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Abstract

The fundamental pathophysiology of sickle cell disease involves the polymerization of sickle
hemoglobin in its T-state which develops under low oxygen saturation. One therapeutic strategy is
to develop pharmacologic agents to stabilize the R-state of hemoglobin, which has higher oxygen
affinity and would be expected to have slower kinetics of polymerization, potentially delaying the
sickling of red cells during circulation. This therapeutic strategy has stimulated the laboratory
investigation of aromatic aldehydes, aspirin derivatives, thiols and isothiocyanates that can
stabilize the R-state of hemoglobin in vitro. One representative aromatic aldehyde agent, 5-
hydoxymethyl-2-furfural (5-HMF, also known as Aes-103) increases oxygen affinity of sickle
hemoglobin and reduces hypoxia-induced sickling in vitro and protects sickle cell mice from
effects of hypoxia. It has completed pre-clinical testing and has entered clinical trials. The
development of Hb allosteric modifiers as direct anti-sickling agents is an attractive
investigational goal for the treatment of sickle cell disease.
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1. Oxygen Affinity of Sickle Erythrocytes

The erythrocytes in sickle cell disease have long been known to demonstrate decreased
oxygen affinity compared to those from healthy volunteers.1~# This property is measured as
an increase in the partial pressure of oxygen required to produce 50% oxygen saturation
(Psp), discussed in further detail below. This decreased oxygen affinity is caused at least in
part by increased intracellular concentration of 2,3-diphosphoglycerate (2,3-DPG) in
erythrocytes, observed generally in all forms of anemia and considered a compensatory
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adaption that facilitates oxygen release from red cells to the tissues. 2,3-DPG is a product of
anaerobic glycolysis, which has been found in recent years to be regulated in erythrocytes by
oxygen-regulated sequestration and inactivation of glycolytic enzymes by the cytoskeletal
protein Band 3.5-7 Among patients with SCD, Psg and 2,3-DPG levels vary widely, and
more elevated levels appear to decrease solubility of sickle hemoglobin (HbS),8-10 and to
increase red cell sickling under hypoxia,’11 although not confirmed by all investigators.12:13
In vitro manipulation of human sickle blood to reduce 2,3-DPG content in red cells also
reduces hypoxia-induced sickling in vitro.14 Preliminary investigation suggests that
decreased oxygen affinity of HbS may be associated with greater clinical symptoms,8-1° but
more investigation is needed to confirm this association. Although decreased oxygen affinity
may be adaptive in other anemias, it may be counter-adaptive in sickle cell disease due to its
promotion of the T-state of HbS, which promotes sickling. These effects relate to alterations
in the conformation of hemoglobin.

2. The Allosteric States of Hb and Sickle Cell Disease

Hemoglobin historically has been shown to function in equilibrium between two classical
states: the tense (T) state which exhibits low-affinity for ligand, and the relaxed (R) state
which exhibits high affinity for ligand.16-19 The crystal structure of the T-state (unliganded
or deoxygenated) or the R-state (liganded or oxygenated) Hb is each made up of two af
heterodimers (a1p1 and a282) arranged around a 2-fold axis of symmetry to form a central
water cavity with the a-cleft and B-cleft defining entries into the cavity (Fig. 1). The T—R
allosteric transition is characterized by rotation of the a1p1 dimer relative to the a232 dimer,
which significantly reshapes the central water cavity resulting in several differences between
the quaternary T and R structures. Most notable is the formation of a larger central water
cavity; including the a- and B-clefts in the quaternary T structure with respect to the
quaternary R structure, as well as several different interdimer (a1p2 or a2f1, ala2 and
1p2) hydrogen-bond and/or salt bridge interactions in the T or R structures that stabilize
one state relative to the other. Despite the presence of fVal6 in HbS, normal and sickle Hb
molecules have identical quaternary structures.

The T and R structures were used to formulate the Monod-Wyman-Changeux (MWC) and
the Koshland-Némethy-Filmer (KNF) allosteric models29-21 and later modified by Perutz
with his stereochemical construct.16-19 Since then several R-like or T-like conformations
within quaternary T- and R-states,?2-28 as well as distinct quaternary relaxed states (R2, R3,
RR2, RR3, etc) that extend beyond the classical T—R transition2937 have been described
and/or incorporated in modern allosteric models.38:39, Like the R and T structures, the
relaxed structures also show significant differences in the geometry of the central water
cavities.29:30.33.40 Unlike a quarter century ago, it is now widely accepted that Hb function
involves an ensemble of relaxed Hb states in dynamic equilibrium.29:30.33-3540 One sych
recent evidence is that aromatic aldehydes that increase the oxygen affinity of sickle Hb do
so by binding to quaternary R2 structure and not the quaternary R structure to stabilize the
relaxed state.*142 An ongoing study also suggests thiols increase the oxygen affinity of Hb
in part by forming a covalent adduct with pCys93 of both the quaternary R and R3 structures
in a manner that should prevent formation of the characteristic T-state salt bridge interaction
between fAsp94 and BHis146 when the Hb transitions to the T-state; and in so doing shift
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the allosteric equilibrium to the relaxed state (Safo, unpublished data). Unless noted
otherwise, the R-state is used to represent the ensemble of relaxed states.

3. Hemoglobin — A Target for Drug Design

The allosteric equilibrium of Hb is modulated by several endogenous heterotopic effectors,
e.g. 2,3-DPG, and hydrogen ions (H*); the former binds to the B-cleft and preferentially
stabilize one quaternary state relative to the other.16:43:44 Stabilization of the R-state shifts
the oxygen binding curve or oxygen equilibrium curve (OEC) of Hb to the left, producing a
high-affinity Hb that more readily binds and holds oxygen (Fig. 2). A shift toward the T-
state (right-shift of the OEC) produces a low-affinity Hb that readily releases oxygen. The
degree of shift in the OEC is reported as an increase or decrease in P50, the oxygen tension
at 50% Hb O, saturation, while the degree of allosteric character is indicated by the slope of
the oxygen binding curve (ngp).

A number of synthetic allosteric effectors of Hb (AEHS) also bind to the surface, a-cleft or
fB-cleft or the middle of the central water cavity to liganded Hb structure (in the R- or R2- or
R3-state) and/or unliganded Hb structure (in the T-state) (Fig. 1) to either shift the OEC to
the left or to the right (Figs. 2). The direction and magnitude of the shift dependent on
preferential stabilization of one state over the other through additional hydrogen-bond and/or
hydrophobic interactions that prevent the rotation associated with the allosteric transition
and/or destabilization of a state by removing intersubunit interactions, which facilitates the
allosteric movement.#0:42:45-49 For example, RSR-13 (efaproxiral) and several other
aromatic propionate analogs bind to the middle of the central water cavity of Hb;47:50-53
several angstroms away from the p-cleft where 2,3-DPG and other organic phosphates are
known to bind.384344 The binding ties the two dimers together, preferentially stabilizing the
T-state relative to the R-state to lower the affinity of Hb for O, and enhance its delivery to
tissues in a manner physiologically similar to 2,3-DPG (Fig. 2B). These AEHSs have
potential therapeutic applications in treating ischemia-related cardiovascular diseases, such
as angina, myocardial ischemia, stroke, trauma, where more O, is needed to heal tissue or
organs.>4-59 A second class of AEHSs, which includes several aromatic aldehydes, on the
contrary, bind to Hb to increase its O, affinity by preferentially stabilizing the R-state
relative to the T-state (Fig. 2B). These compounds are potentially useful for the treatment of
sickle cell disease.41:42:46.60-64

The availability of the crystal structures of T and the various relaxed states of Hb have
contributed significantly to the design of quaternary state specific AEHs. Since these
compounds bind to locations separate from the substrate (heme pocket) or endogenous 2,3-
DPG (B-cleft) binding sites, they are not restricted by the need to generate molecules with
higher affinities than the natural ligands; moreover these AEHSs can elicit an effect
regardless of the natural ligand concentration. Also, because the allosteric activity of Hb can
be modulated by varying degrees, it allows the possibility to tailor drug activity to the
severity of the disease state. It is interesting to note that some AEHSs bind to the same
allosteric sites of Hb, but produce very different magnitudes of OEC shift, and in some
instances opposite shift.41:42:45.47-49 Based on these observation, a general hypothesis was
proposed that the effectors’ ability to shift the allosteric equilibrium (i.e. the effectors
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potency and/or direction of shift) is due not only to where the molecule binds, but also how
it interacts with the Hb dimer-dimer interface to stabilize or destabilize that allosteric
state.48:49

4. Development of Allosteric Modifiers of Hb to treat Sickle Cell Disease

As atomic-level understanding of Hb allosteric property, and of the interactions between Hb
molecules that contribute to Hb polymerization and formation of pathological fibers became
clear, several classes of compounds, e.g. urea derivatives, amino acid derivatives,
oligopeptides, carbohydrate derivatives, aromatic alcohols and acids were developed, most
with the objective to disrupt HbS polymer formation.5-71 Unfortunately, most of these
compounds exhibited weak if any significant antisickling activity, which is probably due to
weak binding to shallow cavities on the surface of the Hb protein since such cavities do not
exclude water and ions, and do not provide the necessary environment for strong
hydrophobic interactions.

The realization that the polymerization process is exacerbated by the low O, affinity of HbS
as a result of unusually high concentration of 2,3-DPG in sickle RBC, led to another rational
approach to treat SCD by increasing the affinity of HbS for oxygen - sufficiently to prevent
premature release of oxygen, but not so extensively as to compromise tissue oxygenation.
Sunshine et al. were among the first to suggest that increasing the O, affinity of HbS by 4
mmHg could lead to therapeutically significant inhibition of intracellular polymerization.”2
This approach was also bolstered by the milder clinical severity observed in sickle cell
anemia patients in whom approximately 20% of the red cell Hb content is expressed as the
high-O2-affinity fetal Hb (HbF), which is now known to inhibit HbS polymerization.”3.74
The beginning of the 1970s saw the development of such AEHSs, most notably, aromatic
aldehydes, aspirin derivatives, thiols and isothiocyanates that form covalent adducts with
Hb, modifying the protein allosteric property to increase its oxygen affinity.61:64.75-81 The
Klotz group reported several benzaldehydes, including the food additive vanillin (Fig. 3) and
showed that these compounds form a Schiff-base interaction with the amino terminus of a-
globin.54 The interaction is sometimes described as transient covalent, lasting only for a
short period of time, as the Schiff-base exists in equilibrium between the bound and the free
aldehyde. Several isothiocyanates (Fig. 3) that form covalent adducts with Hb have also
been reported for their antisickling activities, also by virtue of their ability to increase the
oxygen affinity of Hb.”8 The aliphatic isothiocyanates (Fig. 3) bind covalently to p-globin
Cys93 to disrupt the native T-state salt-bridge interaction between BAsp94 and fHis146.
This leads to T-state destabilization, explaining their left-shifting property.”® Binding to the
BCys93 was also suggested to explain the significant increase in the solubility of the fully
deoxygenated HbS by preventing direct polymer contacts.”® On the contrary, aromatic
isothiocynates (Fig. 3) also react at the amino terminal amine on the a-chain of Hb and
shows antisickling activities by increasing the oxygen affinity of HbS, which the authors
suggested to be due to destabilization of the T-state.”® Although the isothiocynates seem
quite promising since they can be administered at lower doses and less frequently, however,
like other AEHSs that form permanent covalent interactions with Hb, their lack of specificity
could lead to toxicity.
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Peter Goodford’s group was the first to use the classical R structure to design left-shifting
aromatic aldehyde-acid AEHs that were postulated to cross-link the two symmetry-related
a-globin subunits via a Schiff-based interaction with the N-terminus of aVall of one a-
subunit and a hydrogen-bond interaction with the opposite aVall of the second a-subunit,
and stabilize the R-state relative to the T-state.82:83 The study resulted in clinical tested
antisickling aromatic aldehydes that include valeresol (12C79; Fig. 3) and tucaresol
(589C80; Fig. 3). A later study by Don Abraham suggested that the left-shifting properties
of these agents were the result of two molecules (not one as proposed by Goodford), each
forming a Schiff-base interaction with the N-terminus of the aVall nitrogen of the T
structure (not the R structure as proposed by Goodford) in manner that destabilizes the T-
state and left-shift the OEC to the R-state.89 Valeresol underwent human testing, and while
very potent, was not orally bioavailable, and had a very short duration of action of 3—-4 hrs
following IV administration.8485 Tucaresol, although orally bioavailable with more
favorable in-vivo human pharmacokinetics than valeresol.84-88 was found to cause immune-
mediated toxicity in longer-term phase 11 studies.8% While shown not to bind as designed,
the discovery of tucaresol and valeresol clearly indicated proof of principle that the allosteric
property of Hb could be altered pharmacologically.

Although Goodford and Abraham had proposed seemingly opposing views of the
antisickling mechanism of left-shifting aromatic aldehydes, it wasn’t until several years later
that the exact mechanism underlying the antisickling effect of these compounds was
unraveled.*2 Our group, working with aromatic aldehydes, e.g., vanillin, furfural, 5-ethyl-2-
furfural (5-EF), and 5-hydoxymethyl-2-furfural (5-HMF)(Fig. 3), showed that these
compounds bind to the a-cleft of both quaternary R2 structure (and not the classical R
structure) and quaternary T structure. Although binding adds to the stability of the R2
structure, they additionally destabilize the T structure, which in effect shifts the allosteric
equilibrium to the R-state and increases the oxygen affinity of Hb.42 In contrast to the R2
structure, the a-cleft of the R structure is sterically crowded due to the presence of the C-
terminal residues aTyr140 and aArg141, thus precluding binding to these effectors.42 It
should be noted that when Peter Goodford proposed his design model, only the classical R
and T structures were known. Interestingly, there are several aromatic aldehyde AEHs that
also bind to the a-cleft to form Schiff-base with aVall nitrogen, but instead of left-shifting
the OEC, they rather decrease Hb affinity for oxygen.#0:48:49.90 An ortho or para substituted
carboxylate moiety (relative to the aldehyde functional group) in these right-shifters, e.g., 5-
formylsalicylic acid (5-FSA,; Fig. 3) and 2-(benzyloxy)-5-formylbenzoic acid (2-BFA; Fig.
3), make intersubunit salt-bridge interactions with the guanidinium group of aArg141 on the
opposite a-subunit in the T structure that stabilizes the T-state. The left-shifting aromatic
aldehydes lack these carboxylate moieties.

With the important lesson learned about potential toxicity issues with covalent AEHSs, it was
realized that for any antisickling agent to become a successful drug candidate, one has to
start with a non-toxic or very low toxicity scaffold in designing new agents. Abraham
revisited the food-additive vanillin that had previously been shown by Klotz to have
antisickling activity,54 which he translated into a phase I clinical trial. Although non-toxic,
like valeresol, vanillin was not orally bioavailable, and the phase I clinical study was
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terminated. Aldehydes are subject to aldehyde dehydrogenase (ALDH)-mediated oxidative
metabolism in human RBC and liver, which may have been very rapid for both vanillin and
valeresol, explaining their non-oral bioavailability. A decade later, a study with the prodrug
of vanillin, where the aldehyde group was protected by L-cysteine to form a thiazolidine
complex (thiazo-vanillin; Fig. 3) was shown to have significantly improved oral
pharmacokinetic and pharmacodynamic properties when compared to the corresponding free
aldehyde vanillin, suggesting a viable strategy to improve oral bioavailability, as well as the
efficacy of similar antisickling aldehydes.9!

In a collaborative effort between Don Abraham, Martin Safo, Osheiza Abdulmalik, and
Toshio Asakura, 5-HMF (Fig. 3) was shown to have remarkable antisickling activity.#2:63 A
single oral dose of 100 mg/kg of 5-HMF was sufficient to protect transgenic sickle mice
from death from acute pulmonary sequestration of sickle cells after a hypoxic challenge,53
while chronic administration of up to 375 mg/kg/day of 5-HMF for two years was nontoxic
to rats or mice.%2 Acute oral median lethal dose (LDsg) values for rats were 2.5-5.0 g/kg for
5-HMF (US EPA, 1992). 5-HMF also shows no in vitro cytotoxic effects on RBCs, and
plasma proteins do not inhibit its binding to intracellular Hb.42.63

Crystal structures of 5-HMF and similar furfural analogs (Fig. 4) in complex with the
quaternary T or R2 structure show the compounds to form Schiff-base interaction with the
aVall nitrogen in a symmetry-related fashion. The binding of 5-HMF to the R2 structure
adds additional inter-subunit interaction through a series of direct and intricate water-
mediated interactions that tie the two a-subunits together and restrict the transition to the T-
state (Fig. 4). The high-specificity of 5-HMF for Hb is most likely due to this intricate and
strong hydrogen-bond network. Other less potent antisickling aldehydes, e.g. vanillin and
furfural lack this intricate sheath of water molecules, explaining their reduced allosteric
activity.*2 In contrast to binding to the R2 structure, binding of 5-HMF, as well as other
aldehydes, to the wider T structure a-cleft always result in weak binding of the compounds,
which does not seem to add additional intersubunit interaction across the dimer interface.*2
Binding rather disrupts a T-state water-mediated bridge between a1Vall and the opposite
subunit residue al1Arg141; effectively destabilizing the T structure and shifting the
equilibrium to the R-state.#

Based on the atomic interactions between Hb and 5-HMF or vanillin, several pyridyl
derivatives of vanillin were developed by our group.#146 These compounds (INN) bind to
the same Hb site as 5-HMF and exhibit superior left-shifting ability and antisickling
activities, some exhibiting as much as 90-fold and 2.5-fold potency than vanillin and 5-
HMF, respectively.4146 Similar to 5-HMF, the INN compounds also bind to the a-cleft to
form Schiff-base adducts with the N-terminal aVall nitrogen (Fig. 5), and through a series
of direct and intricate water-mediated interactions (via the hydroxyl moiety) tie the two a-
subunits together to stabilize the relaxed state in the R2 form.41 A most interesting finding
was that one of the studied compounds, INN-312 in addition to its left-shifting property, also
stereospecifically inhibited polymer formation.#! Binding of INN-312 at the a-cleft disposes
the methoxypyridine substituent (which is ortho to the aldehyde group) toward the surface
of the Hb tetramer to make contact with residues of the aF-helix (Fig. 5), which was
suggested to lead to destabilization of polymer contact.1 Asn78a on the F-helix has been
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implicated in stabilizing the HbS fiber; consistently, a variant Hb, Stanleyville (Asn78a <>
Lsy78a) inhibits polymerization by destabilizing ontacts between deoxy-HbS molecules.3
This finding suggests a novel therapeutic approach involving the design of compounds that
stereospecifically inhibit deoxy-HbS polymer formation while increasing the oxygen affinity
of Hb.

5. Clinical Development

Aes-103 (5-HMF) has undergone pre-clinical testing for potential treatment for SCD as
described in the preceding section, including results from the National Toxicology
Program.®2 It is an organic compound derived from decomposition of certain sugars, found
commonly in small amounts in foods such as coffee and prunes. It increases oxygen affinity
of human sickle blood and inhibits hypoxia-induced sickling in vitro.63.94.95 Short-term
administration of high doses in healthy volunteers and lung surgery patients has been well
tolerated.9:97 Aes-103 has progressed through Phase 1 double blind, placebo controlled,
dose escalation safety and tolerability trials in healthy volunteers and adults with sickle cell
disease (ClinicalTrials.gov Identifier NCT01597401),%8 and is expected to enter Phase 2
clinical trials.

Although the development of 5-HMF is very encouraging, there are several challenges
facing the use of covalent Hb modifiers as antisickling agents; some enumerated above,
include non-specific binding, and for aldehydes, rapid metabolism in vivo that may
compromise their effectiveness. However, a large body of data on vanillin and 5-HMF
suggests that these aldehydes have little toxicity at relatively high doses, and they also
provide a structural scaffold to design additional non-toxic AEHs. We also note that some
antisickling aldehydes, such as 5-HMF and tucaresol, are less susceptible to rapid
metabolism, and moreover there are proven ways to derivatize aldehydes into prodrugs that
would protect the aldehydes if needed. Another challenging problem for the use of AEHs
pertains to efficacy, i.e., difficulty with designing pharmaceutically useful agents capable of
sustained modification of the large amounts of intracellular Hb (approximately 5 mM).
While this may seem pharmacologically challenging, we note that therapeutic efficacy might
require modification of only a fraction of HbS as suggested by the mild clinical course of
patients with about 20% HbF.74.99.100 Modification of 10-24% of HbS was obtained in an
early phase trial with tucaresol, showing the feasibility of modifying this percentage of
hemoglobin in vivo.88 As discussed earlier, as little as a 4 mmHg decrease in the Psq has
been predicted to provide clinical benefit,’2 and this magnitude of change may be achievable
invivo.

CONCLUSIONS

Pharmacological stabilization of the R-state of sickle hemoglobin offers a therapeutic
strategy that directly inhibits the fundamental pathological mechanism of sickle cell disease,
the polymerization of sickle hemoglobin. Although challenges remain in the implementation
of this strategy, one agent, 5-HMF (Aes-103) currently is in active clinical trial to pursue the
goal of directly inhibiting erythrocyte sickling in vivo. This is one of the first pharmaceutical
agents designed expressly for sickle cell disease to enter clinical trial. Additional
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investigation of the potential utility of sickle erythrocyte Pgq as a potential biomarker of
clinical subphenotype is warranted, now that such subphenotypes of sickle cell disease are
becoming better defined.
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Figure 1.
Quaternary structure of human Hb. al-subunit (grey), a2-subunit (yellow), B1-subunit

(magenta) and p2-subunit (green). (A) Ribbon diagram showing the four Hb subunits
arranged around a central water cavity. (B) Spherical illustration of the Hb subunits showing
access to the central water cavity via the a-cleft and p-cleft.
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Figure 2.

The allosteric mechanism of Hb. (A) Oxygen equilibrium (or dissociation) curve of Hb. The
normal Psq value is indicated by dashed lines. The left-shift and right-shift in the curves
(blue color) are associated with various conditions, including AEHSs. (B) Modulation of Hb
allosteric transition by synthetic AEHSs. Stabilization of either the R-state or T-state (colored
blue) has potential therapeutic applications. The “R” represents all identified relaxed states
including R2, R3, RR2, RR3, and the classical R.
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Figure 3.
Structures of synthetic allosteric effectors of hemoglobin
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Figure 4.
Crystal structure of quaternary R2 in complex with two molecules of 5-HMF (cyan spheres).

Hb subunits are in ribbons (al1-subunit in grey, a2-subunit in yellow, B1-subunit in magenta
and p2-subunit in green). (A) Two molecules of 5-HMF bound at the a-cleft in a symmetry-
related fashion to the N-terminal aVall. (B) Close-up view of the bound 5-HMF molecules.
Each molecule forms a Schiff-base interaction with the aVall nitrogen. The sheath of water
molecules (red spheres) form an intricate hydrogen-bond interactions with the bound
compounds and the protein to tie the two a-subunits together.
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Figure 5.
Superposition of bound 5-HMF (cyan), INN-312 (yellow) and INN-298 (magenta)

molecules in the quaternary R2 structures. The Hb molecule (grey) is shown for that of the
5-HMF complex. All three AEHSs form Schiff-base interaction with the aVall nitrogen. The
meta-positioned methoxypyridine substituent (relative to the aldehyde moiety) in INN-298
is directed toward the center of the water cavity, while the ortho-positioned
methoxypyridine substituent in INN-312 is directed toward the surface of the Hb to make
contact with F helix, which has been implicated in polymer formation.
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