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Simulations of Fatty Acid-Binding Proteins. Il. Sites for Discrimination of
Monounsaturated Ligands

Thomas B. Woolf and Michael Tychko
Department of Physiology, Johns Hopkins University School of Medicine, Baltimore, Maryland 21205 USA

ABSTRACT Fatty acid binding proteins (FABPs) can discriminate between saturated and unsaturated fatty acids via
molecular mechanisms that are not understood. Molecular dynamics computer calculations are used to suggest the
relationship between tertiary structure and binding specificity. Three separate 1-ns simulations, with explicit solvent, are
presented: 1) oleic acid (C18:1 cis) bound to adipocyte FABP, 2) oleic acid bound to human muscle FABP, and 3) elaidic acid
(C18:1 trans) bound to human muscle FABP. The average structural, dynamic, and energetic properties of the trajectory were
analyzed, as were the motional correlations. The molecular dynamics trajectories reveal intriguing differences among all three
systems. For example, the two proteins have different strengths of interaction energy with the ligand and different motional
coupling, as seen with covariance analysis. This suggests distinctive molecular behavior of monounsaturated fatty acids in
the two similar proteins. An importance scale, based on motional correlation and interaction energy between protein and
ligand, is proposed, to help identify amino acids involved with the discrimination of ligand saturation state or geometric

isomerization.

INTRODUCTION

Fatty acid binding proteins (FABPs) are 12—15-kDa pro-
teins that are abundant in many tissue types and have
20-70% sequence identity (see Banaszak et al., 1994;
Veerkamp et al., 1991, for overviews). The members of this
family are capable of discriminating among fatty acids on
the basis of chain length and saturation state, but there is no
detailed molecular understanding of this process. High-
resolution structures of several FABPs have been deter-
mined by x-ray diffraction methods (see Banaszak et al.,
1994; LaLonde et al., 1994, for overviews). In each case, a
B-clam structure is formed by two faces composed of five
B-strands that enclose an ~500-A° internal binding cavity.
This pocket is lined with hydrophobic as well as hydrophilic
residues and contains water, even when the ligand is
present. Recent binding measurements performed with ac-
rylodan-derivatized intestinal FABP (ADIFAB) suggest that
fatty acid affinities lie in the nanomolar range and vary with
tissue origin of the protein (Richieri et al., 1994, 1995,
1996). In particular, a 5-10-fold difference in oleic acid
binding affinity was measured, favoring human muscle
FABP (M-FABP) over adipocyte FABP (A-FABP) (Rich-
ieri et al., 1994).

The specific physiological roles of FABPs have not been
established with certainty. Although it is probable that these
proteins are involved with the regulation and transport of
free fatty acids, there may be other important functional
roles (for a review see Glatz and van der Vusse, 1990; Bass,
1993; Veerkamp, 1995). For example, FABPs have been
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implicated in the regulation of fatty acid metabolism, signal
transduction, and adipose cell differentiation (Glatz et al.,
1995; Glatz and van der Vusse, 1996; Amri et al., 1995;
Teboul et al., 1995).

High-resolution x-ray structures of M-FABP and
A-FABP with monounsaturated fatty acids are available at
1.4 A and 1.6 A, respectively (Xu et al., 1993; Young et al.,
1994). The protein structures are similar, with a backbone
root mean square (RMS) difference of 0.7 A. The confor-
mation of the fatty acid ligand is similar in the area near the
headgroup, but diverges toward the end of the alkane chain
(Xu et al., 1993; Young et al., 1994). The x-ray-resolved
waters near the headgroup are found in a similar pattern in
both structures.

Given the structural homology of all three systems, the
origins of ligand specificity are not immediately apparent.
Interestingly, the bound conformations of monounsaturated
ligands in M-FABP are similar to that of stearic acid
(C18:0) (Xu et al., 1993; Young et al., 1994). Therefore, the
original x-ray paper suggested that the relative binding
affinity could be partly rationalized on the basis of confor-
mational energies for the three ligands relative to an ex-
tended state (Young et al., 1994). However, this analysis
does not account for the enthalpic and entropic effects of the
protein environment. Although the current calculations do
not directly determine the free energy of binding, they do
unveil the details of molecular motion. These dynamic
phenomena must be considered to gain a full understanding
of the specificity inherent in this family of proteins.

Molecular dynamics calculations have been used to pro-
vide insight into the relationship of protein structure and
function by exploring atomic motion (e.g., Brooks et al.,
1988). The scope of this approach is still limited by modern
computer speeds, but simulations are now able to approach
nanosecond time scales. The trajectories contain a wealth of
information about molecular behavior that is not obvious
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from a static structural view. In particular, correlated move-
ments and enthalpic interactions between subsets of atoms
can be determined from the calculations.

Conclusions drawn from these simulations can illuminate
general questions beyond this particular system. For exam-
ple, the molecular details of ligand interaction within a
protein-binding site are of obvious importance to the field of
rational drug design (see Ajay and Murcko, 1995, and
Gilson et al., 1997, for recent reviews). A better understand-
ing of hydrophobic ligands within a buried cavity may
provide general insights that could help to improve ligand
binding design. Furthermore, very little is currently known
about the effect of the lipid bilayer environment on mem-
brane proteins. The protein-lipid interactions evident in
FABPs are suggestive of an inside-out version of those
involved with membrane proteins. Therefore, an improved
understanding of this system may help to unravel the gen-
eral effect of the membrane on protein structure and function.

Recent studies have suggested that oleic and elaidic acids
(cis and trans C18:1) have distinct metabolic fates in hu-
mans (e.g., Mensink and Katan, 1993). The trans geometry
of the single double bond may contribute to eventual arte-
riosclerosis. The current simulations uncover subtle differ-
ences in the behavior of these two fatty acids within FABPs.
This knowledge could provide further guidance for under-
standing the molecular physiology of fatty acids.

MATERIALS AND METHODS

The CHARMm program was used to calculate the detailed motions of holo
FABPs in solution. Three separate systems were examined: A-FABP:oleic
acid, M-FABP:oleic acid, and M-FABP:elaidic acid. For the initial con-
formation, the current simulations used high-resolution x-ray crystallo-
graphic data collected by two groups (Xu et al., 1993; Young et al., 1994).
The coordinates provide both a starting point for calculation and a basis for
comparison during analysis. Although the calculations were performed by
a method identical to that of a previous paper (Woolf, 1998), the methods
are repeated here for completeness.

The PDB coordinates (1hmr, 1Thms, 11id) were oriented with the center
of mass at the origin and the largest principal axis along the x direction. The
structure was then gradually relaxed into the CHARMm potential surface
(Schlenkrich et al., 1996). This was achieved by first fixing in place all
heavy atoms and then relaxing the positions of added hydrogens. After this
step, a series of harmonic restraints was added. Two loops were used to
gradually decrease the strength of the restraints. The first loop used a set of
10 decreasing harmonic restraints. The force constant was initially 100.0
kcal/mol-A? and then decreased in steps of 10 kcal/mol-A? to 10.0 kcal/
mol-A2. A second loop used decreasing harmonic restraints from 10.0 to
1.0 kcal/mol-A%. After the second loop, a set of steepest descent and
adopted basis Newton-Raphson minimizations was performed. This re-
sulted in a starting point with small deviation from the x-ray structure that
was at a minimum in the CHARMm potential function.

The protonated form of the fatty acid was used for all three simulations.
This is consistent with our previous simulations (Woolf, 1998) and is based
on both Poisson-Boltzmann DELPHI and CHARMm calculations. The
charged form of the fatty acids was found to lead to large deviations from
the initial crystal structures. The protonated form generated stable trajec-
tories in the current three simulations and the previous two. Similar
calculations for the I-FABP system suggest a charged ligand for that
environment. This is consistent with the only available experimental evi-
dence for the pK of the carboxylate group (Cistola et al., 1989). Further
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analysis is planned of other alternative hydrogen placements in the vicinity
of the headgroup.

Solvation of the protein used a box of preequilibrated waters overlaid on
the relaxed structure. Any waters with oxygens closer than 2.6 A to atoms
from the original coordinates were deleted. A spherical droplet was estab-
lished by deleting any waters with oxygens outside of a 27.0-A radius. The
systems consisted of ~7500 atoms. A variant of the stochastic method of
Brooks and Karplus was used to restrain the droplet of overlaid waters
during the simulation (Brooks and Karplus, 1983). The MMFP routine in
CHARMmM was used so that solvent atoms near the periphery experience
small restraining forces that prevent their exit from the simulation shell.
The restraining solvent potential is set to zero from the center of the sphere
to within a radial distance of 0.7 A from the well minima. The potential
function increases rapidly from —0.25 kcal/mol minima at 27.0 A to 1.9
kcal/mol at 28.0 A. The goal is to moderately perturb those waters near the
boundary with a minimal effect on the inside of the system. This boundary
condition may influence the motions of surface residues and affect the rate
of water transfer inside and outside of the protein. Thus the protein surface
motions are not considered in detail for the analysis below. Future work
will compare simulations that use particle mesh Ewald with constant
pressure and temperature with the current results (Tychko and Woolf,
manuscript in preparation). However, the current choice of boundary
conditions should lead to reasonable dynamic behavior for atoms within
the binding cavity of FABP.

Equilibration consisted of several steps. First, the added water was
relaxed while all other atoms were fixed. This lowered the gradient to a
point where dynamics could be initiated. A series of gradually decreasing
harmonic restraints was imposed to prevent large protein motions during
this stage. After this relaxation of the overlaid waters, two dynamic
equilibration stages were performed. The first 25 ps of dynamics used
Langevin dynamics with coupling to a 300 K heat bath (friction coefficient
of 25 ps~ ). After this run, 25 ps of dynamics was performed with velocity
scaling. The approach rescaled velocities every 2.5 ps if the temperature
fluctuated more than 5° from 300 K. After this equilibration, 1-ns trajec-
tories were produced. Conformations were saved every 25 steps (50 fs) for
analysis.

Analysis was performed with CHARMm and custom scripts. The co-
variance analysis utilized a combination of CHARMm routines, and a perl
script to create a file that INSIGHT (Biosym) could display graphically. In
particular, the CHARMm correl subroutine was used to produce a covari-
ance time series for each residue, with either ligand heavy atoms or those
water molecules that had a high contact frequency with the ligand.

Potentially interesting sites for mutagenesis were identified from a
combination of the positional covariance and individual amino acid-ligand
interaction energy. This was performed by normalizing both quantities
(negative covariance values were multiplied by —1). Critical residues were
suggested by multiplying the two normalized quantities and summing over
all fatty acid atoms. This procedure selects amino acids that have both a
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FIGURE 1 Conformations of oleic and elaidic acids in A-FABP and
M-FABP crystal structures. The conformation of oleic acid in A-FABP is
extended relative to the curved structure of the ligand in M-FABP.
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FIGURE 2 (4) RMS deviations from the trajectory averaged structure. Top two panels, M-FABP; bottom, A-FABP. The top of each panel represents C-a
deviations, and the bottom deviations are for all heavy atoms. In all cases, the x axis represents the residue number. Larger deviations are seen for the turns,
compared to smaller deviations for B-sheets. The overall RMS deviations are small, indicative of a well-defined trajectory. (B) Mapping of the RMS
deviations onto a color representation. The scale runs from blue to dark red (0-3 A). This emphasizes the differences between the turns and B-sheets. (C)
Fatty acid RMS deviations. The x axis moves along the heavy atoms of the ligand from the oxygens of the headgroup to the terminal methyl group. (D)
Color mapping of the RMS deviations seen in C. The scale runs from blue to red (0.6-3.0 A).

consistently strong interaction energy and a strong correlated motion with
the ligand.

RESULTS

Three 1-ns simulations of FABPs were performed using
CHARMmM: M-FABP:elaidic acid, M-FABP:oleic acid, and
A-FABP:oleic acid. The calculations were initiated from
separate high-resolution x-ray coordinates that are homolo-
gous. Although the ligands adopt similar structures near the
headgroup, the conformation of the fatty acid alkane chain
differs. Oleic and elaidic acids are both curved in M-FABP,
whereas oleic acid is extended in the A-FABP complex.
These initial conformations for the fatty acids are shown in
Fig. 1. The starting points for the current simulations were

very similar to previous calculations on stearic acid bound
to M-FABP and A-FABP (Woolf, 1998).

Analysis of the trajectories focused on several issues:
average structural properties, dynamic properties, interac-
tion energies, water behavior, and covariance analysis. This
set of analyses can enhance molecular insight into the
systems and help identify the residues most involved in
specific binding.

Structural properties

The time-averaged structural properties of simulated sys-
tems can be used to help ascertain the validity of the model,
as well as to provide insight into motionally averaged mea-
surements on the nanosecond time scale. For example, large
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RMS deviations from the original structure would imply
that the simulation was not well defined and stable, whereas
variations in the pattern of deviations give insight into the
relative mobilities of different parts of the system. The
current trajectory showed small RMS deviations throughout
the simulation, as can be seen in Fig. 2. There was no
evidence of large changes within subsets of the structure or
over the whole structure. Fig. 2, 4 and B, shows the protein
RMS deviations from the trajectory-averaged structures.
Similar deviations from the x-ray structures are seen. The
finding of larger fluctuations within turns is consistent with
other molecular dynamics calculations (e.g., Brooks et al.,
1988). For example, the turn between -strands B and C has
relatively large RMS deviations, as seen in Fig. 2, 4 and B.

Average, isotropic motions of the bound ligand are pro-
vided by crystallographic B-factors. A comparison of the
RMS deviations for the ligand heavy atoms and the B-
factors showed excellent agreement. Fig. 2, C and D, shows
the RMS deviations of the ligands. In particular, the largest
RMS deviations occurred at the terminal methyl group of
the A-FABP:oleic acid simulation, consistent with the x-
ray-determined B-factors (Xu et al., 1993). Thus this figure
suggests a characteristic difference in the average motions
of oleic acid in A-FABP and M-FABP.

Backbone dihedral angles define the overall fold of the
protein. Therefore, large changes in these angles would not
be consistent with the RMS deviations. However, small
fluctuations in the dihedral values may have a functional
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role. A sense of the regions of secondary structure with the
most flexibility is important for determining the types of
motion present in the system. Fig. 3 shows the average
values of backbone dihedrals as well as RMS deviations
from those averages. The most flexible regions are imme-
diately apparent from this analysis. Thus, consistent with
the RMS deviations of Fig. 2, the dihedral fluctuations are
larger in the turns.

Dynamic properties

The ensemble of conformations generated during a molec-
ular dynamics trajectory has a temporal sense. This allows
the time-dependent motion of sets of atoms to be considered
in detail. In particular, the motion of the fatty acid ligands
can be closely examined. It may have been argued that the
tight binding of protein and ligand would result in a largely
immobile fatty acid. Contrary to this thought, Fig. 4 shows
that there are time-dependent changes in the alkane chain
dihedral angles. That is, the fatty acid chain was not locked
into one conformation during the trajectory, but explored a
range of possible states. In all cases, the transitions con-
served the overall structure of the ligand. It was interesting
to further consider the pairs of transitions that occurred.
However, to test for concerted pairs of transitions, better
statistics than are available from our 1-ns simulation of a
single alkane chain are required (e.g., Brown et al., 1995).

-FABP : Elaidic Acid

FIGURE 3 Average and RMS deviation for backbone
dihedral angles. Gray bars represent the trajectory-aver-
aged values; the black tips represent the RMS deviations
from the average. The fluctuations are largest for the turn
regions. The psi values are projected down and the phi
values are projected up to enable both sets of data to be
presented in a single figure.
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FIGURE 4 Time series of ligand dihedral angles. The bottom trace is
from the headgroup, and the top trace is for the end of the alkane chain.
Each trace was shifted by 360° to make it possible to present all of the time
series in a single figure. A 720° scale bar is provided for the magnitude of
changes in each trace. Tables 1-3 should be consulted for the numbers of
transitions and observed pairs of dihedral changes.

Nonetheless, some data on the transitions seen in the present
case are collected in Tables 1-3. In each table the total
number of transitions and numbers of observed paired tran-
sitions are listed. The pairs are scored as occurring within
3.0 ps of each other. This is the optimal window size seen
in the analysis of mean-field DPPC, bilayer DPPC, and
hexadecane (Brown et al., 1995). A full estimate of a
concerted, energetic transition pair requires an ability to
separate the random number of observed pairs from the
concerted number (Brown et al., 1995). Despite the statis-
tical inablity to meaningfully perform this test for the cur-
rent data set, it is intriguing that 7:i + 2 transitions seem to
occur at a greater rate than other pair types. A preference for
izi + 2 transitions has been observed in pure bilayer simu-
lations (Venable et al., 1993; Brown et al., 1995).
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TABLE 1 Dihedral transitions within elaidate in the M-FABP
Total no. No. of No. of No. of No. of
Dihedral of it 1 i+ 2 i+ 3 i+ 4
no. transitions transitions transitions transitions transitions

3 15 1 5 0 0

4 10 5 1 3 0

5 70 5 11 2 4

6 3 3 1 1 1

7 18 2 8 4 1

8 4 1 0 3 0

9 25 2 11 2 5

10 1 1 0 1 1

11 31 1 13 3 4

12 1 1 1 1 0

13 9 0 5 0 4

14 13 3 1 4 0

15 17 3 4 0 3

16 9 0 0 0 0

17 27 0 3 2 3

Dihedral number 3 is defined by the C1-C2-C3-C4 atoms. Dihedral number
17 is defined by the C15-C16-C17-C18 atoms. Note that the number of
paired transitions does not sum to the total number of transitions because
more than a pair of transitions may occur within a single window. The
window size was 3.0 ps (from Brown et al., 1995, Table II).

Interaction energies

The interaction energy between the ligand and the rest of the
system can be used to qualitatively estimate the relative free
energy of binding via a linear response approximation (e.g.,
Aqvist et al., 1994; Aqvist and Hansson, 1996). Both the
electrostatic and vdW energies are used for this estimate.
This implies that an analysis of the differences in interaction
energy between various components of the system can
suggest residues that might be important for the binding
function.

TABLE 2 Dihedral transitions within oleate in M-FABP

Total no. No. of No. of No. of No. of
Dihedral of i+ 1 i+ 2 i+ 3 i+ 4
no. transitions transitions transitions transitions transitions

3 20 0 11 1 3
4 6 1 1 2 3
5 36 3 14 2 0
6 5 4 3 1 0
7 10 4 4 2 3
8 7 4 2 2 3
9 8 2 1 0 0
10 0 0 0 0 0
11 0 0 0 0 0
12 3 0 1 2 0
13 3 0 1 3 0
14 7 2 2 0 0
15 9 7 2 2 0
16 32 6 1 3 0
17 9 1 1 0 0

Dihedral number 3 is defined by the C1-C2-C3-C4 atoms. Dihedral number
17 is defined by the C15-C16-C17-C18 atoms. Note that the number of
paired transitions does not sum to the total number of transitions because
more than a pair of transitions may occur within a single window. The
window size was 3.0 ps (from Brown et al., 1995, Table II).
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TABLE 3 Dihedral transitions within oleate in the A-FABP

Total no. No. of No. of No. of No. of
Dihedral of it 1 it 2 i+ 3 i+ 4
no. transitions transitions transitions transitions transitions

3 4 1 1 3 0
4 16 1 1 1 0
5 6 0 4 0 1
6 17 0 2 3 0
7 8 1 4 1 0
8 12 1 1 0 1
9 13 0 1 1 1
10 0 0 0 0 0
11 12 0 1 1 1
12 10 0 1 1 1
13 4 1 1 0 1
14 17 2 4 4 0
15 11 1 1 0 1
16 19 4 3 0 0
17 24 4 1 3 1

Dihedral number 3 is defined by the C1-C2-C3-C4 atoms. Dihedral number
17 is defined by the C15-C16-C17-C18 atoms. Note that the number of
paired transitions does not sum to the total number of transitions because
more than a pair of transitions may occur within a single window. The
window size was 3.0 ps (from Brown et al., 1995, Table II).

The interactions of the ligand with the rest of the system
were computed for each saved conformation of the trajec-
tory. The resulting set of numbers was binned and normal-
ized to produce a probability distribution separated into
headgroup and acyl chain components. This is shown in Fig.
5 A. Differences were seen among all three simulations.
First, the headgroup interaction of the A-FABP system was
relatively weaker and more broadly distributed than either
M-FABP system. Second, the tail interaction of the A-
FABP:oleic acid system was weaker than that of the M-
FABP systems. If the reference system (water/bilayer/vesi-
cle/micelle) provides a similar interaction energy, then the
differences in oleic acid interactions between M-FABP and
A-FABP simulations may be directly related to the relative
difference in binding free energy. It is also intriguing to
notice the slight but clear differences between the interac-
tions of oleic and elaidic acids in M-FABP. The oleic acid
distributions are narrower and shifted slightly relative to the
elaidic acid results.

The alkane chain component of the ligand interaction
energy can be analyzed at the level of individual methylene
groups, as shown in Fig. 5 B. In particular, the differences
in interaction energy along the chain are related to the local
vdW and electrostatic interactions provided by the environ-
ment of the binding cavity. Again, there were differences
between all three simulations. The A-FABP results show a
tighter distribution, with the majority of interaction energies
clustered about —2.5 kcal/mol with a width of ~1.0 kcal/
mol. Two distributions are stronger and wider: those of the
C2 and C18 methylene groups. Furthermore, the C3 meth-
ylene group is weaker and less symmetrical than the average
distribution. The M-FABP simulations show interaction en-
ergies that are more broadly distributed over the length of
the alkane chain. In particular, two interactions are mark-
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edly stronger than other interactions. The C18 and C2
methylene units have interaction energies between —4 and
—5 kcal/mol, with a broader distribution for the C18 group
than for the C2 group. The range of interaction energies for
the other units varies from —2 to —3.5 kcal/mol. It is
especially interesting that the C3 methylene group has a
much weaker interaction in the elaidic acid simulation than
in the oleic acid simulation.

Further insight can be gained by analyzing the interaction
energy of individual amino acids with the ligand. This is
seen in Fig. 6. The calculation is presented in terms of the
total and the vdW and electrostatic components. In princi-
ple, this provides the connection for comparing differences
in relative free energy of binding between the systems, by
identifying those residues with the strongest enthalpic con-
tributions. Residues with strong interaction energies are
presumed to have an appreciable effect on binding. The
figure shows differences and similarities between the three
systems. For example, R126 had the largest interaction
energy for the M-FABP systems. In contrast, R106 had the
largest interaction for the A-FABP simulation.

Water behavior

The water molecules inside FABPs are intrinsically in-
volved with the binding process. For example, a hydrogen-
bonded water is observed in the crystal structure bridging
R106 to the fatty acid headgroup. The motional behavior of
this water has not been measured directly. Thus a detailed
description of the motion of water and its interaction with
the ligand could help to clarify its functional role.

The analysis focused on a subset of waters that had the
most frequent contacts with the fatty acid. Waters that
passed within 4.0 A of the ligand were tabulated for every
fourth conformation in the trajectory. Interestingly, the top
40 waters on this list exhibited a range of effective diffusion
constants and effective lifetimes for regions near the ligand.
Some stayed near the ligand throughout the simulation,
whereas others ventured out of the binding pocket. An
estimate of the diffusion constant for each water was deter-
mined from the slope of the mean square displacement
correlation function. The estimates suggest that the effective
diffusion constants varied by two orders of magnitude. The
waters with the most motion were roughly half as mobile as
waters in bulk molecular dynamics simulations (Brooks et
al., 1988). More restricted water was roughly 100 times less
mobile than water observed entering and leaving the interior.

Tables 4, 5, and 6 describe the 40 waters that had the
largest set of contacts with the ligand averaged over each
trajectory. The table also includes a listing of the most
frequent neighbors for those waters. For example, Table 6
(for A-FABP:oleic acid) lists the water bridging R106 and
the headgroup first. Its most frequent neighbors were the
headgroup atoms C1, O1, 02, C2, and C3. The second water
has a set of contacts with the headgroup (O1, 02, C1, C2)
and another set of contacts with the chain end (C10, C12,
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C18). The most motionally restricted water was not the
water most frequently in contact with the fatty acid. This
most slowly diffusing water had 125 contacts within 4.0 A
and had an estimated diffusion constant that was five times
less than the water with the most contacts.

Covariance analysis

It has been suggested that an essential configurational sub-
space of a protein can be defined by diagonalization of the
pairwise matrix of atomic positional fluctuations (Garcia,
1992; Amadei et al., 1993). This subspace contains a small
fraction of the overall degrees of freedom, which may, in
turn, capture the most functionally relevant motions. The
use of covariance analysis has also been fruitful for deter-
mining the dynamic connections between regions of struc-
ture (e.g., Ichiye and Karplus, 1991). The current calcula-
tions employ covariance analysis to reveal patterns of
motional coupling between ligand and protein or ligand and
water in FABPs. Strong positive or negative zero-time po-
sitional covariances imply a nearly direct coupling between
subsets of atoms.

The covariance analysis was performed between the li-
gand and either protein heavy atoms or the 40 nearby waters
determined above. This is shown in Fig. 7. Although the
current findings show clear differences among the three
systems, the contrasts were not as striking as those of stearic
acid in M-FABP versus A-FABP (Woolf, 1998). The pre-
vious simulations showed strong alternating patterns of
correlation along the stearic acid for various regions of
M-FABP, similar to the current M-FABP-elaidic acid data.
The current simulations also show some coupling for the
M-FABP-elaidic acid trajectory that was not present in
M-FABP-oleic acid. However, the pattern of protein-ligand
covariance was clearly stronger in the previous M-FABP-
stearic acid simulation. Furthermore, the current A-FABP-
oleic acid data are quite different from the previous A-
FABP-stearic acid calculations. In contrast, it is interesting
to note that certain regions of the protein correlate similarly
in all three current simulations, such as the patch of positive
correlation between the second a-helix and the middle of
the ligand tail.

The water-ligand covariances of the current trajectories
were much milder than in the previous simulations of stearic
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acid in M-FABP and A-FABP (Woolf, 1998). However,
unlike the stearic acid simulations, the current data show a
strong difference between A-FABP and M-FABP. The wa-
ter in the A-FABP simulation showed both strong correlated
and anticorrelated motions compared to the scattered sets of
weak correlations for both M-FABP systems. For example,
the most frequently contacted water (left side of the x axis)
has a strong anticorrelated set of motions with respect to the
ligand headgroup. The next three waters have a positive
correlation with the chain of the fatty acid. Waters 10, 12,
15, and 16 have strong anticorrelations with the ligand
terminus. Although the M-FABP data suggest weaker cou-
pling to water, it is still interesting to note differences like
the band of stronger correlations for C11-C13 of M-FABP-
elaidic acid versus M-FABP-oleic acid.

TABLE 4 Nearest water neighbors to the elaidate in M-FABP

Estimated
Contacts  diffusion constant
(no./trj) (um?/ms) Most frequent near neighbors

7784 0.07 COC8C7C6C5C4C3C2
7608 0.08 C5C4 C3 C2C18 C6 C17
7362 0.02 0201 C3 C2C15Cl14 Cl1 Cl6
5572 0.07 0201C5C4C3C2C1Cl8
5510 0.07 C9 C8 C7C6C5C4Cl10C3
4462 0.07 C9 C8 C7C6C5C4C3Cl10
4448 0.03 0201C4C3C2CICI8CS
4054 0.07 C5C4C3C2C6Cl1OlCI18
3392 1.1 C11 C10 C12 C13 C9 C14 C8
3302 0.02 C4C201C3CIC5Cl1802
3080 0.02 C18 C4 C2 C17 C5 C6 C3
2760 0.05 Cl18C201Cl7C1C4C3
2592 0.03 0201C2C1C3C4C5Cl18
2290 0.07 C2C18C4C301Cl17C5C1
2286 0.02 C7 C5C8 C6C4C9C3Cl0
1732 0.67 C8 C10 C9 C7 Cl11 C6 C5
1512 0.3 02Cl4Cl1Cl13Cl2C15C3
1404 0.93 C15 C14 C17 Cl16 C13 CI18
1240 0.5 C18 C17 Cl16 C10 C11 C12 C15
1224 1.1 CI0C11 C9 Cl12 C8 Cl13 Cl4
1164 0.72 C10 C11 C9 C8 C12 C13 C7
792 0.62 CI8 C17 Cl6 C15 C14 C13
734 0.7 CI1 C10 C9 C12 C8 C13 Cl14
718 0.77 C11 C13 C12 C10 C14 CI5 C9
686 0.77 CI1 C10 C9 C8 Cl13 Cl12 C7
682 1.2 CI0Cl1 C9C8 Cl2Cl13 Cl4
640 0.88 Cl14 C15 C13 Cl6 C17

618 0.7 C8 C10 C9 C11 C7 C12

616 0.8 Cl14 C15 C13 Cl6

596 0.6 C18 C17

546 1.6 Cl10 C9 C8 Cl11 C7 Cl12

446 0.77 Cl8 C17 C4

410 0.72 Cl4 02 C13 Cl5Cl2 C1

342 0.55 01 02 Cl

340 0.73 C11 C13 C10 C12 C9 C14 CI15
338 0.68 C13 C15 C14 C17 Cl16 C12 C18
310 0.82 C17 C15 CI8 Cl6

280 0.87 Cl18 C17

242 1.7 C18 C17 Cl6 C15 C12

242 2.9 CI11 C13 C10 C12 C14 C9 Cl6
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TABLE 5 Nearest water neighbors to the oleate in M-FABP

Estimated
Contacts  diffusion constant
(no./trj) (um?/ms) Most frequent near neighbors
7404 0.03 01 C2C1C3C4
6125 0.02 C7C8C6C5C4C3C201
4102 0.02 C7C5C6C4C8C3
2229 0.02 C6C5C4C7C8C3C2Cl18
1815 0.07 C2C3C4C18C5C17 01
1726 0.02 C5C4C3Cl18C2C6C7
1564 0.03 Ol C1 C2
967 0.02 Cl15Cl14 Cl6 C13 C3 C4
873 0.07 C2 C18 C4 C3 C17 Cl6 O1 C1
632 0.03 C2C3C401C5C18Cl
546 0.05 C18 C2 C4 C3 Cl6
352 0.45 C201C3C4Cl1Cl18
317 0.03 C2C3C4Cs
211 0.7 Cl1 C12
168 0.62 Cl2 Cl11
142 0.87 Cl1 C12
127 0.68 Cl1 C12
122 0.83 Cl1 C12
112 0.92 Cl11 C12 C10
86 0.78 Cl11 C12 C10
73 0.82 Cl2 Cl11
70 0.25 C2C4C5C3
51 1.05 Cl1 C12
44 0.77 Cl11 C10 C12 C9
42 0.5 Cl11 C12 C10
25 0.75 C11 C10 C12
24 0.42 Cl1 C12 C10
20 0.98 Cl2 C11
17 0.87 Cl1 C12
16 0.9 Cl1 C12
14 0.87 Cl11 C10
14 1.05 Cl1 C12
12 0.78 Cl1 C12 C10
12 1.03 Cl1
12 0.97 Cl1 C12
10 0.73 Cl1 C10
7 0.72 Cl1
6 0.73 Cl1
6 1.08 Cl1 C12
6 0.97 Cl2 C11
DISCUSSION

Protein-lipid interactions play a crucial role in a variety of
biological systems, but there is currently little understand-
ing of the nuances of these important effects. Differences in
the molecular behavior of saturated versus unsaturated al-
kane chains are expected to give rise to distinct protein-lipid
interactions (e.g., Gennis, 1989). The majority of computer
simulations have addressed fully saturated fatty acids such
as DMPC or DPPC (e.g., Merz and Roux, 1996, for over-
view). However, this study examined a series of saturated
and unsaturated fatty acid ligands bound to several FABPs.
Thus the current simulations provide an ideal setting for
probing the differences between saturated and monounsat-
urated fatty acids interacting with binding proteins. It is
interesting to note that the high-resolution crystal structures
of these systems did not immediately reveal any mechanism
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TABLE 6 Nearest water neighbors to the oleate in A-FABP

Estimated
Contacts  diffusion constant
(no./trj) (um?/ms) Most frequent near neighbors

9761 0.02 C1 0201C2C3C4C5
8912 0.02 O1C1C202C3Cl13Cl2C18
6459 0.08 02 01 C11 C13 C3 Cl15 Cl1
3909 0.1 C13 C5C6 O1 C11 C3 C8
3818 0.02 C7 C6 C8 C9 C5
3437 0.03 Cl14 C16 C13 C15 CI8 C17 C12
3416 0.07 C5C6 C8C7C4C3020C9
3117 0.03 C8 C7C6 C5Cl11 C9 Cl10 C4
3053 0.18 C16 C5C3 01 C13 02 Cl15
1926 0.02 01 02C2C1C4C3C6C5
1522 0.07 02 C1 01 C2C3Cl11Cl13Co
1104 0.33 02C5C3C101C6C2cC4
664 0.02 C15CI18 C13 Cl12 Cl16 C17 C14
544 0.9 Cl16 C14 C15 C18 C17 C13
479 0.8 CI1 02C1301Cl5C2Cl4
440 0.15 02C3C101C5C4C6¢C8
238 0.007 C5C6C4C302C2

218 0.7 Cl14 Cl16 C15 C17 C18 C13 C12
164 0.7 C18 Cl16 C17 C14 C15

161 0.82 C18 C17 C16

159 0.58 C18 Cl6 C17 C14 CI15

127 0.88 Cl14 Cl16 C15 C13

125 0.003 C201C302C5cC4

119 0.85 Cl14 Cl6 C15 C17 C18

115 0.78 C18 Cl16 C17 C14

109 0.58 C2 C1 C301C402CcCo6

107 0.6 C18 C17 Cl6

81 0.75 C18 C17 C16 C14 C15

80 0.85 Cl14 C15 Cl16 C17 C13

78 0.88 C18 C17 Cl6 C14

69 1.0 C18 C17 Cl6 C14

65 0.58 C18 C17 C16

62 0.77 C15C18 Cl6 C17 C13

60 0.63 C18 C17 Cl16 C14

59 0.67 C15 Cl14 Cl16 C17

58 0.77 C18 Cl6 C17

51 0.57 Cl18

51 0.67 C18 C17 C16

49 0.76 Cl18 Cl6

43 0.78 C18 C17 Cl16 C14

for discrimination among ligands with varying length or
saturation state. The molecular dynamics method may re-
veal particular aspects of these systems that are related to
specificity.

In fact, intriguing differences were found among the
molecular dynamics simulations of C18 fatty acids bound to
M-FABP and A-FABP. The results suggest that differences
in the motion and interaction energy of the systems could
play a significant role in the binding function of FABPs. For
example, water was more strongly coupled with the ligand
motion in A-FABP than M-FABP. The total protein-ligand
interaction energy was strong in all three simulations, which
is consistent with tight binding. However, the ligand was
not locked into a single conformation by the shape of the
binding site. Instead, dihedral transitions were observed
along the length of the alkane chain. Furthermore, the
interaction energy of the methylene groups along the chain
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varied from one system to another. This implies that the
shape of the binding pocket is optimized for a particular
ligand, or set of ligands, within a specific FABP. In partic-
ular, some methylene groups had strong interaction energies
of —4 to —5 kcal/mol, whereas others had weaker interac-
tion energies of —1 to —2 kcal/mol. A further breakdown of
interaction energies in terms of individual protein residues
suggested that the two proteins are coupled differently to
their ligands, despite very similar tertiary structures. For
example, R126 had the strongest interaction in M-FABP,
whereas R106 was stronger for A-FABP.

Mutagenesis suggestions

A combination of the covariance and interaction energy
analyses was used to establish an importance scale that
suggested key residues involved in overall binding and
discrimination of the fatty acid saturation state. A joint
weighted comparison was made by normalizing both sets of
information. The interaction energy was normalized on a
scale from 0 to 1, with the largest value being the greatest
interaction energy. The covariance analysis was normalized
on the same type of 0 to 1 scale, with the largest values
being either a large correlated or anticorrelated motion.
Thus the predictions are based purely on the basis of amino
acid residues that are both strongly interacting and strongly
coupled in their motion with the ligand. This type of anal-
ysis could have several sources of error. For instance, the
analysis could be flawed if the motions and energetic inter-
actions are not representative of that found in the real
system. This scenario is possible if the computer calcula-
tions improperly sample the relevant set of conformations
accessible to the protein in solution. The predictions could
also be suspect if strong enthalpic interactions and covari-
ances are not true markers of functional significance. De-
spite these caveats, the approach may provide a useful
estimate of those residues most important for binding func-
tion. The predictions are experimentally testable, and the
validity of the approach can be checked.

Pairs of the five molecular dynamics runs (three in the
current paper and two from the previous paper) were com-
pared. Fig. 8 shows sums and 10 pairwise differences of
combinations. The information is best summarized by three
categories: 1) sites that may be important for binding in
general; 2) sites that may discriminate monounsaturated
fatty acids from saturated fatty acids; and 3) sites that could
be important for cis versus trans discrimination.

Sites for general binding

The most important residues for binding in general can be
estimated from looking for amino acids with high scores in
all five simulations. Separate sums of three M-FABP sys-
tems, two A-FABP systems, and all five simulations are
presented in Fig. 8 A. Six conserved residues were identified
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M-FABP : Elaidic Acid

M-FABP : Oleic Acid

A-FABP : Oleic Acid

FIGURE 7 Covariance analysis. (4) Ligand and protein motions. The zero-time covariance function was computed as an average over the full trajectory.
The color scale bar represents the range of averaged motional correlation between protein atoms and fatty acid atoms. Blue regions are anticorrelated, and
red regions are positively correlated. The 20 heavy atoms of the fatty acid ligand are represented along the vertical axis (headgroup at the bottom), and
the horizontal axis represents the protein sequence (N-teminus left). The regions of secondary structure are indicated along the bottom. (B) Ligand and 40
nearest water molecules. The 20 atoms of the fatty acid ligand are represented vertically (headgroup at the bottom), and the water is ordered from left to
right (most to least contacts). Tables 4—6 should be consulted for the most frequent neighbors of the water and a calculated estimate of the diffusion
constant. A-FABP has a stronger set of covariance connections with the water than M-FABP.

by this test—three near the headgroup and three near the
midpoint of the alkane chain.

The importance of the first three was predicted from the
x-ray structure (e.g., Jakoby et al., 1993; Xu et al., 1993;
Young et al., 1994). In addition, the simulation results
suggested that R106 is more important for A-FABP and
R126 is more important for M-FABP, whereas Y128 is
somewhat important in both FABPs. The other three resi-
dues suggested by this analysis were not obvious from
consideration of the crystal structure. The three are A7S5,
D76, and F16. The A75 and D76 residues are in the mobile

E-F turn. The location is near the bend in the M-FABP
ligands and the midpoint of the A-FABP ligands. There is
no x-ray-resolved water near the site. The location is also
near the presumed portal region, and thus mutations at this
site may effect the kinetics of binding. The F16 site is in the
beginning of the first a-helix. Its side chain occupies part of
the space in the bend of the ligand in M-FABP and along the
midpoint of the ligand in A-FABP. Mutations that change
the size of this side chain may have a large impact on the
binding site, by changing the local packing arrangements
that are possible for the ligand. Finally, a seventh potentially
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with general ligand binding and selectivity.

interesting site is P38, which seems more important in the
M-FABP simulations, even though it is conserved in A-
FABP.

Sites for saturation state discrimination

Determining the sources of discrimination between satu-
rated and monounsaturated ligands is difficult. As has been
pointed out (Richieri et al., 1994; Cistola et al., 1988), the
solubility of the fatty acids in water and their phase dia-
grams depend on saturation state. Therefore, part of the
measured difference in binding affinity between stearic and
oleic acids is possibly due to differences in their respective
physiological reference states. Without a clear understand-
ing of what the reference state actually is, it is difficult to
estimate the contribution of the reference to differences in
binding affinity from a single simulation.

Given these difficulties, a qualitative prediction might
still be possible, because the change in binding affinity for
oleic versus stearic acid is opposite in the two proteins. In
M-FABP:oleic acid, the affinity decreases by 2.5 (Richieri
et al., 1994). In contrast, the affinity for A-FABP:oleic acid
increases by 1.4 (Richieri et al., 1994). Because the changes
are in opposite directions, it was possible to look for
changes in the scoring for amino acids that are unique to
each of the two systems. The full set of differences is shown
in Fig. 8 B. Those residues with large differences in score
(and therefore, presumably, which are important in discrim-
ination) were counted for each pair. Then those residues that
were present in both sets were discounted (under the as-
sumption that residues are not acting positively in one
system and negatively in the other; this assumption assumes
a type of independence of each residue that may not be
true). The resulting set of amino acids was then postulated
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to be contributing to stearic acid recognition over oleic acid
in M-FABP and to oleic acid over stearic acid in A-FABP.

The M-FABP residues selected as targets by this ap-
proach were M20, R78, Q95, and L117. The A-FABP
residues selected are all present in a-helix 11: V25, T29, and
V32. These three helical residues may thus be involved with
the kinetics of fatty acid transfer in addition to defining the
binding site. The M-FABP residues are located at different
sites around the ligand: M20 in B-I, R78 in the E-F turn,
Q95 in B-G, and L117 in B-1. Interestingly, L117 is the only
nonconserved residue in this set of seven C117 in A-FABP.

Sites for cis/trans selection

By considering a larger set of pairwise combinations, two
amino acids that could be important for cis/trans discrimi-
nation are suggested. The M-FABP:oleic acid and
M-FABP:claidic acid systems were each compared with
M-FABP:stearic acid. Furthermore, the oleic and elaidic
acid M-FABP runs were also compared against A-FABP:
stearic acid as a second screen. Last, the elaidic and oleic
acid M-FABP runs were compared directly against them-
selves. Two residues were identified based on these com-
parisons, that is, M20 and K58. The M20 contributes vdW
connections to the midpoint of the fatty acid alkane chain. It
is closer to the cis-trans region than to the F16 side chain.
It was also selected as being important for the discrimina-
tion of saturation state in the M-FABP. The K58 side chain
is in the C-D turn region and may have a larger degree of
mobility than M20. In particular, correlations with the li-
gand C3 region are strong for M20. This was consistent with
the finding of the C3 methylene group having a greater
cis/trans difference in interaction energy than other units
along the chain.

Finally, the current simulations are also important in light
of the recent evidence suggesting that frans monounsatu-
rated fatty acids may be metabolized differently from the cis
isomers (e.g., Mensink and Katan, 1993). The increasing
prevalence of trans monounsaturated fatty acids in the hu-
man diet calls for an increased understanding of the details
involved in discrimination between geometric isomers of a
given fatty acid. In particular, a better molecular under-
standing of the changes in behavior of an endogenous
protein interacting with a substrate less commonly found
during evolution could suggest mechanisms for the differ-
ential metabolism. Furthermore, it may eventually be pos-
sible to design a modified FABP that has high affinity for
trans monounsaturated fatty acids.

SUMMARY

Three 1-ns molecular dynamics simulations are presented
that examine the details of monounsaturated fatty acids in
complex with M-FABP and A-FABP. The results suggest
differences in correlated motion and interaction energy be-
tween oleic acid in M-FABP and A-FABP. The simulations
also reveal differences between elaidic and oleic acids in
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M-FABP. These calculations are related to a long-term goal
of connecting the FABP protein tertiary structure to ligand-
binding affinities and the eventual rational design of new
FABPs capable of binding specific fatty acids. In particular,
the results suggest sites for mutagenesis of residues that
may be important in the discrimination of saturation state.
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