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Quaternary Structure Dynamics and Carbon Monoxide Binding
Kinetics of Hemoglobin Valency Hybrids
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ABSTRACT The kinetics of CO binding and changes in quaternary structure for symmetric valency hybrids of human
hemoglobin have been extensively studied by laser photolysis techniques. Both a+3 and a+3+ hybrids were studied with five
different ferric ligands, over a broad range of CO concentrations and photolysis levels. After full CO photolysis, the hybrid
tetramers switch extensively and rapidly (<200 ,us) to the T quaternary structure. Both R -- T and T -- R transition rates for

valency hybrid tetramers with 0 and 1 bound CO have been obtained, as well as the CO association rates for a and , subunits
in the R and T states. The results reveal submillisecond R - T interconversion, and, for the first time, the changes in
quaternary rates and equilibria due to binding a single CO per tetramer have been resolved. The data also show significant
a-13 differences in quaternary dynamics and equilibria. The allosteric constants do not vary with the spin states of the ferric
subunits as predicted by the Perutz stereochemical model. For the af3+CN hybrid the kinetics are heterogeneous and imply
partial conversion to a T-like state with very slow (seconds) R = T interconversion.

INTRODUCTION

There is continued interest in the properties of partially
liganded intermediates in oxygen binding to hemoglobin, as
well as in model systems expected to mimic the properties
of such intermediates. For example, the extensive studies of
various partially liganded hemoglobins by Ackers and co-
workers have revealed the existence of cooperative free
energy levels intermediate between those of the T and R
states, a "symmetry rule" by which changes between qua-
ternary structures depend upon the distribution of ligands
within the Hb tetramer, and the existence of cooperative
interactions between the a and ,B subunits of one ac3 dimer
within the Hb tetramer (for a recent review see Holt and
Ackers, 1995). It is hoped that further studies of such
partially liganded tetramers will provide an even more de-
tailed understanding of how ligand binding triggers the
quaternary T -* R transition and the detailed mechanism(s)
of these phenomena (Daugherty et al., 1991; Perrella et al.,
1990; LiCata et al., 1993; Huang and Ackers, 1995). One
area that has not been extensively explored concerns the
rates of structural and affinity transitions for partially ligan-
ded tetramers. Surprisingly, a number of studies of diligan-
ded tetramers suggest that they have extremely slow R - T
transitions, even though it is generally assumed that such
slow conformational transitions do not occur during 02
binding to Hb A. There is also conflicting evidence about
the tetramer -> dimer dissociation of diliganded species.
The symmetric valency hybrids with cyanide as the ferric

ligand, (a,(3+CN)2 and (a+CNI8)2, were one of the first mod-
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els for diliganded Hb. The early stopped-flow kinetic stud-
ies by Cassoly and Gibson (1972) showed that CO binding
to the deoxy/cyanomet hybrids is heterogeneous, with both
fast and slow binding components, with binding rates sim-
ilar to those for R and T state Hb A. Surprisingly, the fast
"R" component was not due to dimers, because the kinetics
were essentially independent of protein concentration, and
the interconversion between the fast and slow forms was
extremely slow (- 1 s). Further evidence for slow intercon-
version between the R and T structures for these cyanomet
hybrids came from NMR studies (Ogawa and Shulman,
1972) and the rates of tetramer -> dimer dissociation (Nagel
and Gibson, 1972). Slowly interconverting quaternary struc-
tures were also suggested by studies of the aquomet forms
of valency hybrids (Rollema et al., 1978).

Studies of other diliganded intermediates have also
shown evidence of very slow equilibration between R and
T. Both symmetric and asymmetric ferrous Hb tetramers
with two CO's bound have been prepared and studied
kinetically through double-mixing stopped flow by Sharma
and co-workers. They report that all of these diliganded
tetramers exist as mixtures of conformers in slow (seconds)
equilibrium, having CO association and dissociation rates
similar to those of R and T state Hb (Berjis et al., 1990;
Sharma, 1988, 1989). In a detailed analysis of the symmet-
ric forms, they also suggest that (aI3CO)2 and (aCOI3)2,
which are formed by rapid reduction of the aquomet/CO
valency hybrids, are initially capable of rapid R T
conversions but then undergo a conformation change to a
slowly interconverting form (Berjis et al., 1990). Rollema et
al. (1978), who used pulse radiolysis to rapidly reduce ferric
subunits in aquomet/CO valency hybrids, also suggested an
initial rapid R =± T interconversion followed by a change to
a slowly interconverting form.

All of this evidence of slow conformational equilibria in
diliganded hemoglobins is perhaps even more puzzling
when compared to other information about quaternary ki-
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netics. The pioneering studies of R -> T kinetics by Sawicki
and Gibson were fitted to a model in which the binding of
each ligand reduces the R -> T rate by a factor of 2.8, which
implies that the diliganded tetramer has an R -> T rate of
>103 S-1 at pH 9 and >104 s-1 near neutral pH (Sawicki
and Gibson, 1976). Other data support rapid quaternary
kinetics of mono- and triliganded Hb, and a gradual slowing
of the R -+ T rate with ligation, as predicted by both the
Sawicki and Gibson model (Zhang et al., 1990; Ferrone et
al., 1985; Cho and Hopfield, 1979) and a linear free energy
relation model (Eaton et al., 1991). It seems very surprising
that the conformational rates would suddenly fall by -3
orders of magnitude at the diliganded level. We therefore
thought it would be worthwhile to undertake a more detailed
kinetic study of the symmetric valency hybrids, with the
particular aim of resolving the rates of quaternary transi-
tions.

Another important aspect of the kinetic properties of
valency hybrids that has not been explored in detail is the
effects of changing the ferric ligand. Earlier kinetic studies
have used the cyanomet hybrids almost exclusively.
Whereas a low-spin ferric subunit is believed to be a good
stereochemical model for an oxy- or CO-ligated ferrous
subunit, a high-spin ferric subunit is stereochemically inter-
mediate between the ferrous deoxy and ferrous liganded
states. Therefore, changing the ferric ligand on the hybrids
from cyanide to a predominantly high-spin ligand like flu-
oride should shift the properties of the valence hybrids
toward those of a singly liganded tetramer. Indeed, earlier
02 binding (Nagai, 1977; Brunori et al., 1970; Matsukawa
et al., 1981) and spectroscopic studies (Mawatari et al.,
1987; Morishima et al., 1986; Banerjee et al., 1973; Mawa-
tari et al., 1983) show that the aquo- and fluoro-met hybrids
are highly cooperative in ligand binding (Hill's n' 1.5) and
have a higher allosteric constant, L. By systematically vary-
ing the ferric ligand in these valency hybrids, we have been
able to vary the allosteric R T equilibrium by nearly two
orders of magnitude and therefore to explore how these
changes affect the quaternary dynamics and assess whether
the reported slow conformational dynamics occurs only
when L 1. Moreover, changing the ferric ligand allows us
to explore whether this changes only L, or also changes the
R and T state CO binding properties of the ferrous subunits.
By studying how the allosteric constants vary with the spin
state of the ferric ligand, these data can provide a strong,
detailed test of the Perutz stereochemical mechanism of
cooperativity (Perutz, 1979). And by varying the ferric
subunits between a and (3, we can also learn more about a-(3
inequivalence.

Finally, we should note that although we have been
discussing the properties of the valency hybrids in terms of
"R" and "T" states, an additional important question is
whether or not they they have ligand binding properties
corresponding exactly to the R and T states of Hb A, or
instead whether they may occupy an intermediate quater-
nary structure or affinity state and/or the recently discovered
"Y", (or "R-2") liganded quaternary structure (Silva et al.,

1992; Smith et al., 1991). The existence of quaternary
structures intermediate between R and T has been implied
by a number of techniques (Miura et al., 1987; Makino and
Sugita, 1982; Miura and Ho, 1984; Shibayama et al., 1987;
Marden et al., 1986), although the intermediate cooperative
energy level and the symmetry rule mechanism found by
Ackers and co-workers apparently do not require a third
quaternary structure (LiCata et al., 1993; Smith et al., 1987).

MATERIALS AND METHODS

Preparation of valency hybrids
Human hemoglobin AO and its isolated ferrous a and (3 chains were
prepared as described previously (Philo et al., 1981). The symmetric a(3+
and a+,3 hybrids were prepared by mixing the appropriate ferrous (CO)
and ferric (aquomet) subunits using a procedure adapted from that used by
Cassoly (1981). Ferricyanide oxidation was carried out aerobically at room
temperature for >15 min at a heme concentration of -1 mM. A twofold
molar excess of ferricyanide was used to ensure complete oxidation of the
ferric subunit, followed immediately by buffer exchange into 10 mM
phosphate, 1 M glycine, 0.1 mM EDTA, pH 8 buffer using a Sephadex
G-25 column in the cold. (Inclusion of EDTA in all buffers helps to
improve stability of the hybrids' oxidation state.) The ferrous subunits were
then added dropwise atO0, allowed to stand for >15 min, and the mixture
was then exchanged into 10 mM phosphate buffer, pH 7.0, using a
Sephadex G-25 column. For separation of the hybrid from HbCO, metHb,
and unrecombined subunits, this reaction mixture was applied to a 1.5 x 20
cm CM-52 column that had been equilibrated with CO-saturated 10 mM
phosphate buffer, pH 7.0. This column was stepwise eluted with pH 7.3
phosphate, releasing (3 subunits and HbCO, followed by pH 7.5 to release
the hybrid.

For preparation of the a+,B hybrid we also used an alternative method
that does not require separation of a and (3 chains, based on the preferential
reduction of the (B chain of metHb by ascorbic acid (Tomoda et al.,
1978a,b). A solution -1 mM metHb in 20 mM maleate buffer, pH 6, was
first flushed thoroughly with CO, and then 10 mM ascorbate was added at
room temperature. After 50 min the reaction was quickly quenched by
applying the solution to a Sephadex G-25 column equilibrated with 10mM
phosphate, pH 7, in the cold, followed by CM-52 ion exchange chroma-
tography as above. The material prepared by this method behaved identi-
cally to that prepared from isolated chains.

The purified hybrids from the CM-52 column were concentrated under
N2 in an Amicon concentrator; exchanged into oxygenated 50 mM BisTris,
0.1 M NaCl, 0.1 mM EDTA buffer at pH 6.8 on a Sephadex G-25 column;
further concentrated to -400,uM [heme]; and stored frozen under liquid
N2 until needed. (We find that storage in the presence of CO gives
significant reduction of the ferric subunits in less than 1 year.)

The oxidation state of the hybrids was monitored by absorption spec-
troscopy in the visible region. An aliquot of each hybrid prep was first
converted to the carbonmonoxy/cyanomet form, and the resulting spectrum
was compared to a computer-generated sum of reference spectra for the
isolated carbonmonoxy and cyanomet subunits to verify the 1:1 ferrous/
ferric ratio. Subsequently, the ratio of the absorbances at the a and 3 band
peaks for this form was used as a monitor of the integrity of the hybrid
stocks.

Kinetic experiments

Saturation of the hybrids with a ferric ligand other than water was obtained
with 500,uM KCN, 20 mM NaN3, 100 mM KSCN, or 200 mM NaF. The
oxy/aquomet hybrid stock was thawed; the ferric ligand was added as a

concentrated solution in 50 mM BisTris, 0.1 M NaCl, 0.1mM EDTA
buffer; and more buffer was added to reach the desired concentration. The
sample was then briefly spun in a microcentrifuge to remove any precip-
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itated material and transferred to a small tonometer placed in ice on a
shaker table. The desired CO/N2 mixture (100%, 50%, 10%, or 1% CO)
was passed through a gas washing bottle containing 10 mg/ml sodium
dithionite in 1 N NaOH to remove trace 02, then through a second bottle
containing buffer to scrub any gaseous contaminants from the first, and
then through the tonometer and cuvette. After -2 h of equilibration on ice,
the tonometer temperature was raised to 20'C, and after another -30 min
the sample was transferred anaerobically into a water-jacketed quartz
fluorescence cuvette (4 X 10 mm internally) and sealed with a serum
stopper. This procedure was adequate to avoid 02 contamination when the
ferric ligand was F-, SCN-, or H20, but when the ferric ligand was N3-
or CN-, some traces of 02 could be detected kinetically near deoxy/CO
isosbestic points as a slow phase (0.1-1 s) due to 02/CO exchange.
Therefore, for these ligands (and sometimes for others) we added an
oxygen scavenging system consisting of 0.1 units/ml glucose oxidase
(Calbiochem 346385), 100 units/ml catalase (Calbiochem 219261), and 10
mM glucose. The enzymes were added after extensive gas flushing to
minimize the amount of peroxide produced by the glucose oxidase. The
presence of ferric ligands such as cyanide and azide inhibits the enzyme
activity, but does not totally eliminate it at the ligand concentrations we
used. We find that Aspergillus niger catalase is more resistant to this
inhibition than the bovine enzyme. Control experiments verified that these
nanomolar amounts of enzymes produced no interfering optical signals and
that the 10 mM glucose had no effect on the kinetics. Optical spectra were
recorded both before and after the kinetic experiments to monitor for
protein degradation or changes in the ferric/ferrous ratio, but these samples
proved quite stable. Protein concentrations were determined by conversion
to the cyanomet form and by using the standard extinction of 11.0 mM-'
cm- I at 540 nm (Tentori and Salvati, 198 1). CO concentrations were based
on a Henry's law coefficient of 1.32 ,uM/mm Hg, and all CO binding rates
are expressed on a per-subunit basis.

Kinetic data were obtained by laser photolysis, using the optics of a
temperature jump instrument as described previously (Philo et al., 1988),
with a monochromator bandpass of '3 nm. For each sample, data were
recorded at several wavelengths and photolysis levels. At "maximum"
photolysis (see below), data for CO rebinding were recorded at 436 nm, an
isosbestic point for R-T differences in the ferrous chains, and at 366 nm,
where R-T difference spectra contribute significantly to the signal. Maxi-
mum photolysis data were also recorded at two CO binding isosbestic
points. At the -80 ,uM heme concentrations we typically used to minimize
dimer formation, the absorbance at the deoxy-CO isosbestic points near
425 nm is much too high, so we utilized another set near 455 nm, where the
absorbance is much lower (but the R-T differences are still significant).
There are deoxyR_COR isosbestic points at 456.5 and 458.3 nm for a(3+
and a4(3, respectively, and deoxyT-COT isosbestics at 452 and 454 nm. At
these isosbestic points the data at early times reflect primarily the R T
dynamics and at later times reflect ligand binding to the T or R state,
respectively. Thus recording data at all these wavelengths provides a good
picture of both the quaternary and CO binding dynamics.
We were unable to achieve 100% photolysis in all af3+ samples, even

with pulse energies of up to 1 joule. Control in situ experiments at 436 nm
comparing kinetic signals with static differences between deoxyHb and
HbCO samples show that >98% photolysis was reached for all of the a+f3
hybrids; the aCOI+F, aCOp3+aquo, and aCo(3+SCN hybrids; and HbCO.
However, no more than -93% photolysis can be obtained for aCOp+aide
or aCO,P+CN. This difference is not due simply to too much absorption of
the photolysis beam, because at 590 nm the absorbance of the predomi-
nantly low spin derivatives is actually lower. Rather, we believe this
represents a true difference in quantum yield on the -300-ns time scale of
our photolysis pulses, presumably due to an increased geminate yield in
these derivatives. Significant differences between a and (3 subunits in
quantum yields and geminate recombination kinetics for both R state
tetramers and the isolated subunits have been noted previously (Morris et
al., 1984; Olson et al., 1987).

For all samples data were also recorded at -1% photolysis at 436 nm,
which probes ligand binding to tetramers with one CO bound, with essen-
tially no interference from doubly photolyzed tetramers. When such data
indicated significant R T switching, data at -10% photolysis at the CO

binding isosbestics were taken as an aid to understanding the R = T rates
for tetramers with one bound CO.

For the a(34 hybrid with each ferric ligand, data were obtained for at
least two CO concentrations (usually 10% and 100% CO), and each of
these experiments was repeated at least once. Usually at least one sample
was also measured at 50% or 1% CO, and in some cases samples were
studied at low protein concentration to increase the amount of dimer.
Because our initial surveys showed the behavior of the a+,B hybrids to be
quite similar to that of the a,3B hybrids, fewer samples of the latter were
studied. In total, 58 different samples were examined to cover a range of
conditions and to ensure data reproducibility.

Dimer = tetramer association studies

Dimer -> tetramer association constants for several CO-saturated hybrid
forms were measured by analytical large zone equilibrium gel permeation
chromatography (Turner et al., 1981). Samples were applied to a thermo-
stated 1 X 20 cm Sephadex G-100 column using a LKB 2120 peristaltic
pump. The outflow of the column passed through a micro flow cell
mounted in a computer-interfaced Cary 2200 spectrophotometer. The com-
puter calculated leading edge centroid elution times from the absorbance
versus time data. Elution times were converted to apparent partition coef-
ficients, o-, using blue dextran 2000 and copper chloride solutions to
calibrate the void and internal volumes. The data for oc versus protein
concentration were fitted to a dimer tetramer association model, using
measured data for HbO2 in the presence and absence of 1 M MgCl2 to help
calibrate the a- values for dimers and tetramers.

Kinetic data fitting

A nonlinear least-squares fitting routine was written in which the kinetic
model, Scheme I (Results), was numerically integrated using the Milne
predictor-corrector method with a vatiable step size. The integration step
size was usually set to limit the integration error to a maximum of 10-6 X
the CO saturation per step. Varying this error limit by a factor of 10 had
little effect on the fitted parameters. The program could simultaneously fit
up to four data sets (typically 2500 absorbance values each), at different
protein or CO concentrations or at different photolysis levels, to a common
set of values for 1, 1RS, 'imer, k2T 2 k3R , k3 , and k42, but with separate
baselines and total absorbance change for each data set. The values for IT,
IR, and k24 were taken from the literature (see Table 1). Before each
iteration k4,2 was calculated from K4,2 and the fixed value for k2,4. For data
recorded at 436 nm the absorbance change was assumed to be due entirely
to CO binding; at other wavelengths there was the option of including an
additional term from R = T spectral changes. We saw no evidence for
convergence on local minima, as tested by using widely divergent starting
values for the parameters.

During the initial stages of fitting, the values of Ir and IT were held fixed
at estimates from the literature, and Idimer was set equal to IR. These fits
established that there was little R -- T switching on partial photolysis of
the azidomet and cyanomet hybrids. These partial photolysis data were
therefore used to obtained refined estimates of 1I. Because there clearly is
rapid R -* T switching and a high allosteric constant for fully photolyzed
SCN- hybrids, the rapid CO binding phase in these hybrids is due primar-
ily to dimers. Therefore we next used data for the SCN- hybrids at low
protein concentrations to refine the values of Idimer and found that the fitted
values closely matched values we had obtained for a and /3 subunits. To
refine IT we fitted the F- and SCN- hybrid data, which show the strongest
T binding phases. The IT values obtained also seem to agree reasonably
well with the data for these hybrids in the presence of inositol hexaphos-
phate (IHP), but because of the likelihood that IHP changes IT as well as
the allosteric parameters, we chose not to directly use the data with IHP.
Finally, this procedure was iterated a second time to further refine IR and
IT, with 'dimer held at the values for isolated subunits. These refined CO
association rates, listed in Table 1, were then held fixed at the same values
for all ferric ligands in subsequent data analysis.

1951Philo et al.



Biophysical Joumal

TABLE I R T rates from fits to Scheme I
10 3 X k2RT kT102X k3T O2Xk3 K4,2

Hybrid type (s- ) (s-') (s-') (s-') (AM)
a13+F 18.9 (17.2, 20.4) 56(16, 94) 42 (38,45) 34(20, 120) 2.2 (2.0, 2.5)
a43+aquo 8.0 (7.6, 8.6) 104(85, 123) 4.7 (3.0, 9.0) 33 (32, 39) 1.3 (1.2, 1.5)
a13+SCN [26 ± 1.5]*t 48 (20, 103) 55 (48, 62) 30.4 (29.6, 31.0) 5.4 (5.2, 5.7)
a13+azide 5.1 (4.5, 6.1) 880 (850, 980) 10 (0.1, 13) 290 (80,440) 4.1 (3.5, 6.0)
a13+CN 4.8§ (3.6, 7.3) 3600§ (3100,6800) [1]*§ [0, 10] [3001*§ [4 ± 21*

a+F3 11 (9, 13) 100(70,125) 3 (1,6) 17 (14, 26) 12 (10, 14)
a+aquo13 7.6 (5.2, 9.3) 79 (63, 93) 2.5 (1.0,4.8) 12 (9,22) [10 ± 51*
a+SCNt3 21 (18, 25) 140 (70, 180) 20 (12,30) 26(24,37) 13 (11, 15)
a+azide 3 5.6 (4.0, 6.5) 450 (400, 480) 1.7 (1, 7) 23 (12, 51) [10 ± 5]*
a+CNI3 4.2 (1.9,4.7) 340 (280,360) 1.3 (0.3,6.1) 13 (6, 33) [10 ± 5]*

For the a(3+ hybrids the fixed CO association rates were lT = (8 ± 1) X 104 WS I = (5.6 5) X 106 M -s-l,and mer=(4.7 ± 0.3) X 106
M-'s- . For the a+P3 hybrids these values were (7 ± 1) X 104 M-lS- , (8 ± 0.8) X 106 M-'s-', and (5.3 ± 0.3) X 106 M-'s-', respectively. Other
fixed rates were IT = 0.1 S'. IR = 0.01 S l, and k24 = 1.1 X 106 M's'. Conditions: pH 6.8, 0.05 M BisTris, 0.1 M NaCl, 0.1 mM EDTA, 20°C.
*Value held fixed during fitting.
R-> T reaction is biphasic; value matches rate when treated as one phase (see text).
§This hybrid is heterogenous. Values listed are those for the component in rapid quatemary equilibrium, after subtracting the slow component (see text).

Probably the biggest obstacle to data reproducibility and successful fits
to multiple data sets is variation in the CO concentrations by a few percent,
even after lengthy equilibration in the tonometer and correction for ambient
atmospheric pressure. This is less of a problem in fitting data at 10% or 1%
CO, because the majority of the free CO is that released from the protein
(although the protein concentration must then be known accurately). In our
hands, bubbling the gas through the protein solution generally leads to
variable amounts of supersaturation (as shown by control experiments with
myoglobin), as well as undesirable protein denaturation. Therefore, in
calculating confidence intervals for fitted rate parameters, we assumed
errors of up to ±5% in the free CO concentration.

RESULTS

We have studied the kinetics of both acI3 and al3+ hybrids
with five different ferric ligands, at multiple CO and protein
concentrations, with full and partial photolysis, and usually
at 4 or 5 different wavelengths, for a total of over 600
kinetic experiments. This large volume of data makes it
difficult to even summarize the results, let alone to describe
all of them in detail. Therefore we will first present some
data illustrating the overall behavior we observe, and then
proceed to a more detailed quantitative analysis. Because
the behaviors of the two types of hybrids are generally
similar, we will focus only on the results for afB+. All data
were recorded at 20°C in a pH 6.8 buffer with 50 mM
BisTris, 0.1 M NaCl, 0.1 mM EDTA, plus sufficient ferric
ligand to saturate the ferric subunits. A pH somewhat below
physiological was chosen to enhance the stability against
autoxidation of the ferrous subunits, as well as to avoid the
complications of the aquo-hydroxy transition in the ferric
subunits. We also chose to avoid phosphate buffers and their
complicating effects as allosteric modifiers.

CO binding kinetics

Fig. 1 illustrates the kinetics of CO rebinding after maxi-
mum photolysis of a43+ hybrids with different ferric li-
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FIGURE 1 CO rebinding kinetics after maximum photolysis of a(3+
valency hybrids with various ferric ligands. The kinetics were monitored at
436 nm, and the absorbance change was scaled to that for 100% photolysis.
The inset shows the first 2 ms [ferrous heme] = 41-45 ,M, [CO] = 500
ZM (pseudo-first-order conditions for CO binding). On this semi-log plot
an exponential binding phase will be linear. For the sake of clarity only
every fourth data point is shown. Only about 93% photolysis can be
achieved for af3+cN and aI3cI'e, but >98% can be achieved for the
others. Conditions: 20°C, pH 6.8, 0.05 M BisTris, 0.1 M NaCl, 0.1 mM
EDTA, plus ferric ligands as needed.

gands. These data were taken at 436 nm, a wavelength that
has a large deoxy/CO difference and which is nearly isos-
bestic for R T spectral differences in the ferrous subunits,
so that the absorbance change should be strictly propor-
tional to CO binding (Sawicki and Gibson, 1976). These
samples were equilibrated with a 50% CO/50% N2 mixture,
giving a more than 10-fold excess of free CO over ferrous
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heme (pseudo-first-order conditions). The data for the F-,
aquo, and SCN- hybrids clearly show that >50% of the CO
rebinding occurs as a slow exponential phase with apparent
rates of 1.7-2.5 X 10i5 M- S-1 , i.e., rates nearly the same
as the overall rate for recombination to T state Hb A. In
addition, these samples show a rebinding process with a
half-time of about 250 ,As (more clearly seen in the figure
inset), consistent with binding to R state tetramers and/or
dimers, as well as small amounts of faster processes (<50
,s). The kinetics for the N_ and CN- hybrids are obviously
much faster and are neither monophasic nor clearly resolv-
able into distinct phases. The 400-500-,u s half-times for the
overall reaction in the N_ and CN- hybrids are about twice
the 210-,As half-time expected with a typical R state asso-
ciation rate of 6.5 X 106 M-1 s-'.

Thus these full photolysis results clearly indicate the
presence of T state hybrids, at least for some ferric ligands.
In contrast, partial (-1%) photolysis on the same samples
(Fig. 2) shows much more rapid binding, and little if any
occupancy of the T state. Qualitatively, the full and partial
photolysis results imply that these hybrids are, as expected,
predominantly in the R state when the ferrous chains are
liganded. However, they can switch to the T state when both
ferrous ligands are removed and can undergo this R -> T
switch in <500 ,us. In fact, qualitatively the data for the F-
and SCN- hybrids closely resemble comparable experi-
ments for Hb A.
When the samples are equilibrated with a 10% or 100%

CO atmosphere, the full photolysis data for the aquo, F-,
and SCN- hybrids continue to show prominent, resolved
"R" and "T" binding phases, whose rates are proportional to
[CO] (data not shown). At higher [CO], however, the rela-
tive proportion of the T phase decreases. This suggests that

the R -* T conversion rate is slow enough that in some
tetramers CO binds before the R -> T switch can occur, and
this competition with CO binding limits the extent of R
T conversion. For the N_ and CN- hybrids the full photol-
ysis kinetics are nonexponential and are not resolved into
distinct phases at all CO concentrations investigated, and
the overall half-times are not proportional to 1/[CO].
As the protein concentration is lowered, the full photol-

ysis data show increasing proportions of fast "R" CO bind-
ing, consistent with the fully liganded hybrids being sub-
stantially dissociated into dimers before photolysis. The
extent of the concentration dependence indicates that the
hybrids are more easily dissociated into dimers than is
HbCO under these solution conditions.

R -> T kinetics

The rapid R -- T conversion can be seen more clearly in
Fig. 3. These data were recorded at 456.5 nm, an isosbestic
point between a(deoxy) and a(CO) for R state hybrid
tetramers. At this wavelength the removal of CO by the
laser pulse produces no absorbance change. Afterward we
see the rapid formation of the T state, followed by its
disappearance as CO rebinds and the hybrid tetramers revert
to the R state. These data were recorded at a lower CO
concentration to minimize the competition between CO
binding and the R -- T conversion.
How can we be certain that this signal is due to a change

in quaternary structure, rather than a tertiary rearrangment
after the rapid removal of ligand? First, the magnitude of
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FIGURE 2 CO rebinding kinetics after -1% photolysis. Same samples
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this signal is strongly correlated with the extent to which
CO recombination is slow after full photolysis of hybrids
with various ferric ligands. More importantly, this signal
disappears whenever CO recombination is essentially en-
tirely rapid (e.g., partial photolysis of the CN- or N-
hybrids, as in Fig. 2), whereas tertiary rearrangements will
occur at all photolysis levels. Moreover, the magnitude and
time scale of these signals are comparable to those from the
R -> T transition in HbCO.

Although a detailed analysis of these kinetic data (see
below) does not depend on an exact assignment of these
spectral changes to tertiary or quatemary effects, or to ferric
or ferrous subunits, because such spectral changes have not
previously been reported in valency hybrids, it is interesting
to try to assign the origin of the 456.5 nm signal. Control
experiments with HbCO show that the magnitude of this
signal is consistent with its being predominantly due to the
well-known T-R difference spectrum in the deoxy subunits
(Sawicki and Gibson, 1976, 1977b; Antonini et al., 1965,
1968). Even if the R -> T transition causes spin state
changes in the ferric subunits, this is unlikely to constitute
a major fraction of the 456.5 nm signal, because high-spin
and low-spin ferric subunits have nearly equal absorbance at
this wavelength. It is also possible that the R -> T transition
produces some signal from the ferric subunits due to spec-
tral changes within the same spin state (i.e., spectral changes
analogous to the T-R difference spectrum in deoxy Hb),
especially since the absorbance of the ferric subunits is
about equal to that of the deoxy subunits at this wavelength.
However, such changes would presumably differ in magni-
tude as we change ferric ligands, whereas we do not see
substantial changes in the 456.6 nm signal amplitude per T
state heme. Therefore we believe most of this signal arises
from quaternary effects on the deoxy hemes, but an exact
assignment is not needed for interpretation of the dynamics.
When the CO concentration is raised, the rate of the

initial absorbance decrease at 456.5 nm also increases,
while the total amplitude decreases, because of the compe-
tition between structural/affinity interconversions and CO
binding. To understand this, let us for now label the states
with rapid and slow CO binding as "R" and "T," and further
assume that a hybrid tetramer with one CO bound remains
in the R state and/or has a very slow R -> T rate. The
binding of CO to either deoxy site will then effectively halt
the R -> T transition, and the apparent rate of this initial fast
phase will be given by

k k2RT+ k2+k2R I'R [CO], (1)app 2 TR R 1

where I' is the CO association rate constant for R state
tetramers, VT is the R -> T rate, and kR is the T R rate
for deoxy tetramers (we will use subscripts on rate constants
to indicate the total number of ferrous ligands and ferric
ligands bound, to facilitate comparison with the ligation
states of ferrous Hb). Thus whenever 2 - 1 * [CO] becomes
comparable to the sum of quaternary transition rates, in-

reduce the number of tetramers able to reach the T state
before CO binds. This is exactly what we observe, and this
agreement is further proof that these signals are monitoring
transitions related to changes in quaternary structure and/or
affinity states rather than tertiary dynamics subsequent to
photolysis that are not directly related to affinity transitions.
The situation is similar if the tetramers with one bound CO
can also rapidly switch to T, except that the factor of 2 will
be absent from the rightmost term in Eq. 1. The competition
between CO binding and R -> T switching is much stronger
in the CN- and N_ hybrids than the others, and this is one
reason why their CO binding kinetics are not resolved into
R and T phases. This competition also significantly reduces
the proportion of the T bindinig phase for the aquo and F-
hybrids at the higher CO concentrations (Fig. 1).

Tetramer dimer dissociation

Because the CO binding kinetics suggested that the CO-
liganded hybrids were significantly dissociated into dimers,
and because others have reported essentially no protein
concentration dependence in stopped-flow studies of the
deoxy/CN- hybrids (Berjis et al., 1990), we used analytical
gel permeation chromatography to measure the extent of
dissociation by an independent method. At the -300 cal/
mol precision for binding energies we were able to achieve,
these data confmned that the hybrids are more dissociated
than is HbO2 under these conditions. The data showed no
significant difference between N_ or SCN- as ferric li-
gands, and a somewhat greater amount of dimer for a+I3CO
hybrids [K4,2 = 10 (5, 15) ,uM] than for aCOI3+ hybrids
[K4,2 = 6 (3, 10) ,IM] (values in parentheses are 68%
confidence limits). These results are entirely consistent with
the detailed kinetic analysis, and in fact the kinetic data
generally give more precise values for K4,2.

Detailed kinetic analysis

The CO binding kinetic data at different CO concentrations
and both full and -1% photolysis were simultaneously
fitted to the kinetic two-state allosteric model shown in
Scheme I, as described in detail in Materials and Methods.
Before discussing the model in detail, we would like to
emphasize that the use of this two-state model was dictated
by the experimental data, and not by any preconceptions
about how many quatemary structures or cooperative en-
ergy levels are accessible to these proteins, and despite an
abundance of experimental evidence from other laboratories
that two-state models are inadequate to describe the ener-
getics of Hb A. The model in Scheme I is simply the
minimum model we have found that is sufficient to explain
our results, and for which some of the rates and equilibrium
constants can be assessed independently or related to known
values from the literature. There are only two affinity states
in the model because we find no evidence for more; for
simplicity, and by analogy with Hb A, we associate these
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affinity states with particular quaternary structures, which
we are labeling "R" and "T." However, labeling the con-

formations and parameters in the model as "R" and "T" in
no way implies or assumes that they are necessarily iden-
tical to those of oxy and deoxy Hb, nor does the use of only
two affinity states necessarily mean that they arise from
only two quaternary structures or cooperative energy levels.
The model in Scheme I is "allosteric" in the sense that

tetramer properties depend only on the quaternary confor-
mation, and not on the number of ligands bound within that
conformation. (This scheme is not in conflict with the
Ackers "symmetry rule" mechanism (Holt and Ackers,
1995), in which the distribution of ligands with the tetramer
is as important as the total number, because in these sym-

metric hybrids specifying the number of ferrous ligands also
uniquely specifies their distribution in the tetramer.) Scheme I
differs from kinetic formulations of the classical two-state
allosteric model (Sawicki and Gibson, 1976, 1977a,b, 1978;
Hopfield et al., 1971; Marden et al., 1988), however, because
here we do not explictly assume that the binding of each CO
reduces the allosteric constant by a factor of c.

IT ITI
hybridT + 2CO= hybridT * CO + CO= hybridT - (CO)2

IT IT

k2 | k k3 | 3 k4 rk4T

]iT 4ic

yR hR
hYbridR + 2CO= hybridR- CO + CO'hybridR (CO)2

lR IR

4,2] I k2,4 4,2 Irk2,4 4,2 Irk2,4

dimer 'dimer

dimer+2CO
IR

dimer * CO dimer dimer' CO
dimer +CO dimer* CO

dR

/2- 3 = icT/icR. =2c3T/ic4

K4,2 ick4,2/k2,4

Scheme I

Furthermore, previous two-state kinetic formalisms have
simplified the model by assuming that the binding of each
CO reduces the R -* T rate by a constant factor (Sawicki

and Gibson, 1976, 1977b; Marden et al., 1988), but we have
not imposed such a simplification here.
With regard to dimers, the model assumes that they can

associate to form tetramers in the R state but cannot asso-

ciate directly into T state tetramers. This seems reasonable
from both a kinetic and a structural viewpoint. (Even though
association of dimers into T state tetramers does not occur

directly in the model, the stronger association of dimers in
the T state is correctly accounted for thermodynamically
through the allosteric equilibrium.) The amount of dimer
present before photolysis has a strong influence on the
kinetics, but the dimer = tetramer reaction rates have little

influence on the data because there is very limited dimer =
tetramer redistribution during the short time available. Be-
cause k2,4 seems to vary little between hemoglobin deriva-
tives, it was fixed at a constant value of 1.1 X 106 M-1 S-1
(Turner et al., 1981; Chu and Ackers, 1981). This model
also allows the dimer to have a CO association rate differing
from that of the R state tetramer. We and others (Berjis et
al., 1990; Sharma, 1988, 1989; Sawicki and Gibson, 1977a)
find that a small difference in CO binding rates between
dimers and R state tetramers is necessary for adequate fits of
the data. The data analysis was consistent with l'imer being
identical to the rates measured under these conditions for
the isolated ferrous subunits: 4.7 ± 0.3 X 106 M-1 s-1 for
a, 5.3 ± 0.3 X 106 M-1 s- for 13 monomers (Philo and
Dreyer, unpublished results), values that are in excellent
agreement with those of Unno et al. (1991). (The ,B subunit
in these valency hybrid dimers clearly does not show the
extremely rapid CO binding seen in 134 (Philo et al., 1988;
Unno et al., 1991).) Therefore ldjmer was held fixed at these
independently determined values.
The partial photolysis experiments for all ferric ligands

are consistent with 100% of the tetramers being in the R
state before photolysis. Therefore the T state tetramer with
two bound CO's does not exist at equilbrium (i.e., L4 << 1),
and we have simplified the model by setting k4JT = 0. The
R -> T signals at the isosbestic point (Fig. 3) return to the
preflash value at a rate that closely matches CO binding to
the T state monitored at 436 nm. This requires that kiTR is
fast compared to CO binding to T. As long as this is true, the
results are not sensitive to its exact value; therefore for
computational convenience we set it equal to kTR. At the
relatively high protein and CO concentrations used, the
slow CO dissociation rates have very little effect on the
data, and fixed values of 0.1 and 0.01 s-1 (Sharma et al.,
1976) were used for IT and IR, respectively.
One key question is whether the same values for lR and IT

can be used for hybrids with different ferric ligands. If the
R and T states are truly unique, then indeed their CO
binding rates should not depend on the ferric ligand. On the
other hand, the fact that for Hb A the binding rates for the
first and fourth CO's appear to depend on solvent conditions
suggests that there is a range of substates within each
conformation, and therefore the substates might vary with
the ferric ligand in the hybrids. (In our experiments it is also
not possible to maintain identical solvent conditions for all
of the hybrids, because the amount of ferric ligand required
for saturation varies from 0 (aquo) to 200 mM (F-). How-
ever, control experiments showed essentially no difference
between partial photolysis of CN- hybrids before and after
addition of 200 mM F- (which cannot displace the tightly
bound CN-), which demonstrates that at least the R state
properties are insensitive to these differences in ionic com-
position.) An important result of this study is that we find
that we are able to adequately represent the data for all five
ferric ligands using the same fixed values for IR and I~.The
fits for each ligand can be improved slightly by allowing
differences among ligands, but because the improvements
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FIGURE 4 Experimental and fitted CO binding data for the a(3+aquo
hybrid. Experimental data are shown as points (every fourth point shown),
fitted data as solid lines. To accommodate both full and partial photolysis
data at different CO concentrations, the binding data have been scaled
relative to the initial degree of photolysis, and a logarithmic time scale is
used. A, full photolysis, 50% CO; B, --1% photolysis, 50% CO; C, full
photolysis, 10% CO; D, -1% photolysis, 10% CO. The parameters used
for the fitted curves are listed in Table 1.

are small and the optimum values differ by only -10%, we
do not consider it necessary or justified to use different
values for each ligand.
By fixing the CO binding rates at values from indepen-

dent experiments, only the four R = T rates and K4,2 for
each hybrid need to be determined by fitting. K42 was
initially set within the range determined by gel permeation
chromatography, but in most cases the kinetic fitting was
able to determine it more accurately, and it too was allowed
to vary for different hybrids. The results of these fits to the
data are summarized in Table 1. In the fitting we have used
only the 436 nm CO binding data. Typically, the rms error
for full and partial photolysis sets at two CO concentrations
is <0.4% of the CO saturation for the full photolysis sets
and noise limited at -0.014% for the partials, with system-
atic deviations of <3% of the total reaction.

Fig. 4 shows one example, the CO binding data and the
fitted curves for a13+aquo. Significantly, although we have
not used data recorded at the isosbestic points in the fitting,
the fitted R = T rates are nonetheless generally in excellent
agreement with the data at these wavelengths. In Fig. 5 we
compare the predicted R -- T phases for a1+aquo, using the
fitted quaternary rates from Table 1, to the actual data at the
456.5 nm isosbestic at two different CO concentrations. The
agreement is excellent, despite the fact that the only free
parameter used to predict these data is the size of T-R
difference spectrum at this wavelength. Fig. 5 also illus-
trates that rapid CO binding to the R state both increases the
rate and limits the extent of switching to T at high [CO],
which is the primary basis on which the analysis is able to
determine kT from ligand binding data alone. For those
hybrids that show significant R -* T switching in partial
photolysis experiments (e.g., the SCN- and F- data shown
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FIGURE 5 Comparison of predicted and experimental R -> T kinetics.
Experimental data for maximum photolysis at the 456.5 nm isobestic point
are shown as points (every fourth point shown), predicted data using the
rates from Table 1 as solid lines. A, 10% CO/90% N2 atmosphere, upper
time scale; B, 50% CO/50% N2, lower time scale. The only free parameter
used in predicting these data is the magnitude of the R-T difference
spectrum, which has been chosen to match the data at 10% CO. The
difference between experimental and predicted data for the 50% CO data
set at t < 40 ,us is primarily due to difficulty in setting the monochromator
precisely on the isosbestic point; clearly in this case the data at short times
do not extrapolate to the preflash value, so the wavelength setting was
slightly off the true isosbestic point (by <0.2 nm).

in Fig. 2), we also find excellent agreement between pre-
dictions based on the fitted values of k RT and kJTR, and data
taken at the isosbestic points at -10% photolysis.
The fact that the rates we derive are able to correctly

predict the results of independent experiments at different
wavelengths, photolysis levels, and/or CO concentrations is
one major reason we have confidence in the uniqueness of
the fitted parameters. It is also important to emphasize that
all attempts to fit these data to kinetic schemes with fewer
parameters than Scheme I resulted in quite poor fits, with
inconsistency between data at different photolysis levels
and CO concentrations. Furthermore, we believe the param-
eter confidence intervals listed in Table 1 are quite conser-
vative. Rather than basing confidence intervals only on
statistical criteria for the variation in the variance of the fits
(which would make them much smaller), the interval re-
ported represents the maximum deviation found when 1)
using different data sets (for example repeats of the same
experiment or substituting data at 100% CO for that at 50%
CO in the analysis); 2) assuming an error of ±5% in the CO
concentration; or 3) varying the fixed values of IR or IT
within their confidence intervals. The other fixed values in
the analysis (IT, 1R, and k2,4) have little effect on the results;
changing them by a factor of 2 typically changed the values
of fitted parameters by <1%.

This quantitative analysis explains the complex CO re-
binding to the azidomet hybrids in a straightforward way.
While the T state is significantly occupied for these hybrids
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(L2 > 10), their high kI2R values mean that the combined
process of switching from T to R and then binding CO is
comparable in rate to that ofCO binding to T. Therefore the
CO binding does not resolve into "R" and "T" phases, and
CO binding can be quite rapid despite the relatively high
allosteric constant.

In two cases the fits to Scheme I were not entirely
satisfactory. For a(3+SCN we cannot find a unique value for
k2RT that provides a consistent fit to all of the data. The fits
to CO binding data at high [CO] imply a k_T that is
somewhat faster than fits to those at lower [CO] and faster
than implied by the spectral changes at 456.5 nm. Signifi-
cantly, for this hybrid the initial R -> T phase at 456.5 nm
is clearly biphasic. This can be seen in Fig. 3, where there
is a slower portion of the reaction, at a rate similar to that of
the F- hybrid, tailing out to -200 ,us after an initially much
faster phase. Similar biphasic R -> T kinetics for Hb A near
neutral pH were reported long ago by Sawicki and Gibson
(1976), and we have confirmed this behavior in several
buffer systems at pH < 7.5 (Philo and Lary, unpublished
results). It is not clear whether the biphasic kinetics result
from two conformers with different R -> T rates or indicate
that the conformation change is a complex, multistep pro-
cess, but either possibility would explain the deviations
from the model. Given this complication, we have chosen to
analyze these aI3+SCN data with k:T fixed at (2.6 ± 0.15) X
104 s-1, a value that corresponds to analyzing the 456.5 nm
kinetics as a single exponential. With this value, the quality
of the fits to the CO binding data at 10% and 50% CO is
quite good (similar to that for the other hybrids), but at
100% CO it predicts that fewer tetramers will reach the T
state than we actually observe. This same kinetic complex-
ity may occur to a lesser extent in a+SCNI3, a13+F, and
a+FF, but for these hybrids the deviations from the model,
and the biphasic character of the isosbestic point data, are
only marginally significant.

Heterogeneity in Ca13+CN

A much more serious deviation from the model occurs for
a)3+CN, for which fits to Scheme I are very poor. Fig. 6
shows the ligand binding kinetics after both nearly full
and 1% photolysis of (aCOI 3+CN)2. The marked differ-
ence between full and partial photolysis clearly demon-
strates quaternary switching, and the full photolysis data
are markedly biphasic. The majority of the material binds
CO at a rate -2 times slower than for partial photolysis,
while -25% rebinds at a much slower rate, similar to that
of the slow phase for ,3+aquo. It is the presence of this
slow component that causes the later stages of CO bind-
ing to this cyanomet hybrid to be slower than that for the
azidomet hybrid (see Fig. 1). No such slow binding
component is seen at 1% photolysis. Fig. 7 shows full
photolysis data recorded at the 456.5 nm deoxy R - T
isosbestic point. At early times the rapid formation of a
component with a T-like spectrum is seen, consistent
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FIGURE 6 CO binding kinetics for the a3+CN valency hybrid, observed
at 436 nm. , data for 92% photolysis;. data for 1% photolysis.
This wavelength is nearly isosbestic for R-T differences, and the absor-
bance changes directly reflect CO binding. The ordinate has been normal-
ized to the value immediately after photolysis to facilitate comparison of
the different photolysis levels. The inset shows the first 2 ms more clearly.
Only 92% photolysis can be achieved for this sample, even with a long
photolysis pulse (300 ns) and up to 1 J energy, apparently because of
extensive geminate recombination. Sample conditions as in Fig. 3. An
oxygen scavenging system with glucose oxidase, catalase, and 10 mM
glucose is also present.

with a moderately rapid R-*T rate. The disappearance of
this T-like component as CO rebinds is markedly bipha-
sic. These results suggest that the major portion of the
protein is in a rapid R =T equilibrium, with a T -- R
rate high enough that its overall CO binding is only
somewhat slower than the R rate (i.e., behavior similar to
that of the azidomet hybrids), while a smaller "T locked"
portion has much slower T -* R rates.
The presence of this slow binding component is not due

to contamination with deoxy Hb, because it is not seen when
azide is substituted for cyanide as the ferric ligand. This
behavior is also not due to lack of saturation with cyanide,
because it does not change when more cyanide is added, and
it is absent when IHP is added. These observations, plus the
fact that this heterogeneity of allosteric rates is present to
the same extent in different protein preparations, but is not
present when the same protein is combined with other ferric
ligands, together strongly suggest that it is an intrinsic
property of this hybrid. A similar "T-locked" state may
occur to a small extent ('3% of the total reaction) for
aI3+CN, a +azidej3, and a,3+,ide under these solution condi-
tions, but the fraction is so small it is hard to be certain
whether it exists.

It is important to recall that earlier stopped-flow kinetic
studies of the cyanomet hybrids showed biphasic binding to
two conformations not in rapid equilibrium. Our results for
a13+CN agree quite well with the rates seen in these earlier
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FIGURE 7 Dynamics of conformation changes after
the sample from Fig. 6, observed at 456.5 nm. Thi:
deoxy/carbonmonoxy isosbestic point for the R state,
absorbance change upon removal of CO). The rate of
return to equilibrium (not complete at 20 ms) matche
phase of CO binding seen in Fig. 6.

studies, although the proportions of the twol
each study (Cassoly and Gibson, 1972; P;
1970), presumably because of differing solv
Indeed, solvent conditions are apparently th4
not find this biphasic, heterogeneous behav
as was the case in the stopped-flow studies,
clearly see similar heterogeneous kinetics a
material for a+CN/ in 0.1 M Tris, 0.1 M Na(
not shown).
To obtain further information about the

netics of the rapid CO binding component,

two alternative procedures to subtract o

combining component and then fitted the
SchemeI. We first simply subtracted a sing
of the correct rate and amplitude to elim
phase from the full photolysis data set. T
however, in effect assumes that the slow
ponent is generated instantaneously after
that this material exhibits no CO binding d
ranges of R= T equilibration or CO bins
material. As an alternative, because the s1
of this CN- hybrid is very close in rate to ti
phase of a/3+a UO, in the second procel

subtracted a portion of the aquo hybrid kin
to eliminate the slow phase in the CN- h
With this second assumption about half c
has the slow CO binding behavior. Becai
photolysis data showed no evidence for R
for these fits k3RT and k37R were held fix
30,000 s- 1, respectively. Neither procedur
the slower component gave fits to the fas

that were entirely satisfactory, particularly with regard to
consistency between data at different CO concentrations.
Our best estimate is that kRT = 4800 [3600, 7300] S-1
and kTR = 3600 [3100, 6800] s-1, where the best values
and confidence intervals represent the mean results and
the range of values obtained for the two subtraction
techniques and/or with variation of other parameters as
was done for other ferric ligands. Although there is a
significant spread in these rates, this analysis supports the
general picture that the faster component is material with
an allosteric constant of - 1 and moderately fast R = T
kinetics, i.e., behavior consistent with extrapolating the
results for other ligands to a form with L2 1. The R=
T rates from this analysis are also consistent with the
initial phase seen at the 456.5 nm isosbestic point (Fig.
7). Significantly, although the CO binding data seem to

10 15 20 require a heterogeneity of allosteric kinetics, we do not
see evidence for multiple components in this initial phase
at 456.5 nm.

92% photolysis of
.s wavelength is a
a chain (no initial
the slow phase of DISCUSSION
-s that of the slow

CO binding rates

One test of the validity of this complex data analysis is to
ask whether the derived CO binding rates are in agree-

phases differ in ment with previous studies. We find I' = (5.6 ± 0.5) and
arkhurst et al., (8 ± 0.8) X 106 M-1 s- for ferrous a and ,3, respec-
7ent conditions. tively. These values are in good agreement with values of
e reason we do 6-8 x 106 typically reported for the average of a and /3
ior for a+CNI3, (Sawicki and Gibson, 1978; Kwiatkowski and Noble,
because we do 1982; Hofrichter et al., 1983). They also agree with most
Lnd "T-locked" estimates for the individual a and /3 rates (Sawicki and
-1, pH 7.4 (data Gibson, 1976; Blough et al., 1980; Mathews et al., 1989;

Blough and Hoffman, 1982), especially considering the
- allosteric ki- differing solution conditions in different studies. (It also
we have used should be noted that it is often assumed to be identical to
ut the slowly the rate seen for low levels of photolysis of HbCO.
remainder to However, because it is now known that removal of a

3le exponential single ligand produces significant and moderately rapid
inate the slow switching to T (Zhang et al., 1990; Ferrone et al., 1985),
'his procedure, some caution is necessary in interpreting earlier data
binding com- where the R= T dynamics have not been explicitly
photolysis and considered.) One exception to this agreement is the much
luring the time lower value for the a chain derived from studies of
ding to R state site-directed mutants (Mathews et al., 1989). For the
ow component hybrid dimers, we find I'.mer = (4.7 ± 0.3) and (5.3 +
he "T" binding 0.3) x 106 M-1 s-1 for a and13, in agreement with
dure we have earlier estimates for average values for ferrous dimers
etics sufficient (Gray, 1974, 1980) and chain-specific estimates from
iybrid kinetics. metal hybrid studies (Blough et al., 1980, 1984; Blough
Af the material and Hoffman, 1984).
use the partial For the T state, we find lT = (8 ± 1) and (7 ± 1) X 104
-> T switching, M- 1 s- 1 for a and,B. These values are in excellent agree-
ed at 100 and ment with the (7.5 ± 1.5) X 104 and (7.7 ± 1.6) X 104M'
e for removing s'-I a+A averages reported for early stages of CO combi-
ter component nation with Hb A by Hopfield et al. (1972) and Perrela et al.
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(1992), respectively, and reasonable agreement with the 1 X

105 M-l s-' value from similar studies by Antonini et al.
(1967). The IT values for individual chains from metal
hybrid studies show a variation of -50% depending on the
metal substituted, and for the (3 chain, a reduction of -3-
fold in the presence of IHP, which suggests that IT is quite
sensitive to structural details and solution conditions. Our
values for a are, within error, the same as those reported for
aFe(3Zn and aFeIco, and for (3 they are only marginally
slower than those for aZn(3Fe and aco(Fe without IHP
(Blough et al., 1980). Our T state rate constants are, how-
ever, considerably lower than those derived from studies of
site-directed mutants (Mathews et al., 1991; Mathews and
Olson, 1994), a difference that seems to arise because those
studies found faster initial rates of CO binding to native
deoxyHb A than have been reported by others (Hopfield et
al., 1972; Perrella et al., 1992; Antonini et al., 1967).

In summary, we believe the CO association rates derived
from our analysis are in good agreement with most earlier
kinetic data. Furthermore, the values of these rates strongly
suggest that the conformations we have labeled "R" and 'T"
in these valency hybrids are indeed the same as those of
HbCO and deoxyHb, respectively.

R = T rates

For the various hybrids we find 2T ranges from -4,000 to
26,000 s-1, i.e., values intermediate between -50,000 s-1
for deoxyHb (Sawicki and Gibson, 1976; Murray et al.,
1988) and -1,500 s-1 for Hb with three bound CO's
(Zhang et al., 1990). Thus one important result of this work
is that we did not find the very slow R =± T rates reported
in other studies of diliganded Hb (Berjis et al., 1990;
Sharma, 1988, 1989) for these valency hybrids (except, in
part, for a(3+CN).
A unique feature of these studies is having resolved the

difference in structural kinetics produced by binding a

single CO, and the ability to assess possible a/J3 differ-
ences. Earlier studies were fitted with models having kRT

reduced by a uniform factor of 2.4-4 per CO bound
(Sawicki and Gibson, 1976; Marden et al., 1988). Our
results show a stronger effect of ligation, with a reduction
by 5 to 17 among ca(3 hybrids and 8 to 20 among ac(3
hybrids. Thus our results for CO are similar to those for
02 by Sawicki and Gibson (1977b), who found a factor of
10 per 02 bound.
This study also provides further support for a linear

free energy relationship between quaternary rates and
allosteric constants, as proposed by Eaton et al. (1991).
All of the k,T values in Table 1 fall close to the line they
derived by fitting data primarily for unliganded or triply
liganded Hb, even though these new data span a region of
allosteric constants for which there were previously no

data. The new kT values also are in reasonable agree-

ment with this relationship, especially considering their
fairly large uncertainties. Therefore we consider the
present results to be a strong confirmation of this linear
free energy model.

Allosteric constants and parameters

Table 2 summarizes the allosteric parameters for all of the
hybrids, as calculated from the R = T rates. Although the
uncertainties in many of the k3T and k3T values are fairly
large, their ratio, L3, is generally more precisely determined.
The uncertainty in L3 becomes fairly large when L2 > 100
and is mainly due to that in kR3T. L2 values for many of these
same hybrids had previously been estimated from 02 bind-
ing curves by Matsukawa et al. (1981). Our values agree

within a factor of -2, which is not unreasonable consider-
ing that some oxidation of the ferrous chains always occurs

during 02 binding studies, and the fact that to derive L from
02 binding data in a system with two binding sites one must
assume a value for either the R state binding affinity or c.

Our L2 values for the aquomet hybrids also agree with
values of 70 ± 40 (Cordone et al., 1990) and 90 (Marden et
al., 1991) from recent studies of 02 binding to partially
oxidized hemoglobin.

TABLE 2 Allosteric parameters

Hybrid type L2 L3 103 X c % high spin in ferric subunit*

aI3+F 340(200,700) 0.70 (.58 .83) 2.1 (1.2, 3.5) 95
af3 77 (65, 94) 0.14 (.06, .23) 1.8 (0.9, 2.8) 88
a13+SCN 540 (250, 800) 1.8 (1.6, 2.0) 3.3 (0.7, 7.0) 65
a3+azide 5.8 (5.3, 6.6) 0.034 (.001, .12) 6 (0.1, 9) 12
a13+CN 1.3 (.6, 2.1)1 <0.03* 0

a+F3 110 (90, 145) 0.16 (.05,.27) 1.4 (0.5, 2.2) 95
a+aquO 3 95 (65, 120) 0.21 (.11, .30) 2.1 (1.3, 2.8) 88
a+SCNI3 150 (120, 270) 0.76 (.60, .93) 5.1 (3.0, 6.2) 65
a+aide 13 (10, 15) 0.08 (.02, .38) 6 (4, 30) 12
a+CNI3 12 (9, 14) 0.10 (.02, .13) 8 (4, 14) 0

The allosteric constants were calculated from the R T rates (Table 1), and the allosteric c from L3/L2.
*Average a+( subunit data for corresponding fully ferric Hb from Philo and Dreyer (1985); the actual values for a+ or 13' subunits in these hybrids may
differ slightly from these values, but these values are consistent with the visible absorption spectra of the hybrids.
*This hybrid is heterogeneous. Values listed are those for the component in rapid quatemary equilibrium, after subtracting the slow component (see text).
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The data in Table 2 imply that CO (and presumably 02)
binding to these hybrids should be highly cooperative, with
predicted Hill coefficients ranging from 1.4 to 1.8. (We are
excluding from this discussion a(CO)13(CN-), whose com-
plex kinetic behavior makes it impossible to predict equi-
librium properties.) The Hill coefficients reported for 02
binding with a similar range of ferric ligands are 1.1 to 1.7
(Matsukawa et al., 1981), and 1.2 to 1.5 (Nagai, 1977),
whereas 1.23 was recently found for the cyanomet forms
only (Doyle and Ackers, 1992). Thus the 02 binding Hill
coefficients are in reasonable agreement with the present
results.
The allosteric c parameter can be calculated from the

ratio of L3 to L2. These values (Table 2) have a fairly large
uncertainty, but they are consistent with the values of 2-10
X 10-3 generally found in an allosteric analysis of 02
binding to Hb A under similar conditions (Matsukawa et al.,
1981, Baldwin, 1975). The c values are the one area where
our results differ significantly from those of Matsukawa et
al. (1981), whose c values are as high as 0.3 for the N- and
CN- hybrids. Their high c values would indicate a very
small difference in R and T state binding affinities, and
therefore a considerably distorted "R" or "T" state structure.
The allosteric parameters of Mutsukawa et al. also imply
that the N_ and CN- hybrids will remain 20-45% in the T
state when both ferrous subunits are liganded, which is
inconsistent with both these kinetic data and NMR studies
(Ogawa and Shulman, 1972).

a-p dfflerences

These studies show a significant a-(3 difference in the
variation of the allosteric equilibrium as the ferric ligand is
changed. For a(B+ the allosteric constants change by a
factor of -60 in going from fluoride to azide, whereas a+,B
varies only -8-fold. This pattern holds for both L2 and L3.
Because of this difference the af3+ hybrids do not have a
consistently higher or lower allosteric constant than their
corresponding a+(3 derivative.
The fact that we find L to be more sensitive to the type of

ligand on (3 than that on a may reflect a more restricted
environment distal to the heme in the ( subunit, because the
x-ray structures on T-state deoxy and aquomet Hb show that
valine El 1 and histidine E7 must move to accommodate the
ferric ligand (Reisberg and Olson, 1980; Liddington et al.,
1992). Given the marked a-,3 difference in sensitivity to the
ferric ligand, it is remarkable that, within an uncertainty of
-2, no asymmetry is seen in c values, indicating that
binding a CO to either a or 3 produces a similar change in
the quaternary equilibrium.
A second type of asymmetry occurs in the rates of struc-

tural change. The R -> T rates for the a(p+ hybrids are
always faster than those for the complementary a+,B hybrid.
A third clear a-,8 asymmetry is seen in the tetramer ->
dimer dissociation, with the a+I3Co hybrids always having
greater dissociation than acoI3+.

Changes in L with ferric ligand do not obey the
predictions of the Perutz model

According to the Perutz stereochemical mechanism for co-
operativity (Perutz, 1979), the quaternary equilibrium in Hb
is governed solely by the coupling of changes in heme
stereochemistry to the globin structure via the proximal
histidine, and, reciprocally, the sole method through which
the T structure lowers ligand binding affinity is by exerting
"tension on the heme" through this proximal histidine link-
age. Although the strict two-state allosteric formalism of
this Perutz model is now known to be inadequate to explain
oxygen binding equilibria in detail (Holt and Ackers, 1995;
Ackers, 1990), this mechanism nonetheless still provides
the fundamental basis of our understanding of the cooper-
ative mechanism.
The changes in heme stereochemistry that are central to

the Perutz mechanism are directly related to the spin state of
the heme iron. For all of the ferric ligands we have studied,
except cyanide, the ferric heme exists as an equilibrium
between high-spin and low-spin forms. A low-spin ferric
heme is a good stereochemical mimic of an oxy- or CO-
liganded ferrous heme, whereas the high-spin ferric state
more closely resembles a deoxy ferrous heme. Therefore,
according to the Perutz model, those ferric ligands for which
the heme spin state is predominantly high-spin should pro-
duce valency hybrids with larger allosteric constants. The
present studies therefore allow us to test this prediction in
detail.
The linkage between quaternary structure and the spin

states of each ferric subunit can be quantitatively described
by

K's'
(low spin, R) = (high spin, R)

LIS ] I 1 l 4sL . (2)

(low spin, T) = (high spin, T)
s

The strength of this coupling between the spin state and
allosteric equilibria (the "tension on the heme") is then
usually characterized by the "Perutz coupling energy" per
heme, AAGspin', which is given by

AAGspin-R * T- ln(Ksr/KR) = R T- ln([LhlLj"l/N), (3)

where N is the number of ferric hemes per tetramer. It is
important to note that as the ferric ligand is changed, the
equilibrium between high- and low-spin forms is altered,
but not the stereochemistry of the high-spin and low-spin
states. Therefore the Perutz mechanism requires AAGSpin to
be the same for all ferric ligands.

Because we can neither directly observe the allosteric
equilibrium for each pure spin state nor directly determine
the spin equilibrium for a pure T state species, it is more
useful to reformulate this coupling scheme as a function of
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the overall allosteric equilibrium, L, the percentage of high-
spin in the R state, and the coupling energy:

L = Li - [1 + (eAAGSPin- 1) (% high spin, R)]. (4)

This linkage model therefore predicts that L should be a
linear function of the percentage high-spin. Based on the
magnitude of the stereochemical differences between high-
and low-spin ferric hemes versus those between deoxy- and
oxy-ferrous hemes, the Perutz stereochemical model pre-
dicts a value for AAGSpin of about 1000 cal/mol (Cho and
Hopfield, 1979), which implies that L will be 31-fold higher
for pure low-spin than for pure high-spin when there are two
ferric hemes per tetramer. The "tension on the heme" may
differ somewhat between the a and 13 subunits, and there-
fore the value of AAGspin may depend on which subunit is
ferric, but AAGSpin should be constant for all ferric ligands
on the same type of subunit.

In Fig. 8 the variation of L with the percentage of
high-spin in the ferric subunits (assumed to be that mea-
sured for the corresponding fully ferric form in the the
absence of inositol hexaphosphate; Philo and Dreyer,
1985) is shown, as well as the behavior predicted from
the Perutz model. The overall trend does show, as ex-
pected, that predominately high-spin ferric ligands pro-
duce higher allosteric constants, but in detail the data
clearly deviate substantially from the quantitative predic-
tions of the Perutz mechanism. Most significant is the
absence of a linear dependence on the percentage high-
spin (Eq. 4), but in addition we also find that the ratio
Lh5/Ll, is smaller than predicted. These substantial devi-
ations from the predictions of the Perutz mechanism
occur no matter which type of subunit is ferric, and they
are also observed when either zero or one CO is bound to
the ferrous subunits.

These new results support our earlier magnetic studies
of human methemoglobins (Philo and Dreyer, 1985),
which also found neither the predicted magnitude of
AAGspin nor the predicted constancy of AAGSpin for dif-
ferent ferric ligands. A major difficulty in interpreting
studies of methemoglobins is that, because they are al-
ways liganded, there is no way to obtain a functional
assessment of their quaternary or allosteric state based on
their ligand binding affinities. Therefore the magnetic
studies relied on the original assignments by Perutz that
certain human methemoglobins are converted completely
from R to T in the presence of inositol hexaphosphate
(Perutz et al., 1974, 1978). However, there is now evi-
dence that this conversion from R to T is only partial, and
thus the interpretation of the human metHb magnetic
studies is open to question (Marden et al., 1991; Noble et
al., 1989). These new data for valency hybrids provide a
much better test of the Perutz mechanism, because the
CO binding kinetics of the ferrous subunits serve as an
unambiguous marker of the affinity state.

Although the Perutz model clearly fails to correctly
predict the behavior of these valency hybrids, this does
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FIGURE 8 Allosteric constants versus percentage high spin of ferric
subunits. The data points for each type of hybrid are connected by dashed
or dotted lines to help identify the group to which they belong. According
to the Perutz model, for each type of hybrid these data should fall on a
straight line with the same -30-fold difference in L2 and L3 in going from
0 to 100% high spin. The solid lines show the expected behavior for
AAGGSpin, = 1000 cal/mol, with L values selected to fit the F- data for each
hybrid.

not necessarily imply that stereochemical changes at the
heme do not play a major role in controlling quaternary
transitions and regulating heme affinity. A key assump-
tion of the Perutz model is that the only way that globin
senses heme ligation is via the proximal histidine linkage.
We have shown that certain ferric ligands affect the
allosteric equilibrium much more or less than expected
from their spin state (e.g., note the anomalously high
allosteric constants for the SCN- hybrids). This suggests
that the protein conformation is sensing the ferric ligand
through other modes in addition to the ligand's effects on
spin state and heme stereochemistry. One likely possibil-
ity is that ligands are also sensed, and affinity regulated,
through direct interactions with residues on the distal side
of the heme pocket. Thus we think the proper conclusion
from this analysis is not that the Perutz mechanism is
fundamentally wrong, but rather that it is probably an
incomplete description of the coupling of heme ligation
to globin conformation.

Involvement of the R2/Y quaternary structure

Several years ago an alternative quaternary structure for
liganded Hb was crystallized by two different groups and
termed either the R2 (Silva et al., 1992) or Y (Smith and
Simmons, 1994) structure. Furthermore, it has recently been
argued that R2/Y is the correct structure for liganded Hb
under physiological solvent conditions, and that the R struc-
ture is an intermediate between T and R2/Y that is trapped
under the high-salt conditions used in crystallizing the R
form (Srinivasan and Rose, 1994). It is certainly possible
that the state we have called "R" in these studies is actually
R2/Y. Furthermore, occupancy of (or transitions through)
both R and R2/Y provides one possible explanation for the
biphasic R -- T kinetics we found for aI3±SCN. It is also
possible that as we change the ferric ligands, we are chang-
ing the equilibrium between R2/Y and R, either as a direct
consequence of changing the heme ligand, or as an indirect
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consequence of changing the ionic strength. However, we
note that very similar quatemary dynamics were observed
for the aquo- and fluoro-met hybrids, despite the fact that
these represent the extremes of ionic strength, which sug-
gests that there is no difference in their liganded quaternary
structures.

Kinetics of formation of the "T locked" state
in &iC' p

We have found that for ca3+CN, as well as for a+CNI at
higher pH, a portion of the sample that we referred to as
"T locked" (which we will hereafter call T* for simplic-
ity) exhibits a very slow quaternary equilibrium, as seen
in the early stopped-flow studies of the cyanomet hybrids
(Cassoly and Gibson, 1972; Ogawa and Shulman, 1972;
Parkhurst et al., 1970). Two important new results from
this work are 1) a large portion of the sample is in a very
rapid quaternary equilibrium (too rapid to have been seen
in stopped-flow studies); and 2) despite the fact that full
photolysis generates two populations with drastically dif-
ferent T R rates, the initial R -> T phase appears
homogeneous.
The existence of a change from rapid to slow quaternary

equilibria in similar partially liganded Hb species has, in
fact, been reported previously. In stopped-flow studies of
symmetric diliganded tetramers, Berjis et al. (1990) found
that (aI3C0)2 and (acol3)2 are initially capable of rapid R =
T conversions, but then undergo a change to a slowly
interconverting form. A similar conclusion was reached in
pulsed radiolysis studies by Rollema et al. (1978). Therefore
we postulate that immediately after photolysis all of the
ac3+CN hybrid is in rapid R =± T equilibrium (with rates as
reported in Table 1), and that there is a subsequent T -> T*
conformational change, with T* only slowly interconverting
with R. Our reinterpretation of the early stopped-flow stud-
ies is that the rapid binding "R" component is actually
material in a rapid R = T equilibrium with an allosteric
constant between -1-10 (which also explains why the
reported binding rates for the rapid component were slower
than expected for a true R state), and the slow binding
component in those studies is this T* state. Under our
conditions the T -* T* reaction is incomplete, either because
the conformational equilibrium does not favor full occupa-
tion of T* or because of kinetic limitations (i.e., the T -> T*
rate may not be fast compared to CO binding). The fact that
a pure slow binding phase is not seen even in stopped-flow
studies, where the ferrous subunits are unliganded for long
periods of time, probably indicates a T T* equilibrium
rather than a kinetic limitation (Cassoly and Gibson, 1972;
Parkhurst et al., 1970).

It is not clear whether direct R = T* interconversion can
occur, or instead whether T* is only formed via transitions
with T. In Schemes II and HI we show two models that are
consistent with the available data. In Scheme II, k4 must be
slow to account for the slow overall T* -- R conversion, and

k3 must therefore also be slow to maintain significant pop-
ulations of both T and T. A slow k3 is consistent with our
finding that larger amounts of T* are formed when the CO
concentration is low, which allows more time for the T
T* conversion before CO binds. Under our conditions,
however, k3 must be faster than 20 s 1 to account for the
T* we see. Scheme III, in which direct R = T* intercon-
versions are allowed, is also consistent with the data if k5
and k6 as well as k3 and k4 are slow. We have not
attempted any detailed analysis of the CO binding kinet-
ics using either Scheme II or III, as there are simply too
many unknown rates for a unique, meaningful analysis.

Nature of the T -->T* change
The conformation we are calling T* is characterized by its
slow interconversion with the R state. It is likely that this
same T* state was seen in the double-mixing stopped-flow
studies of diliganded Hb (Berjis et al., 1990; Sharma, 1988,
1989). T* therefore seems to occur in partially liganded
tetramers with allosteric constants in the range 1-100, i.e.,
those where the presence of subunits in the liganded tertiary
structure produces strain and destabilization of the T state.
Therefore the T -- T* transition is probably some confor-
mation change that better accommodates the liganded sub-
units within the T structure, and its slow kinetics may
indicate rearrangements in a large number of intersubunit
contacts.
We suggest that for the symmetric cyanomet valency

hybrids the T -- T transition may represent a spontaneous
breaking of symmetry about the molecular diad, allowing a
transition to an asymmetric state, with one deoxy subunit
having low affinity and slow CO binding kinetics, and the
other a high affinity and rapid binding. Beris et al. (1990)
have also suggested the coexistence of subunits with fast
and slow CO binding kinetics within the T*-like state they
observe for (aCO°2 and (aI3CO)2. The existence of asym-
metric tetramers has also been proposed to explain theNMR

T T*
4

kIlk2

R
Scheme II
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Tv T*

ki ik2k
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data for partially liganded (Miura and Ho, 1982) and asym-
metrically modified cross-linked hemoglobins (Miura and
Ho, 1984). High-affinity and low-affinity sites within an
overall T structure are also now known to coexist for singly
liganded Hb, where binding of a second ligand within the
same a/3 dimer occurs with high affinity, but binding of a
second ligand to the opposite dimer causes a change to the
R state and therefore occurs with low affinity (Ackers et al.,
1992). If, in fact, only one of the ferrous subunits in our T*
cyanomet hybrids has slow binding kinetics, then the frac-
tion of T* is -50%.
Why does the T -> T* transition occur? The fact that

initially the allosteric constant is -1 shows that R and T are
nearly isoenergetic, proving that there is considerable strain
in trying to accommodate either two liganded subunits
within an overall unliganded quaternary structure, or two
unliganded subunits within an overall liganded quaternary
structure. Therefore, one way to reduce the strain might be
a spontaneous breaking of symmetry about the molecular
diad. The slow interconversion with R and T of such an
asymmetric state might then be a consequence of poor
communication of structural changes across the dimer-
dimer interface in such an asymmetric structure.

Whatever the precise nature of this T* state, it is inter-
esting that we clearly see the T -> T* transition only for
cyanomet ferric subunits. We think it is likely that this
difference among ferric ligands reflects the very strong
Fe(III)-CN- bond and the tight stereochemical restraints on
the cyanomet heme. As noted previously, for all of the other
ferric ligands we have studied, the ferric hemes exist as an
equilibrium mixture of high- and low-spin forms, giving a
more plastic heme-ligand geometry. This "softer" mixed-
spin heme may allow these ferric subunits to be better
accommodated within the normal T structure (as shown by
the higher allosteric constants for the mixed-spin hybrids
than for the cyanide hybrids), and therefore a transition to
the T* state may be energetically and/or kinetically less
favorable for mixed-spin forms. Thus the T -* T* transition
may be more favored in cyanomet hybrids as a way of
satisfying the tight stereochemical restraints at cyanomet
hemes while also maintaining most of the normal T state
intersubunit contacts.
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