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Finding novel antibiotics to combat the rise of drug resistance in harmful bacteria is of enormous
importance for human health. Computational drug design can be employed to aid synthetic chemists
in the search for new potent inhibitors. In recent years, molecular dynamics based free energy calcula-
tions have emerged as a useful tool to accurately calculate receptor binding affinities of novel or modified
ligands. While being significantly more demanding in computational resources than simpler docking
algorithms, they can be employed to obtain reliable estimates of the effect individual functional groups
have on protein–ligand complex binding constants.

Beta-ketoacyl [acyl carrier protein] synthase I, KAS I, facilitates a critical chain elongation step in the
fatty acid synthesis pathway. Since the bacterial type II lipid synthesis system is fundamentally different
from the mammalian type I multi-enzyme complex, this enzyme represents a promising target for the
design of specific antibiotics. In this work, we study the binding of several recently synthesized deriva-
tives of the natural KAS I inhibitor thiolactomycin in detail based on atomistic modeling. From extensive
thermodynamic integration calculations the effect of changing functional groups on the thiolactone scaf-
fold was determined. Four ligand modifications were predicted to show improved binding to the E. coli
enzyme, pointing the way towards the design of thiolactomycin derivatives with binding constants in
the nanomolar range.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The increasing resistance of pathogenic bacteria to widely used
antibiotics is a major challenge of modern medicine that has
attracted a great deal of attention far beyond the academic
world.1–4 Finding novel antibiotics that affect previously untarget-
ed biochemical pathways is of utmost interest to solve this prob-
lem. In this context, natural compounds are a promising starting
point for the discovery of structurally new agents.5,6 Modern drug
design studies have benefited greatly from the increased use of
computational tools for structure and binding strength predictions.
Especially molecular dynamics simulation based free energy calcu-
lations have received considerable attention here over the last
years.7–15

The bacterial fatty acid synthesis pathway is considered a
promising candidate for the development of specific inhibitors
with new modes of operation.16 One reason for this is the markedly
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different organization of the mammalian fatty acid synthesis
apparatus compared to that of bacteria. The type I, or associated,
fatty acid synthesis machinery humans share with other higher
organisms is comprised of a large (ca. 500 kDa) covalently bound
multifunctional enzyme complex, while the type II system of
plants and bacteria is made up of several distinct soluble enzymes,
each catalyzing one particular reaction of the fatty acid cycle.

Structural information is available for several enzymes of the
type II fatty acid synthase system from different organisms.17–21

The chain elongation enzymes KAS I and II (or FabB and FabF), that
add two more carbon atoms to a growing fatty acid chain, are
among the most interesting targets, as well as the enzyme FabH
that catalyzes the initial step of fatty acid synthesis. KAS I inhibi-
tors of moderate binding strengths are known and X-ray crystal
structures of cocrystallized inhibitor enzyme complexes exist,22

but up to now, no new compound with an inhibition constant in
the low nanomolar range has been found. In contrast, FabH inhib-
itors of nanomolar strength have been found recently.16

Improving known KAS I inhibitors is an interesting test bed for
the use of emerging computational chemistry methods in rational
drug design. Thiolactomycin, a natural compound extracted from
the bacterium Nocardia sp., is effective against several pathogenic
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bacteria and is known to inhibit Escherichia coli KAS I by mimicking
the substrate Malonyl-ACP.23 Several thiolactomycin derivatives
have been studied in the past (see Refs. 24,25). A recently published
study contained a new organic synthesis scheme providing conve-
nient access to novel thiolactomycin derivatives that carry modi-
fied substituents at the thiolactone ring, but could not ascertain
if any of them will show improved binding affinities compared to
the natural compound.26

We continue the study of this family of compounds here by per-
forming Thermodynamic Integration free energy calculations, in
order to accurately determine their binding free energies with re-
spect to thiolactomycin.

2. Models and methods

Thermodynamic Integration calculations are a method to com-
pute free energy differences between two arbitrary chemical states
A and B. This is accomplished by coupling the two states via a
parameter k so that a transition from zero to one along the non-
physical coordinate k is equivalent to changing state A (the initial
state) into state B (the final state). The two potential functions
V(A) and V(B) are combined into a mixed, k-dependent potential
function V(k). Since A and B can consist of different types and num-
bers of atoms, these calculations are sometimes referred to as
‘computational alchemy’. It can easily be derived from the statisti-
cal thermodynamics expression for the free energy of a system that
the free energy difference between the two k-coupled states
according to the TI formalism is:

DG0
TI ¼

Z 1

0

@VðkÞ
@k

� �
k

dk ð1Þ

where the angular brackets denote a Boltzmann-weighted ensem-
ble average, using V(k) as the potential. The integration in Eq. 1 can-
not typically be performed analytically, and in practice a numerical
integration scheme is used, based on simulations at a number of
fixed k-values.

The easiest way to couple the two endpoint potential functions
into V(k) is called linear mixing:

VðkÞ ¼ k � V1 þ ½1� k� � V0 ð2Þ

A multitude of other mixing schemes exist and extensive com-
parisons have been performed between them. Linear mixing in
most cases yields stable and easily integratable free energy
curves if a soft core potential is used that replaces the vdW inter-
actions of appearing or disappearing atoms (i.e., atoms that only
exist in states B or A, respectively) with a k-dependent, modified
LJ-equation.27 In this study, the shape of the soft core pair poten-
tial used was:
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where Eqs. 3 and 4 apply to the interactions of atoms present in
both states A and B with those unique to states A or B, respectively;
e and r are the common LJ parameters, r is the interatomic distance
and a is an adjustable constant set to 0.5 in this study. The details of
the implementation of this soft core algorithm have been described
elsewhere.28

To allow transformations to be conducted in a single step, in-
stead of the common breakdown into separate Coulomb and
vdW transformation steps, electrostatic interactions between
atoms unique to states A and B and the rest of the system were cal-
culated using a modified Coulomb pair potential equation:
VCoulomb;A ¼ ð1� kÞ
qiqj

4pe0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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where Eqs. 5 and 6 apply to the interactions of atoms present in
both states A and B with those atoms unique to states A or B,
respectively; qi and qj are the atomic partial charges, r is the inter-
atomic distance and b is an adjustable constant set to 24 Å2 in this
study. The details of the implementation of this one-step TI algo-
rithm have been described elsewhere.29

The TI module of the AMBER modeling suite used here allows a
full dual-topology approach, meaning that no atom types needed
to be changed. Instead, for every changing functional group, an in-
stance of the group before and after the transformation is present
in the system. These two groups do not interact with each other
and as k increases from zero to one, the nonbonded interactions
of the original group with its surroundings are switched off, while
the nonbonded interactions of the new functional group are simul-
taneously switched on. The bonded interactions of both groups,
both internal and with the remainder of the system are unchanged
by the k-transformation (and do not contribute to the free energy
result) to keep the appearing or disappearing functional groups
in place and restrict them to chemically meaningful conformations.

Since TI calculations give free energy differences stemming
from nonphysical transformations (e.g., appearing or disappearing
atoms), they have to be considered as part of a thermodynamic cy-
cle connecting them to observable free energy changes to give
interpretable results. In the context of protein–ligand binding, such
a thermodynamic cycle could consist of simulating the transforma-
tion of ligand A into B both while bound to a receptor and while
solvated in water. The difference in the free energy changes from
the two TI transformations is then equal to the difference in the
binding free energies of both ligands:

DDG0
Bind ¼ DG0

Bind;B � DG0
Bind;A ¼ DG0

TI;bound � DG0
TI;solvated ð7Þ

Note that if ligand B binds stronger to the receptor than ligand
A, Eq. 7 will give a negative result.

The ensemble average in Eq. 1 was approximated by performing
MD simulations at given constant k values using the AMBER11
molecular modelling suite.30,31 System temperatures were set
using a Langevin thermostat32 with a virtual collision frequency
of 2 ps�1 and in the case of constant pressure simulations, a
weak-coupling Berendsen type algorithm based on isotropic posi-
tion scaling with a relaxation time of 2 ps was used to maintain
a reference pressure of 1 bar. The SHAKE algorithm33 was used to
keep the lengths of bonds involving hydrogen atoms fixed and an
integration timestep of 2 fs was used. Periodic boundary conditions
were applied using a particle mesh Ewald treatment34–36 for long-
range electrostatics, with a 9 Å cutoff for non-bonded interactions.
An analytical, isotropic, long range van der Waals correction for
dispersion interactions beyond the cutoff was applied.

The studied ligands were sketched by hand, transformed into
3D-structures and assigned atom types from the gaff forcefield.37

In cases of missing forcefield parameters, values were taken from
the most similar chemical group for which parameters were avail-
able. Ligand partial charges were generated by performing RESP
fitting38 of the electrostatic potential computed at the HF6–31G*
level using GAUSSIAN03.39 The protein parts of the system were de-
scribed using the AMBER ff03 forcefield40 and the TIP3P model was
used for water molecules.41 Visual analysis of structures was per-
formed using VMD,42 figures were prepared using povray and
ChemDraw.

The starting structure for the protein–ligand complex was taken
from the 2.35 Å X-ray crystal structure (pdb code 1FJ4) of E. coli
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KAS I with cocrystallized thiolactomycin.22 We have chosen to use
an X-ray structure of the E. coli enzyme because additional exper-
imental data are most likely to become available for this enzyme.
Furthermore, to avoid binding site deformation from other cocrys-
tallized ligands, only crystal structures containing thiolactomycin
were considered. The newer structure by Pappenberger et al.
(pdb code 2VB8)43 could have been used alternatively, since both
structures are of sufficiently high resolution to be used as MD
starting structures. A structural comparison showed the 1FJ4 and
2VB8 X-ray structures to be similar enough (rmsd below 0.5 Å)
to be expected to yield very similar MD conformational ensembles.

Since KAS I is dimeric in solution,44,45 only chains A and B from
the crystal structure were used. Protons were added using the
xleap tool in the AMBER modelling suite. The two active side histi-
dines 298 and 333 in each of the two active sites were built as
e-protonated, to enable the hydrogen bonds between these resi-
dues and the thiolactone-O of thiolactomycin observed in the crys-
tal structure to form in the MD simulations. The two cocrystallized
thiolactomycin molecules were kept in the binding sites. This com-
plex was embedded into a rectangular box of water molecules so
that the minimum distance between any solute atom and the
box edge was 12 Å and neutralized by adding sodium ions (E. coli
KAS I is an acidic enzyme with an isoelectric point of 5.2). Water
molecules that were present in the crystal structure were retained
in the MD model.

3. Results

3.1. System preparation and stability

An initial MD equilibration of the complex was performed to
test for the general stability of ligand KAS I complexes under the
simulation conditions used and to generate a well equilibrated sol-
vated complex structure as a starting point for TI calculations. The
system was subjected to the following initial equilibration proce-
dure: A steepest descent minimization was carried out for 200
steps to remove bad contacts. Then, a 10 ps MD run under NVT
conditions was performed during which the system temperature
was raised to 298 K using an increased collision frequency of
10 ps�1 for the Langevin thermostat. Simulation conditions were
switched to the NPT ensemble and a 100 ps density equilibration
run was performed. During the first 10 ps the system density
reached ca. 1.01 g/cm3 for all simulations and stabilized at this va-
lue for the rest of the MD simulation. An unrestrained 5 ns equili-
bration run was then performed with the temperature and density
equilibrated complex in the NPT ensemble at 298 K. During this
run, the complex total kinetic and potential energy as well as den-
sity fluctuated less than 0.5%. The complex rmsd was monitored
during this final equilibration (Fig. 1) for 1000 MD snapshots 5 ps
apart and shows that the protein structure stabilized at ca. 1.2 Å
Ca rmsd compared to the X-ray starting structure. Also, the ligand
positions within the binding sites exhibited stable rmsd values in
the range of 0.9–1.3 Å.

The final binding pose adopted by the ligands is very similar to
their starting conformation, but a slight change in hydrogen bond-
ing patterns was observed. In the X-ray crystal structure, both
His 298 and 333 form hydrogen bonds to the thiolactone-O of thio-
lactomycin. During the MD equilibration, the O—His 333 H-bond
was observed in 76% of trajectory snapshots and the O—His 298
H-bond was present in 75% of snapshots. In addition a thiolacto-
mycin-S—His 298 H-bond involving the thiolactone-S was present
in 46% of the trajectory snapshots. The changed hydrogen bonding
pattern emerged due to small translational movements of His 298
and rotational movement of His 333, as well as a small reposition-
ing of the ligand in the binding site (Fig. 1). However, the overall
thiolactomycin binding mode observed during the MD equilibra-
tion was very similar to that of the original X-ray crystal structure,
as the low rmsd values indicate.

Preliminary tests were performed in which only a single mono-
mer of KAS I was solvated and simulated using the same protocol
as above. This led to an MD trajectory in which the protein struc-
ture underwent larger conformational changes and did not
stabilize at a constant rmsd after several nanosceonds of MD sim-
ulation time. No further analysis of the monomeric KAS I model
was performed. Another preliminary test used a dimeric KAS I
model, but removed all water molecules from the X-ray crystal
structure before solvating the complex. An equilibration of this
system for 500 ps showed a stable protein conformation, but one
of the thiolactomycin ligands showed major conformational move-
ments in the active site. All further simulations were therefore
based on the dimeric model including the crystal structure water
molecules.

3.2. Selected ligand transformations and TI setup

Starting from the previously equilibrated complexes, an initial
set of six TI ligand transformations were set up so that the starting
state always corresponded to the natural compound thiolactomy-
cin 1 (Fig. 2). The thiolactomycin ligand located in chain A was se-
lected to be transformed, while the ligand in the chain B binding
site was left unchanged. The derivatives were chosen because they
have recently been synthesized and experiments regarding their
antibacterial properties are underway.24–26,46 Four of the com-
pounds, 2, 3, 4 and 5, add or remove methyl groups at the thiolac-
tone headgroup. 6 replaces the lipophilic sidechain with a methyl
group and 7 exchanges the terminal ethenyl group with a ethinyl
group. Table 1 gives an overview of what functional groups were
changed in the ligands. For 5, both the keto- and enol tautomers
of the ligand were built. Additionally, a ‘null-transformation’ that
transforms the lipophilic diene sidechain of 1 into an identical copy
of itself was set up to test for the accuracy of the results.

Models of the ligands both bound to KAS I in solution as well as
solvated in water are needed for a TI calculation of relative binding
energies. For the ligand protein complexes, the first thiolactomycin
ligand in the preequilibrated structure of KAS I was replaced by the
new compound while the second was kept in place. The new com-
pounds were placed into the binding site by keeping the atomic
position of all atoms that occur both in thiolactomycin and the
new compound unchanged. For models of the ligands in water,
individual ligand molecules were embedded in a 12 Å deep water
layer in a rectangular simulation box. For these systems, containing
thiolactomycin derivatives, an additional equilibration run was
performed before free energy data was collected. The equilibration
consisted of 500 steps of steepest descent minimization to remove
bad vdW contacts introduced by the newly placed ligand and 10 ps
of NVT heating, followed by 50 ps of constant volume equilibration
at 298 K as a final equilibration step. This 50 ps equilibration
proved to be sufficient to reach a temperature of 298 K and density
of ca. 1 g/cm3. The density and temperature equilibrated sets of
protein–ligand complexes and solvated ligands served as the start-
ing structures for several consecutive rounds of 500 ps length TI
simulations. All MD production runs were performed at 298 K in
the NPT ensemble.

All TI free energy changes reported were calculated from using
nineteen k-points in order to construct the free energy curve by
numerical evaluation of the integral in Eq. 1. The k-points chosen
were 0.05, 0.1, 0.15, ... 0.95 and the trapezoidal rule was used for
the integration. Model systems were equilibrated at their respec-
tive k-value for each simulation window before data collection
started.



Figure 1. Structural changes in the KAS I thiolactomycine complex during five nanoseconds of equilibration. (Top) rmsd values in Å for the protein backbone a-carbon atoms
and the bound thiolactomycin ligand involved in the TI transformations. The second ligand showed a similarly stable trajectory (not displayed). (Bottom) Comparison of the
binding pose of thiolactomycin (colored by element) after 5 ns of equilibration with respect to the X-ray crystal structure (blue). The active site amino acid residues of the
catalytic triad are displayed (from left to right Cys 163, His 298 and His 333, remainder of the protein in green). Conformational adjustments results in very small changes in
ligand binding pose. The two H-bonds to the catalytic triad His residues are stable (black dashes) and an H-bond to Cys 163 is also seen (gray dashes).

T. Steinbrecher et al. / Bioorg. Med. Chem. 20 (2012) 3446–3453 3449
3.3. Sampling and error estimation

In order to close the thermodynamic cycle that allows the calcu-
lation of relative binding free energies according to Eq. 7, the ligand
transformations need to be simulated twice, once in complex and
once with the ligand solvated in water, for every transformation
shown in Figure 2. Absolute free energy changes for either transfor-
mation step ranged from�20 to +150 kcal/mol and are not reported
here, because they cannot be connected to any observable. Only the
free energy differences reported below are physically meaningful.
Data collection was conducted from a total simulation time of
3 ns per k-window for the protein–ligand complex transformations
(for a total of 57 ns) and of 5 ns per k-window for the solvated li-
gand transformation (for a total of 95 ns). Longer simulation times
were used for the computationally much cheaper solvated ligand
transformation steps to reduce statistical errors from this substep.

Errors result from the sampling error due to the finite simula-
tions length, inaccuracies of the molecular mechanics model and
numerical integration errors. Among these, only the first error
contribution can be reliably estimated: For each individual simu-
lation window, @V=@k-values showed standard deviations in the
range of 3–5 kcal/mol. The standard error of the mean for a TI
transformation can be estimated by determining the number of
independent samples from the @V=@k-autocorrelation time, as
described in Ref. 29. However, such an analysis can severely
underestimate errors, since the common assumption of single
exponentially decaying @V=@k autocorrelation functions may not
be true for the complex potential energy surfaces of protein–



Figure 2. Six thiolactomycin derivatives studied by TI calculations. Every arrow
symbolizes a binding free energy prediction, performed as two TI transformations
for the complexed and solvated ligands respectively, each using 19 k-windows per
substep. All ligand transformations used the natural compound 1 as the initial state.
Compounds 2 to 5 change the thiolactone ring substitution pattern, 6 and 7
represent changes in the ligand diene sidechain. DDG gives the predicted changes
in binding free energy for the different compounds in kcal/mol (see text, Table 1 for
details).
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ligand complexes. Additionally, other contributions may add sig-
nificantly to the total error.47

Therefore, we have selected a simpler but more robust error
estimation method here: Each TI transformation was broken down
into consecutive 500 ps length windows and free energy changes
were computed for each. Final results were obtained from averag-
ing the free energy change for each substep (ligand transformation
in water and in complex) and the standard error of the mean was
estimated from GAUSSIAN error propagation. For the error values re-
ported in Table 1, the contributions to the standard error from the
complex transformation were typically ca. 2–3 times higher than
those from the solvated ligand transformation.

When comparing this batch averaging scheme with error esti-
mations from the @V=@k-autocorrelation time as described above,
we find the later yielded error values about four times smaller than
those reported in Table 1.

To get another estimate of the expected accuracy of the simula-
tion results, a ‘null transformation’ was set up, transforming the
(2-methyl)-butadiene sidechain of thiolactomycin into an identical
copy of itself. Since this transformation cannot result in a change of
free energy, any deviation of the simulation result from zero must
be due to insufficient sampling during the MD simulation. The two
individual simulation results gave free energy changes of �0.28 ±
0.12 kcal/mol for the complex transformations and �0.02 ± 0.07
kcal/mol for the transformation in water, both values close to zero.
Table 1
Functional groups changed during the TI transformations. Disappearing and appe
See Figures 2 and 3 for ligand structures. The 1 to 1 transformation represents a ‘n
the enol form of 5. The DDGBind columns give the binding free energy of the en
complex and 19 � 5 ns of solvated ligand simulations. Negative values indicate th
involving 8 and 9. See text for details

Transformation Disappearing funct.
groups

1 ? 1 5-(2-Methyl)-butadienyl
1 ? 2 3-Methyl, 5-methyl
1 ? 3 5-Methyl
1 ? 4 3-Methyl
1 ? 5 5-Methyl
1 ? 6 5-(2-Methyl)-butadienyl
1 ? 7 7-Ethenyl
4 ? 1 3-Ethyl
4 ? 8 3-Ethyl
4 ? 9 3-Ethyl
As expected, the transformation of the solvated ligand in isotro-
pic surroundings gives results closer to the ideal value of zero.
Combining those numbers yields a total free energy change for
the ‘null transformation’ of �0.26 ± 0.13 kcal/mol. Since the
(2-methyl)-butadiene sidechain is significantly larger than most
functional group changes in the following, this can be considered
a conservative error estimate and is indeed about twice as large
as most standard errors from batch averaging in Table 1.

To estimate the degree to which insufficient sampling influ-
ences the results, we have conducted a cycle closure reverse trans-
formation for the 4 to 1 transformation, starting from the final
structure of the complex after 3 ns and the solvated ligands after
5 ns simulation time. Apart from the starting structures and direc-
tion of the transformation, the same protocol as for all other
simulations was used. A total relative binding free energy of
+0.76 ± 0.19 kcal/mol was obtained, in good agreement to the for-
ward transformation result of �0.54 ± 0.16 kcal/mol (the error esti-
mate ranges overlap when the reversed sign is considered). We
therefore conclude that the transformation direction and hystere-
sis effects have only little influence on our results.

Since determining appropriate atomic partial charges for novel
compounds is a major problem in computational drug design,48–50

we have investigated the effect that alternative partial charge der-
ivation schemes have on our results. The 1 to 4 ligand transforma-
tion was repeated using ligands parameterized with AM1-BCC,51,52

Mulliken53 and Gasteiger54 charges in addition to the RESP charges
used in the remainder of this work. To reduce computational effort,
we did calculate the relative solvation free energy of the com-
pounds instead of their relative binding free energy (by conducting
two TI transformations in water and in vacuum). The DDG0

solv aver-
aged over 5 ns simulation time was 0.71 ± 0.07 kcal/mol for the
RESP case, indicating that the additional methyl group slightly re-
duces compound solubility. In comparison, a relative solvation free
energy of 0.54 ± 0.05 kcal/mol was found using AM1-BCC charges,
while 0.31 ± 0.15 kcal/mol were computed with Mulliken charges
and 0.38 ± 0.02 kcal/mol with Gasteiger charges. While the partial
charge derivation method clearly influences the result, the widely
used RESP and AM1-BCC charge sets give values in reasonable
agreement, while Mulliken and Gasteiger charges, which were
not designed specifically for solvated MD simulations, deviate
slightly more.

3.4. Transformations of KAS I bound ligands

TI calculations for the six ligand transformations detailed in
Figure 2 were conducted starting from structures preequilibrated
as described above. For the 3 ns length ligand-protein complex
simulations, system stability was monitored by computing the
aring groups are unique to the initial and final states of the transformations.
ull transformations’ used to estimate errors. The 1 to 5 transformation used
d state ligand relative to thiolactomycin combining data from 19 � 3 ns of
e derivative to be a stronger binder. See Section 3.5. for the transformations

Appearing funct.
groups

DDGBind

(kcal/mol)

5-(2-Methyl)-butadienyl �0.26 ± 0.13
3-Ethyl, 5-ethyl �0.94 ± 0.15
5-Ethyl �0.25 ± 0.10
3-Ethyl �0.54 ± 0.16
5-H +1.43 ± 0.12
5-Methyl +0.17 ± 0.34
7-Ethinyl +1.65 ± 0.14
3-Methyl +0.76 ± 0.19
3-Isopropyl +0.52 ± 0.13
3-Tertbutyl �0.27 ± 0.11



Figure 3. Two proposed new ligands which increase the size of the thiolactone ring
3-substituent. The simulations set up for 8 and 9 changed the 3-ethyl group of 4
into an iso-propyl or t-butyl group respectively. DDG gives the predicted changes in
binding free energy for the different compounds in kcal/mol (see text, Table 1 for
details).
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ligand and protein rmsd values with respect to their starting posi-
tions for all simulation windows. For the protein Ca-rmsd values of
ca. 1.1 Å were found during all simulations, indicating no signifi-
cant conformational changes in the receptor. Ligand rmsd values
uniformly rose to values in the 1.5–2.0 Å range and did not further
increase after that.

An additional measure of complex stability was the continuing
presence of the thiolactone-O His 333 H-bond which was found in
>70% of all MD snapshots in all simulations. The H-bond between
the thiolactone-O and His 297 was observed in ca. 40% of all MD
snapshots, a slightly lower frequency of occurrence when com-
pared to the initial MD simulations. The thiolactone-S—His 297
H-bond was also observed in ca. 40% of all MD snapshots, compa-
rable to the frequency observed in the initial MD simulations of the
thiolactomycin KAS I complex.

The free energy changes from each of these TI calculations, as
well as for the null transformation of 1 into itself, are given in Table
1. These values include the correction for the ligand transforma-
tions in water and therefore represent the predicted differences
in binding free energy to KAS I for thiolactomycin and each studied
derivative. Note that a negative result indicates stronger binding
for the ligand that 1 is transformed into. The calculated free energy
changes range from �0.94 ± 0.15 to +1.65 ± 0.14 kcal/mol, equiva-
lent to more than a two order of magnitudes spread in binding
constants.

For the transformations of 1 into 5 or 7, unfavorable relative
binding free energies of more than +1 kcal/mol were found, while
for 6 a small decrease in affinity, within the margin of error, is pre-
dicted. This indicates that these three thiolactone derivatives will
show diminished or at best nearly unchanged binding strength to
KAS I compared to the natural compound. Removal of the lipophilic
sidechain or the 5-methyl group as well as the seemingly small
chemical change of the terminal ethenyl into an ethinyl group
are all predicted to negatively influence the ligand’s binding
strength.

The 1 to 5 transformation was conducted with the enol tauto-
mer of the ligands. While it is assumed that the enol form is the
stable one in aqueous solution, no such information for a ligand
protein complex is available. Therefore, an additional TI calculation
was set up in which the enol form of the ligand was transformed
into its keto tautomer both in water and as a KAS I complex. Using
the same equilibration and data collection process as detailed
above, a relative binding free energy for the two ligand tautomers
of +1.4 ± 0.16 kcal/mol was found. The free energy change for the
keto/enol transformation cannot be directly compared to experi-
mental results of the two compound’s relative stability (because
a molecular mechanics forcefield is not suitable to describe such
chemical changes), but a thermodynamic cycle similar to the one
above shows that the relative binding free energy of the two
tautomers is equal to the difference in their relative stability sol-
vated in water and bound to the protein:

DDG0
keto=enol ¼ DG0

TI;keto!enol;bound � DG0
TI;keto!enol;solvated

¼ DDG0
Bind ¼ DG0

Bind;keto � DG0
Bind;enol ð8Þ

The result indicates that the binding site does not stabilize the
ligand in its keto form, which would be an even weaker binder
to KAS I than the enol tautomer. Therefore, the keto form was
not considered further here.

The cases of adding methyl groups to the ligand (by changing
methyl substituents into ethyl substituents) produce more favor-
able relative binding free energies, predicting increased binding
strengths for three of the new ligands. For the 1 to 2 transforma-
tion a relative binding free energy of �0.94 ± 0.15 kcal/mol is cal-
culated, predicting an increase in binding strength significantly
larger than the estimated margin of error. For the 1 to 3 transfor-
mation, a relative binding free energy of �0.25 ± 0.10 kcal/mol is
found, indicating a slightly higher binding strength for the 3 deriv-
ative than for the natural compound but the free energy difference
computed is close to the estimated error threshold.

For the transformations into 2 and 4 a marked increase in the
ligand binding strength of 0.54 ± 0.16 and 0.94 ± 0.15 kcal/mol
respectively is predicted. This free energy change is significantly
larger than the estimated error in both cases. The two ligand for
which increased binding strength is predicted both increase the
size of the functional group in the 3-position from a methyl to an
ethyl group.

The chemical change to generate ligand 2 (change both the
3- and 5-methyl into ethyl groups) is the sum of the changes to
generate ligands 3 and 4 (change the 5- or the 3-methyl into ethyl
groups, respectively) and the resulting relative binding free ener-
gies computed for the latter two transformations approximately
add up to the result for the former. This is not necessarily expected,
since 3 and 4 will have different equilibrium conformations (in-
duced by adding additional sterical load at different ligand posi-
tions) and the effect of changing one part of a ligand can in
principle be strongly influenced by previous changes to it. In this
case however, such cooperative effects seem to be small and ligand
optimization could be conducted on both the 3- and 5-positions
of 1.

3.5. Potential new ligands

The results from the previous chapter suggest that increasing
the size of the substituent in the 3-position (and to a smaller extent
the 5-position as well) of the thiolactone ring leads to compounds
that show improved binding strength to KAS I. Therefore two new
ligands not yet synthesized were created, 8 and 9 which replace
the 3-methyl with an isopropyl or t-butyl group, respectively (
Fig. 3). Two TI calculations were set up in which 4 was transformed
into 8 and 9 respectively. Starting structures for the protein–ligand
complexes were taken from the final structures of the 1 to 4 trans-
formation. As before, 5 ns length MD simulations were performed
for the ligand transformations in water and 3 ns MD were per-
formed for the transformation of protein bound ligands in both
cases. The protein and ligand rmsd values were measured during
the MD simulations, with protein rmsd values staying constant at
ca. 1.1 Å and stable ligand rmsd values in the range of 1.5 Å with
respect to the starting structure.

The free energy changes computed from the TI calculations re-
sulted in a relative binding free energy of +0.52 ± 0.13 kcal/mol for
8 and �0.27 ± 0.10 kcal/mol for 9. This predicts 8 to be an inhibitor
with a lower binding strength than 4, but comparable to 1 (with a
difference in binding strength for 1 and 8 below the estimated er-
ror) and 9 an inhibitor with slightly increased binding strength
compared to 4, making it also a stronger binder than the natural
compound thiolactomycin.

Our calculations resulted in an unexpected pattern of changes
in the binding free energy for the sequence of ligands 1, 4, 8 and
9. These differ in a steadily increasing size of their 3-substituent
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from methyl to ethyl, iso-propyl and t-butyl, but the TI calculations
order the compounds with respect to their binding strength as
8 � 1 < 4 < 9. Nevertheless, a slightly larger residue at the 3-
position of 1 appears beneficial for the compound binding strength.
Organic synthesis of the proposed new ligands can now be under-
taken to test if this predicted order of binding strengths is sus-
tained by experimental data.
4. Discussion

MD simulations of thiolactone ligand KAS I complexes yielded
stable complexes that provide insights into the ligand binding
modes on an atomic level. The critical interaction of thiolactomycin
with both active side histidines was reproduced in the simulations
and consistently predicted for its derivatives as well. The change in
hydrogen bonding pattern that produced a hydrogen bond involv-
ing the thiolactone sulphur atom resulted only in minor changes of
the ligand binding pose. This hydrogen bond might be caused by an
artificial preference of the force field for hydrogen bonds involving
sulphur atoms.

The TI calculations in this study were used to compute the bind-
ing free energy differences between 8 new potential inhibitors of
the bacterial fatty acid synthase KAS I and the natural inhibitor
thiolactomycin. Four inhibitors studied, 2, 3, 4 and 9, were pre-
dicted to bind stronger to the receptor than thiolactomycin. The
most promising of these compounds exchanged the 3-methyl sub-
stituent of thiolactomycin with a bulkier residue (an ethyl or t-bu-
tyl group). Furthermore, a thiolactomycin derivative with a slightly
larger substituent at the thiolactones 5-position (2 and 3) was also
predicted to have a slightly higher binding affinity to the receptor.
However, all changes in the diene sidechain were predicted to
diminish the binding affinity of the ligand. Several previous studies
deal with thiolactomycin derivatives with modified diene side-
chains, but variations of the thiolactone ring substitution pattern
have received less attention so far, mainly because no efficient
and flexible synthesis for such derivatives existed until recently.
This study highlights the potential of thiolactone ring variations
in the design of thiolactomycin derivatives with improved binding
strength.

Despite their high computational expense free energy calcula-
tions are regarded as useful tools to accurately compute relative
binding free energies and our results support this. The binding
strength differences observed here are small, below 1 kcal/mol,
which is not uncommon for ligand optimization studies. Simpler
binding energy estimation tools like Ligand Docking and MM-PBSA
would not be capable of reliably predicting such small changes in
affinity. This finding is in good agreement to previous studies.55–57

From the ‘null-transformation’ of thiolactomycin into itself de-
scribed in Section 3.3, an error of 0.26 kcal/mol was estimated
for the TI calculations. The simulation showed that the error
mainly stems from the simulation of the protein bound ligand
transformation.

This work suggests that for similar applications of TI ligand opti-
mizations, MD simulations in the low nanosecond range (with less
than a microsecond of total complex simulation length invested
here overall) can yield good free energy estimates for small mole-
cule transformations. This points to their applicability to guide
the design of new compounds by precise estimates of their binding
strengths, even though more method validation is desirable.

We therefore conclude that TI free energy calculations are useful
tools to study protein–ligand interactions. The increasing availabil-
ity of high performance computing will make these methods more
widely applied as parts of the computational drug design tool-
kit.58,59 In the future, combining MD based free energy predictions
with ligand docking calculations may well allow the rapid and accu-
rate prediction of the binding properties of new compounds in silico.
While the application of TI calculations to protein–ligand complexes
is still a developing field, we anticipate these methods to become
routine tools for computational chemists in the near future.

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bmc.2012.04.019.
These data include MOL files and InChiKeys of the most important
compounds described in this article.
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