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ABSTRACT: As the name implies, structure-based drug design requires confidence in the
holo complex structure. The ability to clarify which protein conformation to use when
ambiguity arises would be incredibly useful. We present a large scale validation of the
computational method Protein Reorganization Free Energy Perturbation (PReorg-FEP) and
demonstrate its quantitative accuracy in selecting the correct protein conformation among
candidate models in apo or ligand induced states for 14 different systems. These candidate
conformations are pulled from various drug discovery related campaigns: cryptic
conformations induced by novel hits in lead identification, binding site rearrangement
during lead optimization, and conflicting structural biology models. We also show an example of a pH-dependent conformational
change, relevant to protein design.

1. INTRODUCTION
Conformational changes are essential for many proteins to
fulfill their biological functions. For example, the activation of
protein kinases involves the conformational change of its
activation loop, the DFG motif, and the αC helix.1,2 G protein-
coupled receptors (GPCRs) rely on conformational changes
upon ligand binding to pass messages through cell membrane
and activate cellular responses.3,4 More generally, loop
dynamics have been shown to be an important component
of the catalytic mechanism of enzyme.2 Therefore, accurate
modeling of the thermodynamics of protein conformational
changes is essential to understand the molecular mechanism of
protein functions.5−7

The concept of a conformational energy landscape dates
back to the statistical mechanics of glasses, and was first
applied to proteins by Wolynes et al. in 1991.8 The
terminology can vary, especially between fields, so first we
outline what we will use in this paper. A set of positions, for
example from a X-ray crystal structure, will be referred to as a
configuration. A configuration is static and has a potential
energy associated with it. A conformational state, or
conformation for short, is an ensemble of configurations. At
a given temperature this conformational state will have a free
energy.
Exploring the conformational energy landscapes of disease-

related biological targets is also useful for rational drug
design.9,10 The major objective of small molecule drug
discovery program is to identify molecules that can potently
bind to the target protein while balancing other drug related
properties. The most obvious contributions to small molecule
binding potency are the interactions between the small
molecule and the protein in the holo complex state as
compared to the interactions with water in the apo state. If the
protein structure rearranges upon binding, then the difference

between the conformational free energies for the apo and holo
states, referred to as the reorganization free energy, will also
contribute to the overall binding potency. Since the apo state is
by definition the lowest free energy state in the absence of the
ligand, this contribution will always be penalty. The
“druggability” of a specific binding site protein conformation
is thus a combination of the penalty to adopt that protein
conformational state and the availability of favorable binding
site interactions for ligands.
Most computational drug discovery implicitly handles the

reorganization free energy by assuming that all investigated
ligands bind to the same conformational state. In that case the
reorgnization free energies are the same for each ligand and
either cancel out or can be estimated from a reference
compound. This strategy has allowed relative and absolute
binding free energy perturbation (RB-FEP and AB-FEP) to
quantitatively predict binding affinities over a wide variety of
systems and stages of drug discovery pipelines.11−22 The
implicit assumption here is that the druggability of the protein
conformational state has already been established, for example
through crystallography of a known potent compound.
A novel target or a novel protein conformation for a known

target will not have that luxury. If a high-throughput screen
identifies a weak binder in a novel protein conformation, how
does one assess if it is worth pursuing? Is a cryptic binding
pocket found through computational methods like mixed
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solvent MD viable?23,24 Accurate modeling of the reorganiza-
tion free energy could derisk pursuing these novel protein
conformations, although the protein conformations would still
need to expose favorable interactions to result in high potency
compounds.
Other approaches have been tried to estimate the free

energy differences between protein conformational states. The
most straightforward method is to run a molecular dynamics
(MD) simulation long enough to observe multiple transitions
between these conformational states. The time scales of these
transitions are frequently longer than practical simulation
lengths, though.25,26 A more computationally efficient
approach is to utilize advanced sampling algorithms.5,27,28

One class of algorithms divides the conformational landscape
between the two states into multiple small regions. Umbrella
Sampling forcibly explores each region by applying a biasing
restraint, and then combines the regions together through
reweighting the data.29−31 The Weighted Ensemble algorithm
“splits” trajectories as they cross between regions, and by only
progressing trajectories in the less populated regions one can
achieve more frequent sampling of those regions than from
brute force MD.32,33 Another class of algorithms like
Metadynamics and Wang−Landau adaptively learns the
conformational landscape, and proceeds to flatten out that
landscape in order to make transitions more frequent.34,35

Most of these advanced sampling algorithms depend on
identifying a set of collective variables, for example the distance
between key hydrogen bond partners or protein backbone
torsions. These are highly system-specific, and finding all of the
important features for a conformational transition can be very
challenging.
Protein Reorganization FEP (PReorg-FEP) is an algorithm

that estimates the free energy difference between conforma-
tional states through an alchemical pathway.36−38 Unlike other
enhanced sampling algorithms, PReorg-FEP does not require
collective variables or transition pathways to be known
beforehand. The only inputs for PReorg-FEP are the two
configurations that represent different conformational states of
the protein. We have tested PReorg-FEP on Abl kinase and
HSP90 in a previous paper and obtained promising results.38

In this paper, we validate PReorg-FEP by applying it to a large
set of biological systems and comparing the computational
results to experiments. We also demonstrate how these
calculations can help inform rational drug design.
This paper is organized as follows. After a brief recap of the

PReorg-FEP methodology detailed in a previous paper, we first
report protein reorganization free energy calculations on 6
protein systems where the holo complexes require significant
conformational changes as compared to the apo states. We
demonstrate the quantitative accuracy of these reorganization
free energies as they accurately reproduce the experimentally
observed binding free energies when combined with the
interaction free energies obtained from AB-FEP. Then we
collect a number of systems where multiple protein
conformations were reported either from different PDB entries
corresponding to different crystallization conditions or from
the same PDB entry corresponding to alternative conforma-
tions reflected in the diffraction data. We show that protein
conformational free energy calculations among these different
conformational states can help to differentiate the true native
state from the other non-native states due to crystal contacts or
other artifacts in the crystallization. Finally we demonstrate
that the experimentally observed pH dependent conforma-

tional changes of the bovine β-lactoglobulin protein was
accurately modeled by protein conformational free energy
calculations combined with protein pKa calculations. We then
conclude the paper with a summary of key findings and future
directions.

2. METHOD
Protein Reorganization Free Energy Perturbation (PReorg-
FEP) is a method to calculate the free energy difference
between two protein conformational states via an alchemical
pathway. The protein region that undergoes the conforma-
tional change is defined as the alchemical part while the rest of
the protein is the “shared” part. The free energy difference
between the conformational state A and B is the sum of the
free energy change of removing the alchemical region unique
to conformational A from the system and the free energy
change of adding the alchemical region unique to conforma-
tional B back to the system.36−38 The method only requires the
two structures corresponding to different conformational states
as inputs, and the free energy difference between the
corresponding conformational ensembles is obtained from
rigorous alchemical simulations.
The thermodynamic cycle of PReorg-FEP implemented in

Schrodinger Software Suite is as follows.38 In the first stage, we
start from a single structure with one loop conformation
(LoopA) and add a noninteracting copy of the alternative loop
conformation (LoopB). The bond, angle, and improper torsion
force field terms within loopB are retained, but a harmonic
restraint replaces each torsion term with an equilibrium value
determined by the input coordinates. Initially, the LoopB is
broken into two halves by removing the bond, angle, and
torsion terms involving the two peptide atoms in the middle of
the loop. Reference [37] proved that using harmonic restraints
gives the same free energy change of adding the noninteracting
broken loop to a system regardless of equilibrium values.
Therefore, the free energy change of adding LoopB will cancel
when LoopA is removed from the system. The second stage is
to replace each torsion term within loopA with a harmonic
restraint, and the third stage is to reform the bond between the
half-loops of LoopB with a soft-bond stretch potential.39 Note
that the system has two complete loops at the end of the third
stage. LoopA interacts with the shared atoms, and LoopB does
not. The torsion terms within both loops have been replaced
by harmonic restraints. The fourth stage is to turn off the
interactions between LoopA and the shared atoms and turn on
the interactions between LoopB and the shared atoms. From
this point on, stages one through three are reversed to
complete the thermodynamic cycle. The noninteracting LoopA
is broken into two half-loops. The harmonic restraints within
the interacting loopB are replaced by the corresponding
torsion force field terms, and finally, the noninteracting LoopA
is removed from the system. See Figure S32 for the diagram of
this thermodynamic cycle. Interested readers are referred to ref
[37] and ref [38] for more details on the algorithm of PReorg-
FEP.
In this study, many of the PReorg-FEP calculations were

performed with restraints applied to the alchemical parts
because we found that large movements of the alchemical part
in PReorg-FEP calculations usually lead to slow convergence.
Additionally, the conformational changes of some proteins are
coupled with titratable states of several key residues. It is
critical to apply restraints to the alchemical part so that the
conformational free energy change and the state free energy
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change of titratable residues are separately estimated by
PReorg-FEP and protein FEP, respectively. To obtain the free
energy difference between the “free” initial and final conforma-
tional states, the restraints on the alchemical part were added
gradually before PReorg-FEP and were removed gradually
afterward. The free energy changes for adding and removing
those restraints were reported with the result of PReorg-FEP
together in the Supporting Information.
The pKa values of titratable residues were calculated by

protein residue mutation FEP.22,40 The free energy difference
ΔG between the protonated and deprotonated states of each
titratable residue was estimated in both protein and solvent.
Then the difference between ΔG in protein and solvent was
used to calculate the pKa in protein according to

G RT pK pKln 10( )a a
0= where pKa

0 is the intrinsic
pKa of the isolated residue in solvent. The free energy of
deprotonating the residue in protein is ΔG = −RT ln10(pH −
pKa), where pH is the acidity of water.

3. RESULTS AND DISCUSSION
3.1. Protein Conformational Changes upon Ligand

Binding. There are two prevailing models of protein−ligand
binding that involve a rearrangement of the protein
conformation: induced fit and conformational selection. In
the conformational selection model there exists some
population of proteins that adopt the holo-like conformation
in the absence of any ligand, and when a ligand finds one of
these proteins it “selects” it and binds to form the holo
complex. This is a useful analogy for our computational
approach, where we use PReorg-FEP to determine the
reorganization free energy to adpot the holo-like conforma-
tional state of the protein in the absence of the ligand and then
AB-FEP to determine the interaction free energy of the holo
protein−ligand complex. AB-FEP has been extensively
validated to accurately calculate the interaction free energies
between a small molecule and a target protein conformational
state and has delivered promising results in enhancing hit
discovery in early stage of drug discovery programs.13,18−20,22

Previously, the reorganization free energy to adopt the holo-

like state was approximated from the offset between AB-FEP
and experimental affinities for a large number of reference
compounds. We will use this indirect estimation as a
benchmark to quantitatively validate the PReorg-FEP method
on a number of different protein systems. These cases range
from high throughput screening (HTS) for hit selection to R-
group modifications for lead optimization,41,42 and we show
that we can quantitatively reproduce the experimental affinities.
A comparison of the reorganization free energy to the strongest
affinity ligand for each studied protein conformation state is
also used to propose general guidelines for what constitutes
too high of a reorganization free energy to pursue.

3.1.1. Conformational Changes Induced via HTS Hits. In
the early stages of a drug discovery project it is typical for many
diverse compounds to be tested against the target of interest. A
high throughput screen (HTS) emphasizes a broad chemical
space and the best hits may only reach the high μM potency
range before optimization.41 For a novel protein conformation
it can be difficult to know if the low potency is due to poor
interactions that can be optimized or if it is due to high protein
reorganization cost that is likely to persist during lead
optimization. The ability to distinguish between these two
cases, especially at an early stage, has the potential to save a lot
of time and effort.

3.1.1.1. Cellular Retinol Binding Protein 1 (CRBP1).
Cellular Retinol Binding Protein 1 (CRBP1) is the protein
that carries and transports retinol (vitamin A1) through the
cytoplasm. CRBP1 is a potential therapeutic target to regulate
the flux of retinoids,43 and a possible carrier to deliver
therapeutic agents due to its ability to bind and transport
hydrophobic molecules.44 The core structure of CRBP1 is a
flattened β-barrel formed by two antiparallel β-sheets. The
open end of this β-barrel is protected by its βC-βD, βE-βF
hairpins and two α-helices, which is collectively referred to as
the “portal region”. Conformational changes of the hairpin βE-
βF region on CRBP1 are induced upon retinol binding
(holonative, PDB 5H8T) that opens access to the binding site
relative to the apo state (PDB 5H9A).44 HTS aiming for a
nonretinoid inhibitor identified an ∼ 67 nM compound that

Figure 1. Free energy diagram for CRBP1. The apo (green, PDB 5H9A), native retinol-bound holonative (blue, PDB 5H8T) and novel holoHTS
(pink, PDB 6E5L) states are each represented by a colored box and represenative 3D structure. The colored portion of the 3D structure denotes
the alchemical region for the PReorg-FEP calculation. The horizontal line associated with each state denotes the free energy for that state. The
vertical arrows represent the PReorg-FEP or AB-FEP calculations. The AB-FEP calculations represent the ligand binding to a specific protein
conformational ensemble, which can be combined with the apo-to-holo protein reorganization free energy to determine the in vitro absolute
binding free energy.
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shows a different holo conformation (holoHTS, PDB 6E5L).
45

With the hit being so potent before optimization, one would
expect the reorganization free energy of this novel conforma-
tional state to be minimal.
The calculations are summarized in Figure 1. PReorg-FEP

predicts a small apo-to-holoHTS reorganization free energy of
ΔGa→hdHTS

= 1.1 ± 0.4 kcal/mol. Combining the reorganization
free energy with the AB-FEP calculated interaction free energy
between the ligand and the protein, the calculated binding free
energy of −11.1 ± 0.5 kcal/mol for the HTS compound is a
close match to the experimental result of −9.8 kcal/mol. The
apo-to-holo reorganization free energy for holonative is predicted
to be even smaller at ΔGa→hdnative

= 0.6 ± 0.4 kcal/mol. We also
compared conformational reorganization free energy corrected
AB-FEP results with experimental data for a nine other ligands
binding to CRBP1, and the good agreement between
calculated versus experimental results shown in Figure 3
further confirmed the small reorganization free energy of
CRBP1.
As stated previously, the “druggability” of a specific protein

conformation is a combination of a low reorganization free
energy and favorable interactions available to the ligand.
CRBP1 is an ideal case, where a very low reorganization free
energy allows a binding site to open up with sufficient
interactions for the greasy retinol-like small molecules.
Therefore, it is not surprising that many potent inhibitors
have been found for CRBP1.

3.1.1.2. IspD. IspD is the catalyst for the third step of the
nonmevalonate pathway for isoprenoid biosynthesis in plants
and pathogenic organisms. It is an attractive target for
developing herbicides and anti-infective drugs, and no side-
effects are expected for IspD inhibitors since the non-
mevalonate pathway does not exist in mammals.46,47 In a
previous HTS study by Kunfermann et al., a pseudilin-type

inhibitor was found as a μM hit, and cocrystallized in a
different conformation (holopse, PDB 4NAK) than the apo
(PDB 4NAI). In the holopse conformation the flexible loop
Glu255-Tyr268 loop moves away to open a cryptic binding
pocket in close proximity to the active site (Figure S3).
The reorganization free energy for apo-to-holopse estimated

by PReorg-FEP was ΔGa→h dpse
= 3.3 ± 0.3 kcal/mol. In the left

panel of Figure 2, we plotted the free energy levels of the apo,
holopse with ligand, and holopse without ligand states according
to our AB-FEP and PReorg-FEP calculations. Combining the
apo-to-holopse reorganization free energy and the AB-FEP
estimated interaction free energy between the ligand and the
protein, our predicted binding free energy of −7.5 ± 0.6 kcal/
mol is in very good agreement with the experimental result of
−6.7 kcal/mol.
The apo-to-holopse reorganization free energy of 3.3 kcal/

mol for IspD suggests a moderate state penalty to open the
cryptic pocket, indicating potent binding inhibitors may still
exist. Upon searching the literature we found the same group
of researchers identified azolopyrimidine-type inhibitors with
binding affinities in the nM range for IspD.46 The X-ray
structure of one of the azolopyrimidine-type inhibitors
identified a slightly different conformation of the cryptic
pocket, holoazo (PDB 2YC5, Figure S3). The apo-to-holoazo
reorganization free energy estimated by PReorg-FEP was
ΔGa→hdazo

= 4.4 ± 0.8 kcal/mol. The calculated binding free
energy of −9.6 ± 1.0 kcal/mol for the 2YC5 ligand after taking
into account the protein reorganization free energy is a very
close match to the experimental result of −10.2 kcal/mol
(Figure S5).
To further validate the reorganization free energy difference

for the above two holo protein conformations we performed
AB-FEP calculations for the entire congeneric series of 5
pseudilin-type inhibitors47 and the 14 azolopyrimidine-type

Figure 2. Free-energy diagram for the IspD (apo 4NAI and holopse 4NAK)) and TEM-1 β-lactamase (apo 1FQG and cryptic 1PZP) systems. Each
conformation/ligand state is denoted by a colored box and representative 3D structure, with the vertical position denoting its free energy. The
colored portion of the 3D structure denotes the alchemical region for the PReorg-FEP calculation. The vertical arrows represent PReorg-FEP or
AB-FEP calculations. The AB-FEP calculations represent the ligand binding to a specific protein conformation, which can be combined with the
apo-to-holo protein reorganization free energy to determine the in vitro absolute binding free energy. In the diagram of TEM-1 β-lactamase, the
FEP calculations are separated into the PReorg-FEP part and the Protein FEP part.
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inhibitors46 to their respective holo conformations. We found
the indirect estimate of the protein reorganization free energy
from AB-FEP (average offset between raw AB-FEP results and
experimental binding free energy for each chemical series) to
be 2.9 and 5.4 kcal/mol for the pseudilin-type and
azolopyrimidine-type inhibitors, respectively. Both the trend
of holoazo > holopse and the rough magnitudes match the direct
PReorg-FEP predictions.

3.1.1.3. TEM-1 β-Lactamase (TEM). β-lactamase, a well-
known therapeutic target, is an enzyme responsible for
antibiotic resistance via breaking the β-lactam ring in
antibiotics such as penicillins.48 A previous study by Horn
and Shoichet identified an inhibitor with affinity in high μM
range which opens a cryptic site of Escherichia coli TEM β-
lactamase (PDB 1PZP) which is about 16 Å away from the
active site (Figure S6).49 The cryptic site opens by helix 11
(residue Gly218-Ala224) shifting 3−7 Å away from helix 12
(residue Asp271-Lys286). Here we consider the apo state to
be the acyl-enzyme intermediate of β-lactamase (PDB 1FQG)
without the covalent ligand.
In addition to the conformational difference, we predicted

the preferred protonation states of two titratable residues
(Asp214 and Asp233) also changed upon the opening of the
cryptic pocket. In the apo state, Asp214 is protonated and
Asp233 is unprotonated, while in the holo state, Asp233 is
protonated and Asp214 is unprotonated. The titratable states
of these two residues are strongly coupled with the
conformation of helix 11: in a MD simulation starting from
the apo conformation but with deprotonated Asp214 and
protonated Asp233, the protein will automatically transition to
the holo conformational state during a 75 ns trajectory, while
the protein will automatically transition from the holo
conformation to the apo conformational state when the
protonation states for these two residues are reversed. The
average waiting times for these transitions taken over 4
different simulations are about 15 ns in either direction.
We applied PReorg-FEP and to estimate the free energy

difference between the apo and holo states of TEM. Since the
conformational change was coupled with the protonation state
change of Asp214 and Asp233, we also perform pKa calculation
to estimate the free energy difference between the different
protonation states for each protein conformational state. The
detailed protocol for pKa calculations and how it was combined
with protein-Reorg FEP to estimate the free energy difference
between the apo and holo states is provided in the Supporting
Information along with the raw data. The estimated apo-to-
holo free energy difference of 8.9 ± 1.4 kcal/mol (Figure 2b)
indicates a large state penalty to open the cryptic pocket,
suggesting finding inhibitors with strong binding affinity for
this cryptic binding site might be challenging. Up to now, there
is no potent inhibitors binding to this cryptic pocket reported
in the literature. The calculated binding free energy of −2.7 ±
1.4 kcal/mol for the allosteric ligand is also in reasonable
agreement with experimental value of −4.5 kcal/mol
considering the large uncertainty in both calculations and
experiment at such weak binding.49

3.1.2. Conformational Changes Induced by Chemical
Modifications on Known Ligands. During lead optimization
the initial core compound undergoes chemical modifications
from nitrogen walks to adding R-groups.42 In some cases these
modifications cause a rearrangement of the binding site, which
can confound structure based drug design since there is
ambiguity in exactly what conformation each design should be

targeting for any specific modification. To accurately predict
the affinity of such compounds it becomes necessary to
accurately predict what conformational state a proposed
compound will bind to.

3.1.2.1. Heat Shock Protein 90 (HSP90). Heat Shock
Protein 90 (HSP90) is a molecular chaperone that has been
implicated in cancer by stabilizing the underlying mutant of
overexpressed signaling proteins.50 This protection requires
HSP90 to be able to convert ATP to ADP, and thus
competitive inhibitors to the nucleotide binding site have
shown preclinical success as cancer therapeutics.51 The
nucleotide binding site is surrounded by one stable helix
(Phe44-Thr65) and the ATP binding lid (Lys100-Gln123), the
latter of which can undergo large conformational changes.
Inhibitors have targeted the ADP-bound “open” state, but even
there the binding lid shows multiple conformations ranging
from “loop-in” to “helical” and “loop-out”. The most stable
conformation appears to be the “loop-in”, resolved in both apo
(PDB 3T0H) and small ligand crystal structures (PDB 2VCJ,
2VCI, 3B24, 5J64, 4LWG, 4LWI, 3BM9, and others).
However, adopting the “helical” and “loop-out” states opens
up a lipophilic pocket which has been shown to increase
binding affinity in congeneric series.52−54 The reorganization
free energy from “loop-in” (PDB 5J64) to “helical” (PDB
5J20) in the absence of any ligand was predicted to be 1.9 ±
0.7 kcal/mol (Figure S10). The binding affinity for seven
compounds with “helical” crystal structures from four different
chemical series was determined by combining raw AB-FEP and
PReorg-FEP free energy resulting in a MUE of 1.3 kcal/mol,
with five of the compounds within 0.8 kcal/mol (Figure 3).
One caveat to this relative to the other systems is that an
additional 4.7 kcal/mol correction was applied to compensate
for AB-FEP overpredicting the reference “loop-in” compound
(PDB 5J64). This specific example highlights how PReorg-FEP
can still assist when there are doubts of the true apo state of a
protein but there are known binders to a second protein
conformation that can be used as a reference.

3.1.3. Checking Assumptions of Known Holo Complexes.
Drug design frequently starts from a known holo complex, be it
an inhibitor or the natural substrate. This can be attributed to
the assumption that the previously observed holo complex has
a relatively low protein reorganization free energy since it has
already been shown to be “successful”. Assumptions like this
can be directly tested using PReorg-FEP, and can either give
confidence to move forward with the known holo complex or
prompt a novel direction to pursue.

3.1.3.1. Cyclin-Dependent Kinase 2 (CDK2). Cyclin-
dependent kinase 2 (CDK2) is involved in the cell
proliferation, and is an attractive target for inhibiting tumor
growth in cancer.55 A substituted guanine core was identified
as a potential ATP-competitive inhibitor with low μM affinity.
However, crystallization of this core (PDB 1H1P) shows a P-
loop conformation distinct from either the apo (PDB 1H27)
or ATP-bound (PDB 1B38) proteins, as seen in Figure S8. We
performed PReorg-FEP from the apo to the inhibitor-bound
conformation in the absence of any ligand for the P-loop
(Val7-Ala21). The protein reorganization free energy was only
1.5 ± 0.4 kcal/mol, which suggests that targeting a different P-
loop conformation is not required to achieve good potency.
Lead optimization of the substituted guanine core was able to
achieve a single digit nM binder, confirming that conclusion.56

Our PReorg-FEP also quantitatively agrees with the 1.2 ± 0.2
kcal/mol reorganization energy estimated from performing
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AB-FEP on a set of 16 members of the congeneric series
(Figure 3).22

3.1.3.2. Abl Kinase (Abl). Abl is a tyrosine kinase which can
become constitutively active in the BCR-ABL fusion protein
and is a major contributor to several types of leukemias. The
first generation inhibitor imatinib was crystallized in a
“collapsed” P-loop (PDB 1IEP) conformation, and second
generation inhibitors continued to target this conformation.
There was no known apo structure, although the apo structure
for the homologous c-Src kinase showed an “extended” P-loop
conformation (PDB 1FMK).57 We previously evaluated the
reorganization free energy from the “extended” to “collapsed”
P-loop conformational states for Abl kinase without a ligand in
the DFG-in state using PReorg-FEP and determined that the
“collapsed” P-loop conformation state was less stable by 4.5 ±
1.2 kcal/mol.38 In conjunction with AB-FEP we showed that
the affinity boost to sub-nM of dasatinib relative to other
second generation DFG-in inhibitors was due to targeting the
more stable “extended” P-loop conformation.

3.1.3.3. Antimethotrexate VHH Antibody (Anti-MTX VHH).
Antibodies have strong affinity and selectivity for their specific
targets, be it protein or small molecule. This has been
leveraged beyond the typical immune response, from the
detection of specific small molecules in a sample to the
removal of toxic small molecules from the body.58 A subset of
IgG antibodies in the camelidae family completely lack light
chains, resulting in a minimal antibody with a single variable
domain (VHH) and are an attractive framework for diagnostic
and therapeutic uses. One such example is the antimethotrex-
ate VHH (anti-MTX), which was able to reach low nM affinity
for the chemotherapy drug methorexate despite the reduced
size of a VHH.59 The three hypervariable loops of the anti-
MTX VHH were grafted onto a different VHH more amenable
to crystallization (CDR1−3 graft) and solved in the apo (PDB
3QXU) and methotrexate-bound states (PDB 3QXT).60 This
construct was only able to reach μM affinity, though.
Comparison of the apo and holo structures shows two distinct
conformational changes upon binding methotrexate. First, one
of the hypervariable loops changes conformation to form the
majority of the binding site (loop1, Ser23-Met36, Figure S12).
Second, a nonhypervariable loop (loop2, Ile72-Gln84)
unexpectedly moves, opening a deeper pocket.
We performed PReorg-FEP on the two loops in sequential

calculations and determined an overall protein reorganization
free energy of 1.8 ± 0.6 kcal/mol to open up the methotrexate
binding site. Such a low reorganization free energy suggests
this expanded binding site is not the reason for the μM affinity
of the construct. In order to reproduce the nM affinity of the
original VHH, five residues in the nonhypervariable loop2 were
mutated to reproduce the original VHH sequence (CDR1−4
graft). The holo conformation for the CDR1−4 complex (PDB
3QXV) has the same conformation as the CDR1−3 complex,
suggesting the boost in affinity is coming from better side chain
interactions with methotrexate rather than a new conforma-
tion. We confirmed this with AB-FEP, showing a gain of 4.3 ±
0.8 kcal/mol after mutating loop2. Taken together these
calculations suggest that the expanded binding site is relevant
for any small molecule VHH binding, and that mutations of
the nonhypervariable loop2 are a novel source for both affinity
and selectivity.

3.1.4. Summary of Validation. The PReorg-FEP and AB-
FEP calculations for the systems studied in this section are
summarized in Table 1 and Figure 3. The reorganization free

energies report the mean and standard deviation from six
PReorg-FEP calculations, three going from apo to holo and
three going from holo to apo. All of the reorganization free
energies are statistically significant from zero. The AB-FEP
calculations for each ligand are a mean and standard deviation
of three simulations. The mean unsigned error from experi-
ment (MUE) for the compounds known to bind a specific
protein conformational state is shown for the raw AB-FEP
results, with the standard deviation of the unsigned error
reported as an error. The raw AB-FEP results have poor
performance for most of the systems. The reorganization free
energy for each conformational state is then added to the raw
AB-FEP results, and the new MUE calculated. The estimated
affinity taken from combining AB-FEP and PReorg-FEP
consistently lowers the MUE relative to the raw AB-FEP
calculations. In the majority of cases the reorganization
corrected MUEs drop to ≤1.0 kcal/mol.

3.1.5. Role of Apo-to-Holo Reorganization Free Energy in
Druggability Assessment. Of the 9 distinct holo conforma-
tional states studied in this section, only the cryptic binding
site for TEM-1 β-lactamase had a reorganization free energy
exceeding 5 kcal/mol. It is also the protein conformational
state where the strongest affinity for a known binder could not
break at least low μM. A conformation with a high
reorganization free energy would have to provide excellent
ligand interactions in order to support a high potency
compound. A low reorganization free energy is not sufficient
for a strong affinity compound either, as can be seen in the
cases of anti-MTX and IspDpse. If a compound cannot make
strong interactions with a protein conformation state then it
does not matter how easy it is to adopt that conformation. For
a rigorous assessment of a protein conformational state’s
druggability both the reorganization and potential ligand
interactions must be evaluated.
However, we anticipate situations where the reorganization

free energy will be predicted before a project progresses into
lead optimization and the binding site interactions are fully
evaluated. In that situation it would be useful to have some
general guidelines on what is an “acceptable” versus a “too
high” reorganization free energy, even if it is an incomplete
picture for any specific protein conformational state. To this
end we plot the strongest affinity compound for each of the
studied holo conformational states against the corresponding
reorganization free energy in Figure 4. The criteria for an
acceptable affinity will be program dependent, so we highlight
a ≤ 1 nM and ≤100 nM desired Kd. A 1 nM Kd corresponds to

Table 1. Summary of Binding Affinity Predictions in the
Study of Druggability of Different Protein Conformations
(kcal/mol)a

System Reorg ΔG
No.

Compounds
MUE w/o
Reorg

MUE
w/Reorg

CRBP1 (HTS) 1.1 ± 0.4 10 1.1 ± 0.8 0.9 ± 0.7
CRBP1 (Retinol) 0.6 ± 0.4 1 1.4 0.8
IspD (pse) 3.3 ± 0.3 5 2.9 ± 1.0 1.0 ± 0.4
IspD (azo) 4.4 ± 0.8 14 5.4 ± 1.5 1.5 ± 1.0
TEM 8.9 ± 1.4 1 7.1 1.8
HSP90 1.9 ± 0.7 7 2.3 ± 1.6 1.3 ± 1.6
CDK2 1.5 ± 0.4 16 1.4 ± 1.0 0.9 ± 0.7
anti-MTX VHH 1.8 ± 0.6 1 2.0 0.2
aMUEs are the mean unsigned errors between our binding affinity
predictions and the experimentally observed results.
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a ΔG of −12.3 kcal/mol, and the highest reorganization free
energy to pass that threshold is HSP90 at 1.9 ± 0.7 kcal/mol.
This establishes the upper limit of 2.6 kcal/mol reorganization
free energy as a guideline for progressing a specific protein
conformational state further in the drug discovery pipeline
(dotted line in Figure 4). The same approach for 100 nM Kd
results in a 5.7 kcal/mol upper limit (dashed line in Figure 4).
These cutoffs represent the best case scenarios we have
observed so far, and should be updated as additional systems
are studied. It would also make sense to restrict this
comparison to a family of proteins, for example different
protein kinases, to increase the transferability within the family.
3.2. Selecting from Competing Structural Models. So

far the majority of protein structures we have used were
resolved via X-ray crystallography. In general, these structures
are believed to be reliable representations of the native state
within the cell. It is not hard to find conflicting cases, though,
where experimental conditions such as high salt concen-
trations, low temperature, acidic or basic pH environment, or
packing among crystal mates result in different structures.
There are also PDB entries with alternative conformations that
either can both fit or both are required to fit the available
experimental data. The ability to differentiate between multiple
candidate structures and identify the native structure would
help focus drug design on the most relevant conformational
states.

In this section we collect a number of systems where
multiple conformations of the same protein were reported in
the PDB, and perform protein reorganization free energy
calculations between these conformational states. The results
are summarized in Table 2. We find that alternative
conformations reflecting the flexibility of the protein indicated
by the diffraction data have relative small free energy
differences, as should be expected. For conformational states
coming from different crystallization conditions the reorgan-
ization free energy can be quite large, and the conformational
states with the lowest free energies usually are closest to the
true native environment with the least artifact from crystal
packing or interactions with other components in the crystal
structures. The proteins presented here are not all relevant to
drug discovery, but do extend the quantitative validation of the
PReorg-FEP method as well as show how these general issues
in structural biology can be resolved.

3.2.1. Alternate Conformers in the Same PDB. Crystallog-
raphy solves the structures of proteins in a highly ordered
crystal lattice with a repeating asymmetric unit. The majority
of diffraction experiments are run at 100 K, and the low
temperature in conjunction with the crystal environment
typically results in well-defined side chain rotamers in addition
to backbone conformations.61 In some cases, though, multiple
side chain or even loop backbone conformations can appear in
the asymmetric unit and are labeled as “alternate conformers”.
One possibility is that the experimental data is degenerate and

Figure 3. Comparison between ABFEP and experimental results. The raw ABFEP results and the ABFEP results with reorganization free energy
corrections are compared with the experimental binding affinities for each system. As it shows, AB-FEP usually overestimates the binding free
energy. However, for systems with a known apo and holo conformation, PReorg-FEP successfully determines the reorganization free energies and
significantly improves the agreements between our binding affinity predictions and the experimental results.
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can be fit by either conformation, so they are both provided for
completeness. An alternative is that the different protein
conformations actually coexist in the crystal lattice, in which
case it is likely these conformations are both thermally
accessible and have free energies within a few kBT of each
other. The latter case offers a nice positive control for PReorg-
FEP, where the reorganization free energy between the
alternate conformers should be low. Here, we applied
PReorg-FEP to estimate the free energy differences between
the alternate conformers found in three systems: Protein-
tyrosine phosphatase 1B (PTP1B), eukaryotic translation
initiation factor 4E protein (eIF4E), and SpGH92 pro-
tein.62−64

3.2.1.1. Protein-Tyrosine Phosphatase 1B (PTP1B). Protein
tyrosine phosphatases (PTPs) and protein tyrosine kinases
(PTKs) together control protein tyrosine phosphorylation,
which is a key step of the signaling pathways in cell.65 Although

PTPs are studied less often compared to PTKs, PTP1B is a
well studied therapeutic target for diabetes, obesity, and
cancer.66 In PTP1B, three loops � the WPD loop (that
contains Trp179, Pro180, and Asp181), the pTyr loop (that
contains Tyr46), and the Q loop (that contains Gln262) �
form a cleft containing the active site. It is known that substrate
binding is accompanied by a closing movement of the WPD
loop during the catalysis.65,67 The WPD loop also exhibits an
open and closed conformations in the room-temperature
crystal structure of apo PTP1B (PDB 6B8X),62 as shown in
Figure S15. The free energy difference between the open and
closed states of PTP1B estimated by PReorg-FEP is 1.0 ± 0.6
kcal/mol, well within the expected few kBT.

3.2.1.2. Eukaryotic Translation Initiation Factor 4E
(eIF4E). Eukaryotic translation initiation factor 4E (eIF4E) is
one of the proteins that help ribosomes to recognize the
capped 5′-end of mRNAs in eukaryotic cells. It has become a
therapeutic target since research found that eIF4E is
overexpressed in many human cancers.63 In Figure S17, we
compared the alternate conformations of the α1 helix and
adjacent loop observed in PDB 4TQB (chain A, Trp73-
Gly88).63 The free energy difference between these two
conformational states estimated by PReorg-FEP is 0.7 ± 0.6
kcal/mol, also within a few kBT.

3.2.1.3. SpGH92. SpGH92 protein is an α-(1,2)-mannosi-
dase that plays an important role for the human pathogen
Streptococcus pneumoniae to process N-linked glycans.64 The
loop Gly352-Gly356 in the C-terminal (α/α)6 barrel domain
of SpGH92 can be modeled in either a retracted (from the
active site) conformation or an engaged conformation in PDB
5SWI (Figure S19). Our PReorg-FEP calculations estimates
the free energy difference between the retracted and engaged
conformational states is 0.3 ± 1.0 kcal/mol, which is also in the
order of a few kBT.

3.2.2. Different Conformations Due to Crystallization
Conditions. Crystallization conditions are frequently varied for
a given protein in an effort to improve experimental resolution
or capture a distinct conformational state. For example, the pH
of the solution can change the location and number of charged
protein residues, stabilizing or destabilizing a specific
conformation. These effects can compound and result in a
different crystal lattice geometry, which alters the packing of
each asymmetric unit with the others. Given two conforma-
tions that are putatively the same state, for example apo, and
only differ in crystallization conditions it would be helpful to
compare them and determine which has a lower free energy
and thus more likely to represent the native conformation.

3.2.2.1. Tim21. Tim21 is a subunit of the TIM23 protein
complex, a translocase of the mitochondrial inner membrane to
import precursor proteins. The first X-ray structure in 2006
showed loop 2 of the Tim21 protein packed between
neighboring crystal mates with very low B-factors (PDB
2CIU, Figure 5 “Crowded”).68 Eight years later a solution
NMR structure showed loop 2 as a highly flexible loop with
multiple possible conformations fitting the available data (PDB
2MF7), none of which matched the original X-ray structure.69

Bala et al. then demonstrated that by fusing Tim21 to the
larger maltose binding protein a crystal contact-f ree space
(CCFS) could be created for loop 2, resulting in a
conformation similar to those in the NMR ensemble (PDB
6K7E, Figure 5 “CCFS”).70

PReorg-FEP between the “crowded” and CCFS conforma-
tional states estimated that the CCFS conformation was more

Figure 4. Strongest binding affinity compound for each specific
protein conformational state studied is compared with the
corresponding apo-to-holo reorganization free energy. Error bars for
the reorganization free energy are based on the standard deviation of
six independent calculations, three for each direction of the
perturbation. The dark gray region denotes affinities with a Kd ≤ 1
nM. The dotted horizontal line marks the highest observed
reorganization free energy (including error bars) with a Kd ≤ 1 nM
compound, which is 2.6 kcal/mol. The same analysis is repeated for
Kd ≤ 100 nM, shown by the light gray region and the dashed line, and
corresponds to a 5.7 kcal/mol reorganization free energy. The
druggability of a protein conformational state is dependent on both
the reorganization free energy and the potential ligand interactions
available. If only the reorganization free energy is known, though, and
it exceeds these threshold values then it seems less likely that a strong
affinity compound will be found.

Table 2. Summary of Systems with Competing Structural
Models

System
Reorg ΔG
(kcal/mol) Explanation

PTP1B 1.0 ± 0.6 Alternate conformer
elF4E 0.7 ± 0.6 Alternate conformer
SpGH92 0.3 ± 1.0 Alternate conformer
Tim21 5.2 ± 0.4 Crystal packing artifact
GLTP 4.4 ± 0.7 Hydrocarbon binding
CIB1 6.9 ± 1.1 Contaminant from protein purification
AmpC 5.7 ± 0.5 Crystal packing artifact
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stable by 5.2 ± 0.4 kcal/mol. The prediction correctly
identified the native-like CCFS conformation as the favorable
state. The magnitude is suggestive of how large an effect crystal
packing can play in structural biology, and the importance of
having a tool to validate packed loops.

3.2.2.2. Glycolipid Transfer Protein (GLTP). GLTP is a
protein that accelerates the transfer of glycolipids between
membranes.71 The earliest X-ray structures in 2004 compared
an “apo” (apo2004) and a lactosylceramide holo complex (PDB
1SWX and 1SX6, respectively).72 These showed a binding site
rearrangement of the loop connecting the α1 and α2 helices
upon lactosylceramide binding (Figure S23, left panel).
However, the apo2004 structure has a hexane molecule within
the binding site. The effect of this hexane molecule was not
appreciated until 2011 when a true apo structure (apo2011)
showed the loop in a similar conformation as the
lactosylceramide holo complex, suggesting that there is no
reorganization of this loop upon glycolipid binding after all
(Figure S23, right panel).73 We will refer to the lactosylcer-
amide protein conformation as holo-like when the ligand is
removed.
First, we used PReorg-FEP to compare the apo2011 and holo-

like conformational states that visually look quite similar. The
free energy difference was predicted to be −0.3 ± 0.6 kcal/
mol, suggesting these are indeed the same conformational state
and that no reorganization is required to bind lactosylcer-
amide.
Second, we determined if PReorg-FEP would have helped

identify the issue with only the 2004 X-ray crystal structures
available. The free energy difference between the apo2004 and
holo-like conformational states was −4.4 ± 0.7 kcal/mol,
clearly showing that the hexane-bound apo2004 conformation
was unfavorable. This illustrates how PReorg-FEP can be used
to gain confidence in the structural biology before interpreting
differences as meaningful, potentially leading a project astray.

3.2.2.3. Calcium and Integrin Binding Protein (CIB1).
CIB1 is a small protein found throughout the body that has
been associated with a broad set of functions, from regulating

platelet aggregation to calcium signaling and more recently
cancer and cardiovascular disease.74 One of the earliest crystal
structures of CIB1 (PDB 1Y1A) had two chains in the
asymmetric unit, one of which had a reduced glutathione
(GSH) bound. Comparison of the apo to GSH-bound chains
shows a short α-helix becoming a random coil (Val45-Arg50)
(Figure S25).75 The authors took this as evidence that CIB1
may be redox regulated, only briefly mentioning the possibility
of contamination from the GSH-affinity column used during
protein purification. PReorg-FEP between the apo and GSH-
bound conformations shows the GSH-bound conformational
state has a high free energy of 6.9 ± 1.1 kcal/mol. This points
to purification artifact, more or less confirmed by the lack of
any additional mention of CIB1 redox activity in the literature.

3.2.2.4. AmpC β-Lactamase. During lead optimization of
non-β-lactam inhibitors for the class C β-lactamase AmpC
three holo crystal structures were determined.76 All three had
two chains in the asymmetric unit, and at least one of the
chains retained a binding site conformation similar to the apo
structure (PDB 2BLS).77 However, the second chain for two of
the inhibitors adopted a distinct conformation for residues
Asn289-Ala292 (Figure S27). Closer inspection of the crystal
packing for these residues shows the formation of a short pair
of parallel β-strands between the chain and the crystal mate
that could be perturbing the structure (Figure S29).
In order to determine if this distinct conformation was

relevant in a noncrystal environment we performed PReorg-
FEP with the higher resolution holo structure (PDB 4JXV).
Chain B has the apo-like conformation while chain A has the
distinct conformation, and we will refer to them as 4JXVB and
4JXVA, respectively. The free energy difference between the
apo and distinct 4JXVA conformational states was 5.7 ± 0.5
kcal/mol. This high magnitude suggests that the 4JXVA
conformation is only relevant in that specific crystal environ-
ment and should not be used for drug discovery. By contrast
the free energy difference between the apo and 4JXVB
conformational states was −0.7 ± 0.3 kcal/mol, predicting
that they are roughly equivalent.
3.3. pH-Dependent Conformational Free Energy.

Proteins contain many titratable residues, and the pH of the
environment is known to play an important role in regulating
the protein function. In this section, we report an interesting
system, bovine β-lactoglobulin, where the change of the pH in
the environment was reported to trigger the protein conforma-
tional changes. Via protein conformational free energy and pKa
calculations, our simulations accurately recapitulated the
experimentally observed conformational change triggered by
the change of pH, providing an atomic level mechanism for pH
dependent conformational change.

3.3.1. Bovine β-Lactoglobulin (BLG): Tanford Transition.
β-lactoglobulin (BLG), the major whey protein in cow and
sheep’s milk, belongs to the lipocalin protein family that are
able to bind to small hydrophobic molecules. The core
structure of BLG is a β-barrel formed by eight antiparallel β-
strands. The EF loop (Ile84-Asn90) serves as a lid of the β-
barrel. Previous studies have showed that when the pH value
changes around 7, this lid goes through a conformational
change referred to as the Tanford transition. At low pH, the lid
is in the closed state and blocks the access of the binding
pocket in the β-barrel; while at high pH, the lid is in the open
state and the binding pocket is accessible for ligands.78,79 It was
suggested that this conformational change might relate to
protecting ligands in acidic environment. The titratable residue

Figure 5. Crystal packing of Tim21. The tight crystal packing around
the Tim21 loop in 2CIU (pink) forces it to adopt a high free energy
conformation. A second conformation (green) was determined
through a fusion protein. PReorg-FEP identifies the second
conformation as a lower free energy state.
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Glu89 in the EF loop has been identified as the key residue of
the Tanford transition.78

There are multiple variants of BLG. For the variant A of
BLG, the Tanford transition from closed to open state happens
when the pH increases from 6.2 to 7.1.78 For a different variant
of BLG, variant B, it was crystallized in the closed state at pH =
7.1, suggesting that the Tanford conformational transition for
the variant B of BLG happens at a higher pH compared with
the variant A.79

We studied the Tanford transition of BLG variant B (BLGB)
via PReorg-FEP and pKa calculation calculations. Figure S30
shows the open and closed forms of BLGB. The pKa
calculations indicate a pKa of 4.44 for Glu89 in the open
conformation, but increases to 14.26 in the closed con-
formation since Glu89 is deeply buried in the close
conformation. Then we applied PReorg-FEP to obtain the
free energy changes from the closed state to the open state of
BLGB when the residue Glu89 is protonated. The details of
calculations are explained in the Supporting Information.
Based on the PReorg-FEP and protein FEP results, the
dependence of the free energy difference between the open
and closed states of BLGB on pH is plotted in Figure 6, The
calculations predict that the Tanford transition of BLGB
happens at pH = 7.4 which is in good agreement with
experimental findings.

4. CONCLUSIONS
Protein conformational changes are fundamental to the protein
function and play a pivotal role in rational drug design. In this
paper, we demonstrated that reorganization free energies
predicted from Protein Reorganization FEP (PReorg-FEP) can
provide novel assistance to computer-aided drug design. First,
we applied PReorg-FEP to estimate the apo-to-holo reorgan-
ization free energies of several protein−ligand systems, and
validated the accuracy of the method by comparing the
reorganization corrected binding free energy with experimental
affinity. The estimated protein reorganization free energy was
able to discriminate between novel protein conformations
discovered in the hit discovery phase that were able to achieve
strong affinity compounds and one that was not. Applications
to lead optimization and antibody design were also shown. The
strongest affinity compound for each of these protein
conformational states was used to establish a general cutoff

for reorganization free energies that are unlikely to produce
strong affinity compounds. This is only an educated guess until
a rigorous study of potential ligand interactions can be
performed, but may still be helpful in focusing the limited
resources available to a drug discovery project.
Second, we applied PReorg-FEP to discriminate between

competing structural models. These competing models could
come from different experimental structures due to different
crystallization conditions, or candidate structure models that
could fit well with the low resolution experimental data. We
found small free energy differences for the alternate loop
conformations reported in the PDB for three proteins due to
their intrinsic local flexibility, on the order of a few kBTs.
However, the “unnatural” structures from crystal packing or
induced by other components in the crystal construct we
studied were several kcal/mol higher than the correct
structures. We also showed that PReorg-FEP and protein
pKa calculations can accurately model the Tanford conforma-
tional transition of Bovine β-lactoglobulin variant B observed
in experiment.
The high level of accuracy in a broad class of protein systems

for these different use cases demonstrates that PReorg-FEP is a
practical and robust approach for calculating the free energy
difference between conformational states of proteins. This
provides drug discovery teams a tool that can test structural
hypotheses in a relatively fast and cheap manner before
following up with experimental confirmation. The impact on
any specific project will obviously depend on the conforma-
tional heterogeneity of the specific protein, so while some
projects may not benefit other projects may only become
feasible with such a tool.
There are other potential applications of PReorg-FEP to

drug discovery that we have not explored. One of particular
note is the selectivity of ligands between different proteins.80,81

A ligand with similar interaction energies to two related
proteins may still have selectivity if the on-target has a lower
protein reorganization free energy to adopt the holo-like
conformation as compared to the off-target. Comparing the
conformational free energy landscapes among related proteins
could provide insights to help narrow down the conformational
ensembles that ligands should be designed against when
achieving selectivity is challenging otherwise. It will be
interesting to see how estimates of conformational free
energies can be applied more broadly within the drug discovery
pipeline.
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Data Availability Statement
All calculations and analysis were performed within the
Schrödinger Suite, which is available through commercial,
academic or evaluation licenses. Prepared protein and ligand
structures for the PReorg-FEP and AB-FEP calculations are
available in a Github repository (https://github.com/
schrodinger/PReorg-FEP_Validation_JCIM). The repository
also includes the additional parameter files for the ligands
beyond the standard OPLS4 force field.
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Systems: CRBP1; IspD; TEM-1 β-lactamase; CDK2;
HSP90; Abl Kinase; anti-MTX VHH; PTP1B; eIF4E;

Figure 6. Tanford transition of β-lactoglobulin variant B (BGLB).
The curve shows the dependence of the free energy difference
between the open to the closed states on pH. The Tanford transition
happens at pH = 7.4 when the free energy difference is zero.
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