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Precise thermodynamic integration free energy simulations have been applied to a congeneric
series of 16 inhibitors to the p38 MAP kinase protein for which the experimental binding data
(IC50) is known. The relative free energy of binding for each compound has been determined.
For comparison, the same series of compounds have also scored using the best rapid scoring
functions used in database screening. From the results of these calculations, we find (1) that
precise free energy simulations allow predictions that are reliable and in good agreement with
experiment; (2) that predictions of lower reliability, but still in good qualitative agreement
with experiment, can be obtained using the OWFEG free energy grid method, at a much lower
computational cost; (3) and that other methods, not based on free energy simulations yield
results in much poorer agreement with experiment. A new predictive index, which measures
the reliability of a prediction method in the context of normal use, is defined and calculated
for each scoring method. Predictive indices of 0.84, 0.56, 0.04, -0.05, and 0.25 are calculated
for thermodynamic integration, OWFEG, ChemScore, PLPScore, and Dock Energy Score,
respectively, where +1.0 is perfect correct prediction, -1.0 is perfect incorrect prediction, and
0.0 is random.

Introduction

Database screening has become a routine component
of drug discovery. To hasten the identification of a lead
candidate, very large numbers of compounds are now
passed through various types of rapid theoretical screens.
Each screen is based on some sort of scoring function
and/or acceptable property range filter. The much
reduced set of compounds that survives these filters is
subjected to more detailed, slower, and considerably
more expensive experimental analysis.1

Of overriding importance in choosing a scoring func-
tion is that the function be fast. It is not unusual to pass
hundreds of thousands or millions of compounds through
the theoretical screen.1,2 Only very rapid functions can
possibly be used with these types of numbers of com-
pounds. A variety of appropriate functions have been
developed.3 But while the best of these are able to
predict the better compounds in the database with
accuracy of around 70%swhich makes them valuable
for wholesale scoringsthese functions are not accurate
enough to be particularly useful in answering questions
where a precise answer is required.4 Yet, the latter types
of questions nearly always arise in drug discovery after
selection of candidates for further optimization has been
performed using the rapid screens. Screening can bring
us reasonably close to an appropriate drug candidate

by suggesting appropriate scaffolds and pendent func-
tionalities. But additional chemistry is ultimately re-
quired, which can take the form of either traditional
bench synthesis or else combinatorial synthesis when
an amenable scaffold is present. With rare exception,
the final compounds sent to development reflect contri-
butions from nonbatch bench synthesis.2

Bench synthesis is much slower and much more
expensive on a compound basis than the initial screen-
ing. By the time a project has migrated to the bench,
the goal is usually to reduce a micromolar range
inhibitor to one that is nanomolar or better. The rapid
scoring functions amenable to screening are simply not
reliable enough to use in this regime. But the value of
a theoretical approach at this stage is potentially
tremendous. Bench synthesis often follows a simple
binary search path, with each step performed to answer
questions of the following form: Should we change
substituent “A” to “B”? Even conceptually simple changes
can be extremely difficult to make, depending on the
specifics of the system under consideration. The time
(and financial) savings possible by being able to reliably
answer some of these questions using theoretical meth-
ods can be enormous.

Fortunately, a theoretical method exists that cansin
principlesaddress these types of questions at the re-
quired level of precision. The method is free energy
calculations.5 Free energy calculations use statistical
mechanical information generated during a molecular
dynamics (MD) simulation to calculate the free energy
difference between two molecules. Though free energy
calculations are much too slow to be used directly in
screening, they can provide answers to specific questions
more quickly than experimental synthesis and assay
and at a trivial fraction of the cost. These calculations
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also have the advantage of being applicable to a vast
array of systems. This distinguishes them from even
more precise pure quantum-mechanically derived ap-
proaches which can rarely be applied to such questions
without wholesale approximation in terms of the system
itself (i.e.. no explicit solvent, no atomic flexibility, only
a cursory representation of the protein, etc.).6-8

While the master equations of free energy simulations
are exact, reliability, precision, and accuracy issues arise
from a number of sources.5,9-11 Primary among these
are sampling and force field. The free energy is related
to the ensemble average of a quantity that is typically
accumulated during molecular dynamics. If the sam-
pling performed by MD is insufficient, the required
ensemble average (and derived free energy) will be
imprecise. Similarly, even if the sampling is sufficient,
the free energy can be incorrect if the force field harbors
errors or if errors in the model for the system are made.
Therefore, it is not a given that in practice the predic-
tions of free energy calculations will be accurate.

The literature is scattered with isolated examples
where free energy simulations appear to have repro-
duced experimental behavior well. However, there has
not been an attempt to apply free energy calculations
systematically to a series of related protein-inhibitor
complexes for which experimental binding data is
known and has been derived in a consistent manner.
Our goal here is to perform such a test. We have chosen
the p38 MAP kinase protein system12 for our test. This
system was chosen for several reasons. These include
the following: availability of appropriate experimental
IC50 data for a series of compounds measured in a
consistent fashion; a congeneric series of inhibitors that
span roughly 2 orders of magnitude in binding efficacy;
and binding behavior that is not intuitively predicatable,
nor well explained by many qualitative scoring schemes.

Our goal in performing this test is to determine just
how well exact free energy simulations can perform.
Sixteen full thermodynamic integration free energy
simulations studies have been performed for 16 inhibi-
tors to p38. These 16 compounds represent a congeneric
series chosen both to be representative of the incremen-
tal changes one considers during the ligand optimization
process once a scaffold is identified and to span a
significant range of IC50 ranging from 36 nM to 1.9 µM.
For comparison and contrast, the same compounds have
been scored with widely used empirical scoring
functions13-17 and with the recently described OWFEG
free energy grid scoring method.18 From these results,
we can obtain guidance as to when it is appropriate to
rely on the fast-but-qualitative simulations, and how
well we can hope to do with the better exact calculations.

Methods
All high precision free energy calculations were carried out

using the Amber/Gibbs 5.0 program.19 The thermodynamic
integration (TI) method5 was used, wherein the free energy
difference between two molecules is evaluated using the
statistical mechanics equation.

where “A” and “B” are two molecules in a selected environment
(e.g., within the protein binding site or free in solution) and
GB and GA are their respective free energies. A parameter λ is

introduced to the potential energy function such that V(r, λ )
0) is the potential energy function appropriate for molecule
A, V(r, λ ) 1)is the potential energy function appropriate for
molecule B, and V(r, λ) is continuous between A and B. The
specific form has been described elsewhere.20 “〈 〉λ” indicates
that the average of the quantity with the brackets must be
determined from an ensemble that reflects the intermediate
λ state potential function V(r, λ). The value of the integrand
is determined at a series of discrete λ points, and the total
integral is approximated from these data using trapezoidal
numerical integration.

TI calculations were performed for 16 bound inhibitors of
p38, with IC50 values ranging from 36 nM to 1900 nM (1.9
µM). The reference state “A” for all free energy simulations
was the molecule shown in Figure 1A. All binders “B” are all
variants on the basic scaffold shown in Figure 1b, differing
from the reference state only in relatively small substituents
on the ring as shown and listed in Table 1. To construct the
initial “B” states, each of the binders was flexibly docked21 in
the active site of the crystal conformation of the p38 protein.
A spherical 16Å cap of TIP3P solvent water,22 centered on the
binder, was then added to the complex. For all simulations, a
moving “belly” was defined to include all protein atoms within
12Å of any atom of the inhibitor. The water cap was restrained
to the 16Å barrier using a single-sided harmonic restraint with
a 0.5 kcal/mol force constant. All solvent water and all atoms
of the inhibtor were free to move. All atoms of the protein
within the belly could also move. Unless otherwise noted,
position restraints with a positional force constant of K ) 0.5
kcal/mol were imposed on the protein atoms to keep the protein
conformation near the initial structure.

Protein and water nonbonded parameters are from the
Cornell et al. force field23 as are van der Waals parameters
for the inhibitors. Charges for the inhibitors were derived from
ESP-fitted ab initio charges (3-21g*/6-31g* MK charges24).
Internal (bond, angle, torsion) parameters for the inhibitors
were assigned according to the Charmm Parm22 force field.25

For each simulation, the protein/inhibitor/water complex
was minimized for 1000 steps, and then 500 ps of MD
equilibration was performed. This was followed by the “for-
ward” TI free energy simulation (λ ) 0 f λ ) 1; state B to
reference state A). The ensemble in eq 1 was evaluated at 21
equally spaced λ points between 0 and 1 to approximate the
integral. For most simulations, 10 ps of equilibration and 10
ps of data collection were performed at each integration point.
For one set of simulations (noted in the text), equilibration
and data collection were doubled to 20 ps each, to affirm that
the results obtained were converged. At the end of the
“forward” simulation, an additional 100 ps of equilibration was
performed, and then the TI simulation was run in the reverse
direction (λ ) 1 f λ ) 0; state A to state B). The forward and
reverse simulations are averaged to reduce the net error. All

GB - GA ) ∆G ) ∫0

1 〈 dV(λ,x)
dλ 〉

λ
dλ (1)

Table 1. Ligands for Which Free Energies of Binding Were
Calculated

sequence number R1 R2 R3 pIC50

1 H H H 6.602
2 H H F 7.000
3 H H CH3 5.854
4 H Cl Cl 6.097
5 H CH3 H 5.854
6 H CH3 CH3 5.721
7 H F H 6.347
8 CH3 H H 6.699
9 H Cl F 6.301

10 H Cl H 6.553
11 CH3 H Cl 6.745
12 Br H H 6.602
13 CH3 H CH3 6.577
14 OH H H 6.444
15 NH2 H F 6.658
16 Cl H F 7.444

a R1, R2, and R3 refer to substitution positions on an aromatic
ring in the basic scaffold. Refer to Figure 1b.

3418 Journal of Medicinal Chemistry, 2001, Vol. 44, No. 21 Pearlman and Charifson



MD simulations were run using a 2 fs time step and SHAKE26

bond constraints. Simulations were run at a constant temper-
ature of 300 K, using the Berendsen temperature coupling
method. A nonbonded cutoff of 8 Å was used in all cases.

Note that it is possible to map each binder “B” onto the
reference state molecule “A” in two ways, reflecting a 180° flip
along the torsion connecting the right-hand aromatic ring in
Figure 1b to the remainder of the molecule. This is shown in
Figure 1c. In theory, it makes no difference how this mapping
is performed. In practice, it might make a difference if the
pendant ring is not able to appropriately reorient itself within
the binding site as the simulation progresses. For this reason,
four simulations were run for each free energy change: ATB
with mapping “1” (two simulations for forward and reverse)
and A T B with mapping “2” (two more simulations for forward
and reverse).

The differential free energy of binding is determined ac-
cording to the following thermodynamic cycle where “P” is the

protein and “IA” is inhibtor “A” and “IB” is inhibitor “B”. P:I is
a protein-inhibitor complex. Experimentally, we measure ∆GA

and ∆GB, the free energies of association for substrates A and

B, respectively, with the protein. Theoretically, we calculate
∆GP and ∆Gaq, which are related to the experimental values
through the thermodynamic cycle:

To complete this cycle, we therefore need to perform a
second set of simulations to calculate the value of ∆Gaq for each
A-to-B conversion. These simulations were carried out by
placing each binder in a periodic box box of water of ap-
proximately 28 Å on a side. The box was minimized for 1000
steps, followed by 500 ns of equilibration, at a constant
temperature of 300 K and a constant pressure of 1 atm. The
free energy simulations were carried out using 21 integration
points, with 20 ps of equilibration, and 20 ps of data collection
at each point. In each case, both “forward” and “backward” TI
simulations were performed, separated by 500 ps of reequili-
bration.

For comparison, the same set of 16 inhibitors has been
scored using the OWFEG free energy grid approach27 and also
using three of the most commonly applied scoring methods:
ChemScore,13,14 Piecewise Linear Potential (PLP),15 and Dock
scoring grid.16,17 Of particular note among these is the OWFEG
grid approach. We have recently documented this method.18,27

The basic idea is that a qualitative grid is generated within
the active site of interest, using a one window free energy
perturbation calculation at each grid point to approximate the
free energy change for adding a probe group at that point. We
have found that this method produces results in better
agreement with experiment than other rapid qualtivative
scoring methods in common use. In addition, the grid used in
this method is generated from statistics obtained during an
MD simulation, using the same atomic parameters as those
used for the precise TI free energy calculations. Therefore, the

Figure 1. (A) Reference state for all the free energy simulations performed. This molecule binds to p38 with an experimental
IC50 of 9 nM. (B) Scaffold class for all variants examined. All substitutions relative to the molecule in A are at the positions noted.
(C) The “right-hand” aromatic group of all molecules of the series can be mapped onto the reference state in two ways, as shown.

∆∆G ) ∆GP - ∆Gaq ) ∆GB - ∆GA (2)
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results using OWFEG and using the precise TI simulations
should be directly comparable, since both are based on the
same parameter set. Note that a free energy grid is converted
into an OWFEG scoring grid using a linear translation
function which requires three fitted parameters. For the
OWFEG results reported here, these parameters were derived
from a fit to experimental data for IMPDH and HIV-1 aspartyl
protease protein systems.18

Results

The free energy differences ∆∆G were calculated
according to eqs 1-2 for all 16 inhibitors of p38. These
have been plotted against the experimentally measured
values of p(IC50) in Figure 2. For visual emphasis, points
have been plotted with two types of symbols: Those that
appear to be strongly correlated with the experimental
data are shown as filled circles; those that appear to
fall off the correlation line are plotted as open circles.
Crude error estimates in the calculated ∆∆G values,
based on comparison of the energies calculated in the
forward and reverse directions, are on the order of 0.2
kcal/mol or smaller. The correlation between the well
fit points and experiment is strikingly good.

The first reaction to Figure 2 is to question whether
the small number of compounds that fall away from the
correlation line are somehow obviously different than
those that are well fit. The answer is no: these
compounds are not different in any obvious manner that
would lead to expectations that they might present
difficulties in calculation. The compounds that fall off
the line (compounds 3, 5, 13, and 16 in Table 1) all
contain small organic and halogen substitutions that do
not differ from other compounds in the series in any
obvious way. Nor do these points apparently reflect a
simple lack of convergence. We re-ran the simulations
for the off-line points, doubling the amount of equilibra-
tion and data collection at each integration point to 20
ps each. The results were essentially unchanged from
those in Figure 2.

To test if perhaps these points reflect problems with
the model of the system, additional simulations were
run. For these, the positional restraints on the protein
were removed, and the sampling and equilibration at
each integration point were doubled to 20 ps each. All
other parameters and simulation details were kept the
same. The results in this case are shown in Figure 3.
As can be seen, not only does this model not improve
the fit of the “off-line” points in Figure 2, correlation
among the reamining points is siginficantly poorer. This
most likely reflects the much greater number of con-
formational substates available in a no-restraint model,
which means our ability to fully sample important
configurations in a reasonable amount of simulation
time is curtailed. The result would be greater impreci-
sion in the calculated values.

Since they are much more computationally expensive,
there would be no point to running precise free energy
calculations if they did not provide more reliable predic-
tions than rapid scoring schemes. To determine if this
advantage exists, the same 16 compounds have been
scored using four scoring functions: OWFEG, Chem-
Score, PLP, and Dock Energy Score. OWFEG is a new
scoring method that is based on an approximate free
energy grid derived from a single MD simulation.
ChemScore, PLP, and Dock Energy Score are the rapid
scoring methods currently in wide use that afforded the
best overall results in a recent survey.4 In another
recent paper, we demonstrated that OWFEG appears
to be more predictive over multiple protein systems than
any of these other methods.18

The results using OWFEG, ChemScore, PLP, and
Dock Energy Score are shown in Figure 4a-d. To aid
in comparison to Figure 2, the same compounds that
were represented by closed and open circles in that
figure are so-represented in here. In each plot, the
subset of points that suggest a linear correlation have
been fitted to a line. This line has no purpose except to
provide visual guidance in interpreting the plot. It is
immediately apparent that in no case does a substantial
subset of the scored points suggest a correlation as tight
as was obtained using the exact TI simulations. This is

Figure 2. Relative free energy of binding, ∆∆G, for each p38
inhibitor as calculated using TI versus the experimentally
measured pIC50. Free energies are relative to the reference
state molecule in Figure 1a. For visual emphasis, the 12 points
that suggest a very strong linear correlation are shown as solid
circles, with the remaining four points shown by open circles.
The line shown is a least-squares fit to the 12 filled circles.
Results correspond to a model with 0.5 kcal/mol positional
restraints on the moving atoms of the protein. Each data point
represents the average of two sets of two simulations (four
simulations total): forward and reverse with both possible
mappings (Figure 1c).

Figure 3. Relative free energy of binding, ∆∆G, for each p38
inhibitor as calculated using TI versus the experimentally
measured pIC50. Details are the same as in Figure 2, but
correspond to a model with no positional restraints on the
moving atoms of the protein. To aid in comparison with Figure
2, the points represented by open circles here are the same as
in that figure.
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not surprising, given the many approximations made
in the empirical schemes. What is surprising is how
generally good the OWFEG scored data are, since the
OWFEG grid is essentially a qualitative version of the
TI simulation. The other scoring methods, ChemScore,
PLP, and Dock Energy Score, all appear to perform
much worse than OWFEG for this data set.

It is important to consider the scoring abilities of TI
and the other various methods in the context of how
they will actually be used. Precise free energy calcula-
tions are generally much too costly to apply to broad
questions such as “what should we do”? Instead, they
are most commonly applied to answer specific multiple
choice questions, e.g., ‘Should group A be changed to
group B, to group C, or not changed at all?’ Within this
context, the feature of greatest importance is not the
exact free energy calculated by the method, but rather
the reliability of the method in correctly choosing A, B,
or C (i.e., not the absolute free energy values, but their
relative order).

To quantify this aspect of the models, we have
developed the predictive index, PI. For a set of experi-
mental pKi (or pIC50) values, E(i), and corresponding
predicted scores P(i), the index is defined as follows:

with

and

P(i) is the model score assigned to molecule i and E(i)
is the experimental pKi (or pIC50). This index ranges
from -1 to +1, depending on how well the predictions
track the order of experiment: +1 arises from perfect
prediction, -1 arises from predictions that are always
wrong, and 0 arises from a predictions that are com-
pletely random. Note that this function includes a
weighting term that depends on the difference between
the experimental values. This reflects the fact that a
good function should be able to differentiate between
changes that result in large differences in binding. On
the other hand, for changes that result in little or no
change in the experimental binding, selection of A or B
by the prediction algorithm is basically irrelevant, since
either choice will ultimately result in a compound with
the same binding efficacy. Note also that the sign
convention in eq 5 reflects the fact that here E(i)
represents pKi or pIC50, i.e., the log of the binding
efficacy. The sign convention would be reversed if we
were to do the comparisons with Ki or IC50 directly.

The calculated values of the predictive index for
precise TI, as well as for OWFEG, ChemScore, PLP, and
Dock Energy Score, are presented in Table 2. These data
make it clear that TI preforms substantially better as
a predictive tool than do the qualitative schemes. The
weighted predictive index for TI is quite high, 0.843.

Figure 4. Predicted binding scores for the p38 ligands as calculated using four scoring schemes: OWFEG, ChemScore, PLPScore,
and Dock Energy Score. The line in each plot is a fit to those points in the plot that most strongly suggest, on an empirical
qualitative basis, a linear correlation. The line is shown for visual emphasis. The same inhibitors represented by open circles in
Figure 2 are represented by open circles in these plots to aid in comparisons to the Figure 2 data. (A) OWFEG scoring; (B)
ChemScore scoring; (C) PLPscore scoring; (D) Dock Energy Score scoring.

PI ) ∑
j>i

∑
i

wij Cij/∑
j>i

∑
i

wij (3)

wij ) |E(j) - E(i)| (4)

Cij ) {1 if [E(j) - E(i)]/[P(j) - P(i)] < 0
-1 if [E(j) - E(i)]/[P(j) - P(i)] > 0
0 if [P(j) - P(i)] ) 0

(5)
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By comparison, OWFEG is 0.563, the Dock Energy
Score is 0.248, ChemScore gives 0.043, and PLP score
yields -0.052. Since by definition pure random choice
would allow a PI of 0.00, ChemScore is little better than
random and PLP score is actually slightly worse than
random for this data set. Given the small total number
of compounds and associated errors in the calculated
values of the PI, we can broadly conclude that Chem-
Score and PLP have no ability to make the subtle
differentiations required to rank this series, while the
abilities of the Dock Energy Score are modest. This is
perhaps not surprising, since these methods have been
developed for rapid screening, but it does emphasize
caveats regarding overinterpretation of compound rank-
ings when screening using these methods.

Discussion
It is clear that we can obtain predictions from exact

free energy simulations that are of sustained very high
reliability, at least within a congeneric series. The
quantitative results using TI to predict IC50 values for
the set of p38 binds are quite impressive. This is seen
both visually (Figure 2) and numerically via the predic-
tive index (PI).

The results using TI are even more impressive when
one considers the various limitations and approxima-
tions that have been made in performing these calcula-
tions. Among these are the use of a moving protein
“belly” surrounded by a sphere of moving water in lieu
of a full free protein and water periodic boundary
simulation; the use of modest positional restraints on
the moving protein belly; and the use of somewhat
generic force field parameters for the various inhibitors
(which have not been optimized for this particular
congeneric series). In addition, it is important to note
that the calculated free energies are being compared to
experimentally measured IC50 values. While, empiri-
cally, IC50 and Ki are roughly related by a proporition-
ality factor, the relationship is not typically precise.
Thus, while pKi and ∆G form a strict linear correlation
(∆G ) -RT ln(K)), the correlation between pIC50 and
∆G is not expected to be exactly linear.

The PI obtained using the OWFEG method is very
good, given the qualitative and rapid nature of the
approach. This begs the question of whether we should
contemplate using a method such as OWFEG in lieu of
the considerably more expensive precise TI approach.
We emphatically believe the answer is no. Recall that
the reason these types of simulations are being applied
is to help direct synthesis in the end stages of compound
optimization. If these simulations are to have any real

impact, then one must be willing to base synthetic
strategy on the suggestions they provide. It is a nice
academic exercise to make predictions, then test out all
the choices, but this saves nothing and ultimately
renders the theoretical prediction valueless in the real
world. If we are going to make choices based on these
calculations, then we must strive to base those choices
on the best theoretical values available; the cost of a
bad choice in direction can be enormous in both re-
sources wasted and lost time. While a PI of 0.563 is good
by the standards of qualitative schemes, it is very much
inferior to the PI of 0.843 available using precise TI
simulations. Within the context of how and why these
calculations might be applied, the extra costs of carrying
out the TI simulations are slight compared to the
downstream costs of a inaccurate decision. The superior
predictive index for OWFEG versus the other rapid
approaches does, however, further strengthen the argu-
ments made in our previous paper:18 that OWFEG can
be a valuable component of any theoretical screen
program, and that the OWFEG approach appears to
have strengths that the methods now in common use
for such screening do not share.

In the end, the results presented here lend credence
to the assertion that precise free energy calculations
should routinely be added to the toolbox of simulation
tools that a modeler utilizes in the process of drug
design. The key is knowing how and when to apply
them. They are not appropriate for the initial stages of
drug discovery. But nearing the finish line, when the
path of synthesis is frequently characterized by a series
of multiple choice questions within a congeneric series,
free energy calculations can provide valuable guidance
that is not available using the more empirical (and
faster) tools that are so useful in the early stages of a
project.
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