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Abstract

Predicting absolute protein–ligand binding affinities remains a frontier challenge in ligand discovery and
design. This becomes more difficult when ionic interactions are involved because of the large opposing
solvation and electrostatic attraction energies. In a blind test, we examined whether alchemical free-energy
calculations could predict binding affinities of 14 charged and 5 neutral compounds previously untested as
ligands for a cavity binding site in cytochrome c peroxidase. In this simplified site, polar and cationic ligands
compete with solvent to interact with a buried aspartate. Predictions were tested by calorimetry, spectroscopy,
and crystallography. Of the 15 compounds predicted to bind, 13 were experimentally confirmed, while 4
compounds were false negative predictions. Predictions had a root-mean-square error of 1.95 kcal/mol to the
experimental affinities, and predicted poses had an average RMSD of 1.7 Å to the crystallographic poses.
This test serves as a benchmark for these thermodynamically rigorous calculations at predicting binding
affinities for charged compounds and gives insights into the existing sources of error, which are primarily
electrostatic interactions inside proteins. Our experiments also provide a useful set of ionic binding affinities in
a simplified system for testing new affinity prediction methods.

Published by Elsevier Ltd.
Introduction

Predicting protein–ligand binding affinity from
molecular structure is a fundamental challenge in
biophysics, with particular importance in ligand
discovery. Despite much effort over the last three
decades [1], the problem has resisted a general
solution and presents three major difficulties.
First, many energetic terms contribute to affinity,
including dispersion, electrostatics, hydrophobicity,
and solvation; each term can be much larger than
the overall binding energy. Second, these terms
depend in subtle ways on the environment of the
atter. Published by Elsevier Ltd.
binding site—buried or solvent exposed and rigid or
flexible—making it difficult to design models that are
transferrable from one protein to the next. Third,
other critical energetic terms are “invisible”: while
one can see each hydrogen bond in a protein–
ligand complex structure, one cannot see the
free-energy cost of reorganizing the receptor from
the unbound ensemble to the bound ensemble or
the change in conformational entropy of the ligand
upon binding. This energetic complexity also makes
it challenging to experimentally resolve individual
energetic terms, leaving us with little insight for
improving computational modeling.
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Free-energy calculations based on atomistic sim-
ulations have the potential to overcome the challenge
of invisible energetic terms. These calculations
compute affinities by sampling an ensemble of
configurations from simulations of the bound state,
the unbound state, and additional artificial states that
form a complete and computationally efficient path
between the end states [2,3]. Analyzing these
simulations using statistical mechanics intrinsically
accounts for the invisible energetic terms. Further-
more, by employing explicit solvent simulations,
free-energy calculations include atomistic details of
the binding site's solvation structure, which are lost in
simpler methods. Despite their rigorous formulation,
free-energy calculations depend on empirical force
fields, which still have many weaknesses [4,5].
Adequate sampling is extremely computationally
intensive, which can necessitate using simpler
force fields. Many conformational rearrangements—
even simple rotamer flips—are difficult to sample
when simulating many ligands [6]. This computation-
al cost has limited the testing and improvement of
free-energy calculations, often to small numbers of
ligands and highly simplified systems.
Here, we employ a model cavity site to present the

first blind test of free-energy calculations at predicting
affinities for charged compounds. The site is amutant
of yeast cytochrome c peroxidase (CCP), engineered
to introduce a buried cavity binding site connected to
the surface by a water channel (Fig. 1) [7]. The “open
Fig. 1. The cytochrome c peroxidase (CCP) open cavity bind
[7]). Figure generated using PyMOL 1.4.1, Schrödinger, LLC.
protein surface around the binding site is shown in yellow, illustr
the ligand and the surface. (b) Close-up view of the binding site,
site model discussed in Results: The buried environment can
cavity” site studied here is similar to an earlier,
“closed cavity” mutant of the same protein (Fig. S1),
which has many known ligands and has been
previously studied by retrospective free-energy
calculations [8,9]. Both sites contain an ionized
aspartate, making them attractive for small cations.
Simplified model sites such as this open cavity
present very few interactions for ligands. This
makes it possible to experimentally isolate individual
contributions to binding, overcoming the main diffi-
culty of using experiments to refine computational
models [6,10]. Similar model cavity sites in T4
lysozyme have proven valuable resources for testing
affinity prediction methods, though these sites bind
only neutral nonpolar and polar compounds [6,10–
14]. The CCP open cavity that we examine here
complements these resources by enabling the study
of charged compounds in a simplified, solvent-ex-
posed site. The open cavity is ideal for examining
charged binding because the ligands compete with
solvent to interact with a single charged residue,
many new ligands can be found for prospective
testing, and physical binding assays and X-ray
crystallography enable a detailed comparison be-
tween theory and experiment for each ligand [15,16].
Modeling charged binding is much more challeng-

ing than modeling neutral binding [17]. Charged
molecules are highly solvated; as an example, the
gas-to-water transfer free energy of anilinium is
−70 kcal/mol, compared with −5 kcal/mol for aniline
ing site bound to benzimidazole (1) (PDB code 1KXM; Ref.
(a) The binding site in the context of the full protein. The
ating the burial of the binding site and the channel between
with Asp at the left. (c) Stereo view of the miniature binding
explain the systematic error.
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[18]. Computational models must balance these
powerful solvent–ligand interactions against equally
powerful protein–ligand interactions. Furthermore,
while neutral ligands primarily interact with the
receptor surface [19], charged interactions depend
on the environment above and below the surface,
because the environment determines how strongly
electrostatic interactions are screened [20–22]. In
simpler models of binding based on the Poisson–
Boltzmann equation, the amount of screening by the
receptor is a separate parameter for fitting: the
so-called “dielectric constant” [22,16,23]. Free-e-
nergy calculations are the main method where this
screening is not directly parameterized and, instead,
depends on the ability of the fully flexible receptor and
solvent to reorganize in response to charge. Howev-
er, few studies have tested whether free-energy
calculations actually can reproduce charged binding
affinities [24–28], and none have undertaken pro-
spective tests.
Unlike retrospective studies, successful prospec-

tive tests must sample many protein conformations
and ligand orientations because the true bound pose
is unknown, if the ligand binds at all. Decoy poses,
rarely sampled in retrospective calculations, can lead
to incorrect affinities. Ligand parameterization
methods must be highly reliable because no exper-
imental data are available beforehand to validate
specific parameters. Convergence problems—which
may be invisible in energetic data—must be carefully
identified and corrected in advance, without knowl-
edge of the correct affinity or structure. Here, we
attempt to overcome these challenges in the CCP
open cavity, to investigate the following five ques-
tions: (1) Can free-energy calculations prospectively
distinguish between ligands and non-binders in a
charged site? (2) Can free-energy calculations
quantitatively predict affinities for charged com-
pounds and (3) for neutral compounds in a charged
site? (4) Do accurate affinity predictions result from
correctly identifying the ligand's crystallographic
binding pose? (5) What do our experiments tell us
about improving computer simulations? The site's
simplicity should make it possible to trace prediction
failures to specific force-field terms, so that the
experiments can refine the theory.
Results

Blind binding affinity prediction

We performed two successive rounds of blind
affinity prediction to the open cavity. In the first round,
we selected four known cationic ligands of the
similar, previously studied “closed cavity” mutant
[15,16] and predicted their affinities for the open
cavity. After comparing this first round of predictions
to the experimental results, we made the second
round of predictions. The second round included 15
compounds: 10 cations that had never been tested
in either cavity site (open or closed) and 5 neutral
compounds. All compounds were selected from a
docking screen of 650,000 fragment-like compounds
in the ZINC database [29] and were chosen to
explore a wide range of chemotypes, including
single and double rings, amines, diamines, amidines,
alcohols, and various heterocycles (Table 1). Pre-
dicting absolute affinities for these diverse com-
pounds resembles an early-stage ligand discovery
problem and is presumably more difficult than
predicting effects of perturbations on a common
scaffold, as is common in the field [30–32]. All
compounds fit well into the binding site by docking,
but many were ranked poorly: several charged
compounds were selected with ranks higher than
10,000, and several neutral compounds were
selected from the bottom 60% of the database.

Experimental

The 14 cationic and 5 neutral compounds were
tested for binding to the open cavity using both
isothermal titration calorimetry (ITC) and UV–vis
titration of the heme Soret band, as described
previously [15,16] (Fig. 2). Data collected are an
average of two or more independent experiments,
each run in duplicate. Binding isotherms from ITC
were readily modeled and affinities were reproduc-
ible within 0.2 kcal/mol. For ligands too weak for ITC,
UV–vis measurements clearly demonstrated binding
at the measured concentration. All compounds
except 4-aminobenzamidine (15) and two neutral
compounds (19 and 20) were found to bind (Table 1).
To characterize these interactions at atomic resolu-
tion, we determined crystal structures with 13
different compounds (Fig. 3 and Table S4). These
structures were determined to resolutions between
1.2 and 1.6 Å; both initial Fo − Fc and refined 2Fo −Fc
electron density enabled unambiguous placement of
the ligand in one or two orientations.

Free-energy calculations protocol

Alchemical free-energy calculations were used to
predict all binding affinities using an existing protocol
[6,10], modified to account for the difficulty of
modeling charged compounds. Free energies of
charge insertion require long timescales to converge.
We therefore divided each charged binding affinity
calculation into two steps. First, a charged “refer-
ence” compound was inserted into the binding site
using long simulations. Second, the reference
compound was transformed into the (likewise
charged) “target” compound using shorter simula-
tions. Together, these sum to the free energy of
inserting the target compound into the binding site.



Table 1. Experimental affinities and free-energy calculation blind predictions for compounds tested in the CCP open cavity

Experimental ΔGbind

(kcal/mol)
Predicted ΔGbind

(kcal/mol) Predicted pose RMSD (Å) PDB code

Round 1 compound
1 −5.8a −5.8 ± 0.1b 1.1c 1KXM

2
−5.8 ± 0.2 −5.1 ± 0.2 0.6 4JM8

3 −5.1 ± 0.2 −4.8 ± 0.2 1.9 4JM5

4 −4.4 ± 0.2 −2.2 ± 0.2 3.1 4JM6

5 −3.4 ± 0.4 −1.1 ± 0.2 2.9 (1st)
0.5 (2nd)

4JM9

Round 2 compound

6 −7.1 ± 0.2 −4.2 ± 0.3 0.6 4JQM

7 −6.6 ± 0.2 −3.3 ± 0.2 0.5 4JPU

8
−5.8 ± 0.2 −5.8 ± 0.3 0.4 4JQJ

9 −5.7 ± 0.2 −4.7 ± 0.4 0.9 4JPT

10 −4.8 ± 0.2 −7.9 ± 0.4 1.0 4JPL

(Corrected Tyr) −4.8 ± 0.2 −5.9 ± 0.4d 3.2e 4JPL

11 −4.7 ± 0.2 −2.3 ± 0.3 1.1 4JQK

12 N −3.9 −3.7 ± 0.4 naf na

13 N −3.9 −2.8 ± 0.2 na na

14 N −3.0 −4.4 ± 0.5 na na

15 NB, N 3.0 −0.9 ± 0.5 na na

Neutral compound

16 N −3.3 −4.6 ± 0.3 1.0 4JMW

17 N −3.3 −4.8 ± 0.2 2.8 4JMA

18 N −3.3 −2.6 ± 0.4 2.8 (1st)
0.8 (2nd)

4JQN

19 NB, N −3.9 −6.8 ± 0.3 na na

20 NB, N −3.0 −5.2 ± 0.3 na na

NB, no evidence of binding, to a given maximum concentration. Round One predictions were made using a scaling factor of ±0.981,
calibrated using benzimidazole (compound 1). Round Two predictions were made using a scaling factor of 0.986, calibrated based on the
five Round One compounds. Pose RMSD values were calculated using a representative snapshot of the MD ensemble for the dominant
pose, measured against the nearest ligand structure observed by crystallography after aligning the MD protein to the crystal protein.
Experimental uncertainties were calculated as the standard deviation of three or more independent measurements or as a 20% error in Kd

if only two experiments were conducted or if the experimental agreement was within 20%.
a From Ref. [7].
b Not a blind prediction, used to calibrate the original scaling factor.
c Not a blind prediction, but the RMSD to the most favored benzimidazole pose of several decoys considered.
d Not a blind prediction, based on re-simulating the badly equilibrated 4-azaindole pose retrospectively.
e Not a blind prediction, but based on using the most favorable 4-azaindole pose after retrospectively re-simulating the badly equilibrated

4-azaindole pose.
f Not applicable (no structure collected).
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Fig. 2. Representative binding affinity data. (left) Binding affinity determination for compound 2 by low C-value ITC.
(right) Characteristic UV–vis red shift upon binding of compound 14. Black, protein only; red, 5 mM ligand.
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Three reference compound calculations (averaged
together) were used to efficiently calculate the
binding affinities for the 15 charged “target” com-
pounds (see Materials and Methods and SI
Methods). Because the binding site is partially open
to solvent, we observed that water molecules readily
re-filled the site when compounds were fully
decoupled, unlike in sites where conformational
changes are required for access to solvent [33].
Charged affinities can also be sensitive to the

overall receptor protonation state, which depends
on pH. We therefore computed the free energy of
inserting the charged reference compounds at three
different overall receptor charge states: net −5, net
neutral, and net +9 (the binding site Asp was ionized
in each case). This “effective pH” had an expected
small [34] (1 kcal/mol) effect on the charge insertion
free energy (Fig. S2). We used the results from the
net +9 receptor to be consistent with our experi-
ments, which are performed at pH 4.5, below the
protein pI (measured at 4.9–5.25 [35]). Finally,
charge insertion calculations in periodic boundary
simulations can introduce significant finite size
artifacts [36,37]; we examined these in detail and
corrected our results to be independent of the
simulated box size, as detailed in SI Results and
SI Methods. Here, this correction amounts to an
offset of +1 kcal/mol to all affinities for the cations
and does not affect the ordering or relative affinities
of the cations.
Round One: prediction of closed cavity ligands
to the open cavity

For the Round One blind predictions, we simulated
a control ligand benzimidazole (compound 1) [7] and
the four closed cavity ligands (compounds 2–5) with
unknown affinities for the open cavity. The
initial free-energy calculations on these ligands
produced affinities that were unexpectedly strong.
The control simulation of benzimidazole produced an
affinity of −7.5 kcal/mol, more favorable than its
known affinity by 1.7 kcal/mol. Three of the four other
compounds were, at first, predicted to bind more
strongly to the open cavity than their known affinities
for the closed cavity, which would go against a
previously observed trend [7]. Because these affin-
ities seemed implausible, we changed our protocol
before comparing predictions with experiments.
Standard molecular dynamics simulations similar

to ours lack explicit electronic polarizability. The
absence of explicit polarizability reduces the protein
dielectric response, in which electronic polarizability
can play a substantial role, but has little effect on the
solvent dielectric response, where molecular reor-
ientation dominates the dielectric response. This
reduced protein dielectric response increases the
overall strength of electrostatic interactions in pro-
teins. This is especially true in buried protein
environments such as our binding site, where little
solvent is nearby to provide screening [38,39]. This
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Fig. 3. Comparison of predicted to experimental binding modes. Predicted (magenta) and experimentally observed
(cyan) structures of CCP open cavity ligands, with the observed protein conformation in white. In some structures, the
flexible loop moves upon ligand binding; the apo structure of this loop is shown in black for reference in these cases.
Hydrogen bonds are drawn to clarify which atoms are in contact and do not represent a specific distance cutoff. (a–f)
Compounds with correct pose predictions. (g and h) Compounds where two poses were predicted to be within kBT in
energy, and the most favorable pose (magenta) was not observed experimentally while the second most favorable pose
matched the experimental (cyan) pose. (i–k) Compounds with close, but not correct predictions. (l and m) Compounds with
incorrect predictions. (n) Stereo view of 2Fo − Fc density around compound 6 at 1σ. Refinement statistics in SI Results
Table S4. Figure generated using PyMOL 1.4.1, Schrödinger, LLC.
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strongly affects ionic interactions because the ionic
net charges (+1/−1) have not been “parameterized”
(in the manner of partial charges) to reflect interac-
tion strengths [38,39]. Increasing the protein dielec-
tric response is expected to weaken binding in this
site because this response would have a larger
(favorable) effect on the unbound state (negatively
charged binding site) compared with the bound state
(negatively charged binding site neutralized by a
cationic ligand). We hypothesized that correcting for
these effects would improve our predicted affinities,
which we expected were overly strong (though they
had not yet been compared with experiment). We
therefore changed the force field by scaling the net
charge on the ligand and binding site aspartate from
+1/−1 to smaller, non-integral (equal and oppositely

image of Fig.�3
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signed) values. This weakens the electrostatic in-
teractions between the ligands and the binding site
hydrogen bond acceptors and, especially, with the
binding site aspartate.Charge scalingwasonly applied
to the ligandwhen in complex with the protein because
the simulated solvent environment already includes
the full amount of dielectric relaxation expected for an
aqueous environment. Non-integral net charges have
previously proven helpful in modeling charged in-
teractions [38–42], and other similar scaling methods
have been previously applied [43].
We used the known affinity of benzimidazole to

determine a scaled charge of ±0.981 (for the Asp
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applied. It will also suggest that the simulated
reorganization of the protein and solvent do not
sufficiently screen ionic interactions in this system,
and additional screening is needed. Note that scaling
the charges to ±0.981 does not correspond to an
applied dielectric of 1.04 (as would be calculated by 1/
0.981^2). This is because scaling exclusively weakens
interactions, while an increased dielectric weakens
some interactions via screening and strengthens
others via enhanced dipoles, though it is argued in
Refs. [38] and [39] that the screening effects dominate
for charge–charge interactions.
We computed and tested blind predictions based on

this charge scaling for our Round One compounds.
The scaled free-energy calculations correctly ranked
the four compounds and benzimidazole by affinity
(Table 1). The root-mean-square error (RMSE) for the
four blind predictions is 1.64 kcal/mol, and the mean
signed deviation (MSD) is +1.38 kcal/mol. Had we not
applied scaling, our predictions would have ranked the
compounds incorrectly, and the four predicted affinities
would have been less accurate (RMSE, 2.33 kcal/mol)
and too favorable (MSD,−1.70 kcal/mol) (TableS1). If,
retrospectively, we treat the charge scaling as a fit
parameter for all five compounds (instead of using only
the known ligand benzimidazole), we obtain a scaling
factor of ±0.986. This retrospective factor preserves
the correct ranking andminimizes the RMSE for all five
compounds (0.94 kcal/mol), with an MSD of
+0.36 kcal/mol (Table S1).

Round Two: prediction of novel compounds to
the open cavity

For Round Two, we changed the charge scaling
based on the available Round One results and made
blind predictions of the affinities of the 10 new cationic
compounds using a scaling factor of ±0.986. Predicted
affinities for the nine ligands (one of the ten did not bind)
were less accurate than in Round One (RMSE,
2.10 kcal/mol), and predictions for four compounds
[4-aminoquinazoline (6), benzamidine (7), 4-azaindole
(10), and 2-amino-1-(2-hydroxyethyl)pyridinium (11)]
had errors larger than 2 kcal/mol (Table 1 and Fig. 4a).
The free-energy calculations correctly predicted
the non-binder 4-aminobenzamidine (15) to be a
non-binder and to have the weakest affinity of the set.
After comparison with the experiments, we dis-

covered an unusual convergence failure in the
4-azaindole (10) prediction. Each predicted affinity
results from the sum of contributions from multiple
ligand poses [44]. For 4-azaindole, the two most
favorable poses had predicted affinities of −7.9 and
−5.7 kcal/mol. During equilibration of the most
favorable pose, Tyr225 flipped toward the binding
site, creating new protein–ligand contacts. Critically,
Tyr225 never returned to its apo conformation once
the ligand was decoupled; thus, the energy cost of
moving Tyr225 was never accounted for, causing an
overly favorable prediction for this pose. If we
eliminate the contribution of this pose from the
overall predicted 4-azaindole affinity, the prediction
changes from −7.9 kcal/mol to −5.7 kcal/mol, in
reasonable agreement with the experimental affinity
of −4.8 kcal/mol. Repeating the equilibration of the
original best pose starting from the apo Tyr225
conformation did not reproduce the flip, which we
expect is a high-energy state and is not observed in
any crystal structure of CCP. Retrospectively recal-
culating the affinity of the original best pose with a
corrected Tyr position leads to a similar prediction of
−5.9 kcal/mol. The other three overly favorable
predictions [4-aminoquinazoline (6), benzamidine
(7), and 2-amino-1-(2-hydroxyethyl)pyridinium (11)]
did not result from clear convergence errors, and we
discuss these later.
To test whether free-energy calculations could

predict affinities for neutral compounds in a charged
site, we made predictions for five neutral compounds
using the standard force field. We did not apply
charge scaling to the neutral compounds becausewe
expected that the absence of polarizability would
mainly overstabilize charge–charge interactions and
have less effect on charge–neutral interactions
[38,39]. The calculations predicted four of the five
neutral compounds to bind too strongly, and both
non-binders were false positive predictions (Table 1).
The simulations without charge scaling thus over-
stabilized both charged binding and neutral binding.

Pose prediction

Of the 16 new ligands, we determined high-
resolution structures for 13 of the complexes
(Fig. 3). For 6 of these 13, the free-energy
calculations favored one single ligand pose by
more than kBT, and this pose was observed in the
experimental structure (RMSD b 1.1 Å; Table 1 and
Fig. 3a–f). These correct pose predictions included
the three compounds with the largest errors in affinity
prediction: 4-aminoquinazoline (6), benzamidine (7),
and 2-amino-1-(2-hydroxyethyl)pyridinium (11).
While these affinity predictions were too weak by
more than 2 kcal/mol, the correct pose predictions
suggest that the energy function, rather than pose
sampling, was responsible for these errors.
For compounds 5 and 18, the most favorable

ligand pose was not observed in the experimental
structures (Fig. 3g and h). However, the second
most favorable pose did match the observed
structure (RMSD b 0.8 Å; Table 1) and was pre-
dicted to be within kBT of the most favorable
predicted pose. The more favorable predicted
poses may be considered computational decoys,
though the error is small energetically (0.4 kcal/mol
for compound 5 and 0.6 kcal/mol for compound 18).
For three additional ligands, the dominant pose in

the free-energy calculations was similar to a pose
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observed in the experimental structure: the predic-
tion for 2,4-diaminopyrimidine (4) (RMSD, 3.1 Å) is
flipped 180° from an experimentally observed pose,
making an extra hydrogen bond to Asp233 instead of
to Leu177; the prediction for 2,4-diaminoquinazoline
(9) (0.9 Å) contains an extra water molecule, and the
prediction for 3-fluorocatechol (17) (2.8 Å) correctly
places the hydroxyls but misplaces the fluorine
(Fig. 3i–k). In the remaining two cases [4-azaindole
(10) and 2-amino-5-methylthiazole (3)], the simula-
tions predicted a decoy pose as most favorable. For
4-azaindole, the original predicted pose actually
matched one of two poses observed in the crystal
structure, but after fixing the simulation to remove the
Tyr225 flip, this crystallographic pose became
0.8 kcal/mol less favorable than the decoy pose.
For 2-amino-5-methylthiazole, the pose observed in
the crystal structure was unlike any predicted pose
and was never sampled (Fig. 3l and m).
Most of the experimental structures showed confor-

mational changes in the Gly189–Ala192 loop. For
compounds2, 3, 4, 6, 7, and10, the backbone carbonyl
of Gly190 flips toward the ligand, creating a new
electrostatic interaction (Fig. 3). As part of the pre-
dictions protocol, we explicitly sampled this “flipped-in”
conformation for the latter three ligands but did not find
it to be favorable for any of them. Other loop
movements are observed in the experimental struc-
tures for compounds 5, 6, 8, 9, 10, and 11 and for the
existing structureof benzimidazole (1),whichwerealso
not captured in the free-energy calculations. The failure
of the free-energy calculations to prefer these alternate
loop conformations could contribute to the incorrectly
weak predicted affinities for compounds 5, 6, 7, and 11.
However, the other six compounds have accurately
predicted affinities (using charges scaled to ±0.986)
despite failing to reproduce the loop conformation
observed in the crystal structures.

Charge parameters explain specific failures

To investigate the compounds with inaccurate
affinity predictions, we retrospectively calculated
affinities for all compounds using new ligand
charges, derived using electrostatic potential (ESP)
fitting to gas-phase ab initio quantum calculations
(Table S1 and Fig. S3). Like the original results, the
ESP results overstabilized binding before charge
scaling (Table S1). By applying a scaling factor of
±0.992 to the cations, the binding affinities using
ESP charges became very similar to the original
scaled AM1-BCC binding affinities (RMSD, 0.8 kcal/
mol). Despite this small difference, the ESP charges
substantially improve the agreement with experi-
ment. The ESP binding affinity for benzamidine (7) is
1.8 kcal/mol more favorable than the original predic-
tion, reducing that compound's error to +1.5 kcal/
mol. The next largest outliers [4-aminoquinazoline
(6) and 2-amino-1-(2-hydroxyethyl)pyridinium (11)]
are improved as well. The ESP charges also predict
an affinity that is 2.5 kcal/mol weaker for the neutral
compound 19, which was originally a false positive.
The original partial charges may have thus contrib-
uted substantially to error in the predictions.

Charge scaling corrected a systematic error in
the force-field model

How accurate would the predictions have been
using the force field as is, without charge scaling?
The RMSE for all charged affinities, including
benzimidazole and after correcting for 4-azaindole,
would have been 2.33 kcal/mol (Table S1 and
Fig. 4b), compared to 1.57 kcal/mol for all charged
affinities using a scaling factor that is ±0.986
(Fig. 4a). These unscaled affinities are too favorable,
with an MSD of −1.48 kcal/mol, compared with
+0.72 kcal/mol after scaling. All three non-binders
[4-aminobenzamidine (15) and the neutral com-
pounds 19 and 20] are false positive predictions for
binding according to the force field without scaling.
To test if these overly favorable affinities from the

unscaled force field resulted from electrostatics, we
compared the error in each compound's simulated
affinity with its simulated gas-to-solution transfer
(hydration) free energy, which measures polarity.
For charged compounds, there is a clear trend that
as a compound becomes more polar, its unscaled,
simulated binding affinity becomes more incorrect
(Fig. 4d), though this trend disappears once charges
are scaled (Fig. S4a). For neutral compounds, the
same trend appears, though only as a result of the
non-binders (Fig. S4b). Because the errors become
systematically larger as compounds become more
polar, the force-field electrostatics are likely at fault.
Are the predictedhydration freeenergies themselves

incorrect? To examine this, we computed hydration
free energies for 10additional organic cations that have
experimentally measured values [18]. The simulated
results agreed with experiment without systematic
errors (Fig. S5 and Table S2), and similar results have
been shown for neutral compounds [45]. This indicates
that, within the force field, the protein–ligand electro-
static interactions, not the solvent–ligand interactions,
cause binding to be systematically too strong.

The buried environment can explain the
systematic error

What physical factors caused the force field to
overstabilize protein–ligand electrostatic interac-
tions? Understanding these factors could lead to
more transferrable force fields, avoiding the need
for the empirical scaling employed here. One
particular factor could be the buried nature of the
binding site. In a buried site such as the open CCP
cavity, electronic polarizability contributes signifi-
cantly to the screening that weakens electrostatic
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interactions, but conventional, nonpolarizable simu-
lations lack this contribution [17,38,39]. However,
the missing effect could still be small because
protein flexibility, waters in the nearby channel, and
water on the protein surface all still screen
electrostatics. To directly examine the amount of
screening in the buried environment, we created a
new “miniature” binding site in silico, made of only
the cavity residues surrounding the ligand (Fig. 1c)
and held in place by harmonic restraints (Fig. S6b
and c). We then surrounded these residues with
explicit solvent, to compare binding affinities in the
less polarizable protein with the more polarizable
solvated miniature site.
Simulated affinities to the miniature site were 1–

5 kcal/mol weaker than simulated affinities to the full
protein (Table S1). Surprisingly, the new affinities
were in better agreement with the experimental
affinities to the full protein (RMSE = 1.63 kcal/mol)
(Fig. 4c). Unlike the original results, binding is no
longer too favorable, and no charge scaling is
required. The weakened affinities result from the
electrostatic component of the free-energy cycle
(Table S4). The weaker affinities in the miniature site
demonstrate that electrostatic interactions in the
simulated full protein binding site are only partially
screened and that additional polarizability—provided
in this test by nearby water—could have led to more
accurate predicted affinities without charge scaling.
This result does not prove that missing polarizability
is the primary cause of the systematic error—errors
in force-field calculations can rarely be linked to a
single cause. However, it establishes that the
environment has a sufficient impact on the binding
affinities to potentially account for the error. If,
instead, the miniature site affinities had been similar
to those in the full protein, this would have
demonstrated that electrostatics were already heavi-
ly screened in the original calculations and sug-
gested that additional environmental polarizability
would have little effect. While the miniature site is a
useful reference point for examining the amount of
screening in the full protein model, the miniature site
environment is still different from the environment of
a fully polarizable protein, being both less polariz-
able in the “first shell” and more polarizable outside
the first shell.
Discussion

Predicting absolute binding affinities is a challeng-
ing goal even in a simplified site, requiring a careful
balance of many energetic contributions and sam-
pling of many configurations. Here, we examined a
protein with only one known bound structure and
predicted affinities for 19 unrelated charged and
neutral compounds, all of which fit well into the site by
docking but spanned three logs of affinity. Prospec-
tive tests of free-energy calculations have not
previously been attempted in charged systems or
even in systems with solvent in the binding site.
Performing these calculations prospectively intro-
duced numerous potential sources of error, but
uncovering these errors is essential for developing
free-energy calculations as a robust tool for ligand
design. Three key observations emerge from our
study: (1) affinity prediction using scaled charges
was only partially successful due to inadequate
ligand partial charges; (2) free-energy calculations
with full (unscaled) charges systematically over-
stabilize binding in this buried, charged binding site;
and (3) altering the polarizability of the environment
can correct this error. Along with these observations,
our experimental results in this simplified yet reveal-
ing system offer a rich resource for furthermethods of
development and testing, especially for more sophis-
ticated models of polarizability, models of flexible
regions in proteins and their energy landscapes, and
models of water energetics and its role in binding.
Eleven of the fourteen charged compounds were

correctly classified as ligands or non-binders in the
blind predictions, and the non-binder (15) was
correctly ranked as the weakest potential ligand.
However, even with charge scaling, affinity predic-
tion was only marginally successful. The prospective
RMSE for the 14 charged compounds was 1.95 kcal/
mol, which is large compared to the measured range
of affinities (4 kcal/mol), though this small range
understates the difficulty of the task because we did
not know in advance whether any compound would
bind and fall inside this range. Aside from one clear
convergence failure (4-azaindole, 10), the largest
errors in the predictions resulted from the ligand
partial charges. Retrospective calculations using
more advanced ESP charges corrected the largest
outliers (benzamidine, 7; 4-aminoquinazoline, 6) and
produced an overall error of 1.45 kcal/mol for
charged compounds. The AM1-BCC charges we
originally employed have proven comparable to ESP
charges in other studies [46], but this charged and
highly polar binding site demonstrates the impor-
tance of further accuracy in charge models. The
blind predictions on neutral compounds were less
successful, as the two strongest predictions were
each false positives. We attribute this to a systematic
error that affected all compounds when using the
unmodified force field.
Binding affinities using the unmodified force field

(without scaling) were systematically incorrect.
However, hydration energies for both charged and
neutral compounds are well reproduced by simula-
tions, suggesting that protein–ligand interaction
energies cause the error. The problem seems to
be caused by electrostatics because the size of the
error correlates with the polarity of the compound.
This is exactly the type of correlation that is most
apparent in a model site such as this open cavity,
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with few other factors complicating the results.
Admittedly, there may be other sources of error,
including in the heme parameters or hidden conver-
gence failures, and we cannot rule these out at this
time. Still, in our view, it is unlikely that these errors
would systematically bias binding toward the most
polar compounds. Previous relative binding free-
energy calculations using the CHARMM22 force
field have also suggested that electrostatic interac-
tions are overly strong in buried sites [8]. CHARMM
electrostatic parameters are derived differently from
the AMBER99 parameters employed here, suggest-
ing that these errors are not unique to one force field.
By calculating affinities to a miniature binding site

surrounded by solvent, we showed that changing the
polarizability of the environment around the binding
site without changing protein–ligand contacts has a
substantial impact on the predicted affinities. Be-
cause the protein model is not fully polarizable, the
buried environment of the binding site may over-
estimate electrostatic interactions, which could
account for the error we observed. Current force
fields have been parameterized to match pure liquid
properties and gas-phase electrostatic potentials.
Our experimental results indicate that electrostatic
interactions in a buried environment are weaker than
these potentials predict. Here, we tried to capture
this effect in the full protein by empirically reducing
the charges—essentially faking polarization.
Our study has several notable limitations. First, the

scaling approach is physically unappealing and
could not be used to correct affinities for neutral
compounds. We applied it here for charged com-
pounds to allow us to examine the advantages of
free-energy calculations—conformational sampling,
explicit water molecules, and inclusion of the
invisible energetic terms—without being held back
by one major source of error. Still, the necessary
scaling factors were purely empirical and do not
reflect a theoretical estimate of missing polarizability.
Second, even with scaling, our purely prospective
results could not rank ligands by affinity, and many
errors were only discovered retrospectively. In part,
this reflects the new complexity in this system
compared with past prospective tests: for example,
the strong electrostatics in this binding site revealed
weaknesses in charge parameterization schemes
that were adequate in other systems [6]. Third, our
retrospective analysis itself—including the system-
atic error in electrostatics and the superiority of
quantum mechanics (QM) ESP charges—can be
criticized as opportunistic, reflecting our available
data on a limited number of compounds, even if the
test set is relatively large for a free-energy study.
Further prospective testing can confirm or refute
these hypotheses. Finally, we cannot prove that
missing polarizability is the main cause of overly
strong electrostatics. Instead, we can only show that
the error in unscaled calculations is directly corre-
lated with polarity, that a uniform reduction in ionic
interactions partially corrects this, and that altering
the polarizability of the binding site has a large
enough effect on affinities to account for the error.
Previous blind predictive studies using this force

field have suggested that free-energy calculations
can predict binding affinities for hydrophobic and
polar compounds if the proper ligand pose is
sampled and calculations converge [6,10]. By
examining charged compounds in this study, we
demonstrate that the same force field can produce
systematically incorrect affinities even when these
criteria are met. For this strongest class of molecular
interactions, the environment surrounding the bind-
ing site plays a critical role in determining affinity, and
the absence of polarizability in the force field may
cause the error we observe. By employing a
receptor-specific charge scaling procedure, we
achieved quantitative affinity prediction for most
compounds and suggested likely reasons for failure
in the remaining cases. While the calculations were
only partially successful, quantitative affinity predic-
tion is an aim beyond the ambition of simpler models
of binding that do not include “invisible” energetic
contributions. A key challenge for free-energy
calculations in the future will be designing models,
polarizable or not, that can transferrably represent
the strength of electrostatic interactions in both
buried and solvent-exposed environments.
Materials and Methods

Free-energy simulation approach

Absolute binding free energies for all cationic com-
pounds to the protein were computing using a two-step
process, in which a cationic reference compound is
transferred into the binding site and then transformed into
the cationic ligand. This process is described by Eq. (1):

ΔGbind;L≡ΔGPþL→PL ¼ ΔGP→PR þ ΔGPRþL→PL ð1Þ
where P is the unbound protein, L is the unbound ligand, PL
is the protein–ligand complex, and PR is the complex
between the protein and the cationic reference topology that
was identical for all ligands. The net charge of the system
changes when calculating ΔGP → PR, but not when calculat-
ing ΔGPR + L → PL because both R and L are charged.
Because ΔGP → PR was identical for all ligands, only
ΔGPR + L → PL needed to be computed for each individual
ligand, using the procedure described in SI Methods section
5b and c. ΔGP → PR was computed using Eq. (2):

ΔGP→PR ¼ ΔGPþL→PL þ ΔGPL→PRþL ð2Þ
where L is one of three cationic ligands (compounds 1, 3,
and 5) employed for full absolute binding calculations,
ΔGP + L → PL is the absolute binding free energy of L
calculated using the procedure described in SI Methods
section 5a, and ΔGPL → PR + L is the free energy of moving L
from the protein to solution simultaneously with creating R in
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the binding site, using the procedure described in SI
Methods section 5b and in Ref. [47]. The final ΔGP → PR we
employed is the average of Eq. (2) using compounds 1, 3,
and 5. For neutral compounds, all absolute affinities were
computed using only an absolute binding AFE cycle,
described in SI Methods section 5d. All binding calculations
explicitly considered multiple ligand poses, and the final
predicted affinity is the sum of the contributions from all
poses [44]. Full details on how ligand poses were generated
and sampled are given in SI Methods section 2.
Alchemical free-energy calculations in the receptor were

performed using Hamiltonian-exchange Langevin dynam-
ics in the NVT ensemble. Absolute binding calculations
were performed using a modified version of the thermo-
dynamic cycle in Mobley et al. [44], described in SI
Methods section 5a. The confine-and-release method [48]
was applied to sample binding site side chains, as
described in SI Methods. Free-energy differences were
computed using the Bennett Acceptance Ratio [49],
Multistate Bennett Acceptance Ratio [50], and the Zwanzig
equation as described in SI Methods section 3.

Software

Simulations were performed using GROMACS [51]
3.3.4 and 4.0.7 and the FEP branch of the GROMACS
4.5 git repository [52], kindly provided by Michael Shirts.
Ligand preparation was performed as in Ref. [10].

Force fields

The protein was modeled using the AMBER99SB force
field [53], solvated in TIP3P water. The Generalized Amber
Force Field was used for ligand parameters [54], with
AM1-BCC partial charges [55,56] generated using the
OEChem toolkit, version 1.5. Heme parameters and partial
charges were taken from the hemoglobin model included
with AMBER8, except with an additional +1 charge added
to the iron to create Fe(III), as in Ref. [57]. Additional
parameters were added to create the Fe-Nε bond between
the heme and His175 and the four heme N-Fe-Nε angles,
using force constants taken from Ref. [57]. The equilibrium
bond length and angles were generated based on the
average of existing crystal structures of CCP W191G.

Protein protonation

Protonation states of titratable residues were selected by
running MCCE 2.2 [58,59] on PDB structure 1KXN [7] with
the heme removed at pH 4.5. When the heme was added
back in with Fe[III] and both propionates ionized, this
created a model of CCP with a net charge of −5. Because
the pI of CCP is between 4.9 and 5.25 [35], we also created
a positively charged model of CCP (net charge of +9) to
more accurately model the true receptor protonation state.
We generated this model by protonating the highest pKa
Asp and Glu residues (according to MCCE) that were not
already predicted to be protonated at pH 4.5. All calcula-
tions were performed using the initial net charge −5 model
before the experimental protein pI was considered.
However, to avoid errors resulting from an incorrect protein
net charge state, we recalculated all charge insertion free
energies (SI Methods section 5a step 4) using the more
appropriate net charge +9 model and used these
calculations to determine ΔGP → PR. We did not recalculate
the other alchemical steps in the net charge +9 model, as
these steps are unlikely to depend on the receptor net
charge state because no charges are inserted or removed.

Convergence

We assessed the convergence of all free-energy
estimates by examining the change in the estimate with
additional simulation time. To control for un-equilibrated
data at the start of our trajectories, we also examined the
convergence of our free-energy estimates when data were
added in reverse, that is, starting with the end of all
trajectories and incrementally adding data from earlier in
the trajectory. Further details are given in SI Results.
Convergence plots for all alchemical steps are provided in
SI Dataset 1; see also SI Results Figs. S7 and S8.

Long-range electrostatics

Long-range electrostatics were treated using the Parti-
cle-mesh Ewald method. All free energies involving
changes in net charge (both in solution and in the protein)
were corrected for artifacts resulting from the artificial
periodicity of the cell and non-coulombic electrostatics, as
in Ref. [36]. Full details of these corrections are given in SI
Results section 10 and SI Methods section 8. The total
correction for these effects amounted to +1 kcal/mol to all
binding affinities.

QM calculations

All calculations were performed using Jaguar 7.8,
release 109, accessed using Maestro 9.2.109. Ligands
structures from OEChem were optimized using Hartree–
Fock theory and the 6-31G** basis set. Following
optimization, we performed a single point calculation
using LMP2 theory and the cc-PVTZ basis set with five D
functions. This calculation was used in Jaguar to generate
ESP-fit atom-centered partial charges, based on a
spherical grid. Both QM calculations used the SCF
accuracy setting “Accurate” within Jaguar. All calculations
were performed on the ligand alone in vacuum. To
determine the binding affinities of ligands using the ESP
charges, we perturbed the ligand partial charges from their
original AM1-BCC charges to the ESP charges, both in the
protein and in solution. Only ligand poses that were
originally found to be within 1 kcal/mol of the most
favorable ligand pose in the original AM1-BCC simulations
were considered; we did not attempt to identify new poses
that might be more favorable with ESP charges.

Miniature site simulations

The miniature binding site contains CCP residues 175–
180, 189–191, 228–230, 233 and the heme. We selected
the reference structure and force constants using a
procedure described in SI Methods section 9 and verified
that the model site reproduced the atomic fluctuations
seen in the full protein (Fig. S6b) and the expansion and
contraction of the binding site with different bound ligands
(Fig. S6c). To determine binding free energies to the
miniature site, we used only the ligand poses originally
found to be within 1 kcal/mol of the most favorable ligand



4581Prediction of Charged Ligand Binding Affinities
pose in the original simulations in the full complex; we did
not attempt to identify new poses that might be more
favorable in the miniature site. The absolute binding free-
energy cycle used is described in SI Methods section 5e.

Protein preparation

The plasmid for the open cavity mutant protein was
provided by the Goodin laboratory, and protein expression
and purification was performed as in Ref. [16].

Titration of the UV–vis Soret band

Ligand stocks were made up to 1 M in dimethyl
sulfoxide, solubility permitting. Titration of the heme
Soret band was performed as in Ref. [15]. Ligand binding
was measured by endpoint titration in 100 mM citric buffer
at pH 4.5 or 500 mM 4-morpholineethanesulfonic acid
buffer at pH 6.0. To avoid competition in ligand binding
with small cations such as potassium, we adjusted the pH
of both buffer conditions with 1,3-bis(tris(hydroxymethyl-
methylamino)propane [16]. The compounds stocks were
made in dimethyl sulfoxide. Binding was monitored by the
red shift and increase of absorbance of the heme Soret
band, except for the neutral ligands where a blue shift was
observed [16].
Low C-value ITC

Experiments were performed as in Ref. [15] using a
Microcal VP-ITC model calorimeter [60] in 100 mM citrate
buffer (pH 4.5) at 10 °C. Ligand stocks were prepared in
buffer from overnight dialysis of the protein to prevent buffer
mismatch. The protein concentration was determined by
UV–vis spectroscopy measuring the absorbance of the
heme Soret band with Ext coeff412nm = 101 M−1 cm−1.
Crystallography

Ligands were soaked into crystals grown under previ-
ously published conditions at concentrations from 50 mM
up to 100 mM in the crystallization buffer (4-morpholi-
neethanesulfonic acid, pH 6.0), solubility permitting [7], or
100 mM acetic acid/2-[bis(2-hydroxyethyl)amino]-2-(hy-
droxymethyl)propane-1,3-diol (pH 4.5). If solubility was
an issue, soaks were instead performed directly in the
cryoprotectant, 25% MPD (2-methyl-2,4-pentanediol).
Compound 3 was co-crystallized as previously described
[16]. Multiple conformations of the engineered loop were
frequently observed, but in most cases electron density
quality only allowed the modeling of the major
conformation.
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