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1 | INTRODUCTION

| Jennifer Loschwitz?> | Olujide O. Olubiyi'>*

Abstract

Sickle cell disease is a hemoglobinopathy resulting from a point mutation from gluta-
mate to valine at position six of the $-globin chains of hemoglobin. This mutation gives
rise to pathological aggregation of the sickle hemoglobin and, as a result, impaired oxy-
gen binding, misshapen and short-lived erythrocytes, and anemia. We aim to understand
the structural effects caused by the single Glu6Val mutation leading to protein aggrega-
tion. To this end, we perform multiscale molecular dynamics simulations employing
atomistic and coarse-grained models of both wild-type and sickle hemoglobin. We ana-
lyze the dynamics of hemoglobin monomers and dimers, study the aggregation of wild-
type and sickle hemoglobin into decamers, and analyze the protein-protein interactions
in the resulting aggregates. We find that the aggregation of sickle hemoglobin is driven
by both hydrophobic and electrostatic protein-protein interactions involving the muta-
tion site and surrounding residues, leading to an extended interaction area and thus sta-
ble aggregates. The wild-type protein can also self-assemble, which, however, results
from isolated interprotein salt bridges that do not yield stable aggregates. This knowl-

edge can be exploited for the development of sickle hemoglobin-aggregation inhibitors.

KEYWORDS
GluéVal mutation, MD simulation, protein aggregation, protein-protein interactions, sickle cell
disease

events at the molecular level that gives rise to hemoglobin dehydration,

pathologic aggregation, altered RBC structure, and ultimately com-

Sickle cell disease (SCD) is a genetic disorder that affects the red blood
cells (RBC) and it results from a single-point mutation in the S-globin
gene that substitutes glutamic acid at the sixth position of the -globin
chain of adult hemoglobin (HbA) to valine in sickle hemoglobin (HbS).:
Hemoglobin is a hemoprotein found in the RBC whose core function is
to transport oxygen from the lungs to the tissues and carbon dioxide
from the tissues back to the lungs. It is formed by four polypeptide
chains, specifically, two a chains and two g chains (Figure 1).2 What is

clinically known as SCD is caused by a combination of physicochemical

promised RBC function. The levels of the endogenous substrate, the
2,3-diphosphoglycerate (2,3-DPG), have been found to increase during
SCD crises, with the result that 2,3-DPG interacts with hemoglobin to
increase its polymerization.>* A combination of these phenomena and
others are responsible for reducing the solubility of HbS, ultimately
resulting in the phenotypically observed sickling process. The conse-
quences of these changes include impeded transport and binding of
oxygen, damage to the RBC morphology, and RBC interaction with

endothelial surfaces, premature damage to the erythrocytes,>®
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FIGURE 1 (A) The quaternary structure of HbS consists of two
subunits (here denoted a; and a5, for ease of distinction, shown in
shades of blue) and two $ (81 and j,, shades of red) subunits. Each
globin subunit carries one heme (green), including an Fe?* ion
(orange). (B) The hemes are linked to the globin by covalent bonds
between their irons and the N of histidines His87 of the a chains and
His92 of the # chains, known as the proximal histidines. On the other
side of the hemes, the distal histidines are located, which are His58 in
the a chains and Hisé3 in the f chains. (C) The single mutation
GluéVal happens on the surface of the  chains near their N-terminus.
The His and Val residues are shown as sticks and are colored by atom
name (C: yellow; N: blue; O: red). This figure is reproduced with
permission®> and uses PDB entry 5E6E2¢ as HbS structure

agonizing vaso-occlusive crisis, an overall poor health condition, and
death.”"1° It should be noted that there are disparities in clinical symp-
toms (e.g., frequency and severity of pain crises) exhibited among
genetically identical SCD patients and thereby suggesting that apart
from HbS mutation and concentration, environmental factors might
also play important roles in disease development.'**? However, despite
being studied extensively and being among the first molecular diseases
to be understood up to the genetic level,*>** only a few drugs exist for
disease management, including L-glutamine, hydroxyurea, and a
recently FDA-approved drug called voxelotor.*>® A treatment alterna-
tive is the highly expensive bone marrow transplant, which, however, is
not readily available to patients in developing nations where a signifi-
cant majority of SCD patients are found.?”~22 For instance, prevalence
is concentrated in sub-Saharan Africa and parts of Southeast Asia, with
more than 75% of the cases are believed to be in Nigeria, Democratic
Republic of the Congo, and India.2%2*

With pathological processes in SCD directly linked to the aggre-
gation of HbS, having a working understanding of the structural and
dynamical processes underlying protein aggregation is crucial.'* First,
this provides an understanding of the aggregation process in detail,
which can then be exploited in rationally developing therapeutic strat-
egies, including peptide-based inhibitors that target HbS aggrega-
tion.?> HbS aggregation, or polymerization, occurs via a double

27-29

nucleation mechanism, starting with an homogenous nucleation

phase where HbS aggregates randomly. This is followed by heteroge-
neous nucleation, where the rate of polymerization increases and new
nuclei form on the already existing polymer strands derived from pri-

30-32

mary nucleation. It was suggested that the GluéVal substitution

in HbS encourages aggregation due to hydrophobic attraction
between the gained valine and a hydrophobic pocket involving Phe85
and Leu88 of the adjacent HbS $ globin (Figure 2). This substitution
provides both the shape and physicochemical requirements necessary
to kick-start the first stages of HbS polymerization. However, it
should be noted that also HbA is able to aggregate (Figure 2A). Both
HbA and HbS form linear aggregates involving the formation of axial
contacts between « and  chains. Only in the case of HbS, these linear
aggregates grow into double filaments, facilitated by lateral -Valé-4-
Phe85/Leu88 contacts (where the prime indicates that Phe85 and
Leu88 belong to another HbS molecule than Valé). The double fila-
ments further assemble into ~200 A thick fibers, which eventually
accumulate in highly complex, pathological HbS fiber networks.3?

One of the first molecular dynamics (MD) studies of HbA and
HbS, carried out for 62.5 ps, compared the flexibility of a and 8 chains
in both HbA and HbS.3* It was revealed that the f chains are generally
more flexible in comparison to the a chains and that in HbS, the N-
terminal region and helices D and F of the g chains exhibited a greater
flexibility than those of HbA. It was implied that the HbS aggregation
process might be due to this increased flexibility.>* This study also
revealed that the stability of the subunits in both HbA and HbS is due
to three factors, namely hydrogen bonding, hydrophobic interactions,
and conformational energy of association. In a recent simulation
study, the binding free energy of HbA was determined through MD
simulations and umbrella sampling.>®> The binding free energy of HbA
was found to be —4.4 + 0.5 kcal/mol, which is significantly higher
than the binding free energy reported from a previous study for HbS
(—14 + 1 kcal/mol).2¢ Furthermore, it was revealed that less than the
20% of the interactions in the contact interfaces are hydrophobic and
that although there are similar electrostatically favored interactions
found in both HbA and HbS, the potential energy associated with
B-Glué is largely repulsive, while mildly attractive potential energies
are associated with $-Val6.3” It was concluded that i) the presence of
p-Valé6 is less important for the HbS polymerization process than the
absence of p-Glué, and ii) even though hydrophobic interactions play
a role in the aggregation process of HbS, electrostatic interactions are
found to be more predominant as opposed to what is generally
believed that aggregation of HbS is driven majorly by hydrophobic
interactions.®>® This confirmed the findings from a simulation study
dating back to 1990 that employed alchemical free energy calcula-
tions and concluded that the contribution of hydrophobic interactions
to HbS aggregation could be in fact negligible.>®

The aim of this study is to provide an understanding of the struc-
tural and conformational basis of HbS aggregation, in particular the
role of the GluéVal mutation, in the aggregation process using MD
simulations. A difference from previous simulation studies®>3¢3 s
that we allow the hemoglobin molecules to freely associate, where
they can form both axial and lateral contacts. We report the results
obtained from both all-atom and coarse-grained MD simulations per-
formed for both HbS and HbA. We first analyze the conformational
flexibility of both proteins and test the applicability of Martini as
coarse-grained force field® for modeling hemoglobin. We next apply
Martini to simulate the aggregation of both HbA and HbS. The
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HbA & HbS

FIGURE 2

(A) Schematic representation of how the GluéVal mutation modifies normal hemoglobin polymerization of HbS heterotetramers,

involving linear Hb aggregates formed by both HbA and HbS (left) into double HbS filaments (right). The hemoglobin tetramer is represented as a
circle, such that one quarter corresponds to one protein subunit using the same coloring as in Figure 1. The #-GluéVal mutation is indicated as a
protrusion from the circle in the $, subunit and the hydrophobic pocket as a nick in the neighboring 7 subunit. Seven double filaments aggregate
further to form fibers (bottom). (B) A dimer formed by two HbS aggregates is shown. (C) This aggregation is mediated by f,-Valé interacting with
the hydrophobic pocket formed by 8, -Phe85 and f -Leu88. The side chains of these three residues are shown as yellow sticks and also
transparent van der Waals surfaces to better indicate the space these residues occupy. Panels B and C were produced using the crystal structure
deposited in PDB entry 2HBS.2® The figure is reproduced with permission from ref. 25

protein-protein interactions in the resulting aggregates are elucidated
and their stability is further examined by all-atom simulations of the
aggregates that were back mapped from the coarse-grained to the
atomistic level. These simulations enable us to quantify the relative
strengths of molecular contacts and identify protein-protein interac-
tion hotspots between HbS molecules, which in future studies can be

prioritized for aggregation inhibitor design.

2 | METHODOLOGY
21 | Model systems

The crystal structures of HbA (PDB code 4HHB)* and HbS (PDB
code 2HBS)** were used as starting structures for the MD

simulations. Hemoglobin consists of four polypeptide chains, namely,
two « chains and two # chains.? The a chains consist of 141 amino
acid residues and the g chains involve 146 residues per chain. In the
following, we refer to these four chains as a4, f1, @z, and S,. Each of
the four chains contains a heme group at the center to which molecu-
lar oxygen binds (Figure 1). The HbS crystal structure 2HBS is in fact a
homodimer, containing another four chains denoted o}, B, a,, and By
Throughout this study, a; through g, will be called a monomer,
whereas chains a;-, plus «; -, will be referred to as a dimer.

2.2 | All-atom MD simulations

To investigate the structural stability of HbA and HbS as monomers

and HbS also as a dimer, all-atom MD (AA-MD) simulations were
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initiated from heme-containing crystal structures using CHARMM22*
as force field for the proteins*! and the TIP3P model for water.*? The
proteins were first studied in their monomeric states. To this end, the
monomers were inserted into a dodecahedron box, corresponding to
a distance of at least 1.2 nm between the protein and the nearest box
face. The systems were then solvated with about 52 000 water mole-
cules and ions were added to both neutralize the system and reach an
NaCl concentration of 100 mM. Using the steepest descent algorithm,
initial energy minimization was performed on the systems. This was
followed by MD equilibration of the systems for 100 ps to reach a
pressure p of 1 bar and a temperature T of 300 K. Three equilibration
runs per system using different initial velocities were performed,
which were then submitted to the production runs in the NpT ensem-
ble (with N being the number of atoms) for 300 ns per run. During the
production runs, the temperature was regulated using the Nosé-
Hoover temperature coupling method,*® while the pressure was con-
trolled using the Parrinello-Rahman barostat** The particle mesh
Ewald method* was used for the calculation of electrostatic interac-
tions in conjunction with periodic boundary conditions that were
applied in all three directions of space. A cutoff of 1.2 nm was applied
to the short-range Coulomb interactions calculated in real space as
well as the van der Waals interactions. The LINCS algorithm was used
to constrain all bond lengths,*® and the equations of motions were
solved using the leapfrog algorithm with a time step of 2 fs. The same
steps used for the monomer setup were repeated for the HbS dimer,
and the single production run for the dimer was carried out for
300 ns.

2.3 | Coarse-grained MD simulations

Using the final structure of the AA-MD simulation of the HbS dimer, a
coarse-grained MD (CG-MD) simulation was performed to test the
applicability of Martini®’ for modeling hemoglobin. The atomistic
structure was converted to the CG model using the martinize.py script
(version 2.6.). The CG topology for heme was taken from the Martini
website, and the CG structure of heme was generated as described by
De Jong et al.*” The Martini force field (version 2.2) was used to
model HbS and the surrounding water.3’ The protein was inserted
into a simulation box using the same box dimensions as in the
corresponding AA-MD simulation. Energy minimization using the
steepest descent algorithm in a vacuum was first performed, followed
by solvation and adding ions to obtain an NaCl concentration of
100 mM. Another round of energy minimization using the steepest
descent algorithm was performed; afterward, a protein position-
restrained equilibration MD run was performed for a total of 200 ps.
The production run was carried out for 300 ns with a time step of
20 fs. During the production run, the temperature was regulated using
velocity rescaling with canonical sampling,*® while the pressure was
kept constant at 1 bar using the Parrinello-Rahman barostat.** The
bonds were constrained using the LINCS algorithm,*® and the second-
ary structure was kept in order using elastic networks as implemented

in Martini.*

In order to study the aggregation of HbS into larger aggregates,
we performed CG-MD simulations starting from 10 HbS monomers.
We inserted these HbS monomers randomly into a cubic box of
dimension 41 nm x 41 nm x 41 nm, with a minimum distance of 8-
10 nm between any two HbS monomers. Energy minimization using
the steepest descent algorithm in a vacuum was first performed,
followed by solvating the system and adding ions to obtain an NaCl
concentration of 100 mM. Another energy minimization using the
steepest descent algorithm was performed, followed by MD equilibra-
tion for 250 ps in the NVT ensemble (with V being the volume of the
system) and for 500 ps under NpT conditions. A 30 us production run
was then performed, using a time step of 30 fs. To serve as a control,
the aggregation of HbA was also simulated using the same simulation

protocol as just described for HbS.

24 | All-atom MD simulations of CG-to-AA
mapped dimers

HbA and HbS dimers that formed during the CG-MD simulations
studying aggregation were extracted and converted to all-atom
models through back-mapping.>® Each back-mapped HbA and HbS
dimer was then subjected to AA-MD simulations for 250 ns. For these
simulations, the same simulation protocol as described in section 2.2
was applied.

2.5 | Simulation and analysis software

All MD simulations were carried out using the GROMACS software
package, version 2018.51 The analysis of the simulations was also real-
ized using various tools of the GROMACS package as well as with the
help of the MDAnalysis package.>2 More details of the analyses will
be given when providing the results. Visualization of the proteins was
done with Visual Molecular Dynamics (VMD),>® while the data were
plotted using Xmgrace.

2.6 | MM/PBSA analysis

To quantify the HbS-HbS interactions in the all-atom simulation of
the HbS dimer crystal structure, we calculated the binding free ener-
gies AGping Using the method based on molecular mechanics com-
bined with Poisson-Boltzmann and surface area continuum solvation
(MM/PBSA), as implemented in g_mmpbsa (https://rashmikumari.
github.io/g_mmpbsa/).>* Three hundred snapshots sampled at 1 ns
intervals in that MD simulation were subjected to this analysis. Within
the MM/PBSA scheme, the binding free energy is defined as

AGind = {Gdimer — GHbs-1 — GHbs-2) (1)

where (-) represents the ensemble average. The free energy for each

of these three entities is given as
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G= Ebonded + ECouI + ELJ + Gpolar + Gnonpolar -TS (2)

where Epgndeds Ecoul, @and Ey; indicate the bonded, electrostatic, and
Lennard-Jones interactions, which are obtained from the force field.
Gpolar and Gponpolar are the polar and nonpolar contributions to the sol-
vation free energy, and the last term is the absolute temperature, T,
multiplied by the configurational entropy, S. The entropy can be esti-
mated by a normal-mode analysis of the vibrational frequencies, yet
this term is neglected by g_mmpbsa. The polar energy term Gpop.r is
obtained by solving the Poisson-Boltzmann equation, whereas the
nonpolar term Gponpolar is €stimated from a linear relation to the sol-
vent accessible surface area (SASA). The parameters for the calcula-
tion of AGinq Were set Dy, = 80 for the dielectric constant of the
solvent (corresponding to water), Dy ue = 2 for the dielectric con-
stant of the solute (corresponding to a globular protein),
y = 0.0226778 kJ/(mol-A2) for the surface tension, sasrad = 1.4 A as
probe radius for the SASA calculation. AGpinq Wwas further
decomposed into its contributions stemming from the interactions
within the binding site and between the relevant globin-chain pairings
as well as the contributions by the individual residues. To estimate the
standard errors of the mean, we applied the bootstrap method with
2000 bootstrap steps.

3 | RESULTS AND DISCUSSION

3.1 | Conformational dynamics of monomeric
hemoglobin

In order to assess the structural dynamics of HbA and HbA as mono-
mers, we calculated the evolution of the root mean square deviation
(RMSD) of the Ca atoms relative to the corresponding crystal structure.
The RMSD results of the three runs per system were averaged and in
Figure 3A, the evolution of the mean for HbS and HbA together with
the standard deviations is shown. HbS attains equilibrium somewhat

(Aos (B)os

faster, within 60 ns, than HbA, which underwent a conformational
change in one of the simulations at about 100 ns. Nonetheless, for both
proteins, the RMSD stabilized at about 0.35 nm in the last 200 ns of
the simulations. These low RMSD values imply that the two proteins
did not deviate much from their crystal structures, indicating their sta-
bility in the simulations. The Ca RMSD values of the a and f globin
chains feature even lower deviations from their respective starting
structure, which entails that the four chains relaxed their positions with
respect to each other, explaining the higher RMSD values for the whole
proteins. For both HbA and HbS, the a chains have smaller RMSD
values than the g chains, which is in agreement with the observations
made in previous MD simulations of HbA and HbS.34°>°¢ Furthermore,
in both systems, the 8, chains are the most flexible.

To obtain an understanding of the origin of the structural fluctua-
tions, we determined the root mean squared fluctuation (RMSF) of the
Ca atoms (Figure 3B). In agreement with the RMSD results, a larger
structural flexibility is observed for the  chains, especially for 8, in HbA.
This observation is in good agreement with a previously reported, yet
much shorter MD simulation of 12 ns done for HbS.>® The two systems
show similar RMSF patterns for the a and $ chains, with most fluctua-
tions occurring in the loop regions which are known from experiments
to be the most flexible regions, especially those in the g-globin chains.
The highest fluctuations are noticed for the loop involving residues
Val67-Gly83 of 5, of HbA. The fact that the HbS system underwent less
fluctuations in that region cannot be directly correlated to the mutation
in HbS, as position six of the 3 globin is neither in direct nor indirect con-
tact with the mobile loop region of the # chains. Moreover, from experi-
ments, it is known that both proteins exhibit the same unfolding
kinetics,”” that is, whether there is a Glu or a Val at position six of the g
globins does not affect the stability of hemoglobin. In neither HbA nor
HbS is the stability of the helices affected by the loop motions; they are
all stable as the analysis of the secondary structure confirms.

Considering that the highest level of structural changes in the 5
chain occurred in the vicinity of the two residues involved in Fe?*

binding, His63 and His92 (Figure 1), we decided to investigate

©)
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FIGURE 3 Results of the HbA and HbS monomer simulations. (A) The evolution of the Ca RMSD of HbA (top) and HbS (bottom) is shown
(black lines) as well as of the corresponding individual chains (a4: blue, a,: cyan, B4: red, f,: magenta). For all RMSD calculations, the alignment was
with respect to the unit for which the RMSD was calculated (i.e., the whole protein or one of the globin chains). Averages over three simulations per
protein are shown; the shaded areas indicate the standard deviations. (B) The corresponding RMSF values (averaged over three MD runs) of the Ca
atoms of the individual chains are shown for HbA (top) and HbS (bottom). (C) Snapshots taken from one of the three HbA trajectories at t = 93 ns
and t = 104 ns demonstrate the variability of the distance between Fe?* and the distal histidine residue that was monitored for the B> chain

85UB01 7 SUOWIWOD SAIIER.D 3(gedldde ay) Aq peusencb a.e sojoe VO ‘88N JO S9N 10} A%eiq i 8uljuO A1/ UO (SUOTIPUOO-PUe-SWBIALI0D" A3 1M AJelq | Ul [Uo//Sdny) SUORIPUOD pue sWe 1 8y} 89S *[£20z/TO/TT] uo AriqiTauluo A8|Im eshe N 8ueyo0D Aq 26£9z101d/Z00T 0T/I0p/wWod A8 |imAreiq1juluo//:sdny woly pepeojumod ‘TT ‘220z ‘YET0L60T



1816 | Wl LEY PROTEINS

OLAGUNJU ET AL

whether these motions might indirectly affect the His-Fe?* interac-
tions. To this end, for the HbA and HbS simulations with the highest
structural fluctuations, the minimum distances between the
corresponding His residues and Fe?™ were calculated for all globin
chains of both HbA and HbS (Figure S1). In general, the His-Fe?" dis-
tances were maintained over the whole trajectories. For both pro-
teins, the distances to Hisé3 in the  chains were on average higher
by 0.15-0.2 nm than the other His-Fe?* distances. This finding might
be of physiological importance for the gas binding during which a sin-
gle gas molecule (e.g., O,) inserts between a histidine and the Fe?*
ion. The allosteric transition between the T and R states of hemoglo-
bin is also directly coupled to this function. The strongest changes in
His-Fe distances were recorded for Hisé3 in the g, globin chain of
HbA. Thus, this distance is indeed affected by the motion of the

neighbored loop. Snapshots of this His63-Fe" interaction taken at
93 ns (long distance) and 104 ns (short distance) show that for the
long distance, His63 moved away from the heme group (Figure 3C).

However, this motion is fast and reversible.

3.2 | Conformational dynamics of dimeric
hemoglobin

Next, we tested the structural fluctuations of the HbS dimer, using
both AA-MD and CG-MD simulations. First, the results from the
300 ns AA-MD simulation will be reported. As for the monomer, we
calculated the Ca RMSD with respect to the crystal structure
(Figure 4A). During the first 200 ns, the dimer was very stable with

t < 200 ns

2 H20 N8O
r

oINS n gy

050 100 150 200 250 300
time (ns)
0,8—— ‘

020 40 60 80 100 120 140
residue number

(2]
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[}

distance (nm)

5!20 ! I ! ! ! 0
50 100 150 200 250 300
time (ns)

FIGURE 4 Results of the HbS dimer simulations. (A) The evolution of the RMSD of the whole HbS dimer (black) and of the composing HbS-1
and HbS-2 proteins (different shades of green) obtained from the AA-MD simulation is shown. The RSMD of the dimer in the CG-MD simulation
is shown in gray. (B) The average RMSF values for the a and 8 chains (red and blue, respectively) support the structural stability of the globins in
the AA-MD simulation. (C) The evolution of the distance between the centers of mass of HbS-1 and HbS-2 in the AA-MD simulation (blue)
confirms the stability of the HbS dimer. However, the change in the angle between the lines fitted through the atomic coordinates of HbS-1 and
HbS-2 (red) reveals rotations of HbS-1 and HbS-2 with respect to each other during the AA-MD simulation. (D) Snapshots from the AA-MD
simulation show the rotation motion and the change in interprotein contacts accompanying it. In the first 200 ns, the interactions are dominated
by the hydrophobic contacts involving 1-Phe85/Leu88 and #,-Valé. In addition, there is also a contact between $;-Asn80 and d-Ser49/His50,
which is the only interaction that was present throughout the 300 ns simulation. At t ~ 205 ns, the side chains of 1-Glu90/Lys144 and of
P5-Lys17/Glul21 reoriented, causing electrostatic attractions. This gives rise to a rotation of HbS-1 and HbS-2 with respect to each other,
leading to stable electrostatic contacts between f; and 8, at t ~ 215 ns. This reorientation is completed by a further polar contact between f,-
Asn80 and o -His20, while the initial hydrophobic contact $1-Phe85/Leu88-4,-Val6 is broken in the rest of the simulation. The same perspective
is used for the four snapshots, highlighting the changes in orientation of chains &} -, with time. The coloring is the same as in Figure 1;
hydrophobic residues are shown in yellow, polar ones in green, and positively and negatively charged ones in blue and red, respectively
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RMSD values below ~0.5 nm. After 200 ns, however, the RMSD
increased to above 1 nm. To test whether the structural changes
underlying this rise in RMSD are caused by structural instabilities in
either or both of the two HbS proteins composing the dimer (denoted
as HbS-1 and HbS-2 in the following), we calculated their individual
RMSDs after separately aligning HbS-1 and HbS-2 to their respective
starting structures. Both HbS-1 and HbS-2 are found to be stable as
their RMSD values do not fluctuate and do not rise beyond 0.3 nm.
To further characterize the structural fluctuations within the different
chains, we calculated the Ca RMSF, which we present as average over
ay, az, @y, and d, for the a chains and 1, 2, 1, and j, for the  chains
(Figure 4B). In contrast to the fluctuation profiles reported above for
the HbS monomer, in the HbS dimer, the flexibility of the « and g
chains is very similar, which indicates a higher structural stability of
the p-globin chains in the dimerized structure relative to the mono-
meric HbS. This can be explained by the contacts that are present
between $; and g, in the dimer (Figure 2), which limit the motions of
these residues. We analyzed the secondary structure of the dimer and
observed the preservation of all helices throughout the trajectory.

It can, thus, be concluded that both proteins composing the dimer
are more stable than in monomeric HbS, which indicates that the rise
of the RMSD for the HbS dimer must result from reorientations of
HbS-1 and HbS-2 with respect to each other. To characterize this
motion, we calculated the distance between the centers of mass of
HbS-1 and HbS-2 (Figure 4C, blue line), which shows that the two pro-
teins did not drift away from each other. Only small distance fluctua-
tions occurred, which, however, cannot explain the sudden RMSD
increase at ~200 ns. To further probe the cause of the RMSD increase,
we tested whether the orientation between HbS-1 and HbS-2 changed
during the simulation. To this end, we employed the Tcl script fit_angle.
tcl (provided at http://www.ks.uiuc.edu/Research/vmd/) using its func-
tion sel_sel_angle_frames. This calculation started with the least square
fitting a line through the coordinates of the atoms of HbS-1 and HbS-2,
respectively. The angle between the resulting two lines was then deter-
mined for all frames of the trajectory. In Figure 4D (red line), the devia-
tion of this angle from its starting value in the crystal structure is
shown. In the first 200 ns, only small changes in the orientation of
HbS-1 and HbS-2 with respect to each other occurred. However, after
200 ns, a considerable angular motion of about 60" took place. This
angle change coincides with the rise in the overall RMSD, allowing us
to conclude that this increase results from a change in the orientation
of the two HbS proteins composing the dimer. The origin of this reor-
ientation is due to the formation of more stable interprotein contacts,
as discussed below in section 3.3.

Since our aim is to simulate HbS aggregation, which can only be
accomplished at the CG level given the considerable system size, we
first probed the stability of the HbS dimer in a CG-MD simulation. For
comparability with the AA-MD simulation, this was run for 300 ns and
also analyzed in terms of Ca RMSD (Figure 4A). The dimer modeled at
the CG level was found to be stable. The RMSD rose quickly to 0.6 nm
within the first 10 ns and fluctuated between 0.6 and 0.8 nm for the
rest of the simulation. This is below the RMSD that was obtained in the
AA-MD simulation of the HbS dimer, as the two HbS proteins

composing the dimer did not rotate with respect to each other as hap-
pened in the AA-MD simulation. This suggests that the Martini force

field is a suitable choice for simulating the aggregation of hemoglobin.

3.3 | Protein-protein contacts in the HbS dimer

In order to understand the reorientation motion that occurred in the
AA-MD simulation of the HbS dimer, we analyzed the residue-residue
contacts between HbS-1 and HbS-2. Since the reorientation took
place at about 200 ns, the average interchain contact maps were com-
puted for the first 200 ns and last 100 ns of this simulation. The same
kind of analysis was applied to the CG-MD simulation of the HbS
dimer, which serves as a reference here.

For the HbS dimer in the AA-MD simulation, the interacting
chains for the first 200 ns were identified as -4, and p1-a5, while in
the last 100 ns, additional contacts were formed in the chain combina-
tions B»-B5 and po-d,. To further dissect these interactions, they were
resolved at the residue level. Residue i is said to be in contact with
residue j when they are within a distance of 0.5 nm of each other.
Table S1 shows the comparison between the amino acid residues
interacting during the first 200 ns and last 100 ns. These contacts are
generally quite similar, especially those involving the 41 chain, and
involve lateral contacts that have been previously reported experi-
mentally to be critical in the aggregation process of HbS,24>® such as
p1-Thr87/Leu88 with #,-Ser9, 1-Thr84 with ,-Valé, and p1-Thr87
with f,-Alal0. These are contacts involving and surrounding the
mutation site $-Valé, lending support to the importance of that muta-
tion for the HbS aggregation. Another contact, which was present all
the time, is between £1-Asn80 and o, -Ser49/His50.

As the contact information does not provide insight into the
strength of these interactions, we calculated the non-bonded interac-
tion energies consisting of both Lennard-Jones and electrostatic inter-
actions using the rerun option of the GROMACS mdrun program for
all the residue pairs identified by the protein-protein contact analysis.
For the residue pairs with a time-averaged interaction energy below
—2 kcal/mol, the results are shown in Figure 5A. The strongest inter-
molecular interactions are mostly electrostatic in nature, involving salt
bridges, such as the interactions $1-Glu90-4,-K17 and $1-Lys144-4,-
Glu121. The major difference noticed in the interactions between the
first 200ns and last 100 ns is the presence of hydrophobic interac-
tions in the first 200 ns involving f,-Pro5 interacting with $;1-Ala70
and p,-Val6é forming contacts with $;-Ala70/Phe85/Leu88 of the
other HbS protein, yet the absence of these interactions in the last
third of the simulation. The electrostatic interactions, on the other
hand, are only weakly present in the first 200 ns but dominate in the
last 100ns. This indicates that the Val6 gained from mutation
remained near the hydrophobic cavity as present in the crystal struc-
ture during the first 200 ns but moved away from that site in the latter
part of the simulation. This is a consequence of the rotation of the
two HbS proteins with respect to each other (Figure 4C), which is ini-
tiated by electrostatic interactions of p1-Glu90/Lys144 with
p5-Lys17/Glul21 that are only weak initially but, due to structural
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FIGURE 5 Time-averaged residue-residue interaction energies between

residue pairs

hemoglobin molecules. In the upper panels, the energies between the two

HbS proteins composing a dimer from (A) the AA-MD simulations and (B) the CG-MD simulations are shown. In the lower panels, the interaction
energies between any two hemoglobin molecules in the aggregation simulations leading to a decamer in the CG-MD simulations of (C) HbS and (D) HbA
are presented. Interaction energies involving Valé of HbS are highlighted in yellow, while electrostatic and polar interactions are colored in blue and
green, respectively. Purely hydrophobic interactions as well as interactions between hydrophobic and polar amino acids are shown by gray bars

fluctuations of the long side chains being involved, gain traction in the
course of the simulation. At about 205-215 ns, these interactions are
fully established. This is accompanied by a further polar contact that
formed, namely between f$,-Asn80 and a,-His20, while the other
polar contact, f;1-Asn80-a,-Ser49/His50, is the only interaction that
survived the whole 300 ns simulation. The rotational motion of HbS-1
and HbS-2 with respect to each other along with the relevant
residue-residue contacts is illustrated by snapshots taken from the
AA-MD simulation in Figure 4D. It should be noted that the impor-
tance of salt bridges in the lateral HbS-HbS contact formation was
also emphasized by Galamba and Pipolo; based on umbrella sampling
MD simulations they identified, among others, the 1-Glu90-4,-K17
salt bridge as a strong interaction.>®

The gain of interprotein Coulomb and Lennard-Jones interactions
may be counteracted by the loss of interactions with the surrounding
solvent. To assess the interplay between protein-protein and
protein-solvent interactions, we calculated the binding free energy,
AGp;ing Using the MM/PBSA method and decomposed it into relevant
contributions (see Equations (1) and (2), Table S2 and Figure S2). It
should be noted that the absolute energy values that result from this

method when applied to HbS dimers are too approximate to warrant
an in-depth analysis. They are neither comparable to experimental

5960 nor to those obtained

binding free energies of HbS dimerization
from more accurate, yet computationally more expensive umbrella
sampling calculations.>3¢ Moreover, a previous simulation study that
used MD simulations and MM/PBSA to calculate AGy;,yq for HbS
dimerization produced a value an order of magnitude smaller than the
experimental and umbrella sampling values.>® Therefore, here, we
only use the MM/PBSA results to study the change in AGy;,g contri-
butions with time in order to unravel the underlying interaction
changes. In a recent work by our group, where we applied the same
MM/PBSA method for the binding of small molecules to a protein, we
were very successful in identifying strongly and weakly binding
ligands, as confirmed by a wet-lab binding assay, by using relative
AGping energies (and ignoring the absolute values).®*

Considering the major structural rearrangement that occurred in
the HbS dimer at ~200 ns, the assessment of AGy;,q was performed
separately for the time spans 0-200 ns and 200-300 ns. Comparison
of the resulting AGp;,q values reveals that the reorientation in the

HbS dimer at =200 ns is driven by the formation of more stable
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residue-residue contacts than those present before, leading to a
decrease in AEcoy. This confirms the conclusions drawn above that
the creation of salt bridges involving globin chains g, and f, is the
main driving force behind that reorientation within the dimer. This
comes at the energetic cost of solvation, as AGpq,r increases; how-
ever, the gain from AEcq is larger than the loss from AGpgp.r. The dis-
section of the AGyg values into their per-residue contributions
unravels that negatively charged residues are often complex stabiliz-
ing, whereas positively charged residues contribute with positive
energy values to AGy;,g. The comparison between the per-residue
contributions at 0-200ns and 200-300ns reinforces our inference
that the hydrophobic residues around $,-Valé are no longer of rele-
vance after the dimer adjusted its geometry to create salt-bridge
interactions between chains f1 and f,. We, thus, conclude that the
lateral contacts in the HbS dimer crystal reported by Harrington
et al.2® are strong enough to sustain for a certain simulation time of
the HbS dimer in solution at room temperature, yet other, electro-
static contacts are also possible and, due to their strength, can cause
reorientations in the dimer.

For the HbS dimer in the CG-MD simulation, two residues i and
j were considered to be in contact when the distance between any
two beads from respective residues was under 0.75 nm. The inter-
acting chains discovered in the first 200 ns and last 100 ns are the
same, which correlates with the small RMSD values observed
throughout this simulation (Figure 4A). Table S3 shows the list of
interprotein contacts found in the CG system. The interchain contacts
are similar to those found in the AA-MD simulation, such as f,-Valé
interacting with the hydrophobic residues Ala70, Phe85, and Leu88 of
the 1 chain. However, there are also few differences. For example,
p1-Gly69 interacts with g,-Vall/Valé, p1-Leu88 with f,-Val126, and
p1-Asp73 with B5-Lys132. Apart from the latter interaction, the pre-
dominant interactions are found to be mainly of hydrophobic nature
(Figure 5B) and are mainly at and around the mutation site f3,-Valé
and its preferred interaction region at ,-Phe85/Leu88. This implies
that these hydrophobic interprotein contacts are strong enough that
the crystal structure of the HbS dimer remains stable in the CG-MD
simulations. Moreover, based on Figure 5B, it seems that electrostatic
interactions are generally less dominant in the Martini force field, as
the single salt bridge present between HbS-1 and HbS-2 in the CG-
MD simulation of the HbS dimer is only somewhat stronger than the
hydrophobic interactions. Therefore, there is no electrostatic driving
force for reorientations between HbS-1 and HbS-2 as witnessed in
the AA-MD simulations.

34 | Hemoglobin aggregation simulations

The aggregation of HbS was studied using CG-MD simulations, by all-
owing 10 HbS monomers to aggregate freely in a cubic simulation box
for 30 ps. At the end of the simulation, a decamer had formed, which
adopted an elongated shape (Figure 6, left). An oligomer size analysis
was carried out to study the growth of the aggregate as a function of

time (Figure 7A). Monomers i and j are said to associate when the

distance between any bead in i is under 0.75 nm from any bead inj. It
should be noted that this kind of analysis is quite robust against the
chosen cutoff distance as a reduction of this cutoff to 0.65 nm did not
change the result. We decided to use 0.75 nm to have a consistent
contact definition throughout this study, as this cutoff was applied to
the HbS dimer, too. Monomers i and j were said to dissociate when
the minimum distance between them is more than 1 nm. This higher
cutoff compared to the one applied for defining association allows for
reorientations between two HbS proteins in the process of assembly,
which might temporarily increase the distance between them, without
them being counted as dissociation events. Figure 7A shows that the
aggregation either involves the attachment of a monomer or of a tran-
siently formed dimer to the growing oligomer, which reaches the
decamer state at about 20 us. To check whether the individual mono-
mers underwent noteworthy structural changes during the aggrega-
tion process, the Ca RMSD was recorded for all HbS proteins
(Figure 7B). The resulting values are all in the range of 0.4-0.6 nm and
stable within 5 us, revealing that, apart from some initial changes, the
individual HbS proteins did not undergo noteworthy structural
rearrangements following the oligomer formation process.

In order to identify important protein-protein contacts involved
in the self-assembly process, interprotein contact maps were calcu-
lated for the interfaces between any two proteins (called dimers in
the following) present in the decamer. A total of 10 such dimers were
identified (Figure 6, left). To separate the weak and thus unimportant

contacts from the strong ones, we calculated the interaction energies

HbS K‘ ‘\HbA

%10 HbS or HbA

" monomers

HbS decamer HbA decamer

FIGURE 6 Hemoglobin aggregation pathways obtained from
CG-MD simulations. The simulations were started from 10 HbS or
HbA monomers. The aggregation proceeded in a stepwise fashion
until an HbS (left) or HbA (right) decamer formed
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FIGURE 7 Results of the aggregation simulations of HbS (top) abd HbA (bottom). (A) The aggregation state in terms of the number of

hemoglobin proteins in the oligomer that formed is provided. (B) The evolution of RMSD of the individual proteins during the aggregation
simulations confirms protein stability. (C) However, the RMSD of the back-mapped dimers composing the decamer during the AA-MD simulations
reveals that some of the HbA dimers are not stable. In (B) and (C) the different RMSD curves for the different proteins or dimers are shown in

different shades of green and blue, respectively

for all contacts identified. The interaction energies of these strong
contacts are displayed in Figure 5C. Several amino acid contacts
reported from previous studies were found to be present in our simu-
lation. Interestingly, $>-Val6, which is the mutated residue believed to
be the main cause of sickling of red blood cells, is found forming lat-
eral contacts with hydrophobic amino acid residue ,-Thr87 of the
interacting HbS protein. As mentioned above, these lateral contacts
are also present in the crystal structure of the HbS dimer?® and were
also reported in the studies carried out on the molecular interactions
in the crystal structure of HbS by Padlan and Love.>® However, there
are differences in the location of the amino acid residues on the
p-globin chains. In the previous HbS crystallographic studies, these
contacts are found to exist between g1 and f, or f, and g, chains.
Pro5, which is also an important amino acid residue forming contacts
in the HbS fiber, is seen here on the f, chain to interact with a series
of amino acid residues, such as Thr84, Phe85, and Thr87 of the f,
chain of the other monomer. This is complemented by f,-Ser9 inter-
acting with f,-Leu88. All these residues are in the direct neighbor-
hood of #,-Val6 and f,-Thr87, respectively. It can, thus, be concluded
that the lateral interactions in HbS aggregation are not only mediated
by f-Valé but also a cooperation between this and surrounding resi-
dues. The energy plots in Figure 5 show that these interactions
involve both hydrophobic and polar interactions.

As for the HbS dimer in the AA-MD simulation, electrostatic inter-
actions are also found to play a role, especially those involving -GIlu90,
which prefers to form contacts with $-Lys17. Here, the combinations
P1-Lys17-41-Glu90 and p,-Glu90-p;-Lys1l7 are encountered. This
contact can be formed together with the neighboring contacts

involving $-Valé, as the snapshot of the HbS dimer at t = 215ns in
Figure 4D shows. Finally, the interaction $1-Pro5-p5-Lys66 should be
mentioned, as it is of considerable strength and has not been
observed for the HbS dimer. In summary, the Martini force field iden-
tified the lateral contacts known from the HbS dimer crystal structure
as driving force behind HbS aggregation, in addition to a neighboring
electrostatic interaction that is not present in the crystal structure.

With the objective to test how robust our simulation results are
with respect to the mutation g-GluéVal, we performed the same kind
of CG-MD simulation for the aggregation of HbA. Figure 7A shows
the oligomer size as a function of time for HbA, which is very similar
to that of HbS. The only difference is that the maximum oligomeriza-
tion state of 10 was reached earlier, already at about 10 ys. Similar to
that of the HbS, the HbA decamer also adopts an elongated, yet more
curved shape (Figure 6). It should be noted that HbA is known to be
able to form linear aggregates, which is facilitated by the formation of
axial contacts between the a and g globins of neighboring hemoglobin
molecules (Figure 2A).2% The structural changes of the individual HbA
proteins during the simulation were assessed by calculating the Ca
RMSD from their respective starting structure (Figure 7B). The RMSD
values are mostly similar to those of the HbS proteins during the
aggregation simulation. Only one HbA protein deviated more from
the starting structure, reaching RMSD values of about 0.7 nm.

As for the HbS aggregation, we identified important protein-
protein contacts involved in the self-assembly process of HbA by ana-
lyzing the interprotein contacts present in the decamer. Most of the
dimers that formed during the HbA aggregation are found to have

similar interacting regions. The strongest contacts are present
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between chain a; and #}, chain 1 and g}, as well as chain $, and a}.
Comparison with the chain-chain interactions that drove the aggrega-
tion of HbS reveals a smaller involvement of chain 8, and an engage-
ment of a; instead in HbA aggregation. Among the strongest
molecular interactions, the electrostatic ones prevail, also in terms of
their number (Figure 5D). An example is the positively charged residue
B1-Lys17 that interacts with the negatively charged Asp74 and Asp75
of ). Importantly, Glué, which is the only amino acid residue that dif-
ferentiates HbA from HbS, is seen here as part of the g} chain of one
monomer interacting with several amino acid residues, including
Arg30 and Met55 of the #; chain of another monomer. The presence
of f-Glu and the absence of a valine residue at that place, thus cause
the aggregation of HbA to proceed via a different protein-protein
interaction surface than in the case of HbS. This observation is
supported by the fact that the only noteworthy hydrophobic/
hydrophilic contact was formed between f,-Val20 and & -Pro114, an
interaction that was not observed during HbS aggregation. Moreover,
while the CG-MD simulation of HbS aggregation predicted this pro-
cess to be mainly driven by lateral contacts, in the case of HbA, the

aggregation is largely facilitated by axial contacts.

3.5 | Stability of back-mapped dimers

While it is reassuring that the Martini force field is able to distinguish
between different interactions giving rise to HbS and HbA aggrega-
tion, we further verified that the protein-protein contacts sampled in
the CG-MD simulations are indeed stable by transferring the 10 HbS
and 10 HbA dimers that compose the respective decamer back to the
all-atom level and performed for each of them a 250 ns AA-MD simu-
lation. The resulting Ca RMSD plots (Figure 7C) reveal that the HbS
dimers are more stable than the HbA dimers. This indicates that more
stable protein-protein contacts are present in the HbS dimers, which
in reverse renders HbS more prone to aggregation in contrast to HbA.
For the HbS systems, eight of the 10 dimers have RMSD values below
1.0 nm and the remaining two show deviations of maximal 1.5 nm.
For HbA, on the other hand, 70% of the dimers feature RMSD values
above 1.0 nm, and three of the dimers even reach RMSD values
clearly above 2.0 nm.

The two most stable and two least stable back-mapped HbS
dimers (final RMSD ~ 0.5 and >1 nm, respectively) and the three least
stable HbA dimers (final RMSD >2 nm) were analyzed in more detail
to understand the sources of stability and instability, respectively. We
first assessed whether the dimers dissociated by calculating the dis-
tance between the centers of mass of the two hemoglobin proteins
composing the dimer in question (Figure S3A). While none of the HbS
or HbA dimers dissociated within the 250 ns simulation time, the dis-
tance between HbA-1 and HbA-2 is generally larger than that
between HbS-1 and HbS-2 and even reached beyond 7 nm. In the
HbS dimers, on the other hand, this interprotein distance is mostly
below 6 nm and thus similar to the corresponding distance in the HbS
dimer crystal. These different distances follow from the distinct inter-

protein contact areas in HbA and HbS dimers, involving axial contacts

in the case of HbA and lateral contacts in the HbS dimers. Next, we
analyzed whether the hemoglobin proteins change their orientation
with respect to each other by calculating the change in angle between
them. As done before, we fitted a line through the atoms belonging to
HbS-1 and HbS-2 (or HbA-1 and HbA-2), respectively, and computed
the angle between these lines. In Figure S3B, the change in this angle
is plotted. In the two HbS dimers with the lowest RMSD values, the
orientation of the two HbS molecules with respect to each other is
stable and the angle changes are generally below 25°. In the unstable
HbS dimers, on the other hand, the relative orientation of the two
HbS proteins is less conserved, as angles of 50  and above are
reached. However, in two of the most unstable HbA dimers, this angle
even rises beyond 150°, reinforcing the conclusion that no stable
interprotein contact surface has formed here.

In order to identify the protein-protein contacts that lead to
either stable or unstable hemoglobin dimers, interprotein contact
maps were calculated and for the contacts identified, the interaction
energies were determined. For the strong HbS contacts, the time- and
dimer-averaged interaction energies are provided in Figure S3C. Simi-
lar residue-residue contacts are found as identified in the AA-MD
simulation of the HbS dimer started from the crystal structure
(Figure 5A) and as encountered during HbS aggregation in the CG-
MD simulation (Figure 5D), which underscores the importance of
these lateral interprotein contacts for both the aggregation process
and the stability of the resulting aggregates. The contacts majorly
involve or surround the mutation site Valé, such as ;-Ala70/Thr84/
Leu88/Phe85 interacting with f,-Pro5/Valé/Ser9. Moreover, as
observed in the HbS dimer in the AA-MD simulation and CG-MD
aggregation simulation, where electrostatic interactions appeared to
play a major role, p1-Glu90 is found to strongly interact with
p5-Lys17. Another noteworthy protein-protein interaction is
observed between f1-Asp73 and the polar amino acid residue
p5-Thrd. This interaction emerged from its neighborhood to the
mainly hydrophobic interactions involving the mutation site Valé. The
number of interactions in the least stable back-mapped HbS dimers is
notably smaller. Especially, the interactions involving Val6 of the g
chains and its surrounding residues are less pronounced or even miss-
ing, which cannot be compensated by the additional contact involving
pa-His2 and p,-Lys120 and the very strong electrostatic interaction
between $1-Glu90 and f,-Lys17. It can be inferred that the latter
gives rise to the stably low interprotein distance in the least stable
HbS dimers (Figure S3A), yet it is not sufficient to keep the orientation
between the two proteins the same.

For the HbA back-mapped dimers, the contacts in the least stable
dimers are completely different than those that drove the aggregation
process (Figure S3C versus Figure 5D). This finding is different from
the observations made for HbS and indicates that the interprotein
contacts encountered during HbA aggregation do not give rise to a
characteristic aggregation pattern as seen for HbS. Another difference
is that the contacts are not formed between two g chains underlying
lateral contacts but between a; and ) or f;, corresponding to axial
contacts. As for the HbA aggregation process, the strongest inter-

molecular interactions in the HbA back-mapped dimers are mostly
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electrostatic in nature, such as the interactions as-Lys60-p;-Glu90/
Asp94 and a;-Lys82-p;-Asp47. Another prominent interaction
involves the polar contact a;-Ser49/Ser52-p;-Asn80. Hydrophobic
contacts, which are individually weaker than an electrostatic or polar
contact, yet in HbS involve several residues at once and are in sum of
noteworthy magnitude and involve a larger contact area, are
completely missing in the HbA dimers. This implies that the electro-
static/polar interprotein contacts in the HbA dimers are strong
enough to prevent the HbA proteins to dissociate from each other,

yet they are too local to avoid protein reorientations in the dimer.

4 | CONCLUSIONS

We studied different aspects of the human sickle hemoglobin begin-
ning with the conformational dynamics of its monomeric units and
finishing off with the aggregation into decamers and an analysis of the
underlying protein-protein interactions. At each point, the wild-type
hemoglobin was studied alongside to provide a reference system for
interpreting the observations from the sickle hemoglobin structure
and, crucially, for shedding light on the structural effects of the
disease-causing GluéVal mutation. Our investigation revealed that this
mutation kicks off effects that may not be directly obvious. We
uncovered that the mutation leads to an increase in the overall struc-
tural rigidity of the sickle hemoglobin monomeric and dimeric assem-
blies. The pg-globin chains in particular were observed to exhibit
differences in flexibility between the sickle and the wild-type hemo-
globin, with the former's g-globin chain being more stable. The
involvement of this particular chain in reported aggregate contacts
indicates that even a slight stabilization of this chain could contribute
to the difference between pathologic aggregation observed in sickle
hemoglobin and the absence of it in the wild type. Our analysis also
revealed a stabilization of the His63-Fe?* coordination as a result of
the GluéVal mutation that may play a role in the reduced O, binding
by sickle hemoglobin.

From the aggregation simulations, we identified some previously
reported residue contacts and new ones that are likely involved in the
early phase of the HbS polymerization process. In particular, the
aggregation simulations resulting in an HbS decamer and the in-depth
analysis of the HbS dimers composing the decamer reinforce the
importance of the lateral contact formed between pg-Valé6 and
f-Phe85/Leu88 of the interacting HbS protein. Importantly, this
hydrophobic interaction gives rise to a number of further hydrophobic
and polar residue-residue contacts, involving #-Thr4/Pro5/Ser9 and
f-Ala70/Asp73/Thr84/Thr87. In addition, there is a particularly stable
electrostatic interaction that is in the direct neighborhood surrounding
the contact area involving 8-Valé, namely the g-Lys17-4-Glu90 con-
tact. Only the sum of these interactions creates a stable contact area
around the f-Val6-4-Phe85/Leu88 interaction. This observation is
not in full agreement with the previous conclusion that the presence
of p-Valé is less important for the HbS polymerization than the
absence of $-Glué.3” From comparing our HbS and HbA simulation

results, we deduce that both the absence of -Glué and the presence

of -Valé are important for HbS aggregation. The absence of -Glué
allows the contact between f-Lys17 and -Glu90 to be formed, as in
HDbA the #-Glué residue being close to -Lys17 prevents the latter to
get close to [iv-GIu‘?O. A similar conclusion was reached by Galamba®®
and would explain why HbA is able to polymerize in a similar fashion
as HbS at high salt (1.5 M potassium phosphate) concentrations,?’~
2962 which screens the repulsion between $-Glué and 4-Glu90. The
presence of #-Valé, on the other hand, allows a network of contacts
to be established around the well-known g-Val6-p-Phe85/Leu88
interaction. With regard to HbA, we conclude that it is also able to
form aggregates, yet involving mainly axial contacts that are not suffi-
cient in terms of number and strength to lead to stable, long-lived
HbA aggregates.

Taken together, we have presented important structural informa-
tion about sickle hemoglobin structure and aggregation, which, we
believe, will be important in the search for novel aggregation inhibi-
tors for the treatment of sickle cell disease. Here, in addition to
targeting the hydrophobic HbS-HbS interaction involving g-Valé, one
could additionally aim at interrupting the electrostatic f-Lys17-5-
Glu90 contact.
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