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Abstract: Sickle cell disease (SCD) is a genetic disorder that affects millions of individuals world-
wide. Chronic anemia, hemolysis, and vasculopathy are associated with SCD, and their role has
been well characterized. These symptoms stem from hemoglobin (Hb) polymerization, which is the
primary event in the molecular pathogenesis of SCD and contributes to erythrocyte or red blood cell
(RBC) sickling, stiffness, and vaso-occlusion. The disease is caused by a mutation at the sixth posi-
tion of the B-globin gene, coding for sickle Hb (HbS) instead of normal adult Hb (HbA), which under
hypoxic conditions polymerizes into rigid fibers to distort the shapes of the RBCs. Only a few ther-
apies are available, with the universal effectiveness of recently approved therapies still being mon-
itored. In this review, we first focus on how sickle RBCs have altered metabolism and then highlight
how this understanding reveals potential targets involved in the pathogenesis of the disease, which
can be leveraged to create novel therapeutics for SCD.

Keywords: sickle cell disease; glycolysis; pentose phosphate pathway; Embden-Meyerhof-Parnas
pathway; 2,3-biphosphoglycerate; pyruvate kinase; bisphosphoglycerate mutase; glyceraldehyde-
3-phosphate dehydrogenase; triosephosphate isomerase; glucose-6-phosphate dehydrogenase

1. Introduction
1.1. Pathophysiology of Sickle Cell Disease

Sickle cell disease (SCD) is a genetic disorder that affects millions of people world-
wide [1,2]. The pathophysiology of the disease is directly associated with a pathogenic
mutation in the oxygen (Oz) transport protein, hemoglobin (Hb) [2,3]. The primary func-
tion of Hb is to transport oxygen from the lungs to the tissues, binding and releasing the
oxygen cooperatively, the latter with the help of the natural allosteric effector, 2,3-bisphos-
phoglycerate (2,3-BPG). During that process, Hb equilibrates between two conformational
states: (1) the high Oz-affinity relaxed (R) Hb, or oxygenated Hb, and (2) the low Oz-affin-
ity tense (T) Hb, or deoxygenated Hb (deoxyHb) [2,4]. Normal human adult Hb (HbA) is
a tetrameric protein consisting of two a-subunits (a1 and az) and two (-subunits (31 and
[32) in a tetrahedral arrangement with a large central water cavity. Each subunit has a pros-
thetic heme group that binds ligands, including oxygen. Several naturally occurring Hb
variants have been implicated in SCD pathologies [4-10], with the most well-known var-
iant sickle Hb (HbS), resulting from a single-nucleotide mutation in the [3-globin gene that
codes for Val6 instead of 3Glu6 [7,8]. Unlike HbA, HbS tends to polymerize or aggregate
under hypoxia or when deoxygenated, because of an interaction between the pathological
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[B2Val6 from one deoxyHbS molecule and a hydrophobic acceptor pocket in a proximate
deoxyHbS molecule containing the amino acids 31Ala70, 31Phe85, and (iLeu88 [2,3,8]. The
initial polymer formation becomes pathological only when stabilized by several second-
ary contacts between the HbS molecules. Consistently, mutations that break some of these
secondary contacts, for example, aAsn78—Lys (Hb Stanleyville), BAsp73— Asn (Hb Korle
Bu), or BAsp73—Val (Hb Mobile), increase the solubility of deoxyHbS, thereby reducing
the severity of the disease [2,4,8-10]. Interestingly, 2,3-BPG, which is found in high con-
centration in sickle erythrocytes or red blood cells (RBCs), in conjunction with the hy-
poxia-responsive signaling molecule, sphingosine 1-phosphate (S1P) [11], adversely de-
creases HDS affinity for oxygen, leading to an increased concentration of the polymer-
forming low-Or-affinity deoxyHbS [12-18]. Polymerization results in the formation of a
helical structure, which ultimately leads to the sickling of RBCs and impaired rheology of
the blood [2,3,7,8,10]. Adhesion between the sickled RBCs, neutrophils, endothelium, and
platelets occurs, leading to vaso-occlusion (VOC) that eventually results in complications,
such as ischemia, painful VOC crises, and acute chest syndrome [2,3,19-21]. Sickle RBCs
are also susceptible to oxidative damage and hemolysis, resulting in hemolytic anemia
[2,3,19-21]. Other complications of the disease include stroke, bone infarcts and necrosis
of the femoral head, leg ulcers, splenic infarction, and pulmonary hypertension [2,3,19-
21].

1.2. Current Treatments of SCD

Four drugs, namely voxelotor, Endari, crizanlizumab, and hydroxyurea, are cur-
rently approved for the treatment of SCD [2,3,22-27]. Voxelotor (Oxbryta), developed by
Global Blood Therapeutics, increases Hb affinity for oxygen to prevent the hypoxia-in-
duced polymerization and the ensuing sickling of RBC. Clinically, voxelotor increases Hb
levels and reduces hemolysis in patients [3,24,26,27]. Although not conclusive, recent ev-
idence also suggests that this drug may have the potential to reduce painful VOC crises
[28]. Voxelotor’s therapeutic effect, however, may be limited in regions of severe hypoxia
since it requires oxygen for its antisickling mechanism of action. Moreover, the effect of
voxelotor increasing Hb oxygen affinity is inherently limited by the need to avoid impeding
oxygen unloading to tissues. Endari (L-glutamine), developed by Emmaus Life Science, re-
duces complications of SCD associated with oxidative stress; however, the European reg-
ulatory body recommended against approval of the medication due to limited evidence
of efficacy in Phase III trials [25]. Crizanlizumab (ADAKVEQ), a monoclonal antibody
developed by Novartis, reduces the frequency of VOC crises and complications of SCD
by preventing P-selectin-mediated adhesion of RBCs to the vascular endothelium [23].
Finally, hydroxyurea (HU) has been used for over two decades to treat SCD [2,3,22,29]. It
increases the production of fetal hemoglobin (HbF) to prevent polymerization of HbS
[2,22,29]. For a variety of reasons, including poor compliance, the use of HU has remained
limited globally [30,31]. Other available treatment options for treating SCD are transfusion
therapy, hematopoietic cell transplantation [32,33], and gene therapy [34-36], and while
the last two therapies are very promising, they are potentially limited by cost and general
accessibility. None of the current therapeutics for SCD is likely to be universally effective
or feasible, therefore the need remains for newer therapeutic options.

1.3. 2,3-BPG in SCD Pathogenesis and Potential Targets for SCD Therapeutics

Several studies have implicated 2,3-BPG in the pathogenesis of SCD [2,12-18]. The
high level of 2,3-BPG in sickle RBCs has been shown to increase the hypoxia-induced HbS
polymerization and subsequently RBC sickling [2,37]. In more recent studies, the Xia
group has shown that, under hypoxic conditions, the sickle RBCs undergo metabolic re-
programing induced by elevated levels of SIP as a result of increasing the activity of
sphingosine kinase 1 (SphK1) [12,13,38]. The elevated level of S1P, in conjunction with
increased levels of 2,3-BPG, results in switching glucose flux toward glycolysis or the
Embden-Meyerhof-Parnas pathway (EMP) relative to the pentose phosphate pathway
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(PPP) that leads to disease progression [12]. These observations open a plethora of novel
targets for new classes of therapeutics for SCD.

The aim of this review is to provide a brief overview of glucose metabolism via the
EMP and the PPP pathways, including how altered metabolism in both pathways in sickle
RBCs may contribute to SCD pathogenesis. Further, we discuss how specific enzymes in-
volved in both metabolic pathways could be targeted for drug development for SCD.

2. Glucose Metabolism

Red blood cells are primarily responsible for transporting oxygen from the lungs to
the tissues and returning carbon dioxide from the tissues to the lungs as a byproduct; both
processes require energy to operate properly [39]. As RBCs lack intracellular organelles,
their primary source of energy is via anaerobic glycolysis [39—41]. Glucose molecules are
broken by two important pathways—glycolysis, also referred to as the EMP pathway, and
the PPP, also referred to as hexose monophosphate shunt (HMP) [41-45]. The EMP path-
way, the main pathway in glucose metabolism, breaks down glucose into pyruvate or
lactate, producing adenosine triphosphate (ATP) as a source of energy to accomplish cel-
lular processes [41,42,45]. It also facilitates the production of the reducing agent, nicotin-
amide adenine dinucleotide (NADH), as well as 2,3-BPG to regulate the oxygen carrying
capacity of Hb [41,42,45]. The HMP shunt, however, is an alternate pathway in which
glucose is broken down into different metabolic intermediates required for cellular pro-
tection against oxidative damage [39,41-43,45]. The flux of glucose through both path-
ways depends on Oz variation in the cells [39,41-43]. When RBCs are oxygenated, glucose
metabolism via EMP is inhibited, while metabolism through PPP is induced to combat the
oxidant stress [39,41-43,45]. In contrast, when RBCs are deoxygenated, glucose metabo-
lism through the EMP pathway is induced to compensate for the hypoxia [39,41-43,45].
The activities of the glycolytic enzymes are crucial to maintain RBC homeostasis, and dys-
function of any of these enzymes or the redox system can lead to several hematological
disorders and/or their underlying pathophysiologies [46].

2.1. Embden—Meyerhof-Parnas Pathway (EMP)

The EMP or glycolysis pathway provides cellular and metabolic energy for biomass
production (Figure 1). Detailed description of the ten enzyme-catalyzed reactions in the
EMP pathway has been extensively documented in several review articles and books [41-
43,45]. About 90% of glucose is metabolized through this pathway under normal physio-
logical conditions. In all, a total of two net molecules of ATP and two NADH are produced
per one molecule of glucose during glycolysis. As shown in Figure 1, glycolysis starts with
the phosphorylation of glucose by the enzyme hexokinase, which utilizes ATP to produce
glucose-6-phosphate (G-6-P), and ends in the phosphorylation of adenosine diphosphate
(ADP) to ATP by the enzyme pyruvate kinase (PK) [41-43,45]. In addition 1,3-bisphos-
phoglycerate (1,3-BPG) produced by glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) and subsequently converted into 3-phosphoglycerate (3-PGA) to produce ATP
by phosphoglycerate kinase (PGK) [41-43,45], may bypass the ATP producing step at PGK
and shunt into a side glycolytic pathway known as the Rapoport-Luebering pathway,
where it is converted by the synthase activity of bisphosphoglycerate mutase (BPGM) into
2,3-BPG [47]. BPGM also reversibly acts to hydrolyze 2,3-BPG to 3-PGA, which then re-
enters the main glycolytic pathway. 2,3-BPG, as mentioned earlier, has a significant con-
tribution to SCD pathogenesis due to its elevation in sickle RBCs [2,12,13,15-17]. Moving
forward, BPGM and/or GAPDH could potentially serve as a target to modulate the con-
centration of 2,3-BPG in erythrocyte with a therapeutic effect on SCD. The last glycolytic
enzyme, PK, may also be a target for SCD drug discovery as increasing its activity may
lead to the removal of 2,3-BPG from the cell.
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Figure 1. The glycolytic pathway [41-43,45].

2.2. The Pentose Phosphate Pathway (PPP)

The PPP pathway, or HMP, is a metabolic pathway that is parallel to the EMP path-
way (Figure 2). Only 10% of glucose is metabolized through this pathway under normal
physiological conditions [43]. The PPP has an irreversible oxidative phase, where reduced
nicotinamide adenine dinucleotide phosphate NADPH is formed, and a reversible non-
oxidative phase, where 5-carbon sugars are synthesized [43]. The PPP pathway has been
extensively documented in several review articles and books [42,43,45,48]. Due to lack of
mitochondria, erythrocytes solely depend on this pathway to combat oxidative damage
by producing NADPH [43,48], which is utilized by several enzymes as a cofactor to reduce
toxic radicals. For example, NADPH is a cofactor for glutathione reductase (GR), which is
responsible for converting the oxidized state of glutathione (GSSG) to the reduced state of
glutathione (GSH) [49]. GSH is used by multiple enzymes as a cofactor to prevent the
destruction of cells, including RBCs, by reactive oxygen species [50,51]. NADPH also
serves as a cofactor to the enzyme methemoglobin reductase for reducing methemoglobin
to ferrous Hb, a crucial process for maintaining RBC structure and integrity [52].
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Figure 2. The pentose phosphate pathway [42,43,45,48].

3. Glucose Metabolism and Pathophysiology of SCD

3.1. SCD and the Glucose Flux Switch toward Glycolysis Relative to the Pentose Phosphate
Pathway

From the forgoing, it is evident that the balance between the activities of the EMP
and PPP pathways is crucial for the normal physiological function of erythrocytes. Meta-
bolic reprogramming in sickle RBCs, where PPP glucose flux is switched toward glycoly-
sis, is expected to cause an increase in 2,3-BPG production while decreasing the produc-
tion of NADPH, and, subsequently, a decrease in the concentration of the antioxidant GSH
[12,13,53-56]. This metabolic switch will impact the ability of sickle RBCs to detoxify the
reactive oxygen species, leading to a cascade of events that ultimately worsens the symp-
toms of SCD [12,13,38,55,56].

Thus, targeting the PPP pathway, especially to increase the production of NADPH,
may serve to decrease oxidative stress in sickle RBCs and provide a therapeutic option for
SCD. Interestingly, one of the recently approved drugs, Endari (L-glutamine) works by
reducing oxidative stress and the associated complications of the disease [25]. During the
oxidative phase of the PPP pathway, two NADPH are produced by two-step catalyzed
reactions by the enzymes glucose-6-phosphate dehydrogenase (G6PDH) and 6-phos-
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phogluconate dehydrogenase (6PGDH) (Figure 2) [57]. These enzymes are, therefore, po-
tential targets for increasing the production of NADPH to counter the serious pathological
problem of oxidative stress in sickle RBCs.

3.2. The Role of 2,3-BPG in SCD Pathophysiology

The oxygen carrying function of Hb is closely associated with 2,3-BPG. Under normal
physiological conditions, only about 25-40% of the oxygen bound to Hb is released to
tissue, which is made possible by the preferential binding of 2,3-BPG at the 3-cleft of de-
oxyHb to decrease the protein affinity for the bound oxygen [4,58]. In sickle RBCs, the
concentration of 2,3-BPG is significantly elevated, which allows rapid and increased re-
lease of oxygen even before the blood reaches the tissue beds [14]. This adaptive response
is required to counter the chronic anemia due to the loss of Hb from constant hemolysis
by the brittle sickle RBCs [4,14,59,60]. Nevertheless, this response is counterproductive
since it leads to an increased concentration of the polymer-forming deoxyHbS. Evidence
also suggests that 2,3-BPG is involved in direct stabilization of the HbS polymers [37].
Unlike individuals carrying the homozygous sickle cell gene (HbSS), who suffer from se-
vere illness, individuals with sickle cell trait (HbAS) usually exhibit no significant clinical
symptoms. Interestingly, HbAS individuals with inherited PK deficiency have the same
severe clinical phenotypes as HbSS individuals due to high elevation of 2,3-BPG concen-
tration in the RBCs, further supporting the importance of 2,3-BPG in disease pathogenesis
[61,62]. Expectedly, decreasing 2,3-BPG levels in sickle RBCs has been shown to reduce
HbS polymerization and RBC sickling [16,17].

3.3. The Combinatorial Role of 2,3-BPG and S1P in SCD Pathophysiology

Sphingosine-1-phosphate (S1P) is a signaling molecule involved in regulating many
cellular processes, such as angiogenesis, cell proliferation, migration, endothelial injury,
and inflammation [11]. S1P has been shown to be elevated in the blood of humans and
mice with SCD due to the increased activity of sphingosine kinase 1 (SphK1) promoting
sickling, hemolysis, inflammation, and multiple tissue damage [12,13]. Sphk1 knockdown
in SCD mice significantly reduced sickling due to lowering S1P levels in erythrocytes [12].
Moreover, genetic deletion of Sphk1 in SCD mice was also observed to significantly lower
2,3-BPG production [12]. Interestingly, 2,3-BPG and S1P work together synergistically to
decrease Hb affinity for oxygen, promoting deoxygenation and contributing to erythro-
cyte sickling [12,13]. Under normal O: tension, the main glycolytic enzymes, such as
GAPDH, aldolase, phosphofructokinase, pyruvate kinase, and lactate dehydrogenase
form a complex with the RBCs membrane protein Band 3 (cdB3), rendering the enzymes
inactive [12,13]. However, in low O: tension, deoxyHb binds to cdB3 (mediated by S1P
and 2,3-BPG), to displace and release the glycolytic enzymes from cdB3 into the cytosol
[12,13]. This leads to activation of glycolysis, which promotes glucose to enter the glyco-
lytic pathway rather than the PPP, ultimately leading to a suppression of glutathione pro-
duction and a subsequent increase in oxidative stress [12,13]. The enhanced glycolysis also
increases production of 2,3-BPG, resulting in increased formation of the polymer-forming
deoxyHDbS, and the associated HbS polymerization and RBC sickling [12,13]. Interestingly,
S1P only binds to deoxyHb in the presence of 2,3-BPG, which again serves to highlight the
crucial role of 2,3-BPG in SCD pathogenesis [12,13].

4. Drug Discovery Opportunities and Challenges

From the previous discussion, proper balance between the PPP and EMP pathways
is crucial for maintaining RBC health. Disfunction of any of the enzymes in these path-
ways and/or the redox system can lead to several hematological disorders, e.g., hemolytic
anemia, and/or contribute to disease progression, e.g., SCD. In this section, we discuss
some of the potential targets present in the two pathways that can be leveraged for novel
therapeutics for SCD and the challenges of such efforts.
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4.1. Glycolytic Enzymes
4.1.1. Erythrocyte Pyruvate Kinase (PKR)

Pyruvate kinase (PK) catalyzes the last step of glycolysis, by transferring one phos-
phate group from PEP to generate the final product, pyruvate, with simultaneous produc-
tion of ATP (Figure 3) [41,42,45,63]). Besides its typical role providing an energy source
for the cell, ATP is a critical intermediate metabolite for maintaining the integrity and
flexibility of the RBC membrane [40]. PK is responsible for producing 50% of ATP during
glycolysis [64], and targeting this step could potentially benefit those with SCD. More im-
portantly, PK activation would lead to a depletion of 2,3-BPG, a major contributor to SCD
pathophysiology as it is downstream from the Luebering-Rapoport shunt.

PK has four different isoenzymes in human tissue: (1) PKL, which is mainly found in
the liver; (2) PKR, which is found in the RBCs; (3) PKM1, which is found in the muscles,
heart, and brain; and (4) PKM2, which is found in early fetal tissue [65,66]. PKL and PKR
isoenzymes are expressed from the gene PKLR, while PKM1 and PKM2 are expressed
from the gene PKM.

N\ /O-
_R
\
N=\ Ol O\p” (o} 2
N ' < 0 \,O\H)J\ +
HN-Z3 + Of 4+ H
NN HO OH O CH,
ADP PEP
O
W\ /O \
o R~ o-R©
| O\ / (o) O
N=\, O~ 0 o
N o ) CH
HoN~ \ 5 3
NN HO  OH +
ATP Pyruvate

Figure 3. PKR-catalyzed reaction.

PKR-deficient reticulocytes, caused by a mutation in the PKLR gene, have been
shown to have a reduced lifespan through selective destruction in the spleen [67]. Addi-
tionally, ATP depletion in PKR-deficient reticulocytes cells leads to increased RBC dehy-
dration and destruction [68,69], causing chronic nonspherocytic hemolytic anemia
(CNSHA) [64]. For this reason, PKR activators have potential application for the treatment
of hemolytic anemia caused by pyruvate kinase deficiency. PKR deficiency is also associ-
ated with reduced Hb oxygen affinity as a result of increased 2,3-BPG production, which
leads to an increased concentration of the polymer-forming deoxyHbS [62]. The involve-
ment of PKR activity in the regulation of ATP and 2,3-BPG makes it a potential target for
SCD therapeutics. In fact, two PKR activators, AG-348 and FT-4202, are currently in clini-
cal trials for the treatment of SCD [70,71].

Structurally, PKR exists as a homotetramer, with each monomer composed of three
domains A, B, and C with a molecular weight of 62 kDa per monomer (Figure 4; [66])
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(PDB: 2VGB). PKR has three known binding sites that can be potentially targeted for ther-
apeutics. These include the active site, the allosteric site, and the AG-348 binding site (Fig-
ure 4). The active site is located in a cleft between domains A and B, at the end of the (a/B)s
barrel and binds the substrates PEP and ADP. The allosteric site binds the natural activa-
tor, FBP, which causes a conformational change and an increase in the protein activity
(Figure 4; [65,66]). Crystal structures of PKR variants revealed a conformational toggle
between the open and closed positions of the allosteric loop, where in the absence of FBP,
the open position is stabilized by a cation—-n bond between Trp527 and Arg538’ (from an
adjacent monomer) [72]. Interestingly, in some variants, glutamate is able to bind in place
of FBP, leading to a partial allosteric activation [72]. Finally, a third binding cleft has been
discovered to bind the RPK activator AG-348 (developed by Agios Pharmaceuticals). This
site is deeply buried at the dimer—dimer interface suggesting a post-binding conforma-
tional change to PKR (Figure 4; [70]).

In contrast to the substrate binding (active) and the FBP binding (allosteric) sites that
are highly charged, the AG-348 binding site is formed mostly by hydrophobic residues
and few polar/basic residues [70]. Targeting the allosteric FBP binding site to activate the
enzyme, thus poses a problem, since it may require synthetic ligands with charge moieties
as found with FBP. Such compounds, even if potent, may not be bioavailable. The AG-348
binding site, and perhaps other potential binding cavities, thus serve as best target points
to develop PKR activators.

Allosteric Site

Allosteric Site (FBP)

Active Site
(PEP)

Figure 4. Crystal structure of PKR (PDB:2VGB) showing the allosteric site with FBP bound (red
sphere), dimer—dimer interface binding site where the synthetic AG-348 is known to bind, and the
active site with bound PEP (green sphere). The four subunits are shown in ribbons and colored gray,
cyan, purple, and pink.

4.1.2. Bisphosphoglycerate Mutase (BPGM)

Bisphosphoglycerate mutase (BPGM) is the central enzyme in the Rapoport-Leuber-
ing pathway, exclusively expressed in erythrocytes and placental cells [73,74]. BPGM reg-
ulates the intraerythrocytic level of 2,3-BPG by catalyzing both its synthesis and degrada-
tion [47,75]. The main activity of the enzyme is its synthase activity, which catalyzes the
generation of 2,3-BPG from 1,3-BPG, an intermediate in glycolysis (Reaction 1; Figure 5).
Alternatively, the phosphatase activity of BPGM leads to the hydrolysis of 2,3-BPG into
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3-PGA and inorganic phosphate (Reaction 2; Figure 5). In addition to these two down-
stream effects, BPGM can function as a mutase, similar to the activity seen in the glycolytic
enzyme phosphoglycerate synthase [76]. The mutase activity of BPGM involves catalyz-
ing the interconversion between 2-PGA and 3-PGA in glycolysis (Reaction 3; Figure 5;
[76,77]). This varying BPGM activities highlights its importance throughout these pro-
cesses.

e 0 0._O
N 0 O 3-PGA o \i Q
O{ (o) \P// —_— \P/O O/P\’O Reaction 1

~

/ - =7\ _
OH o O (6] \O O
1,3-BPG 2,3-BPG

O O
H,0 P Q
0; O\I (\)\,o- 2 O~ ) Reaction 2
O"F{\/ O/P\O_ ? o © 6]

0] OH
2,3-BPG Pi 3-PGA
o 0 o o OH
P\ _ O-\ 7/
o O/\)J\O —_— P< J/\H/O' Reaction 3
—~————— AN
OH 0]
0]
3-PGA 2-PGA

Figure 5. BPGM-catalyzed reactions: synthase activity (Reaction 1), phosphatase activity (Reaction
2), and mutase activity (Reaction 3).

BPGM is a homodimer, with each monomer composed of two domains that are
formed by six -strands (named BA-F) and ten a-helices (named a1-10) with a molecular
weight of 30 kDa per monomer [75,78]. The dimer is formed between the surface of the
[C strands and a3 helices of the two monomers (PDB: 7n3r) (Figure 6). Interestingly, the
three distinct reactions of BPGM are catalyzed at the same active site and share the same
substrates and cofactors, imposing difficulties in assaying for 2,3-BPG production or
BPGM activity. The phosphatase activity of BPGM has been reported to be activated by
different effectors, such as chloride, sulfite, inorganic phosphate, and, most potently, 2-
phosphoglycolate (2-PG) [77,79]. 2-PG is a physiological activator that exists in RBCs at a
concentration of 2-5 uM [77]. A study published by Poillon et al. showed that activation
of the phosphatase activity in the presence of glycolate resulted in a decrease of its 2,3-
BPG level, consequently improving the solubility and ameliorating the sickling tendency
of sickled RBCs [16,17]. Furthermore, a study by Knee et al. evaluated the effect of 2,3-
BPG elimination with respect to the SCD pathology through a complete knockout of the
BPGM gene in Townes model mice [80]. The BPGM-knockout mice had an increased Hb
affinity for oxygen with a 59% reduction in RBC sickling [80]. While there are no known
synthetic modulators of BPGM, its uniqueness to erythrocytes and its central role in 2,3-
BPG production positions BPGM as an ideal target for SCD therapeutics.
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Active Site
(3-PGA)

Dimer Interface
(2-PG)

Active Site
(2-PG)

Figure 6. Crystal structure of BPGM (PDB:7n3r), showing the active site with bound 3-PGA (red
sphere) or 2-PG (green sphere) and the dimer interface with bound 2-PG (green sphere). The two
subunits are shown in ribbons and colored cyan and gold.

The Gly14 residue located at the bottom of the BPGM active site has been shown to
play a role in substrate binding, as well as to modulate the three activities of BPGM dif-
ferently (see Figure 5; [81]). Replacement of Gly14 to Ser led to a twofold increase and
decrease in the mutase and phosphatase activities respectively, while keeping the syn-
thase activity unchanged. On the other hand, replacing Gly14 with Arg enhanced phos-
phatase activity by about 29-fold, whereas the synthase and mutase activities diminished
by 10-fold [81]. This study suggests the possibility of gene-based therapy as a way to treat
SCD [81].

Although BPGM represents a potential target, there are no known lead compounds
at present. Drug discovery requires reliable high-throughput assays, which currently are
lacking for BPGM, partly because this enzyme is involved in three catalytic activities, in-
cluding synthesis and degradation of 2,3-BPG at the same catalytic site. Additionally, the
active site of BPGM is highly charged, thus posing a problem for designing synthetic mod-
ulators that are equally potent and bioavailable. In a recent published study, our group
identified a novel binding site at the dimer interface of BPGM, which when bound with
ligand appears to affect the catalytic activity of the enzyme [75]. This new site could be
targeted for designing BPGM modulators, either to activate the phosphatase activity or to
inhibit the synthase activity to reduce 2,3-BPG levels in RBCs.

4.1.3. Glyceraldehyde-3-phosphate Dehydrogenase (GAPDH)
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) is a unique enzyme in gly-
colysis because it is located at the juncture of the EMP/PPP pathways. GAPDH catalyzes

the sixth step of glycolysis—namely the conversion of GAP to 1,3-BPG with the simulta-
neous production of NADH (Figure 7; [82]).
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GAPDH functions by mediating O2-dependent metabolic variation through its facil-
itation of the binding of metabolic enzymes and deoxyHb to the N-terminal cytosolic do-
main of band 3 [12]. Normally, GAPDH is inactivated when bound to band 3 but becomes
activated once it is released to the cytosol [12]. Under the RBC sickling condition, deoxy-
HDbS forms a ternary complex with 2,3-BPG and S1P and binds with a high affinity to band
3, thereby displacing GAPDH into the cytosol, leading to an increased activity and conse-
quent metabolic shift from PPP to glycolysis (Figure 8; [12]). Unfortunately, the increase
in glycolysis results in a detrimental cycle in which 2,3-BPG levels are elevated, leading to
an increased concentration of deoxyHbS and, thus, more RBC sickling. In turn, this causes
a decrease in antioxidant production, making the cells unable to detoxify the reactive ox-
ygen species and, ultimately, leading to RBC hemolysis and oxidative stress. It is worth
noting that GAPDH is naturally inhibited by S-glutathionylation, which is severely re-
duced in SCD [83,84]. Therefore, the inhibition of GAPDH activity could potentially inter-
rupt this cycle, as a therapeutic strategy to ameliorate SCD.
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Figure 8. DeoxyHDbS anchoring to membrane results in the release of GAPDH. Increased cytosolic
GAPDH accelerates glycolysis and 2,3-BPG production while decreasing PPP and antioxidant pro-
duction. Increased 2,3-BPG leads to increased formation of the polymer-forming deoxyHbS while a
decreased antioxidant level causes more oxidative stress (ROS).

GAPDH is a tetrameric protein (Figure 9; [85]),(PDB: 1U8F) composed of four identi-
cal monomers of 37 kDa. Each subunit consists of an NAD*binding domain (residues 1-
151, 315-335) and a catalytic domain (residues 152-314). The active site in each subunit
resides in a large cleft between the NAD*binding and catalytic domains. The nucleophilic
cysteine (Cys152) resides at the N-terminus of the first helix of the catalytic domain [85].
The literature reports several GAPDH inhibitors, that presumably bind at the NAD*-bind-
ing site, for potential treatment of various diseases, including parasitic infections and can-
cers [86]. Examples are adenosine analogs that target trypanosomatid GAPDH for use to
treat sleeping sickness [87] and koningic acid and DC-5163 which inhibit cancer cell pro-
liferation by reducing ATP production [86,88]. GAPDH could also be targeted for SCD
therapeutics since its inhibition can potentially reverse the metabolic switch back to PPP,
relative to glycolysis in sickle RBCs, decreasing 2,3-BPG formation and oxidative stress.
Potentially mitigating this positive effect is the apparent reduction in ATP production
with GAPDH inhibition, which could pose a detrimental effect on the integrity and flexi-
bility of the RBC membrane [40]. Moreover, because of the cellular abundance and ubig-
uitous nature of GAPDH [89], targeting this enzyme with small molecules could lead to
potential systemic toxicity. Hence, for the drug to be potentially therapeutic, it should be
selective and specific.
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Figure 9. Crystal structure of GAPDH (PDB:1US8F), showing the active NAD*-binding site (red
sphere). The four subunits are shown in ribbons and colored cyan, pink, brown, and purple.

4.1.4. Triosephosphate Isomerase (TPI)

Triosephosphate isomerase (TPI or TIM) is a key enzyme in the glycolytic pathway
that adjusts the equilibrium between GAP and DHAP, produced by aldolase in glycolysis
(Figure 10; [90]).

. o
O /
B HO O
//P O/\:)J\H . \)J\/ /\O-
OH (6]
GAP DHAP

Figure 10. TPI-catalyzed reaction.

GAP is central to both glycolysis and PPP, and it has been postulated that the PPP
shunt works at near-maximal levels during TPI deficiency because PPP is linked to gly-
colysis through the intermediates G6P and GAP [91]. DHAP, alternatively, is a dead-end
product in erythrocytes but is shunted into lipid metabolism in the brain [90]. DHAP is
also known to decompose nonenzymatically to produce methylglyoxal that can lead to
formation of glycation products (AGEs) [90,92]. Impairment or inactivation of TPI results
in increased concentrations of PPP metabolites, as glucose is redirected to the PPP, thus
increasing the formation of NADPH which helps to protect the cell from oxidative stress
[93]. In fact, PPP activation has been proposed as a compensatory strategy for lower TPI
activity [90]. Consistently, individuals with TPI deficiency showed an activation of G6PD,
which catalyzes the rate-limiting phase of the PPP, further supporting this theory [90]. As
such, TPI inhibitors could potentially be explored as possible SCD therapeutic agents.

Structurally, TPIis active as a homodimer. Each monomer consists of 248 amino acids
with a molecular weight of 27 kDa (Figure 11; [94]), (PDB: 1HTI). The active site, which is
composed of three conserved key residues, Lys13, His95, and Glul65, has been explored
as a possible target for cancer therapy [95]. In addition to the active site, the nonconserved
dimerization site of the parasitic TPI has been targeted by small-molecule inhibitors [96].
Both the active and dimerization sites in the human TPI could, therefore, be potentially
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targeted to develop SCD therapeutics. Since TIM is considered essential for energy pro-
duction, inhibition may reduce ATP production, leading to a detrimental effect on the
already fragile sickle RBC.

Active Site
(2-PG)

Figure 11. Crystal structure of TPI (PDB:1HTI), showing the active site with bound 2-PG (red
sphere). The two subunits are shown in ribbons and colored pink and cyan.

4.2. PPP Enzymes
Glucose-6-phosphate Dehydrogenase (G6PD)

Glucose-6-phosphate dehydrogenase (G6PD) enzymatic activity is the first and rate-
limiting step in the PPP. It is expressed in most tissues and considered a ‘housekeeping’
enzyme. G6PD catalyzes the conversion of G6P into 6-phosphogluconolactne with the
concomitant production of NADPH (Figure 12; [97]).

The main role of NADPH, which is a cofactor of G6PD, is to protect the cell from
oxidative damage. Deficiency of G6PD, therefore, perturbs NADPH homeostasis, thereby
impairing the ability of the cell to detoxify free radicals, leading to several pathological
problems, such as hemolytic anemia [97]. G6PD deficiency has been linked to increased
severity of anemia in SCD patients [98,99]. This, together with the fact that G6PD is the
rate limiting step of PPP, suggests that activation of G6PD could be a potential strategy
for managing SCD.

Structurally, G6PD equilibrates between a dimer and a tetramer with a molecular
weight of 59 kDa per monomer (Figure 13; [100-102]). Each monomer consists of two co-
enzyme (NADP*)-binding domains and a G6P-binding site that is located between these
two domains (Figure 13). Recently, a small-molecule activator of G6PD, AG1, was discov-
ered [101] and was suggested to bridge the dimer interface at the NADP*-binding sites of
the two interacting G6PD monomers to induce a conformational change that activates its
enzymatic function. While AG1 has not been tested for its effect on SCD, it was shown to
reduce oxidative stress in zebrafish, which further supports the potential of G6PD activa-
tors as a class of future SCD therapeutics [101,102].
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Figure 12. G6PD-catalyzed reaction.

Active Site
(G-6-P)

Structural Site

Active Site
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Figure 13. Crystal structure of G6PD (monomer), showing the active site with bound G-6-P (red
sphere) and NADP* (yellow sphere) and a structural site, also with bound NADP* (yellow sphere).
The two G6PD crystal structures (PDB: 2BHL and 2BH9) were superimposed using PyMOL to illus-
trate all the possible binding sites of G6PD. The subunit is shown in ribbons and colored green.
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5. Conclusions

Sickle cell disease is an inherited chronic blood disorder that presents at birth. SCD
is characterized by polymerization of deoxyHbS and concomitant sickling of RBCs
[2,3,7,8,10]. Mature RBCs are responsible for transporting oxygen from the lung to tissues
and they procure their energy via anaerobic glycolysis, which is required to maintain the
structural integrity of the RBCs [4,40,41]. Two essential mechanisms break down glucose
molecules: glycolysis or the EMP pathway, and the PPP or HMP pathway [41-43]. The
flow of glucose across both channels is influenced by the amount of oxygen in the cells.
Glucose metabolism via EMP slows when RBCs are oxygenated but speeds up via PPP to
resist oxidant stress. When RBCs are deoxygenated, glucose is mostly metabolized via the
EMP route to compensate for the hypoxia. Thus, maintaining RBC homeostasis requires
the activity of several glycolytic enzymes. Hematological disorders and/or their associated
pathophysiologies can be caused by a malfunction of any of these glycolytic enzymes
and/or the redox system [41,42,46,52-55,103,104]. There are several lines of evidence to
suggest that activation or inhibition of some of the glycolytic and PPP enzymes can lead
to a reduction in crises of SCD. For example, activation of a subset of these enzymes, such
as PK, BPGM, and G6PD, has been shown to have positive effects in SCD. Theoretically,
inhibition of GAPDH and TPI could also help in the treatment of SCD. There are, however,
several challenges posed by targeting the glucose metabolic pathway for drug discovery.
Flux through the metabolic pathways is modulated through a combination of regulation
of enzyme activity by small molecules, as well as regulation of protein levels by hormonal
control of tissue-specific gene expression. Thus, targeting a specific enzyme, either totally
inhibiting it or allosterically regulating it, could lead to modulation of the whole metabolic
pathway as an adaptation mechanism, resulting in unintended consequences. Other chal-
lenges, specific to targeting some of the enzymes have also been discussed above. In sum-
mary, we have discussed glucose metabolism and how alterations in the two metabolic
pathways, glycolysis and PPP, contribute to SCD pathogenesis. We have also highlighted
how the enzymes participating in both pathways provide interesting SCD treatment tar-
gets for future research.

Author Contributions: D.A., AS.A,, O.A,, B.D.P. and M.K.S. contributed to writing the manuscript.
All authors provided final approval of the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by NIH/NHLBI grant R61HL156158 (MKS and OA).
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Piel, F.B.; Hay, S.I; Gupta, S.; Weatherall, D.J.; Williams, T.N. Global Burden of Sickle Cell Anaemia in Children under Five,
2010-2050: Modelling Based on Demographics, Excess Mortality, and Interventions. PLoS Med. 2013, 10, e1001484.
https://doi.org/10.1371/journal.pmed.1001484.

Safo, M.K.; Aljahdali, A.; Burnett, J.; Abraham, D.J.; Abdulmalik, O. Therapeutic Strategies for the Treatment of Sickle Cell
Disease. In Burger’s Medicinal Chemistry and Drug Discovery; American Cancer Society: Atlanta, GE, USA, 2021; pp. 1-31.

Shah, F.; Dwivedi, M. Pathophysiology and Recent Therapeutic Insights of Sickle Cell Disease. Ann. Hematol. 2020, 99, 925-935.
https://doi.org/10.1007/s00277-020-03977-9.

Ahmed, M.H.; Ghatge, M.S.; Safo, M.K. Hemoglobin: Structure, Function and Allostery. Subcell. Biochem. 2020, 94, 345-382.
https://doi.org/10.1007/978-3-030-41769-7_14.

Kister, J.; Kiger, L.; Francina, A.; Hanny, P.; Szymanowicz, A.; Blouquit, Y.; Promeé, D.; Galactéros, F.; Delaunay, J.; Wajcman,
H. Hemoglobin Roanne [A94(G1) Asp & Glu]: A Variant of the A1p2 Interface with an Unexpected High Oxygen Affinity.
Biochim. Biophys. Acta BBA-Protein Struct. Mol. Enzymol. 1995, 1246, 34-38. https://doi.org/10.1016/0167-4838(94)00190-R.



Int. ]. Mol. Sci. 2022, 23, 7448 17 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Thom, C.S.; Dickson, C.E.; Gell, D.A.; Weiss, M.]. Hemoglobin Variants: Biochemical Properties and Clinical Correlates. Cold
Spring Harb. Perspect. Med. 2013, 3, a011858. https://doi.org/10.1101/cshperspect.a011858.

Bunn, H.F. Pathogenesis and Treatment of Sickle Cell Disease. N. Engl. J. Med. 1997, 337, 762-769.
https://doi.org/10.1056/NEJM199709113371107.

Ghatge, M.S.; Ahmed, M.H.; Omar, A.S.M.; Pagare, P.P.; Rosef, S.; Kellogg, G.E.; Abdulmalik, O.; Safo, M.K. Crystal Structure
of Carbonmonoxy Sickle Hemoglobin in R-State Conformation. ] Struct. Biol. 2016, 194, 446-450.
https://doi.org/10.1016/j.jsb.2016.04.003.

Benesch, R.E.; Kwong, S.; Edalji, R.; Benesch, R. Alpha Chain Mutations with Opposite Effects on the Gelation of Hemoglobin
S-PubMed. . Biol. Chem. 1979, 254, 8169-8172.

Rhoda, M.D.; Martin, J.; Blouquit, Y.; Garel, M.C.; Edelstein, S.J.; Rosa, J. Sickle Cell Hemoglobin Fiber Formation Strongly
Inhibited by the Stanleyville II Mutation (Alpha 78 Asn Leads to Lys). Biochem. Biophys. Res. Commun. 1983, 111, 8-13.
https://doi.org/10.1016/s0006-291x(83)80109-0.

Cartier, A,; Hla, T. Sphingosine 1-Phosphate: Lipid Signaling in Pathology and Therapy. Science 2019, 366, eaar5551.
https://doi.org/10.1126/science.aar5551.

Sun, K.; D’alessandro, A.; Ahmed, M.H.; Zhang, Y.; Song, A.; Ko, T.-P.; Nemkov, T.; Reisz, ]J.A.; Wu, H.; Adebiyi, M.; et al.
Structural and Functional Insight of Sphingosine 1-Phosphate-Mediated Pathogenic Metabolic Reprogramming in Sickle Cell
Disease. Sci. Rep. 2017, 7, 15281. https://doi.org/10.1038/s41598-017-13667-8.

Zhang, Y.; Berka, V.; Song, A.; Sun, K,; Wang, W.; Zhang, W.; Ning, C.; Li, C; Zhang, Q.; Bogdanov, M.; et al. Elevated
Sphingosine-1-Phosphate Promotes Sickling and Sickle Cell Disease Progression. ]. Clin. Investig. 2014, 124, 2750-2761.
https://doi.org/10.1172/]C174604.

Torrance, J.; Jacobs, P.; Restrepo, A.; Eschbach, ].; Lenfant, C.; Finch, C.A. Intraerythrocytic Adaptation to Anemia. N. Engl. |.
Med. 1970, 283, 165-169. https://doi.org/10.1056/NEJM197007232830402.

Poillon, W.N.; Kim, B.C. 2,3-Diphosphoglycerate and Intracellular PH as Interdependent Determinants of the Physiologic
Solubility of Deoxyhemoglobin S. Blood 1990, 76, 1028-1036.

Poillon, W.N.; Kim, B.C.; Welty, E.V.; Walder, J.A. The Effect of 2,3-Diphosphoglycerate on the Solubility of Deoxyhemoglobin
S. Arch. Biochem. Biophys. 1986, 249, 301-305.

Poillon, W.; Kim, B.; Labotka, R.; Hicks, C.; Kark, J. Antisickling Effects of 2,3-Diphosphoglycerate Depletion. Blood 1995, 85,
3289-3296. https://doi.org/10.1182/blood.V85.11.3289.bloodjournal85113289.

Safo, M.K.; Kato, G.J. Therapeutic Strategies to Alter the Oxygen Affinity of Sickle Hemoglobin. Hematol. Oncol. Clin. N. Am.
2014, 28, 217-231. https://doi.org/10.1016/j.hoc.2013.11.001.

Aliyu, Z.Y.; Gordeuk, V.; Sachdev, V.; Babadoko, A.; Mamman, A.L,; Akpanpe, P.; Attah, E.; Suleiman, Y.; Aliyu, N.; Yusuf, J;
et al. Prevalence and Risk Factors for Pulmonary Artery Systolic Hypertension among Sickle Cell Disease Patients in Nigeria.
Am. ]. Hematol. 2008, 83, 485-490. https://doi.org/10.1002/ajh.21162.

De Franceschi, L. Pathophisiology of Sickle Cell Disease and New Drugs for the Treatment. Mediterr. |. Hematol. Infect. Dis. 2009,
1, €2009024. https://doi.org/10.4084/MJHID.2009.024.

Akinsheye, I.; Klings, E.S. Sickle Cell Anemia and Vascular Dysfunction: The Nitric Oxide Connection. J. Cell. Physiol. 2010, 224,
620-625. https://doi.org/10.1002/jcp.22195.

Platt, O.S. Hydroxyurea for the Treatment of Sickle Cell Anemia. N. Engl. ]. Med. 2008, 358, 1362-1369.
https://doi.org/10.1056/NEJMct0708272.

Blair, H.A. Crizanlizumab: First Approval. Drugs 2020, 80, 79-84. https://doi.org/10.1007/s40265-019-01254-2.

Metcalf, B.; Chuang, C.; Dufu, K; Patel, M.P.; Silva-Garcia, A.; Johnson, C.; Lu, Q.; Partridge, J.R.; Patskovska, L.; Patskovsky,
Y.; et al. Discovery of GBT440, an Orally Bioavailable R-State Stabilizer of Sickle Cell Hemoglobin. ACS Med. Chem. Lett. 2017,
8, 321-326. https://doi.org/10.1021/acsmedchemlett.6b00491.

Quinn, C.T. L-Glutamine for Sickle Cell Anemia: More Questions than Answers. Blood 2018, 132, 689-693.

Vichinsky, E.; Hoppe, C.C.; Ataga, K.I.; Ware, R.E.; Nduba, V.; El-Beshlawy, A.; Hassab, H.; Achebe, M.M.; Alkindji, S.; Brown,
R.C; et al. A Phase 3 Randomized Trial of Voxelotor in Sickle Cell Disease. N. Engl. |. Med. 2019, 381, 509-519.
https://doi.org/10.1056/NEJMo0a1903212.

Yenamandra, A.; Marjoncu, D. Voxelotor: A Hemoglobin S Polymerization Inhibitor for the Treatment of Sickle Cell Disease. J.
Adv. Pract. Oncol. 2020, 11, 873-877. https://doi.org/10.6004/jadpro.2020.11.8.7.

Darbari, D.S.; Sheehan, V.A.; Ballas, S.K. The Vaso-Occlusive Pain Crisis in Sickle Cell Disease: Definition, Pathophysiology,
and Management. Eur. ]. Haematol. 2020, 105, 237-246. https://doi.org/10.1111/ejh.13430.

McGann, P.T.; Ware, R.E. Hydroxyurea Therapy for Sickle Cell Anemia. Expert Opin. Drug Saf. 2015, 14, 1749-1758.
https://doi.org/10.1517/14740338.2015.1088827.

Brandow, A.M.; Panepinto, J.A. Hydroxyurea Use in Sickle Cell Disease: The Battle with Low Prescription Rates, Poor Patient
Compliance and Fears of Toxicities. Expert Rev. Hematol. 2010, 3, 255-260. https://doi.org/10.1586/ehm.10.22.

Sinha, C.B.; Bakshi, N.; Ross, D.; Krishnamurti, L. From Trust to Skepticism: An in-Depth Analysis across Age Groups of Adults
with Sickle Cell Disease on Their Perspectives Regarding Hydroxyurea. PLoS ONE 2018, 13, e0199375.
https://doi.org/10.1371/journal.pone.0199375.



Int. ]. Mol. Sci. 2022, 23, 7448 18 of 20

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Angelucci, E.; Matthes-Martin, S.; Baronciani, D.; Bernaudin, F.; Bonanomi, S.; Cappellini, M.D.; Dalle, J.-H.; Di Bartolomeo, P.;
de Heredia, C.D.; Dickerhoff, R.; et al. Hematopoietic Stem Cell Transplantation in Thalassemia Major and Sickle Cell Disease:
Indications and Management Recommendations from an International Expert Panel. Haematologica 2014, 99, 811-820.
https://doi.org/10.3324/haematol.2013.099747.

Talano, J.-A.; Cairo, M.S. Hematopoietic Stem Cell Transplantation for Sickle Cell Disease: State of the Science. Eur. |. Haematol.
2015, 94, 391-399. https://doi.org/10.1111/ejh.12447.

Demirci, S.; Uchida, N.; Tisdale, ].F. Gene Therapy for Sickle Cell Disease: An Update. Cytotherapy 2018, 20, 899-910.
https://doi.org/10.1016/j.jcyt.2018.04.003.

Ribeil, J.-A.; Hacein-Bey-Abina, S.; Payen, E.; Magnani, A.; Semeraro, M.; Magrin, E.; Caccavelli, L.; Neven, B.; Bourget, P.; El
Nemer, W.; et al. Gene Therapy in a Patient with Sickle Cell Disease. N. Engl. ]. Med. 2017, 376, 848-855.
https://doi.org/10.1056/NEJMo0al609677.

Tasan, L; Jain, S.; Zhao, H. Use of Genome-Editing Tools to Treat Sickle Cell Disease. Hum. Genet. 2016, 135, 1011-1028.
https://doi.org/10.1007/s00439-016-1688-0.

Eaton, W.A,; Bunn, H.F. Treating Sickle Cell Disease by Targeting HbS Polymerization. Blood 2017, 129, 2719-2726.
https://doi.org/10.1182/blood-2017-02-765891.

D’Alessandro, A.; Xia, Y. Erythrocyte Adaptive Metabolic Reprogramming under Physiological and Pathological Hypoxia. Curr.
Opin. Hematol. 2020, 27, 155-162. https://doi.org/10.1097/MOH.0000000000000574.

Grace, R.F.; Glader, B. Red Blood Cell Enzyme Disorders. Pediatr. Clin. N. Am. 2018, 65, 579-595.

van Wijk, R.; van Solinge, W.W. The Energy-Less Red Blood Cell Is Lost: Erythrocyte Enzyme Abnormalities of Glycolysis. Blood
2005, 106, 4034-4042. https://doi.org/10.1182/blood-2005-04-1622.

Engelking, L.R. Chapter 24—Introduction to Glycolysis (The Embden-Meyerhoff Pathway (EMP)). In Textbook of Veterinary
Physiological Chemistry, 3rd ed.; Engelking, L.R., Ed.; Academic Press: Boston, MA, USA, 2015; pp. 153-158, ISBN 978-0-12-
391909-0.

Chaudhry, R.; Varacallo, M. Biochemistry, Glycolysis. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2022.
Aziz, H.; Mohiuddin, S.S. Biochemistry, Hexose Monophosphate Pathway. In StatPearls; StatPearls Publishing: Treasure Island,
FL, USA, 2022.

Huisjes, R.; Bogdanova, A.; van Solinge, W.W.; Schiffelers, R.M.; Kaestner, L.; van Wijk, R. Squeezing for Life—Properties of
Red Blood Cell Deformability. Front. Physiol. 2018, 9, 656. https://doi.org/10.3389/fphys.2018.00656.

Kumari, A. Glycolysis. In Sweet Biochemistry; Academic Press: Cambridge, MA, USA, 2018; pp. 1-5, ISBN 978-0-12-814453-4.
Martinov, M.V.; Plotnikov, A.G.; Vitvitsky, V.M.; Ataullakhanov, F.I. Deficiencies of Glycolytic Enzymes as a Possible Cause of
Hemolytic Anemia. Biochim. Biophys. Acta BBA-Gen. Subj. 2000, 1474, 75-87. https://doi.org/10.1016/5S0304-4165(99)00218-4.
Rapoport, S.; Luebering, J. The formation of 2,3-diphosphoglycerate in rabbit erythrocytes: The existence of a
diphosphoglycerate mutase. J. Biol. Chem. 1950, 183, 507-516. https://doi.org/10.1016/50021-9258(19)51175-9.

Alfarouk, K.O.; Ahmed, S.B.M,; Elliott, R.L.; Benoit, A.; Alqahtani, S.S.; Ibrahim, M.E.; Bashir, A.H.H.; Alhoufie, S.T.S.; Elhassan,
G.O.; Wales, C.C.; et al. The Pentose Phosphate Pathway Dynamics in Cancer and Its Dependency on Intracellular PH.
Metabolites 2020, 10, 285. https://doi.org/10.3390/METABO10070285.

Pastore, A.; Piemonte, F.; Locatelli, M.; Lo Russo, A.; Gaeta, L.M.; Tozzi, G.; Federici, G. Determination of Blood Total, Reduced,
and Oxidized Glutathione in Pediatric Subjects. Clin. Chem. 2001, 47, 1467-1469. https://doi.org/10.1093/CLINCHEM/47.8.1467.
Pompella, A.; Visvikis, A.; Paolicchi, A.; Tata, V.D.; Casini, A.F. The Changing Faces of Glutathione, a Cellular Protagonist.
Biochem. Pharmacol. 2003, 66, 1499-1503. https://doi.org/10.1016/S0006-2952(03)00504-5.

Chang, J.C.; van der Hoeven, L.H.; Haddox, C.H. Glutathione Reductase in the Red Blood Cells. Ann. Clin. Lab. Sci. 1978, 8, 23—
29.

Kuhn, V.; Diederich, L.; Keller, T.C.S.; Kramer, C.M.; Liickstadt, W.; Panknin, C.; Suvorava, T.; Isakson, B.E.; Kelm, M.; Cortese-
Krott, M.M. Red Blood Cell Function and Dysfunction: Redox Regulation, Nitric Oxide Metabolism, Anemia. Antioxid. Redox
Signal. 2017, 26, 718-742. https://doi.org/10.1089/ars.2016.6954.

Rogers, S.C.; Said, A.; Corcuera, D.; McLaughlin, D.; Kell, P.; Doctor, A. Hypoxia Limits Antioxidant Capacity in Red Blood
Cells by Altering Glycolytic Pathway Dominance. FASEB |. Off. Publ. Fed. Am. Soc. Exp. Biol. 2009, 23, 3159-3170.
https://doi.org/10.1096/1j.09-130666.

Chu, H.; McKenna, M.M.; Krump, N.A.; Zheng, S.; Mendelsohn, L.; Thein, S.L.; Garrett, L.J.; Bodine, D.M.; Low, P.S. Reversible
Binding of Hemoglobin to Band 3 Constitutes the Molecular Switch That Mediates O2 Regulation of Erythrocyte Properties.
Blood 2016, 128, 2708-2716. https://doi.org/10.1182/blood-2016-01-692079.

Vona, R.; Sposi, N.M.; Mattia, L.; Gambardella, L.; Straface, E.; Pietraforte, D. Sickle Cell Disease: Role of Oxidative Stress and
Antioxidant Therapy. Antioxidants 2021, 10, 296. https://doi.org/10.3390/antiox10020296.

Silva, D.G.H.; Belini Junior, E.; de Almeida, E.A.; Bonini-Domingos, C.R. Oxidative Stress in Sickle Cell Disease: An Overview
of Erythrocyte Redox Metabolism and Current Antioxidant Therapeutic Strategies. Free Radic. Biol. Med. 2013, 65, 1101-1109.
https://doi.org/10.1016/j.freeradbiomed.2013.08.181.

Kruger, N.J.; von Schaewen, A. The Oxidative Pentose Phosphate Pathway: Structure and Organisation. Curr. Opin. Plant Biol.
2003, 6, 236-246. https://doi.org/10.1016/s1369-5266(03)00039-6.

Safo, M.K.; Bruno, S. Allosteric Effectors of Hemoglobin: Past, Present and Future. In Chemistry and Biochemistry of Oxygen
Therapeutics; John Wiley & Sons, Ltd.: Hoboken, NJ, USA, 2011; pp. 285-300 ISBN 978-1-119-97542-7.



Int. ]. Mol. Sci. 2022, 23, 7448 19 of 20

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Grasso, J.A.; Sullivan, A.L.; Sullivan, L.W. Ultrastructural Studies of the Bone Marrow in Sickle Cell Anaemia. II. The
Morphology of Erythropoietic Cells and Their Response to Deoxygenation in Vitro. Br. |. Haematol. 1975, 31, 381-389.
https://doi.org/10.1111/.1365-2141.1975.tb00869.x.

Connor, J.; Pak, C.C.; Schroit, A.]. Exposure of Phosphatidylserine in the Outer Leaflet of Human Red Blood Cells. Relationship
to Cell Density, Cell Age, and Clearance by Mononuclear Cells. J. Biol. Chem. 1994, 269, 2399-2404.

Cohen-Solal, M.; Préhu, C.; Wajcman, H.; Poyart, C.; Bardakdjian-Michau, J.; Kister, J.; Promé, D.; Valentin, C.; BAchir, D.;
Galactéros, F. A New Sickle Cell Disease Phenotype Associating Hb S Trait, Severe Pyruvate Kinase Deficiency (PK Conakry),
and an A2 Globin Gene Variant (Hb Conakry): A New Sickle Cell Disease Phenotype. Br. |. Haematol. 1998, 103, 950-956.
https://doi.org/10.1046/j.1365-2141.1998.01094.x.

Alli, N.; Coetzee, M.; Louw, V.; van Rensburg, B.; Rossouw, G.; Thompson, L.; Pissard, S.; Thein, S.L. Sickle Cell Disease in a
Carrier with Pyruvate Kinase Deficiency. Hematology 2008, 13, 369-372. https://doi.org/10.1179/102453308X343536.

Gupta, V.; Bamezai, R.N.K. Human Pyruvate Kinase M2: A Multifunctional Protein: Multifunctional Human PKM2. Protein Sci.
2010, 19, 2031-2044. https://doi.org/10.1002/pro.505.

Grace, R.F.; Zanella, A.; Neufeld, E.J.; Morton, D.H.; Eber, S.; Yaish, H.; Glader, B. Erythrocyte Pyruvate Kinase Deficiency: 2015
Status Report. Am. J. Hematol. 2015, 90, 825-830. https://doi.org/10.1002/ajh.24088.

Valentini, G.; Chiarelli, L.; Fortin, R.; Speranza, M.L.; Galizzi, A.; Mattevi, A. The Allosteric Regulation of Pyruvate Kinase. |.
Biol. Chem. 2000, 275, 18145-18152. https://doi.org/10.1074/jbc.M001870200.

Valentini, G.; Chiarelli, L.R.; Fortin, R.; Dolzan, M.; Galizzi, A.; Abraham, D.].; Wang, C.; Bianchi, P.; Zanella, A.; Mattevi, A.
Structure and Function of Human Erythrocyte Pyruvate Kinase. Molecular Basis of Nonspherocytic Hemolytic Anemia. ]. Biol.
Chem. 2002, 277, 23807-23814. https://doi.org/10.1074/jbc.M202107200.

Nathan, D.G.; Oski, F.A.; Miller, D.R.; Gardner, F.H. Life-Span and Organ Sequestration of the Red Cells in Pyruvate Kinase
Deficiency. N. Engl. |. Med. 1968, 278, 73-81. https://doi.org/10.1056/NEJM196801112780203.

Mentzer, W.C.; Baehner, R.L.; Schmidt-Schonbein, H.; Robinson, S.H.; Nathan, D.G. Selective Reticulocyte Destruction in
Erythrocyte Pyruvate Kinase Deficiency. |. Clin. Investig. 1971, 50, 688-699. https://doi.org/10.1172/JCI106539.

Glader, B.E. Salicylate-Induced Injury of Pyruvate-Kinase-Deficient Erythrocytes. N. Engl. . Med. 1976, 294, 916-918.
https://doi.org/10.1056/NEJM197604222941702.

Kung, C.; Hixon, J.; Kosinski, P.A.; Cianchetta, G.; Histen, G.; Chen, Y.; Hill, C.; Gross, S.; Si, Y.; Johnson, K.; et al. AG-348
Enhances Pyruvate Kinase Activity in Red Blood Cells from Patients with Pyruvate Kinase Deficiency. Blood 2017, 130, 1347-
1356. https://doi.org/10.1182/blood-2016-11-753525.

Kalfa, T.A.; Kuypers, F.A.; Telen, M.].; Malik, P.; Konstantinidis, D.G.; Estepp, ].H.; Kim, H.J.; Saraf, S.L.; Wilson, L.; Ribadeneira,
M.D.; et al. Phase 1 Single (SAD) and Multiple Ascending Dose (MAD) Studies of the Safety, Tolerability, Pharmacokinetics
(PK) and Pharmacodynamics (PD) of FT-4202, an Allosteric Activator of Pyruvate Kinase-R, in Healthy and Sickle Cell Disease
Subjects. Blood 2019, 134, 616. https://doi.org/10.1182/blood-2019-121889.

McFarlane, J.S.; Ronnebaum, T.A.; Meneely, KM.; Chilton, A.; Fenton, AW.; Lamb, A.L. Changes in the Allosteric Site of
Human Liver Pyruvate Kinase upon Activator Binding Include the Breakage of an Intersubunit Cation-n Bond. Acta Crystallogr.
Sect. F Struct. Biol. Commun. 2019, 75, 461-469. https://doi.org/10.1107/S2053230X19007209.

Pritlove, D.C.; Gu, M,; Boyd, C.A.R.; Randeva, H.S.; Vatish, M. Novel Placental Expression of 2,3-Bisphosphoglycerate Mutase.
Placenta 2006, 27, 924-927. https://doi.org/10.1016/j.placenta.2005.08.010.

Joulin, V.; Garel, M.C.; Le Boulch, P.; Valentin, C.; Rosa, R.; Rosa, ]J.; Cohen-Solal, M. Isolation and Characterization of the
Human 2,3-Bisphosphoglycerate Mutase Gene. ]. Biol. Chem. 1988, 263, 15785-15790.

Aljahdali, A.S.; Musayev, F.N.; Burgner, ] W.; Ghatge, M.S; Shekar, V.; Zhang, Y.; Omar, A.M.; Safo, M.K. Molecular Insight
into 2-Phosphoglycolate Activation of the Phosphatase Activity of Bisphosphoglycerate Mutase. Acta Crystallogr. Sect. Struct.
Biol. 2022, 78, 472—-482. https://doi.org/10.1107/52059798322001802.

Garel, M.-C,; Joulin, V.; Le Boulchf, P.; Calvin, M.-C.; Prehu, M.-O.; Arous, N.; Longin#}, R.; Rosa, R.; Rosa, ].; Cohen-Solal, M.
Human Bisphosphoglycerate Mutase. ]. Biol. Chem. 1989, 264, 18966-18972.

Rose, Z.B.; Liebowitz, J. 2,3-Diphosphoglycerate Phosphatase from Human Erythrocytes. General Properties and Activation by
Anions. |. Biol. Chem. 1970, 245, 3232-3241.

Wang, Y.; Wei, Z; Bian, Q.; Cheng, Z.; Wan, M; Liu, L.; Gong, W. Crystal Structure of Human Bisphosphoglycerate Mutase. J.
Biol. Chem. 2004, 279, 39132-39138. https://doi.org/10.1074/jbc.M405982200.

Reynolds, C.H. Activation of Human Erythrocyte 2,3-Bisphosphoglycerate Phosphatase at Physiological Concentrations of
Substrate. Arch. Biochem. Biophys. 1986, 250, 106-111. https://doi.org/10.1016/0003-9861(86)90706-x.

Knee, K.M,; Barakat, A.; Tomlinson, L.; Ramaiah, L.; Wenzel, Z.; Kapinos, B.; Ahn, Y.; Lintner, N.G,; Field, S.D; Jasuja, R.; et al.
Sickle Cell Disease Model Mice Lacking 2,3-Dpg Show Reduced RBC Sickling and Improvements in Markers of Hemolytic
Anemia. Blood 2020, 136, 27-28. https://doi.org/10.1182/blood-2020-142052.

Garel, M.C.; Arous, N.; Calvin, M.C,; Craescu, C.T.; Rosa, J.; Rosa, R. A Recombinant Bisphosphoglycerate Mutase Variant with
Acid Phosphatase Homology Degrades 2,3-Diphosphoglycerate. Proc. Natl. Acad. Sci. USA 1994, 91, 3593-3597.
https://doi.org/10.1073/pnas.91.9.3593.

Tarze, A.; Deniaud, A.; Le Bras, M.; Maillier, E.; Molle, D.; Larochette, N.; Zamzami, N.; Jan, G.; Kroemer, G.; Brenner, C.
GAPDH, a Novel Regulator of the pro-Apoptotic Mitochondrial Membrane Permeabilization. Oncogene 2007, 26, 2606-2620.
https://doi.org/10.1038/sj.onc.1210074.



Int. ]. Mol. Sci. 2022, 23, 7448 20 of 20

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Muronetz, V.I.; Melnikova, A.K,; Barinova, K.V.; Schmalhausen, E.V. Inhibitors of Glyceraldehyde 3-Phosphate Dehydrogenase
and Unexpected Effects of Its Reduced Activity. Biochem. Mosc. 2019, 84, 1268-1279. https://doi.org/10.1134/50006297919110051.
Gizi, A.; Papassotiriou, I.; Apostolakou, F.; Lazaropoulou, C.; Papastamataki, M.; Kanavaki, I.; Kalotychou, V.; Goussetis, E.;
Kattamis, A.; Rombos, I; et al. Assessment of Oxidative Stress in Patients with Sickle Cell Disease: The Glutathione System and
the Oxidant-Antioxidant Status. Blood Cells. Mol. Dis. 2011, 46, 220-225. https://doi.org/10.1016/j.bcmd.2011.01.002.

Jenkins, J.L.; Tanner, J.J. IUCr High-Resolution Structure of Human d-Glyceraldehyde-3-Phosphate Dehydrogenase. Acta
Crystallogr. Sect. D Biol. Crystallogr. 2006, 62, 290-301. https://doi.org/10.1107/50907444905042289.

Li, T, Tan, X,; Yang, R.; Miao, Y.; Zhang, M.; Xi, Y.; Guo, R.; Zheng, M.; Li, B. Discovery of Novel Glyceraldehyde-3-Phosphate
Dehydrogenase  Inhibitor ~via Docking-Based  Virtual Screening.  Bioorganic ~ Chem. 2020, 96, 103620.
https://doi.org/10.1016/j.bioorg.2020.103620.

Verlinde, C.L.; Callens, M.; Van Calenbergh, S.; Van Aerschot, A.; Herdewijn, P.; Hannaert, V.; Michels, P.A.; Opperdoes, F.R.;
Hol, W.G. Selective Inhibition of Trypanosomal Glyceraldehyde-3-Phosphate Dehydrogenase by Protein Structure-Based
Design: Toward New Drugs for the Treatment of Sleeping Sickness. ]. Med. Chem. 1994, 37, 3605-3613.
https://doi.org/10.1021/jm00047a017.

Liberti, M.V.; Dai, Z.; Wardell, S.E.; Baccile, J.A.; Liu, X.; Gao, X.; Baldi, R.; Mehrmohamadi, M.; Johnson, M.O.; Madhukar, N.S.;
et al. A Predictive Model for Selective Targeting of the Warburg Effect through GAPDH Inhibition with a Natural Product. Cell
Metab. 2017, 26, 648-659.€8. https://doi.org/10.1016/j.cmet.2017.08.017.

Ganapathy-Kanniappan, S. Evolution of GAPDH as a Druggable Target of Tumor Glycolysis? Expert Opin. Ther. Targets 2018,
22,295-298. https://doi.org/10.1080/14728222.2018.1449834.

Orosz, F.; Olah, J.; Ovadi, J. Triosephosphate Isomerase Deficiency: Facts and Doubts. IUBMB Life 2006, 58, 703-715.
https://doi.org/10.1080/15216540601115960.

Schneider, A.S. Triosephosphate Isomerase Deficiency: Historical Perspectives and Molecular Aspects. Best Pract. Res. Clin.
Haematol. 2000, 13, 119-140. https://doi.org/10.1053/beha.2000.0061.

Lo, T.W.; Westwood, M.E.; McLellan, A.C.; Selwood, T.; Thornalley, P.J. Binding and Modification of Proteins by Methylglyoxal
under Physiological Conditions. A Kinetic and Mechanistic Study with N Alpha-Acetylarginine, N Alpha-Acetylcysteine, and
N Alpha-Acetyllysine, and Bovine Serum Albumin. J. Biol. Chem. 1994, 269, 32299-32305.

Ralser, M.; Wamelink, M.M.; Kowald, A.; Gerisch, B.; Heeren, G.; Struys, E.A.; Klipp, E.; Jakobs, C.; Breitenbach, M.; Lehrach,
H.; et al. Dynamic Rerouting of the Carbohydrate Flux Is Key to Counteracting Oxidative Stress. |. Biol. 2007, 6, 10.
https://doi.org/10.1186/jbiol61.

Mande, S.C.; Mainfroid, V.; Kalk, KH.; Goraj, K.; Martial, J.A.; Hol, W.G. Crystal Structure of Recombinant Human
Triosephosphate Isomerase at 2.8 A Resolution. Triosephosphate Isomerase-Related Human Genetic Disorders and Comparison
with the Trypanosomal Enzyme. Protein Sci. Publ. Protein Soc. 1994, 3, 810-821. https://doi.org/10.1002/pro.5560030510.

Marsh, L.; Shah, K. A Novel Inhibitor of Mammalian Triosephosphate Isomerase Found by an In Silico Approach. Int. . Med.
Chem. 2014, 2014, e469125. https://doi.org/10.1155/2014/469125.

Beltran-Hortelano, I.; Alcolea, V.; Font, M.; Pérez-Silanes, S. Examination of Multiple Trypanosoma Cruzi Targets in a New
Drug Discovery Approach for Chagas Disease. Bioorg. Med. Chem. 2022, 58, 116577. https://doi.org/10.1016/j.bmc.2021.116577.
Mehta, A.; Mason, P.J.; Vulliamy, T.J. Glucose-6-Phosphate Dehydrogenase Deficiency. Best Pract. Res. Clin. Haematol. 2000, 13,
21-38. https://doi.org/10.1053/BEHA.1999.0055.

Nnamezie Igwilo, H.; Salawu, L.; Adeoye Adedeji, T. The Impact of Glucose-6-Phosphate Dehydrogenase Deficiency on the
Frequency of Vasoocclusive Crisis in Patients with Sickle Cell Anemia. Plasmatology 2021, 15, 1-10.
https://doi.org/10.1177/26348535211040528.

Antwi-Baffour, S.; Adjei, ].K.; Forson, P.O.; Akakpo, S.; Kyeremeh, R.; Seidu, M.A. Comorbidity of Glucose-6-Phosphate
Dehydrogenase Deficiency and Sickle Cell Disease Exert Significant Effect on RBC Indices. Anemia 2019, 2019, 3179173.
https://doi.org/10.1155/2019/3179173.

Kotaka, M.; Gover, S.; Vandeputte-Rutten, L.; Au, SW.N.; Lam, V.M.S.; Adams, M.]. Structural Studies of Glucose-6-Phosphate
and NADP+ Binding to Human Glucose-6-Phosphate Dehydrogenase. Acta Crystallogr. D Biol. Crystallogr. 2005, 61, 495-504.
https://doi.org/10.1107/S0907444905002350.

Hwang, S.; Mruk, K,; Rahighi, S.; Raub, A.G.; Chen, C.-H.; Dorn, L.E.; Horikoshi, N.; Wakatsuki, S.; Chen, J.K.; Mochly-Rosen,
D. Correcting Glucose-6-Phosphate Dehydrogenase Deficiency with a Small-Molecule Activator. Nat. Commun. 2018, 9, 4045.
https://doi.org/10.1038/s41467-018-06447-z.

Raub, A.G.; Hwang, S.; Horikoshi, N.; Cunningham, A.D.; Rahighi, S.; Wakatsuki, S.; Mochly-Rosen, D. Small-Molecule
Activators of Glucose-6-Phosphate Dehydrogenase (G6PD) Bridging the Dimer Interface. ChemMedChem 2019, 14, 1321-1324.
https://doi.org/10.1002/cmdc.201900341.

Wood, K.C.; Hsu, L.L.; Gladwin, M.T. Sickle Cell Disease Vasculopathy: A State of Nitric Oxide Resistance. Free Radic. Biol. Med.
2008, 44, 1506-1528. https://doi.org/10.1016/j.freeradbiomed.2008.01.008.

Sivilotti, M.L.A. Oxidant Stress and Haemolysis of the Human Erythrocyte. Toxicol. Rev. 2004, 23, 169-188.
https://doi.org/10.2165/00139709-200423030-00004.



