions of dimer-tetramer assembly were studied over a 
range of NaCl concentrations (from 0.08 M to 1.4 M) at pH 7.4 and 21.W. A strategy of multi-dimensional analysis was 
employed [G.K. Ackers and H.R. Halvorson, Proc. Natl. Acad. Sci. U.S.A., 91 (1974) 43121 to optimize the resolution of the 
contributions to cooperativity and their heterotropic salt linkages at each stoichiometric degree of 0, binding. A wide range 
of Hb concentration was utilized at each [NaCl] in which O,-linked subunit assembly reactions contributed significantly to 
the positions and shapes of the binding isotherms. Kinetic determinations yielded forward and reverse rate constants for 
assembly of the unligated species. Amplitudes for the assembly rate data had concentration dependences in agreement with 
the independently determined dimer-tetramer assembly constants of oxyhemoglobin. Concentration-dependent binding 
isotherms were analyzed, in combination with the kinetically determined equilibrium constants, to yield salt-linked 
components of cooperativity at the four stages of oxygenation. 

The principal results of this study were as follows. (i) Assembly of fully oxygenated Hb tetramers is opposed by NaCl; 
the dimer-to-tetramer equilibrium constant becomes two orders of magnitude less favorable over the [NaCl] range 0.08 M to 
1.4 M. By contrast, for deoxy-Hb the assembly equilibrium constant is reduced only two-fold. (ii) Oxygen binding to dimers 
is non-cooperative over the entire salt range, whereas dimer affinity is slightly favored by increasing the NaCl concentration. 
(iii) Overall affinity of tetramers for 0, is opposed by NaCl, becoming an order of magnitude less favorable over the range 
employed. Most of this decrease occurs at the fourth binding step, which shows a large, salt-mediated quatemary 
enhancement effect; i.e., the assembly of dimers into tetramers at 0.08 M NaCl is accompanied by an eight-fold increase in 
0, affinity. (iv) The quatemary enhancement effect at the last O,-binding step is titrated progressively by salt until it reaches 
a negligible value near the highest [NaCl] of this study. The lowest [NaCl] condition (0.08 M) elicits the greatest tetramer 
cooperativity with the largest maximal Hill coefficient and the greatest suppression of intermediates. Possible origins and 
mechanistic implications of these phenomena are considered. 
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1. Introduction 

Physiological chloride has long been recognized 
as a heterotropic allosteric effector of hemoglobin 
(Hb), with an overall role of reducing the affinity for 
OZ (cf. [l-5]). In addition, salt concentration is a 
generally useful probe of multi-subunit systems be- 
cause it can modulate protein-protein interactions 
through specific ion binding events [6], general 
charge effects, or, at high concentration, by altering 
the chemical potential of water [7-91. Additional 
interest in the connections between oxygenation, salt 
binding and dimer-dimer interactions comes from 
recent findings: (a) fully ligated human Hb can be 
crystallized under low salt conditions with a “third 
quaternary structure”. designated R2 or Y [lO,l 11, 
whereas at high salt levels it is found in the classical 
R quaternary structure [ 121; (b) chloride neutraliza- 
tion of positive charge clusters within the tetramer’s 
central cavity has been implicated in modulation of 
0, affinity [ 13-151; and (c) detailed features of the 
Hb mechanism discovered using 0, analogs and 
metal-substituted hemes are of importance to com- 
pare with the corresponding properties of the native 
FeO, system (cf. [ 16-201). 

The measurement of oxygen-linked dimer-tetra- 
mer assembly affords a sensitive probe of allosteric 
properties [21-251. Cooperative oxygen binding by 
Hb both promotes a global rearrangement of the 
interface between op dimers within the tetramer 
(i.e., the T -+ R quatemary switch; cf. [ 12,261) and 
also generates quaternary-linked tertiary conforma- 
tional strain that is released by the T + R switch 
[ 16,27-291. In this study, the dependences of 
dimer-tetramer assembly reactions on [NaCl] have 
been determined for Hb molecules at each stoichio- 
metric degree of oxygenation (i = 0, 1. 2, 3, 4). 
Simultaneously, the four tetrameric O,-binding con- 
stants and the two dimeric binding constants have 
also been resolved as a function of [NaCl]. The 
general strategy employed here [21,22] was used 
previously to characterize the subunit interactions 
that regulate oxygen-binding affinity and cooperativ- 
ity over a range of thermodynamic variables, includ- 
ing protein concentration [30], temperature [3 1,321, 
and pH [23,33]. This strategy has also been used to 
elucidate the O,-binding-linked subunit assembly re- 
actions of Hb containing cobalt-substituted hemes 

[34] and. at varying levels of detail, with over 65 
mutant or chemically modified species [29,35-381. 

I. I. Subunit assembly and oxygenation 

The linkage reactions of stoichiometric oxygena- 
tion at the heme sites and the assembly of dimers 
into tetramers are depicted in Scheme (1) 
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Standard free energies AC,,, pertain to reaction 
equilibria represented by the adjacent arrows (see 
Appendix A for exact definitions; see ref. [20] for the 
corresponding system of 10 “ligation microstates”). 
The dashed arrow at the doubly ligated tetramer 
indicates an average over the four configurational 
isomers which contribute to the net assembly free 
energy, G [21]. The values ‘AG, and 3dG, each 
reflect an average over two “microstate reactions” 
(i.e. for initial binding to the IX or p hemesites), and 
%G? and “dG, each pertain to a single reaction. 
Research using O2 analogs (CO, CN) and metal-sub- 
stituted hemes that mimic FeO, [19,20,39-411 has 
reinforced the fundamental discovery [24] that spe- 
cific configurational isomers of the doubly ligated 
species can have very different cooperativity proper- 
ties (cf. [ 16,25,42]). Nevertheless, elucidation of the 
linkages between O? binding and subunit assembly 
at the stoichiometric level provides important con- 
straints and insights into mechanistic issues that must 
be compared with the more detailed behavior re- 
solved by the oxygenation analogs, 

Resolution of the dependences of parameters in 
Scheme 1 on an appropriate set of linked variables 
permits the multiple equilibrium processes that com- 
prise the Hb allosteric mechanism to be deconvo- 
luted at each of the four O,-binding stages. This 
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strategy is based on the following rationale 
[2 1,22,36]. (1) Oxygenation-induced interactions that 
generate cooperativity within the Hb molecule are 
decoupled by dissociation of the tetramers into 
dimers. (2) The difference Sdi between assembly 
free energy of a tetramer with i bound oxygens and 
that of the unligated molecule measures the contribu- 
tion of subunit interactions which accompany bind- 
ing of the i oxygens onto the tetramer’s (Y and B 
subunits. In principle these cooperativity effects could 
be determined either as differences in successive 
binding constants or, reciprocally, as differences in 
successive dimer-tetramer assembly constants (cor- 
rected in each case for the appropriate statistical 
factors). The “cooperative free energies” Shi (also 
termed “regulatory energies,” cf. [36]), which may 
be determined by subunit assembly measurements, 
will include contributions from the tertiary and qua- 
ternary structural transitions that accompany ligation, 
and from any changes in solvent interactions or in 
O,-linked binding of heterotropic ligands (Bohr pro- 
tons, CO,, DPG, and chloride). The net free energy 
AC,, for binding i oxygens to the tetramer may thus 
be represented as: 

AC,, = (AG)4i + S,i (2) 
where ( AG)4i is a free energy arising from the 
intrinsic site binding constants k, and k,, averaged 
over all configurations of occupied heme sites when 
i oxygens are bound (defined below for the various 
cases by Eqs. (5a), (5b), (5~)~ (5d), (5e1, (5f), (5g) 
and (5h)). The binding constants of dissociated 
dimers have frequently provided a practical means of 
evaluating ( AG)di [21,22]. 

1.2. Relationships to the binding isotherms and other 
cooperativity parameters 

The relationships between Eq. (2) and parameters 
of the linkage Scheme 1 can be specified by consid- 
ering the nested thermodynamic cycles, which each 
include ‘AC, and one of the successive ‘AG, terms 
(i = 1, 2, 3, 4) with the appropriate combinations of 
binding free energies on the left hand and right hand 
sides of each cycle. 

Transformation of the free energy terms in Scheme 
1 into standard equilibrium constants [i.e., K = 
exp( - AG/RT)I yields 

Kdi = Edi exp( - 6,JRT) (3) 

where Kai is the standard Adair binding constant for 
reacting i oxygens with heme sites on the Hb te- 
tramer (cf. [43,44]) and Kdi is the pertinent combi- 
nation [36] of k, and k, values (given explicitly in 
Eqs. (5a), (5b), (5c), (5d), (5e), (50, (5g) and (5h) 
below). By path independence of free energy, the 
ratio K,JKdi for each of the nested cycles will 
equal iK7/ OK,, so that 

iK,/ OK, = exp( - S,,/RT) (4) 

Then, defining iK, = iK,/ OK,, the Adair constants 
Kai (i.e., uncorrected for statistical factors) are trans- 
formed into Eqs. (5a), (5~) and (5e) and Eq. (5g) for 
the general case, or alternatively into Eqs. (5b1, (5d) 
and (5f) and Eq. (5h) when the dimeric sites have 
identical intrinsic binding affinities: k, = k, = k,. 

K,, = (2k, + 2kp)(‘K,) (5a) 
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KM = (kd)4(4Kc) (5h) 

These relationships show explicitly how the free 
energy costs of tetrameric cooperativity which are 
“paid” at the stoichiometric binding reactions may 
be evaluated through experimental determinations of 
iK, and OK,. The stoichiometric cooperativity pa- 
rameters may thus be found by determining the 
assembly free energies of linkage Scheme 1, as Eq. 
(4) may be written 

13,~ = - RT ln(‘K,) (6) 

An important issue is the relationship of these 
cooperativity parameters to the standard tetrameric 
binding isotherm r,: 

r4 = 
K,,x+ 2K4,x2 + 3K,,x3 +4K,,x” 

4(1+K4,x+K42x2+K43~3+K44~4) (7) 



214 M.L. Doyle et al./ Biophwical Chemistyv 64 (1997) 271-287 

where x is the O2 concentration (cf. [43,44]). By use (Y and B subunits have the same intrinsic affinity k, 
of Eqs. (5a), (5b), (5~1, (5d), (5e), (5f1, (5gl and (as found with the dissociated dimers over a wide 
(5h), this isotherm may be formulated explicitly in range of conditions) the tetramer binding isotherm 
terms of the free energy costs of cooperativity. When can be written 

r = (‘K,)(Q) + 3(2K,)(kdX)2 + 3(3~,.)(~~x)3 + (4K,.)(kdX)4 

4 1 + 4(‘K,)( k,x) + 6(‘K,)( k,x)’ + 4(3K,.)( k,~)~ + (“K,.)( k,~)~ 
(8) 

Extension of these functions to account for the 
composite binding isotherm of the linked dimer-te- 
tramer system (Eq. (Al)) is accomplished by noting 
that the dimeric polynomials of Appendix Eq. (Al) 
will be: Z,= l+k,x+(k,~)~, and Z;=k,x+ 
2(k,xj2. Likewise, the Hill coefficient nH for the 
tetrameric species (Eq. (A7) or Eq. (A8)) may be 
readily calculated as a function of the stoichiometric 
cooperativity parameters iK, along with the intrinsic 
affinity k, by substituting Eq. (8) into Eq. (A8). The 
Hill coefficient, traditionally taken from an O,-bind- 
ing isotherm at half-saturation r = 0.5, or at its 
maximal value nu max provides only minimal infor- 
mation on the system’s cooperativity compared with 
a resolved set of the four Adair constants K,, [43,44]. 
These constants in turn provide much less informa- 
tion than the nine site-specific constants for binding 
or assembly (cf. [20]). 

Each S4i reflects the gain or loss in “strength of 
interaction” between the olB’ and 02B2 dimeric 
units that are globally reoriented in the O,-driven 
T + R quatemary switch [12,26,74,75]. A deter- 
mined set of S4j values (i = 1, 2, 3, 4) thus reveals 
how much the free energy of dimer-dimer associa- 
tion is altered (and in what direction) at each of the 
four oxygen-binding steps. This perspective on the 
molecular interactions that contribute to cooperativ- 
ity bears a complementary relationship to the (equiv- 
alent) view in which ratios of the (normalized) Adair 
binding constants ( K4JK4 i) have traditionally been 
used to define the cooperativity sequence. As shown 
by Eqs. (3) and (4), the two approaches are entirely 
equivalent, but they emphasize different facets of the 
same phenomenon. It is thus important to recognize 
that cooperative free energies S4i determined from 
oxygenation-induced changes in subunit association 
need not reflect solely the structural alterations at the 
subunit interfaces: in principle they may also reflect 
structural alterations at ligated heme sites distant 

from the interfaces, or alterations propagated through 
the tertiary structures of the oxygenated subunits. 

2. Materials and methods 

2.1. Materials 

Human HbA, was purified from hemolysates of 
freshly drawn blood (MLD) by the method of 
Williams and Tsay [45], which removes organic 
phosphates and minor Hb components by DEAE 
anion exchange. The final HbA, preparation con- 
tained 1.0% oxidized hemes, based on spectral 
changes upon addition of KCN. All measurements 
were performed in 0.1 M Tris base, 1 r&l Na, EDTA 
at 2 1.5”C, pH 7.40, and specified [NaCl]. Here [NaCl] 
refers to the concentration of chloride needed to 
titrate the Tris base buffer to pH 7.4 (0.08 M) plus 
an amount added as [NaCl]. Human haptoglobin type 
2-2 was purified as described [46,47]. 

2.2. Deoxy dimer-tetramer association rates 

The equilibrium constant OK, for dimer-tetramer 
assembly of deoxy Hb was determined from mea- 
surements of the forward and reverse reaction rates. 
Association kinetics of the dimers were measured by 
the rapid-mixing procedure of Kellett and Gutfreund 
[48]. As the dilute oxygenated solutions of Hb con- 
tained mixtures of tetramers and dimers, mixing 
them with deoxygenated buffer containing 0.2-0.4% 
sodium dithionite scavenges the O,, leading to a 
rapid deoxygenation of Hb (t,,, = 30 ms). This is 
immediately followed by net assembly of dimers into 
tetramers, since the association equilibrium constant 
for deoxy tetramers is much larger than that of 
oxygenated species. This deoxy assembly reaction is 
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monitored in the Soret band at 430 nm. Dimer-tetra- 
mer association kinetics obey the following inte- 
grated second-order rate law (cf. [47,49]) 

AA 
A,=A, - 

D,k,t + 1 

where A, and A, are the absorbances at respective 
times I and infinity, AA is the observed amplitude 
of reaction (A, - A,), and k, is the forward rate 
constant for dimer-tetramer assembly ‘. At the start 
of second-order assembly, the dimer concentration 
D, is governed by the equilibrium constant, 4K,, for 
assembly of fully oxygenated tetramers and by the 
total Hb concentration, P, 

D, = 
‘ 

By Eqs. (9) and (lo), the ratio AA/A, is directly 
proportional to the fraction f, of Hb in dimeric form 
at the initial condition of each experiment ‘. The 
relationships in Eq. (9) and Eq. (10) provide a means 
of testing the kinetic reaction model for subunit 
assembly, as 4K, was measured independently by 
median analysis of the binding isotherms [22,50]. 
Our kinetically derived results were nearly identical 
with 4K, values from high-precision osmotic pres- 
sure measurements (Table 3) over the same [NaCl] 
range [51], and also with results from analytical gel 
chromatography [33]. 

2.3. Tetramer-dimer dissociation kinetics of deony- 
Hb 

Dissociation rate constants were measured by the 
haptoglobin technique [37,46,47]. Solutions of Hb 

’ This reaction follows the second-order expression 
1 1 

“ft=ie 0 

where D, and D are dimer concentrations at the initial time 
(t = 0) and at time t, respectively. The fraction f2 of Hb in 
dimeric form at the initial condition of each experiment is 
D&AA/A,], so that D,k,t =(A,/AA)- 1,which is equivalent 
to E&. (9). 

*This proportionality constant accounts for the difference in 
extinction between dimers and tetramers divided by the extinction 
coefficient of tetramers, (eT - ??D)/eT (approximately 0.10 at 
430 nm). 

and haptoglobin were deoxygenated for 1 h inside an 
anaerobic chamber (Coy Laboratories). Dithionite 
(sodium hydrosulfite, or Vertex D, from Hoechst 
Celanese) was added to the Hb solution to 0.01% 
w/v immediately prior to filling each side of a split 
cell mixing cuvet. The glass-stoppered cuvet was 
sealed inside the anaerobic chamber with deoxy- 
genated stopcock grease. Reaction was initiated by 
manual mixing, and N, (g) was continually flushed 
over the glass stoppers to prevent diffusion of oxy- 
gen into the cuvet. Time courses monitored at 430 
nm by a Cary 219 spectrophotometer followed the 
first-order rate equation 

A,=A, + (A, -A,)exp( -k,t) (11) 

where absorbances A,, and A, pertain to initial and 
infinite times, respectively, and k, is the rate con- 
stant for tetramer-dimer dissociation. The ratio of k, 
(Eq. (9)) to k, provides a determination of the 
equilibrium constant OK, for dimer-tetramer assem- 
bly of the unligated species. 

2.4. Oxygen binding 

Oxygen-binding isotherms were measured with a 
continuous-flow spectrophotometric method ([30,52]; 
see [23] for protocols of the present study). The Hb 
sample was equilibrated in the cell against humidi- 
fied 0, at one atmosphere pressure. Deoxygenation 
was effected by flushing the stirred sample with 
humidified N, gas (Linde O,-free grade). Fractional 
saturation by 0, was monitored with a Cary 4 
spectrophotometer at h = 415 nm for 5.77 pM heme 
(or lower), at h = 600 nm for 80 pM (or above) and 
at 415 nm for the remaining data. Temperature in the 
sample cell was regulated within f0.02”C by a 
Tronac PTC-36 temperature controller (Tronac, Inc., 
Orem, UT), and was determined by a thermistor 
probe-linked digital thermometer (Cole-Parmer 
8502-20). 0, activity was measured with a Beckman 
39065 0, electrode probe with a Nicolet model 3091 
digital oscilloscope. Absorbances versus 0, activity 
were sampled in equal logarithmic increments of the 
latter. These measurements were in the range below 
2.0 AU. Accuracy of the Cary 4 spectrophotometer 
was determined to be at least 0.15% relative error at 
4.17 AU based on gravimetric dilutions of dissolved 
potassium chromate [53]. 
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Multiple-wavelength 0, equilibrium curves were 
measured at 0.70 M [NaCl] with the Cary 4 instru- 
ment by scanning 50 nm wavelength segments (either 
from 390 to 440 nm or from 550 to 600 nm) at I5 
nm ss’ while collecting absorbance data in intervals 
of 1 nm. This scan rate was verified not to skew the 
sharpest of the Hb absorbance peaks (oxygenated, 
415 nm) to within spectrophotometric noise at 1 AU. 
Each scan was completed within 3.4 s, so the mean 
0, activity reading of the electrode (over the 50 
values measured during each scan) could be taken as 
the pertinent value for each wavelength in a given 
scan. Scans were performed once per minute until 
the sample was essentially deoxygenated. The data 
matrix for each O? equilibrium curve, consisting of 
approximately 40 O2 activities X 50 wavelengths, 
was then analyzed by singular value decomposition 
(see [54-571). Results of these analyses indicated 
only a single transition, so that no spectral intermedi- 
ates were taken into account during subsequent anal- 
yses. The first columns of each of the “V” matrices 
were globally analyzed for subunit assembly and 
O,-binding free energies, as in the single-wavelength 
absorbance data at the other salt conditions of this 
study. The observation of only a single optical transi- 
tion under the conditions of this study is not incon- 
sistent with previous findings of multiple transitions 
at lower wavelength with samples containing IHP 
[56]. 

While oxidation of hemoglobin samples was min- 
imized by use of an enzymic reductase system [58], 
the typical accumulation of oxidized Hb during the 
entire deoxygenation-reoxygenation process was 
l-2% (corresponding to the expected levels of irre- 
versible denaturation over the prolonged stirring of 
dilute Hb samples in this experiment). Reversibility 
was evaluated by comparing deoxygenation and re- 
oxygenation absorbance traces: these showed return 
to the initial absorbance to within l-2% of the total 
absorbance change. 

2.5. Analysis strategy 

Global regression analysis of the oxygenation 
isotherms determined over a range of Hb concentra- 
tion was governed by Eq. (12) 

A(Xi)=A,+(A,-A,)Y(X;) ( 12) 

where A(Xi) is the ith observed absorbance value at 
OZ activity Xi, Y(Xi) is fractional saturation at Xi 
(Appendix Eq. (Al)); A, and A, are the asymptotic 
absorbance values for zero and infinite O2 activities, 
respectively. 

The functional form of the fitting equation for ? 
(Eq. (Al )> contains the Gibbs free energies corre- 
sponding to equilibrium constants K,, , KJ2, K,,, 
4K2, and kz2. Although independent sets of thermo- 
dynamic linkages sufficient to define Scheme 1 may 
be chosen according to multiple combinations of 
parameters [22], the combination used in the present 
study was chosen for convenience of the data mea- 
surement sequence to allow independent analysis of 
the O,-binding equilibrium and also the deoxy- 
genated dimer-tetramer assembly free energy, OdG, 
Thus, equilibria involving the deoxy dimer (OK, and 
k,,) were fully determined from conservation of 
energy imposed by resolved values of the above 
fitting parameters and the independently measured 
value of OK?. It is of particular interest that the first 
and second O,-binding steps of the ol3 dimer were 
determined by essentially independent measure- 
ments. This approach affords the most explicit tests 
to date of cooperativity for the dissociated dimers. 

Following regression analysis, the data were also 
converted to r values for illustrative purposes. 
Least-squares analyses utilized the program NON- 
LIN [59], which employs a modified Gauss-Newton 
algorithm to find most probable values of the ad- 
justable parameters, and evaluates the upper and 
lower confidence limits by searching variance space 
for an F-statistic corresponding to 67% confidence 
limits [22,59]. Standard errors were propagated for 
all parameters not directly fitted (cf. [60]). Data 
points were weighted equally in terms of absorbance, 
based on extensive analyses of this specific fitting 
problem [6 1,621. 

Median ligand activities (Appendix, Eq. (A5)) 
were determined by first fitting the data for each 
isotherm to a series of multiple-order binding poly- 
nomials. It was found that an empirically determined 
fourth degree polynomial function provided adequate 
initial description of each O2 equilibrium curve for 
accurate determination of its median value. Exten- 
sive simulation and analyses indicated no loss of 
accuracy using these functions for median positions, 
whereas the Adair constants, which are sensitive to 
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curve shape, necesssitated use of the refined 
isotherms. 

2.6. 0, solubilities 

The solubility of O2 in water depends strongly on 
NaCl concentration; conversions from O2 partial 
pressures to molarities of dissolved O2 were made 
with the following Henry’s law constants [63,64]: 
1.81 X 10e6 (0.08 M NaCl), 1.66 X 10m6 (0.35 M 
NaCl), 1.49 X lop6 (0.70 M NaCl), and 1.21 X lop6 
(1.40 M NaCl). 

3. Results 

3.1. Parameters for dimer-tetramer assembly of de- 
oxy-Hb 

Fig. 1 shows representative second-order plots for 
the time courses of deoxy dimer-tetramer assembly 
from stopped flow experiments at the [NaCl] values 
employed in this study. Inverse fractions of the 
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Fig. 1. Second-order plots for kinetics of dimer-tetramer assem- 
bly at various NaCl concentrations: 0.08 M (01, 0.18 M (0 ), 
0.35 M (A), 0.70 M (0) and 1.4 M CM). Heme concentrations 
were 8.20, 7.90, 5.99, 7.81 and 6.00 FM. respectively. Data 
plotted vs. time are the inverse fraction of Hb dimers, l/fi. 
calculated as l/f? = [AAm(eT - cD)/cT]/(A, - A,). Lines rep- 
resent best-fit second-order rate constants (Table 1) obtained by 
fitting absorbance data to Eq. (9). Bars show relative error arising 
from transformation of absorbance data into the second-order plot. 
and correspond to a constant spectrophotometric noise of 0.0001 
AU. Conditions: 0.1 M Tris base, 1 mM Na2EDTA, 21S”C and 
pH 7.40, with additional NaCl to obtain the concentrations given 
above. 

dimeric species l/f2 were calculated by Eqs. (9) 
and (10) as the absorbance ratio AA/A,, multiplied 
by the spectral range factor (see Materials and meth- 
ods, Section 2). Table 1 lists the best-fit second-order 
rate constants k, for dimer-tetramer assembly ob- 
tained by fitting to Eq. (9) at each NaCl concentra- 
tion. 

The protein concentration dependences of ampli- 
tudes from the dimer-tetramer assembly kinetics 
(data points) are shown in Fig. 2 together with the 
initial fractions “fZ of dimeric Hb (solid curves>. 
These curves were calculated using the equilibrium 
constants 4K2 resolved by median analysis of the 
oxygen-binding isotherms (Section 3.2, below) while 
holding OK2 at its independently determined value in 
each case. Concentration dependences of amplitudes 
for the assembly rate data are seen to be in conform- 
ity with the mass action curves (Fig. 2) that were 
simulated from the independently determined equi- 
librium constants 4K,. Such agreement between 
equilibrium parameters and kinetic data argues that 
both methods are quantitatively reflecting the same 
reaction process [50]. 

Fig. 3 shows the tetramer to dimer dissociation 
reactions as monitored by the haptoglobin kinetics 
method. First-order plots at each [NaCl] were ana- 
lyzed by Eq. (11) to yield the k, values listed in 
Table 1. These rate constants, and the equilibrium 
values of OK2 obtained as ratios of k, values to their 
corresponding k, values, provided the equilibrium 
constants and free energies ‘AC, of dimer-tetramer 
assembly (rightmost column). These results show 
that the stability of the unligated tetramer is altered 
by only 500 cal mol-’ over the [NaCl] range of this 
study, in confirmation of earlier determinations [33]. 

3.2. Overall energetics of subunit assembly and 0, 
binding for dimers and tetramers 

The median partial pressure Xmed for each 
isotherm at a particular Hb concentration measures 
the thermodynamic work of oxygenating all heme 
sites in solution (dimers and/or tetramers). An exact 
relationship defining the heme concentration depen- 
dence of median partial pressures for the composite 
system (Eq. (A5); [22]) was employed to obtain 
values of 4K2 and K,, (the equilibrium constant for 
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Table 1 
[NaCl] dependence of forward and reverse rates for dimer-tetramer assembly of deoxygenated Hb a 

[NaCl]/M /+/CM-’ s-‘) b k,(s_ ‘1 c - RTln(k,/k,)kcal 

0.08 1.2 x IO6 2.1 x loms - 14.51 + 0.2 
0.18 6.0 x 10’ 1.1 x 10-s - 14.47 + 0.2 
0.35 5.0 x 10s 7.8 x 1o-6 - 14.57 * 0.2 
0.70 3.0 x lo5 7.5 x 1o-6 - 14.29 f 0.2 
1.40 2.3 x 10’ 8.8 X 1O-6 - 14.04 f 0.2 

a 0.1 M Tris base. pH 7.40, 21.5”C. 1 mM Na,EDTA. 
b Standard errors on k, are approx. 30%. 
’ Standard errors on k, are approx. 10%. 

overall tetramer 0, binding) while holding OK, at 
the kinetically determined values described above. A 
rigorous analysis of this type is especially valuable 
for highly cooperative, subunit-dissociating systems 
such as human Hb, because it permits the overall 
parameters to be determined accurately prior to the 
more challenging task of evaluating detailed shapes 
of the binding curves by nonlinear global analysis. 

Fig. 4 shows the median partial pressures of O2 
for each salt condition, measured over a range of Hb 
concentration. By means of Eq. (AS), the parameter 
K,, is well determined at any single Hb concentra- 
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AAoo 0.06 0.5 “fi 
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Fig. 2. Correspondence between amplitudes from dimer to te- 
namer assembly kinetics and the initial fractions of dimeric Hb. 
[NaCI] values were: 0.08 M (O), 0.18 M (0 ), 0.35 M (A 1. 0.70 
M (0) and 1.4 M (W ). Solid curves are calculated from dimer- 
tetramer equilibrium constants 4K 2 resolved by median analyses 
according to Fq. (A5)-A7 and the kinetically determined values 
of ‘Ka. The left ordinate is the ratio of the amplitude. AA, for the 
kinetics of dimer-tetramer assembly to the total absorbance dif- 
ference, AA, (Eq. (9)). Left ordinate intersects limiting values at 
low [Hb] giving the fractional change in absorbance at 430 nm 
between pure deoxygenated dimers and tetramers. The right ordi- 
nate is the fraction of dimers, “f2, present in the initial (fully 
oxygenated) state. 

tion, and the parameters 4K2 and OK, are reflected in 
the curvature shown. The lower concentration limit 
for these studies was approximately 500 nM heme, 
and OK2 was determined independently as described 
above. Its value was subsequently held fixed in using 
Eq. (A6) and Eq. (A5) for regression analysis [15] 
via Eq. (A5). The resulting parameter estimates for 
K, and 4K2 from fitting the median data in Fig. 4 
were then justifiably used as initial estimates for the 
more detailed global shape analysis described below. 
The free energies AG, = - RT In K,, and 4dG2 = 
- RT ln(4K,) are given in Table 2 along with free 
energies AC, of saturating the dimers. The AG, 
values were obtained by utilizing the path indepen- 
dence of free energies and the determined values of 
%G,, 4dG2 and AG4. It can be seen (Table 2) that 
the effect of [NaCl] on dimer affinity is very small, 

-0.6 

1 

0 20 80 100 

Fig. 3. First-order plots of Hb tetramer-dimer dissociation kinet- 
ics at [NaCl] values: 0.08 M (0 ), 0.18 M (0 ), 0.35 M (A ), 0.70 
M (0) and 1.4 M ( W). Lines represent best-fit parameters from 
Eq. (I 2). Conditions as in Fig. 1, Protein concentrations were 2-4 
(LM heme. Human haptoglobin type 2-2 was used in 2-fold 
excess. 
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Fig. 4. Dependence of median O2 partial pressure, X,,, (Torr 
units). for oxygenation as a function of Hb concentration. f,, at 
[NaCI] values: 0.08 M (0). 0.35 M f A ), 0.70 M (0) and 1.4 M 
f W ). Solid curves show best fit regression analyses to Eq. (A5). 

with a slightly higher affinity at the highest salt 
level. Also tabulated are the total cooperative free 
energies 4dG, over all four stages of 0, binding. 
This quantity, which measures the total free energy 
cost for binding 0, to tetramers (relative to that of 
the non-cooperative dimers), is significantly in- 
creased by higher [NaCl]. 

3.3. Energetics of 0, binding and subunit assembly 
for partially oxygenated species 

Equilibria involving the intermediate oxygenation 
stoichiometries (Scheme 1) were determined for each 
[NaCl] by simultaneous fitting of the binding curves 
measured over a range of Hb concentration (Eq. (12) 
and Al). Fig. 5 shows a representative set of oxy- 
genation isotherms for 0.70 M chloride. Best-fit 
parameters from analyses of similar data series, each 
taken over a range of [NaCl], are summarized in 

Y 
0.6 

0.02 I I I I I 

-0.021 '.. 
-6 

log O$nolar 
-4 

Fig. 5. Binding isotherms (top) at Hb concentrations (right to left): 
166 PM, 68.1 (LM, 34.7 FM, 17.5 (LM. 8.80 FM, 4.12 FM, 1.85 
FM and 1.17 FM heme. Conditions: 1.40 M NaCl. 0.1 M Tris 
base, 1 mM Na2EDTA, 21.5”C and pH 7.40. Every fifth data 
point is plotted. Thick curves depict isotherms calculated for pure 
dimers and tetramers. Other curves represent best fits to Eq. (12) 
for each total concentration of Hb. Bottom: Residuals in ? units 
for the global fit of 16 isotherms to Eq. (12). Every fifth residual 
is plotted. Square root of the variance for the global tit was 
0.00586 in r units with 4717 degrees of freedom. 

Table 3. Uncertainties are reported as standard er- 
rors, including cases where the confidence intervals 
were highly asymmetric, such as with AG4? (espe- 
cially at high salt) and AG,, (especially at low salt): 

Table 2 
Overall O,-binding and assembly properties of Hb at various salt concentrations determined by median analysis a 

[NaCl]/M ‘AC2 b 4AG, ’ AC, ’ AC, d ‘AC, 

0.08 - 14.51 - 8.52 * 0.3 - 27.48 f 0.10 - 16.74 5.99 * 0.4 
0.18 - 14.35 -8.05 f 0.1 -27.10*0.10 
0.35 - 14.57 -7.30 f 0.1 -26.29 f 0.10 
0.70 - 14.29 - 6.35 + 0.2 - 25.95 f 0.15 
1.40 - 14.04 -5.88 + 0.1 - 26.03 f 0.10 

a 0.1 M Tris base, pH 7.40, 21.5”C, 1 mM Na,EDTA. All free energies in kcal. 
b From the determined rate constants of the forward and reverse reactions. 
’ Determined from regression analysis on Eq. (A5). 
d AG, = 1/2(‘AG, + AC, -4AG2) 

- 16.69 6.30 + 0.2 
- 16.78 7.27 * 0.2 
- 16.95 7.94 + 0.3 
- 17.20 8.16 f 0.2 
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Table 3 
Salt dependence of intrinsic O,-binding and subunit assembly free energies ’ 

(A) Dimer-tetramer assembly free energies, AC’, , for tetramers with i oxygens bound/kcal 

[NaCI] ‘AGz ‘AC; ? 
AC; 3G> ‘AC2 “aG, ’ 

0.08 - 14.51 f 0.2 -11.6050.3 - 8.38 * 0.5 - 7.35 f 0.6 d -8.55*0.1 -8.7 f 0.1 
0.18 h - 14.35 f 0.1 -11.4850.2 -8.68 * 1.3 - 7.21 * 0.4 - 8.05 f 0.1 -8.OkO.l 
0.35 - 14.57 f 0.2 - 11.43 f 0.3 - 8.08 i 0.5 -6.51 +0.5 -7.30+0.1 -7.3 + 0.1 
0.70 c - 14.29 f 0.2 -11.05f0.3 - 7.38 k 0.6 - 6.08 f 0.5 - 6.40 f 0.1 -6.8 + 0.1 
1.40 - 14.04 + 0.2 - 11.06 + 0.3 -7.09 i 1.6 - 5.80 + 0.4 - 5.85 f 0.2 -6.1 +O.l 

(B) Changes in assembly free energy, 6AG:,, between tetramers with i and j oxygens bound/kcal 

[NaCll iSAG’,, SAG: 1 SAG:, 6AG,,, 

0.08 -2.91 f 0.3 -4.25 f 0.7 d +1.20*0.6d - 5.96 f 0.2 
0.18 b -2.91 + 0.1 - 4.80 f 0.4 + 0.83 * 0.4 -6.28 f 0.1 
0.35 -3.14 f 0.2 - 4.92 f 0.6 + 0.79 + 0.5 -7.17*0.2 
0.70 c - 3.24 + 0.2 - 4.97 * 0.6 + 0.32 * 0.5 - 7.89 + 0.2 
1.40 - 2.98 k 0.3 - 5.26 + 0.6 + 0.05 f 0.4 -8.19+0.2 

(C) Free energies, AC:,, for the ith tetramer oxygenation step and total free energy for four oxygens 

[NaCl] AC:, /(kcal/Oz) AG&/(kcal/Oz) AG;,/(kcal/O,) AG;,/(kcal/O,) AGJ(kcal/40z) 

0.08 -5.29 f 0.1 - 5.30 + 0.4 - 7.20 f 0.8 - 9.72 k 0.6 d - 27.48 f 0.1 
0.18 b -5.43 f 0.1 -5.54 + 1.3 -6.96 f 1.1 -9.16 f 0.4 -27.10*0.1 
0.35 -5.20fO.l - 4.98 f 0.5 - 6.88 + 0.7 -9.12 f 0.5 -26.17 + 0.1 
0.70 c -5.16 kO.1 - 4.79 * 0.5 li - 7.09 f 0.6 d - 8.78 f 0.4 -25.82 + 0.2 
1.40 -5.44+0.1 -4.72 f 0.5 d -7.14f0.6 d - 8.74 f 0.3 - 26.03 f 0.2 

(D) Combined oxygenation energies for the two intermediate stepa/(kcal/202) 

[NaCIl AC& + 31 

0.08 - 12.50 + 0.6 
0.18 ’ - 12.50 + 0.4 
0.35 -11.86+0.5 
0.70 c -11.88*0.4 
1.40 - 11.86 f 0.3 

(E) Free energies, AC;,, for the ith oxygenation step of the dimer, total free energies for binding two oxygen& and free energies of 
quatemary enhancement at the fourth binding step 

[NaCl] AC;, /(kcal/O,) AG&‘(kcal/Oz) AGz/(kca1/20,) Quaternary enhancement/kcal/O,) 

.08 - 8.20 + 0.2 - 8.52 f 0.2 - 16.72 + 0.1 1.35 f 0.6 
0.18 ’ - 8.35 + 0.2 - 8.35 f 0.2 - 16.69 f 0.1 0.81 f 0.4 
0.35 - 8.34 k 0.2 - 8.33 + 0.2 - 16.67 f 0.1 0.73 f 0.5 
0.70 c - 8.40 k 0.2 - 8.46 + 0.2 - 16.86 f 0.1 0.36 + 0.4 
1.40 - 8.42 f 0.2 - 8.69 i_ 0.2 -17.11 50.1 0.14 * 0.3 

’ 0.1 M Tris base, pH 7.40, 21.5”C, 1 mM Na:EDTA. Free energies are corrected for statistical degeneracy (Mills et al. [30]). 
b Values from Chu et al. 1231. 
’ From analysis of multiple wavelength O2 equilibrium data (see experimental procedures). 
d Confidence intervals for these cases are highly asymmetric (see Results, Section 3). 
’ Determined by osmotic pressure measurements (Schonert and Stoll [5 I]). 

in these cases the lower negative confidence limit 
may not be determined, but the upper negative limit 
is well determined within the standard errors re- 
ported. Typically lo- 12 isotherms were measured 

over a range of Hb concentration, and one or two of 
them were discarded as outliers based on examina- 
tion of residuals from the global fit. 

Close examination of the residuals for individual 
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isotherms indicated only small deviations (approxi- 
mately 1% of total heme site concentration). These 
deviations were easily accounted for by the probable 
amounts of methemoglobin formed at intermediate 
extents of oxygenation. In order to explore whether 
bias error originated from equilibrium curves moni- 
tored at particular wavelengths, we also measured 
equilibrium curves as multiple wavelength isotherms. 

Fig. 6 shows the stoichiometric tetramer binding 
free energies (corrected for statistical factors) versus 
the logarithm of [NaCl]. It is seen that: (a) the 
affinity for the first 0, is very similar at each salt 
concentration; (b) the affinity increases dramatically 
upon binding the third, and subsequently the fourth, 
oxygen; and (c) the fourth 0, binds with higher 
affinity than that of dissociated dimers. This 
“quaternary enhancement” effect (i.e., where as- 
sembly of the quatemary tetramer is accompanied by 
an enhanced binding affinity at the fourth step, cf. 
[32]) is seen to be dependent on salt concentration. 
The maximal quatemary enhancement (i.e., 1.2 kcal) 
occurs at 0.08 M NaCl and corresponds to an eight- 
fold larger binding affinity for the assembled te- 
tramer compared with the dissociated dimer. The 
quaternary enhancement effect is seen to be 
“titrated” by increasing salt, reaching a negligible 
value at 1.4 M. 

The relationships between oxygen-binding stoi- 
chiometry and alterations in assembly free energy 
are displayed directly in Fig. 7. A progressive reduc- 
tion of the dimer to tetramer energies is seen upon 

-1.2 -0.9 -0.6 -0.3 0 0.3 
log [NaCl]/molar 

Fig. 6. Intrinsic oxygen-binding free energies versus logarithm of 
[NaCI] for tetramers: first step (01, second step (A), third step 
( A ), and fourth step ( ??). For dimers, (0) is the mean free energy 
per Oa-binding step. 
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Fig. 7. Dimer-tetramer assembly free energy versus number i of 
oxygens bound at [NaCl] values: 0.08 M (0). 0.18 M (0). 0.35 
M (A), 0.70 M (0) and 1.4 M (m). Line slopes for the fourth 
binding step show affinity reversal of dimer assembly (quaternary 
enhancement) at [NaCl] values of this study. 

stepwise oxygenation at low saturations for each salt 
condition. Upon binding the last oxygen, however, 
the tetramer is stabilized at low [NaCl]. This effect is 
diminished with increasing salt until it becomes neg- 
ligible. It follows that the 0, affinity at the last 
binding step of the tetramer is correspondingly en- 
hanced relative to that of the dissociated dimer at 
low NaCl concentration. These reciprocal manifesta- 
tions of quaternary enhancement depicted in Figs. 6 
and 7 have been found for 0, binding to normal Hb 
under a variety of conditions (see Section 4, Discus- 
sion). 

3.4. Cooperatiuity within dimers and tetramers 

Dimers were found to bind OZ with no significant 
cooperativity for all conditions in this study (see 
values listed in Table 3). These findings are consis- 
tent with a wide range of earlier results [30- 
33,37,38,61,62,75]. 

Cooperativity within the tetramers at each [NaCl] 
is portrayed in Fig. 8 as the “Hill slope” (i.e., the 
Hill coefficient) nn (Eq. (A9)) plotted against frac- 
tional saturation Y,. It is seen that the highest values 
of this function are achieved at the lowest salt con- 
centration, i.e., a maximal nH of 3.6 was found at 
0.08 M NaCl. 
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Fig. 8. Maximum slope nn of the Hill plot versus fractional O? 
saturation of pure tetrameric Hb at NaCl molarities indicated. 
Maximum Hill slopes are: 0.08 M. 3.61; 0.18 M, 3.38: 0.35 M, 
3.43; 0.70 M, 3.40: and 1.4 M, 3.25. 
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Fig. 9. A: Populations of tetramers with i ligands bound as a 
function of 0, saturation. Conditions are as in Fig. 1 with NaCl 
concentrations of 1.40 M (solid curves) and 0.08 M (dashed 
curves). 

3.5. Effects of [NaCl] OFI populations of tetrameric 
species 

Fig. 9 depicts the relative abundance fdi of te- 
trameric species each having i bound oxygens. The 
dependence of these distributions on salt concentra- 
tion is illustrated by the differences between solid 
and dashed lines representing [NaCl] values of 1.4 M 
(solid lines) and 0.08 M (dashed lines). The effect of 
salt is to increase the populations of intermediate 
oxygenation species (i = 1, 2, 3) relative to the 
unligated and fully occupied tetramers. The in- 
creased suppression of intermediates arising from 
lowered [NaCl] is also reflected in the higher values 
of the Hill slope nH plotted in Fig. 8. 

4. Discussion 

A major benefit of explicitly analyzing the link- 
ages between oxygenation and subunit assembly lies 
in the additional reliability gained from resolving the 
system’s cooperative interactions in multi-dimen- 
sional reaction coordinates. The experimental ap- 
proach is based on four independent techniques in 
which kinetic and equilibrium measurements of sub- 
unit assembly are combined with concentration de- 
pendence of oxygen-binding isotherms. A full ac- 
counting for the tetramer dissociation at each degree 
of 0, binding provides a built-in “correction” for 
the amplified distortions in apparent tetramer binding 
constants that can arise in data fitting procedures 
which may ignore even small populations of dimers 
in combination with the necessarily small popula- 
tions of partially ligated tetramers (see [78]). The 
indeterminate nature of data fitting to cooperative 
O,-binding isotherms in the absence of additional 
dimensions of analysis (e.g., [.5,72,79,80]) led Mar- 
den et al. [81] to conclude that unique affinities for 
partially ligated species ‘may be impossible’. This 
conclusion was in accord with our earliest numerical 
analyses [21,82,22] that led us to develop and exploit 
the Hb dissociation reactions as an explicit dimen- 
sion for analysis. 

4.1. Cooperative free energies 

Whereas Eqs. (Al), (A2), (A3), (A4), (A5), (A6) 
and (A7) (see Appendix A) have comprised the 
fitting functions used in this study for analysis of the 
raw data in relation to parameters of linkage Scheme 
1, Eqs. (3) (4) (5a), (5b), (5c), (5d), (5e), (5f), (5g), 
(5h), (6)-(8) provide an important conceptual 
“translation” of the linkage parameters into ener- 
getic stabilities for tetramers dissociating into dimers 
as a function of the number i of 0, molecules 
bound. The set of cooperative free energies [ ~5,~ = 
- RT lnciK3/ OK,) or, equivalently, 6,; = 

RT ln(K,i/K41)] arguably comprise the most valu- 
able distribution of parameters that can be deter- 
mined from oxygen-binding analysis: once these have 
been determined, their various statistical combina- 
tions (e.g. the traditional Hill parameter n,) may be 
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readily constructed (Fig. 8) for statistical characteri- 
zation of the population distributions at intermediate 
degrees of ligation (Fig. 9) as a function of [NaCl]. 

The assembly free energies resolved in the present 
study provide a sensitive probe of cooperativity-lin- 
ked structure changes at the olB’ interface. That this 
interface plays a fundamental role in cooperativity 
has been elucidated by X-ray crystallographic analy- 
sis [lo-12,26,65,66], and by numerous studies of 
functional perturbation using mutation and chemical 
modification (cf. [36,37]). The contributions of 
inter-subunit interaction to the modulation of net 
binding affinity and cooperativity are a reflection of 
the changes in tertiary subunit conformation that are 
driven by the local heme site binding events. Thus, 
although the probes used here to drive the Hb system 
are heme site O2 binding and subunit association, the 
observed free energies of 0, binding also reflect 
contributions from the tertiary and quatemary struc- 
ture changes that are driven by the heme site events. 
Likewise, the measured differences in subunit assem- 
bly energetics at the stoichiometric binding steps 
also reflect the processes of local binding and ter- 
tiary conformation change. The driving factors of 0, 
chemical potential and of Hb chemical potential have 
been employed simultaneously in the present study 
to resolve their heterotropic coupling with respect to 
NaCl. An extension of the present study to control 
the chemical potential of water, e.g. by the use of 
compensating sucrose [8,9,82], should provide addi- 
tional resolution of the salt vs. water linkages. The 
present work provides a foundation for such exten- 
sions. 

4.2. Tertiary constraint and quaternary enhancement 

A determined value of 8,; may reflect energetic 
consequences of O,-induced conformational strain 
within the heme pockets and the “allosteric core” of 
a quaternary T molecule [27]; such strain may be 
released when the molecule switches to an altema- 
tive quatemary structure [28]. Rules for coupling 
between the configurationally specific Hb ligation 
states and the acquisition and release of “tertiary 
constraint” energy have been deduced from studies 
that resolved these properties for the complete set of 
ligation species using a variety of O? analogs 
[16,19,20,29]. 

By contrast, the successive dissociation of O2 
molecules from a fully ligated tetramer (in quater- 
nary structure R or R2) may lead to conformational 
strain that is also relieved upon switching to an 
alternative structure. An experimental basis for this 
concept has been the observation of quatemary en- 
hancement, i.e., an unligated subunit within a te- 
tramer that has an oxy quatemary structure may be 
energetically disfavored compared with having the 
same subunit oxygenated. Thus, the OZ affinity of an 
assembled protein oligomer may be higher than that 
of its dissociated subunits. 

Such an effect is consistent with the finding of 
Szabo and Karplus [67] from their model analysis of 
Roughton’s classical oxygenation data 1681 that 0, 
affinity for the fourth binding step was higher than 
for isolated subunits. The first experimental observa- 
tion of quatemary enhancement in a protein system 
appears to have been made by Nicholas et al. [69]. 
They found that binding affinity of oxytocin or 
vasopressin to the dimers of neurophysin was en- 
hanced compared with the corresponding affinities 
for dissociated neurophysin monomers. A similar 
effect for the O,-linked assembly of Hb B subunits 
into tetramers was discovered independently in two 
laboratories [70,71]. For normal Hb, the analyses of 
data bases which reflected both oxygen binding and 
dimer-tetramer assembly of Hb were found to be 
compatible with the model-independent binding Eq. 
(Al) only if the tetramer affinity for the fourth 0, 
bound was 3-4-fold higher than that of the dissoci- 
ated dimers [31]. This effect, which was termed 
“quatemary enhancement”, has been found over a 
range of temperatures [32] and pH values [23] in 
addition to the salt ranges of the present study. 
Apparent quatemary enhancement was also exhibited 
in the published O,-binding data of Imai and Yone- 
tani [52] and in the data of Di Cera et al. [72], 
although neither dimer affinities nor Hb concentra- 
tion dependences were explicitly determined in those 
studies. 

A very large quatemary enhancement effect has 
been documented for the mutant human hemoglobin 
Ypsilanti Q399 asp + tyr) [38], where enhancement 
is not limited to the last O,-binding step. A “reverse 
order” of the binding and assembly free energies in 
this protein extends over all four steps; fully oxy- 
genated tetramers assemble 170-fold more favorably 
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than their deoxy counterparts. Reciprocally, the Hb 
Ypsilanti tetramer has a higher overall O2 affinity 
than does its dissociated dimer (which binds with 
nearly the same affinity as normal dimers). Quater- 
nary enhancement over all four binding steps had 
also been found in human p4 tetramers vs. their 
dissociated monomers [71]. Additional findings of 
quatemary enhancement have been made with 0, 
binding to human Hb substituted with cobaltous 
hemes in place of ferrous hemes [34], and with CO 
bound to normal Fe hemes in tetramers containing 
unligated cobaltous hemes 1401. 

Arguments against a quatemary enhancement ef- 
fect in Hb were made by Gibson and Edelstein [73] 
on the grounds that rate constants from O,-rebinding 
experiments were interpreted as not requiring a qua- 
ternary enhancement for the equilibrium constant. It 
was claimed that a particular set of linkage parame- 
ters for Scheme 1 might accommodate the concentra- 
tion-dependent binding isotherms of Mills and Ack- 
ers [31,32] without a need for quatemary enhance- 
ment. However, when the set of hypothesized param- 
eters [73] was tested for goodness of fit to the actual 
data the variance of fit was two orders of magnitude 
poorer than the best (unconstrained) fits to the 
model-independent linkage scheme which had re- 
quired the reported quatemary enhancement [3 1,321. 
A subsequent set of the same kinetic parameters 1761 
also showed, by itself, very little evidence of quater- 
nary enhancement. However, simultaneous analysis 
of these data in combination with measurements of 
the other linkage scheme parameters [50] showed 
that values compatible with both the O2 equilibrium 
isotherms and the kinetically derived dimer binding 
constants required both quatemary enhancement and 
significant dimer cooperativity. As the absence of 
significant cooperativity in 0, equilibrium binding 
by the dissociated dimers has been supported by 
numerous studies to date (e.g. [30-33]), it was addi- 
tionally unclear that the estimated fourth-site 07-re- 
binding rates are fully reflective of the equilibrium 
thermodynamic binding free energy. 

It is important to remain concerned over the need 
for reconciling kinetic parameters with those from 
equilibrium thermodynamics, and we have taken 
steps in the present study to address such issues, e.g. 
by demonstrating that amplitudes of the second-order 
assembly rate data conform quantitatively to the 

appropriate mass action law (see Fig. 2), and by 
employing a data analysis strategy that provides 
rigorous assessment of possible dimeric cooperativ- 
ity. It is important to evaluate carefully the robust- 
ness and magnitudes of observed phenomena that 
may be important to the Hb mechanism, even when 
they are difficult to measure. This is especially un- 
derscored by the observation that the entire coopera- 
tivity mechanism of the 574 residue Hb molecule is 
played out within a net free energy of only 6-8 kcal 
-the equivalent of two or three noncovalent bonds! 
We believe that earlier concerns regarding the exis- 
tence of quatemary enhancement should be dispelled 
by (i> the clearcut demonstration that quatemary 
enhancement is required to accommodate the multi- 
dimensional data bases of high resolution oxygen-bi- 
nding equilibrium data in combination with O,-lin- 
ked subunit assembly measurements over a wide 
range of conditions; (ii) its discovery at larger scale 
in the mutant Hb Ypsilanti and in normal Hb j3 
subunits; (iii) the discovery in the present study of an 
eight-fold affinity enhancement (vs. dimer affinity) 
for 0, binding at the fourth tetrameric step of nor- 
mal Hb; and especially (iv) the concomitant finding 
that quatemary enhancement may be titrated essen- 
tially completely by increasing [NaCl]. 

The crystallographic observation that low salt 
conditions may promote fully ligated Hb to adopt the 
R2 quatemary structure [10,11,77] suggests that 
changing [NaCl] might shift the population of quater- 
nary structures between R and R2 for fully ligated 
species in solution [83]. An additional element to this 
scenario, suggested by the nature of the salt depen- 
dence of quatemary enhancement, is that the oxy- 
genated species dominating at low salt (e.g. R2) 
exhibits quatemary enhancement but the species 
dominating at high salt (e.g. R) does not. This would 
be a reasonable hypothesis assuming that crystalliza- 
tion has not introduced structural artifacts. To follow 
this supposition one step further, is the triply ligated 
species predominantly in an R quatemary structure, 
and the fully ligated species in R2? If so, the net 
energetic change accompanying the transition R -+ 
R2 is observed as quatemary enhancement. This is 
not to imply that the presence of quatemary enhance- 
ment requires a quatemary structural transition upon 
ligand binding; cooperativity within the quatemary T 
tetramer occurs without quatemary transition. How- 
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ever, it does seem less likely that “tertiary con- 
straint” would be retained in the more relaxed R or 
R2 structure. Thus, multiple “R-state” structures 
may exist to generate cooperativity in the fourth 
ligand binding step, whereas cooperativity within the 
T structure arises from the generation of tertiary 
constraint at the initial binding step [ 161. 

It is clear from a large body of work that the 
tertiary and quaternary switches that control 
hemoglobin cooperativity may be favored or op- 
posed by non-covalent interactions of the dimer-di- 
mer interface, depending on the ligation state and 
other conditions. Whereas the energetic contributions 
of oxygenation-linked tertiary and quaternary confor- 
mational changes are not amenable to direct mea- 
surement, the present work and related studies on the 
mutual energetics of oxygenation and subunit assem- 
bly offer a useful approach to experimentally defin- 
ing the constraints under which fundamental ele- 
ments of the Hb mechanism operate. This approach 
becomes increasingly valuable as the linkage param- 
eters can be manipulated and explored by varying 
solvent conditions, allosteric effecters, and with al- 
tered hemoglobin structures. 
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Appendix A 

The fractional 0, saturation ? of an equilibrium 
solution of Hb is a function of seven independent 
equilibrium constants [Scheme Cl)], the protein con- 

centration P, (heme units), and the ligand activity 
[Xl. 
- 
Y= 

z;+z~[\/1(z~~2+4~KZZ[P11 -Z,]/(“Z,) 

z, + (Z$ +4OK*Z,[P,] 

(‘41) 

Binding polynomials for dimers (Z,) and tetramers 
(Z,> are 

Z, = 1 + K&C] + Kz2[X]’ 

Z; = K2,[X] + 2 KZz[X]’ 

Z, = 1 + K4,[X] + Kdz[X12 + K4,[X13 + K,,[X14 

Z; = K4,[X] + 2 K,,[X]’ + 3K4,[X13 + 4K44[X]4 

where prime superscripts indicate first derivatives 
with respect to the logarithm of [Xl. The Adair 
equilibrium constants, K,,, refer to equilibria be- 
tween the deoxygenated tetramers (i = 4), or dimers 
(i = 21, and the ligation state with a total of j 
oxygens bound. The stepwise free energies summa- 
rized in Table 3 refer to intrinsic, stepwise equilibria, 
Kij, for binding the jth 0, to a dimer or tetramer 
with j - 1 oxygens already bound, and are calcu- 
lated from the Adair constants and a statistical de- 
generacy term as 

L:i=( i-:+1)(2) (AZ) 

The free energies for the overall binding of four 
oxygens to tetramers or two oxygens to dimers are 
denoted by AG, and AG,, respectively. Dimer-te- 
tramer assembly equilibrium constants are defined 
for the jth ligation state of the tetramer as 

LTXil 
jK2 = [DX,][DX,] (A31 

where k + 1= i and k, I= 0, 1, 2. Likewise, the 
corresponding subunit assembly free energies are 
denoted by ‘AG,. 

The median partial pressure, Xmed, of an isotherm 
is a measure of the chemical work for complete 
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saturation of the macromolecule, and can be found as 
the partial pressure where the areas above and below 
the isotherm are equal [44]. 

{r;‘“uYdln[X] = /[xl=Z (1 - Y)dln[X] 
[Xl = XmeJ 

CA4) 

Median analysis of ligand-linked dimerizing sys- 
tems is especially useful for determining the overall 
subunit assembly and O,-binding energies of the 
system without the need for resolving intermediate 
oxygenated species from a nonlinear curve-fitting 
procedure. The median varies with protein concentra- 
tion P, according to three overall equilibrium con- 
stants: K,, , OK:, and ‘K2 [22,50]. 

where 

(A6) 

(*7) 

The fraction of dimer species for the unliganded and 
fully liganded systems are designated by “f2 and ‘f2 
respectively. 

Statistical averages over properties of the various 
interacting species are readily calculated from their 
experimentally resolved values. For example, it is 
common to discuss the Hill coefficient 12~ as an 
index of cooperativity for the tetrameric binding 
isotherm Y, Eq. (7) (see [431) 

dln[ &/( 1 - y4)] 
nn = 

dln[x] 
(*8) 

(‘49) 

The relationship of Eq. (A9) illustrates, upon substi- 
tuting the right hand side of Eq. (7) for r,, that IZ~ is 
a normalized statistical variance of the tetrameric 
species populations when the mean fraction of occu- 
pied sites is r [43]. Because of the equivalent rela- 
tionship (Eq. (A8)) and its derivative form, nn has 

often been referred to as the “Hill slope”, which, 
like r, is a continuous function of free ligand activ- 
ity [Xl. 
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