
RA (Figure 2), a metabolite of Vitamin A, and subse-
quently activates the peroxisome proliferator-activated
receptor β/δ (PPAR β/δ resulting in transcription of genes
relating to cell growth (Armstrong et al., 2014; Schug
et al., 2007a; Schug, Berry, Shaw, Travis, & Noy,
2007b; Schug et al., 2008). Normally, retinoic acid (RA)
is bound by Cellular Retinoic Acid Binding Protein II
(CRABP-II) and the Retinoic Acid Receptor (RAR) is
activated which signals apoptosis to occur. Usually, the
RAR pathway is dominant, in part because the binding
affinity of retinoic acid is higher for the CRABP-II/RAR
pathway (Kds .1–.2 nm) (Dong, Ruuska, Levinthal, &
Noy, 1999; Sussman & de Lera, 2005) than for the
FABP5/ PPAR β/δ pathway (Kds 10–50 nm) (Schug
et al., 2007a; Tan et al., 2002). However, in cells that
have high amounts of FABP5, activation of the PPAR
β/δ pathway occurs, resulting in unwanted cell prolifera-
tion (Schug et al., 2007a; Schug et al., 2008; Storch &
Thumser, 2010). The ratio of CRAPB-II to FABP5 deter-
mines whether cell proliferation or growth inhibition will
be favored (Schug et al., 2008). CRABP-II acts as a
tumor suppressor when there is a sufficiently high ratio

of CRABP-II to FABP5. Although much experimental
work has been done to understand how these proteins
impact cancer cell growth or inhibition, there are still
many questions as evidenced by recent reviews that
highlight how much is still unknown about what ratio of
CRABP-II to FABP5 is required for the RAR route to
dominate (Peters, Gonzalez, & Müller, 2015) and the
actual role of PPAR β/δ pathway in human cancer
(Mueller, 2016).

CRABP-II and FABP5 have the same three-dimen-
sional β-barrel structure even though they only have a
32% sequence homology, similar to that within the
FABP5 family. Figure S1 shows an overlay of CRABP-
II and FABP5 to demonstrate their similar three-dimen-
sional structure, and Table S1 shows the full sequence of
each protein. While a number of experimental and com-
putational studies have been performed on fatty acid
binding proteins and other intracellular lipid binding pro-
teins, including recent studies on FABP3 (Matsuoka,
Sugiyama, Murata, & Matsuoka, 2015) and FABP4,
(Chen, Wang, & Zhu, 2014; Li, Li, & Dong, 2014; Zhou
et al., 2016) simulations of FABP5 and CRABP-II are
lacking. FABP5 is relevant as a potential therapeutic tar-
get for cells where the ratio of FABP5 to CRABP-II is
high. In this study, we discuss results from a series of
300 ns molecular dynamics simulations: FABP5 alone,
CRABP-II alone, FABP5 bound with retinoic acid, and
three trajectories of CRABP-II bound with retinoic acid.
Comparison between ligand-containing (holo) and
ligand-free (apo) forms of each protein reveal structural
and dynamic differences that provide insight into binding
and ligand design.

2. Methods

Starting structures for each protein were obtained from
the protein data bank (pdb id 1B56 for FABP5 and pdb
id 2CBS for CRABPII). The FABP5 protein from the
pdb has 133 residues (numbered 3–135) while the
CRABP-II protein has 137 residues. All ligand and water
molecules in the protein crystal structure were deleted.
The retinoic acid ligand structure was drawn in Spartan
14, saved in .pdb format, and docked into the binding
pocket of the corresponding protein using Autodock
Vina. The lowest energy conformation was saved as the
starting point for subsequent molecular dynamics simula-
tions. As confirmation of the quality of the docked struc-
ture, the location of the docked retinoic acid (RA) was
compared to that of the structurally similar ligand in the
CRABP-II crystal structure. The overlap, as shown in
Figure S2, indicates that Autodock Vina provided rea-
sonable starting locations for the ligands in these pro-
teins. Antechamber was used to determine the gaff force
field parameters for the retinoic acid ligand, which was
subsequently saved in a .mol2 file. The xleap program in

Figure 1. The starting structure of the simulation of FABP5
Only with the ten β-sheets (βA–βJ) and two α-helices that are
common to the entire FABP5 family and CRABP-II labeled.

Figure 2. Retinoic acid with atoms important in later discus-
sion labeled.



structures can give some insight into why that is the
case, but they only provide a partial story. MD simula-
tions provide insight into the dynamic behavior of pro-
tein-ligand interactions that are unable to be seen in the
solid state. In solution, neither the protein nor the ligand
are rigid. The crystal structures do however, highlight
the importance of certain residues in binding. In the case
of FABP5, Arg 129, and Tyr 131, both of which are part
of βJ, form hydrogen bonds with the carboxylic acid
functional group when crystalized with a fatty acid (Van
Tilbeurgh, Hohoff, Borchers, & Spener, 1999). While
these hydrogen bonds are observed in some of the
frames of the FABP5+RA simulation, more often hydro-
gen bonds are observed between RA and Arg 109, which
is part of βH. In the starting structure of FABP5+RA,
RA O1 is equidistant from Arg 109 and Arg 129 as
shown in Figure S5. In the solution-phase simulation

here, RA apparently prefers to form hydrogen bonds
with Arg 109 rather than Arg 129. During the course of
the simulation, RA O1 forms a hydrogen bond with Arg
109 HE (see Figures 1 and S7 for atom labeling scheme
for RA and Arg.) in 47% of the recorded frames while
RA O2 forms a hydrogen bond with Arg 109 HH12 in
41% of the recorded frames. Li et al. also observe con-
formational modes in which certain ligands will lose
contact with residues that are conserved in the crystal
structures of holo forms of FABP4 (Li et al., 2014).

Additional insight into the motion of the FABP5+RA
complex is revealed through close inspection of the time
dependence of the gap and portal distances (Figure 5).
Even though the radius of gyration calculations indicate
that the protein is in the closed conformation nearly 90%
of the time in the holo form, the portal and gap can
open, sometimes widely. To evaluate this motion, the
distance between O1 of retinoic acid and Arg 109 NE
(the hydrogen bond mentioned in the previous para-
graph) and RA C6 and the α1/α2 loop using V28 Cα)
were monitored. The former distance indicates how deep
the ligand is in the binding pocket while the latter pro-
vides insight in hyrophobic interactions between the
ligand and the protein.

In the region between 58–65 ns, the retinoic acid
appears to lose hydrogen bond contact with Arg 109, but
the hydrohobic region protein loop to RA C6 distance
decreases, so the retinoic acid is not leaving the binding
pocket. Snapshots at 60, 140, and 300 ns are shown in
Figure 7. Around 60 ns, the gap (the distance between
βD and βE) is very large, the hydrogen bond between
RA and Arg 109 is absent, but the hydrophobic interac-
tions between the RA and the protein are still present.
The ligand is simply oriented differently in the binding
pocket as it explores that available space. The snapshot
at 140 ns was selected because Figure S4 and Figure 5
show an apparent conformational change shortly before
150 ns where Portal 1 decreases and Portal 2 increases.
In this situation, the changes in portal separation corre-
spond with a decrease in the gap size. At 140 ns, the
gap is still relatively large, while after 150 ns, it has
returned to approximately where it was at the beginning
of the production run and remains there, with normal
fluctuations, throughout the simulation. The 300 ns
snapshot in Figure 7 shows the portal and gap are both
relatively closed.

While RA remains bound to FABP5 during the
course of the simulations (see Figure S6 for images at
50 ns intervals), it certainly explores a large area of the
binding pocket and forces a wide gap at points during
the simulation. Lipid binding proteins are known to be
particularly promiscuous, binding a wide variety of struc-
turally different ligands, only some of which activate the
protein (Armstrong et al., 2014; Ayers et al., 2007; Xu,
Bernlohr, & Banaszak, 1993). The large binding pocket,

Figure 4. RMSF values of the Cα atoms in the protein for (a)
FABP5 Only (purple) and FABP5+RA (green) and (b)
CRABP-II Only (blue) and CRABPII+RA (red). The protein
secondary stuctures are shown above each figure.



CRABP-II, not in the smaller, less flexible FABP5.
Many questions remain about ligand entry and exit from
iLBPs (Xiao, Fan, Zhou, Lin, & Yang, 2016). While
steered MD has been used to guide ligands into and out
of binding pockets, the observation of a spontaneous
ligand reorientation is quite unusual. Long et al. (2009)
report a series of random expulsion molecular dynamics
simulations (REMD) of two oleate ligands or two

1-anilino-8-napthalene sulfonate ligands from the binding
cavity of liver fatty acid binding protein, LFABP. They
discovered three portals for ligand exit: the standard
portal, a portal involving the βG/βH loop, βE/βF loop,
C-terminal end of αI and N-terminal end of αI/αII loop,
and the antiportal, a region on the opposite end of the
β-barrel from the standard portal. Our results coupled
with those of Li et al. and Long et al. are making it clear
that the βG/βH loop is likely more important than previ-
ously recognized in the mechanism of ligand binding
and dynamics.

Figure 7. FABP5+RA at 60 ns (left), 140 ns (center) and at 300 ns (right).

Figure 8. FABP5+RA (t = 150 ns) showing the residues that
are most important in RA ligand (shown in orange) to FABP5
binding according to pairwise per-residue MM-GBSA
calculations.

Figure 9. CRABP-II+RA (t = 150 ns) showing the residues
that are most important in RA ligand (shown in orange) to
CRABP-II binding according to pairwise per-residue
MM-GBSA calculations.
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