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The solution conformational properties of the mycotoxin fumonisin B1 have been studied using
molecular dynamics methodology. Fumonisins have been shown to inhibit sphinganine (sphingosine)
N-acyltransferase (ceramide synthase) and show a wide range of toxic effects in many animals.
This study of the solution properties of fumonisin B1 attempts to add to the structural models
necessary for the understanding of the binding and activity properties. The computational method
uses a box with periodic boundaries, filled with explicit TIP3P water molecules, the substrate
fumonisin B1, and selected counterions for charge neutrality. The starting structure of fumonisin
B1 is added to the box by excluding water molecules. The explicit image method using 12-Å cutoffs
is applied to the system and molecular dynamics are carried out on different starting conformations
at 300 K in 100-picosecond (ps) steps. Examination of the resulting equilibrated conformations
suggests that the structure is relatively extended and that previous computational studies in vacuo,
showing a compact folded structure, may not be consistent with the solution structure.
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INTRODUCTION

The mycotoxins “fumonisins” are produced by the corn
fungal pathogens Fusarium verticilliodes (Sacc.) Nirem-
berg (ex F. moniliforme Sheldon) and F. proliferatum,
which are found in corn (maize) worldwide (1). Fumo-
nisins represent a family of structurally related com-
pounds. Fumonisin B1 (FB1), shown in Figure 1, is the
most prevalent of the fumonisins in naturally contami-
nated corn and is usually present as 70% of the total
fumonisins detected. Because FB1 can occur in corn and
corn-based products in the United States and has been
associated with toxic effects in horses and pigs, the
National Toxicology Program undertook a study in
which rats and mice were exposed to FB1 for two years.
This long-term bioassay in F344/N rats and B6C3F1
mice, which was recently completed, found FB1 to be a
renal carcinogen in male rats and a hepatocarcinogen
in female mice (2). Post peer review of the final draft of
the technical report is currently in progress.

In both in vivo and in vitro studies, fumonisins have
been shown to inhibit sphinganine (sphingosine) N-
acyltransferase (ceramide synthase), resulting in an
increase in sphinganine in the de novo biosynthetic
pathway of sphingolipids (3 and reviewed in 4). To date,
four fumonisins, designated fumonisin B1-4 (FB1-4),
have been isolated and characterized as having biologi-
cal activity, specifically because of their ability to inhibit
ceramide synthase (5). FB2, FB3, and FB4 vary structur-
ally from FB1 by the absence of a hydroxyl group(s) at
C-10 and C-5 for FB2 and FB3, respectively, and at both
C-5 and C-10 for FB4. In addition, FA1-4 (acetyl amides
of FB1-4) have been described as lacking the ability to

inhibit ceramide synthase (5). There are other structur-
ally related fumonisin-type compounds, but because
they are present as minor components, only limited
study of them has been conducted.

A variety of approaches using chemical derivatization
methods have established the absolute stereochemistry
of the backbone of FB1 (reviewed in 6). The relative
configuration of FB1 between C-1 and C-5 was deter-
mined by ApSimon et al. (7); that between C-5 and C-10,
was determined by Hoye et al. (8); and that between
C-10 and C-16, was determined by Blackwell et al. (9).
The actual chirality present in the two side chain (at
C-14 and C-15) tricarballylic acid esters was determined
to have the R configuration (10), confirmed recently by
Edwards et al. (11). All of the NMR data indicate that
FB1 adopts a linear configuration in aqueous solution,
rather than a globular one (6).

Our goal in this work was to find an equilibrated
solution structure of FB1 that could be utilized in the
determination of the binding of this molecule to site(s)
associated with its enzyme inhibitory activity. Previous
in vacuo calculations that attempted to determine the
lowest energy structures of the FB1-4 mycotoxins had
suggested that these molecules assume a cage-like or
compact structure (12-14); however, these studies did
not include dynamics simulations or the effects of
solvent on the preferred conformations. Additionally, the
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Figure 1. Absolute configuration of fumonisin B1 (FB1).
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absolute stereochemistry of the backbone of FB1 (Figure
1) was used only for the last study (14) because it had
not been determined at the time of the prior studies.
For this reason, we have undertaken more rigorous
computational studies of one (FB1) of these interesting
mycotoxins, using solution molecular dynamics simula-
tions.

MATERIALS AND METHODS

All calculations were carried out using the modified AMBER
(15) force field, and further modified as described (16 and 17)
with the force field denoted AMB99C. The AMB99C force field
was implemented in the Molecular Simulations Inc. (MSI)
InsightII/4.0 Discover programs. In all calculations described
here, the dielectric constant is treated as ε ) 1 with the
electrostatic and nonbonded van der Waals 1-4 terms scaled
by 0.5. Partial atomic charges of FB1 were taken from
electrostatic potential fitting of model ab initio data: all
hydroxyl groups charges are H (0.430), O (-0.700), and C
(0.270); carboxyl groups charges are O (-0.700), C′(0.679), and
the carbon atom next to the C′ is C (-0.905); the amine group
charges are NH3+ (0.905) and C (0.095); the ester group Cd
O charges are C′ (0.687), O (-0.492), -O- of (-0.300) and
-O-C (0.200); finally, all hydrocarbon -CH2 and -CH3
groups charges are given 0.000 partial charge on each atom.
All other hydrogen atoms are given 0.000 charge. Empirical
energy minimization is carried out to a gradient of less than
∼0.001 kcal/mol using different minimization techniques,
depending upon the size of the particular molecule or solvated
system of interest. Molecular dynamics simulations were
performed using the MSI Discover program. Integration is
numerically carried out using the Verlet algorithm, and
trajectories are initiated by assigning velocity components
randomly selected from a thermal distribution at 300 K to the
atoms. Calculations were carried out at 300 K, with the
temperature controlled by a weak coupling to a temperature
bath. Time steps of 1 fs were used to calculate velocities, but
results were stored for examination at picosecond (ps) inter-
vals. The equilibration time was approximately 1/10 of the
total simulation time. Explicit hydrogen atoms are included
in all calculations and both heavy atoms and hydrogen atoms
are allowed to move on all molecules.

TIP3P water potentials are used throughout all simulations
without internal constraints. A box with periodic boundaries
is created to allow application of image conditions, and the
molecule is placed in the box (example dimensions, 30 × 30 ×
30 Å). Water molecules (∼850) and three Na+ counterions are
added to the box with the charged [four negatively charged
carboxyl groups (tricarballylic acid) and one positively charged
amine group] substrate, and energy minimization is carried
out. The explicit image model with cutoff distances of 12 Å
and a switching function with a buffer width of 2 Å were used
for water boxes. This method does not require that the cutoffs
be less than 1/2 of the shortest unit cell length. After a short
burst of molecular dynamics, and more energy minimization,
a second attempt to add more water is made to fill any holes
or void volume not previously filled. This procedure is contin-
ued until the density within the box is correct. The pressure
in the box was monitored at the end of the equilibrium stage
of dynamics, and the production steps were made running
under constant pressure (PNT) conditions. Several simulations
running for 100 ps are described in detail. The starting
conformation of the FB1 is changed in each step. The averaged
results produced under constant pressure conditions were
indistinguishable from constant volume results.

A starting conformation for FB1 was obtained using a
combination of dynamics simulations at elevated temperature
(600 K) and structural preferences for allowed conformational
space. Because of the manifold of minimum energy conforma-
tions corresponding to different values of the flexible torsional
angles, we let the dynamic forces make the final decision as
to the preferred position in solution. There may exist a residual
conformational directing effect which is dependent upon the

starting conformations, but this effect generally disappears
shortly after a dynamics equilibration is achieved.

We describe herein results of solution dynamics simulations
in which different dihedral angle positions are plotted over
the time of the simulation. Different starting conformations
were examined, and analyses of these dynamics steps are
presented.

RESULTS AND DISCUSSION

Previous calculations in vacuo suggested that the FB1
molecule is a compact folded structure (12-14). The
previously observed conformations of low energy were
found under vacuum conditions and so are biased by
the uncharged state of the molecule and the lack of
competing interactions with water (12-14). Blackwell
et al. (6) have reported that all of their NMR data
indicate that FB1 adopts a linear conformation in
aqueous solution, rather than a globular form; the linear
conformation was observed, despite the possibility that
hydrogen bonding may have occurred between the ester
functions (at C-14 and C-15) and the hydrophilic end
(C-1 to C-5). The vacuum state is most probably
responsible for the compact, but perhaps unrealistic,
structures. To overcome this situation and to provide
insight into the mode of action of FB1 at a molecular
level, we relied on explicit water molecules to compete
with the charged state of the FB1 molecule and to shield
the intermolecular charges from one another to give a
realistic time-averaged conformation. We believe that
a representation of the conformation available for
biological receptors is found from these dynamic simula-
tions at room temperature in solution.

In Figure 2 we plot a conformation of FB1 taken from
a 200-ps simulation with a starting conformation of
nearly fully extended branches and backbone. The box
size for this step was 25 × 25 × 25 Å, which is just large
enough for the extended molecule to fit. During this
simulation, a transient conformation of only a few
picoseconds appeared in which the amine to tricarbal-
lylic acid distance was very short for both tricarballylic
acid groups. This resulted from a bend in the main
backbone chain bringing the amine group close to both
acid groups simultaneously. One of the key dihedral

Figure 2. Conformation of FB1 following a 200-ps simulation,
with a starting conformation of nearly extended branches (at
C-14 and C-15) and backbone (C-1 to C-20). The cell size for
this Rep was 25 × 25 × 25 Å, just large enough to fit the
extended molecule.
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angles, O-C14-C15-O, also underwent a considerable
conformational transition over the time course of the
simulation, starting at an extended state, ∼180°, mov-
ing to gauche minus (∼-60°) at about 40 ps and
changing to the gauche plus (∼+50°) conformation at
∼150 ps. There is only slight preference for the gauche
minus state over the gauche plus conformational state
as seen from the time of occupation of each conforma-
tion. It was of interest to examine the image cells for
this step to see how the parent molecule was interacting
with the images. This is important in the case of FB1
because it is a long zwitterionic-like molecule with a
basic group at one end of the chain and four charged
carboxyl groups at the other branched ends. If the
molecule stretches across the cell (in this step the cell
was 25 × 25 × 25 Å), it is possible for the head and
tails to strongly interact with the molecular images in
the surrounding cells and energetically drive the pre-
ferred conformation to an extended form, as we see
occurred in the step described here. In fact, an infinite
chain is formed by close contacts between the oppositely
charged polar headgroups from image cells on each side
of the 0th cell, and these interactions played a decisive
role in the FB1 conformations observed for this cell size,
even though there are three competing Na+ counterions
in solution. Because of this technical problem, we
expanded the cell such that end-to-end interactions
between both ends of the FB1 molecule and its images
cannot take place.

The second simulation, described next, better repro-
duces a dilute solution even though molecular dimer
formation is still possible. The cell size was expanded
to 30 × 30 × 30 Å, and at that size, close hydrogen
bonding contacts between images on opposite sides of
the cell are impossible. One must be aware that during
the dynamics the counterions may leave the vicinity of
the parent FB1 molecule and find similar close contacts
with the image molecules. This movement of ions is
acceptable but may be somewhat confusing to the
reader. The path of folding in the larger cell, occurring
over a 100-ps dynamics simulation, is shown in Figure
3. It is clear that the folding is a combination of several
factors. First, the charged groups play a role in organiz-
ing the solvent around the FB1 molecule in the region
of C-10 to C-20 (Figure 4a). There are generally six
water molecules interacting with each carboxyl group,
while one water molecule forms a bridge between the
two close carboxyl groups (Figure 4a). Another water
molecule bridges between a carboxyl group and the ester
CdO oxygen atom, and another bridging of water
molecules occurs between a C-15 branch carboxyl group
and the C-10 hydroxyl group (Figure 4a). The total
solvent organization around the acid group acts as a
polar negative wall pointing away from the groups; the
water molecules align with their polar positive (partial
charge) hydrogen atoms toward the negative charges
on the acid group (Figure 4a). The net negative charge,
at each end of the C-14 and C-15 branches, results in

Figure 3. Plot of conformation of FB1 following a 100-ps simulation in a cell size of 30 × 30 × 30 Å. Dihedral angles are given
for O-C14-C15-O; C13-C14-C15-C16; C12-C13-C14-C15. Distances are shown for (N- - - -C′) branches at C14 and C15.
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the tricarballylic groups being repelled from one an-
other. For the region of C-1 to C-6, the C-2 amine and
the C-3 and C-5 hydroxyl groups form hydrogen bonds
with water (Figure 4b).

A second solvation effect is the attempt to remove as
much of the hydrocarbon section of the chain from
contact with the solvent as possible. This hydrophobic
effect is well-known, and the length of the hydrocarbon
chain in FB1 is sufficient for the force field to attempt

to bury some of the nonpolar groups inside a polar cap.
The result is a partially folded conformation (Figure 3),
with the path by which the final structure was achieved
depicted in the time vs molecular parameter frames.
Several dihedral angles (Figure 3) have changed as the
simulation proceeded; they are shown as a function of
the time course of the simulation. The distances between
the tricarballylic groups and the amine group are also
shown as a function of the time course of the simulation

Figure 4. Water molecules interacting around FB1 for the region of C-10 to C-20 (a). Charged groups play a role in organizing
solvent molecule; generally six water molecules interact with each carboxyl group. The total solvent organization around the acid
groups acts as a polar negative wall pointing away from the group. The net negative charge, at each end of the C-14 and C-15
branches, results in the tricarballylic groups being repelled from one another. For the region of C-1 to C-6 (b), the C-2 amine and
the C-3 and C-5 hydroxyl groups form hydrogen bonds with water. The oxygen atoms are lightly shaded, and the nitrogen atom
is darkened.
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(Figure 3). The very short starting distance between the
C-14 branch acid and the C-2 amine quickly changed
to a distance of 11-12 Å.

From the starting FB1 structure, the molecule has,
over 100 ps of dynamics, undergone a conformational
transition in which the main chain, atoms C-1 to C-14,
is nearly fully extended, and the chain from C-16 to C-20
has folded toward the C-15 branched ester linkage. The
result is that the longest extended stretch is between
the amine on C-2 and the carboxyl group on the C-14
branched ester linkage (Figure 2).

NMR Coupling Constants and Nuclear Over-
hauser Enhancement Comparisons. It is productive
to compare the results of the dynamics simulations of
FB1 to experimental JH,H coupling constants and avail-
able nOes. We show the time frames of various distances
(Figure 5) and dihedral angles (Figures 5 and 6) for
which both coupling data and nuclear Overhauser
enhancements have been published. Blackwell et al.
(6 and 9) reported JH,H coupling constants for FB1 and
derivatives of FB1. For FB1, they reported coupling
constants of 2.4 and 10.8 Hz for H-13,H-14, 3.7 Hz for
H-14,H-15, and 8.1 Hz for H-15,H-16. In the case of
H-13,H-14, the two values (2.4, 10.8 Hz) suggest that
there are both trans and gauche interactions, which is
consistent with our finding of a trans backbone heavy
atom conformation at this bond. The value for the
H-14,H-15 coupling is small (3.7 Hz), suggesting a value
of æ∼100°, which is consistent with the time vs dihedral
angle for this bond (Figure 5) where the dihedral angle
varies between ∼80° and 120° over the last 80 ps of the
simulation. Using the alkyl Karplus relationship (18)
for calculating the coupling constant, one obtains a value
near 3 Hz for this region of dihedral space, and when

corrected for the electronegativity effect, it is somewhat
larger, ∼3.5 Hz, in good agreement with the experimen-
tal value of 3.7 Hz. The coupling constant for the
H-15,H-16 interaction (8.1 Hz) would imply a dihedral
angle value of ∼150°. The time profile of the simulation
for the H-C15-C16-H dihedral angle is shown in
Figure 6. Clearly, after about 50 ps, the conformation
has flipped from a starting value of ∼-60° to an
equilibrium between +60° and 180°. It is obvious from
Figure 6 that the near trans conformation at the C15-
C16 bond is becoming more occupied as the simulation
proceeds.

Blackwell et al. (6 and 9) also report several nOes
associated with close contact of hydrogen atoms. Of

Figure 5. Time frames of various distances (H14-H16, H14-H15, and H12-H14) and dihedral angle (H-C14-C15-H) for
comparison of the results of dynamics simulations of FB1 to experimental JH,H coupling constants and available nOes.

Figure 6. Time frames of dihedral angle (H-C15-C16-H)
for comparison of the results of dynamics simulations of FB1
to experimental JH,H coupling constants and available nOes.
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particular interest is the H14-H16 distance shown in
Figure 5. We again see the conformational transition
at ∼50 ps to a close contact of ∼3.5 Å. This is the same
time period that was described above for the H-C15-
C16-H dihedral angle. This would suggest that the
observed nOe for H14-H16 (6 and 9) is allowed for this
conformation. Another nOe of interest is that found for
H14-H15, across the bond, and of average distance of
∼2.7 Å in this simulation. Finally, the H12-H14
distance profile for the observed nOe between these
atoms is shown in Figure 5, with an average simulation
distance of ∼3.2 Å. We do not have estimates from the
NMR results for the distances or magnitudes of the
nOes, only that nOes were observed for those H- - -H
contacts described above. For the reasons cited above,
we believe that the conformation occurring during the
time period after 50 ps had elapsed is a conformation
close to that observed experimentally in CD3OD (6 and
9). The molecular dynamics simulations of FB1 are in
good agreement with the experimental observations.

Comparison to Previous Calculations. Stereo
models of the FB1-4 molecules from previous calcula-
tions performed in vacuo (12-14) suggested that there
exists a compact folded conformation in which the
backbone section from C-1 to C-15 folds toward both the
C-14 and the C-15 branch propane-1,2,3-tricarboxylic
acid side chains. This folding creates a cage-like struc-
ture with all the charged groups located near the C-2
amine end. Clearly, localized carboxyl charged groups
have considerable repulsive electrostatic energy and will
not come in close contact with one another if they are
not restrained or charge shielded. Although it may be
assumed that in vacuo hydroxyl groups of FB1 may form
intraresidue and interresidue hydrogen bonds, in the
presence of solvent molecules, hydrogen bonds form
between solute (FB1) and solvent (H2O). In our simula-
tions of solution conformational properties of FB1, the
water molecules act as a solvent shield, which is similar
to increasing the dielectric constant. We do not find any
stable compact structures during the molecular dynam-
ics simulations in solution.
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