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Introduction
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1.1
Positioning and approach to the problem
Human serum albumin is the most abundant protein in the blood serum,
representing about 60% of its total protein content. It is one of the main drug
carriers in the human body. The heme is a metalporphyrin with a Fe2+ ion in
its center. It is the prosthetic group of hemoproteins. It binds and transports
the oxygen to be distributed in the human body.
The heme binds HSA in the subdomain IB (71), allowing the HSA to store
the heme in excess in blood serum. This capacity of HSA makes it a target of
diverse studies aiming to create the conditions to turn it a transporter of oxygen
(artiﬁcial blood) (45, 69). Also HSA binds the protoporphyrin IX (PPIX,
precursor of the heme in its biological synthesis), converting this protein also
in a target for photodynamic therapy (69, 66). Therefore, it is worth getting
insights on the interaction between HSA and heme.
In the present work, we search, among others, the mechanisms that make
possible the binding and stability of the heme in its main binding pocket, the
protein conformation that enhances the heme binding, the allosteric eﬀects
of ligands, the hinge residues involved in the changes between conformational
states, and the correlated regions that might be involved in allosteric modulation. With that aim, we performed molecular dynamics simulations of the
heme, HSA-heme and HSA in explicit water model.
1.2
Biological aspects of human serum albumin and heme
1.2.1
Human serum albumin as drug carrier
One of the main motivations for the study of proteins is to identify
the sites of interaction with potential ligands. The aﬃnity of a ligand for a
protein is determined by factors such as shape and charge complementarity
between protein and ligand, the pattern of hydrogen bonds and salt bridges
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and hydrophobic contacts as well. HSA is the most abundant protein in the
blood serum, representing about 60% of its total protein content. It is composed
by 585 amino acids and consists of three structurally similar domains (I-III),
each one formed by two sub-domains (A and B), shown in Fig. 1.1.

Figure 1.1: Human serum albumin composed by three domains (I, II and
III), each one with two sub-domains (A and B). This plot was obtained with
VMD (42).
The structural organization of globular HSA gives it the ability to bind
various endogenous and exogenous substances in multiple sites of the protein.
These compounds include fatty acids, bilirubin, metal, tryptophan, etc., as
well as drugs like warfarin, diazepam and ibuprofen (44), see Fig. 1.2. These
characteristics make HSA one of the main carriers of drugs in the blood.
Also HSA binds diverse porphyrins like the heme and its precursor the PPIX,
turning it a target for artiﬁcial blood and treatment against cancer.
The binding of HSA also aﬀects the pharmacokinetics and eﬃcacy
of many drugs. For example, drugs with high aﬃnity for HSA must be
administered in high doses to achieve an eﬀective concentration in vivo, because
its distribution in the sites of action could be reduced or eliminated. In other
cases, a high proportion of drug binding to HSA could be desirable because it
would help to solubilize compounds that otherwise could form aggregates and
be poorly eliminated.
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Figure 1.2: The HSA is a natural drug carrier with high aﬃnity for several
ligands.
HSA can facilitate the activation of various substances such as hormones
and drugs, or reduce the presence of toxins in plasma. For example, the binding
of tryptophan to HSA regulates its deposition in the tissues. In patients with
advanced cirrhosis and hypoalbuminemia, decreased binding sites generates an
additional amount of free tryptophan which can lead to the development of
hepatic encephalopathy (33).
1.2.2
Biological importance of heme and the protoporphyrin IX
Porphyrin complexes are essential for life and have multiple applications.
Heme, for example, is the group that transports oxygen to various parts of
the body. Protoporphyrin IX (PPIX) is produced within mitochondria and is
the precursor of the heme synthesis. The insertion of Fe2+ in PPIX, the heme,
is achieved by the enzyme ferrochelatase. The heme is the prosthetic group
of a class of metalloproteins named hemoproteins. Myoglobin and hemoglobin
accommodate the heme in hydrophobic cavities. The structures of PPIX and
heme are depicted in Fig. 1.3.
When the cycle of heme synthesis is interrupted and produces increased
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Figure 1.3: The two porphyrins under study.

concentrations of PPIX, this ends up causing a serious disease called porphyria.
Porphyria, is responsible for attacks and acute neurological problems, skin
rashes blisters usually sensitive to sunlight and increased growth of hair.
PPIX also has a central role in photodynamic therapy against cancer, since
PPIX generated from δ-aminolevulinic acid has been extensively used as an
endogenous photosensitizer, leading to singlet oxygen production followed by
cellular death of the surrounding tumoral tissue (24, 26).
The optical properties of porphyrins are responsible for their wide range
of applications in the ﬁeld of molecular electronics as well as their incorporation
in synthetic form in solar cells.
1.2.3
Human serum albumin as carrier of the heme: medical implications
The heme binds to HSA in the subdomain IB, with a high aﬃnity
(Kb � 108 M−1 ), allowing the HSA to store the heme in excess in blood
serum (70). This strong aﬃnity has stimulated eﬀorts to develop albumin as
an artiﬁcial hemoprotein to mimic, for example, the oxygen binding capacity
of hemoglobin and myoglobin (Ref. (45, 69)). Albumin has the advantage of
being very abundant, present in several animal species, hence very available.
Artiﬁcial blood would avoid the dissemination of diseases that spread
by blood transfusion. Unlike red blood cells, the artiﬁcial substitutes can
be sterilized by pasteurization, ultraﬁltration and chemical methods. This
eliminates the agents responsible for infections, and allow storage for long
periods of time.
An example of artiﬁcial blood is the Oxycyte (54) which stores 50 times
more oxygen than natural blood. However, it has not yet been approved by
the U.S. FDA (Food and Drug Administration).
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The search for HSA-based substitutes has been partially set aside in the
last years, mainly because of the promising role of stem cells, that in particular
can be turned into red blood cells. However, one can not discard yet the former
possibility, as soon as the drawbacks of stems cells are still uncertain. Then,
it may be worth investigating in detail the interaction between HSA and the
heme.
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1.3
Molecular dynamics
In order to simulate the time evolution of biomolecules, such as proteins,
peptides or drugs, molecular dynamics (MD) is a standard tool. Through
the integration of Newton’s equations of motion, classical MD allows to
simulate the evolution of a large number of particles (over 105 ) in an explicit
representation, which is still impossible with ab initio (quantum) methods. In
this thesis, we used the Gromos96 force ﬁeld which considers all the atoms
explicitly except for the aliphatic hydrogens.
The potential V (�r1 , . . . , �rNat ) that allows to calculate the force over
� i V , can be decomposed into non-bonded V non−bonded
particle i, f�i = −∇
and bonded V bonded terms. The former takes into account electrostatic and
Lennard-Jones interactions, while the latter includes eﬀective interactions
among bonded atoms, like the harmonic potentials for the length of a covalent
bond or the angle between bonds. A schematic representation of the force ﬁeld
is shown in Figure 1.4 (further details can be found in Gromacs Manual (67)).
In this ﬁgure, the ﬁrst term of the potential function represents the covalent
bond as a harmonic potential, with stiﬀness kb and equilibrium length b0 , where
the sum is over all the covalent bonds, with n = 1,....Nb .
Similarly, the second term rules the harmonic ﬂuctuations of the angle θ
between consecutive bonds. The sum is over all the Nθ angles of the molecular
system.
The third term corresponds to the harmonic improper dihedral ω,
summed over all Nω dihedrals. This potential allows to maintain groups of
atoms within a spatial conﬁguration, for instance in a same plane (as in an
aromatic ring).
The fourth term of the potential function represents the contribution to
the torsion of the dihedral angles ϕn , where δn is a phase shift angle and ηn is
a positive integer. The sum is over all the dihedral angles n = 1, . . . , Nϕ .
The ﬁfth term represents the non-bonded interactions: Lennard-Jones
and Coulomb. The term rij−12 , where rij is the distance between atoms i and
j, describes Pauli repulsion at short distance due to the overlapping electron
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Figure 1.4: Schematic representation of the bonded and non-bonded contributions to the potential function.
orbitals, the second term rij−6 is the attractive London dispersion or van der
Waals force, and the third term corresponds to the Coulomb interaction.
Gromos96 parameters of the force ﬁeld were obtained with the tool
pdb2gmx of Gromacs (67).
In all our simulations the electrostatic interactions were treated with the
Particle Mesh Ewald method (28), which splits the interactions into short and
long range parts. A cutoﬀ Rc =10 Å was used to deﬁne this split (see Gromacs
manual (67)). The Ewald summation avoids some cut-oﬀ artifacts, although
it may introduce other ones.
The equations of motion were numerically integrated through the LeapFrog algorithm (1), with a time step dt = 2 fs. Then, the LINCS (Linear
Constraint Solver) algorithm was used. Codes were run in a quad-core 2.7GHz
computer.
In order to avoid edge eﬀects, periodic boundary conditions (PBC) (67)
were used. The main cell (that can be a cube, a rhombic dodecahedron,
a truncated octahedron, etc.) is replicated with space-ﬁlling copies. If one
molecule leaves the box, it re-enters by the opposite face (see Figure 1.5).
A cutoﬀ of the interactions range, with a value equal or lower than half the
dimension of the box, is considered to avoid that particles interact with its
own image.
In our simulations, the number of particles (N), the temperature (T) and
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Figure 1.5: Bi-dimensional representation of PBC. The central box is replicated
in all the directions and a cutoﬀ is used to limit the interactions range.
pressure (P) were kept constant. The studied systems were maintained at a
pressure of 1 bar by means of a Berendsen barostat, which regulates the box
dimensions (9). For thermal coupling (at 310 K) we used either the v-rescale
or Berendsen thermostat. In the v-rescale method (14), the velocities of all
the particles are rescaled by a properly chosen random factor α calculated by
enforcing the total kinetic energy to be equal to the average kinetic energy at
�
the target temperature
<K>
α=
.
(1-1)
K
The Berendsen thermostat is a weak coupling scheme with ﬁrst-order
kinetics. It is eﬃcient to relax to the target temperature, although it does
not properly samples the constant temperature ensembles in equilibrium
situations.
1.3.1
System preparation
The initial structures used in our calculations were obtained as follows.
The heme and PPIX structures were obtained from ab-initio calculations
performed in previous work (21), where the topology was constructed based on
the Prodrg server (60) with modiﬁcation in the charges and groups of charges.
The structures of HSA were obtained from the Protein Data Bank.
The explicit consideration of the solvent is important. Diverse models of
water are currently used. According to the literature, for the Gromos96 force
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ﬁeld, the SPC water model is recommended (10). In the SPC model, water
is modeled with three centers of charges corresponding to the positive charge
on each hydrogen atom and the negative charge on oxygen atom. The angle
H-O-H is 109.47 degrees to reproduce the dipolar moment of water.
Before performing MD, the conﬁguration energy was minimized. Usually
a system does not achieve the global minimum due to the very large number
of local minima on the energy hypersurface. However there are minimization
algorithms to approach the global minimum. We sequentially used the following
ones: i) steepest-descent (18): this method is used as an introductory step for
structures far from the minimum of energy, ii) conjugate gradient (31): the force
(gradient) is calculated at each iteration and the conjugate of the precedent one
to obtain the unit vector in the descent direction of the hypersurface energy,
iii) LBFGS (52): works by successively creating better approximations of the
inverse Hessian matrix, and moving the system to the currently estimated
minimum. It is faster than the conjugate gradient method and it is used close
to the global minimum.
Velocities were drawn from a Maxwell-Boltzmann distribution corresponding to the desired temperature.
The protocol used for MD simulations is presented in Appendix A.
1.4
Objectives
The objective of the present thesis is to uncover the mechanisms that
make possible the binding and stability of the heme in the main binding pocket
of human serum albumin, the structural and dynamical changes that the heme
induces in the protein as well as the signiﬁcance that might have the heme in
those conformational changes.
1.5
Outline
In this thesis our goal was to study the interaction of HSA with the
heme (a biological porphyrin) aiming to understand the molecular mechanism
of heme binding and its eﬀect on the structure and dynamics of HSA.
The particular details of MD simulations and methods of analysis will be
stated in each chapter.
First of all, in Chapter 2, the relation solute-solvent was studied for the
heme and for its precursor PPIX. Spatial distributions functions and density
maps were computed to quantify that relation in a MD of 20 ns. Analysis
of water density near the porphyrin ring shows a high local density about
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four times the water bulk. Preference of the water by the regions C-C in the
molecule was also observed. Our analysis with several models of water and
force ﬁelds shows similar results, indicating their robustness.
In Chapter 3, a conformational analysis based on X-ray structures was
carried out for the HSA. Through a clustering analysis, two well deﬁned
conformations arise, with deviations smaller than 0.8 Å. These conformations
are representative of the apoprotein and of the HSA-myristate complex.
Analysis of the ﬂuctuations shows that domain II is the most rigid one.
Then, considering domain II as reference, hinge and twist motions were
identiﬁed for the domains III and I, with rotation angles of 15 and 24 degrees,
respectively. Structural and dynamical diﬀerences between both conformations
are characterized. The analysis is complemented with that of trajectories from
molecular dynamics simulations. The analysis of dynamics domains indicates
that GLN-196 could be a key residue in the dynamics of HSA. Correlation
analysis shows a pronounced anticorrelation between the domain I and the
subdomain IIIB in the HSA-myristate conformation if compared with the apo
conformation. Also, principal component analysis shows a collective motion
between such regions, reﬂecting a cooperative or allosteric eﬀect induced by
the fatty acid.
In Chapter 4, the system HSA-heme was studied in a MD of 100 ns.
By means of a comparative study of the ﬂuctuations and their correlations
along trajectories, in the absence and presence of the heme, the structural and
dynamical eﬀects of heme binding on the diﬀerent regions of the albumin were
quantiﬁed. The covariance analysis shows an anticorrelated movement between
the domains I and III after heme binding, revealing a possible allosteric eﬀect.
The analysis of the formation of H-bonds and salt-bridges reveals the important
role of the residues LYS-190, ARG-114, ARG-145, LEU-145 and HIS-146 to
ﬁx the heme in the pocket, acting as molecular latches.

