UNIVERSITA
DI PARMA

Conferimento del titolo di
Dottore Magistrale ad honorem in
Chimica e Tecnologia Farmaceutiche a

William Allen Eaton

The Biophysical Basis of Drug Therapy for
Sickle Cell Disease

Lectio doctoralis di

William Allen Eaton

Parma, Aula Magna

25 maggio 2018






Abstract

This thesis is concerned with exploiting our knowledge of the thermodynamics and
kinetics of sickle cell hemoglobin polymerization to provide a quantitative rationale for
developing sensitive and a patho-physiologically relevant assay to screen compounds
to discover drugs for treating sickle cell disease. Chapter | presents the essential basic
information about the disease, with some brief historical background. Chapter Il
describes how oxygen controls the thermodynamics of polymerization and shows that
were polymerization at equilibrium, patients would not survive beyond 6 months after
birth when fetal hemoglobin has been almost completely replaced by adult
hemoglobin. The thermodynamic analysis also shows that both sickle cell trait, the
heterozygous condition, and the compound heterozygous condition of sickle cell with
pancellular hereditary persistence of fetal hemoglobin would both be clinically severe
conditions were polymerization at equilibrium. Chapter Ill presents calculations of the
kinetics of sickling under in vivo conditions of deoxygenation to partial pressures in the
tissues. The calculations are validated by reproducing the results of the pioneering
experiments on sickling of cells in which the carbon monoxide complex of sickle
hemoglobin is partially or completely dissociated with a laser. The conclusion from
these calculations is that the sickle cell disease is survivable because the vast majority
of cells escape the narrow vessels of the tissues before formation of the sickle fibers
that cause vaso-occlusion. These results indicate that it is not necessary to completely
inhibit fiber formation to treat the disease. Amelioration should result by increasing
the delay time of fiber formation to allow more cells to escape the microcirculation of
the tissues before sickling occurs. Chapter IV presents the biophysical basis for five
separate approaches to increasing the delay time that would be therapeutic. Chapter

V describes a sensitive kinetic assay, which shows that a small increase in red cell



volume to decrease the intracellular hemoglobin concentration, taking advantage of

the enormous concentration dependence of the delay time, should be therapeutic.

Le basi biofisiche della terapia farmacologica per I'anemia

falciforme

Questa tesi spiega come le conoscenze di termodinamica e cinetica della reazione di
polimerizzazione di emoglobina S in pazienti affetti da anemia falciforme forniscano le
basi per un approccio quantitativo nello sviluppo di un saggio sensibile per lo screening
di composti ad azione terapeutica.

Il capitolo | fornisce le informazioni essenziali sulla malattia con qualche breve accenno
storico. Il capitolo Il descrive come la concentrazione di ossigeno controlli la
termodinamica della polimerizzazione, e dimostra che se il processo di
polimerizzazione fosse all’equilibrio, i pazienti non sopravvivrebbero oltre sei mesi
dopo la nascita quando I'emoglobina fetale viene completamente sostituita
dall’emoglobina adulta. L’analisi termodinamica mostra anche che sia i pazienti
eterozigoti per I'emoglobina S che quelli con una persistenza ereditaria di emoglobina
fetale sarebbero in condizioni cliniche severe se la reazione di polimerizzazione
dell’emoglobina S raggiungesse I'equilibrio. Il capitolo Ill presenta calcoli relativi alla
cinetica di deformazione dei globuli rossi in condizioni di parziale deossigenazione nei
tessuti in vivo. | calcoli sono confermati in quanto riproducono i risultati ottenuti in
esperimenti di deformazione dei globuli rossi causata dal distacco parziale o completo
dell’ossido di carbonio legato all’emoglobina S mediante fotolisi laser. La conclusione
derivante da questi calcoli € che si puo sopravvivere all’anemia falciforme perché la

maggior parte dei globuli rossi passano attraverso gli stretti vasi della



microcircolazione prima che le fibre di emoglobina S, che causano la distorsione dei
globuli rossi, la perdita di plasticita e quindi la vaso-occlusione, si formino. Questi
risultati indicano che non e necessario inibire completamente la formazione delle fibre
per curare la malattia. Un beneficio terapeutico potrebbe derivare da un
allungamento del tempo di ritardo con cui si formano le fibre per permettere a piu
globuli rossi di passare attraverso la microcircolazione dei tessuti prima che ne avvenga
la distorsione. Il capitolo IV presenta le basi biofisiche e biochimiche per cinque diversi
approcci per aumentare il tempo di ritardo che potrebbero avere un effetto
terapeutico. |l capitolo V descrive un saggio cinetico estremamente sensibile che
mostra come un piccolo aumento del volume cellulare dei globuli rossi che comporta
una diminuzione della concentrazione intracellulare di emoglobina avrebbe un effetto
terapeutico, considerando |'enorme dipendenza del tempo di ritardo dalla

concentrazione di emoglobina.






Chapter |

Introduction

la. Sickle cell basics The mutation of a glutamate in the beta chains of the tetrameric hemoglobin
molecule (Figure 1.1) results in polymerization upon deoxygenation in the tissues to form a viscous
gel containing 14-stranded fibers (Figure 1.2). The fibers distort the red cells in to a variety of shapes,
some with the shape of a sickle from which the disease got its name (Figure 1.3). When the cells are
reoxygenated in the lungs, the fibers dissolve and the cells return to the normal biconcave disc shape
(Figure 1.3). Because the cells containing fibers are less flexible, they can become stuck and cause an
occlusion that reduces oxygen delivery to the surrounding tissues (Fig. 1.4). It is this vaso-occlusion
that causes the chronic organ damage of the disease and sporadic episodes so painful that they are
called sickle cell crises.

Figure 1.1. Schematic of hemoglobin molecule showing location (yellow dots) of glu to val mutation on the
molecular surface of the beta subunits (adapted from ref. (1)).

HbS gel

[

Figure 1.2. Hemoglobin S gel. A gel of hemoglobin S consists of a viscous solution of hemoglobin molecules
and 14-stranded fibers with no intermediate oligomers. Each circle represents a hemoglobin molecule
consisting of 4 subunits.



Figure 1.3. Scanning electron micrographs of sickle cells. All cells are deoxygenated except in panel A
(reproduced from ref (2)).
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Figure 1.4. Schematic of microcirculation - arteriole, capillary and venule . (A) Normal cells squeeze through
the narrowest vessels of the tissues, (B) When sickle cells are deoxygenated the fibers that form inside make
the cells much less flexible, introducing the possibility that they can become stuck and prevent further passage
of cells (the "log jam™), thereby reducing oxygen delivery to the tissues (hypoxia). See Fig. for a more detailed
picture.

Ib. Historical Background. Sickle cell hemoglobin is not only the first human disease known to
result from a mutant protein (the first "molecular disease™) from the landmark work of Linus Pauling
(3, 4). It is also the first disease known to be caused by protein aggregation and, consequently, has
become a paradigmatic system for the vast amount of current research on protein aggregation
associated with neurodegenerative diseases such as Alzheimer's and Parkinson's disease (5-9). Pauling
became interested in sickle cell disease when the Harvard hematologist, William B. Castle, told him
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about the experiments of a Johns Hopkins medical student, Irving J. Sherman (10). Sherman showed
that the oxygenated red cells from patients with this disease have a normal biconcave disc shape, but
upon deoxygenation form sickle shapes and exhibit birefringence (Fig. 5), Upon reoxygenation the
cells return to a normal biconcave disc shape with the disappearance of birefringence (11).

Figure 1.5. Optical micrographs of rapidly (seconds) (panels A and C) and slowly (hours) (panels B and D)
deoxygenated sickle red cells (reproduced from Eaton and Hofrichter (12)). The micrographs of the cells in
panels A and B were obtained with 430 nm linearly-polarized light oriented horizontally, showing greater
absorption for cells with the polarization vector perpendicular to their long axis. The micrographs in panels C
and D were taken in 450 nm light with the cells between crossed linear polarizers.

Pauling was quite interested in the properties of hemoglobin (13-15) and realized from Sherman's
observation of birefringence that the hemoglobin in the red cells from patients with this disease must
be aggregated into an ordered structure. In his famous paper showing the difference in electrophoretic
pattern of normal and sickle hemoglobin, he also reasoned that the amino acid replacement is on the
molecular surface to explain why deoxyhemoglobin S aggregates and that hemoglobin S must have a
different conformation when oxygenated to account for the disappearance of birefringence and the
return of the normal biconcave disc shape (3). It is, of course, well known that Pauling’s brilliant
predictions turned out to be correct (16-18). We now know that the birefringence of the aggregated
hemoglobin is due to alignment of a 14-stranded solid fiber (19-23) (Fig. 1.2).



Chapter Il

Thermodynamics of Sickle Fiber Formation

lla. Control of sickle fiber formation by oxygen: The simplest thermodynamic description of a
gel in the absence of oxygen is that it contains only two components, hemoglobin and solvent, and that
the polymer phase behaves like a crystal in equilibrium with a solution of hemoglobin molecules, as
shown schematically in Fig. 1.2. In this description the collection of domains of aligned polymers is
viewed as the "crystal," and as such is treated as a separate phase with a constant composition. In the
context of this discussion hemoglobin molecules of 64.5 kDa are regarded as monomers. The
concentration of hemoglobin monomers in the liquid phase is the solubility, determined by measuring
the hemoglobin concentration in the supernatant after sedimenting the fibers in an ultracentrifuge. The
solubility is a very accurate measure of the polymer stability. Because the solubility is very high,
greater than 160 mg/ml, the solution phase is highly nonideal. This nonideality can be completely
accounted for, however, by considering only the hard-sphere excluded volume contributions to the
activity coefficient of the monomer. The thermodynamically effective concentration, then is the
activity, which is the measured concentration multiplied by the activity coefficient, . Activity
coefficients are independent of temperature and given by:

y = exp(8Ve +15V°c’ + 24.5V°¢’ + 35.3v c" + 47.4V°¢° + 65.V°c° ) (1)

where c is the total hemoglobin concentration (either the initial concentration or measured solubility)
in g/ml and V = 0.79 ml/g is the volume of the equivalent hard sphere (12, 24).

The thermodynamic stability of the fiber as a function of the fraction of the 4 Hb subunits with
oxygenated hemes (“fractional saturation” between 0 and 1)) was accurately determined many years
ago from careful solubility measurements (25). In these experiments the temperature of a HbS solution
at partial saturation with oxygen was increased from 0°C, where the solution is liquid, to 23.5°C. After
a delay, fibers formed at the elevated temperature resulting in a gel. The gel was then subjected to
ultracentrifugation, which sediments the fibers, and allowed optical absorption measurements in the
near infrared to determine both the total HbS concentration and fractional saturation of the
unpolymerized HbS with oxygen in the liquid supernatant.
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Figure Il.1. Schematic structure of gel with HbS partially saturated with oxygen showing that only the T
quaternary structure enters the fiber. The total concentration of free HbS tetramers (left) is the solubility and
measures the thermodynamic stability of the fiber (right).

Figure 11.2 shows the data of Sunshine et al. (25) on solubility as a function of the fractional saturation
of the liquid phase HbS with oxygen, which remains the most accurate equilibrium data to date. Also
shown are the predicted solubilities based on the
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Figure 11.2. Solubility of HbS (cyan filled circles) as a function of the fractional saturation with oxygen of the
tetramers in the liquid phase and theoretically predicted values based on oxygen binding curves. The filled
circles are the measured solubilities. Dashed gray (fiber) curve: solubility calculated from the free tetramer
cooperative binding curve (equation 3) and the measured non-cooperative fiber binding curve (25) (Kp = 0.0059
torr!) using equation 2. The free tetramer cooperative binding curve is taken from the measurements of Gill et
al. (26) at 25°C using the MWC saturation function (27) (equation 3) with L = 60,500, Kg = 1.47 torr, and Kr
= 0.016 torr. Dark blue (crystal) curve: solubility calculated from the free tetramer cooperative binding curve
(equation 3) and the binding curve of the HbA single crystal in T quaternary structure (equation (4) at 25°C (28)
(Kp = Kerystat = 0.0036 torrt) using equation 1 . Green (MWC) curve: solubility calculated from the free tetramer
cooperative binding curve (equation 2) and the non-cooperative binding curve of free tetramer in the T
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quaternary structure with affinity Ky = 0.016 torr? (equation 5). Red (TTS) curve: solubility calculated from the
free tetramer cooperative binding curve (equation 3) and the best least squares fit to the data points using
equation (6) of the TTS model (with the known 25°C parameters of K; = 0.0036 torr? (28), K, = 3.7 torr (29))
with one adjustable parameter, It = 590.. In this fit, the points at saturations greater than 0.85 are the most
uncertain and were downweighted by a factor 10 relative to the points at lower saturation.

polyphasic thermodynamic linkage relation of Gill and Wyman between solubility and oxygen binding
that satisfies the Gibbs-Duhem relation for a three-component system of hemoglobin, oxygen, and
solvent (30). The solubility at each oxygen pressure (p) is related to the fractional saturation of the
HDbS in the liquid and the polymer phases by (12, 31):

p —
7 = yiclexp| 4 | Yo Yo dx )
0

1- [(1/0p —v)/(L/c, - v)])x

where ys and yp are the fractional saturation as a function of oxygen partial pressure (p) of the free
tetramers and fibers, respectively, as = jCs is the activity of the free tetramers at pressure p,  is the
activity coefficient at concentration cs, a = yc? is the activity of the free tetramers at zero oxygen

pressure, y?is the activity coefficient at concentration c?, cp is the concentration of hemoglobin in

polymer phase (= 0.69 g/cc), and v is the partial specific volume of hemoglobin (= 0.75 cc/g). The
term (1/cp - v)/(1/cs - v) corresponds to the number of moles of water per mole of hemoglobin in the
polymer phase divided by the number of moles of water per mole of hemoglobin in the liquid phase.

The free tetramers of HbS and normal hemoglobin (HbA) have identical cooperative oxygen
binding curves, which can be very accurately represented by the Monod, Wyman, Changeux saturation
function using the Adair parameters of Gill to generate the binding curve (26).

_ LK p(L+K.p)” + K p(L+Kq p)’ 3)
L(1+K; p)* + (1+K,p)’

S

The fiber binds oxygen non-cooperatively (25), so its saturation function is simply

Ks P
= _—P% 4
Ye 11K,p (4)

The fiber binding curve was obtained by measuring the linear dichroism of a gel with known saturation
with oxygen of the tetramers in the liquid supernatant to determine the oxygen pressure from equation
3 (25). The linear dichroism is due only to the fibers, as the tetramers free in solution are isotropically
oriented and therefore cannot exhibit optical anistropy. Unfortunately, the experimental uncertainties
in the measured solubilties were not determined. However, the agreement of duplicate measurements
of the most accurate solubilities (i.e. below ys = 0.85) indicates that the uncertainties are comparable
to the width of the circles. Since equation 1 is exact and the activity coefficients are known, the good
agreement of the solubilities with the values calculated from the free tetramer and measured fiber
binding curve (dashed gray curve) also suggest that the errors cannot be much larger than the plotted
width of the circles for the data points at ys < 0.85.

lIb. Theoretical calculation of solubility from MWC and TTS allosteric models. To

understand the origin of the low affinity of the fiber used in the calculation of the solubility from
equation 2, itis instructive to consider the predictions of the two principle allosteric models - the MWC
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model and the tertiary two-state (TTS) allosteric model, which is an extension of the MWC model to
include tertiary equilibria within each quaternary structure. The simplest assumption in applying these
models is to postulate that only hemoglobin in the T quaternary structure can enter the fiber, as
suggested by structural modeling, which show that it is highly unlikely that the oxy (R) quaternary
structure can enter the fiber because of multiple steric clashes (32). With this assumption the saturation
function for the fiber according to the MWC model is simply:

K. p
MWC) = — 5
Yo (MWC) = B ©

where the Kt = 0.016 torr?is the value for the free hemoglobin tetramers (25, 26). Figure 11.2 shows
that the MWC model (green curve) does a remarkably good job of reproducing the solubility data
without any adjustable parameters other than the value of Kr used to fit the solution binding data, but
yields systematically lower values.

The solubility data can be more quantitatively reproduced using the TTS allosteric model,
again assuming that only the T quaternary structure polymerizes. In this case, the saturation function
is:

LK, + K,
1+1;
Yo (TTS) = K 1 K : (6)

1+1;

where Kt and K; are the binding constants for the t and r tertiary structures and It is the t/r population
ratio in the T quaternary structure at full deoxygenation. The TTS model postulates that subunits within
each quaternary structure have two conformations, a low affinity t conformation and a high affinity r
conformation, and that the affinity of the t conformation is the same in T and R, and, similarly, that
the affinity of the r conformation is the same in T and R (33). Oxygenation and R biases the
equilibrium population toward r, while deoxygenation and T biases the population toward t.
Consequently, the t/r population ratio (It) in T is much greater than this population ratio (Ir) in R. The
TTS extension of the MWC model was required to explain the discovery of R-like CO binding rates
in T (34) and T-like binding rates in R (35). In contrast to the MWC model, which has only a single
parameter (Kt) for oxygen binding to the T quaternary structure, the TTS model has three - K¢, K, and
It. The values of K; and K, are known from binding measurements on the T quaternary structure in a
crystal (28) (Kt = 0.0036 torr?) and encapsulated as R in a silica gel (K = 3.7 torr?) (29). So fitting
the solubility curve with the TTS saturation function requires a single adjustable parameter, It. The
red curve in Figure 2 was calculated from equation 1 using the MWC saturation function (equation 3)
for ys and equation 6 for yp. The value of It that yields the best fit is 590. This value is higher than I+
~ 200 for the T quaternary structure in solution in the absence of allosteric effectors (29), presumably
due to inter-tetramer interactions in the fiber, as in the crystal. These interactions are weaker than
those of the deoxyHb A crystal, where the subunits remain in the t tertiary conformation upon oxygen
binding because I is so large, (~ 10° (29)) and equation (6) reduces to equation (4) with a binding
constant of K.

llc. Theoretical calculations of solubility in mixtures of HbS with normal and fetal
hemoglobins. For the mixtures of HbS with normal (HbA) or fetal (HbF) hemoglobins, the
solubilities as a function of fractional saturation with oxygen can be calculated from: (Derived in
Appendix A):
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(7B, +B, - (1-X,)° 28, |[Ze,8, + B, |- [2X,(1-X,)][Z8, + B, |Ze,B, =0

B, = ¢, (c, —¢,), B, = I'c?(¢c, —¢;), By = ¢ (¢, —¢,) (7)

with
L(1+K,p)’
L(1+K,p)" + (1+K,p)*

(8)

The solubility, cs, for a given fraction of HbA or HbF (Xa or Xg), total initial Hb concentration, co, and
liquid phase fractional saturation, ys calculated for each pressure, p, from equation (3) is found by
finding the value of cs that yields zero for the sum of the two terms on the left-hand side of equation
(7). For HbS/HbA mixtures e ,=6= 0 and e2 = 0.4 for copolymerization of the hybrid tetramer

2172

azBSpA (12). For HbS/HbF mixtures, the co-polymerization probability for both the oy, HbF
homotetramer, e = e3 and hybrid tetramer, a2y = €2 are zero, since only the a22° tetramer enters

72

the fiber, and equation (7) reduces to:

XZcZ(Co —C,) —2X.cZ(cp — ¢, ) +(C —C,)(Zc, — I'c?) (9)

S S

Ild. Relevance of solubility to pathophysiology of sickle cell disease. As shown in Figure
11,3, it is useful to think of the measured solubilities as a boundary line that separates the two phases
of a HbS solution at equilibrium. Solutions containing HbS concentrations that lie above the line will
contain fibers. If a sufficient fraction of the HbS is polymerized, the increase in viscosity will make
the red cells significantly less flexible. Solutions of concentrations below the line will remain liquid
with no fibers at equilibrium. These red cells will never sickle and have normal flexibility.

oxygen pressure (torr)

300

200

HbS concentration (mg/cc)

0 0.5 1.0
Y, fractional saturation of free HbS with oxygen
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Figure 11.3. Physiological concentration-saturation phase diagram at 37°C. The solution contains fibers at
equilibrium for all values of the HbS concentration and fractional saturation of the Hb tetramers in the liquid
phase above the solubility line. In vivo, the distribution of intracellular HbS concentrations vary from 250 mg/ml
to more than 450 mg/ml, while the saturation of HbS decreases to 40 torr or less in most tissues (36),
corresponding to a hemoglobin saturation with oxygen in the liquid phase of about 75%. The red shaded area
of the concentration distribution shows that almost every cell would contain fibers in the tissues at equilibrium.
The concentration distribution on the right-hand y-axis is the same as in Fig. Il.4 and is a representative of
distributions for homozygous SS patients.

The distribution of intracellular hemoglobin concentrations in sickle blood is quite variable and ranges
from 250 mg/ml to more than 450 mg/ml (37) (Figure 11.4). The concentration distribution is broader
than found for normal red cells because of two
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Figure I1.4. Intracellular total hemoglobin concentration distribution for red cells from normal patients (average
of 22 patients from ref. (38)) and a concentration distribution representative of distributions for homozygous SS
patients.

effects. The destruction of damaged red cells stimulates erythropoiesis that results in release of
immature red cells (reticulocytes) having a low intracellular hemoglobin concentration (39), while
repeated cycles of sickling and unsickling cause the loss of potassium ions and water that result in red
cells with a higher concentration than found in normal blood (40). There is, unfortunately, very little
data on the oxygen pressures or fractional saturation of hemoglobin in oxygen in tissues of humans.
However, experiments on animals suggest that the oxygen pressure decreases to less than 40 torr in
the tissues (36), corresponding to less than 75% saturation with oxygen (p50 = 27.5 torr, Hill n =2.9).
Thus, at the oxygen saturations of HbS in the tissues in vivo, the phase diagram (Figure 4) shows that
almost every cell would contain fibers if HbS polymerization were at equilibrium.
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Figure 11.5. Physiological concentration-saturation phase diagram at 37°C for a 62/38 HbA/HbS mixture.
Solubilities were calculated from equation 7. The solubility (black curves at intervals of 50 mg/ml, from 250

mg/ml to 450 mg/ml every) increases with increasing total Hb concentration because the species a2p”2 and
a2BSBA build up in the liquid phase as the total Hb concentration increases due to lack of copolymerization

a2B”2 and only partial copolymerization a235B”. The solution contains fibers at equilibrium for all values of the
total Hb concentration and fractional saturation of the free Hb tetramers in the liquid phase above the lowest
black curve. In vivo, the distribution of intracellular HbS concentrations vary from 250 mg/ml to ~400 mg/ml
(Figure 5), while the saturation of HbS decreases to 40 torr or less in most tissues (36), corresponding to a
hemoglobin saturation with oxygen in the liquid phase of about 75%. The red shaded area in the concentration
distribution on the right y-axis shows the fraction of trait cells containing fibers at equilibrium when the liquid
phase is 75% saturated with oxygen, while the pink plus red shaded areas show the fraction of trait cells
containing fibers when the liquid phase is 50% saturated with oxygen. The concentration distribution is the
average of 22 normal patients (38).
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Figure 11.6. Physiological concentration-saturation phase diagram at 37°C for a 30/70 HbF/HbS mixture as is
found in S/HPFH. Solubilities were calculated from equation 9. The solubility (black curves at intervals of 50
mg/ml, from 250 mg/ml to 450 mg/ml every) increases with increasing total Hb concentration because the
species azy2 and a2Sy do bot copolymerize and build up in the liquid phase as the total Hb concentration. The
solution contains fibers at equilibrium for all values of the total Hb concentration and fractional saturation of the
free Hb tetramers in the liquid phase above the lowest black curve. In vivo, the distribution of intracellular HbS
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concentrations vary from 250 mg/ml to 450 mg/ml (Figure 5), while the saturation of HbS decreases to 40 torr
or less in most tissues (36), corresponding to a hemoglobin saturation with oxygen in the liquid phase of about
75%. The red shaded area in the concentration distribution on the right y-axis shows the fraction of S/HPFH
cells containing fibers at equilibrium when the liquid phase is 75% saturated with oxygen, while the pink plus
red shaded areas show the fraction of S/HPFH cells containing fibers when the liquid phase is 50% saturated
with oxygen. The concentration distribution is the average of 22 normal patients (38).

The phase diagram for sickle trait in Figure 1.5 shows that at 75% saturation of the free
tetramers, a significant fraction of cells would contain fibers, while at 50% saturation a majority of
cells would contain fibers. In the case of S/THPFH (Figure 11.6, approximately half would contain fibers
at 75% saturation and at 50% saturation, almost every cell would contains fibers.
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Chapter Il

Kinetics of Cell Sickling

llla. Calculation of sickling kinetics in vivo at tissue oxygen pressures for patients with
homozygous sickle cell (SS) disease. Because of the unusual kinetics, with a delay period prior
to fiber formation, polymerization is very far out of equilibrium. Consequently, the phase diagrams
describing the equilibrium properties do not apply to the situation in vivo. Unfortunately, there are
currently no experiments on delay times for individual cells that are deoxygenated on a physiological
time scale to partial oxygen saturations of the hemoglobin. Moreover, there is very little detailed
information on tissue saturations in humans and none on deoxygenation rates. However, given a rate
of deoxygenation to a final saturation and an intracellular HbS concentration distribution, we can
provide a partial answer to this question by theoretically calculating the fraction of cells that will sickle
as a function of time.

Because the oxygen pressure is changing with time, the delay time (tq4) is also changing. The
time at which fibers form inside a cell, i.e. the sickling time (tsickie), 0OCCUrs when

=1 ®)

This relation of A. Szabo, derived in the Appendix B, shows that the sickling time (tsickie) is determined

if the delay time (tg) as a function of time (7) is known (notice that for a time-independent delay time,
i.e. tg constant, tsicwe = ta). The key to this calculation, described in detail in the Appendix B, is the
recent discovery of a universal relation between the delay time and the supersaturation of the solution
(the ratio of the total concentration of Hb to the equilibrium solubility, each multiplied by an activity
coefficient (equation 2)) (41). The delay time for each cell depends on the supersaturation (Appendix
C), which depends on the intracellular HbS concentration (Figure 11.4) and the solubility, which
depends on the fractional saturation of HbS with oxygen (Figure 11.2) that is changing with time as the
saturation decreases. Knowing the solubility as a function of oxygen saturation (Figure 11.2) and the
universal relation between the delay time prior to fiber formation and the activity supersaturation, we
can calculate the fraction sickled with time for every cell for various rates of deoxygenation of the
hemoglobin to various final oxygen saturations.

There is one experimental data set that can be used to make a qualitative comparison with our
calculation of the fraction sickled as a function of time. Mozzarelli et al. (42) used a cw laser to create
intracellular hemoglobin at known partial saturations with carbon monoxide from optical absorption
measurements with a microspectrophotometer, by using a CW laser to partially photodissociate carbon
monoxide (CO) in CO-saturated SS cells. The experiments are perfectly relevant to sickling at partial
saturation with oxygen, because the allosteric equilibrium properties of HbS+CO and HbS+0O: are
identical except for the absolute affinities. The experimental data consists of both the fraction sickled
as a function of saturation of the intracellular HbS with CO at 600 sec after laser photodissociation
with a desaturation half-time of ~300 sec and the fraction sickled as a function of saturation after
allowing CO to recombine to a cell that has been 100% desaturated. The latter represents the fraction
containing fibers (“sickle”) at equilibrium, since there is no delay in the melting of fibers upon binding
CO, which occurs in seconds. The determination of whether or not a cell contains fiber at a given
saturation is determined by rapidly increasing the laser intensity to completely photodissociate the CO.
If there is a delay time, the cell contains no fibers. Cells that exhibit no delay time contain fibers.
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Given the enormous sensitivity of the kinetics to concentration distributions, described in detail below,
and recognizing that the distribution in the experiment of Mozzarella et al. could be quite different
than our representative SS distribution (Fig. 11.4), the fact that the measured and calculated fractions
sickled are even roughly similar must taken as strong support for the validity of the calculations.
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Figure Ill.1. Comparison of measured (42) and calculated fraction containing fiber (“sickled”) at 600 sec after
a 300 sec desaturation of the HbS carbon monoxide complex. Red circles and green squares are Mozzarelli
experimental results, while the red and green curves are calculated.

There is no information on oxygen pressures or deoxygenation times in the microcirculation of
humans. However, measurement of oxygen saturation in the venous returns from human organs and
measurements of oxygen partial pressures and deoxygenation rates in animals suggest that the most
relevant in vivo values for our calculations of sickling in the circulation of SS patients are saturations
of more than 50% and deoxygenation times of ~ 1 sec (43). Assuming that the transit time through
the arterioles and capillaries is ~1 sec, our calculations (Fig. 111.2) indicate that <20% of the cells would
sickle in the microcirculation, while >80% of cells without fiber formation. The results are very
sensitive to the concentration distribution, so variations in the concentration distributions alone is
predicted to result in a wide patient-to-patient variation in the in vivo kinetics and could be at least part
of the origin of variation in clinical severity.

fraction sickled

0.0 i . I |
-1 0 1 2 3 4
logl0(time (sec))

Figure lll.2. Calculation described in Appendix D for a 1 sec desaturation time to 50% saturation with oxygen
of the liquid phase for the representative SS distribution of Fig. II.4. The fraction sickled at 1 sec is ~20%.
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llIb. Calculation of sickling kinetics in vivo at tissue oxygen pressures for patients with
sickle trait and S/HPFH. Figure I11.3 shows the results of calculations of fraction sickled vs time
for trait and S/HPFH. The only difference in the calculation from those for SS blood is that the
solubility at each fractional saturation with oxygen depends on the total Hb concentration. At 50%
saturation sickling times are longer than both the transit times through the microcirculation and the
total circulation time (~30 sec).
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Figure 111.3. Calculation described in Appendix D for a 1 sec desaturation time to 50% saturation for sickle trait
and for S/HPFH.

lllc. Conclusions from calculations of in vivo sickling kinetics. Although using an
equilibrium analysis alone to discuss pathophysiology (44, 45) and therapy (46), has often been done,
it is very misleading. However, because of the relation between the delay time and supersaturation
(Fig. Al), which depends on the solubility (cs), the delay time increases and the fraction polymerized
decreases as the solubility increases. Consequently, even though the calculated fraction polymerized
rarely occurs in vivo, its relation to the kinetics allows it to make a meaningful correlation of
hemoglobin composition and concentration of red cells in the various sickle syndromes with clinical
severity (48, 49). This is made quite clear from examination of the concentration-saturation phase
diagrams in Figures 11.3, 11.5, and 11.6. The phase diagram for homozygous SS cells shows that almost
every cell would be sickled in the tissues even at saturations with oxygen as high as 75% (Fig. 11.3).
Consequently, if fiber formation were at equilibrium, it is unlikely that patients would survive after
the replacement of fetal hemoglobin with adult HbS, which is complete at about 6 months (47). In
the case of sickle trait, the phase diagram shows that while only a small fraction of cells would sickle
at 75% saturation, the majority would be sickled at 50% saturation. Moreover, many more would be
sickled in the hypertonic renal medulla. In S/HPFH, about half the cells would be sickled at
equilibrium at 75% saturation and almost every cell would be sickled at 50% saturation. Consequently,
the phase diagrams for sickle trait and S/HPFH suggest that both conditions would be associated with
severe pathology were fiber formation at equilibrium, while both conditions are considered benign
relative to sickle cell disease (46).

Oxygen binding is close to equilibrium as red cells pass through the tissues because the
dissociation and binding rates are much faster than the transit time. As a result, the oxygen binding
measurements measured on the tens of minutes time scale that began over 100 years ago (50) have
physiological significance even though deoxygenation in the tissues and reoxygenation in the lungs
occurs much faster. In sharp contrast, polymerization of HbS in vivo in homozygous SS disease is very
far out of equilibrium because the kinetics of fiber formation for the majority of cells are slower than
the transit times through the narrowest vessels of tissues. In spite of the lack of detailed data on in vivo
deoygenation rates and tissue oxygen pressures, the conclusion from Figure 111.2 is unambiguous. The
vast majority of cells entering the microcirculation with fully oxygenated HbS escape before fibers

20



form. Indeed, it is the delay before fibers form (Figure 1.4) that allows most cells to escape the narrow
vessels before sickling occurs, which makes the disease survivable. The result in Figure I11.2 indicates
that only 20% of cells sickle in the microcirculation with tissue oxygen saturation of 50%. This is
similar to the results of calculations by Ferrone and coworkers (43). However, the agreement is
somewhat fortuitous because of at least partial cancellation of two effects. Ferrone and coworkers
assumed instantaneous desaturation, which decreases the sickling time (equation 8) and employed a
concentration distribution with much lower concentration, which results in longer sickling times. The
reason for the distribution with lower concentrations calculated by Coletta et al. (51), from their delay
time distribution for SS cells may in part have been due to inherent bias in the experiment, where
measurements were not performed on distorted cells saturated with carbon monoxide. Such cells,
called "irreversibly sickle cells", contain the highest intracellular Hb concentrations (52).
Moreover, both sickle trait and S/HPFH are benign conditions because, with the exception of the
hypertonic renal medulla, cells rarely sickle in vivo (Fig. 111.3).

The events in the microcirculation are most probably more complicated than depicted in Figure
I.4. Figure 111.4 shows the possible scenarios that have been proposed.
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Fig. lll.4. Connection between fiber formation kinetics and pathophysiology of sickle cell disease. Upper panel:
schematic of kinetic progress curve for fiber formation. The delay time is extraordinarily sensitive to HbS
concentration, depending on the 30t power of the concentration, possibly the largest concentration dependence
ever observed for a chemical reaction. Thus, for example, an 8% decrease in the Hb concentration will result in
a 10-fold increase in the delay time (Recall for a bimolecular reaction, an 8% decrease in reactants will produce
an 8% increase in the half-time for the reaction). Lower panels: schematic of microcirculation showing an
arteriole, capillary and venule, and various sickling scenarios. The site or sites of occlusion have not been
definitively established. However, animal models (53) and rheological studies (54) of sickled cells suggest that
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the major site of occlusion is in the venules and not in the narrower capillaries (55). Factors that slow the transit
of red cells through the microcirculation, such as increased adherence to the vascular endothelium by red cells
that are damaged form sickling/unsickling cycles or increased leukocytes associated with infection, will increase
the probability of vaso-occlusion (56-58).Scenario (A) The delay time is so long that the red cell squeezes
through the narrow capillary and returns to the lings and become reoxygenated before any fibers form to
produce cellular distortion ("sickling") and decreased flexibility. (B) Sickling occurs in larger vessel and returns
to the lungs where the fibers melt and the cell unsickles. (C) Fibers form while the cell is in the capillary and
becomes stuck, causing a log jam effect and decreased oxygen delivery to the surrounding tissue (hypoxia).
(D) Unsickled cell escapes both the capillary and the post-capillary venule where sickled cells are adherent to
the venule endothelium. (E) Cell sickles and cannot escape the post-capillary venule, where sickled cells are
adherent, causing a log jam. (F) Cell sickles in capillary, but nevertheless squeezes through to the larger
vessels. (G) Cell sickles before or within the pre-capillary arteriole because the concentration of intracellular
hemoglobin is very high or nuclei are already present because fibers have not completely melted upon
oxygenation in the lungs, enormously decreasing the delay time (42).

The question for future studies is apparent from Figure I11.4. What is the relative fraction of each of
these scenarios in sickle cell patients, and how do the fractions change in sickle cell crisis? Since the
transit time is a critical factor in any kinetic analysis, it raises the question of the origin of the wide
range of clinical severity in sickle cell disease. Does it result primarily from patient-to-patient
variations in sickling times or transit times? Clinical studies comparing clinical severity with
distributions of red cell sickling times and adherence, which slows transit times, could potentially
answer this important question.
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Chapter IV

Five Approaches to Treating the Disease by
Inhibiting Fiber Formation with a Drug (59)

IVa. Introduction. Most of the non-genetic approaches currently in clinical trials are aimed at using
drugs to ameliorate the downstream sequelae of sickle hemoglobin (HbS) polymerization, such as
adhesion of red cells to vascular endothelium, leukocytes and platelets, as well as inflammation,
coagulation and nitric oxide scavenging (56, 60-63). Indeed, there is strong rationale for thorough
investigation of these phenomena, and therapeutic applications are beginning to bear fruit. For
example, the administration of GMI-1070, a pan-selectin inhibitor, appears to shorten the duration of
acute sickle pain crises accompanied by a marked reduction in opioid use (64). Moreover, a recent
randomized double-blinded study found that monthly administration of a monoclonal antibody against
P-selectin was effective in lowering the frequency of sickle pain crises (65). Although these
therapeutic interventions do not appear to be significantly superior to hydroxyurea, they could be
effective in combination. Moreover, other attempts to target downstream sequelae have thus far proven
to be even less effective (66-73).

More bench research and clinical trials should be directed toward the polymerization process
itself, the root cause of sickle cell pathology. The purpose of this chapter is to briefly describe the
biochemical and biophysical basis of five distinct approaches to inhibit polymerization for treating
sickle cell disease and to discuss their connection to the anti-polymerization drugs currently in clinical
trials. Before considering different ways of decreasing fiber formation, it is important to point out that
therapeutic benefit does not require complete inhibition of HbS polymerization. Even small degrees of
polymerization inhibition can produce large increases in the delay time, allowing many more cells to
escape the tissues without sickling (74). Moreover, transient changes in the delay time probably
contributes importantly to the episodic nature and unpredictability of sickle cell crises (75). Thus, the
probability of sickling in the microcirculation is decreased if either the delay time is increased(74, 76)
or the transit time through the microcirculation is decreased, which is the therapeutic rationale for
reducing adhesion of blood cells to the vascular endothelium (56, 60, 61, 63).

IVa. Block intermolecular contacts in the sickle fiber. One of the important early milestones
in sickle cell research was the construction of a detailed molecular model of the fiber structure (Fig.
IV.1). The structure is based on image reconstruction of transmission electron micrographs (Fig.
IV.1A) (20), the X-ray structure of deoxy HbS (19) (Fig. IV.1B) and the determination of residues that
participate in an intermolecular contact from polymerization studies on mixtures of HbS with other
naturally occurring hemoglobins containing mutated residues on the molecular surface (77, 78). The
21 nm diameter fiber is constructed of 14 strands, consisting of 7 helically twisted strand pairs found
in the X-ray structure of deoxyHbS (Fig. IV.1C). The polymerization studies of mixtures positioned
the X-ray determined double strands in the fiber to define the inter-double strand contacts.
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Figure IV.1. Sickle fiber structure from ref. (59). (A) Low resolution structure of 14-stranded solid fiber determined
by electron microscopy (20). Each HbS tetramer is a single circle. (B) Atomic structure of deoxy HbS determined
by X-ray crystallography (19) showing that one of the two beta 6 valines (purple) in each tetramer makes an inter-
molecular contact with adjacent strand close to the pocket containing the hemes (orange). (C) Cross-section of
sickle fiber composed of 7 double strands. (D) Cartoon of small molecule inhibitor that could fit into the shallow
acceptor site for the beta 6 valine.

A common approach to drug development is to identify a protein target and screen compounds that
bind tightly to a specific site on the protein, such as the active or, more recently, allosteric site of an
enzyme. The analogous approach for treating sickle cell disease would be to find a small molecule that
has a high affinity for a site on the surface of the HbS molecule that is involved in an intermolecular
contact in the fiber. The problem in using this approach for sickle cell disease is three-fold. First, the
drug must have a high degree of specificity for binding to hemoglobin. Secondly, there is almost one
pound of hemoglobin in the average patient with homozygous sickle cell disease, so unless the binding
is extremely strong, as in a covalent bond, a very large amount of drug would be required. The third
concern is that the surface of the hemoglobin molecule is smooth, with no residues involved in an
intermolecular contact available for stereospecific covalent attachment of an inhibitor and no apparent
deep clefts or crevices that would be required for tight, non-covalent binding (Fig. 1VV.1D). However,
transient openings in the structure for drug targeting might be discovered using all-atom molecular
dynamics simulations, a method currently being used to find binding sites for drug targeting that are
not obvious from static X-ray structures (79). Consequently, although much more challenging than
the more common empirical drug targeting, this approach should not be discounted.
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IVb. Induce fetal hemoglobin synthesis. The symptoms of sickle cell disease do not appear until
several months after birth when most of the fetal hemoglobin (HbF) is replaced by HbS. Moreover,
as mentioned above, the compound heterozygous condition of sickle cell disease with pancellular
persistence of fetal hemoglobin (S/HPFH) is a relatively benign condition. Importantly, in S/HPFH,
the HbF is homogeneously distributed. These "F cells" all contain about 30% HbF and 70% HbS (46).
In contrast, in SS disease HbF is heterogeneously distributed with 34 = 17 % F cells and no detectable
HbF in the remaining 65% (80). Following hydroxyurea therapy at maximum tolerated doses, the
fraction of F cells rises to 48 + 23 % while the fraction of HbF increases even more. Thus hydroxyurea
therapy results in an increase in HbF per F cell. The drug would be more effective if the increase in
HbF were distributed among a greater fraction of red cells (81). The focus of current research in this
area, therefore, is to induce HbF synthesis in as many red cells as possible(82). One promising
approach is the selective inhibition of the transcription factor BC11A which dramatically increases the
expression of y globin (83, 84).

Because of the enormous sensitivity of the kinetics of polymerization to a2p%, concentration, the
beneficial effect of HbF results primarily from the decrease in the intracellular concentration of the
HbS homotetramer, a2, (85). This inhibitory effect, however, is quite complex (12) (Fig. IV.2).
Dissociation of tetramers into o dimers and random
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Figure IV.2. Mechanism of inhibition of polymerization by fetal hemoglobin from ref. (59). (A) Dissociation of
tetramers into ap dimers and reassociation in mixtures of HbS and HbF results in 3 tetramers in a binomial
distribution, thereby further lowering the fraction of the HbS homotetramer (a2f52)(86). (B) Cartoon of
polymerization equilibrium in HbS/HbF mixture. As in a crystallization reaction, hemoglobin tetramers are
present in two phases - the liquid phase (left) or the fiber phase (right). The fibers that form in these mixtures
are primarily composed of the HbS homotetramers, but there is also some copolymerization of hybrid tetramers
(02B%) (half-green, half-empty circles).(12, 87) (C) Cartoon of F cell with 30% HbF and 70% HbS. The excluded

volume effect of the non-copolymerizing aoy»tetramer (full green-filled circles) and partially copolymerizing
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tetramer oSy (half-green, half-empty circles) increases the activity of the polymerizing o235, homotetramer
(empty circles) (D) Activity coefficient (y) as a function of total Hb concentration. The unitless activity coefficient
is the factor that multiplies the measured concentration (i.e. moles per liter or grams per deciliter) to obtain the
“activity”, which is the thermodynamically-effective concentration.(88)

reassociation results in a binomial distribution of tetramers, reducing the concentration of the ozp%:
homotetramer further.(86) (Fig. IV.2A). A mixture of 70% HbS and 30% HbF, for example, contains
3 tetramers with a binomial distribution, 49% o2B%2, 9% o2y2, and 42% oypS.

Two other effects must be considered in addition to tetramer-dimer dissociation and reassociation.
One is copolymerization of the azyBS hybrid tetramer (Fig.1V.2B) (87, 89), which can enter the fiber,
but to a much lesser extent than the o252 homotetramer or even the o2pSp” hybrid tetramer because
in the y subunit threonine at position 87 is replaced by a glutamine, which forms a much less favorable
critically-important intermolecular lateral contact with valine 6. The second effect on the ozf%
concentration decrease is the large non-ideality in the concentrated HbS solution within the red cell.
The thermodynamically effective concentration of o2, called the activity, is not the measured
concentration in moles or grams per unit volume, but rather the concentration multiplied by a
correction factor, the activity coefficient () (Fig. IV.2D). The activity coefficient accounts for the fact
that the non-copolymerizing tetramers take up space in the solution and decrease the volume accessible
to the polymerizing tetramers. This so-called “excluded volume” effect is extremely large and must
be considered in all thermodynamic and kinetic descriptions of polymerization.(41, 88, 90-92) The
activity at the concentration of 35 g/dl, a typical MCHC, for example, is almost 100-times greater than
the measured concentration. The net result of this effect is that the activity of azpS: in the solution
phase at equilibrium is increased, making the decrease in the concentration of the o2 tetramer less
effective in increasing the delay time than by simply increasing red cell volume by means of osmotic
or ionophoric dilution discussed below.

IVc. Increase oxygen affinity. The results of studies on the control polymerization by oxygen can
be explained by applying the famous two-state allosteric model of Monod Wyman and Changeux
(MWC) (Fig. IV.3) and discussed in detail in Chapter Il (27, 93). According to the model of MWC,
there is an equilibrium between a low oxygen affinity arrangement of the 4 subunits of fully
deoxyhemoglobin - the T quaternary structure - and a high affinity arrangement of fully oxygenated
Hb - the R quaternary structure (Fig. IV.3A). As discussed in Chapter 11, solubility measurements of
concentrated solutions of HbS as a function of the saturation of hemoglobin with oxygen in the solution
phase can be almost quantitatively explained by not allowing the R quaternary structure to enter the
fiber. Moreover, the sickle fiber binds oxygen with an affinity that is only slightly higher than the
affinity of the T quaternary structure in the crystal (25, 29).
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Figure IV.3. Mechanism of polymerization inhibition by increasing oxygen affinity from ref. (59). (A) Hemoglobin
exists in a rapidly reversible equilibrium between low and high affinity quaternary conformations, called T and
R, respectively (27, 93). They differ primarily by a ~15° relative rotation of aff dimers. Location of beta 6 valine
is shown as a yellow dot on the surface of the molecule. Preferential binding of a small molecule such as a drug
(red circle) to R shifts the quaternary equilibrium toward R. (B) Cartoon of polymerization equilibrium. Only the
T quaternary structure (empty circles) enters the fiber. R quaternary conformations (filled circles) are completely
excluded (25). (C) Oxygen binding curves. Preferential binding of a drug to the R quaternary structure causes
a left shift (increased oxygen affinity).

The MWC analysis of the control of polymerization by oxygen strongly suggests that shifting
the T-R equilibrium toward R, which increases the oxygen affinity, could be a sound way to inhibit
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HbS polymerization in vivo and therefore be an effective treatment strategy. Indeed, years ago, this
rationale prompted Ernest Beutler to increase the fraction of R hemoglobin in a small number of sickle
cell patients by induction of either methemoglobin (94) or carboxyhemoglobin.(95) He found that
either intervention resulted in a significant prolongation of red cell life span. However neither could
be adapted for practical and safe long-term therapy. Current advances in drug discovery and high
throughput screening offer hope of developing small molecules that bind to R preferentially and with
high specificity and would therefore be a compelling therapeutic approach (96, 97). The potential
downside of altering the T-R equilibrium is that the resulting “left shift” in the oxygen binding curve
(Fig. 4C) could potentially decrease oxygen delivery in a disease where the patients already suffer
from impaired blood flow and oxygen transport. The question, however, is what is the net effect —
reduced oxygen delivery from the left shift or improved oxygen delivery from decreased sickling and
therefore decreased vaso-occlusive events. The physiology is too complicated to make any predictions
based on biophysical studies, but as discussed below, the results of clinical studies currently underway,
should provide the answer to this question.

IVd. Reduce concentration of 2,3-diphosphoglycerate. 2,3-diphosphoglycerate (DPG) is
the major allosteric effector for hemoglobin (98-100) and has three effects on HbS polymerization. It
binds in the cleft between the  subunits (Fig. IV.4A,B) to stabilize the deoxy (T) quaternary structure
and thereby decreases oxygen affinity by shifting the T-R quaternary equilibrium towards T (Fig.
IV.4C) (101, 102). Thus, lowering DPG concentration would increase the fraction of HbS in the non-
polymerizing R quaternary structure (103). A second effect of DPG is its stabilization of the fiber, as
shown by a decrease in the HbS solubility.(104) Although the decrease in solubility is only ~ 10 %
(104), the presence of DPG will have a dramatic effect on the kinetics of polymerization, i.e. the delay
time (41), which depends on about the 30" power of the solubility (41, 55, 105), Finally, lowering
DPG concentration results in a third, albeit smaller, but therapeutically significant increase in solubility
because of an accompanying rise in the intracellular pH (106) via the Gibbs-Donnan equilibrium. Over
the physiologic intracellular pH range 7.2-7.3 the solubility of deoxy HbS increases significantly with
rising pH (87). Thus, reduction of red cell DPG increases both the solubility and delay times by three
independent mechanisms.

The importance of DPG in the pathophysiology of sickle cell disease is underscored by two
recent and highly relevant case reports. Individuals with sickle trait (AS), which is normally a totally
benign condition, have a clinical phenotype almost as severe as SS disease when they also inherit a
deficiency in red cell pyruvate kinase that causes a marked elevation of red cell DPG (107, 108).

Because DPG plays such a critical role in potentiating HbS polymerization, there is compelling
rationale for the development of drugs that target the enzymatic pathway responsible for its remarkably
high (5 mM) concentration in red cells. A number of anions stimulate the “phosphatase” activity of
DPG synthase, thereby lowering DPG levels. In particular, in the presence of 0.02 mM
phosphoglycolate, the dephosphorylation of DPG is activated more than 1000-fold (109). Accordingly
the addition of 30-40 mM glycolate to a suspension of normal human red cells results in a rapid
decrease in DPG without any impact on ATP levels (110).
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Figure 1V.4. Binding of 2,3-diphosphoglycerate (DPG) to hemoglobin from ref. (59). (A and B) DPG binds in
the cleft between the beta (yellow) subunits of the T quaternary structure. (C) Reduction of DPG concentration
shifts the quaternary equilibrium toward R to produce a left-shift in the binding curve and increases the solubility
(the concentration of Hb in the liquid phase). Both factors decrease sickling.

IVe. Reduce intracellular hemoglobin concentration. The discovery of the enormous
sensitivity of the kinetics of fiber formation to HbS concentration (74, 111) led several investigators
to exploit this finding in both physiological and clinical studies. The red cell behaves like a micro-
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osmometer with a volume that depends on the osmolality of the plasma (112). Consequently,
sensitivity of the delay time to concentration suggested that therapeutic benefit could result from an
increase in red cell volume sufficient to reduce the intracellular Hb concentration by as little as 10%
(49). An early unblinded, limited clinical study did in fact report that lowering of plasma osmolarity
via induction of hyponatremia reduced the frequency of pain crises (113). Although maintenance of
sustained low sodium diet is impractical, an important result of this study was that red cells could be
swollen without serious side effects that might result from osmotic effects on other cells (113).
Reduction in intracellular hemoglobin concentration is commonly encountered in patients who develop
iron deficiency. In mouse models of sickle cell disease, induction of iron deficiency by suppression of
intestinal expression of HIF-2a resulted in increased hemoglobin levels accompanied by reduction in
MCHC and hemolytic rate (114). In SS patients who have sustained blood loss either by hemorrhage
or by iatrogenic phlebotomy sufficient to result in iron deficiency, the decrease in MCHC was
accompanied by increased hemoglobin and less hemolysis (115).

When red cells sickle, damage to the membrane results in calcium influx which triggers enhanced
potassium efflux via the so-called Gardos channel. As a result, the red cell hemoglobin concentration
increases along with a marked increase in the probability of further sickling. Therefore, inhibition of
this channel is a plausible therapeutic approach. Treatment with Senicapoc (ICA-17043), a highly
potent Gardos inhibitor, resulted in a decrease in red cell density and MCHC, increased hemoglobin
levels and reduced hemolysis in both a sickle mouse model (116) and in sickle cell patients (117).
However, a Phase 3 study was terminated early because administration of this drug appeared to cause
a slight increase in the rate of sickle pain crises (118). Although the rationale for Gardos channel
inhibitors is sound, like other treatment strategies under investigation, the efficacy of these drugs
depends on damage to the red cell membrane caused by cycles of cell sickling and unsickling from
HbS polymerization and depolymerization.

Another approach to increasing red cell volume, proposed many years ago, is to use ionophores
(119). These agents transport extracellular sodium ions into the red cell, accompanied by water influx
to maintain osmotic equilibrium and, in doing so, swell the red cell. A new and sensitive sickling time
assay, described in Chapter 5, has shown that potentially therapeutic levels of inhibition can be
achieved at sub-nanomolar concentrations of ionophores, making increase in red cell volume a viable
approach to therapy (120),

S

Figure IV.6. Schematic of normal and swollen red cell from ref. (59). A small increase in red volume to decrease
the intracellular HbS concentration dramatically increases the delay time of sickling because of its enormous
dependence on the HbS concentration. Even a 10% increase in cell volume is predicted to have a therapeutic
effect (49, 120).

IVf. Anti-polymerization drugs currently in clinical trials. The website www.clinicaltrials.gov
lists an impressive number of recent and on-going investigations into various aspects of sickle cell
disease. In a review published last year (121), Telen covered a wide range of treatments that focus on
downstream sequelae of sickle vaso-occlusion, including 5 agents that target adhesion, 7 agents that
target inflammation, 5 involving anticoagulants, and 6 anti-platelet agents. In contrast, Telen’s review
covers fewer drugs that directly target HbS polymerization. These include four drugs that induce HbF
expression. However none of them currently appear to offer convincing advantages over hydroxyurea.

Among the drugs listed as an anti-sickling agent is SCD-101, a plant extract similar to Niprisan
(Nix-0699). Niprisan is an ethanol-water extract from seeds, stems, fruit and leaves of four different
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plants, has been used among diverse folk groups in Nigeria, and reported to be effective in lowering
the frequency of pain crises in sickle cell patients (122, 123). Niprisan inhibits in vitro sickling and
increases both the solubility and delay time of solutions of deoxyhemoglobin S, albeit in a highly non-
physiological buffer (124). Moreover, the extract prolonged the survival of transgenic sickle mice
following acute hypoxic challenge (125). A recent Phase 1B dose escalation study of 26 SS and S/j°
thalassemia patients found that SCD-101 was well tolerated and, at higher doses, appeared to relieve
chronic pain and fatigue but had no impact on hemoglobin levels or hemolysis (126).

Telen’s review (121) lists only one anti-sickling agent undergoing clinical trials that is known to
directly modify hemoglobin structure: 5 hydroxymethylfurfural (Aes-103). This agent is an aldehyde
that forms a reversible Schiff base linkage primarily with the N-terminal amino of a-globin resulting
in a dose-dependent increase in oxygen affinity (127-129). A significant concern with aldehyde drugs
is their potential to covalently modify other cellular and plasma proteins. More recently a polyaromatic
aldehyde, GBT440, has been developed that also binds via a Schiff base to a-globin N-terminus with
enhancement of oxygen affinity similar to Aes-103, but with higher specificity and at much lower
concentrations (130). At doses that achieve an optimal increase in oxygen affinity, the partition
between levels of GBT440 in the red cell and plasma is a remarkable 70:1 ratio. In initial clinical trials
in normal volunteers and in sickle cell patients, once a day oral administration of GBT440 is well
tolerated with no significant adverse effects (131, 132). Patients with SS disease have a dose-dependent
increase in hemoglobin levels within two weeks of initiating therapy, accompanied by a decrease in
reticulocyte count, serum non-conjugated bilirubin and fraction of irreversibly sickled cells in
peripheral blood films (131, 132). Thus, GBT440 results in a significant prolongation of red cell life
span in sickle cell patients. The crucial question, of course, is the impact of this drug on the incidence
and severity of pain crises and on vaso-occlusive organ damage. The efficacy and safety of the drug is
now being investigated in a double blind multi-center Phase 3 study of approximately 300 patients.
The progress thus far with this drug offers a strong impetus to discover and evaluate other drugs that
directly target HbS polymerization.

IVg. Conclusion. Because there are so many ways to inhibit HbS polymerization, there is cause for
optimism. Of course once a polymerization inhibitor is discovered, many hurdles must be overcome,
including issues of toxicity, bioavailability, pharmacokinetics, etc., before it can become an FDA-
approved drug. It would therefore be prudent to first investigate the anti-polymerization effect of the
numerous molecules, in addition to FDA-approved drugs, for which toxicity information exists. Major
therapeutic effects could result by administering a combination of drugs, which, by acting on different
molecular targets, would be non-competitive. For methods other than the promotion of HbF synthesis,
drug discovery could be accelerated by carrying out screens with intact red cells, such as the recently
reported laser-photolysis method for measuring sickling times of sickle trait cells (120). The Eaton
lab is currently developing a technically less-demanding assay that could be used in a high throughput
screen.
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Chapter V

Using Kinetics to Screen Compound Libraries with
High Sensitivity (120)

Va. Introduction and background. With an appropriate sibling match, sickle cell disease can be
cured in both children and adults by stem cell transplantation (133, 134). Moreover, sickle cell disease
is a testing ground for the exciting emerging methods of gene therapy and gene editing (135). While
these are potential therapies for patients in the US, neither will be available for several decades for
millions of patients in sub-Saharan Africa, India, and elsewhere (136). What is urgently needed,
therefore, to treat the vast majority of patients is an affordable drug that can be taken orally. The
development of hydroxyurea has been a major advance in the treatment of sickle cell disease, but is
only partially effective in preventing vaso-occlusive crises (137-139).

My lab has developed a sensitive and quantitative assay that is directly connected to
pathogenesis and can be used to screen for inhibition of fiber formation inside cells. Our assay is based
on the highly unusual kinetics of polymerization characterized by a delay period prior to fiber
formation that is enormously sensitive to the intracellular HbS concentration and on the recognition
that a major determinant of clinical severity is whether the delay time is longer or shorter than the
transit time thru the narrow vessels of the tissues (55, 75, 76) (Figs. 1.4 and 111.5). Hydroxyurea is
therapeutic because it induces the synthesis of fetal hemoglobin (HbF) (138, 140), which inhibits
polymerization to markedly increase delay times that allow more red cells to escape to larger vessels
before fibers form (85, 141). However, hydroxyurea does not act on all cells, which reduces its efficacy
(46, 142-144), so there is considerable effort to discover targets and eventually develop drugs that will
alter HbF synthesis in every cell (82). The search for a drug that inhibits fiber formation in all cells,
other than by altering hemoglobin synthesis, has been hampered by the lack of a screening assay that
can be performed on cells. Our assay accurately and sensitively tests for inhibition of intracellular
polymerization in a 96 well-plate format by measuring sickling time distributions in cells from patients
with sickle cell trait, the heterozygous condition. Polymerization is induced by photodissociation of
the hemoglobin-carbon monoxide complex (HbCO) with a continuous wave (cw) laser to rapidly
create and maintain hemoglobin in the deoxy form that aggregates to form fibers. Fibers are detected
by alterations in red cell morphology using a unique and robust image analysis algorithm. Using this
assay, we have discovered powerful polymerization inhibitors that act by producing small increases in
cell volume to decrease the intracellular hemoglobin concentration, indicating that increasing cell
volume is a viable approach to therapy.

Rationale for screening with sickle trait cells. The use of cells addresses the very important
question of penetration of the red cell membrane by a potential drug. It also allows the detection of
drugs that increase sickling times by several different methods, including decreasing the intracellular
hemoglobin concentration by increasing cell volume, blocking inter-molecular contacts in the fiber, or
weakening contacts, for example, by increasing intracellular pH (105) or by decreasing 2,3-
diphosphoglycerate synthesis (104). There are many advantages to using cells from donors with sickle
cell trait (AS), the heterozygous condition, rather than cells from patients with homozygous sickle cell
(SS) disease. (i) Sickle trait is a benign condition and far more prevalent (~8% of African Americans)
than sickle cell disease, so that blood samples are much more readily available. Moreover, many sickle
trait patients have relatives with sickle cell disease, so they are more than willing to donate blood
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samples as frequently as requested. The sickle trait cell population is much more homogeneous and
therefore the interpretation of results is more straightforward. The cell population is more
homogeneous because trait cells sickle very much less frequently in vivo and so incur relatively little
or no damage compared to SS cells, which undergo many sickling/unsickling cycles (75, 145). The
large dilution of HbS by normal hemoglobin (HbA) in trait cells increases the sickling time by several
orders of magnitude without changing the mechanism of fiber formation (12, 49, 91, 146, 147). Even
though there is less fiber formation in sickle trait cells, the longer delay times produce larger distortions
than observed for deoxygenated SS cells, making it easier for image analysis to accurately determine
sickling times. Larger distortions occur because there are fewer homogeneously-nucleated fibers and
therefore fewer domains of fibers (148). The longer sickling times (146) compared to SS cells (51,
141) also allow a much lower laser power density to achieve complete photodissociation of the HbCO
complex. With the lower power density a defocused laser beam and larger field of view can be used
for simultaneous observation of many cells (up to 200) compared to one cell at a time in previous
photolysis experiments with SS cells (51, 141).

Sample preparation and measurement of sickling times. The main consideration in
preparing samples is to obtain cells with hemoglobin as the CO complex in a near physiological buffer
in a 96-well plate at 37°C in the complete absence of oxygen. CO is used instead of oxygen because
the HbCO complex is much more readily photodissociated than the oxygen complex. All oxygen must
be eliminated because it would bind to hemoglobin very rapidly and artifactually increase the sickling
time. The procedure consists of adding the candidate drug to wells containing a dilute suspension of
CO-saturated sickle trait cells, sealing the well plate to prevent loss of CO, placing the plate in a 37°C
incubator purged with humidified nitrogen for either 4 or 24 hrs, unsealing the well plate under a
nitrogen atmosphere, and adding sodium dithionite to remove any traces of oxygen. The well-plate is
then resealed and transferred to the microscope and mounted on an xy translation stage for well-by-
well sickling time measurements at 37°C.

Fiber formation is induced by photodissociating the CO from hemoglobin with a cw argon ion
laser operating at 514 nm to rapidly (~0.2 sec) form and maintain close to 100% deoxyhemoglobin.
Following photolysis images of the cells are collected on a CCD camera at 100 ms intervals for 60 sec,
which is sufficiently long to sickle more than ~60% of cells, which contain a ~60/40 HbA/HbS
mixture. A complete well-plate experiment consists of a sequence of such photolysis experiments
performed on the wells in a specified order. The entire experiment is performed under computer control
using LABVIEW (National Instruments). This software controls the sequence in which the wells are
imaged by moving an xy stage on which the well plate is mounted, as well as the gating of laser
illumination and the input and storage of the set of camera images for each well.

Although nitrogen is flowed over the sealed well plate, we have not been able to find a
transparent material that makes a seal that is completely impermeable to oxygen. Consequently, the
duration of the sickling time measurements for 96 wells is limited to 3-4 hours because of eventual
oxygen leaks.

Details of sample preparation. 2 ml heparinized blood samples were obtained at the NIH clinical
center phlebotomy unit from anonymized sickle trait donors under NIH protocol 08-DK-0004. The
hemoglobin was converted to the CO form and the blood diluted 3000-fold into pH 7.4, 305 mOsM
(determined by freezing point depression osmometry), nitrogen-deoxygenated buffer containing 10
mM sodium chloride, 32 mM disodium hydrogen phosphate, 8 mM potassium dihydrogen phosphate,
5.5 mM dextrose, and 1 g/l bovine serum albumin. The cell suspension was gently stirred under a CO
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atmosphere for 45 minutes. Using an 8-channel pipette, 50 ul aliquots of the cell suspension were
dispensed into wells of a clear polystyrene base 96-well plate (Greiner Bio-One) under a nitrogen
atmosphere. 5 ul aliquots of drugs at various concentrations in the same buffer were then added to
each well and the plates sealed with aluminum foil, After incubating at 37°C in a nitrogen flow
incubator (Thermo Scientific) for 4 or 24 hrs, the plates were placed in a room-temperature nitrogen
box, unsealed, and 50 pul of a 10 mM freshly prepared sodium dithionite solution in CO saturated buffer
(pH 7.2, 30 mM disodium hydrogen phosphate, 10 mM potassium dihydrogen phosphate, 5.5 mM
dextrose, 1 g/l bovine serum albumin) was added to each well to remove any traces of oxygen. The
final pH and osmolarity were 7.3 and 305 mOsM. The plates were resealed with a transparent
polypropylene film (Greiner Bio-One) and kept at 37°C for 45 minutes before starting the sickling time
measurements. Strict anaerobiosis during the sickling time measurements could only be maintained
for up to about 4 hours, making it impractical to collect images from each well for longer than 60
seconds.

The sources and purity for inhibitors are: gramicidin A (Sigma, >90% purity), monensin A
(Calbiochem, >97.5% purity), 5-hydroxymethyl-2-furfural (Sigma-Aldrich, >99% purity), and 2-
hydroxy-6 ((2-(1-isopropyl-1H-pyrazol-5-yl) pyridin-3-yl) methoxy) benzaldehyde) (synthesized by
Chem-Master International, >97% purity).

Determination of sickling time distribution from images. Pictures of 100-200 cells on the
bottom surface of the well plate are digitized as a series of 8-bit grayscale, 1280 X 960 pixel images
(Fig. V.1) and saved as JPEG files. To establish grayscale ranges, analysis is first conducted on images
at 0.1 sec post-photolysis, when hemoglobin is almost completely in the deoxy form and no cells have
sickled. Pixel values for all images are transformed to maximize the dynamic range of the values,
followed by assigning each pixel to either a cell or background (see S.I. for details). Based on this
classification, a list of cells, defined as contiguous regions of pixels of density above a background
threshold, is compiled. Regions too small to represent a red cell are removed, as are regions too large
to be processed, such as two or more individual cells that overlap.. The set of pixels assigned to each
remaining cell (>90%) of the list of possible cells) is tracked, which allows cells to be monitored even
if they move during the 65 second observation period.
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t=-5sec t=+0.2 sec

t=+10 sec t = +60 sec

Figure V.1. Representative images of red cells prior to photolysis (-5 sec) and at 0.2 sec, 10 sec, and 60 sec
post-photolysis from ref. (120). The contrast is less at -1.6 sec because the absorption maximum of HbCO is
419 nm, while that of deoxy Hb is 430 nm, which corresponds to the wavelength of maximum transmission of
the band pass filter. At 0.2 sec no cells have sickled; 50% are sickled at +10 sec, and 71% are sickled at 60
sec. Data from the analysis of the cells circled in white is shown in Figure V.2.

The determination of the sickling time is based on the reasoning that fiber formation is the only
possible cause of even the slightest cellular distortion. Moreover, previous studies on laser-photolysis-
induced polymerization showed that distortion of SS cells is simultaneous with the onset of increased
light scattering (42). Three metrics describing cell morphology are computed for all 650 images of
each cell before and after the start of laser illumination. These are the projected area of the cell (the
number of pixels assigned to a cell), the ratio of the density on the periphery of the cell to the center
(unsickled cells are biconcave discs, which are more transparent in the center, Figs. V.1 and V.2), and
the deviation from a circular shape as determined by the eccentricity (the ratio of the longest to the
shortest dimension of the cell). The time at which there are simultaneous changes in at least 2 of these
3 metrics is taken as the sickling time, which can be precisely determined as shown in Figure V.2A.
There is a wide distribution of sickling times (Figs. V.2Bb and V.3) caused primarily by the relatively
small variation in intracellular hemoglobin concentration. The experimental result, then, for each well
is the fraction of cells sickled as a function of time, i.e. the cumulant of this distribution (Fig. V.2C).
Also shown in Figure V.2C is the cumulant calculated from the intracellular concentration distribution
and the solubility of mixtures of HbA and HbS, as described in Chapter Il1, except the desaturation
time is 200 ms and the final saturation with CO is zero.. The excellent agreement with the experimental
result indicates that there is little or no difference between polymerization in cells and in solutions of
purified hemoglobins.
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Figure V.2. Kinetic progress curves and sickling time distributions from ref.(120). (a) Images of single red cells
from a trait donor before photolysis and at 60 sec. post-photolysis with curves corresponding to the 3 metrics
used to detect cell distortion - area (blue), density ratio (red), and eccentricity (green). The curves were scaled
so that the highest and lowest amplitudes were taken as one and zero. The noise reflects the absolute
amplitudes. Analysis of photolysis experiments on CO-saturated red cells from an AA donor showed zero
fraction sickled at all times up to 60 s. (b) Distribution of sickling times for ~21,000 cells from 96 wells. (c)
Cumulant of distribution (red curve). The dark blue dashed curve in (c) was calculated from the universal curve
of delay time versus supersaturation (the initial activity divided by the equilibrium activity) (41), using the
concentration distribution for normal cells of Lew et al. (38) multiplied by a factor of 1.03, activity coefficients
calculated from equation (S2) (Fig. S3), and solubilities at each concentration of the concentration distribution
from equation (S1) using a hemoglobin composition of 38% HbS and 62% HbA (the composition for this patient
is 38%HDbS, 58% HDbA, 3.7% HbA2, and 0.3% HbF). Importantly, it is assumed that every cell has the same
hemoglobin composition

Criteria for therapeutic inhibition. A relatively unique feature of sickle cell disease is that it is
possible to take advantage of our understanding of the kinetics and thermodynamics of fiber formation
and the known correlation between clinical severity and red cell composition to predict the potential
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therapeutic effect from the measured increases in sickling times in our assay (12, 48, 49, 76). Previous
analyses (48, 49) did not consider the distribution of intracellular concentrations and solubilites, which
produces a very large distribution of sickling times for cells having the same hemoglobin composition.
The longer delay times in trait cells compared to SS cells result in greater sensitivity to changes in
intracellular concentration and composition. Consequently, our problem is to relate the inhibitory
effects in trait cells to those in SS cells. The key to making this connection is the recent discovery of
a universal relation between the delay time and the supersaturation (41) for purified hemoglobin
solutions, which allows us to calculate the delay time at any concentration or solubility (see Appendix
C).

Two sickle syndromes are particularly useful for our analysis. One is sickle cell disease with
pancellular hereditary persistence of fetal hemoglobin (S/HPHF), in which all cells contain about 30%
HbF and 70% HbS (46). Patients with S/HPHF "have symptoms of neither sickle cell disease nor
hemolytic anemia™ (46). A drug that increases sickling times in trait cells comparable to that expected
for cells in which 30% of the HbS/HbA mixture has been replaced by HbF is therefore regarded as
‘potentially curative’. The second is hemoglobin SC disease. SC cells contain 50% HbS and 50% HbC,
which has the same effect on fiber formation as HbA (149). In addition to containing a higher fraction
of HbS than trait cells, SC cells have a greater total Hb concentration, explaining why it is a severe
sickle syndrome, albeit less severe than homozygous SS disease (149, 150). A drug that increases
sickling times in trait cells comparable to that expected for cells in which 50% of the HbS/HbA mixture
has been replaced by HbA (= HbC) and the intracellular concentrations increased by 10%, is regarded
as ‘potentially therapeutic’. From these calculations (Fig. V.3) (see Appendix D), we conclude that
compounds for which no sickling occurs at 60 s are potentially curative, while compounds for which
the percent sickled is 30% relative to the control (absence of the compound) are potentially therapeutic.
Given the uncertainties in the calculation, in the subsequent discussion we shall regard 10% sickling
at 60 s, compared to the control with no drug, as potentially curative and 60% as potentially therapeutic.
Despite the fact that the calculations are only approximate, they serve as an extremely useful guide for
assessing therapeutic potential. (There are, of course, many additional factors to be considered for
evaluating therapeutic efficacy, including toxicity, binding to plasma proteins, pharmacokinetics,
bioavailability, etc.)

fraction sickled

0 1 2 3 4 5 6
log,(time (s))

Figure V.3. Calculations of fraction sickled versus time in sickle trait cells corresponding to a predicted
therapeutic effect from ref. (120). The plot shows the calculated fraction of trait cells sickled versus time after
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laser photodissociation of CO. Control (blue curve): calculated as for Fig. V.2C using a composition of 38%
HbS and 62% HbA. Orange curve: level of inhibition predicted to be potentially therapeutic and corresponds to
the sickling times in trait cells comparable to the sickling times in cells from patients with SC disease compared
to homozygous SS disease cells. Red curve: level of inhibition predicted to be potentially curative and
corresponds to sickling times in trait cells comparable to the sickling times in cells from patients with sickle cell
disease and pancellular hereditary persistence of fetal hemoglobin (SHPF) compared to homozygous SS
disease cells. Orange and red curves calculated as in Appendix D. The shaded areas represent the
uncertainties in the calculation.

Discovery of powerful inhibitors that increase red cell volume. Because there is a large
amount of hemoglobin (almost 1 Ib) in the average adult sickle cell patient, the amount of drug that
acts by non-covalent binding to sickle hemoglobin is expected to be intolerably large. On the other
hand, decreasing the intracellular hemoglobin concentration by increasing cell volume using
compounds that bind to the red cell membrane should require much less. One such class of compounds
is ionophores that were suggested many years ago (119). We therefore first carried out a simple and
relatively high throughput pre-screen of the 1600-compound "Pharmakon Collection" (Microsource
Discovery Systems), which contains a large number of clinically-tested compounds, to search for
compounds that sphere red cells. Sphered red cells are easily detected because they have a smaller
diameter and an increased density at the center of the cell compared to normal biconcave discs.
Compounds that sphere cells are those that are also expected to increase cell volume at sub-sphering
concentrations. The volume of sphered cells is approximately 1.7-fold larger than a biconcave disc.
This increase in the cell volume reduces the intracellular hemoglobin concentration of all trait cells to
less than 0.23 g/ml, so they will never sickle because the supersaturation is less than 1.0 or the
supersaturation is so low that sickling will take much longer than 60 sec; sphered cells were never
observed to change shape (i.e. sickle) at 60 sec following laser photolysis.

Two compounds that swell cells and are powerful inhibitors at sub-sphering concentrations
have been discovered so far - the ionophores gramicidin A and monensin A (Figure V.4). Both
compounds show inhibition that increases with incubation time. After a 4 hour incubation monensin
has no therapeutically significant effect on sickling times at concentrations less than ~6 nM (Figure
V.4, lower panel), while after a 24 hr incubation, threshold inhibition is observed at ~2 nM and at 6
nM achieves a level of inhibition expected for a potentially curative drug (Fig. V.3). As expected from
the sphering pre-screen, monensin acts by increasing cell volume (Figure V.4, upper panel), indicating
that dilution of intracellular hemoglobin is the inhibitory mechanism. In previous studies of the effect
of monensin on cell volume and other cellular properties, not including sickling, concentrations less
than 10 nM were not employed (119).
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Figure V.4. Mean volume and fraction sickled at 60 sec for compounds that decrease intracellular hemoglobin
concentration by swelling cells from ref. (120). Top panels: mean corpuscular volume measured with Coulter
counter. Bottom panels: Fraction sickled at 60 sec post-photolysis. Blue inverted triangles are for 4 hr
incubations, while red upright triangles are for 24 hr incubations. The green horizontal line is our estimate of
the minimum level of inhibition required for a therapeutic effect. The error bars represent one standard deviation
from the mean of 12 determinations, i.e. the fraction sickled for each of 12 wells at a single candidate-drug
concentration relative to the average fraction sickle for the 12 wells of the control (no drug) in each of 12 wells,
where both the mean and the standard deviation were weighted by the number of cells in the image collected
from each well. There are no errors shown for the MCYV, since the ratio of the standard deviation to the mean
of 5 determinations is less than 1%.

Gramicidin A also acts by slowly increasing cell volume, but produces larger volume increases
and correspondingly longer sickling times at much lower concentrations (Figure V.4, lower panel).
Inhibition comparable to our therapeutically-significant threshold of 60% sickled compared to control
is observed after 4 hrs at concentrations as low as ~200 pM and almost no sickling is observed at 60
sec at 800 pM, corresponding to a potentially curative drug (Fig. V.3). After 24 hrs of incubation at
100 pM, there only 10% sickling at 60 sec. As expected from the sphering pre-screen, gramicidin A
increases cell volume (Figure V.4, upper panel), again indicating that dilution of intracellular
hemoglobin is the inhibitory mechanism.

A potential seriously toxic side effect of compounds that increase cell volume is hemolysis.
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However, no significant hemolysis was observed at the inhibitory concentrations, i.e. less than 10 nM
for monensin and less than 800 pM for gramicidin. lonophores are currently being tested in transgenic
sickle mice to determine whether a therapeutic effect can be achieved.
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Appendix A. Derivation of equation (7) for solubility of mixtures as a function of
fractional saturation of hemoglobin with oxygen in the liquid phase.

The fundamental copolymerization equations of Minton for mixtures of HbS with non-S
hemoglobins, including the water activity term required by the Gibbs-Duhem relation, are

n
a
2 dno | o (A1)
VsCs \ @0 inei

R (A2)

"D xe

where cs is the solubility, defined as the total concentration of the Hb's in the supernatant after
sedimenting the fibers in an ultracentrifuge, ¢ is the solubility of pure HbS, the ys are the
corresponding activity coefficients, x; is the mole fraction of species in the liquid phase (i.e. the
supernatant), e; is the copolymerization probability of tetramer i, and fi is the fraction of tetramer i in
the fiber phase. e is the copolymerization probability for a.225; e is the copolymerization probability
for a2pSpA or azPSy; es is the copolymerization probability for azp”: or 22, At every oxygen
pressure, the fraction of molecules in the T quaternary structure for all three tetramers are identical,
which results in the double summation (eqgn. 111.27 of ref. (12)). According to the MWC model, the
co-polymerization probability of all T-state species, no matter the number of ligands bound, is 1.0.
Equation (S1) becomes:

n
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From the MWC partition function:
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=

According to the TTS model, the copolymerization probability depends on the number of ligands
bound to the T-state, and equation (S3) becomes

42



I'c 1 1

Cs 3 4 K ' - Z 3 a
Z_:XjejZXTi (K:] ;XJeJ

j=1 i=0 (A5)
~ L(1+K,p)*
CL(1+Kp) + (1+Kgp)!
and
ZC X.€.
f = sNivi A6
= T (A6)
Conservation of mass for each tetrameric species i requires:
fix, + X (1—xp) = X, (A7)
where the fraction polymerize is:
- Co(C, —C
- 1-c,/c, _ (G —C) (A8)
1-c,/c,  cy(c — )
Replacing xp in eqgn. (S) by eqn (S8) results in
fico(Co —C,) + XC,(Co —Co) = XiCy(Cp — C,) (A9)
Substituting for x; from eqn. (6) gives
0
fico(C, —C,) + &cs(cp - ) = Xicy(cp — ) (A10)
Zc.g,
For the homotetramer a2B2° e1 = 1, and equation (10) becomes
f | c.Zc, (¢, —c,) + I'c’c (¢, —¢
l[P (0 2) (P o)] (All)
= (1-X,) Zce, (e — )
For the hybrid tetramer a,p5B* , e2 [10, and the mass conservation equation is
f,| Zc.eco(c, —¢,) + I'cdc (¢, —¢
o[Z00, (6 —c) + Tele, (6 — <o) ] A1)

- [ZXA(l_XA):IZCsezco(CP _Cs)

Since e3 = 0 for the homotetramers o2 and ozy2, f2 = (1-f1). Therefore, replacing f
with (1-f1) from egn. S(11) gives the final working equation:
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Appendix B. Derivation of Szabo equation for calculating sickling times.

When the homogeneous nucleation rate is small compared to the heterogeneous nucleation rate,
as is the case for the delay times comparable to the ~ 1 sec transit time of red cells through the
microcirculation, the concentration of polymerized hemoglobin (A) exponentially (12, 92), i.e.

A = 2 Aexp(B) (AL4)

Equating the delay time (tq) to the tenth time (tu10), i.€. the time at which one-tenth the concentration
of polymerized hemoglobin that is formed at equilibrium (A(4)), the delay time is given by (12, 92)

1 A(o0 C
g =l = Eln (—S(A)j =5 (A15)

where the constant C is In(A(e0)/5A). As the saturation of HbS with oxygen decreases with time,

the delay time also decreases. Treating the parameter B as a time-dependent rate coefficient and the
parameter A as time-independent because of the much lower sensitivity of the delay time to A, the
concentration of polymerized hemoglobin is now given by

A(t) = % AeXpU‘ B(zr)d rj (Al16)

The concentration of polymerized hemoglobin is ~A(4)/10, when the upper limit of the integral is the

delay time for the cell, i.e. the sickling time
t

sickle

j B(r)dr =C (A18)
0
Substituting tc(:t) for B(t) from eqgn. (S15),
d
tsickle dT 1 ( 9)
= Al
o b (7)

which shows that, knowing the time dependence of the delay time, the sickling time (tsickie) is given by
the time at which the integral = 1.

Appendix C. Universal relation between delay time and activity supersaturation (41).

The results of a review of all of the published delay time and solubility data (91, 92, 105, 147, 149,
151-153) are shown in Figure Al. Because the solutions are extremely non-ideal due to large excluded
volume effects at the high protein concentrations of the experiments, called “macromolecular
crowding”, the thermodynamically effective concentrations are not the measured concentrations, but
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are activities obtained by multiplying the concentration by the known activity coefficient (24). In the
concentration range of the experiments from 0.16 g/ml to 0.4 g/ml discussed here, the corresponding
activity coefficients are 4 to 200 (see equation 2 of main text), so non-ideality plays a very important
role in determining the thermodynamic driving force for this reaction.

Figure Al shows that that there is no correlation of the delay time with fiber stability and only
a weak correlation with the initial protein concentration. There is, however, a striking collapse of all
the data onto a single universal curve when the delay time is plotted versus the supersaturation, which
is the ratio of the initial protein concentration to the solubility, expressed as activities (Fig. S1) (41).
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Fig. A1. Universal relation between delay time and supersaturation from ref. (41). (a) Delay time versus
solubility (the concentration of HbS in the liquid supernatant after fibers are sedimented) and the activity
(supernatant concentration multiplied by activity coefficient from equation (2). Unlike most chemical reactions
for which the rate increases as the stability of the products relative to the reactants increases (linear free energy
relations), there is no correlation at all between the delay time and the stability of the fiber as determined from
the solubility. (b) However, when the delay time is plotted versus the ratio of the initial activity prior to fiber
formation to the activity in the liquid phase (the supernatant), the data collapse onto a single universal curve,
no matter how the solubility is varied (changes in temperature, carbon monoxide concentration, dilution of HbS
with non-S hemoglobins, etc) (41). The continuous curve (y = a exp(-bx) + c) is a least-squares fit to the data,
where y is logio(delay time), x is the activity supersaturation, a=11.2 v 0.5, b= 1.49 v 0.20, c =-2.64 V 0.48.
For very low supersaturations, an additional term would be required to ensure that the delay time approaches
infinity at a supersaturation of 1.0 (x = 0). The r.m.s. deviation of the experimental delay times from the empirical
universal curve is 0.65.
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Appendix D: Calculation of fraction sickled vs time:

The calculation is done in several steps.
(1) Calculate the fractional saturation of HbS as a function of time from equation (3) for a given
exponential decrease in oxygen pressure to a given final pressure assuming instantaneous attainment
of the equilibrium saturation with oxygen at each pressure.
(2) At each time point, calculate the solubility of HbS from the solubility line in Figures 4, 6 or 7 of
main text.
(3) At each time point, calculate the supersaturation ratio for each cell with an intracellular
concentration distribution from the distribution in Figure 5 of main text.
(4) At each time point, calculate the delay time for each cell using the universal curve of Figure S1
above to yield a delay time.
(5) At each time point, evaluate the integral in equation 8 for each cell. When the integral equals unity,
a sickling time is assigned to that cell.
(6) Repeat steps 1-5 for each cell to determine the distribution of sickling times from the distribution
of intracellular concentrations in Figure 5.
(7) Calculate the fraction sickled as a function of time from the distribution of sickling times obtained
in step 6.
The results for each step of the calculation for the concentration distributions in Fig 5. and the
solubilities of Figs 4,6, and 7 of the main text are shown in Figs. A2, A3, and A4.
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