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Abstract Fatty acid binding proteins (FABPs), are evolu-
tionarily conserved small cytoplasmic proteins that occur in
many tissue-specific types. One of their primary functions
is to facilitate the clearance of the cytoplasmic matrix from
free fatty acids and of other detergent-like compounds.
Crystallographic studies of FABP proteins have revealed a
well defined binding site located deep inside their β-clam
structure that is hardly exposed to the bulk solution.
However, NMR measurements revealed that, when the
protein is equilibrated with its ligands, residues that are
clearly located on the outer surface of the protein do
interact with the ligand. To clarify this apparent contradic-
tion we applied molecular dynamics simulations to follow

the initial steps associated with the FABP–fatty acid
interaction using, as a model, the interaction of toad liver
basic FABP, or chicken liver bile acid binding protein, with
a physiological concentration of palmitate ions. The
simulations (~200 ns of accumulated time) show that fatty
acid molecules interact, unevenly, with various loci on the
protein surface, with the favored regions being the portal
and the anti-portal domains. Random encounters with
palmitate at these regions led to lasting adsorption to the
surface, while encounters at the outer surface of the β-clam
were transient. Therefore, we suggest that the protein
surface is capable of sequestering free fatty acids from
solution, where brief encounters evolve into adsorbed
states, which later mature by migration of the ligand into
a more specific binding site.
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Introduction

Fatty acids (FAs) serve as a major energy source and as a
structural element of phospholipid membranes. Due to their
detergent-like properties, the concentration of free FA needs
to be suppressed. For this reason, the transfer of free FA in
the brush border cells, from the cell membrane facing the
gut lumen to the ER, is mediated by members of the fatty
acid binding protein (FABP) family.

Mammalian FABPs were discovered in the early 1970s
as abundant cytoplasmic proteins, and found to be tissue-
specific. Very high sequence conservation has been shown
to exist between FABPs isolated from the same tissue in
different species [1–5], whereas the different FABP types in
one species show amino acid sequence identities ranging
from 20% to 70% [3–7]. The FABPs share a common
structure: ten β-strands, forming a β-clam configuration
that encloses an inner space covered by two α-helices. Two
β-strands, named D and E, flank the portal domain—an
expandable gap through which the FA molecule can
squeeze in and penetrate into an inner binding pocket [8, 9].
The two α-helices that cap the portal domain have been
shown to function as a membrane-high-affinity site [8, 10–
15]. The complex mode of FAs and other lipid compounds
(like cholesterol, retinoic acid, mono-glycerides) have been
studied intensively by crystallographic methods [11, 16–18].
In all cases, the ligand was embedded inside the β-clam
structure, either as a single molecule, or as a pair of ligands
(in the liver type FABP proteins). Unlike most enzymes,
where the substrate binding site is well exposed to the bulk
solution, the FABP protein sequesters the ligand inside a
well secured cavity into which the FA must squeeze itself.
This is a complex process that calls for repeated conforma-
tional changes, where the FA and the protein adopt their
structures to fit each other. Consequently, it is fascinating to
follow the dynamics of the interaction of the FABP and its
ligand.

Of special interest are the recent observations of Scanlon
and co-workers [19, 20], who noted that, even at sub-
millimolar concentrations of ligands [like oleate, Aniline-
Naphtalen-Sulfonate (ANS), progesterone or various
drugs], the ligand interacts with the protein over a large
area of its surface, including residues located on the outer
surface of the α-helix regions that make no contact with the
inner space of the ligand binding cavity. This observation
suggests that transient ligand adsorption events take place
all over the surface of the protein, some of them lasting
enough to be detected as part of the population of states
sampled by the NMR detectable interactions. Thus, the
formation of the stable complex as envisioned by X-ray is
probably a product of a gradual process having a temporal
periodical element that leaves no marks on the final
crystalline state of the protein.

Various computational studies have been conducted to
follow the dynamics of FABPs, either in the presence of a
ligand or in its absence. Yet, to the best of our knowledge,
the possibility that there is no single major exclusive
interaction site has not been fully explored [21–37]. Our
previous molecular dynamics (MD) simulations first illus-
trated the interaction of FA with the portal and the anti-
portal domains of the protein [23, 24, 37]. In the present
publication, we report the outcome of a comprehensive
simulative effort (accumulated to ~200 ns), carried out with
non-mammalian (toad and chicken) Lb-FABP (also known
as L-BABP) proteins, looking at the general features of
their interaction with the same molecule: palmitate (PLM).
The simulations, carried out under ionic strength and ligand
concentrations resembling physiological conditions, were
initiated with an Apo-protein and few PLM anions. The
dynamics were followed over time until the root mean
square deviation (RMSD) of the protein’s α-carbon atoms
attained a relatively stable value. It should be noted that
the limited time interval that can be simulated is in the
range of a few tens of nanoseconds—too short to yield a
structure comparable with either the configuration im-
posed by crystallization conditions or the well equilibrated
solution used for NMR measurement. Thus, the generated
structure reflect initial pre-equilibrium states that the
experimental structural methods are blind to, structures
that until now have not been studied. Multiple interactions
were visualized through analyzing the various sites of
interaction, and scored by the stability of the encounter
complex and the spatial distribution of the more stable
complexes.

The results imply that the initial interaction of the FA
with the protein is seemingly a random diffusion controlled
event, followed by a preferred adherence of the FA to the
portal and the anti-portal domains, representing the degen-
eracy of the transient encounter complexes. This spread of
contact area is in accord with the results of NMR mea-
surements. Based on the diversity of the complex struc-
tures, we were able to assign some ‘sponge’-like
characteristics to the initial interactions of the protein with
the FA molecules: the protein first sequesters the cytoplas-
mic space from the mild-detergent function of the ionized
free FAs (pKa=4.8 [38]), which are capable of disrupting
sensitive intra-cellular structures.

Materials and methods

Molecular dynamics simulations

The MD simulations were performed using the GROMACS
3.3.1 package of programs [39–41], with the GROMOS96
53A6 force field [42]. The coordinates for toad (PDB code
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1P6P) and chicken (PDB code 1TVQ) Lb-FABP, deter-
mined by X-ray crystallography at 2.5Å [6] and 2.0Å [7],
respectively, were downloaded from the Protein Data Bank
(PDB) [43]. The lipid topology files, as needed in
GROMACS, were prepared using the PRODRG server
[44]. The protein and the ligand were embedded in a
truncated octahedral box containing about 10,000 water
molecules using the SPC water model [45] that extended to
12–15Å between the protein and the edge of the box.

A total of 11 simulations were performed, either with
toad or chicken Lb-FABP. Each simulation had a different
initial location of the PLM molecules, initial velocities and
number of PLM ions present in the reaction system (see
Table S1). The PLM molecules were placed randomly
within the simulation box, but special care was taken to
ensure that the initial position of the PLM molecules was
outside the protein structure. Assuming normal charge
states of dissociable groups corresponding to pH 7, the net
charge of the toad Lb-FABP is Z=0, and that of the chicken
L-BABP is Z=+2e. The negative charge on the proteins,
as well as that of the PLM anion, was neutralized by the
addition of Na+ ions. Besides these ions, more Na+ and Cl−

ions were added to maintain the ionic strength of the
solution within the range 50–100 mM (see Table S1). Prior
to MD simulations, internal constraints were relaxed by
energy minimization. Following minimization, 100 ps
equilibration runs were performed under position restraints
of the carbon backbone atoms through a harmonic force
constant of 1,000 kJ mol−1 nm−2 followed by unrestrained
MD simulations. The first 100 ps of the runs were treated as
a further equilibration, and the remainder were saved and
used for the analysis. During the MD runs, the LINCS
algorithm [46] was used to constrain the lengths of all
bonds; the water molecules were restrained using the
SETTLE algorithm [47]. The time step for the simulations
was 2 fs. The simulations were run under NPT conditions,
using Berendsen’s coupling algorithm for keeping the
temperature and the pressure constant (P=1 bar; τP=
0.5 ps; τT=0.1 ps; T=300 K) [48]. Van der Waals (VdW)
forces were treated using a cutoff of 12Å. Long-range
electrostatic potentials were treated using the Particle mesh
Ewald (PME) method [49]. The coordinates were saved
every 1 ps.

Visual presentations

All protein figures were created using the Visual Molecular
Dynamics (VMD) computer program [50].

Lennard-Jones interactions

Lennard-Jones (LJ) interactions were computed using a
standard GROMACS utility.

Electrostatic interactions

Short-range electrostatic interactions were computed using
a standard GROMACS utility with cutoff of 12Å. To verify
that the calculations were also valid for longer ranges, they
were repeated with cutoffs of 14, 16, 18, and 20Å. As
expected, longer ranges did not affect the trend of the
results.

Results and discussion

Molecular dynamics simulations of Lb-FABP with PLM
molecules

MD simulations were carried out in an explicit water
model and at 50–100 mM NaCl in the presence of 3 or 4
molecules of PLM. The outcome of a typical three
simulations, in the form of RMSD of the α-carbons, is
presented in Fig. 1. The protein seemed to be fairly stable
throughout the simulations, with mild fluctuations up to
0.2–0.25 nm. The PLM molecules, while binding mainly
to the portal and anti-portal domains, twice formed a
mini micelle that migrated to the anti-portal. There were
no significant differences in the RMSD of the protein
between simulations where the PLM molecules interact
at the portal region, and simulations in which a mini
micelle attached to its anti-portal domain. The β-barrel
arrangement of the protein creates a stable rigid structure
with very few flexible regions. Simulations of the same
system, where the initial locations of the PLM molecules
and the initial velocities varied, were repeated 11 times
covering ~200 ns simulation time. Examination of the
trajectories of the simulations listed in Table S1 indicates
that encounters of the small molecules with the protein
take place all over the surface of the protein, yet mainly
with its portal and anti-portal regions. Some of the en-
counters were brief, lasting only a few picoseconds, while
others appeared to be more stable. As the simulations
progressed, both the structure of the protein and the FA
molecules reached relatively stable configurations, which
changed little as the simulation time approached 20 ns.
These configurations may evolve much later into the well
equilibrated states observed in NMR experiments. Repre-
sentative snapshots, taken when the simulations were
terminated, are presented in Fig. 2.

Generally, we identified the following reacting domains:
the two α-helices that form the lid over the inner cavity; the
portal domain, which is the slit between the D and E β-
strands and the lid on top of it; the outer surface of the β-
clam barrel; and the anti-portal region located at the
junction of the turn structures that link the β-strands at
the bottom of the barrel (see Fig. 2f for definition of the
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reactive domains). All these regions, except for the outer
surface of the β-clam, were found to be associated with
PLM molecules that remained in contact for an appreciable
period, extending the few picoseconds of an accidental

encounter. Figure 2a shows the FA molecule bound to the
outer surface of the α-helices domain, causing a partial
unfolding of the α-helix. In Fig. 2b, one PLM molecule is
perched on the portal domain, well under the two α-helices
lid, while in Fig. 2c we find two FA molecules located
under the lid at the portal domain. The other attractive
domain for PLM molecules is the anti-portal section,
located at the junction of the turn-loops that connect the β
strands, where the PLM molecule can either fit in with its
carboxylate moiety inserted inside the protein (Fig. 2d), or
for attachment of a mini-micelle (Fig. 2e).

It is of interest to point out that the outer structure of
the β-clam, making the most of the protein’s surface,
appeared to have the lowest affinity for PLM adsorption.
Out of the ~200 ns simulation time, only a few occasional
contacts were made between the ligand and the outer
surface of the β-clam area of the protein. Thus, size does
not matter when one looks for adsorption events. This lack
of lasting contact with the β-clam makes it interesting to
look at the energetic profiles involved in the transforma-
tion of a random encounter between the FA and the protein
into a complex with a lifetime of more than a fraction of a
nanosecond.

Energy determinants affecting adsorption of FA
to the protein

Figure 3 depicts the time evolution of the electrostatic and
LJ potentials as calculated for the protein–PLM interactions
during the simulation time. In all cases, both potentials
were zero at the time of initiation, indicating that the
reaction was not affected by the initial location of the FA.
With time, both potentials had decreased as the PLM and
the protein made contact. The traces presented in the figure
are typical examples. Figure 3a corresponds to the
interaction of a single FA molecule with the helices that
cap the portal region (see also Fig. 2a); Fig. 3b represents
the interaction of a single FA in the portal domain (Fig. 2b);
Fig. 3c depicts the variation of the potentials as two FA
molecules interact with the portal domain (Fig. 2c). In this
case, the total LJ potential reaches a value of ~ (−180) kJ mol−1,
where in cases where only one PLM ion is bound, the value is
close to −100 kJ mol−1. Figure 3d,e record the binding of one
or three PLM molecules to the anti-portal domain (corre-
sponds to Fig. 2d,e).

The interaction energies presented in Fig. 3 share some
common features, although each corresponds to a singular
simulation of the system. In all simulations, the component
dominating the potential energy is the LJ attraction energy,
which appears as a time stable potential with a magnitude
~100 kJ mol−1. The electrostatic potential behaves in a
more erratic mode, fluctuating between 0 (sometimes even
repulsive) and ~ (−200) kJ mol−1, and is associated with
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Fig. 1a–c Root mean square deviation (RMSD) of the liver basic
fatty acid binding protein (Lb-FABP) from toad. a and b represent
simulations P6P_VI and P6P_V, respectively (see Table S1). In these
simulations, palmitate (PLM) molecules penetrated and adsorbed to
the main portal region. c A simulation where a mini micelle interacted
with the anti-portal domain (P6P_VII)
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rather minor reorientations of the carboxylate moiety with
respect to a local positive site on the protein. It should be
stressed that the electrostatic interactions are not exclusive-
ly with positive residues; for example, the transient burst
(~13–17 ns) of electrostatic attraction seen in Fig. 3d is
caused by the creation of two hydrogen bonds formed by
the PLM with S115; one oxygen atom reacts with the
hydroxyl moiety of the serine, while the other oxygen atom
of the carboxylate reacts with the backbone NH of the same
residue.

In all cases, the LJ and the electrostatic interactions
appear to be uncoupled, time wise. In some cases, the initial
contact was electrostatic in nature, whereas in others it
appears well after adsorption took place. However, the time
average contribution of the electrostatic attraction was
much smaller than that of the LJ, suggesting that the
complex is mostly stabilized by a LJ potential. The value of
the LJ attraction is attributed mainly to the reduction of the
hydrophobic solvent accessible surface area (SASA). Both
values (SASA and LJ) decrease with time although no
linear dependence was observed (data not shown). It should
be clarified that, at the end of the simulations, the
complexes do not represent a final stable complex, but
rather a temporary situation leading to the efficient removal
of FA from the solution. These temporary complexes may
later evolve into more stable structures such as those that
appear in the NMR measurements.

It is of interest to point out that, under the experimental
conditions used here, the two potentials are effective in a
comparable range; the range of electrostatic attraction is
effectively shrunk by the screening electrolyte to ~10Å
[at I=50–100 mM the Debye length (κ−1) is ~10–12Å)].
The LJ potential is operating within a much smaller range,
but as the aliphatic chain is some 15–20Å long, the PLM
molecule can establish LJ interactions at a distance
comparable to its length, endowing it with an apparent long
distance force.

Interaction of the protein with PLM molecules

The electrostatic and LJ interactions of the PLM with the
protein are dependent on the proximity of the carboxylate
and the aliphatic tails of the FA to the protein. To map the
domains where these interactions take place, we summed
the locations of all temporal contacts between the various
PLM binding domains of the protein with the ligand. This
was achieved by scanning all trajectories for snapshots
where either the carboxylate, or the aliphatic, tail of the
PLM was at a distance of 3Å (or less) from any heavy atom
of the protein (Table 1). These events were further
classified by the region of the PLM (carboxylate or
aliphatic tail) that was in contact with the protein, and by
the protein domain at which the encounter took place. The
data are a summation over a wide range of contact

Fig. 2a–f Domains on FABP
that interact with PLM ions.
a–e Snapshots representing the
major modes of interaction of
the protein with the ligand mol-
ecules: violet helices, yellow β
strands, cyan turns, white coils.
Note that in some simulations
more than one molecule was
adsorbed. e Mini micelle ad-
sorption. a–c, e Toad Lb-FABP;
d chicken Lb-FABP. To empha-
size the contacts between PLM
and the protein, the proteins are
not presented in identical orien-
tation. f General description of
the reactive domains: violet
main portal, turquoise central
barrel, red anti-portal
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stabilities, from brief reversible encounters lasting only few
picoseconds, up to those enduring within a nanosecond
time frame, i.e., being stable until the end of the simulation
time. The brief encounters were found to make a rather
small contribution to the accumulated contact time, and for
this reason were not excluded from the overall statistics.

The results fall into two main categories. In one, as in
runs P6P_III, P6P_VII and TVQ_IV, the PLM molecules
spontaneously aggregated into mini-micelle complexes that
were stable throughout the entire simulation time. In the other
category, the adsorbed PLM ions interacted independently
with the protein surface. Both states of the ligand were able to
react with the protein. The divergence of the interaction
pattern, either at the level of the region of the PLM ion or the
domain of the protein to which the FA adsorbed, implies that
there is no single preferred mode of interaction.

A contact between the carboxylate moieties and the
protein was interpreted as an electrostatically driven
interaction whereas the adsorption of the aliphatic tails
was a reflection of LJ attraction. As derived from the
overall average values (Table 1, bottom row), the two
modes of interactions contribute almost equally to the

binding. The equivalence of the two energetic terms was
also established for each of the simulations even when the
bound FA was packed in a mini-micelle, where one could
expect LJ interactions to dominate. These interactions were
further augmented at the anti-portal domain, where the
carboxylate moiety of the FA was found to favor the
proximity of charged residues on the β-barrel structure
(Table 1, P6P_III and P6P_VII).

Interaction of the PLM molecules with the FABP protein
evolved in a repeating pattern even during the relatively short
20 ns simulation time. At the early phase of the simulations,
the FA molecules were dispersed randomly in the bathing
simulation box. With time, temporary reversible encounters
took place, but those where the potential gain was sufficiently
high lasted for longer. Finally, through random encounters
and relocation of the adhered FA on the protein surface, a
well distinguished binding domain could be discerned

Figure 4 provides a comprehensive description of the
locations on the PLM molecules with the highest tendency
to adhere to the protein, and presents a summation of all
contact points (less than 3Å),between the carboxylate head
(Fig. 4a) and the aliphatic tail (Fig. 4b) moieties of the PLM
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Fig. 3a–e Evolution of the bound state of the PLM ion as a function
of time as expressed by the Lennard-Jones (LJ; black) and electrostatic
(gray) potentials calculated for the PLM–protein pair. a PLM ion
adsorbed to α-helices, as in Fig. 2a; b, c interaction of ligands with the

portal domain (see Fig. 2b,c); d interaction of one PLM ion with the
anti-portal (Fig. 2d); e interaction of FA molecules, already packed in
a mini-micelle, with the protein’s anti-portal region (Fig. 2e)
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with the protein. The calculated results were used to mark
the protein; thus, the propensity of the different domains to
interact with the PLM molecule is color coded from cyan
(sporadic encounter) to red (lasting contact). Obviously,
major interacting domains are the portal region with the α-
helical motif at one side of the protein and the anti-portal
domain at the opposite site, while the massive surface area
of the β-strands that constitute the β-barrel structure hardly
interacts at all with the lipid ligand. These characteristic
binding domains do not depend on interaction type; hence,
the representations of electrostatic interactions (Fig. 4a) and
the picture formed by aliphatic tails (Fig. 4b) are almost
identical.

Correlation between domain flexibility and interaction
with FA ions

Quantitative analysis of the interaction of the ligand with
the FABP structure clearly implicates both portal and anti-
portal domains as the preferred domains. The interaction
between a protein with a ligand calls for mutual adjust-
ments of structures, i.e., a series of repeated steps of mutual

rearrangements of the two reactants, as they optimize their
binding energy. Accordingly, we tried to capture these
rearrangements and express them by the RMSD of the local
domains (Fig. 5). One domain includes the residues of the
turns and β-strands around the main portal and the two α-
helices covering it, and the other encompassing the residues
of the anti-portal and the β-barrel region. The RMSDs of
these domains were calculated from MD carried out in
presence of ligands and, as a control, for the apo-protein in
solution. The results presented in Fig. 5 indicate that, in
general, the portal region is significantly more flexible than
the anti-portal all over the performed simulations. These
results sum 134 ns of the ligand and toad Lb-FABP
interactions, and imply that the higher flexibility of the
portal domain is an inherent property. This is an unexpected
observation as the high value was recorded even in
simulations where the binding interactions occurred at the
anti-portal domain (P6P_III and P6P_VII).

Comparison of the RMSD values calculated for simula-
tion in the presence of ligand near the protein with those
carried out in its absence (inset in Fig. 5) reveals a
substantial increase in the fluctuations of protein structure

Table 1 Normalized contacts between the carboxylic head groups and the aliphatic tails of palmitate (PLM) molecules with different regions of
toada and chickenb liver acid fatty acid binding proteins (Lb-FABPs). For each simulation, the minimal distance between the PLM ions and the
specific protein’s binding region was calculated. All the frames that showed contact distance shorter than 3Å were counted. The number of
contacts of each run was normalized to 20 ns simulation length. The final values are expressed as a percentage of the local contacts relative to total
number of contacts of each simulation. LJ Lennard-Jones potential

Type of interaction Helices outside Main portal Central barrel Anti portal

LJ Electrostatic LJ Electrostatic LJ Electrostatic LJ Electrostatic

P6P_I 3.74 11.14 34.46d 49.71d 0.35 0.60 0.00 0.00

P6P_II 5.91 24.04d 48.79d 13.38 6.10 1.77 0.00 0.00

P6P_IIIc 0.00 0.00 0.00 0.00 9.50 29.63d 29.31d 31.57d

P6P_IV 5.85 14.70 21.88d 25.80d 9.69 13.13 4.87 4.08

P6P_V 2.15 1.64 24.21d 30.62d 0.26 1.17 16.50 23.45d

P6P_VI 9.69 27.20d 20.31d 33.07d 0.29 2.44 4.17 2.84

P6P_VIIc 0.01 0.01 0.04 0.01 3.06 8.89d 38.57d 49.40d

TVQ_I 1.61 4.47 37.08d 18.70 6.43 9.06 10.88 11.77

TVQ_II 0.80 0.41 41.17d 32.78d 9.20 12.41 1.16 2.08

TVQ_III 4.91 5.45 14.69 8.53 2.27 0.94 35.51d 27.70d

TVQ_IVc 0.00 0.00 0.00 0.00 8.38 8.16 37.03d 46.43d

Percent of total 3.27 7.97 21.37d 21.29d 4.35 7.91 15.91 17.93

a The different regions of the toad Lb-FABPs are defined as follows: helices outside E15, N16, R19, T20, G22, E25, D26, L29, K32, K33; main
portal Q11, Y14, F17, L18, V21, G22, N23, I27, I28, A31, N35, T53, K55, Q56, H58, S72, M73, N74, K76, K77, I78, D94, K95, I113, G114,
S115, S116 R120; central barrel N3, G4, T5, N7, Y9, A10, E39, E41, E46, V48, T50, S61, E69, T81, Q83, I90, S97, I99, E101, E106, V108,
K110, T112, T119, K121; anti portal A1, F2, N3, Q42, G44, N45, F47, V64, G65, L84, G86, G87, G104, D105, V125
b The different regions of the chicken Lb-FABPs are defined as follows: helices outside E15, E16, K19, A20, A22, P24, E25, D26, K29, M30,
R32; main portal Q11, Y14, F17, L18, L21, A22, L23, L27, A31, P36, S51, T53, R55, Q56, V58, T71, T72, M73, D74, G75, K76, L78, Y9,
A10, E39, Q41, V48, T50, K52, T59, S61, D69, K79, T81, H83, V90, K92, E99, E101, V108, T110, I119, R121; anti portal A1, F2, S3, Q42,
G44, D45, F47, L64, G65, L84, N86, G87, G104, N105, V125
c In these simulations a mini- micelle was observed to react with the protein
d Values representing the main contact (above 20%) interaction in each simulation

Table 1 Normalized contacts between the carboxylic head groups and
the aliphatic tails of palmitate (PLM) molecules with different regions
of toada and chickenb liver acid fatty acid binding proteins (Lb-
FABPs). For each simulation, the minimal distance between the PLM
ions and the specific protein’s binding region was calculated. All the

frames that showed contact distance shorter than 3Å were counted.
The number of contacts of each run was normalized to 20 ns
simulation length. The final values are expressed as a percentage of
the local contacts relative to total number of contacts of each
simulation. LJ Lennard-Jones potential
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at the main portal binding domain, with respect to the
values assigned for the Apo-form of the protein. This may
reflect the dynamic structural adjustments that must occur
in order to form a binding process between the protein and
its ligands. These findings are in agreement with the
calculated results of Villareal et al. [30], who found
conformational changes during binding to the membrane
in the portal region even when the interaction of the protein
with the membrane was through the anti-portal section of
the protein. The inset in Fig. 5 also shows that, on average,
the flexibility of the anti-portal area is rather low and is not
affected by the binding of ligands, while the higher

flexibility of the main portal seems to increase in the
presence of PLM molecules.

Concluding remarks

The available crystal structures of FABP-ligand complexes
exhibit uniformity in the binding sites. For all crystalline
structures, the ligands are fitted snugly inside the inner
cavity of the protein with some variation in their orientation
depending on the type of the protein (liver, intestinal, etc.)
and the nature of the bound compound (FA, cholesterol,

Fig. 4a,b Interacting regions on
toad Lb-FABP calculated for
134 ns from seven simulations.
The color code refers to the total
number of contacts between the
carboxyl group (a) and the hy-
drophobic tail (b) of the PLM
molecule with the protein. A
contact is counted when the
distance between any atoms of
PLM and the protein is less than
3Å. Dark red > 3,000 contacts;
light red 2,001–3,000 contacts;
pink 1,000–2,000 contacts;
blue < 1,000 contacts
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Fig. 5 Averaged RMSD for the ‘main portal and α-helices’ and for the ‘anti-portal and central barrel’ regions calculated over the production phase of
each simulation. Inset Average fluctuations for these regions in the presence (seven simulations) and absence (one simulation) of PLM molecules
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bile acid, etc.). In contrast to crystalline protein complexes,
which are devoid of internal motion, NMR measurements
report signals from a large number of configurations that
are in equilibrium with one another [19, 20, 51]. It should
be noted that structural data derived by X-ray crystallogra-
phy are considered essential for clarification of a protein–
ligand interaction. However, crystallization is carried out
under restrictive conditions that force all molecules to
assume the very same configuration. These conditions
differ markedly from those prevailing under in vivo
conditions, or in vitro NMR experiments.

Other studies also suggest the possibility of more than
one primary binding site for FABP. Recent NMR measure-
ments reported by Chuang et al. [20] were performed in a
concentrated solution of L-FABP (100 μM) and at various
ligand concentrations (20–500 μM). These measurements
revealed that different ligands have two binding sites, with
high and low affinities, which exhibit a significant H1–N15

chemical shift upon the addition of the ligand. The low
affinity binding site is likely to be more promiscuous and
capable of interacting with a variety of lipophilic species.
The observations of the present simulations are in accord
with this NMR study, and the current MD simulations
enjoy a time resolution, which is lacking from the NMR
measurements. Previously reported MD simulations [23]
proposed that the ligand could adsorb to the FABP in more
than one location. It was shown that a fatty acid is capable
of penetrating deep into the protein from the anti-portal
region. These studies imply that, in solution, a ligand and a
protein are found in a dynamic equilibrium, and the ligand,
through repeated dissociation–association events, samples
many sites on the protein. Thus, the formation of a stable
complex as envisioned by X-ray analysis is a gradual
process having a temporal element that leaves no trace on
the final crystalline state of the protein. The interactions
detected by the present simulations are those appearing
during the numerous initial encounters between the ligands
and the proteins. We noted that the ligands were distributed
mainly on the portal and anti-portal domains, exhibiting
varying levels of penetration into the inner cavity.

According to our results, at physiological ionic strength,
where electrostatic interactions tail off at ~10Å, protein–
ligand contacts are initiated by unbiased random encoun-
ters. This finally leads to protein–ligand complexes in
which either the carboxylate or the aliphatic tail make a
long lasting contact. If the initial encounter is at, or near, a
site where electrostatic or LJ interactions are permissive,
the ligand will strengthen its adsorption to the surface while
optimizing the interaction energy. These initial complexes,
which represent the earliest phase of holo-protein forma-
tion, evolve further on a much longer time scale into
complexes with a lifetime long enough to contribute to
signals gathered by NMR measurement and, under most

favorable conditions (as in crystallization), lead to a
singular mode of binding.

Free FA molecules are mild detergents, which at
intracellular pH are capable of disrupting the function of
cell membrane systems. FABPs, by binding FAs, eliminate
the latter from the cytoplasmic matrix. Within the most
initial phase of our simulations the FABP proteins exhibited
low selectivity and high adsorbing capacity. Thus, by
utilizing MD simulations as elaborated in the current study,
we were able to track and detect the introductory phases of
the elimination process.

Acknowledgments The authors acknowledge the use of computer
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