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ABSTRACT It is commonly believed that binding affinity can be estimated by consideration of local changes of ligand and
protein. This paper discusses a set of molecular dynamics simulations of intestinal fatty acid binding protein addressing the
protein’s response to presence or absence of different ligands. A 5-ns simulation was performed of the protein without a
ligand, and three simulations (one 5-ns and two 2-ns) were performed with different fatty acids bound. The results indicate
that, although the basic protein structure is unchanged by the presence of the ligand, other properties are significantly
affected by ligand binding. For example, zero-time covariance patterns between protein, bound waters, and ligand vary
between the different simulations. Moreover, the interaction energies between ligand and specific residues indicate that
different ligands are stabilized in different ways. In sum, the results suggest that binding thermodynamics within this system
will need to be calculated not from a subset of nearby protein:ligand interactions, but will depend on a knowledge of the
motions coupling together water, protein, and ligand.

INTRODUCTION

The key molecular interactions that describe ligand binding
affinity are still a matter of debate. A complete theory of
ligand discrimination would be able to describe the types of
motions and energetic connections that define selectivity for
a particular ligand within a particular system. In molecular
simulations, binding calculations usually focus on a circum-
scribed region of the protein near the binding site. This
effectively assumes that the binding affinity can be under-
stood as a sum of local energetic interactions and that the
behavior of more distant parts of the system site do not
significantly affect the result (Dill, 1997).

The current paper reports on molecular dynamics calcu-
lations of the intestinal fatty acid binding protein (I-FABP).
This protein is part of large gene family of cellular proteins,
called lipid binding proteins or fatty acid binding proteins
(FABPs), involved with lipid binding (Sacchettini and Gor-
don, 1993; LaLonde et al., 1994). These proteins are useful
as models for understanding details of protein recognition of
specific lipids (Sacchettini and Gordon, 1993; LaLonde et
al., 1994). Moreover, understanding the interactions driving
the binding of free fatty acids as ligands may help us explain
the behavior of membrane proteins and the mechanisms of
lipid transport within the cell. For these reasons, simulations
are reported for the apo form (no ligand bound), and three
holo forms (bound myristate, palmitate, and oleate).

The lipid binding proteins are excellent candidates for
investigation by molecular dynamics simulation, for a va-

riety of reasons. There are a number of high quality x-ray
structures (Sacchettini et al., 1989, 1992; Scapin et al.,
1992; Eads et al., 1993), ongoing nuclear magnetic reso-
nance (NMR) work (Cistola et al., 1989, 1990; Hodsdon et
al., 1995; Cistola and Hall, 1995; Hodsdon et al., 1996;
Hodsdon and Cistola, 1997a,b; Zhang et al, 1997; Mesgar-
zadeh et al., 1998), and excellent binding thermodynamics
studies (Richieri et al., 1992, 1994, 1995, 1996, 1998; Kirk
et al., 1996; Kurian et al., 1996), all of which provide an
excellent resource for comparison to simulations. In partic-
ular, binding affinity experiments have shown that the pro-
teins are capable of discrimination of lipid type based on
chain length, saturation, and headgroup type.

Examination of the different crystal structures shows a
large number of ordered water molecules buried in the
central cavity of all FABPs. Some but not all of these waters
are displaced upon ligand binding, which suggests that their
behavior should not be neglected when considering issues
of binding stability and specificity. Previous simulations
indicated that the diffusion constants of waters in the inte-
riors of the muscle and adipocyte fatty acid binding proteins
are significantly reduced relative to bulk (Woolf, 1998;
Woolf and Tychko, 1998), indicating that this is likely to be
the case for I-FABP as well. This is consistent with NMR
analysis of internal waters in the M-FABP (Mesgarzadeh et
al., 1998). The detailed role of internal water in determining
binding affinity and selectivity thus remains to be deter-
mined. Computer calculations can help with this question
by examining the energetics of the interaction between
particular waters and the protein. For example, water that
displays high interaction energies or highly correlated mo-
tion may play a role in binding function.

An important issue for analysis of binding affinity is the
degree to which ligand binding can be considered a local
phenomenon. Molecular dynamics simulations allow us to
directly test this hypothesis by examining differences be-
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tween interaction energies and zero-time covariances in
simulations of I-FABP with and without ligands. We do not
attempt, in this paper, to directly compute binding affinity
for the ligands. However, analysis of the interaction ener-
gies gives some indication of the enthalpic contributions to
ligand binding, while covariance analysis can tell us which
parts of the system are likely to be involved entropically.
Although these analyses cannot directly rationalize binding
affinities, it is intriguing to note the quite different patterns
of interaction and zero-time covariance seen in the simulations.

METHODOLOGY

All simulations used the molecular dynamics program
CHARMM (Brooks et al., 1983). The recently developed
lipid-protein potential function of (Schlenkrich et al., 1996)
was used for all calculations.

Simulation size and boundaries

All simulations were initiated from x-ray structures. The
apo simulation was constructed using coordinates from
Scapin et al. (1992), the myristate simulation used the
structure from Eads et al. (1993), the palmitate simulation
was from the first of four structures determined by Sacchi-
netti et al. (1989) and the oleate was from the structure of
Sacchinetti et al. (1992).

The water droplet model was used to solvate the protein.
In this approach, the protein is first surrounded by a large
box of equilibrated water extending beyond the nonbonded
cutoff distance of the protein. The water box is then con-
verted into a sphere by deletion of all molecules beyond a
certain distance from the system center. This varied slightly,
from one system to another, but was generally near 30 Å.
Waters within 2.6 Å of any protein or ligand heavy atoms
were also deleted. A radial boundary potential applied to
water oxygens prevents the droplet from dispersing. This
potential is zero for distances under 27.5 Å from the system
center, has a small (roughly �0.25 kcal/mol) minimum at
28.6 Å, and climbs quarticly thereafter. The protein was
solvated by roughly 2000 TIP3 water molecules, bringing
the total system size to 8500 atoms. Electrostatic interac-
tions were shifted to zero at 12 Å, and van der Waals
interactions were switched off between 10 and 12 Å.

The water droplet approach was first used in the context
of an enzyme-active site (Brünger et al., 1984) and has since
been used by many other groups to reduce the number of
waters needed for effective solvation, and thus enable
longer simulations. The choice of these boundary conditions
will have an effect on the motions of the protein and
especially on the side chains of the protein surface, but it is
expected that the internal binding site, the internal waters,
and the internal ligand (when present) will not be changed
dramatically. It should be noted that the amount of water

used is significantly greater than a thin shell of waters
surrounding only the surface, with generally a 12-Å buffer
zone of water surrounding the closest approach of protein
surface to the boundary. Thus, water exchange from the
outer to the inner environments is expected to be reasonable.
Moreover, because all of the simulations discussed in this
paper were run using the same methods, possible systematic
shifts caused by the boundary conditions can most likely be
neglected when comparisons are presented.

The appropriate charge state of the fatty acid ligand was
determined through Poisson-Boltzman calculations (Gilson
et al., 1988). The calculations suggested that the lipid head-
group should be charged while bound to I-FABP, consistent
with the available experimental evidence for the system
(Cistola et al., 1989). A similar calculation for the M- and
A-FABP systems indicated that neutral headgroups would
be more stable at pH 7 (Woolf, 1998; Woolf and Tychko,
1998). Previous simulations of the M- and A-FABP systems
(a total of five) indicated that neutral headgroups were
necessary to generate stable trajectories; simulations of
charged fatty acids rapidly diverged from the initial structure.

Construction and equilibration

The systems were constructed by first adding hydrogens to
the heavy atoms of the x-ray structures. The structures were
then gently relaxed with a series of steepest descent mini-
mizations with decreasing harmonic restraints on all heavy
atoms. The system was then solvated as described above.

Each system was minimized and equilibrated in the same
manner. A series of steepest descent minimizations was
performed, first with the protein, x-ray water, and fatty acid
atoms fixed, and then with decreasing harmonic restraints
on those atoms. No restraints were placed on the bulk
waters. This was followed by 2 ps of dynamics with har-
monic restraints on the heavy atoms of the x-ray resolved
water, protein, and fatty acid. A further equilibration period
of 50 ps was used before conformations were saved. For the
first 25 ps, Langevin dynamics with a frictional coupling
constant of 25 ps and a temperature of 300 K was used.
During the rest of equilibration, the system temperature was
controlled by rescaling the velocities whenever the temper-
ature deviated from 300 K by more than 5 K. The temper-
atures were checked every 2.5 ps.

Production

Trajectory production consisted of 5 ns of simulation time
for two of the systems (apo and oleate) and of 2 ns simu-
lations for the remaining two systems (palmitate and my-
ristate). System temperature remained stable near the value
of 300 K in all simulations after the equilibration procedure.
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Analysis

All analysis was performed either using CHARMM or
locally written programs. The analysis of dihedral changes,
rms deviations, interaction energies, and covariance were all
determined within CHARMM.

For purposes of analysis, the water populations of the
simulations were divided at each time point into four pop-
ulations. The first population was a strictly defined internal
water population. The definition, though arbitrary, allowed
for a consistent definition of those waters clearly found
inside the binding cavity. Specifically, those waters found
within 2.5 Å of obviously internal protein atoms (residues
Y14 (HH, OH), D34 (OD1,OD2), E51 (OE1,OE2), S53
(HG1), Y70 (OH), T76 (OG1, HG1), Q115 (HE21), Y117
(HH), R126 (HH22)) or near the ligand were considered
interior. This criterion consistently defined a set of waters
that was close in number to those found in the x-ray
structures.

The second set of waters was defined as those waters
within hydrogen bonding distance (2.5 Å) of the protein
backbone. A third set of waters was defined as those near
side chains of the 61 internal amino acids. The set of 61
internal side chains was determined from the x-ray struc-
tures. The fourth set of waters was defined as the remaining
waters at each time point after the other three sets had been
defined. This same definition of waters was used consis-
tently throughout the analysis to enable a fair comparison
between the structures.

For purposes of analysis and comparison to the x-ray
literature, the protein secondary structural elements were
taken from Sacchettini et al. (1989). Beta strands: A:(resi-
dues 3–12), B:(34–43), C:(46–53), D:(55–63), E:(67–73),
F:(75–85), G:(88–96), H:(100–109), I:(111–119), J:(123–
131), and �-helices A-I:(13–21) and A-II:(24–33).

Analysis scripts were written in Perl to extract the pop-
ulations of water near the backbone and water occupancy
inside the protein. In particular, the contact frequency of a
water was defined as the fraction of time during the simu-
lation that a particular water was in contact with another
group (e.g., protein location or fatty acid). The figures and
tables show highlights of the analysis. More complete tables
and figures are available from the authors on request.

RESULTS

Four simulations of intestinal fatty acid binding protein
(I-FABP) are described. Two simulations (apo and oleate)
are for 5 ns duration, and the other two (myristate and
palmitate) are for 2 ns.

Simulation stability

Fig. 1 shows time series overlays of apo and oleate I-FABP
with eight conformations separated by 500 ps. The results

show the simulation was stable on the time scale of the
molecular dynamics calculations. This suggests that the
potential function, boundary conditions, and equilibration
route led to a system that was well equilibrated and not one
that rapidly became unstable. If the charge state of the fatty
acid was chosen incorrectly, divergence from the x-ray
structures would likely have occurred on this time scale
(Woolf, 1998; Woolf and Tychko, 1998). Note that the two
overall backbone conformations remained relatively the
same throughout both simulations.

Several results are visible on comparison of the overlay
series. Although the two systems do not show dramatically
different overall mobilities, some differences are seen in the
“lid” region defined by the two � helices and the loops
between strands C:D and E:F. In particular, the two helices
seem to have greater motion in the apo than the oleate run,
while the loops seem to have greater mobility in the oleate
simulation.

Fig. 1 also shows that the loop regions in general have
greater mobility than the regions of secondary structure
defined by the � sheets. This is a general trend seen in x-ray
B-factors and in other molecular dynamics calculations.

Backbone dihedrals

Fig. 2 presents the observed average and r.m.s. deviations
for the backbone dihedrals of all four simulations. The
presentation uses positive values for the � angles and neg-
ative values for the � angles in order to allow the full set of
dihedral angles to be presented in a single figure. The
average and r.m.s. are for the full length of trajectory in each
case. The results further emphasize that the simulations
were stable on the nanosecond time scale. The r.m.s. devi-
ations in backbone dihedral are largest in the loop regions.
This is consistent with the overlay plots (Fig. 1) and with
expectations of general protein behavior. It is clear from the
figure which regions are � sheet and which � helix both
from the range of � and � values as well as the smaller
r.m.s. fluctuations.

The similar size of fluctuations in all four simulations
suggest that the discrimination of lipid type is largely de-
fined by changes in the internal environment of the protein
cavity and not by large changes in backbone � and � angles.

Fatty acid dihedrals

The fatty acid alkane chains did not stay in a single con-
formation throughout the trajectory. Instead, changes in the
alkane chain dihedral angles were observed in the trajecto-
ries. The changes were not frequent enough to statistically
ascertain their coupling, but it appears that correlated i:i�2
changes in the alkane chain dihedral angles were more
common than i:i�1 and i:i�3 changes. This is consistent
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with previous FABP simulations and with simulations of
neat lipid bilayers (Woolf, 1998; Woolf and Tychko, 1998;
Brown et al., 1995).

The time series of these dihedrals are presented in Fig. 3.
The ordering is from the headgroup (lowest) to the terminal
methyl group (highest). The vertical displacement between
time series is arbitrary (360 degrees) and allows the full set

of timeseries to be presented on a single graph. Notice the
longer time scale for the oleate calculations and the pres-
ence of the single double bond (reflected in the dihedral
with no changes).

Table 1 presents the statistics for total number of ob-
served dihedral changes and the numbers of i:i�1, i:i�2,
i:i�3 changes that both occurred within a window of 3.0 ps.

FIGURE 1 The overall fold of the intestinal fatty acid binding protein is shown as a stereo pair in A. Helvetica font is used for the five � strands, A-E,
in the part of the structure facing the viewer. The five � sheets, F-J in the back part of the binding cavity, are denoted in Courier font. The two � helices
are indicated as A-I and A-II. (B and C) A series of backbone snapshots from the two 5-ns trajectories. The eight conformations are separated by 500 ps
in each case. B shows the apo form and C is from the oleate simulations.
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This window size was determined to be optimal in calcula-
tions of Brown et al. (1995).

Water behavior

Many waters entered and exited the protein cavity during
the course of the simulations. The properties of the water
varied widely depending on the effective binding site or
sites that it encountered within the protein interior. Unsur-
prisingly, those waters that had the strongest interactions
within the protein had the slowest effective diffusion times
and exchanged least frequently with other waters. Waters
that had a relatively weaker binding within the cavity tended
to move more during the simulation and tended to exchange
with other waters more readily.

To quantify the water behavior in some detail, an attempt
was made to identify all the possible sites for water hydro-
gen bonding within the interior of the protein. Especially
interesting was water that had interactions with both the
ligand and other waters or parts of the protein. Given the list
of sites, the trajectories were then assayed for the relative
occupancy of each location and for the relative strength of
the interactions by determining the relative interaction en-
ergy between water occupying the site and the surroundings.
These results are presented in Table 2, where the ten waters
most frequently found in the cavity interior are described,

and in Table 3 for the ten most frequent sites defined by the
protein backbone.

Several interesting things were noted in the analysis.
First, all four simulations had many interior waters that
exchanged positions with outside waters during the trajec-
tory. This implies a highly dynamic set of waters not con-
fined within the interior cavity for lifetimes on the order of
the simulation time. Table 3 can be used as a suggestion for
water exchange lifetimes. For example, note that W82 (part
of the hydrogen bonding network with the carboxylate
headgroup and R106) had a water present for long lifetimes
in all four of the simulations.

Interaction energy: fatty acid

To initiate an understanding of the binding thermodynam-
ics, interaction energies were calculated between the fatty
acid and the surrounding matter. In particular, the question
was asked: what are the main contributions to the interac-
tion energy? The resulting trajectory-averaged interaction
gives an interaction enthalpy which reflects only part of the
full thermodynamics of binding. Despite the incomplete
nature of this information for binding affinity, the results
can still suggest insight into the molecular details of bind-
ing. Fig. 4 shows the contributions to the interaction energy
for the three holo systems. The first part of the figure shows
the strength of interaction for the headgroup of the fatty acid
interacting with the rest of the system versus the tail of the
fatty acid interacting with the rest of the system. This should
be contrasted with our previous simulations of the human
muscle and adipocyte FABPs containing an uncharged li-
gand (Woolf, 1998; Woolf and Tychko, 1998). The charged
fatty acids in the current simulations create a significantly
larger net interaction between the headgroup and its sur-
roundings. The interaction energy was further analyzed by
considering the contributions from individual methylene
groups along the length of the fatty acid. The results (not
shown) emphasized the presence of variability along the
alkane chain length. That is, the binding cavity is a highly
heterogeneous binding environment, with different fatty
acid interactions depending on location in the cavity.

It is also interesting to note that the headgroup interaction
for each of the simulations is different, whereas the tail
interaction is similar. In particular, the interactions with the
ligand headgroup were strongest in the myristate simula-
tion. Moreover, this simulation also had the broadest distri-
bution of interactions.

Interaction energy: amino acid

The fatty acid:protein interactions can be further analyzed
by examining the interactions made by individual amino
acids. This is shown in Fig. 5, where the ligand interaction
with each amino acid in the holo simulations is shown.

FIGURE 2 The �-� values of the protein backbone presented as average
and r.m.s. deviations. The � values are presented along the positive axis,
and the � values are along the negative axis.
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These results can be divided into side chain and backbone
contributions. This is interesting, since the Kleinfeld group
has analyzed the behavior of a series of alanine mutants
(Richieri et al., 1997, 1998). Assuming everything else
remained constant, these mutations would involve changes
only with the mutated side chain, leaving backbone inter-
actions unchanged.

The figure shows intriguing differences in the interaction
energy between the different side chains and the fatty acid.
Particularly interesting is the observation that the main
chain contributions tend to be relatively small, whereas the
side chain contributions can vary over a larger range. Notice
also that each fatty acid contributes differently to the inter-
action energies. This may be related to the ability of I-FABP
to discriminate between fatty acids on the basis of chain
length and saturation state (Richieri et al., 1995).

Interaction energy: comparison with apo

The two panels of Fig. 6 show the interaction of the internal
amino acids defining the binding site with either all other
side chains or the strictly defined internal water. The inter-
action energies were determined for the full amino acid and
thus include both main chain and side chain contributions. A
major focus of this analysis was the differences in interac-
tion energy for this subset of amino acid residues across all
four simulations. Thus, the key to the left of the figure
indicates the simulation from which the interaction energy
was calculated. Interactions were also calculated for this
same set of amino acids with the other three water catego-
ries described above, and with the rest of the protein’s
backbone. The results to be discussed will include both
analysis of the two sets of calculations shown and the four
sets of calculations not shown.

In looking at the figure, note that the vertical interaction
energy scale changes from one panel to another. For exam-
ple, the charged amino acids have a scale that is much larger
than the polar amino acids (�80 to 40 versus �10 to 5
kcal/mol on the lower panel).

Several aspects were revealed by the analysis. First, the
internal waters interact strongly with a subset of amino
acids. This suggests restricted diffusion and a type of bind-
ing site for waters. Specifically, Y14, Y117, D34, E51, G31,
L72, S53, T76, and Q115 are the strongest interacting
residues with strictly defined internal waters. This behavior
is relatively invariant across the four simulations. Only G31
and Q115 had significant differences in their interaction
energies between the four simulations, and only G31 varied

FIGURE 3 Time series for the dihedral angles along the fatty acid chain
from the three holo simulations. The curves are shifted by 360 degrees
along the vertical axis for clarity. The lowest time series is for the dihedral
from the headgroup, and the top time series is for the terminal dihedral
along the fatty acid.
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between holo simulations. In this case it was a smaller
interaction energy for the myristate than for apo, palmitate,
or oleate.

The backbone-defined waters in general saw significant
interactions with a larger set of internal residues. The amino
acid residues that had been interacting strongly with the
strictly defined internal waters did not interact as strongly
with the backbone waters. This was especially true for Y117
and Q115. It is interesting that G31 had stronger interactions
with backbone waters for apo and myristate. This suggests
a degree of constant amino acid:water interaction energy for
this particular amino acid.

The side chain waters (again distinct from the first two
water populations) show more variability among the four
simulations than the other two water populations. The nine
strongly interacting sites for the strictly defined internal

water see weak interactions with the water defined by side
chains.

The remaining water (not defined by the other three) still
contributes significantly to the interaction energy. This is
especially true for sites near the dividing point between the
inside and outside of the I-FABP. For example, the K27 site
has an especially strong interaction with water and much
weaker interactions with water in the other three popula-
tions. It is interesting to note that only Y14 of the nine
strongly interacting sites of the figure shows much interac-
tion energy with the remaining waters. Comparing across
the full set of interaction energies, it was found that some
residues (F2, W6, F17, F47, F62, F93, F128, R56, R106,
R126, A104, L89, L102, L113, and M18) do not, on aver-
age, interact with any of the waters. Examination of the
interactions of these same amino acids with other main
chain and side chain atoms helps to rationalize the lack of
observed water interactions. The remaining interactions are
largely direct interactions with the fatty acid ligand (i.e.,
R106 with the headgroup). For example, W6, F17, F47,
F62, F93, F128, A104, L89, L102, L113, and M18 have
strong interactions with the protein backbone. Additionally,
R56, R106, R126, L89, L102, and L113 have strong inter-
actions with the side chains.

This analysis suggests that there are differences in the
manner of interaction between the same amino acid residues
in each system. That is, the presence or absence of a specific
ligand leads to changes in the average interaction energy
between each of the amino acids and their environment.

Covariance analysis: protein

The motional coupling between protein elements of the
systems were analyzed with a zero-time covariance plot (not
shown). The results showed that some regions of the protein
are tightly coupled to other regions of the protein. Some of

TABLE 1A Dihedral transitions in myristate within the I-LBP

Dihedral
number

Total
number of
transitions

Number
of i:i � 1
transitions

Number
of i:i � 2
transitions

Number
of i:i � 3
transitions

Number
of i:i � 4
transitions

3 0 0 0 0 0
4 2 0 0 0 0
5 0 0 0 0 0
6 0 0 0 0 0
7 17 0 6 0 1
8 1 0 0 0 0
9 30 0 9 0 3

10 1 0 1 1 0
11 22 1 4 0 1
12 4 2 1 0 0
13 16 1 1 1 3

Dihedral number 3 is defined by the C1-C2-C3-C4 atoms. Dihedral number
13 is defined by the C11-C12-C13-C14 atoms. Dihedral number 15 (1B) is
defined by the C13-C14-C15-C16 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 Table II of Brown et al., 1995).

TABLE 1B Dihedral transitions in palmitate within the I-LBP

Dihedral
number

Total
number of
transitions

Number
of i:i � 1
transitions

Number
of i:i � 2
transitions

Number
of i:i � 3
transitions

Number
of i:i � 4
transitions

3 0 0 0 0 0
4 6 0 3 0 2
5 0 0 0 0 0
6 22 2 10 5 1
7 10 2 5 0 1
8 21 7 9 2 3
9 52 8 13 6 6

10 7 3 4 1 3
11 53 3 15 2 6
12 17 4 3 3 1
13 44 3 13 1 6
14 17 3 1 0 2
15 39 3 6 2 5

TABLE 1C Dihedral transitions within oleate in the I-LBP

Dihedral
number

Total
number of
transitions

Number
of i:i � 1
transitions

Number
of i:i � 2
transitions

Number
of i:i � 3
transitions

Number
of i:i � 4
transitions

3 5 0 3 0 1
4 26 1 13 3 3
5 13 3 7 2 1
6 59 12 24 9 0
7 33 12 16 3 3
8 26 6 11 4 4
9 34 4 15 9 2

10 0 0 0 0 0
11 36 2 12 5 3
12 12 4 6 1 2
13 35 6 16 5 8
14 24 7 11 5 0
15 27 6 18 1 1
16 41 13 5 5 1
17 51 10 11 2 7
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TABLE 2A Ten frequent waters in Apo I-FABP (sorted by contact frequency)

Water
number Frequency

Contacts to
water

Contacts to
backbone

Contacts to inside
sidechains

Contacts to outside
sidechains

1 0.92 2.51 0.25 3.38 0.00
2 0.53 4.47 0.14 1.81 0.01
3 0.43 3.56 0.09 2.45 0.00
4 0.39 4.06 0.08 2.10 0.01
5 0.38 4.86 0.13 1.53 0.02
6 0.32 2.62 0.16 2.75 0.00
7 0.32 3.30 0.14 2.22 0.02
8 0.31 4.62 0.05 1.32 0.09
9 0.26 5.01 0.04 1.18 0.11

10 0.24 4.61 0.17 1.14 0.10

TABLE 2B Ten frequent waters in myristate I-FABP (sorted by contact frequency)

Water
number Frequency

Contacts to
water

Contacts to
backbone

Contacts to inside
sidechains

Contacts to outside
sidechains

Contacts to
myristate

1 0.75 3.80 0.20 2.01 0.04 0.00
2 0.67 3.18 0.01 2.15 0.00 0.76
3 0.64 2.92 0.03 1.65 0.00 1.02
4 0.59 2.31 0.00 2.12 0.00 1.59
5 0.47 4.34 0.08 1.64 0.02 0.37
6 0.45 3.75 0.17 1.75 0.00 0.70
7 0.39 4.22 0.01 1.73 0.00 0.38
8 0.30 3.70 0.63 1.75 0.18 0.00
9 0.30 4.68 0.09 1.12 0.02 0.07

10 0.28 4.50 0.17 1.32 0.01 0.00

TABLE 2C Ten frequent waters in palmitate I-FABP (sorted by contact frequency)

Water
number Frequency

Contacts to
water

Contacts to
backbone

Contacts to inside
sidechains

Contacts to outside
sidechains

Contacts to
palmitate

1 0.96 2.60 0.00 2.96 0.00 0.02
2 0.91 2.37 0.00 2.34 0.00 0.92
3 0.86 3.02 0.00 2.16 0.00 1.29
4 0.79 2.52 0.06 2.46 0.00 0.59
5 0.76 1.99 0.70 2.71 0.02 0.16
6 0.73 3.17 0.00 2.56 0.00 0.81
7 0.69 3.42 0.00 2.43 0.00 0.67
8 0.66 2.31 0.38 2.16 0.00 0.58
9 0.37 4.30 0.17 1.14 0.05 0.21

10 0.23 2.08 1.08 2.48 0.17 0.00

TABLE 2D Ten frequent waters in oleate I-FABP (sorted by contact frequency)

Water
number Frequency

Contacts to
water

Contacts to
backbone

Contacts to inside
sidechains

Contacts to outside
sidechains

Contacts to
oleate

1 0.96 1.10 1.00 3.52 0.00 0.17
2 0.94 2.82 0.00 2.62 0.00 0.12
3 0.83 2.68 0.01 2.75 0.00 0.19
4 0.80 2.99 0.02 2.14 0.00 1.19
5 0.69 3.59 0.00 1.98 0.00 0.32
6 0.64 3.42 0.07 1.95 0.01 0.74
7 0.63 3.40 0.09 2.03 0.00 0.55
8 0.56 3.48 1.43 1.55 0.06 0.00
9 0.52 3.26 0.20 1.83 0.00 0.44

10 0.39 4.00 0.13 1.18 0.06 0.42
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these correlations are present in all simulations; for exam-
ple, residues within a given secondary structure element
tend to move in a correlated manner, as expected. However,
other regions are not exactly the same across all four sim-
ulations. In particular, the apo simulation’s covariances
differed from the three simulations with ligands present.
This suggests that certain types of motion available to the
protein are controlled by the presence or absence of the
ligand.

For example, the two � helical regions (�-I from 13 to 21
and �-II from 24 to 33) have a striking degree of difference
between the three holo runs as well as the apo. The helices
have both positively and negatively correlated motions with
the rest of the protein. In the apo form the coupling is
relatively weak, whereas in the three holo forms it is stron-

ger. For example, the myristate has �-II coupled first neg-
atively, then two positively coupled regions and then once
more negatively coupled. For oleate, �-I is more tightly
interacting and the pattern of where it is negatively or
positively coupled is different. Lastly, for palmitate, the two
helices are both coupled into the motion of the rest of the
protein, and they are coupled in roughly (though not iden-
tically) the same way; i.e., both positive or both negative to
the rest of the protein. It is interesting to speculate that these
changes in motional coupling depending on lipid binding
indicate a gating function for these helices.

In contrast, the � sheet regions of the protein are far less
strongly coupled into the motion of the rest of the protein.
In all simulations, their local covariance stands out as a
series of bands extending diagonally from the center diag-
onal. It is interesting to note that the apo form is again more
weakly coupled than the three holo forms, and that the
palmitate system is again the most tightly coupled. In par-

TABLE 3A High occupancy water:backbone hydrogen
bonding apo I-FABP

Residue
Number of

contacts
Average
lifetime

Variation in
lifetime

Percentage of time
occupied

2 463 9.76 8.65 0.90
5 371 12.33 11.39 0.92

11 699 6.45 5.17 0.90
25 476 9.53 8.15 0.91
45 704 6.66 6.01 0.94
57 664 7.10 5.83 0.94
63 645 7.02 6.44 0.91
82 8 624.12 404.91 1.00
84 173 28.17 23.17 0.97
87 877 5.67 5.72 0.99

101 648 6.95 6.26 0.90
108 230 19.88 20.54 0.92
111 645 6.98 7.09 0.90
121 1304 3.46 2.67 0.90
130 396 12.17 13.48 0.96

TABLE 3B High occupancy water:backbone hydrogen
bonding myristate:I-FABP

Residue
Number of

contacts
Average
lifetime

Variation in
lifetime

Percentage of time
occupied

5 110 13.13 13.24 0.96
11 225 6.11 4.80 0.92
13 339 4.22 3.55 0.95
25 154 8.75 7.98 0.90
42 115 12.14 10.66 0.93
45 317 4.79 4.49 1.0
57 213 6.47 5.28 0.92
63 102 13.68 12.58 0.93
71 187 7.28 5.99 0.91
77 187 7.75 8.33 0.97
82 4 374.25 334.38 1.00
84 55 26.62 20.67 0.98
87 250 6.14 6.47 1.0
88 86 15.78 12.17 0.91

101 197 7.01 6.52 0.92
108 73 20.16 19.55 0.98
130 99 14.39 15.18 0.95

TABLE 3C High occupancy water:backbone hydrogen
bonding palmitate I-FABP

Residue
Number of

contacts
Average
lifetime

Variation in
lifetime

Percentage of time
occupied

2 183 9.87 9.10 0.90
5 268 6.92 7.27 0.93

11 270 6.76 5.38 0.91
13 345 5.37 4.81 0.93
45 585 3.56 2.98 1.00
46 147 12.48 10.99 0.92
63 197 9.27 9.13 0.91
82 10 199.10 140.70 1.00
87 497 4.09 3.74 1.00
88 142 12.63 9.70 0.90

101 300 5.99 5.40 0.90
108 116 16.18 15.88 0.94
110 743 2.48 1.68 0.92
111 264 6.83 5.12 0.90
123 319 5.64 4.93 0.90
130 243 7.62 7.14 0.93

TABLE 3D High occupancy water:backbone hydrogen
bonding oleate:I-FABP

Residue
Number of

contacts
Average
lifetime

Variation in
lifetime

Percentage of time
occupied

5 764 6.10 5.75 0.93
11 626 7.40 5.99 0.93
13 993 4.79 4.06 0.95
45 1252 4.15 3.61 1.00
57 696 6.67 5.47 0.93
63 361 12.95 12.03 0.94
77 335 14.43 14.99 0.97
84 175 27.82 23.11 0.97
87 708 7.04 7.93 1.00

101 680 6.60 5.68 0.90
108 253 19.32 18.56 0.98
121 275 17.73 19.65 0.97
130 590 7.72 7.55 0.91
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ticular, a bit more anti-correlated motion is observed than in
the other two holo trajectories.

Additional insight into the protein motion is seen with
Fig. 7 where the coupling between interior waters and the
protein is presented. Each row contains the covariance for a
single water molecule with the protein �-carbons, calcu-
lated over the entire trajectory. Positively correlated motion
is emphasized by coloring the square black, and negatively
correlated motion is shown with a white square. Again,
there are differences between the apo and the holo forms.
The results are intriguing in suggesting that the presence or
absence of ligand has an impact on the types of coupled
motions that are present between protein and water. For
example, the apo form has the weakest degree of coupling
with water. Some degree of correlated motion is seen for the
second � helix and � strands E and F. The myristate
simulation suggests a large degree of coupling between the
second �-helix and water that, although present, is not as
strong in the other two holo simulations. � strand E is
coupled more strongly for the palmitate and the oleate
trajectories than for the myristate.

Covariance analysis: fatty acid

Insight into the possible importance of particular residues in
the binding of fatty acids is shown in Fig. 8. This presents
the zero-time covariance between individual amino acids
and the heavy atoms of the fatty acid ligand. The results
show that each of the simulations has a different type of
motional coupling between the fatty acid and the protein.
This is most clearly seen by a comparison of the myristate
and the oleate, where the pattern is clearly different between
the two systems. For example, the C strand is positively
coupled with the palmitate headgroup but weakly coupled in
the oleate and myristate calculations. The three simulations
all suggest that the headgroup and tail covariances are
anticorrelated with those for the middle of the fatty acid. For
example, the palmitate strand C is positively correlated with
the ligand headgroup and terminal region and negatively
correlated with the midsection. It is interesting to note that
the F strand is negatively correlated with the ligand in the
oleate simulations and has relatively small correlations in
the myristate and none in the palmitate calculations.

These patterns are different from those that were deter-
mined from simulations of the human muscle and adipocyte
FABPs in our previous work (Woolf, 1998; Woolf and
Tychko, 1998). This further suggests that the presence of a
charged fatty acid ligand in the interior cavity, along with
the sequence changes between the FABPs, leads to quite
different types of motional coupling between elements of
the system.

Strong coupling between the water and the ligand was
observed in all three holo simulations in Fig. 8. The water
selected was the most commonly found 40 waters in the
strictly defined internal set for each simulation; the top ten
of these are shown in Table 2. These results showed that the
water plays an important role in the types of motion that can
be assumed by the ligand. Separation of the covariance into
head, tail, and mid-lipid behavior persists in these plots.
This is especially obvious in the myristate covariance where
strong divisions are seen. It is also interesting that in the
oleate simulation, each water seems to correlate with longer
stretches of the fatty acid chain than in the other simulations.

Comparison to NMR data

The present results can be compared with recent NMR
experiments on the I-FABP system (Hodsdon and Cistola,
1997b). Specifically, the results can be compared to order
parameters calculated with the Lipari-Szabo formalism (Li-
pari and Szabo, 1982). It should be noted that two other
groups performing NMR relaxation analysis on this system
report a different set of order parameters (Lucke et al., 1997;
Zhu et al., 1997). This may be due to differences in the
fitting of the order parameters to experimental data or to
differences in experimental design and data collection.

FIGURE 4 The interaction energy between protein and the bound ligand.
The division is between the head and tail of the fatty acid.
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Fig. 9 shows a comparison between experimental order
parameters and those calculated from the trajectories. The
experimental order parameters are presented as downward
deflections with a darker fill pattern. The upward deflec-
tions are from the calculated trajectories. Presented in this
way, a strong match would show a symmetry about the x
axis.

The results are disappointing, as there is no statistical
correlation between the experimental and calculated data
sets. This may be due to differences in the interpretation of
the Lipari-Szabo parameters. Alternatively, the differences
could be due to the assumption of an isotropic diffusion
constant for the protein, which recent work with ubiquitin
(Tjandra et al., 1995) suggests may not always be appropri-
ate. Adequate sampling in the simulations may also be an
issue: both trajectories were analayzed to the 2-ns time
length of the palmitate run. Recent work from our group
(Wrabl et al., 1998) suggests that convergence of the order
parameters may take longer than 1 to 2 ns.

DISCUSSION

I-FABP is a particularly important choice for simulation
because several groups have contributed to determining the
structure, the binding thermodynamics, and the folding be-
havior (Richieri et al., 1998, 1994, 1995; Sacchettini et al.,
1989, 1992; Eads et al., 1993; Scapin et al., 1992; Hodsdon
et al., 1995; Cistola and Hall, 1995; Hodsdon et al., 1996;
Hodsdon and Cistola, 1997a,b; Zhang et al., 1997; Frieden
et al., 1995; Kim et al., 1996). The simulations cannot, at
this stage, comment directly on either the molecular details
of binding or folding, but insights from the simulations may
suggest further interpretation of these experiments.

It is interesting to comment, at this point, on why the
direct determination of binding affinity is a difficult calcu-
lation from the current simulations. If the binding affinity
results could be readily interpreted in an interaction energy
framework, then linear response-relative free energy meth-
ods would give a reasonable comparison with experiment,
without the need to apply specialized free energy methods
(Lee et al., 1992; Åqvist et al., 1994). However, such a
direct calculation with the current trajectories and a com-
panion set for the ligands alone in water did not give good
agreement (data not shown). There could be several reasons
for this. One strong possibility is that the behavior of water
in the systems leads to a strong contribution to binding
affinity that needs to be calculated with other methods. For
example, the chemical potential of the water may vary with
location and ligand type (as inferred from the present cal-

FIGURE 5 A breakdown of the interaction energy between individual
amino acids of the protein and the fatty acid ligand. The plots present the
contributions from the main chain and the side chains as separate graphs.
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FIGURE 6 A comparison of the interaction energies be-
tween the 61 internal amino acid residues and their sur-
roundings. The figure presents this as a function of the
environment of protein side chains and of strictly internal
waters. Four other similar plots to other water sets and the
protein backbone are described in the text.

Apo and Holo I-FABP Molecular Dynamics 619

Biophysical Journal 78(2) 608–625



culations). With water exchange present during the binding
process and thus contributing to the binding thermodynam-
ics, the problem becomes more complex than simply con-
sidering the relative contributions of van der Waals and
electrostatic terms from the protein to a small set of con-
formations of the ligand. Another way of emphasizing this
point is that the simulations may not have converged on the
thermodynamic time scale where many water transitions
would have converged. On the time scale of the current
simulations, not enough exchange and motion of the water
could present itself as a failure of linear response methods to
give reasonable results.

It should again be emphasized that the direct interpreta-
tion of the differences in relative interaction energies and
zero-time covariance within the context of binding affinity
is not possible with the current data set. Thus, for example,
the relatively large energies seen for charged and polar
groups need to be be seen within the context of a thermo-
dynamic cycle where the relevant quantity, the change upon
binding, may be much smaller. Only by a set of relative free
energy computations and a component breakdown of con-
tributions could a clearer understanding of some of the
differences seen in the trajectories be related to binding
affinity directly.

FIGURE 7 Water:protein zero time covariance. To
emphasize the correlated or anti-correlated motion, the
figure colors a square black if the correlated motion
was greater, on average, than 0.3 and white if the
anti-correlated motion was less, on average, than �0.3
The rest of the gray scale was determined with values
from �0.3 to 0.3 being mapped linearly into the range
0.65 (closer to the value of white, 1) to 0.35 (closer to
the value of black, 0).
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FIGURE 8 Zero-time covariance of protein
and fatty acid. The vertical scale is for heavy
atoms of the ligands; the horizontal scale is by
heavy atoms of the protein. (B) A similar plot
for fatty acid and water. The most common
strictly defined internal 40 waters were used
for the analysis.
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Further discussion of the present calculations is now first
focused on particular amino acid types that have been
suggested to be particularly interesting through the experi-
mental literature. This is followed by discussion of water
properties.

Tryptophan residues

The Trp residues have been used to monitor the unfolding
state of the I-FABP system (Frieden et al., 1995) and for
time-resolved fluorescence studies (Frolov and Schroeder,
1997). Thus, there is interest in the amount of motion and
conformational change seen during the simulation. The two
tryptophan residues are within different environments inside
the internal cavity of the protein. W82 is within the �-F
strand and the side chain has contacts with the ligand near
the headgroup. In contrast, W6 is located within the first
�-strand and is not in direct contact with the ligand. This is
reflected in the interaction energies seen in Fig. 5, where the
side chain interactions with the ligand from W82 are �10.3,
�9.7, and �9.4 kcal/mol in oleate, palmitate, and myristate,
respectively. The direct interactions from W6 are much
smaller. Further analysis can be partially seen in Fig. 6 and
in our four other analysis plots (not shown), where the
different interaction energies are each compared for W6 and

W82. For example, neither Trp interacts strongly with the
strictly defined internal water population (Fig. 6). W82
interacts moderately with the population of waters defined
by the backbone, and the interaction is independent of
presence or absence of ligand (not shown). In contrast, W6
does not interact with the backbone waters. The waters
defined by the internal side chains show a distinction be-
tween the W82 interactions in the apo versus the holo states
(not shown). The apo interaction is among the strongest of
the aromatic interactions with this population of waters.
W6, for the same population, shows a very slight unfavor-
able interaction energy that varies with lipid type as well as
between apo and holo forms. The external water population
has little interaction with W6 and a stronger interaction with
the apo than holo forms for W82 (not shown). The protein
interactions, from the backbone, are the strongest for W6 of
all aromatic interactions (not shown). The W82 interactions
to the rest of the protein backbone show some change with
ligand type and apo versus holo. In contrast, the interactions
between both W6 and W82 to the rest of the protein side
chains shows no significant change between apo/holo/li-
gand type (in Fig. 6). Again the W6 interaction with the
protein is stronger than the W82 interaction.

The covariance analysis shows further differences be-
tween the two Trp residues. For example, the protein:pro-
tein covariance suggests that W82 in the apo form has
relatively strong positive coupling to the rest of the protein
through 22 sites with a covariance value greater than 0.2.
For W82, negative coupling to the rest of the protein is seen
at 14 sites with a value less than �0.2. In contrast, W6
shows no strong negative coupling and strong positive cou-
pling to only eight sites. The covariance to water shown in
Fig. 7 also suggests a much weaker coupling for W6 to the
most common internal waters relative to the W82 coupling.
Also of note were the differences in covariance between the
two Trp and the fatty acids shown in Fig. 8. The W6
coupling was strongest to the myristate and showed mainly
anticorrelated coupling in that case. The W82 was strongest
to the oleate and showed mainly correlated motions. This
difference in covariance behavior is further emphasized by
analysis of the hydrogen bonding patterns for the ring
hydrogen in W6 and W82. Fig. 10 shows that the ring
hydrogen had a strong hydrogen bond to the oleate through-
out the holo simulation, whereas the apo simulation had a
set of six waters and the side chain oxygen of Tyr-70 that
provided a hydrogen bonding partner.

Finally, it is interesting to note that neither Trp had
dihedral changes along either �-1 or �-2. The average and
deviations about those averages showed only minor changes
in the apo/holo runs.

Phe55

Phe55 has been suggested to regulate the length of the
protein in response to the lipid (Sacchettini et al., 1989).

FIGURE 9 The order parameters calculated from the trajectories and
their comparison to recent NMR experiment. (A) is for the holo compari-
son, (B) for the apo.
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Thus, it was interesting to look for changes in the behavior
of Phe55 in response to the different ligands and to contrast
the behavior with that seen in the apo form. Analysis of the
interaction energies shows that the strongest interactions to
water were with the external water population (not shown).
In this case the palmitate interaction was the weakest (near
�10 kcal/mol), while the remaining three simulations
showed interaction energies near �15 kcal/mol. The back-
bone-defined waters were the next strongest (�5 kcal/mol),
the strictly defined internal waters the next (�4 kcal/mol; in
Fig. 6), and the side chain waters the least strong interaction
(�2 kcal/mol). The strongest interactions overall occurred
with the backbone atoms of the protein (�33 kcal/mol),
whereas the side chain interactions were less strong (�10
kcal/mol; in Fig. 6). Covariance analysis suggested rela-
tively minor differences in coupling to the rest of the pro-
tein. The simulations suggest strong positive coupling to the
immediate neighbors (S53, N54, R56, N57), and anticorre-
lated coupling to a set of residues that varied with apo/holo
environment. The apo simulation showed strong anticorre-
lations to twelve sites (V25, V60, V61, V66, D67, F68,
A69, L78, T79, G80, T81, F93) that were not anticorrelated
in the myristate or palmitate runs. Three of the sites (A69,
L78, T79) were also strongly anticorrelated in the oleate
trajectory. Additionally, the palmitate run saw strong anti-
correlation only with somewhat near neighbors (I58, D59),
and the myristate strong anticorrelation was to three main
other regions (W6, K27, R28, K29, N111, E112, L113,
I127, F128, K129, K130). This certainly supports the find-
ing that the coupling of protein:protein elements depends on
the ligand type and presence. The covariance analysis to the
water from the protein showed a strong difference between
the apo and holo forms. The apo form had a relatively large
set of residues coupled either positively or negatively into
the F55 site (positively: A1, T5, K7, D9, E12, F17, K20,
G22, I23, K27, L30, H33, D34, N35; negatively: W6, V8,
R10, N11, N13, Y14, K16, M18, V25, R28, K29, G31). In
contrast, the myristate had no strongly positively coupled
and only one strongly negatively correlated site (D9), the
palmitate had two positively correlated (A1, E12), and one
anticorrelated (R10), the oleate had one positively coupled
(G4) and four negatively coupled (Y14, K16, F17, G22).
The covariance analysis of F55 to the ligand also showed
differences between the holo runs. The palmitate coupling
was positively coupled over the last nine heavy atoms and
anticorrelated in coupling to the first half of the ligand. The
myristate was anticorrelated only at four heavy atoms near
the middle of the chain, and the oleate was anticorrelated at
the carboxyl end, and in the later part of the middle, and
positively correlated at other sites.

Thus, the suggestion that F55 regulates the length of the
FABP binding site may be adjusted to suggest that the
behavior of the side chain is sensitive to the presence of the
ligand and couples in a different way to water, protein and
ligand depending on the ligand type. In this regard it is also

FIGURE 10 Trp-82 had different patterns of hydrogen bonding between
apo and holo (oleate) simulations. The bottom panel shows that a tight
hydrogen bond between the oleate and the ring hydrogen existed through-
out the simulation. In the absence of the bond, the apo simulation had a
population of 6 waters and a hydrogen bond from the ring oxygen of
Tyr-70 that provided bonding during the simulation.
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worth noting that the �-1 values of the apo, myristate, and
oleate trajectories were roughly similar (averages of �61.6,
�57.9, and �63.9 with rms fluctuations of 10.4, 9.4, and
10.4 respectively). In contrast, the palmitate �-1 was
�167.9 with fluctuations of 11.9, suggesting that the shifts
in position may not be a simple linear shift in the �-1 angle
with fatty acid length as originally proposed.

Tyr70 and Tyr117

Tyr70 and Tyr117 are both near the ligand binding site, but
differ in that Y117 is near the midpoint of the alkane chain
and Y70 is near the headgroup. The largest interaction
energies came, in both cases, from backbone connections
between the residue and the rest of the protein (from �40 to
�45 kcal/mol). The water interactions were less strong,
with Y117 having the larger contribution to the strictly
defined internal waters (�5.0 kcal/mol; see Fig. 6). The
protein:protein covariance plots suggest differences in cou-
pling to the rest of the protein between the two Tyr (not
shown). For example, Y70 couples very strongly to the
protein with binding of palmitate and oleate and is more
weakly coupled for both the apo and myristate. As a con-
trast, Y117 is coupled most strongly to the rest of the protein
with the presence of myristate, and weakly coupled for the
apo and palmitate/oleate holo trajectories. Intriguing also is
that the anticorrelated coupling to the rest of the protein is
strongest for Y70 for the palmitate and oleate, while the
Y117 is weakest anticorrelated for palmitate and oleate.

Further support of the changes in Y70 and Y117 with
ligand presence and type is shown in the coupling to water,
where Y70 has strong coupling to water for palmitate and
oleate, with much weaker coupling for myristate and apo.
Y117 shows the strongest coupling to water for myristate,
with almost no coupling to water in the apo case and weak
coupling for the palmitate and oleate. The coupling to the
ligand itself is quite strong for Y70 in the palmitate and
oleate cases. The analysis shows 14 of 18 (palmitate) and 16
of 20 (oleate) heavy atom covariances are of magnitude
greater than 0.2 for these two cases. The coupling of Y70 is
weaker for myristate with 4 of 16 heavy atoms greater than
0.2 in magnitude. As a contrast, Y117 had a much weaker
coupling to the ligand, with the myristate having the stron-
gest and the palmitate the weakest series of covariances.
Also interesting is that Y70 was positively correlated with
the ligand at the carboxyl and methyl ends and negatively
coupled at the midpoint. A somewhat similar pattern was
calculated for Y117, with a less strong magnitude of
coupling.

Water behavior

Complex water behavior was observed in all four simula-
tions. The water was a dynamic part of the structure, mov-

ing from the inside to the outside and participating in a
range of hydrogen bonding interactions. Some of these
interactions were relatively long-lived, whereas others had a
fairly rapid exchange of water partners during the simula-
tion. From the water properties detailed in Tables 2 and 3,
certain other features may be emphasized. For example,
Table 2 shows a general trend for those waters with a large
number of contacts to inside side chains to have longer
lifetimes inside the cavity than those with contacts mainly to
the backbone. Also, the number of contacts to other waters,
on average, was similar regardless of whether the other
contacts were to protein backbone or side chain sites. It was
found that in the populations of the most common interior
waters (40 total), those in the last three-quarters of the set
were able to exchange with the outside waters. The paths of
exit were defined to be either the D:E gap or the cap defined
by the two helices and the C:D and E:F loops. Table 3
shows the variation in the backbone binding sites in terms of
lifetime and percent time occupied. This prompts the sug-
gestion that the variation in lifetimes may be experimentally
accessible via NMR methods (Cistola and Hall, 1995; Mes-
garzadeh et al., 1998).

CONCLUSION

Detailed correlations in motion and interaction are de-
scribed that vary depending on apo and holo form in four
molecular dynamics simulations of intestinal fatty acid
binding protein. Dynamic water exchange with the small
population of interior waters that define the binding site was
seen on the molecular dynamics time scale. This analysis
suggests that binding thermodynamics depends not simply
on ligand interactions with a small subset of protein atoms,
but dynamically on the range of motions coupling the water,
protein, and ligand.
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