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Abstract

Sickle cell disease is a monogenic blood disorder associated with a mutation in the HBB gene
encoding for the B-globin of normal adult hemoglobin (HbA). This mutation transcribes into a Glu-
36— Val-B6 substitution in the B-globins, inducing the polymerization of this hemoglobin form (HbS)
when in the T-state. Despite advances in stem cell and gene therapy and the recent approval of a new
anti-sickling drug, therapeutic limitations persist. Herein, we demonstrate through molecular
dynamics and umbrella sampling, that (unrestrained) blockage of the hydrophobic pocket involved in
the lateral contact of the HbS fibers by 5-mer cyclic peptides (CPs) recently proposed as SCD
aggregation inhibitors (J. Med. Chem. 2023, 66, 16062), is enough to turn the dimerization of HbS
thermodynamically unfavorable. Amongst these potential drugs, some exhibit an estimated pocket
abandonment probability of around 15-20% within the simulations’ timeframe, and an impressive
specificity towards the mutated Val-p6. Additionally, we show that the dimerization can be
thermodynamically unfavored by blocking a nearby region while the pocket remains undrugged.
These results are compared with curcumin, an antisickling molecule and a pan-assay interference
compound, with a good binding affinity for different proteins and protein domains. Our results
confirm the potential of some of these CPs as anti-sickling drugs to reduce the concentration of

aggregation-competent HbS.
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Introduction

Sickle cell disease (SCD) is a missense genetic proteinopathy that manifests through the
aggregation of the deoxygenated or T-state mutated hemoglobin (deoxy-HbS) into helical fibers that
distort the erythrocytes’ shape. The single nucleotide change from adenine (A) to thymine (T) in the
B-globin gene results in the substitution of a glutamic acid for a valine at the 6th position of the (-
globins of normal adult hemoglobin, HbA®. This substitution reduces the solubility® of HbS,
compared to HbA, prompting the aggregation of deoxygenated HbS (deoxy-HbS) into seven double
stranded helical fibers, stretching and stiffening the erythrocytes®=1®. This morphological alteration
results in abnormal adherence to endothelium cells, disrupting microcirculation (i.e., vaso-
occlusion), and, thereby, insufficient oxygen delivery to tissues'’®. HbS polymerization involves the
formation of a lateral contact where the mutated residue (Val-$26) lodges in a hydrophobic pocket of
a neighbor HbS molecule. The latter is formed by several hydrophobic amino acids, namely, Ala-
B170, Phe-B185, and Leu-P188, as well as hydrophilic, Thr-Bi85 and Asp-B173%4, peripheral to the
pocket. Weaker, mutation unrelated, axial contacts, are also involved in fiber growthlg’m.

Although hematopoietic stem cell transplantation’? and gene therapy®® can cure SCD, both
treatments have several limitations, including economic, and are not expected to become widely
available in a near future, in countries where the disease has a high prevalence!®!%2-26_ Additionally,
drugs such as hydroxyurea (aka hydroxycarbamide) or voxelotor, an allosteric modulator recently
approved, aimed at stabilizing the nonpolymerizing relaxed form (R-state) of HbS, have limitations
regarding their efficacy.’®?®® Hydroxyurea, although the primary treatment for SCD since its
approval in the late 1990s is not always effective?>®. Henry et al.?® , in turn, recently showed that
although Voxelotor significantly reduces sickling, oxygen delivery to tissues is offset by increased
hemoglobin O affinity.

Whereas these drugs result in a sickling decrease, their mode of action (MOA) does not involve
the blocking of the lateral and/or axial contacts in the fibers. A drug that binds either to the
hydrophobic pocket, the mutated Val-B6, or any other pivotal domain, underpinning the lateral
contact in the fibers, should, in principle, inhibit or delay nucleation and, therefore, fiber formation.
Nonetheless, there is no evidence that blocking this pocket is enough to deem the process
thermodynamically unfavorable, since a larger HbS contact surface area is involved and electrostatic
interactions connected with the absence of Glu-p6 also play an important role**3133, Furthermore,
while many small molecules with in vitro antisickling activity were discovered, their exact MOA
proved difficult to establish. Several therapeutic strategies have been devised over the years in

addition to the blockage of the direct contacts in the HbS fibers®16253436 These include the
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decrease of the intra-cellular HbS concentration, the decrease of the concentration of the allosteric
effector, 2,3-diphosphoglycerate, increasing the solubility of HbS, and, amongst the most explored,
the shift of the allosteric equilibrium toward the R-state of HbS.

A high-throughput assay (over 12,000 compounds) of the Scripps ReFRAME drug repurposing
library, exploring all of the above MOAs, was recently reported®®. The sickling times of the
compounds were assessed by following deoxygenation to 0% of red cells from sickle trait individuals
and 106 antisickling compounds acting through some of the above MOAs were found. These and
other antisickling potential drugs, including peptides, have been recently reviewed®3,

Additionally, several 5-mer CPs, tailored designed to block the hydrophobic pocket and/or
peripheral amino acids, were shown by our group to exhibit long residence times, low binding free
energies (~ -30 kJ/mol), and a moderate to good specificity even at a (1:1) HbS:CP ratio®’.
Furthermore, some CPs also exhibited some affinity towards the mutated Val-36.

Here, we investigated, through molecular dynamics and umbrella sampling®®#°, the aggregation
of deoxy-HbS when the most promising cyclic peptides from this previous study®’, occupy the
hydrophobic pocket. Additionally, an aspartic acid CP (DDDDD) that readily migrates to a nearby
region, and curcumin, recently found to have antisickling activity by Metaferia et al.*°, were studied
to assess respectively, the possibility of inhibiting aggregation with the pocket free and when the
pocket is occupied by a different class of drug (i.e., a polyphenol). Whereas the MOA of curcumin
concerning its antisickling activity is unknown, this molecule has a good binding affinity for
different proteins and protein domains, granting it the reputation of a pan-assay interference

compound (PAINS)*#2, and, therefore, was chosen for comparison purposes.

Methods

Molecular dynamics (MD) of a deoxy-HbS dimer (2HbS) in 0.1 M NaCl aqueous solutions with
and without different CPs or curcumin, were performed at 310 K and 0.1 MPa in a cubic box with
periodic boundary conditions, using the program GROMACS, version 2021.2. The crystal structure
of the dimer (pdb code!*: 2HBS) was used to generate the starting configurations of each system.
HbS is comprised of 2 o subunits (a-globin), each with 141 amino acids and a Heme group, and 2 3
subunits (B-globin), with 146 amino acids and a Heme group each. Each HbS has two mutated Val-
6, and two pockets, located at the Bi-globin and B»-globin. The lateral contact in the HbS fibers
involves the pocket in the Bi-globin and the Val6-p3, of a neighbor HbS. Here, the pocket was defined
by five amino acids in the Bi-globin, namely, Ala70, Asp73, Thr84, Phe85, and Leu88 (see Fig.

1(a)).

https://doi.org/10.26434/chemrxiv-2024-x6mm0 ORCID: https://orcid.org/0000-0003-1704-2242 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-x6mm0
https://orcid.org/0000-0003-1704-2242
https://creativecommons.org/licenses/by-nc-nd/4.0/

The following 5-mer synthetic CPs were studied: VVVVV, VEVFV, VFVFV, VKVKYV, and
DDDDD. The first four peptides were found to be among the most promising in our previous study®’,
concerning their specificity and residence time in the hydrophobic pocket (see Fig. 1(b)). The
aspartic acid CP (i.e., DDDDD) was chosen because this was found to migrate from the pocket to a
nearby region, thus allowing studying whether HbS aggregation can be abrogated even when the
pocket is always vacant. This is a highly charged peptide (Q = -5¢) that can form salt bridges with
HbS, potentially destabilizing HbS-HbS salt bridges®*®. The peptides were cyclized through
addition of a covalent bond between the C- and N- termini; thus, except for DDDDD this bond was
formed between the C- and N- termini of Val amino acids.

The CPs, including DDDDD, as well as curcumin, were placed next to the pocket at time zero in
the 2HDbS crystal structure. The windows at the different reaction coordinate values were then
generated during the equilibration period. Thus, the drugs were free to leave the pocket as the two
HbS monomers were pulled apart via the umbrella (harmonic) potential, during the initial steps of
equilibration. This is to be contrasted with a more biased approach, not followed here, where the
drug would be inserted in the pocket at time zero for each of the pre-equilibrated reaction coordinate
configurations. The latter approach was not used, since we found that the drug remained in the

pocket in most windows, during the equilibration period.

> &%

Curcumin

Figure 1 — (a) HbS pocket (surface) where Val-3,6 is inserted in the HbS fibers. The pocket is defined by
Ala70 (grey), Asp73 (pink), Thr84 (green), Phe85 (light blue), and Leu88 (dark blue). (b) The potential drugs
studied in this work, namely, VVVVV (neutral), VEVFV (charge -1e), VFVFV (neutral), VKVKV (charge
+2), DDDDD (charge -5¢), and curcumin.

The HbS and CPs were modelled with the CHARMM36 force field, whereas water was
described by the mTIP3P (i.e., CHARMM modified TIP3P) model*®**. This water model differs
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from TIP3P in that H atoms have Lennard-Jones interactions, namely, oy = 0.04 nm and gg= 0.1925
kJ/mol. However, no differences were observed, between results obtained with TIP3P and mTIP3P%.
We calculated the potential of mean force (PMF), aka aggregation free energy profile, for the
HbS dimer, when the pocket was vacant, and when a single molecule of the above drugs was placed
next to the hydrophobic pocket of the HbS-1 (HbS “acceptor’’) monomer, at time zero. The PMFs*>46
were computed through umbrella sampling®®#°. The reaction coordinate, &, was chosen to be the
distance between the center of mass (COM) of the pocket at the B1-globin of HbS-1 and the COM of

Val-B26 of HbS-2. The PMF is given (up to a constant C) by*04748,
W (&) =—KT InP. () +2kT In(§) +C (1)

where P is the probability distribution along the reaction coordinate &,

[[exp(~AH(r,p)) (£ —£'(r)drdp
“exp(—ﬂH (r,p))drdp

H is the Hamiltonian, £ =1/kgT, kg is the Boltzmann constant, r and p are the Cartesian coordinates

P.(r,p;&) = 2

and the linear momenta of the particles, respectively, and the denominator is the partition function.
The second term in eq.(1) accounts for the transformation between Cartesian coordinates to the
internal reaction coordinate (i.e., the pocket-Val-B26 distance)*’. This is obtained from the respective

Jacobian (—&%sin@) and accounts for the increasing sampling volume with & in spherical polar

coordinates. This term is, therefore, an entropic correction to the free energy along &.
In umbrella sampling a biased (b) probability distribution along & is calculated by adding a

bias potential to the Hamiltonian, restraining the sampling along &,

gy 2 [P (A(H R+, (5(r): 6))) 0(¢ ¢ (r)drdp 5
: [[exp(=B(H(r.p)+V.(£(r);&,)))drdp

A harmonic potential with a spring constant, K¢, of 1000 kJmol 'nm™ was used to restrain &,

V,(E(R):E) = % K. (&0 &) @)

and a spacing of 0.05 nm between windows (umbrellas) was used. The PMF for a window i is given
by,

W,(£) = KT In(P2,(£) =V, (&(r); &) —KT In(exp(—=AV,,(£();&)))+C (9
The third term on the right-hand-side is an ensemble average, commonly represented by Fi, that

accounts for the free energy shift in window i due to the bias potential. This was estimated self-

consistently through the weighted histogram analysis method*® (WHAM) to obtain the unbiased
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PMF. The PMFs were then shifted to zero at large separation distances (i.e., gimW(f) =0 was used

to define C) and the Bayesian bootstrap method®® using 200 bootstraps was used to estimate the
errors.

The umbrella sampling trajectories (80 windows) were performed, respectively, for 60 ns for the
2HDbS, and 30 ns for the drugged 2HbS systems, after steepest descent energy minimization, a 100 ps
equilibration in the NVT ensemble, and a 10 ns equilibration in the NpT ensemble. The PMFs
obtained from analysis of the first 30 ns and last 30 ns for undrugged 2HbS are nearly similar,
indicating that 30 ns is enough to estimate the PMF (see Fig. S1). We stress that no restraints were
imposed on the drugs even during the equilibration period. This means that the drugs were free to
leave the pocket at any of the 80 windows.

The temperature (7) and pressure (p) were controlled with the Nosé-Hoover thermostat®®? and
the Parrinello-Rahman barostat®

Ewald (PME) method®. A cut-off of 1 nm was used for non-bonded van der Waals and for the PME

. Electrostatic interactions were computed via the particle-mesh

real space electrostatic interactions. The equations of motion were solved with the Verlet leap-frog
algorithm with a 2 fs time-step.

Additionally, 1 ps long, MD (3 replicates) of a single monomer of HbS and five molecules of the
CP VEVFV were carried out. The CP molecules were randomly inserted in the solvent at time zero.
These simulations were performed to confirm the specificity of this CP towards the mutated Val-[36,
noted in the HbS-CP contact maps previously reported®’.

We also performed an ordinary (unbiased) MD, 300 ns long, of the dimer (2HbS), to assess the
CHARMM36 stability of the dimer. The root mean squared deviation (RMSD) was compared with
those for the monomer of deoxy-HbS and normal human deoxy-HbA (pdb code®: 2DN2) and are
given in Fig. S2. The RMSD of the dimer remains below 0.8 nm whereas those of the monomers
remain below 0.6 nm, indicating that the dimer is stable and differences relative to the crystal are

moderate.

Results and Discussion

We begin our discussion by analyzing the potential of mean force (PMF) of 2HDbS in the different
systems (Fig. 2). A dimerization free energy around -32 kJmol™! is found for the undrugged HbS
dimer. We note that this value is lower than the value of ~ -57 kJ/mol™ found from a 1-dimensional
PMF, although with a different force field (GROMOS54A7)% and reaction coordinate®2. This is not
unexpected because our reaction coordinate is more restrictive than the distance between the COM of

HbS-1 and HbS-2 or one of its components®?, assuming the latter are similar within the simulations

7
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timeframe, due to inertia®’; no linear relationship was found here between ¢ and the HbS-1-HbS-2

COM distance (see Fig. S3).
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Figure 2 — Potential of mean force calculated along the pocket-Val-B,6 distance, &, for the dimer undrugged
(2HDbS) and with the pocket of the HbS-1 (“acceptor”) drugged at time zero with a single molecule of (a)
VVVVY, (b) VEVFYV, (c) VFVFYV, (d) VKVKY, (e) DDDDD, and (f) curcumin.

We note that the reaction coordinate used here allows using a significantly smaller MD box. On
the other hand, the binding free energy assessed here for the dimer, is nearly the same as that found

between HbS and both, VVVVV and VEVFYV, for a reaction coordinate defined as the distance
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between the COM of the pocket and the COM of the CPs®’.

Figures 2(a-f) show that, although exhibiting different profiles, all CPs and curcumin reduce the
aggregation propensity of HbS. For some CPs, namely, VVVVV, VEVFV, and VKVKYV, a small
minimum appears, broadly corresponding to the second (solvent separated) minimum of the PMF of
the undrugged dimer. For others, such as VFVFV, DDDDD, and curcumin, such a minimum is less
evident.

Figure 3(a-f) shows the average minimum distance between the pocket and the different drugs
for the 80 windows (i.e., reaction coordinate distances). For some CPs, the number of windows
where the drug abandoned the pocket is especially small. Thus, for VEVFV and VFVFV the CPs
only abandoned the pocket in about 15-20% of the windows. The highest probabilities of pocket
abandonment are observed for VKVKYV and curcumin (~50%). Furthermore, the PMF of the latter
shows a small minimum at the same position as the minimum found for undrugged 2HbS (Fig. 2(f)).
Figure S4 compares the same PMFs of Fig. 2, computed over the last 10 ns of the umbrella sampling
trajectories. This shows that some PMFs start to converge to that of the undrugged 2HbS, with
respect to the second (solvent separated) minimum, as more windows with the pocket or the interface
region undrugged, dominate in this timeframe. For curcumin a more pronounced first minimum is
visible (~ -10 kJ/mol)

We stress that the most promising CPs found in our previous work®’ were VVVVV, VFVFV,
VEVFYV, and to a less extent VEVEV and VKVKYV. These results indicate, therefore, that not only
VVVVYV, VFVFV, and VEVFV display long residence times next to the pocked and a moderate to
high specificity for the pocket®’, but they are also able to turn the dimerization process
thermodynamically unfavorable.

Another noteworthy result concerns the behavior of DDDDD, for which a displacement from the
pocket can be seen in every window, indicating that the CP migrated readily to a nearby region at ~
~5-10 A (see also Fig. 4). Nonetheless, the probability of abandonment of this new region is quite
small and the PMF is very similar to that found for VFVFV. A closer analysis of the regions where
DDDDD is lodged shows that the main (positively) charged amino acids with which it interacts upon
leaving the pocket are Lys-182, Lys-Bi144, and Lys-B1131 from globin 1 and Lys-$282, Val-3>1
(term-Val), His-322, His-B277, and Lys-B2144 from globin 3,.
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Figure 3 — Average minimum distance between the pocket in HbS and (a) VVVVY, (b) VEVFY, (¢) VFVFV,
(d) VKVKYV, (e) DDDDD, and (f) curcumin, for each of the 80 windows. Notice that DDDDD, although
placed next to the pocket at time zero, readily diffuses to a neighbor region in all the windows. Points with
large vertical error bars (distance standard deviations) are windows where the drug abandoned the pocket at

some time, along the trajectories. Horizontal error bars are reaction coordinate standard deviations for each
window within the imposed harmonic restraint (see eq. (4)).

Although DDDDD has limitations as a drug, due to the high negative charge (-5e), including
membrane permeation limitations, this compound demonstrates that it is possible to inhibit

aggregation via the blockage of a different HbS-HbS contact, than the pocket. Thus, since DDDDD

has a negative charge it may play a role similar to that of glutamate (Glu-p26) in HbA, opposing the

formation of salt bridges, as hypothesized before®* 3,
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Figure 3 also demonstrates that despite the restrain (i.e., harmonic potential) between the pocket
and Val-B26, drugs can always leave the pocket, even at very short values of &. Thus, even for
VKVKYV and curcumin, the least compact molecules (see Fig. 1), these can still diffuse away from
the pocket at various windows at short distances. This is relevant because it demonstrates that our
results are not biased, and that the molecules do not remain near the pocket at short values of & due
to steric impediment associated with the harmonic restraint of the reaction coordinate. Furthermore,
notice that the harmonic potential forces the Val-f,6 to enter the pocket at short distances, and,
therefore, no drug remains exactly inside the pocket.

Whereas Fig. 3 provides an average picture of the behavior of these drugs in the different
windows, this is characterized by fluctuations where the drugs move on the surface of both proteins,
that is HbS-1 (“acceptor’’) and HbS-2 (“donor”), near or away from the pocket. To illustrate some of
these behaviors we show the last MD snapshot at & = 0.5 nm (see Fig. 4), for 2HbS-VEVFV, 2HbS-
DDDDD, and 2HbS-Curcumin. This is the & at which the PMF of undrugged HbS displays a

minimum (contact pair).

11

https://doi.org/10.26434/chemrxiv-2024-x6mm0 ORCID: https://orcid.org/0000-0003-1704-2242 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-x6mm0
https://orcid.org/0000-0003-1704-2242
https://creativecommons.org/licenses/by-nc-nd/4.0/

0.8 — T T T T T T
r VEVFV (@ 1
0.7 -

06 .

0.5F -1

dmi Pocket-CP (nm)

=04 -

T
;[ DDDDD )

d . Pocket-CP (nm)
min ]

1 " 1 R 1 L 1 L |

2 — T T T T T T
| Curcumin (© |

(nm)

d_. Pocket-CP
‘min

( 5 10 15 20 25 30

Figure 4 — The last MD snapshot of the umbrella sampling trajectories for the window & = 0.5 nm, showing a
zoomed image around the pocket and the moving average of the pocket-CP minimum distance along the
trajectory for (a) VEVFV, (b) DDDDD, and (c¢) Curcumin. The pocket is represented as surface and the drugs
and Val-B,6 from HbS-2 are represented in licorice. Please note the different scale of the y-axis between (a),
(b), and (c). A similar figure is given in SI for the other CPs (Fig. S5).

Figure 4(a) shows the aromatic ring of VEVFV interacting with Leu-$:88 (dark blue) from the
pocket, while Val-B26 from HbS-2 is at 0.5 nm from the pocket COM. Noteworthy, the CP transiently
drifted from the pocket at ~20 ns, returning, however, in a small timeframe. DDDDD is away from
the pocket (Fig. 4(b)), as previously discussed, whereas curcumin is in interaction with HbS-2, rather
than with the pocket in HbS-1 (Fig. 4(c)). Although these are three very different situations
concerning HbS-drug interactions, they all result in a weakening of the dimerization propensity. The
other CPs exhibited a behavior similar to that found for VEVFV (see Fig. S5), although for this
particular window VVVVYV abandoned the pocket during equilibration (Fig. S5a). A possible reason
for the enhanced performance of VEVFYV is the fact that it can favorably interact with the pocket

with four out of five amino acids, while the fifth residue (i.e., glutamate, E) can favorably interact
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with the solvent. Thus, this CP has a larger rotational freedom (entropic effect) next to the pocket,
compared to other CPs, such as VKVKYV, for which the residence time should also depend on the
formation of salt bridges between the lysine residues with HbS-1 and/or HbS-2 (enthalpic effect).
Additionally, the drugs can also interact with the mutated Val-f6. Hence, we now discuss the
specificity of VEVFV towards Val-B6. The efficiency of any potential aggregation inhibitor with this
MOA relates to several factors, amongst which, its residence time, binding free energy, and
specificity towards either the pocket or the Val-B6 mutated site. Neto et al.3” showed that VEVFV
displayed the highest tendency to bind to the pocket, amongst the nine CPs studied. However, it was
also noted that this CP interacted with Val-f6. To explore this further, we performed three MD, 1 pus
long, of a monomer of HbS with five VEVFV CPs, randomly inserted in the solvent at time zero.
Figure S shows the minimum distance between both Val-B6 residues (i.e., from globins 1 and f2)
and the five CPs, throughout the trajectories. As can be seen in all trajectories at least one CP
interacted with one of the Val-B6, and at some instances both Val-6 amino acids were “blocked” by

CPs (see Fig. 5(a)). Furthermore, the residence times upon “binding” are larger than 500 ns in three

instances.
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Figure 5 — (a) MD snapshot from one of the replicates where both Val-f6 amino acids (van der Walls spheres)
interact with VEVFV CPs (licorice); (b), (¢), and (d) moving averages of the minimum distance between the
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Val-$36 of globins 31 and 32, and the five CPs, for three MD replicates, 1 us long.

These results are significant in that the same CP can bind to the pocket or to the mutated Val-f36,
thus enhancing its potential ability to abrogate aggregation. We note that binding to the Val-B6
should be more probable than binding to the pocket, since this pocket already exists in the HbA, is
relatively small, and nearly dehydrated, whereas the sidechain of Val-B6 protrudes into the aqueous
environment. Thus, aggregation should be mainly driven by the absence of Glu-6 and the presence
of Val-B6, and not so much by the existence of the pocket®. Furthermore, as discussed by Neto et al.,
lasting binding events to the pocket require the approach of the CP with an orientation orthogonal to

the pocket®’.

Conclusions and Perspectives

Although over 100 years have passed since SCD was discovered and 75 years since Pauling
coined it a molecular disease, there are still no effective and affordable treatments available.
Therefore, the development of new anti-sickling molecules remains a pressing chemical and medical
problem. Herein, we studied the impact of several promising cyclic peptides on the free energy of
aggregation of a pair of HbS molecules, through molecular dynamics and umbrella sampling. Our
results, show that blockage of the hydrophobic pocket where Val-f3,6 is lodged in the fibers is enough
to turn the process thermodynamically unfavorable. Furthermore, a similar result can be seen for a
CP (i.e., DDDDD) with little affinity for the pocket, that lodges instead in a region nearby, but
outside the pocket. This suggests that aggregation can be inhibited by blocking electrostatic, rather
than hydrophobic contacts in the dimer®~%%. Additionally, we confirmed that one CP, namely,
VEVFV, has a significant specificity towards the mutated Val-f6, thus, increasing its potential
efficiency as a protein aggregation inhibitor. Although in vitro and in vivo studies are necessary to
probe the real potential of these CPs, including their membrane permeability, molecular simulations

predict that some of these CPs might be viable anti-sickling drugs.
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