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Molecular dynamics simulation and MM–PBSA
calculations of sickle cell hemoglobin in
dimer form with Val, Trp, or Phe at the
lateral contact
Hadi Abroshana, Hamed Akbarzadeha and Golam Abbas Parsafara*
As the delay time and hence nuclei formation play
simulation and molecular mechanics–Poisson–Boltzm
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a crucial role in the pathophysiology of sickle cell disease, MD
ann surface area (MM–PBSA) calculations have been performed

on three systems of hemoglobin; namely dimer of hemoglobin with valine (Hb S), tryptophan (Hbb6W), and
phenylalanine (Hbb6F) at b6 position. The structural changes due to these aromatic substitutions are investigated.
It is shown that b subunits have significant impact on the differences between a dimer and other crystal structures.
Transition from a dimer to polymer for Hb S system affects the donor molecule more than that of the acceptor. In the
case of donor and acceptor subunits, the RMSD values are ordered as Hbb6F>Hbb6W>Hb S which predicts a larger
deviation for the Hbb6F dimer. It is shown that the formation of stable dimers is in the order of Hbb6F>Hb
S>Hbb6W, but contribution of the b6 residue in Hbb6W is more than two other systems. This study shows that the
interaction of b6 residue in Hb S is mostly van der Waals type, but in two other systems the electrostatic interaction is
also noticeable, especially in the case of Hbb6W inwhich the hydrogen bond plays an important role in the association
of monomers. Trp and Phe also have a stabilizing van der Waals interaction with a hydrophobic pocket composed of
1b2-10Ala, 1b2-125Pro, 1b2-126Val, and 1b2-129Ala. Our survey shows that the role of 2b1-85Phe is very important
only in the nucleus formation of Hb S, but not for the subsequent processes. Copyright� 2010 JohnWiley & Sons, Ltd.
Supporting information may be found in the online versi
on of this paper.
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INTRODUCTION

Sickle cell anemia reflects a single change in the amino acid
building blocks of the oxygen-transport protein, hemoglobin.
The beta subunits have the neutral hydrophobic amino acid
valine at the position 6 instead of the negatively charged amino
acid, Glu.[1,2] The change from a charged to a neutral hydrophobic
amino acid creates a sticky patch on the molecular surface that
causes aggregation upon deoxygenation. The aggregate is the
polymer of sickle cell hemoglobin (Hb S) molecules that assemble
in such a way to form seven double stranded fibers.[1–4] For Hb S,
the b-6Val residue is intimately involved in a specific lateral
contact, at the donor site, which interacts with the acceptor site
(hydrophobic EF acceptor pocket) of an adjacent molecule
composed predominately of the hydrophobic residue b-85Phe
and b-88Leu.[5]

Polymerization is promoted with mutations of b6-Glu! Leu
and b6-Glu! Ile, whereas mutation of b6-Glu! Trp (Hbb6W)
and b6-Glu! Phe (Hbb6F) results in a lower polymerization
relative to Hb S, albeit without the delay period characteristic of
Hb S polymerization. Adachi et al. suggested that Hbb6W and
Hbb6F form polymers upon deoxygenation by a linear
polymerization mechanism without nuclei formation.[6] On
the other hand, De Cross et al. have demonstrated that
g. Chem. 2010, 23 866–877 Copyright � 2010
5-bromotryptophan (5-BrTrp) or 5-BrTrp-5-BrTrp derivatives are
even more potent inhibitors and suggested that these inhibitors
could interact at the surface of the hydrophobic EF pocket and
hinder the binding between the donor and the acceptor sites of
Hb S.[7]

Studies on characterization of nuclei prior to polymerization
may help to define a rational strategy aimed at retarding nuclei
formation and inhibiting red cell sickling in patients with sickle
cell disease. In recent years, MD simulation has proved to be a
valuable tool for studying the dynamic behavior of macromol-
ecular systems,[8–17] and the method is complementary to static
X-ray diffraction methods. Especially, for the elucidation of
the dynamic pathways of biological transport mechanisms[18–22]

and conformational changes,[23–25] MD techniques have
recently been very successful in providing additional knowledge
concerning complicated biochemical interactions. The molecular
John Wiley & Sons, Ltd.



SICKLE CELL HEMOGLOBINS IN DIMER FORM
mechanics–Poisson–Boltzmann surface area (MM–PBSA) method
was developed to estimate the free energy of ligand–protein and
protein–protein interactions.[26] This method combines the
calculated interaction energies of MD simulations with the
Poisson–Boltzmann calculations of the solvation energy and
molecular surface area-based calculations of the non-polar
contribution to the solvation free energy.
Substitution of aromatic amino acids like tryptophan and

phenylalanine at the b6 position of the hemoglobin molecules
inhibits the polymerization and may prevent nuclei formation
prior to the polymerization.[6] To explore the structural basis for
the striking inhibition of polymerization with a significantly
larger residue at b6 (Trp, Phe), molecular dynamics simulations
have been performed on dimers of hemoglobin with valine,
tryptophan, and phenylalanine at the lateral contact. We have
studied the structural changes in the presumed dimers of
hemoglobin after replacement of b6-val by tryptophan and
phenylalanine relative to Hb S. Interaction energies involved for
the residue at b6 position for the three mentioned systems have
been evaluated and compared. Energy calculations have also
been done to make clear which subunits are more favored to
have stabilizing interaction with each other when two hemo-
globin molecules are associated. Since association of monomers
depends on the solvation energy as well as the interaction energy
between monomers in the associated form, free energy
calculation using the MM–PBSA method was done and the
results have been compared to calculate the relative binding
free energy. The contribution of residue b6 to the binding in
each of the three systems was evaluated.
MATERIALS AND METHODS

Labeling molecules and subunits

Each system has two hemoglobinmolecules associated with each
other: one as a donor site is labeled by molecule 1 and the other
as the acceptor is labeled by molecule 2. Figure 1 shows how the
molecules 1 and 2 and their subunits are assigned. As a paradigm
the term 1b2-6Val implies a valine at the sixth position of the b2

subunit of the molecule 1.

Setup of the systems

Initial coordinates for the Hb S were taken from the 2.05 Å
resolution crystal structure of deoxyhemoglobin S (Protein Data
Bank (PDB) code: 2HBS)[27] and to prepare the initial coordinates
Figure 1. Two hemoglobin molecules along with their subunits. Mol-

ecule 1 andmolecule 2 are labeled as donor and acceptor, respectively. b2

of molecule 1 (1b2) is the donor subunit and b1 of molecule 2 (2b1) is the

acceptor subunit in each dimer
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of Hbb6W and Hbb6F approximated models, the side chain of b6
position at lateral contact of the 2HBS has been altered to
tryptophan’s and phenylalanine’s side chains respectively. Other
valine residues at b6 positions were not replaced. Like ordinary
X-ray structures, the initial structures have no hydrogen atoms;
therefore, visual molecular dynamics (VMD)[28] molecular
graphics program with CHARMM topology[29] have been applied
to add hydrogen atoms. All of the His-20, -45, -50, and -72 of the a
subunits and His-77 and -117 of b subunits were modeled as
positively charged residues, because these residues are located
closely to negatively charged residues.[1,2] All the other histidine
residues were modeled as neutral. All Glu and Asp residues
were modeled as negatively charged because of the charges of
their neighbor residues. The N- and C-terminal residues were
modeled as positively and negatively charged, respectively. The
entire system had the total charge of 16.0eþ. The resulting
structures were surrounded by a rectangular periodic box of
TIP3P water molecules[30] that extended to at least 9 Å from
the protein atoms to build a 117 Å� 116 Å� 88 Å box for
the simulation process. By using the VMD autoionize plugin,
sodium and chloride ions were added randomly to the simulation
boxes, to neutralize the systems at a physiological salt
concentration of �100mM. The total number of atoms for
each system was �115 000.

MD simulations

Molecular dynamics simulations were performed using the
NAMD package[31] with the CHARMM force field.[29] Before the
simulations were carried out, energy of each system was
minimized through 25 000 steps. After the minimization, in
order to heat proteins, MD runs were carried out at 50, 100, 150,
200, 250, and 300 K for 50 ps at each temperature. MD
simulations were continued at 310 K through 12 ns for Hb S,
14 ns for Hbb6F, and 18 ns for Hbb6F. All simulations were
performed under NPT and periodic boundary conditions, using
Langevin dynamics with a damping coefficient of 0.5 ps�1 and
Nose–Hoover Langevin piston[32] with a piston period of 200 fs
and a decay time of 100 fs for keeping the temperature and
pressure (1 atm) constant respectively. All hydrogen bonds
were constrained during the MD simulations using the SHAKE
algorithm.[33] The particle mesh Ewald (PME) algorithm[34]

was used for the calculation of a long-range electrostatic
interaction. The van der Waals forces were treated using a
cutoff of 10 Å and the equations of motion were integrated
with a time step of 2 fs.

MM–PBSA calculations

The procedure for estimating the binding free energy of the
protein–protein complexes is as follows: As many as 100
snapshots have been taken from the last 2 ns of MD trajectory
of the donor–acceptor complexes. Unbound proteins were also
taken out from the protein–protein complexes’ trajectory. The
explicit water molecules and ions were removed from the
snapshots. The free energy of each species was calculated as
follows:

Gtot ¼ HMM þ Gsolv � TDSconf (1)

where HMM is the sum of the terms calculated by molecular
mechanics (MM) methods, Ebondþ Eangleþ Etorsionþ EvdWþ Eelec.
This term was calculated by using NAMD energy plugin in VMD
Sons, Ltd. www.interscience.wiley.com/journal/poc
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Figure 2. Evolution of root-mean square deviation (RMSD) of the

atoms in the backbone of the proteins over time from the initial structure

for: (a) Hb S, (b) Hbb6F, and (c) Hbb6W
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with CHARMM force field. Solvation free energy (Gsolv) is divided
into polar and non-polar parts,

Gsolv ¼ Gsolv�np þ Gsolv�pol (2)

The PBSA was used to evaluate the electrostatic solvation
energy (Gsolv-pol).

[35] The non-polar contribution (Gsolv-np), as a
linear function of solvent-accessible surface area (SASA) with a
probe radius of 1.4 Å, was calculated from

Gsolve�np ¼ gSASAþ b (3)

where the surface tension g and the offset b were set to the
standard values of 0.00542 kcalmol�1 Å�2 and 0.92 kcalmol�1,
respectively.[36] The time-consuming conformational entropy
change, TDSconf, was not included, because of the large
computational overhead and low prediction accuracy. Consider-
ing the protein–protein binding of single residue mutants, it has
been found that the entropic contribution difference nearly
canceled.[37] We have also neglected the entropy term, assuming
that it will be very similar for all systems. The binding free energy
is approximated by the difference,

DGbind ¼ Gtot ðdonor� acceptorÞ � Gtot ðdonorÞ

� Gtot ðacceptorÞ (4)

For the APBS calculation, the CHARMM radii and charges were
used. The solvent dielectric, protein dielectric, and solvent radius
were set to 80.0, 1.0, and 1.4 Å, respectively. There were no
counterions, and the cubic spline window and the Vacc sphere
density (sdens) were set to 0.3 and 10, respectively. To find the
approximate role of the b6 residue in the solvation free energy,
the side chain of the mentioned residue was removed from the
donor molecule and the PBSA calculation was repeated. The
differences between the two results were considered as the polar
contribution of solvation free energy for the side chain of b6
residue.

Energy calculations

For eachMD trajectory of our simulations, NAMD energy plugin in
VMD with CHARMM force field has been applied to calculate the
van der Waals and electrostatic interaction energies between
different selections in each frame of the simulations. All system
preparations, simulation trajectory analysis, and figure prep-
aration were done using VMD. All abbreviations of atom names
are based on the CHARMM topology.
RESULTS

Conformational stability of simulations

To investigate the structural behavior of the proteins and test
the stability of simulations, we have calculated the root-mean
square deviation (RMSD) of the atoms in the backbone of the
proteins from the starting structures. As Fig. 2 shows, Hb S
dimer reaches the equilibrium state sooner than two other
dimers (approximated models of Hbb6W and Hbb6F). The
average RMSD values for Hb S, Hbb6W, and Hbb6F systems
within the last 2 ns of the simulations are 3.94, 6.00, and 6.62 Å,
respectively. Due to the mutations which have taken place in
the active site of the associated hemoglobin molecules, the
more needed time for reaching the relative equilibrium state
www.interscience.wiley.com/journal/poc Copyright � 2010 John
and high values of RMSD for Hbb6W and Hbb6F systems
relative to Hb S were predictable.
In each molecule, the a subunits usually show less RMSD

than the b subunits which is in agreement with previous
reports for Hb A and Hb S.[38,39] Since the PDB file of Hb S dimer
has been obtained from crystallographic data, such results
may indicate that for the Hb S system, the position of the
a subunits will change less than that of the b subunits when
new monomers are added to the dimer to form a polymer. On
the other hand, in this study Hbb6W and Hbb6F approximated
models have been constructed using crystallographic data of
Hb S; therefore, we may conclude that for three systems, the
a subunits undergo less changes during the association of
dimers for the formation of a polymer. In the other words,
deviation of the b subunits may be the main source of
structural differences of three systems in the crystal state. This
suggestion should be tested by analysis of crystallographic
data for Hbb6W and Hbb6F. As shown in Table 1, each subunit
in different systems has a different value of RMSD. In the Hb S
system, 2a1, 2a2, and 1a2 have the least value of RMSD and 1b1

has the highest value. In the Hbb6W system, 2a1 and 2a2 have
the least and 1b1 and 1b2 have the highest value of RMSD. In
the Hbb6F system, 2a1 and 1a2 have the least and 1b1 and 1b2

have the highest value of RMSD. In all three systems, 1b1

subunit has a high value of RMSD which may reveal some points
about the structural differences between the dimer and
polymer states of sickle cell hemoglobin. This table clearly
shows that the value of RMSD for subunits of the donor
hemoglobins in the Hbb6W is higher than those for subunits of
Wiley & Sons, Ltd. J. Phys. Org. Chem. 2010, 23 866–877



Table 1. Average root mean square deviation (RMSD) within
the last 2 ns of the simulation for different subunits and their
dimers for the three systems

Hb S Hbb6W Hbb6F

2a1 1.07 0.95 1.15
2b1 1.49 1.77 1.25
2a2 1.08 0.92 1.30
2b2 1.85 1.50 1.91
1a1 1.94 1.56 1.42
1b1 2.62 1.89 2.04
1a2 0.95 1.72 0.96
1b2 1.33 2.27 1.97
2a12b1 1.56 1.91 1.60
2a12a2 2.34 2.62 4.47
2a12b2 3.75 3.18 4.74
2a22b1 1.99 2.17 2.94
2b12b2 2.90 3.11 3.49
2a22b2 2.09 2.22 2.62
1a11b1 2.60 2.26 2.13
1a11a2 2.47 2.65 2.70
1a11b2 2.82 3.37 3.85
1a21b1 2.27 2.59 2.41
1b11b2 2.61 2.70 3.34
1a21b2 1.69 2.32 2.29
1b22b1 1.82 2.36 2.80
1 3.00 3.44 4.35
2 2.66 3.59 2.86

The value of RMSD for molecule 1 and molecule 2 are also
given.
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the acceptor molecules. This is also true for the b subunits of
Hbb6F. It is worthy to note that in such systems, the donor
subunit (1b2) also has a high RMSD value. It is also interesting to
consider that for the Hb S system 1b2 subunit has the least
RMSD value among all the b subunits. The average values of
RMSD for all subunits of Hb S, Hbb6W, and Hbb6F systems are
1.54, 1.57, and 1.50 Å respectively. This result along with the
data of Table 1 show that the value of RMSD for the entire Hb S,
Hbb6W, and Hbb6F dimers are clearly larger than those of the
eight subunits and the mentioned average values. These results
imply that the subunits changed their relative positions in
keeping with the tertiary structures.
The RMSD value for the various dimers of subunits indicates

which dimers of subunits in the solution are structurally
different with or similar to those in the crystal structure of
Hb S. A high value of RMSD refers to more variant relative to a
crystal of Hb S and a low value compared to those dimers
that have relatively similar structures in both crystal and
dimer in solution. It is interesting to note that these values
for the Hbb6F system are usually more than those for two
other systems. The average values of RMSD for subunit
dimers of Hb S, Hbb6W, and Hbb6F are 2.38, 2.57, and 3.03 Å
respectively. In the case of 1b22b1 (donor and acceptor
subunits), the values are ordered as Hbb6F>Hbb6W>Hb S
which predicts the difference in the donor and acceptor
subunits of Hbb6F is larger if two hemoglobins form a dimer.
The RMSD results for the separated molecules 1 and 2 have
J. Phys. Org. Chem. 2010, 23 866–877 Copyright � 2010 John Wiley &
also been shown in Table 1 which shows that for the Hbb6W
system they have a similar value, but for two other systems
molecule 1 has a higher value, compared to molecule 2.
This may suggest that the transition of dimer to polymer for
Hb S system affects the donor molecule more than that of the
acceptor. On the other hand, it may be concluded from the
approximated model that replacement of valine by phenyl-
alanine affects the donor molecule more than the acceptor;
however, the replacement by tryptophan affects both of them,
equally.
In order to find the structural changes after the aromatic

mutations, the average residue-based RMSD was calculated
within the last 2 ns of simulations, compared to the initial
coordinates (Fig. 3). The largest deviations usually occur in
the terminal and loop regions between the a-helices. For
all three systems, the relative position of a-helices in a
subunit is changed, although there is no significant change
in the overall folding pattern. In both a and b subunits, the
CD loop shows the largest deviation compared to other loops
which is based on the length of the loop that is allowed to
vary.
For the three systems, the root-mean square fluctuations

(RMSFs) of Ca for different residues were calculated within the
last 2 ns of simulations and compared with the equivalent RMSF
derived from the B-values in two HbS crystal. Both
experimental and computational results show that in the three
systems the largest deviations occur in the terminal and loop
regions, which are experimentally known to be the most
flexible regions. A major difference observed between the
RMSF derived from the B-factor and that computed from
the simulation result is that the peak values of the RMSF for
the loop are higher in the simulation than in the crystal
structure. This may be due to the constraints on loopmobility of
the crystal which are removed for the proteins in the water box
of simulations. It should be noted that for other regions, RMSF
derived from the B-values and that computed from the
simulation results are similar to some extent. In Table 2
averages of Ca-RMSF for eight subunits in the three systems
have been presented. This table indicates that for dimers of
three systems, a subunits usually have less fluctuation
compared to b subunits. On the other hand, RMSF derived
from the B-factor of two HbS shows that there is
approximately no significant difference between different
types of subunits.

Free energy calculation

Binding free energy calculations provide the qualitative analysis
for the effects of residue replacement on protein–protein binding
interaction. The results of the MM–PBSA energy terms are
presented in Table 3. The MM–PBSA analysis allows us to separate
the total free energy of binding into the electrostatic, van der
Waals, and solute–solvent interactions, and thereby provides
additional insights into the physics of the acceptor–donor
association process. As shown in Table 3, electrostatic interaction
(DHelec

MM) plays a very important role in the dimerization. When the
DHelec

MM term is neglected, binding free energy of Hbb6W will be
�18 kcalmol�1, while for the other two systems it is approxi-
mately zero. Taking into account the different energy terms we
may conclude that two molecules, donor and acceptor, are more
apart in the Hbb6W. Such a conclusion is in accordance with
DGsolv�polgiven in Table 3. The value of DGsolv�pol for Hbb6W is
Sons, Ltd. www.interscience.wiley.com/journal/poc
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Figure 3. Residue-based root-mean square deviation (RMSD) obtained from MD simulation versus the residue number for different subunits of Hb S (—),

Hbb6F (. . .), and Hbb6W (– . . .)

H. ABROSHAN, H. AKBARZADEH AND G. A. PARSAFAR

8
7
0

noticeably small, compared to that for the two other systems. This
may indicate that in Hbb6W, the loss of protein surface during the
association process is less than that for the other two systems.
Considering water molecules and the residue at b6 position, the
RDF graph also supports such an indication (Fig. 4). For all
systems, it may be concluded that the fist layer is formed at a
similar distance (�4 Å), but for Hbb6W the number of water
molecules is more than that of the other two systems. This
conclusion is a reasonable result since tryptophan is more polar
than valine and phenylalanine which allows water molecules to
Table 2. Average value of Ca-RMSF for eight subunits of all
three systems

Hb S Hbb6W Hbb6F B-factor

2a1 0.74 0.65 0.72 0.84
2b1 0.91 0.82 0.77 0.79
2a2 0.67 0.72 0.65 0.78
2b2 0.87 0.98 0.93 0.82
1a1 0.77 0.83 0.87 0.85
1b1 0.93 0.90 1.07 0.77
1a2 0.65 0.74 0.62 0.77
1b2 0.81 0.81 0.96 0.79

The calculated Ca-RMSF based on the B-factor for Hb S crystal
is also presented. Temperature factor flexibility calculated as
(3B/8p2)1/2, where B is the temperature factor.

www.interscience.wiley.com/journal/poc Copyright � 2010 John
be more closer to it. Concisely, Table 3 predicts favorable
dimerization of hemoglobin in the following order: Hbb6F>Hb
S>Hbb6W. The contribution of side chain of 1b6 residue in free
energy is also presented in Table 3. Although the value of DHelec

MM

could be elucidated on the basis of the dipolar character of the
side chains, its value in the case of Hbb6W can be explained via
the hydrogen bond formation which is explained in the next
section. The value of DGsolv�pol term can be justified as follows:
valine is a hydrophobic amino acid which cannot interact
with water molecule electrostatically. Based on the RDF graph,
tryptophan interacts with more water molecules in the complex
state, but phenylalanine is more buried and hence it does not
interact with as many water molecules in the complex state. It
is also interesting to note that in Hbb6W, the contribution of
1b6 residue to the free energy is more than in the other two
systems.

Interactions of residue at b6 position

The van der Waals and electrostatic interactions were
computed to investigate the forces which lead to the most
stable conformation. In the Hb S system with Val at 1b6 position
in lateral contact four major interactions were detected.
Trajectory analyses show that 2b1-73Asp, 2b1-84Thr,
2b1-85Phe, and 2b1-88Leu have more stabilizing interactions
with 1b2-6Val than with the others. As shown in Fig. 5, with the
exception of 2b1-73Asp, for other mentioned residues,
interaction is predominantly van der Waals-type and the
electrostatic interaction does not contribute much. However,
Wiley & Sons, Ltd. J. Phys. Org. Chem. 2010, 23 866–877



Table 3. Binding free energy components for the donor–acceptor complex by using the MM–PBSA method

System DHvdW
MM DHelec

MM DGsolv�np DGsolv�pol DGa
tot DDGb

tot %

HbS-HbS �39.16 �184.93 �5.82 45.04 �184.87 (3.70) 0 —
Hbb6W-Hbb6W �36.81 �152.34 �5.85 24.69 �170.30 (3.21) þ14.57 —
Hbb6F-Hbb6F �49.39 �199.93 �7.93 58.16 �199.09 (4.24) �14.22 —
HbS-HbSc �5.84 �0.10 �0.60 1.59 �4.95 (0.84) — 2.68
Hbb6W-Hbb6Wc �10.05 �4.37 �0.86 3.88 �11.46 (0.72) — 6.73
Hbb6F-Hbb6Fc �8.02 �1.97 �0.55 7.56 �2.96 (0.50) — 1.49

All energies are in kcalmol�1. Statistical errors are given in parentheses. In the last column the contribution of 1b6 residue in free
energy is given as percentage of DGa

tot.
aDGtot ¼ DHvdW

MM þ DHelec
MM þ DGsolv�np þ DGsolv�pol

bDDGtot ¼ DGtotðsystemÞ � DGtotðHb SÞ
c Systems without side chain of 1b6 residue.

SICKLE CELL HEMOGLOBINS IN DIMER FORM
for 2b1-73Asp the van der Waals and electrostatic contributions
are comparable. Results show that valine has more stabilizing
interaction with 2b1-85Phe than with the other residues, as
reported by others.[40,41] On the other hand, experimentally
2b1-85Phe should have a higher interaction energy than
2b1-88Leu with 1b2-6Val,

[42,43] which is in accordance with our
result. Harrington et al. have shown that the lateral contact
also includes hydrophilic interactions and bridging water
molecules at the periphery of the contact.[27] Simulation of Hb S
has shown that there are some water molecules which can
form bridging hydrogen bonds between two tetramers in the
lateral contact. As shown in Fig. 6, at 1b2-6Val one water
molecule forms a bridging hydrogen bond between two
main-chain carbonyl oxygens of 2b1-84Thr and 1b2-6Val.
Trajectories also presented that bridging hydrogen bonds
between the following pairs could be possible: (2b1-65Lys,
1b2-79Asp), (2b1-66Lys, 1b2-5Pro), (2b1-66Lys, 1b2-8Lys),
(2b1-66Lys, 1b2-9Ser), (2b1-66Lys, 1b2-12Thr), (2b1-69Gly,
1b2-4Thr), (2b1-73Asp, 1b2-4Thr), and (2b1-87Thr, 1b2-123Thr).
For the Hbb6W system, the van der Waals and electrostatic

interaction energies between the side chain of Trp at 1b6 position
Figure 4. Radial distribution function g(r), for water molecules with

respect to 1b6 residue for (a) Hb S, (b) Hbb6W, and (c) Hbb6F, respectively

J. Phys. Org. Chem. 2010, 23 866–877 Copyright � 2010 John Wiley &
in lateral contact and 2b1-73Asp, 2b1-84Thr, 2b1-85Phe,
2b1-87Thr, and 2b1-88Leu were computed and presented in
Fig. 7. Trajectory analysis has shown that a hydrogen bond
formation between the main-chain carbonyl oxygen of 2b1-84Thr
and HE1 atom of 1b2-6Trp is favored. The HE1 atom of 1b2-6Trp
Figure 5. Interaction energy (kcalmol�1) of residue (a) 2b1-73Asp, (b)

2b1-84Thr, (c) 2b1-85Phe, and (d) 2b1-88Leu and side chain of 1b2-6Val as
a function of simulation time (ps). Black, red, and blue indicate electro-

static, van der Waals, and total energy, respectively

Sons, Ltd. www.interscience.wiley.com/journal/poc
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Figure 8. Distance (Å) between two atoms involved in the hydrogen
bond formation as a function of simulation time between main-chain

carbonyl oxygen of 2b1-84Thr and HE1 atom of 1b2-6Trp

Figure 7. Interaction energy (kcalmol�1) of the side chain of 1b2-6Trp

and (a) 2b1-73Asp, (b) 2b1-84Thr, (c) 2b1-85Phe, (d) 2b1-87Thr, and (e)

2b1-88Leu as a function of simulation time (ps) in Hbb6W system. Black,

red, and blue stand for the electrostatic, van der Waals, and total energy,
respectively

Figure 6. Formation of a bridging hydrogen bond between two main-

chain carbonyl oxygens of 2b1-84Thr and 1b2-6Val in the Hb S system
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can also form another hydrogen bond with the OG1 atom of
2b1-87Thr, but because of the side chain’s dynamics of 2b1-87Thr
around the CA—CB bond which keeps it far away from 1b2-6Trp,
this interaction is not as strong as in the former case. The distance
between two atoms taking part in the first mentioned hydrogen
bond versus the simulation time is shown in Fig. 8. It seems that
interaction of 1b2-6Trp with 2b1-84Thr causes parallel shifting of
1b2 to the EF loop of 2b1 at least for a a-helix turn. Such a shifting
also allows a side chain of 2b1-77His to form a hydrogen bond
with the side chain of 1b2-4Thr which is absent in the Hb S
system. It is worthy to note that the hydrogen bond between
1b2-6Trp and 2b1-84Thr makes the helix F distorted from the
normal shape. In such a condition, relative to other systems, there
is less hydrogen bond interaction between the main-chain
carbonyl oxygen of 2b1-84Thr and the main-chain amine group
of 2b1-88Leu. On the other hand, the bridging hydrogen bond
between 2b1-73Asp and 1b2-4Thr is replaced by the hydrogen
bond between thementioned residues completely. As the energy
calculations show, the average van der Waals interaction energy
of 1b2-6Trp and 2b1-85Phe is �1.12 kcalmol�1. Although the
average van der Waals interaction of 2b1-88Leu and 1b2-6Trp is
-0.27 kcalmol, the inappropriate electrostatic interaction makes
the average of total interaction energy decrease to
�0.14 kcalmol�1. Therefore, there is no noticeable interaction
between the two mentioned residues, compared to that in Hb S
system. There is another important interaction which is absent in
the Hb S system: it is the interaction between the side chain of the
residue at b6 position and a group of hydrophobic side chains of
its own molecule in the A and H helices. The trajectory analysis
shows that the hydrophobic side chains of 1b2-10Ala,
1b2-125Pro, 1b2-126Val, and 1b2-129Ala are close enough to
form a stabilizing van der Waals interaction with 1b2-6Trp. The
average van der Waals and electrostatic interactions are �1.00
and 0.06 kcalmol�1 respectively, which clearly indicate that the
main contribution is of the van der Waals-type, as expected. Two
water molecules contribute to form bridging hydrogen bonds
among the main-chain carbonyl oxygen of 1b2-6Trp, NE1 atom of
1b2-6Trp, hydroxyl group of 1b2-9Ser, and the main-chain amine
group of 2b1-87Thr (Fig. 9). Trajectories also revealed that formation
of the bridging hydrogen bonds between the following pairs
could be possible: (2b1-66Lys, 1b2-8Lys), (2b1-88Leu, 1b2-6Trp),
www.interscience.wiley.com/journal/poc Copyright � 2010 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2010, 23 866–877



Figure 10. The detailed conformation of 1b2-6Trp relative to hydro-
phobic pocket and its own near helices (A and H) in the equilibrated

simulation time
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and (2b1-95Lys, 1b2-17Lys). The conformation of 1b2-6Trp relative
to the hydrophobic pocket and its own near helices in the
equilibrated system is presented in Fig. 10.
For a Hbb6F system, the interaction energies of 1b2-6Phe and

2b1-73Asp, 2b1-84Thr, 2b1-85Phe, 2b1-87Thr, and 2b1-88Leu
residues are presented in Fig. 11. Like the Hbb6W system, in this
case the van der Waals and electrostatic interactions both should
be taken into account. The trajectory analysis also shows that in
this system 2b1-84Thr has a stronger interaction with 1b2-6Phe
than with the other residues. The average total interaction energy
of 1b2-6Phe and 2b1-85Phe is �0.49 kcalmol�1 which is
1.13 kcalmol�1 less than that of the Hb S system. The average
interaction energy between 1b2-6Phe and 2b1-88Leu is
�0.85 kcalmol�1 which is similar to that of the Hb S system.
For this case, the electrostatic interaction energy is nearly zero
and the interaction is mainly van der Waals-type. Hydrophobic
side chains of 1b2-10Ala, 1b2-125Pro, 1b2-126Val, and 1b2-129Ala
contribute to the hydrophobic interaction with the residue at 1b6
position in Hbb6F system, as well. The average van der Waals and
electrostatic interactions are �1.61 and 0.00 kcalmol�1, respect-
ively. The trajectory of simulation shows that the H helix of 1b2 in
Hbb6W system shifted by half of helix turn and in a parallel
direction such that it becomes farther from the Trp side chain.
This may lead to the reduction of the van der Waals interaction.
One water molecule forms a bridging hydrogen bond among the
main-chain carbonyl oxygen of 1b2-6Phe, hydroxyl group of
1b2-9Ser, and hydroxyl group of 2b1-87Thr (Fig. 12). A bridging
hydrogen bond between 2b1-95Lys and 1b2-16Gly is also
possible; on the other hand, bridging hydrogen bond between
2b1-73Asp and 1b2-4Thr is replaced with a normal hydrogen
bond as well. In a Hbb6F system, the helix of 1b2 is close enough
to form a hydrogen bond between the side chain of 1b2-123Thr
and the main-chain carbonyl oxygen of 2b1-83Gly.
In another energy calculation for the three systems, interaction

energy of the side chain of the residue at the b6 position and the
residues building up the hydrophobic pocket was calculated.
Table 4 shows the average interaction energy within the last 2 ns
of simulations of the side chain of residue at b6 position for
different systems and 2b1-73Asp, 2b1-84Thr, 2b1-85Phe,
2b1-88Leu, 2b1-87Thr, and the hydrophobic pocket. For the last
Figure 9. Formation of bridging hydrogen bonds among main-chain
carbonyl oxygen of 1b2-6Trp, NE1 atom of 1b2-6Trp, hydroxyl group of

1b2-9Ser, and main-chain amine nitrogen of 2b1-87Thr

Figure 11. Interaction energy (kcalmol�1) of side chain of 1b2-6Phe and

(a) 2b1-73Asp, (b) 2b1-84Thr, (c) 2b1-85Phe, (d) 2b1-87Thr, and (e)

2b1-88Leu as a function of simulation time (ps) in Hbb6F system. Black,
red, and blue stand for the electrostatic, van der Waals, and total energy

respectively
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Figure 12. Formation of bridging hydrogen bonds among main-chain
carbonyl oxygen of 1b2-6Trp, hydroxyl group of 1b2-9Ser, and hydroxyl

group of 2b1-87Thr
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calculation, residues 70–90 of 2b1 were considered as those that
build up the mentioned pocket. The interaction energy of
subunits 1b2 and 2b1, 1a2 and 2b1, 1b1 and 2b1, and molecule 1
and molecule 2 are also given in Table 4. These results show the
critical role of 2b1-85Phe in the polymerization of sickle cell
hemoglobin. Among the five mentioned residues and other
residues in the hydrophobic pocket, 2b1-85Phe has the strongest
interaction with the side chain of valine at the b6 position in Hb S
system. On the other hand, this interaction energy is the only
one in the Hb S system which is comparable with those of the
other two systems. In other words, the interaction energies for
other residues of the other two systems are larger than those in
the Hb S system. Table 4 shows that in the Hb S system, the
dominating interaction with the hydrophobic pocket is the van
der Waals-type, but in two other systems the electrostatic
interactions should be considered as well, especially in the case of
Hbb6W. This table also shows that in contrast to the Hb S system,
Table 4. The average interaction energy within the last 2 ns of si

73 84 85 87 88 S

�0.54 0.06 0.07 �0.01 0.00 �0
Hb S �0.76 �0.72 �1.69 �0.07 �0.86 �4

�1.30 �0.66 �1.62 �0.08 �0.86 �4
�0.32 �2.79 �0.19 �0.03 0.13 �3

Hbb6W �1.56 �1.47 �1.12 �0.12 �0.27 �4
�1.88 �4.26 �1.31 �0.16 �0.14 �7
0.00 �0.79 0.14 �0.31 0.11 �2

Hbb6F �1.61 �1.55 �0.63 �0.58 �0.96 �5
�1.61 �2.34 �0.49 �0.89 �0.85 �7
�0.64 �0.02 �0.01 0.00 0.01 �0

Cry-HB S �1.05 �0.72 �0.70 �0.10 �0.95 �3
�1.69 �0.74 �0.71 �0.10 �0.94 �4

The first five columns on the left show the average interaction ene
different residues at the hydrophobic pocket. Numbers 73, 84, 85, 87
system, the first row indicates the electrostatic, second row the
respectively. S* indicates the summation of the interaction energies
with the sixth residue on 1b2 subunit. S** shows the interaction ene
this case, the residues 70–90 of 2b1 were considered as those that b
and 1b1-2b1 indicate the interaction energy of different subunits
molecule 1 and molecule 2.

www.interscience.wiley.com/journal/poc Copyright � 2010 John
in which the hydrophobic pocket residues, 2b1-73Asp, 2b1-84Thr,
2b1-85Phe, and 2b1-88Leu have dominating interaction energies
with the residue at the b6 position, in the case of Hbb6W and
Hbb6F systems other residues in the hydrophobic pocket
contribute to the stabilization energy. Comparison of interaction
energy between the residue at b6 position with the hydrophobic
pocket in three systems indicates that the interaction may be
ordered as Hbb6W>Hbb6F>Hb S. When the interaction of 2b1

and 1b2 subunits is considered the order will change to
Hbb6F>Hbb6W>Hb S, but it should be noted that even though
the van der Waals interactions for the three systems are similar to
some extent, the electrostatic interactions for them are quite
different. For the interaction of molecule 1 and molecule 2, the
previous ordering changes to Hbb6F>Hb S>Hbb6W, which
indicates the importance of interactions among other subunits
besides 2b1 and 1b2 in the probable dimer formation. The
electrostatic interaction is the main source of the differences
between the two orderings.
Table 4 also presents data of energy calculation for the crystal

of Hb S. This table shows that interaction energies of 1b2-6Val
with 2b1-73Asp, 2b1-84Thr, 2b1-87Thr, and 2b1-88Leu are similar
in both crystal and dimer form, but interactions with 2b1-85Phe
are different in the two mentioned states. It is interesting to
note that in spite of the dimer form, in crystal state, 1b2-6Val has
more interaction with 2b1-73Asp than with the other residues.
Besides the implication of structural changes, this may imply the
very important role of 2b1-85Phe, only, in the nucleus formation
of Hb S, and not in the subsequent processes. There is also no
significant difference in the interaction of 1b2-6Val and the
hydrophobic pocket in the two crystal and dimer states. It will be
more interesting if interactions of different subunits and also two
molecules are considered. For all of them, the van der Waals
interaction is the same in crystal and dimer, but in the case of
1b2-2b1, 1b1-2b1, and 1-2, electrostatic interaction energy is
mulations of different parts of the dimers

* S** 1b2-2b1 1a2-2b1 1b1-2b1 1-2

.42 �0.26 �67.53 �1.93 �68.09 �184.60

.10 �5.27 �27.92 �1.66 �1.40 �30.98

.52 �5.53 �95.45 �3.59 �69.49 �215.59

.20 �4.76 �108.50 �6.97 0.90 �150.60

.54 �9.02 �29.23 �0.01 0.00 �28.55

.75 �13.67 �137.74 �6.98 0.90 �179.16

.17 �2.32 �136.62 �31.70 �0.21 �201.42

.06 �7.10 �31.62 �7.82 0.00 �39.51

.23 �9.42 �186.27 �39.53 �0.21 �240.94

.66 �0.40 �36.43 �0.78 �36.03 �80.86

.52 �4.62 �28.64 �3.07 �0.29 �32.00

.18 �5.02 �65.07 �3.85 �36.32 �112.86

rgy (kcal /mol�1) between the sixth residue of 1b2 subunit and
, and 88 indicate different amino acids of the 2b1 subunit. In each
van der Waals, and third row the total interaction energies,
of 2b1-73Asp, 2b1-84Thr, 2b1-85Phe, 2b1-88Leu, and 2b1-87Thr
rgy of the residue at b6 position with the hydrophobic pocket. In
uild up the mentioned pocket. The quantities 1b2-2b1, 1a2-2b1,
. 1-2 in the last column indicates the energy of interaction of
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completely different. Such results may be because of dimer
solvation as well as lack of axial contacts in the dimer form. In the
crystal of Hb S, there is an intramolecular hydrogen bond
between the side chains of 1b1-49Asp and 1b1-146His, but in the
dimer of Hb S this bond is absent. The side chain and the carboxyl
terminal group of 1b1-146His form bridging hydrogen bonds
with 2b1-77His and 2b1-73Asp. In two other systems, subunits
1b1 and 2b1 are farther from each other, compared to the Hb S
crystal. In the Hb S system, the interaction energy of 1b1 and 2b2

is �69.49 kcalmol�1, while it is nearly zero for the other two
cases. This may imply the structural differences of Hbb6F and
Hbb6W compared to Hb S. In the latter system, two subunits are
close enough to interact, but in Hbb6F and Hbb6W systems the
distance is so long that there is no noticeable interaction. Table 3
shows that in the Hbb6F system, the interaction energies among
other subunits are more significant. In the crystal of Hb S, the EF
loop of 2b1 is close to 1a2 in such a way that 1a2-34Leu can
interact with the loop. Hydrogen bonds between a side chain of
2b1-79Asp and the main-chain amino group of 1a2-50His is also
preferred. In the Hbb6F system, in addition to the mentioned
interactions, hydrogen bond formation between the side chains
of 2b1-8Lys and 1a2-49Ser is probable as well. In the Hb S system,
in addition to the hydrophobic interaction of 1a2-34Leu and the
EF loop of 2b1, the bridging hydrogen bonds among 2b1-80Asn,
2b1-79Asp, and 1a2-40Lys are allowed. In the Hbb6W system,
none of the above-mentioned interactions are present, but
conformation of the 1a2 relative to 2b1 is in such a way that the
Table 5. Distances (Å) between contact atoms of Hb S and Hbb6

Hb Sa

Contact 1 Contact 2

2b1-Lys66 (O) 1b2-Pro5 (CG) 3.61 3.65*

2b1-Gly69 (C) 1b2-Pro5 (CG) 3.89 3.96
2b1-Ala70 (N) 1b2-Pro5 (CG) 3.83 3.88
2b1-Ala70 (CB) 1b2-Val6 (CG2) 3.83 3.82*

2b1-Asp73 (OD2) 1b2-Thr4 (OG1) 3.11 3.01
2b1-Asp73 (OD2) 1b2-Val6 (CB) 3.10 3.92*

2b1-Asp79 (OD2) 1a2- Ser49 (CA) 3.46 3.48
2b1-Asp79 (OD2) 1a2- His50 (N) 2.83 2.88
2b1-Asn80 (CG) 1a2-His50 (CD2) 3.65 3.73*

2b1-Gly83 (O) 1b2-Pro125 (CG) 3.99 4.10
2b1-Thr84 (O) 1b2-Val6 (CG1) 3.62 3.72
2b1-Thr87 (CG2) 1b2-Ala13 (CB) 3.65 4.63
2b1-Thr87 (OG1) 1b2-Ala10 (CA) 4.43 3.75
2b1-Thr87 (CG2) 1b2-Val126 (CG2) 5.98 3.83
2b1-Leu88 (CD2) 1b2-Ser9 (OG) 3.50 3.36
2b1-Glu90 (OE2) 1b2-Lys17 (NZ) 5.03 3.49
2b1-Lys95 (NZ) 1b2-Lys17 (NZ) 3.93 5.78

Residues closer than 4.0 Å are included with distances shown only f
except those designated with an asterisk, for which a closer ato
crystallographically unique lateral contacts in Hb S.
a Crystallographic data of References [6] and [27].
b Simulation data of present work.
* See References [6] and [27].

J. Phys. Org. Chem. 2010, 23 866–877 Copyright � 2010 John Wiley &
two mentioned subunits interact only electrostatically with more
residues.

Other residues involved in lateral contact

In order to compare the lateral contacts which have already been
reported[27,44] with our results obtained frommolecular dynamics
simulation, Table 5 presents the distances (in angstrom) between
the contact atoms in Hb S and Hbb6W crystals and also for the
dimers of Hb S, Hbb6W, and Hbb6F obtained from the molecular
dynamics simulation. There are some similarities as well as
dissimilarities between experimental and simulated data. At this
point, we are able to find the main interactions which lead two
hemoglobin molecules to associate and form a dimer, in the first
step, and the others which appear after adding subsequent
hemoglobin molecules to the presumed dimers to form the
double strands. In agreement with the experimental observation
of the Hb S system,[45,46] there is a lateral contact between
2b1-Asp73 and 1b2-Thr4 which is predominately a hydrogen
bond formation between the two mentioned residues. In the
other two systems also such a hydrogen bond exists, but stronger
than that in the Hb S dimer. Compared to other systems, in the
Hbb6W system the distance is the smallest which is an indication
for a strong interaction. Distances between 2b1-Asp79 and 1a2-
Ser49, 2b1-Asp79 and 1a2- His50, and also 2b1-Asn80 and
1a2-His50 are quite different in the three systems, which is in
agreement with the calculated energies. Distance between
W crystals, and for the dimers of Hb S, Hbb6W, and Hbb6F

Hbb6Wa Hb Sb Hbb6Wb Hbb6Fb

6.32 3.64 5.73 4.04
5.96* 4.32 4.40 4.65
5.14* 4.30 4.82 4.57

8.51 Trp (CG) 3.86 6.37 5.66 Phe (CG)
7.22 Trp (CD2) 7.76 5.65 Phe (CD2)

5.37* 3.69 2.65 3.19
8.34* 5.06 3.36 4.45
10.33* 7.55 15.20 5.08
9.55* 8.19 13.39 4.42
11.14 6.62 16.95 3.96
11.85* 4.67 7.98 4.13
4.14 3.78 5.19 5.52
8.84* 4.06 3.97 5.61
7.59* 4.15 5.09 4.48
13.32* 7.88 7.15 4.20
7.04* 4.07 4.73 3.84
11.05* 8.80 3.05 3.93
8.46* 13.42 7.08 6.35

or those atoms making the closest contact for each residue pair
m pair is present. Contact 1 and contact 2 refer to the two
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2b1-Glu90 and 1b2-Lys17 residues in the Hb S is so long that there
will not be any significant bonding between them, unlike in the
two other systems.
Salt bridges and intramolecular interaction between
different subunits

In the Hb S system, comparison of similar pairs of subunits in the
donor and acceptor shows that van der Waals interaction energy
is similar, but electrostatic interactions are different (Supporting
Information). On the other hand, except for b1–b2, the total
interaction energy of subunits of the acceptor molecules is larger
than that of the donor. In the other two systems, differences in
the van der Waals interactions for the subunits are noticeable,
mainly for b1-b2, b1-a2, and a1-b2 which indicate the relative
closeness of the mentioned subunits. In the Hbb6W system,
except for b1-a2 and a2-b2, there is stronger interaction between
subunits of acceptor molecules, but interestingly when Hbb6F is
considered; excluding b1-b2, and a2-b2, there will be a stronger
interaction between subunits of the donor molecule. Salt-bridges
have been shown to play important structural and functional
roles in the interactions.[47] It has clearly been shown that number
of salt bridges and residue numbers which form salt bridges are
different in the three systems and also in the crystal of Hb S
(Supporting Information).
DISCUSSION

In this study we have presented structural differences, van der
Waals and electrostatic interactions, and free energy calculation
for three systems: Hb S, Hbb6W, and Hbb6F. The calculated
value of RMSD for the dimer of 1b22b1 is ordered as
Hbb6F>Hbb6W>Hb S. The ordering is in agreement with
the calculated interaction energy between 1b2 and 2b1 subunits
in both van der Waals and electrostatic points of view. Since the
most important contact interaction between two hemoglobin
molecules takes place between 1b2 and 2b1 subunits, the
calculated energies along with the value of RMSD and salt bridge
results suggest that the association of pairs of strands in Hbb6F
crystal may be different from that in the Hb S crystal as compared
to experiments observed for the crystal of Hbb6W.[44] The time
needed to reach the equilibrium state and RMSD value for the
whole dimer support this suggestion as well. It should be noted
that the suggestion will be precise if the polymerization process
of such a hemoglobin type goes through the nuclei formation. In
this study, we have also shown that in the Hbb6W system there is
a shifting in the 1b2 relative to 2b1. The present study also shows
that there are some structural differences between the donor and
acceptor hemoglobin molecules in the three systems.
Knowledge of the degree of surface exposure of an amino acid

is valuable and it has been used to enhance the understanding of
a variety of biological problems, including protein–protein
interactions.[42,48] Our study shows that tryptophan and
phenylalanine cannot penetrate to the hydrophobic pocket in
the same way that valine does as other researches suggested,[6,43]

although the interaction of tryptophan and phenylalanine with
the hydrophobic pocket is stronger than that for valine in the Hb
S system. Compared to other amino acids, tryptophan occurs
least frequently in proteins; furthermore, it is often found at
protein surfaces or in the vicinity of the membrane–water
www.interscience.wiley.com/journal/poc Copyright � 2010 John
interface in the case of membrane proteins. This interfacial
exposure of tryptophanmight suggest a preferential involvement
of Trp in the specific protein–protein interactions. Indeed,
statistical analysis of protein–protein interaction sites in a
representative sample of protein complexes has revealed that
tryptophan is the amino acid with the highest propensity for
residing in an interface patch, immediately followed by
phenylalanine, another aromatic amino acid. The peculiar
interfacial preference of tryptophan might result from its
profound dipolar character, the p electronic structure of the
indole moiety and perhaps cation–p interactions, or from its flat
rigid shape.[49–53] It should be noted that in the Hbb6W and
Hbb6F systems both van der Waals and electrostatic interactions
are stronger than those in Hb S system and contribution of
Trp to the free energy is significant. These results are in
agreement with the experimental observation, according to
which 5-bromotryptophan (5-BrTrp) or 5-BrTrp-5-BrTrp can
interact more appropriately to inhibit the polymerization of
sickle cell hemoglobin.[7]

Free energy calculation results show that Hbb6F could form
dimers more stable than Hb S, but to investigate the suggestion
of Adachi et al.[6,44] which indicates that when the lateral
interactions compel two hemoglobin molecules to associate for
forming a dimer, axial interaction could be favored in such a way
that no stable dimers of Hbb6W and Hbb6F form, and hence
free energy calculation of axial contacts is necessary. Based on
the above-mentioned suggestion, protein self-assembly would
be facilitated by an end-to-end association of the monomers.
Since the axial interactions are the same for the three systems,
we may anticipate that their single strand structures are similar.
However, due to different circumstances involved in the lateral
interactions of the three systems, one may expect that the
structure of double strands could be different, as the
experimental data support such an expectation for Hbb6W.
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