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MWC allosteric model explains unusual
hemoglobin-oxygen binding curves from sickle cell
drug binding
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1National Institutes of Health, Bethesda, Maryland
ABSTRACT An oxygen-affinity-modifying drug, voxelotor, has very recently been approved by the FDA for treatment of sickle
cell disease. The proposed mechanism of action is by preferential binding of the drug to the R quaternary conformation, which
cannot copolymerize with the T conformation to form sickle fibers. Here, we report widely different oxygen dissociation and ox-
ygen association curves for normal blood in the presence of voxelotor and interpret the results in terms of the allosteric model of
Monod, Wyman, and Changeux with the addition of drug binding. The model does remarkably well in quantitatively explaining a
complex data set with just the addition of drug binding and dissociation rates for the R and T conformations. Whereas slow disso-
ciation of the drug from R results in time-independent dissociation curves, the changing association curves result from slow
dissociation of the drug from T, as well as extremely slow binding of the drug to T. By calculating true equilibrium curves
from the model parameters, we show that there would be a smaller decrease in oxygen delivery from the left shift in the disso-
ciation curve caused by drug binding if drug binding and dissociation for both R and T were rapid. Our application of the Monod,
Wyman, and Changeux model demonstrates once more its enormous power in explaining many different kinds of experimental
results for hemoglobin. It should also be helpful in analyzing oxygen binding and in vivo delivery in future investigations of ox-
ygen-affinity-modifying drugs for sickle cell disease.
SIGNIFICANCE The allosteric model of Monod, Wyman, and Changeux (MWC) has been widely used to explain
cooperative effects in multisubunit proteins. Studies on hemoglobin remain the research paradigm for applications of the
MWC model. According to MWC, cooperative binding of oxygen to hemoglobin results from a shift in the population of the
low-affinity (T) conformation to the high-affinity (R) conformation as successive molecules of oxygen bind. Voxelotor, a
recently approved FDA drug for sickle cell disease, acts by preferential binding to the nonpolymerizing R conformation to
reduce sickling. The resulting oxygen-binding curves with drug bound reported here are biphasic and time dependent. We
explain this complex behavior quantitatively with a straightforward extension of the MWCmodel to include drug binding and
dissociation rates, which provides a guide for future drug development for sickle cell disease using this strategy.
INTRODUCTION

Understanding oxygen binding by hemoglobin and its rela-
tion to the pathogenesis and treatment of sickle cell disease
has a long and interesting history (1–3). The first accurate
measurements that showed oxygen binding to be coopera-
tive and dependent on acidity (the Bohr effect) were made
117 years ago by the physiologist Christian Bohr, the father
of the famous theoretical physicist Niels Bohr, and co-
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workers (4). 50 years ago, Max Perutz proposed an explana-
tion for both cooperative binding and the Bohr effect in
terms of the three-dimensional structure of hemoglobin
determined by x-ray crystallography, a study that gave birth
to the field of structure-function relations in biochemistry
(5). Shortly thereafter, Attila Szabo and Martin Karplus
developed a mathematical model (6), which showed that
the Perutz mechanism explained the most important
biochemical data existing at the time and is consistent
with the two-state allosteric model of Jacques Monod, Jef-
fries Wyman, and Jean-Pierre Changeux (MWC), one of
the most highly cited theoretical works in all of biology
(2,7). In the MWC model, binding to both R and T confor-
mations is noncooperative (8,9). Cooperative binding
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produces a sigmoid-shaped binding curve that results from
the shift in the quaternary conformation population from
low-affinity T to high-affinity R as successive molecules
of oxygen bind. Although the measurements of Bohr et al.
required many minutes, they correctly assumed that their re-
sults were of direct physiological relevance, even though ox-
ygen binding and dissociation in vivo occur on the seconds
timescale. Later kinetic studies justified their assumption by
showing that these chemical reactions are subsecond
(10,11). Now that increasing the affinity of hemoglobin S
is being widely used as a therapeutic strategy to treat sickle
cell disease (reviewed in (12)), it is important to revisit the
issue of the relation between in vitro and in vivo oxygen
binding and dissociation.

It has been known since the very early reports of sickle cell
disease that sickling is highly dependent on oxygen pressure
(13) and, more recently, that the kinetics of sickling are
exquisitely sensitive to the average number of oxygen mole-
cules bound to the hemoglobin S tetramer, usually expressed
as the fractional saturation with oxygen (14–20). Conse-
quently, increasing the oxygen affinity of hemoglobin S to
reduce sickling in the microcirculation of the tissues has
been a long-considered (12,21,22) but controversial strategy
for treating sickle cell disease (23). The molecular rationale
for this strategy is that shifting the quaternary equilibrium
from the polymerizing T conformation to the R conformation
(14,22,24–27), which cannot copolymerize (16,17,28), will
reduce sickling. The strategy is controversial because it is
not clear whether oxygen delivery to the tissues will be
increased sufficiently from the expected decrease in the fre-
quency of sickling-induced vaso-occlusion to overcome the
decrease in oxygen delivery from the left shift of the dissoci-
ation curve for the free (i.e., unpolymerized) hemoglobin S
molecules (23,26,29,30).

Up to now, the Food and Drug Administration has
approved only a single drug that inhibits sickling by this
mechanism—voxelotor (previously known as GBT440)
(27,31). The drug increases hemoglobin levels and reduces
markers of hemolysis (27) but has not yet been shown to
reduce the frequency of pain crises or reduce chronic or-
gan damage. Voxelotor preferentially binds to the R
conformation, with one molecule of the drug sitting in
the pocket between the a chains and forming a covalent
bond (Schiff’s base) to the N-terminus of one of the chains
(32–34). Here, we show that slow binding and dissociation
of the drug results in very different oxygen dissociation
and association curves that can be readily explained with
a straightforward application of the MWC model that in-
cludes drug binding. Remarkably, our set of quite compli-
cated experimental results can be quantitatively explained
by just adding drug binding and dissociation rates to the
MWC model. Our analysis demonstrates the power of
the MWC model and should be useful for further studies
of oxygen-affinity modifiers as potential drugs to treat
sickle cell disease.
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MATERIALS AND METHODS

Materials and oxygen-binding measurements

Blood samples collected with an EDTA anticoagulant were obtained from a

normal volunteer under National Institutes of Health protocol 08-DK-0004.

The blood was diluted 100-fold into pH 7.4 phosphate-buffered saline at

300 mOsM, containing 40 mM phosphate, 115 mM sodium chloride,

5 mM dextrose, and 1 mg/mL bovine serum albumin. Oxygen dissociation

and association curves at 37�C were measured with a Hemox-Analyzer

(TCS, Medical Products Division, Southampton, PA). The major problem

with determining oxygen dissociation and oxygen association curves with

this instrument is that it assumes the saturation of hemoglobin with oxygen

is 100% in room air and 0% at the lowest achieved pressure of �2 torr,

which introduces a significant error for high-affinity binding curves that

have a much higher fractional saturation than near zero at the lowest pres-

sure. Nevertheless, as described in the Supporting materials and methods,

accurate saturations could be obtained from a detailed analysis at each

measured oxygen pressure of the fraction of the total optical density differ-

ence between the highest and lowest measured oxygen pressures. Although

the instrument is not as accurate as the measurements made with much

more sophisticated instrumentation by experts in measuring hemoglobin-

oxygen binding such as Imai, Gill, Poyart, Yonetani, Rossi-Bernardi, and

many others, it is sufficient for our purposes, for which big effects are

observed. We should, however, point out that the p50 of �37 torr measured

in the absence of voxelotor with the above buffer is higher than 28 torr with

the buffer supplied by TCS, which is the same as the physiological p50

found for a CO2/bicarbonate buffer at 37
�C (35). We do not yet understand

the origin of this difference. Although it may result in parameters of our

theoretical model that are somewhat different from parameters that would

be obtained under strict physiological conditions, it does not affect any of

our conclusions concerning the effect of the drug on in vitro or in vivo ox-

ygen binding.
Theoretical model and data fitting

Our theoretical model is based on the two-state allosteric model of Monod,

Wyman, and Changeux, in which each of the two quaternary structures, R

and T, can have 0–4 oxygen molecules bound, so there are 10 states in the

system. The relative probability of each of these states as a function of ox-

ygen concentration at equilibrium is given by the simple and elegant MWC

partition function (Q):

Q ¼ ð1 þ KRxÞ4 þ Lð1 þ KTxÞ4; (1)

where x is the concentration of unbound oxygen in our red cells, which at

equilibrium is proportional to the partial pressure of gaseous oxygen

bubbling through the cell suspension according to Henry’s law (no relative

of the author) in the Hemox cuvette; KR and KT are the equilibrium con-

stants for oxygen binding to the R and T quaternary states; and L ¼ [T0]/

[R0] is the ratio of the quaternary concentrations when no oxygen is bound

(x ¼ 0). With one molecule of voxelotor binding to each quaternary struc-

ture (32–34) and our assumption of the drug causing no effect on the oxy-

gen affinity of either, the partition function in the presence of drug (QX)

becomes

QX ¼ �
1 þ KX

RX
� ð1 þ KRxÞ4

þ L
�
1 þ KX

TX
�ð1 þ KTxÞ4; (2)

where X is the free drug concentration inside the red cell and KX
R and KX

T are

the binding constants of the drug to the two quaternary states.

The concentrations of the now 20 states as a function of time are given by

a system of 20 coupled differential equations. Rather than write out the full

system of differential equations, just one of the equations is presented to
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illustrate the various contributions to the evolution of the population of each

state. All species concentrations on the right-hand side, as well as the free

oxygen and drug concentrations, are time dependent.
d½RX1 �ðtÞ
dt

¼

þ 4kRb
�
RX
0

�
x foxygen binding to zero liganded stateg

� 3kRb
�
RX
1

�
x foxygen binding to current stateg

þ 2kRd
�
RX
2

� foxygen dissociation from doubly-liganded stateg
�kRd

�
RX
1

� foxygen dissociation from current stateg
þ k1ðTX/RXÞ�TX

1

� fquaternary change from corresponding T stateg
�k1ðRX/TXÞ�RX

1

� fquaternary change from current R stateg
þ kbXR ½R1� X fbinding to corresponding drug-free R stateg
�kdXR

�
RX
1

� fdrug dissociation from current R stateg:

(3)
The numerical factors in the terms involving oxygen binding or dissociation

represent statistical factors reflecting how many of the four hemes in the

tetramer are available to participate in the specified transition.

The key rate coefficients that must be adjusted in fitting the model to the

data are those for drug binding and dissociation in each quaternary structure.

Themodel also containsmany additional rates that are all on a second or sub-

second timescale compared to the experimental timescale for dissociation

and association curve measurements of many minutes. They include the

known oxygen-binding and dissociation rates to T and R, assumed to be un-

affected by drug binding; the known quaternary transition rate coefficients

for all five ligation states without the drug bound; the quaternary rates with

the drug bound; and the rates for entry of the drug into and out of the red cells.

Although these rates have no effect on the fits and could have been assumed

to be instantaneous (see (36)), they have been included for completeness

because they could be important for future studies of oxygen-affinity-modi-

fying drugs with faster kinetics. Also not included in the fits is the effect of

drug binding to bovine serum albumin in the cell suspension buffer. This

omission was done to simplify the model and make the effect of the drug

more transparent. This simplification will increase the values of the binding

rates compared to the fitted values and thereby decrease the dissociation con-

stants for drug binding to hemoglobin, but it will not affect the quaternary

equilibrium constants for drug-bound hemoglobin and drug dissociation

rates, which are the critical parameters for explaining the increase in oxygen

affinity in the presence of the drug and the time-dependent right shift of the

oxygen association curve. The fitting procedure and many more details can

be found in the Supporting materials and methods.
FIGURE 1 Measured oxygen dissociation and association curves in the

absence of voxelotor at 37�C for normal red cells diluted 100-fold into

pH 7.4 phosphate-buffered saline. The curves are fitted well (measured

points not shown to reduce clutter) with the three parameters of the

MWC allosteric model: KR, the affinity of oxygen for R; KT, the affinity

of oxygen for T; and L, the concentration ratio of the two zero-liganded qua-

ternary conformations ([T0]/[R0]) when no oxygen is present. The parame-

ters are given in Table 1. The inset shows the saturation as a function of

experimental time. If the red cells were unaffected during the time spent

at 37�C in the buffer and measurements were perfect, the fractional satura-
RESULTS

It is important to point out at the outset the very important
fact that oxygen binding to hemoglobin A and hemoglobin
S in the absence of polymerization was shown to be iden-
tical by Gill and co-workers (37). Consequently, all of our
experiments on normal red cells apply to the unpolymerized
HbS in sickle cell red cells.
tion of almost zero at the end of the dissociation measurement would be

exactly equal to the fractional saturation at the beginning of the association

measurement, i.e., the lines connecting the beginning and end points in the

inset would be perfectly horizontal (the instrument did not permit any mea-

surements to be made during the 25 and 55 min intervals). The nearly

perfectly horizontal lines during the intervals indicate that both the red cells

and the instrument are reasonably stable.
Oxygen dissociation and binding in absence of
drug

Fig. 1 makes it perfectly clear what is meant by a true equi-
librium oxygen-binding curve. Both the dissociation and as-
sociation curves are identical, the former measured by
starting at room air (�150 torr oxygen) and decreasing the
oxygen pressure and the latter measured by starting at the
lowest achievable pressure (�2 torr) and increasing the ox-
ygen pressure. There is no significant difference between the
dissociation and association curves. The inset shows a tra-
jectory of the fractional saturation with oxygen as a function
Biophysical Journal 120, 2543–2551, June 15, 2021 2545
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of experimental time, with intervals between the end of
measuring a dissociation curve and the start of measuring
an association curve of �1, 28, and 60 min. The continuous
curves are the fits to the data obtained by varying the three
parameters of the allosteric model: KR, the affinity of oxy-
gen for R; KT, the affinity of oxygen for T; and L, the pop-
ulation ratio of the two zero-liganded quaternary
conformations (T0/R0) at zero oxygen concentration. The
parameters are given in Table 1.
FIGURE 2 Oxygen dissociation and association curves at 37�C for

normal red cells diluted 100-fold into pH 7.4 phosphate-buffered saline

containing 200 mM voxelotor. The points are the measured saturations,

and the continuous colored curves are theoretical curves generated by the

model using the allosteric parameters from the fits to the drug-free curves

in Fig. 1 and varying the four rate coefficients to describe the drug binding

and dissociation rates to R and T as described above and in more detail in

the Supporting materials and methods. The best least-squares fit parameters

are given in Table 1. The inset shows the saturation as a function of exper-

imental time. The time at which the dissociation and association curves

were measured is provided by the corresponding colors in the inset. The
Oxygen dissociation and binding at near 100%
modification with drug

Fig. 2 shows that the results are dramatically different
with buffer containing 200 mM voxelotor, a concentration
high enough to produce almost 100% modification of he-
moglobin with the drug. Successive measurements in
which the oxygen pressure is decreased from �150 torr
to �2 torr, followed by increasing the oxygen to 150
torr, resulted in three almost identical dissociation curves
but three very different association curves that depend on
the interval between the end of the dissociation curve
measurements and the beginning of the association curve
measurements. The inset for the fractional saturation with
oxygen as a function of the experimental time shows that
start of the measurement of the first oxygen dissociation curve began after

incubating the red cell suspension with the drug for 1 h at 37�C. The dashed
black curve is the true equilibrium curve at 200 mMvoxelotor, i.e., the curve

that would be obtained if the drug binding and dissociation were instanta-

neous. The continuous black curve is the equilibrium curve in the absence

of the drug (same curve as in Fig. 1).

TABLE 1 Key parameters derived from fits with model

L 75,000–160,000

LX (with drug bound) 20

KT 3.5 mM�1 (p50 ¼ 160 torr)

KR 240 mM�1 (p50 ¼ 2.3 torr)

kbXR (drug binding to R)a 0.02–0.03 mM�1 s�1

kdXR (drug dissociation from R) 1–2 � 10�4 s�1

KX
R 130–210 mM�1

kbXT (drug binding to T)b 4–5 � 10�5 mM�1 s�1

kdXT (drug dissociation from T) 4–8 � 10�4 s�1

KX
T 0.06–0.1 mM�1

The complete set of parameters is given in the Supporting material. The

range in the fitted parameters is obtained from multiple experimental deter-

minations and initial conditions for searching parameter space using a c2

criterion.
aThe model assumes that the drug concentration in the red cell is driven to-

ward equilibrium with the concentration in the buffer at all times. There-

fore, at 0.200 mM drug concentration, 5.4 mM Hb tetramer concentration

within the red blood cells, and 0.004 volume fraction of red blood cells

in the sample, no more than 10% of the drug is depleted at any point in

the reaction. Consequently, the reaction is nearly pseudo-first order with

a half time for binding to R of 0.693/((0.02–0.03) � 0.2) ¼ 120–170 s ¼
2–3 min. At a drug concentration of 0.012 mM, the fractional binding of

R to the drug is �0.4 at equilibrium; a full solution of the bimolecular

rate equation predicts a half time for approaching this value, from an initial

value of 0, of �1200 s.
bBecause the affinity of the drug is so low for T, the population of drug-

bound T at equilibrium, even at the higher of the two concentrations 0.2

and 0.012 mM, is�0.01. Therefore, very little drug is consumed by binding

to T hemoglobin at either concentration; a hypothetical relaxation of drug

binding by T approaching the corresponding equilibrium concentration

would thus be pseudo-first order, with half-times of �1100 and

�11,000 min respectively.
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there is a large decrease in fractional saturation during the
28 and 56 min intervals at the lowest oxygen pressure.
The continuous curves are the fits to the data obtained
by varying the four rate parameters that describe drug
binding in addition to the three allosteric parameters (Ta-
ble 1). For completeness, oxygen-binding and dissociation
rates were included and the quaternary rates varied, but
they are subsecond for all ligation states (Table S1) and
therefore have no effect on the fits to curves that are
measured in minutes.

The explanation of the time-dependent association curves
is found in Fig. 3, which shows the populations of the R and
T conformation as a function of oxygen saturation obtained
from the model. As the oxygen saturation decreases in the
absence of drug, there is a simple conversion of R to T. At
200 mM drug (Fig. 2), R molecules with the drug bound
(RX) are more populated than in the absence of the drug
(R), which, together with the much higher (70-fold) oxygen
affinity of R than T, explains why the dissociation curve in
Fig. 2 is a noncooperative hyperbolic curve. The final satu-
ration is not zero because the lowest oxygen pressure
achieved with this instrument of �2 torr is comparable to
the p50 for R of �2 torr. Unlike dissociation in the absence



FIGURE 3 Populations of R and T conforma-

tions as a function of fractional saturation with

oxygen for each of the six successive oxygen

dissociation/binding curves at 200 mM drug con-

centration obtained from the fits with the model

together with the populations in the absence of

drug (black dotted lines). The superscript X indi-

cates that drug is bound. The green continuous

curve in the ‘‘association 3’’ panel is the sum of

the drug-free and drug-bound conformations and

shows that relative populations of the total R

and T populations are similar to the curves

when no drug is present. The longer periods of

data recording by the instrument at high satura-

tion at the end of the association curves, as

observed in the inset to Fig. 2 compared to the in-

sets in Figs. 1 and 4, presumably result from the

instrument recording until the optical density dif-

ference achieves the value before the beginning of

the dissociation curve and are due to the slow as-

sociation of the drug to R to form RX with a half

time of 2–3 min (Table 1).

MWC model and sickle cell drug binding
of the drug, there are two populations of T in the presence of
the drug, one with drug bound (TX) and one from which the
drug has dissociated (T). The population of T relative to TX

increases as the saturation decreases because of the low af-
finity of the drug for T (at 200 mM, �10% of T have drug
bound at equilibrium), which dissociates with a half time
of �15 min (Table 1), in the same time regime of 8 min
for measurement of the entire dissociation curve (Fig. 2,
inset).

There is only a 0.7 min delay between the end of the
dissociation curve and the start of the association curve,
so this first association curve is only slightly right shifted
from the dissociation curve because of the slightly higher
population of low-affinity T (T þ TX) conformations in
association compared to dissociation. The T population
does not convert to R as the saturation increases until
the TX population is depleted. In addition, the appearance
of RX from T conformations that have converted to R is
delayed by the 2.5 min half time for drug binding to R.
There is a large right shift of the second association curve
and an even larger one for the third because of the
increased T population that forms during the intervals
(Fig. 4). This T population is mostly drug free (T) from
the dissociation of the drug during the interval (Figs. 3
and 4). 95% of the conformational population at the
beginning of the third association curve is T (Fig. 3),
with the result that the curve looks very similar to the
cooperative curve for red cells in the absence of drug.
There is no drug binding to T during the 12 min associa-
tion curve measurements because the half time for binding
of �1100 min (Table 1) is much too slow. Consequently,
T switches to drug-free R (R), which converts to drug-
bound R (RX) with a half time of �2.5 min, so there is
increasing conversion of R to RX as the saturation in-
creases, and by the end of the association measurements,
all R has drug bound (RX).
Biophysical Journal 120, 2543–2551, June 15, 2021 2547



FIGURE 4 Populations of R and T conformations as a function of time in the presence of 200 mM voxelotor during the three intervals between the end of

the dissociation curve measurements and the beginning of the association curve measurements (see inset of Fig. 2). The superscript X indicates that drug is

bound.
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Oxygen dissociation and binding at partial
modification with drug

Because of the slow dissociation of the drug from hemoglo-
bin, the measured dissociation curve at partial modification
with the drug shown in Fig. 5 is biphasic (26,32,34,38,39).
It consists of two distinct oxygen dissociation curves, one
for the drug bound to hemoglobin and one for the drug-free
hemoglobin (26,38). To be more precise, it is the fraction-
weighted sum of the two curves. The explanation of the
curves is the same as above for 200 mM, albeit with smaller
effects because of the lower fraction of molecules with drug
bound. One difference is that the population of R with drug
bound is less at the beginning of the second and third disso-
ciation curves compared to the first (Fig. 6), which accounts
for the apparent decrease in the high-affinity fraction most
apparent in the third dissociation curve (Fig. 5). The decrease
in drug-bound R occurs because of the slow binding of the
drug to R, which is formed from T with no drug bound as
the oxygen saturation increases in the second association
curve (Fig. 7). It also occurs because there was no delay be-
tween the end of the association curve measurements and the
beginning of the dissociation curve measurements.
FIGURE 5 Oxygen dissociation and association curves at 37�C for

normal red cells diluted 100-fold into pH 7.4 phosphate-buffered saline

containing 12 mM voxelotor. The points are the measured saturations,

and the continuous colored curves are the fits to the data obtained by using

the allosteric parameters from the fits to the drug-free curves in Fig. 1 and

varying the four rate coefficients to describe the drug binding and dissoci-

ation rates to R and T. The best least-squares fit parameters, which are the

same for fitting the data in Figs. 2 and 3, are given in Table 1, together with

the experimental uncertainties from fits to multiple data sets at varying drug

concentrations. The inset shows the saturation as a function of experimental

time. The time at which the dissociation and association curves were

measured is provided by the corresponding point colors in the inset. The

start of the measurement of the first oxygen dissociation curve began after

incubating the red cell suspension with the drug for 1 h at 37�C. The dashed
black curve is the true equilibrium curve at 12 mM voxelotor, i.e., the curve

that would be obtained if the drug binding and dissociation were instanta-

neous. The continuous black curve is the equilibrium curve in the absence

of the drug (same curve as in Fig. 1).
DISCUSSION

A well-known general principle of thermodynamics is that
the properties of a system under a specific set of conditions
at equilibrium are independent of the path that is taken to
attain those conditions. For the hemoglobin-oxygen system,
it means that the fractional saturation of hemoglobin with
oxygen at a given partial pressure of oxygen does not
depend on whether that partial pressure is reached by
increasing the oxygen pressure or by lowering the oxygen
pressure. The identity of the dissociation and association
curves shown in Fig. 1 therefore demonstrates unambigu-
ously that they are true equilibrium curves, which has
been known for almost 100 years because oxygen binding
and dissociation are so much faster than the time to measure
the dissociation and association curves (10,11).
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In the presence of voxelotor, the dissociation and associa-
tion curves are very different, and neither is an equilibrium
curve. At 200 mM, there is a very large difference between
the dissociation and association curves, with the difference
increasing as the interval increases between the end of the
dissociation measurement and the beginning of the associa-
tion measurement. The differences at 12 mM are smaller,



FIGURE 6 Populations of R and T conformations as a func-

tion of fractional saturation with oxygen for each of the six

successive oxygen-binding curves at 12 mM drug concentra-

tion obtained from the fits with the model. The superscript

X indicates that drug is bound.

MWC model and sickle cell drug binding
but the same effects are observed. We have been able to quan-
titatively explain this rather complicated set of results with a
straightforward application of the MWC model, to which
binding and dissociation rates of the drug for the R and T con-
formations have been added with the assumption that the
drug does not alter the affinity of either R or T. The fitting
FIGURE 7 Populations of R and T conformations as a function of time in the p

dissociation curve measurements and the beginning of the association curve m

bound.
process is challenging, as it not only involves varying a num-
ber of parameters to optimize the fits to the data, including
four parameters to describe the quaternary transition equilib-
rium constants, but also determining accurate fractional satu-
rations from the raw data reported by the instrument.
Although quaternary rates were varied for completeness,
resence of 12 mM voxelotor during the three intervals between the end of the

easurements (see inset of Fig. 2). The superscript X indicates that drug is

Biophysical Journal 120, 2543–2551, June 15, 2021 2549
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they are all subsecond and have no influence on either the
binding or dissociation curves. Given the simplifying as-
sumptions of the model, the deficiencies in the instrument,
and the complexity of the data, the fits in Figs. 2 and 5 can
be considered impressive. They also demonstrate the enor-
mous power of the MWC model in explaining so many
different kinds of experimental results for hemoglobin
without having to extend it to include tertiary conformational
changes (40,41) that could be affected by drug binding.

In this case, the keys to explaining the data are the drug
binding and dissociation rates for the R and T conformations
obtained from the model. Although the affinity of the drug
for R is so great that three successive, identical dissociation
curves at 200 mM drug are almost hyperbolic, the associa-
tion curves are time dependent because three of the four
rates for drug binding and dissociation are on the same time-
scale as the experiment. A detailed explanation of the disso-
ciation and association curves in terms of the R and T
conformations with and without drug bound as a function
of fractional saturation with oxygen (Figs. 3, 4, 6, and 7)
is given in the Results. Some of the explanation requires
considerable thought because it involves the subtle interplay
of the drug kinetics and the R-T equilibria.

At 12 mM voxelotor concentration, �40% of the hemo-
globin has drug bound, which is similar to the modification
achieved at drug doses being used to treat patients (27,42).
The dissociation curve is now biphasic, corresponding to
the sum of the curves for the drug-bound and drug-free he-
moglobin, and is directly relevant to oxygen delivery in vivo,
which occurs on the seconds timescale. Although the higher
fractional saturations produced by the drug reduce sickling,
the overall left shift potentially decreases oxygen delivery in
a disease in which chronic organ damage is caused by
decreased oxygen delivery (23,26,30,39). We have recently
shown that, except for very low oxygen pressures uncom-
mon in vivo, the overall effect of the left shift and reduced
sickling is to reduce oxygen delivery (unpublished data).

Comparison with the true equilibrium curve shows that
for a drug with the same equilibrium properties but fast ki-
netics, oxygen delivery would be considerably greater, with
a difference that increases as the final pressure in the tissues
decreases. 2,3-diphosphoglycerate, for example, is a small
molecule that preferentially and rapidly binds to one of
the two quaternary conformations, in this case T, so that
the oxygen-binding curve measured in vitro is the same as
the expected in vivo binding curve (43). An important lesson
from this work is that kinetics of drug binding must be
considered and understood in the development of oxygen-
affinity modifiers as a treatment for sickle cell disease.
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