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Abstract

Sickle cell disease (SCD) is an autosomal recessive inherited disorder associated with a single
substitution (Glu-p6—Val-B6) in the P-globins of the hemoglobin molecule. This replacement
induces the aggregation of deoxygenated sickle cell hemoglobin (deoxy-HbS) into helical fibers that
distort the red blood cells into a rigid sickle-like shape. Despite advances in stem cell and gene
therapy as well as the recent approval of a new anti-sickling drug, therapeutic limitations subsist.
Herein, we investigate, through molecular dynamics (MD), the effect of nine 5-mer cyclic peptides
(CPs), tailor-designed to bind to the hydrophobic pocket or its surroundings, involved in key lateral
contacts of HbS fibers. The size of the CPs was chosen to minimize proteolysis and favor cell
penetration, while still allowing blocking the abovementioned region. Our results show that the CPs
bind to the HbS pocket, orthogonally to the surface of the protein, with some revealing exceedingly
long residence times. These CPs display a moderate to high specificity, exhibiting molecular
recognition events in unbiased simulations, even at a HbS:CP (1:1) ratio. Further, hydration and
binding free energies from alchemical and umbrella sampling MD indicate that all CPs should be
soluble, although hydrophobic peptides are slightly self-aggregation prone. The respective CP-CP
dimerization free energy is, nevertheless, higher (by a factor of ~ 6) than the HbS-CP binding free
energy. A much lower (by a factor of ~ 6) HbS-CP binding free energy, longer residence times, and
higher specificity are also found relative to a previously reported CP with modest in vitro antisickling
activity. These results indicate that some of the CPs designed herein, namely, VVVVV and VFVFV
(neutral), VEVFV (charge -1), VEVEV (charge -2), and VKVKYV (charge +2) have the potential to
reduce the concentration of aggregation-competent deoxy-HbS, by blocking or delaying the

formation of the lateral contact at the homogeneous nucleation and/or fiber growth stages.
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Introduction

SCD is a genetic disease associated with a missense mutation, namely, a single nucleotide
change from A to T in the B-globin gene, resulting in the substitution of a glutamic acid (negatively
charged) for a valine (neutral and hydrophobic) at the 6th position of the -globins of normal adult
hemoglobin, HbA!=>. This single replacement reduces the solubility* of deoxygenated sickle cell
hemoglobin (deoxy-HbS), prompting the (reversible) aggregation of deoxy-HbS into 14-stranded
helical fibers*®!>. The latter distort the red blood cells into a non-deformable sickle-like shape,
disrupting microcirculation, and ultimately resulting in hemolysis'®. HbS fibers involve a lateral
contact where Val-f26 has its hydrophobic side chain (isopropyl) lodged in a hydrophobic pocket of
an adjacent HbS tetramer, formed by several hydrophobic residues, namely, Ala-170, Phe-B185, and
Leu-P188, as well as hydrophilic, Thr-Bi85 and Asp-B173% 13, peripheral to the pocket (see Fig. 1).
While the fibers also encompass axial (mutation unrelated) contacts, these are much weaker than the
lateral contacts, likely responsible for triggering HbS nucleation!”!°.

Until recently, the only drug available targeting SCD was hydroxyurea (aka hydroxycarbamide),
2620

approved in the late 1990°s”™, which increases the levels of fetal hemoglobin that does not

polymerize, although several mechanisms of action (MOA) have been put forward?!. More recently,

two new drugs became available, namely, L-glutamine** %

, whose MOA, although seemingly
associated with a reduction of the oxidation stress, remains largely unknown, and voxelotor?$, an
allosteric modulator aimed at stabilizing the nonpolymerizing relaxed form (R-state) of HbS (i.e.,
oxy-HbS). Nevertheless, these drugs have limitations regarding their efficacy!!*>?’. For instance,

1.27

Henry et al.”’ recently provided evidence that even though Voxelotor significantly reduces sickling,

oxygen delivery to tissues is offset by increased hemoglobin O; affinity. On the other hand, although

8 and gene therapy®’ treatments can cure SCD, several

hematopoietic stem cell transplantation?
challenges, including economic, persist, likely preventing these treatments’ prevalence in a near
future!%!13932 Thus, the development of a small molecule aggregation inhibitor capable of delaying

or precluding the aggregation process remains of uttermost importance.
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Figure 1 — (a) HbS dimer (pdb code: 2HBS)’ showing Val-B,6 on HbS-2 (right-hand side) lodged on the
hydrophobic pocket of the HbS-1 molecule (left-hand side) of the dimer; (b) and (c) details of the pocket,
including the (¢) identity of the five closest amino acids to the Val-f3,6.

Over the years, several potential therapeutic strategies have been explored!®!!3133.34

, namely, (i)
the decrease of the intra-cellular HbS concentration, (i1) the decrease of the concentration of the
allosteric effector, 2,3-diphosphoglycerate, increasing the solubility of HbS and destabilizing the
fibers, (ii1) the shift of the allosteric equilibrium toward the R-state, and (iv) the impediment of key
protein-protein contacts in the fibers. Recently, a high-throughput assay encompassing 12,657
compounds of the Scripps ReFRAME drug repurposing library, was reported®>. In this work, sickling
times were assessed by following deoxygenation to 0% of red cells from sickle trait individuals.

Metaferia et al.®

found 106 compounds with antisickling activity, acting through some (unknown) of
the abovementioned MOA. These small molecules, and other potential drugs with aggregation
inhibitory properties have been recently reviewed in connection with aggregation inhibitors for
neurodegenerative diseases™.

The antisickling activity of amino acids and linear peptides were also long assessed®**¢°, An

important conclusion from these studies was that peptides with multi-aromatic residues have a higher

4

https://doi.org/10.26434/chemrxiv-2023-qrzl0 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-2023-qrzl0
https://orcid.org/0000-0003-1704-2242
https://creativecommons.org/licenses/by-nc-nd/4.0/

activity than those that carry a single aromatic or aliphatic side chain. Peptide-based drugs constitute
promising alternatives to small molecules as protein aggregation inhibitors because of their
specificity and potency*®**. This enhanced potency is connected with a larger surface, allowing
interacting with extended protein domains, pivotal to the aggregation process*?. A downside of linear
peptide drugs, however, concerns their low bioavailability and proteolytic stability*®*. Thus, in
general, linear peptides are not viable drugs since proteolytic degradation precludes them from
reaching the desired target at high enough concentrations. This has motivated the development of
macrocyclic peptides and peptidomimetics, which can, in principle, overcome some of these
limitations**“*°. Nonetheless, cyclic peptides (CPs) have their own challenges, including possible
self-aggregation propensity and cell membrane permeability limitations**. Following Dougherty et
al., the vast majority of medium to large (i.e., > 5 amino acids) ring sizes have poor cell-permeability
and oral bioavailability.** Amongst the reasons underpinning this low permeability are the large
number of intrinsic hydrogen-bond (HB) donors (HBD) and acceptors (HBA), with each peptide
bond contributing one HBD and two HBA, easily violating the “rule of five” that stablishes a
maximum of 5 HBD and 10 HBA, for probable drug perrneability.46 The latter, however, can be
reduced for small enough CPs forming intramolecular HBs, as observed in the CPs proposed in this
work.

Some cyclic tetrapeptide homologs, namely, cyclo(-X-Glu[-Thr-Pro-]-OH; with X = Val or Phe)
and cyclo(H-Thr-Pro-Val-Glu-OH), have been previously designed and synthetized to mimic the
HbS mutation region, exhibiting, however, modest, or no in vitro antigelling activity“. Thus, the
only cyclic tetrapeptide with some antigelling activity was cyclo(-Val-Glu[-Thr-Pro-]-OH), although
its MOA could not be demonstrated. Among several possible factors, these results could be
associated with a low specificity, as put forward by Sheh et al.*’.

Our main focus herein is on non-covalent stereospecific aggregation inhibitors, specifically, small,
low molecular weight cyclic peptides (5 amino acids) able to block pivotal lateral protein-protein
contacts, thus, potentially delaying or precluding stochastic homogenous nucleation and
heterogeneous nucleation stages of HbS aggregation.’®*84° The free energy of dimerization of HbS

5051 showing that, in addition to the hydrophobic contact

was recently studied by one of the authors
involving Val-B26 on a HbS-2 and the hydrophobic pocket on the PBi-globin of a HbS-1 tetramer,
multiple salt bridges involving mainly Glu and Lys residues at the HbS-2 (a2-globin and P2-globin)
and Lys, Glu, and Asp at the HbS-1 (Bi-globin) formed strong (electrostatic) contacts in the dimer
arrangement. These results motivated herein the design of small CPs with the potential to bind either

to the pocket or its surroundings, aiming at blocking pivotal protein-protein contacts. Additionally, a
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4-mer CP with the same amino acids of the CP proposed by Sheh et al.* with a minor antigelling

activity, was also studied for comparison purposes.

Methods

Molecular dynamics (MD) of a deoxy-HbS monomer in 0.1 M NaCl aqueous solutions with and
without different CPs, were performed at 310 K and 0.1 MPa. HbS (as HbA) is composed of four
polypeptide chains, 2 a subunits (a-globin) and 2 B subunits (B-globin). Each a-globin is formed by
141 amino acids and a Heme group whereas each 3-globin is formed by 146 amino acids and a Heme
group. The structure of the first HbS (HbS-1) in the dimer (pdb code’: 2HBS) was used to generate
the starting configurations of each system (see Fig. 1). The HbS and CPs were modelled with the
CHARMM36 force field whereas water was described by the mTIP3P (i.e., CHARMM modified
TIP3P) model®?®3. Although the original TIP3P model® was used to optimize the CHARMM36 force
field, the mTIP3P was preferred since this model is used to simulate membranes with CHARMM,
also being investigated in our group, specifically, membrane bilayer drug permeability. These models
differ only in that mTIP3P H atoms have Lennard-Jones interactions, opposite to the TIP3P. The
mTIP3P water has a higher density and a slightly slower dynamics compared to the TIP3P model
(see Table S1). Nevertheless, simulations herein with both models showed no major structural
differences in the HbS monomer (see Fig. S1), opposite to a previous study, although for peptide
folding®. MD of a monomer of deoxy-HbA (pdb code®®: 2DN2) was also performed for comparison
purposes concerning the hydrophobic pocket, common to both HbA and HbS.

The following nine 5-mer synthetic CPs were studied: VVVVYV, VFVFV, VEVFV, VEVEYV,
VEVDV, VDVDYV, VDVKYV, VKVKYV, and DDDDD (see Fig. 2). The size (i.e., 5 residues) of the
CPs was chosen to be sufficiently small to potentially resist to proteolytic degradation and facilitate
membrane permeability**, while large enough to block the hydrophobic pocket in the Pi-globin
where the Val-,6 of a neighbor HbS is lodged (see Fig. 1) and/or some nearby region. Notice that
some CPs have charge +2, -2, and -5, potentially perturbing their membrane permeation capabilities.
These charged peptides were designed to assess the effect of electrostatic interactions concerning
protein-CP recognition, in particular, the potential formation of salt bridges with amino acids near the
pocket®®®. The permeation across an erythrocyte membrane model will be the focus of future work.

For each structure, a geometry optimization and frequency calculation was performed at the
DFT/B3LYP®"%® level with a 6-31+G(d,p) basis set with the program Gaussian 16*°. A local
minimum (see Fig. 2) was found for all the CPs showing that the CPs have no steric clashes, forming

one to two backbone HBs®. These conformations were used as the starting configurations for each
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MD simulation.

The choice of the amino acids was based on the abovementioned previous studies®®® and the
pocket nature. A VVVVV CP is expected to bind to the hydrophobic pocket, and was, therefore, the
basis for designing the CPs, with the exception of one (i.e., DDDDD). Thus, seven CPs were
designed based on the replacement of two alternating Val residues by Glu, Phe, Asp, and/or Lys. The
choice of Phe was related with the presence of Phe85 in the pocket, thus, potentially allowing
establishing m-stacking interactions, and the fact that several drugs found to inhibit protein
aggregation, including HbS**-¢ have aromatic rings. Glu and Asp were chosen under the premise
that these amino acids could hinder aggregation by destabilizing protein-protein salt bridges next to
the pocket, whereas Lys was chosen because it can form a salt bridge with Asp73 in the pocket (see
Fig. 1). The ninth peptide was chosen to be DDDDD as a model of a fully hydrophilic, highly
charged CP, with the potential to destabilize protein-protein salt bridges next to the pocket, but
possibly not binding to the pocket. 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 (see Fig. 2).

VVVVV VFVFV VEVFV

Figure 2 — Density functional theory B3LYP/6-31+G(d,p) local minima for the different CPs. VVVVYV,
VFVFV, and VDVKYV (zwitterionic) are neutral, VEVFV has charge -1, VEVEV, VEVDYV, and VDVDYV have
charge -2, VKVKYV has charge +2, and DDDDD has charge -5.
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Additionally, a 4-mer peptide, VETP, which shares the same four amino acids with the CP proposed
by Sheh et al.*’, and that exhibited some, although low, antigelling activity in vitro, was studied; this
peptide was cyclized the same way as the 5-mer peptides.

We performed a set of MD simulations of HbS with a single CP, where the starting configuration
was one where the CP was placed near the hydrophobic pocket of an HbS monomer. A set of three
distinct protein-CP starting configurations (SC), two with the CPs oriented parallel (SC1 and SC2)
and one orthogonal to the pocket (SC3), were built. These starting configurations were used to
perform 5 to 10 replicas, for each CP, starting with different velocities. The HbS was placed in a
cubic box (9.0, 9.0, 9.0 nm) corresponding to a distance of 1.7 nm between the protein and its nearest
images and solvated by over 20 000 water molecules and Na™ and Cl1" ions (0.1 M NaCl).

Following a steepest descent energy minimization and a 50 ps MD in the NV'T ensemble, the
systems were equilibrated in the NpT ensemble for 50 ns. HbS and the CPs were restrained during
this equilibration period. The 7 and p were controlled with the thermostat of Bussi et al.®* and the
Parrinello-Rahman barostat®?

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

. Electrostatic interactions were computed via the particle-mesh Ewald

space electrostatic interactions. The equations of motion were solved with the Verlet leap-frog
algorithm with a 2 fs time-step for VVVVV and VFVFV and a 1 fs time-step for the remaining
(charged) CPs. The trajectories were propagated in 50 ns blocks until the CPs departed from the
pocket or up to a maximum of 150 ns. Some trajectories for some CPs were then further propagated
up to 500 ns.

A second and third sets of MD simulations with a single and five CPs, respectively, randomly
inserted in an aqueous solution of the HbS, were carried out. A similar approach as the one
previously described was followed, with the exception that no harmonic restraints were imposed
during equilibration. The trajectories were propagated for 500 ns and three replicas were performed
for each set of MD simulations.

The first set of MDs aimed at probing the CPs residence time in the pocket, whereas the second
and third probed the CPs’ specificity for the pocket and other regions of the HbS.

The pocket in both B-globins of HbS and HbA was characterized by the solvent accessible
surface area (SASA). We assessed the SASA for three pocket definitions for comparison purposes:
pocket-3aa (Ala70, Phe85, Leu88), pocket-4aa (Ala70, Thr84, Phe85, Leu88), and pocket-5aa
(Ala70, Asp73, Thr84, Phe85, Leu88) (see Fig. 1(c)). The remaining analyses considered the pocket
formed by the five amino acids (i.e., pocket-5aa).

We also calculated the potential of mean force (PMF) (i.e., aggregation free energy profile) of the
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VVVVV and VFVFV CPs and the hydration free energy of VVVVYV, the most hydrophobic CP
amongst those studied. Additionally, the HbS-CP PMF was calculated for VVVVV, VEVFYV, and
VETP, to assess the receptor-ligand binding free energy. The PMFs®® were computed through
umbrella sampling® %, The reaction coordinate, &, was chosen to be the distance between the COM
of the CPs and between the HbS pocket and the CP. A spacing of 0.05 nm and a spring constant of
1000 kJmol'nm for the harmonic potential were used. The umbrella sampling MD were performed
for 50 ns after steepest descent energy minimization, a 100 ps equilibration in the NVT ensemble, and
15 ns equilibration in the NpT ensemble. The PMFs were obtained through the weighted histogram

analysis method®®’® and corrected for the entropy’! by adding the Jacobian correction factor
2RTIn(&) , associated with the increasing sampling volume with the & increase’?. The Bayesian

bootstrap method”® was used to estimate the PMFs errors. The PMFs were shifted to have zero free
energy at large separation distances. The error associated with the volume overcorrection of the HbS-
CP PMF due to protein steric hindrance was estimated to be of the same order of magnitude as the
PMF bootstrap error.

The hydration free energy of VVVVV was calculated through “alchemical” free energy
simulations with the Bennett acceptance ratio method’*. The AGnya was obtained from two replicas
with 20 As and 20 ns, and 40 ns trajectories, respectively, for comparison purposes. Further details on

the PMF and hydration free energy calculations are available elsewhere’ ',

Results and Discussion

CP-HbS Pocket Residence Time

We begin our discussion by analyzing the trajectories for which the starting configurations
comprised a single CP placed next to the hydrophobic pocket of an HbS monomer, followed by
steepest descent energy minimization in aqueous solution (see Methods section). Figure 3 shows the
time evolution of the minimum distance, dmin, between the CPs and the pocket atoms, for five
trajectories. For all but DDDDD the CPs remained in the pocket for 50 ns and all but DDDDD,
VEVDYV, and VDVKY, remained in the pocket for 150 ns, in at least one trajectory. The CP DDDDD
migrated readily to a region 5-10 A away from the interior of the pocket, where it stayed for at least
50 ns in more than one trajectory. This indicates the inability of a CP without at least a hydrophobic
amino acid to remain lodged in the interior of the pocket. On the other hand, it supports the view that
hydrophilic amino acids in the HbS lateral contact can bind to charged groups in the CPs. Thus,
DDDDD was found to interact with Thr84 which is enclosed in our pocket-5aa definition (see

Methods section). Nonetheless, given the high negative overall charge of this CP, the trajectories

https://doi.org/10.26434/chemrxiv-2023-qrzl0 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-2023-qrzl0
https://orcid.org/0000-0003-1704-2242
https://creativecommons.org/licenses/by-nc-nd/4.0/

were not further extended, since this peptide is unlikely to have a good selectivity and membrane
permeability (not studied here).
We also assessed the residence time with TIP3P water model, and a seemingly similar behavior

was observed (see Fig. S2), despite potential differences associated with the solvent are difficult to

probe.
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Figure 3 — Moving averages of the time evolution of the minimum distance between the CPs and the pocket
up to a maximum residence time of 150 ns. SC stands for starting conformation (HbS-CP) and r stands for
replicate. Five representative replicates are shown for each CP. The DDDDD CP leaves the interior of the
pocket binding to Thr84 (also part of the pocket definition) and nearby amino acids.

The above residence times were found to be easily reproduced for some CPs and starting
configurations. We stress that while the term residence time is used here regarding specific trajectory
observations, our simulations do not involve enough replicates, nor long enough simulation times to
accurately estimate an average residence time (tr). The binding kinetics, characterized by the
association (k.,) and dissociation (ko) rate constants (k. is related to the residence time by tr = 1/kop)
provides a measure of drug efficacy and is at least as important as the binding affinity, commonly
quantified by the equilibrium dissociation constant (Ky) or the half-maximal inhibitory concentration

(ICs0)""#0,
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The peptides that consistently remained in the pocket over the different replicas and exhibited the
longest residence times were: VVVVV and VFVFV (neutral), VEVFV (charge -1), and VKVKV
(charge +2). Although only 5 trajectories are shown (for sake of clarity), additional trajectories
showed a similar behavior, including residence times of 150 ns for the latter peptides. Moreover,
VVVVYV, VFVFV, VEVFV, and VEVEYV, remained in the pocket up to 500 ns in at least one
trajectory (see Fig. S3).

All CPs oriented (in average) orthogonally to the protein surface, and therefore, to the pocket,
independently of the starting configuration, pointing one to two amino acid side chains to the pocket
(generally a single Val) while the remaining side chains interacted with pocket-neighbor amino acids

or protruded to the solvent (see Fig. 4).

Figure 4 — Representative configurations illustrating the relative orientation of the CPs with longer residence
times in the HbS pocket, VVVVYV, VFVFV, VEVFV, VEVEV, and VKVKYV, and DDDDD (not in the interior
of the pocket — see Fig. 3). The remaining CPs also oriented orthogonally to the pocket.

CP-HbS Specificity

An inherent difficulty in the development of aggregation inhibitors targeting the hydrophobic
pocket is the fact that each HbS molecule has two hydrophobic pockets whereas a single pocket is
involved in the lateral contacts of the fibers. Thus, while similar pockets are located at the 31-globin
and B»-globin, the lateral contact in the HbS fibers involves the [i-globin and the [2-Val6 of a

neighbor HbS. We have assessed the solvent accessible surface area (SASA) of the hydrophobic
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pocket in both -globins of HbS and HbA. Figure S4 shows that the SASA is similar amongst the 3-
globins on both HbS and HbA. Hence, in addition to the large concentration of HbS in the
erythrocytes, the existence of two similar pockets indicates that a large concentration of a drug acting
through this MOA may be necessary to be effective.

Nevertheless, given the large dependence of the kinetics of aggregation on the concentration of
HbS and the fact that only deoxy-HbS aggregates, a small decrease of the concentration of
aggregation-competent HbS (i.e., “pocket-free” HbS) could result in a significant sickling
reduction*!?. Additionally, a drug may also inhibit aggregation by binding to the mutation site, that
is, Val-B26. As we shall see, the most effective CPs studied here also display some affinity toward
Val-326.

A second, related difficulty, concerns drug specificity, that is, the drug’s ability to bind to the
pocket while bearing a low affinity toward other protein domains.

Unbiased MD can provide insight into pocket specificity, in spite of sampling limitations. Here
we performed three MD replicas, 500 ns long, for a monomer of HbS with either one or five CP
molecules. The use of five CPs increases not only the probability of observing HbS pocket-CP
binding but also to other additional (undesirable) pockets which may sequestrate the CPs.

Our results show that those peptides that exhibited longer residence times also demonstrated a
higher specificity.

Figure S displays contact maps for the HbS:CP (1:1) systems for the five CPs with longer tr. A
similar plot for HbS:CP (1:5) is displayed in Fig. 6. The maps were computed by averaging the
number of CP-protein contacts over the different MD replicas. A protein-CP contact is defined by the
protein-CP minimum distance, Rmin, With Rmin < 3.5 A, where Rmin is assessed by probing the atomic
distances between every atom of the protein and every atom of the CP. The number of contacts, N,

was normalized by the maximum number of protein-CP contacts across every CP, Ncmax.
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Figure 5 — Normalized HbS-CP contact maps for the HbS:CP (1:1) systems with highest residence times.
Notice that whereas VVVVV does not exhibit contacts with the Bi-pocket it does have a large number of
contacts with the equivalent pocket in the B,-globin (see Fig. S4).

For the HbS:CP (1:1) systems N¢max Was observed for VFVFV whereas for the HbS:CP (1:5) this
was found in VEVFYV, both, in the Bi1-globin, albeit not in the pocket. Whereas the above cut-off (i.e.,
Rmin < 3.5 A) is somewhat arbitrary, qualitatively similar results were obtained using a larger distance
Rmin < 4.5 A (see Fig. S5).

The vertical green stripes in Figs 5 and 6 denote the pocket in the Pi-globin whereas the
peripheral blue stripes enclose the remaining amino acids involved in the lateral contact in the HbS
dimer. The latter were defined as the residues of the HbS-1 monomer at a distance of less than 4.0 A
from any residue of the HbS-2 monomer in the crystal structure of the HbS dimer (pdb code:

2HBS)’; the distances were computed between every atom in the monomers.
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Figure 6 — Normalized HbS-CP contact maps for the HbS:CP (1:5) systems with highest residence times and
specificity.

The largest number of contacts in the PBi-globin is observed for VEVFV amongst the HbS:CP (1:1)
systems. For VVVVV a large number of contacts with the equivalent pocket in the B2-globin is also
observed.

A similar picture is found for the HbS:CP (1:5) systems. Additionally, VEVEV exhibits the lowest
number of contacts with the protein, independent of the chain, meaning that this CP remains in the
solvent more time than the remaining CPs.

Although not the intended primary target of the CPs, it can also be seen that VVVVV interacts
with the mutated amino acid (i.e., Val-B26) in HbS:CP (1:1), whereas for HbS:CP (1:5) all CPs
interact with this region. However, a large number of contacts is also observed in other domains of
every polypeptide chain. Figures 5 and 6 also show that the CPs interact with the Hem group
(residue 153 in a and P chains as in the original pdb 2HBS’). Whether these interactions influence
HbS allostery, either favoring the R or T states was not assessed here.

To gain further insight into the CPs specificity, namely, to disentangle between short-time and
long-time contacts with each pocket, we also assessed the minimum distance along time between the
B1-globin and B2-globin pockets and the CPs. These are displayed in Figure 7 for two out of the three
trajectories (for clarity) with one and five CPs. Notice the distance between the pockets in i-globin

and B2-globin is ~2-2.5 nm. This can be readily seen by comparing the CPs’ distances to the Pi-
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globin and B2-globin pockets in the HbS:CP (1:1) ratio plots when the single CP is lodged in one of
the pockets (dpin <~ 0.5 nm).
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Figure 7 — Moving averages of the time evolution of the minimum distance between the CPs and the ; and
B2-globin pockets from MD simulations where the CPs are randomly inserted in solution at time zero. Dark
(replica 1) and light (replica 2) blue curves are the distances to the 3i-globin pocket (where Val 6 is lodged in
HbS fibers) and dark (replica 1) and light orange (replica 2) are the distances to the B>-globin pocket.
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Figure 7 shows that the CPs bind to the pocket within timeframes that range between a few ns to
hundreds of ns, even for a HbS:CP (1:1) ratio. The longest residence times are found for VVVVYV,
although dissociation is not observed within the trajectory timeframe for several CPs, precluding the
determination of tr. Nevertheless, the fact that the CPs interact with the pocket (often multiple times)
in an unbiased MD within a timeframe of 0.5 ps, suggests the peptides have at least, a moderate to
high specificity.

Notice the peptides are ought to bind deoxy-HbS which can be considered a short-lived receptor
due to the allosteric equilibrium. Thus, a fast-binding drug is important to reduce the concentration
of deoxy-HbS aggregation-competent, whereas long residence times may not be critical. These
timescales (millisecond) are, however, significantly longer than those studied herein. Figure 7 also
suggests the CPs can associate and dissociate multiple times during those timescales.

From a binding mechanism point of view, observation of the MD trajectories, suggests that CP-
pocket (Ligand-Receptor) binding undergoes a two-state association/dissociation mechanism,
R+ L:—i> = RL. Additionally, it was observed that the “limiting-step” underlying many CP-pocket

of
frustrated contacts (i.e., not resulting in lasting binding; see Fig. 7) results from a non-optimal
orientation approach (i.e., non-orthogonal to the protein surface). CP orientation towards the binding
of the pocket seems, therefore, pivotal to crossing the transition state barrier and a posteriori

stabilization of the bound state.

CPs’ Solvation and Aggregation

Another key aspect of any drug concerns its solubility in water, which is closely related with the
hydration free energy and the drug’s aggregation propensity. The hydration free energy of VVVVYV,
the most hydrophobic CP studied here, was estimated to be AGhya= -106 kJ mol™ (replica 1: AGhya=
-103 kJ mol™; replica 2: AGhya = -108 kJ mol™). The AGhya of the remaining CPs should be
significantly lower, suggesting that all the CPs are soluble in water.

We also assessed the potential of mean force (PMF) (i.e., dimerization free energy profile) of
VVVVV and VFVFV (see Fig. 8(a)) to evaluate their aggregation propensity. The peptides exhibit a
mild tendency to aggregate exhibiting a well-defined contact pair and solvent separated minima
around -5%2.5 kJ/mol. The remaining CPs that displayed high residence times next to the pocket are
charged and have, therefore, a repulsive free energy profile.

The protein pocket-CP binding free energy was also assessed for VVVVV to evaluate its

magnitude relative to its dimerization free energy (see Fig. 8(b)).
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Figure 8 — Potential of mean force (PMF) for (a) the dimers of VVVVV and VFVFV and (b) HbS and
VVVVYV in water at 310 K and 0.1 MPa. The right-hand-side of (b) shows a 2-dimensional representation of

HbS and the CP radial space allowed at three distinct values of &. As & increases the fraction of impeded
volume decreases being zero at & equal to the largest diameter of the HbS, approximated by a
spheroid.

A binding free energy around -1746.0 kJ/mol was found, thus ~3 times lower than the CP-CP
binding free energy; the error was estimated from error propagation of the bootstrap errors at the
minimum and long distances when the shifted PMF is zero. To assess the maximum error associated
with the Jacobian overcorrection due to protein steric hindrance (i.e., the interception of the circles
and the spheroid in the right-hand-side scheme of Fig. 8(b)) the PMF was calculated without the
Jacobian correction, resulting in a binding free energy of -10+6.0 kJ/mol. This is possible because
the uncorrected PMF still converges to a plateau. This difference is of the same order of magnitude
of the bootstrap error.

To allow for an easy comparison between the distinct CPs as potential HbS aggregation inhibitors

we ranked our results based on a simple (arbitrary) classification of the different parameters assessed

in this work (see Table 1).
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Table 1 — CPs classification based on the residence time (tr) of the CPs next to the pocket, pocket specificity,
and self-aggregation propensity.

CP Charge wR? Specificity® Self-
aggregation
VVVVV Neutral High High Moderate
VFVFV Neutral High Moderate-High Moderate
VEVFV -1 High High No
VEVEV -2 Moderate Moderate-High No
VEVDV -2 Low Moderate No
VDVDV -2 Moderate Low No
VKVDV Zwitterionic Moderate Low No
VKVKV +2 High Moderate No
DDDDD -5 n/a‘ High! No

2 High: R; > 150 ns in more than half of the trajectories; Moderate: R < 150 ns in more than half of the trajectories; Low: R <150ns
for all trajectories.

b High: The CP binds to either pocket for at least one trajectory in a HbS:CP (1:1) ratio; Moderate: The CP binds to either pocket
for at least one trajectory in a 1:5 HbS:CP ratio but not at a HbS:CP (1:1) ratio; Low: The CP does not bind to either pocket at either
HbS:CP ratio.

¢DDDDD binds to a region close to the pocket; however, because of its high charge it was not further investigated.

4DDDDD has a high specificity for the region close to the pocket anchored by Thr84.

Thus, according to this classification, VVVVV, VFVFV, VEVFV and to a less extent VEVEV and
VKVKV display the most promising results. From these CPs VEVFV seems to be the CP with the
most promising HbS aggregation inhibition characteristics. Future studies should assess membrane

permeability of these CPs as well as their potential influence on the HbS allostery equilibrium.

Previously Reported Antisickling Cyclic Peptides

To make contact with the CPs proposed by Sheh et al.*” a 4-mer CP, VETP, was also studied. This
peptide has the same amino acid sequence as the only CP with reported in vitro antisickling activity,
amongst those proposed by Sheh et al.*’. Figure 9(a) shows the optimized geometry of the CP
obtained through DFT B3LYP/6-31+G(d,p), displaying a single backbone HB. Opposite to most CPs
proposed in our work, VETP exhibits relatively short residence times (see Fig. 9(b)). Thus, although
a similar orthogonal orientation was observed (Fig. 9(c)), with the Val side chain lodged in the
pocket, the peptide did not persist up to 150 ns in none of the trajectories, independent of the starting
conformation. Fifteen trajectories were propagated with a time-step of 1 fs, starting from the same
starting conformations used for the other CPs. Furthermore, analysis of the pocket-VETP minimum

distances in a solution with 5 CPs shows this peptide has a low specificity, never binding to the
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pocket in a lasting way (see Fig. 9(d)).
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Figure 9 — (a) Density functional theory B3LYP/6-31+G(d,p) local minima for VETP; (b) Moving averages
of the time evolution of the minimum distance between the VETP and the pocket up to a maximum residence
time of 150 ns. SC stands for starting conformation (HbS-CP) and r stands for replicate. Five representative
replicates are shown for each SC; (¢) Representative configuration illustrating the relative orientation of VETP
in the HbS pocket; (d) Moving averages of the time evolution of the minimum distance between five VETP
and the B, and B.-globin pockets from MD trajectories where the CPs are randomly inserted in solution at time

zero; (e) Potential of mean force (PMF) for HbS:VVVVYV, HbS:VEVFYV, and HbS:VETP in water at 310 K
and 0.1 MPa.
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We also assessed the HbS-CP binding free energy for VETP as well as for VEVFV (the most
promising CP according to Table 1) through umbrella sampling. Figure 9(e) shows that the binding
free energy of VVVVV and VEVFV is lower (more negative) by a factor ~ 6 relative to VETP.
Amongst the possible reasons underlying this discrepancy is the fact that VETP has a single Val,
reducing the number of orientations the peptide can adopt to insert the Val-B6 side chain in the
pocket. This should significantly reduce the CP specificity. Additionally, CP rotational motions can
more easily result in unfavorable orientations, possibly explaining the shorter residence times and the
much higher binding free energy. These results support, therefore, the promising application of some

of the CPs proposed in this work as HbS nucleation blockers.

Conclusions and Perspectives

While new drugs have been recently approved for the treatment of SCD, none is always effective,
and the development of new anti-sickling molecules remains of uttermost importance. Herein, we
explored the possibility of using small macrocyclic peptides to block the hydrophobic pocket and/or
its periphery, aiming to perturb the formation of lateral contacts underlying the aggregation process,
while preserving the R-T equilibrium. Our results show that some hydrophobic and amphiphilic
small CPs exhibit long residence times in the pocket. More strikingly, some of these CPs displayed a
moderate to good specificity even at an HbS:CP (1:1) ratio. The CP orientation toward the pocket
was found to be pivotal to the stabilization of the HbS-CP bound state, underlying many frustrated
CP-pocket contacts. These contacts might, nevertheless, still delay or preclude the HbS aggregation
process. Furthermore, hydration and binding free energies indicate that the CPs should be soluble in
water. Overall, our results suggest that these molecules are promising HbS antisickling drug leads.
Additional in vitro and in vivo studies are necessary to probe the real potential of these CPs,
including their membrane permeability and selectivity capabilities. We expect such studies to be

performed in a near future opening new avenues toward the design of effective anti-sickling CPs.
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Table 1 — Density, self-diffusion, and shear viscosity of the mTIP3P and TIP3P water models at 298 K and 0.1
MPas.

Figure S1 — RMSD and secondary structure of the CHARMM36 HbS model with the mTIP3P and TIP3P
water models.

Figure S2 — Moving average of the minimum distance between the CP VVVVV and the HbS pocket in the
HbS:CP (1:1) system, with the mTIP3P and TIP3P water models.

Figure S3 — Moving averages of the minimum distance between some CPs and the HbS pocket, up to 500 ns.
Figure S4 — Solvent accessible surface area (SASA) of the hydrophobic pocket involved in the lateral contact
of HbS fibers.

Figure S5 - Normalized HbS-CP contact maps for the HbS:CP (1:1) systems for a Ruin < 4.5 A protein-CP
contact definition.
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