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ABSTRACT

MAPPING FREE ENERGY LANDSCAPE OF PROTEINS WITH APPLICATION TO
KINASE CATALYTIC DOMAINS

by

Shima Arasteh

Chair: Prof. Vincent Voelz

One of the most attractive systems in drug design is protein kinases that can be inhibited

by small molecules blocking the kinase activity when binding into the kinase catalytic ac-

tive site. However, it is not always trivial how to design potent drug inhibitors that target

a protein kinase family specifically and in fact the design of protein kinase inhibitors has

occupied a great amount of time and cost. Learning about the conformational landscape

of the protein kinase families and extracting conformational states as potent drug targets

can indeed be in great benefit to ligand optimization and addressing many questions in

drug design. This dissertation provides insights into exploring the conformational land-

scape of protein kinase domains from two perspectives: I) Structural analysis of protein

kinases available from public databases II) Free energy calculations to obtain the free en-

ergy cost associated with conformational transitions in protein kinases. In the first part

of this dissertation, we cover the historical background of various structural studies and

conformational classifications that have been carried out on protein kinases. We go over

the most frequently observed inactive conformational states of protein kinases and analyze

their statistics according to the families and discuss the structural features distinguishing

two particular states: 1) The closest inactive state to the active state that could be a potential

target of type-I inhibitors 2) The inactive state that is mostly targeted by Type-II inhibitors.

We explain the challenges encountered in classification of the Gly-Rich loop which is di-

rectly involved in ligand binding into the binding pocket. We also discuss the lessons on

conformational landscape of protein kinase domains taken from residue-residue contact
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frequency map and the structural observations. The second part of this dissertation deals

with the development and application of an alchemical free energy method called R-FEP-R.

We pay close attention to the fundamental statistical mechanics of the R-FEP-R 1.0 method

developed in the Levy lab and discuss how it is applicable to estimate the free energy cost

between two stable conformational states including a side chain or N/C terminal confor-

mational changes. We then extend the method to an adapted version R-FEP-R 2.0 that can

be applied to loop conformational changes as well as side chain conformational changes.

Extending our studies, we show that our method does not encounter some challenges, such

as determination of collective variables or a physical pathway, that is usually dealt with

in other methods (such as Umbrella Sampling) and in fact it is more efficient. We apply

our method to determine the free energy difference between two stable conformations of

protein Ubiquitin, a regulatory protein that has been found in the bound state with USP

(Ubiquitin-Specific Protease) in a less frequent conformational state than its ground state.
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CHAPTER 1

INTRODUCTION

1.1 Statistical Thermodynamics and its Application in Biophysics

Proteins don’t know Biology, they only know to fluctuate within the Physics and Chem-

istry laws. Their molecular behavior can be described by statistical principles. Having said

that, we can learn the conformational states that a protein can be found in.

The probability to find a system of a canonical ensemble in a state k with energy Ek is

given by

P(k) = exp [−βEK]/Q (1.1-1)

where β is a constant that is determined by the total energy of all systems in a canonical

ensemble, and Q = Q(N,V,T ) is a normalization constant, called the canonical partition

function, which is given by a sum over all possible (quantum) states k of a system in the

ensemble Q = ∑exp [−βEK], where the P(k) is called Boltzman distribution.

To explore the configuration space of a reference system, low-energy states of the target

system are adequately sampled. This turns into an estimation of free energy differences

between target and reference systems. However conventional computational methods (MD

or MC) have been encountered with some difficulty to generate an effective non-Boltzmann

sampling. Developing methods with biasing potential such as Umbrella Sampling (US) is

one way to over come this problem.
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1.2 Potential of Mean Force (PMF)

Oftentimes we want to compute the free energy along some order parameter or reaction

coordinate of interest. These are broadly termed potentials of mean force. This perspective

enables us to understand free-energetic driving forces in many processes.

An energy landscape corresponds to the distribution in a subset of coordinates:

ρ(x) =
ˆ

dyρ(x,y) (1.2-2)

ρ(x,z) =
ˆ

dyρ(x,y,z) (1.2-3)

ρ(x) =
ˆ

dydzρ(x,y,z) (1.2-4)

The configuration space distribution is defined by the Boltzman factor of the potential

energy;

ρ
(N)
(x,y,z)(x) ∝ exp(−UN

(x,y,z)/KBT ) (1.2-5)

The potential of mean force is so-named because its derivative gives the average force

along the direction of a reaction coordinate at equilibrium:

exp(−PMF(x,y,z)/KBT ) ∝ ρ(x,y,z) (1.2-6)

So we can write:

exp(−PMF(x,y,z)/KBT ) ∝

ˆ
exp(−U(x,y,z)/KBT ) (1.2-7)

2



If a coordinate (R) is selected as the reaction coordinate, we are interested in knowing

the distribution of R values (to see the most likely of R and degree of variability):

exp(−PMF(R)/KBT ) ∝

ˆ
d(N)

δ (R−R′)exp(−U (N)/KBT ) (1.2-8)

, where all the variables are integrated over in the present instance.

The above equation is integrated in configuration space by entering z, where z is:

z−1 = 1/λ z (1.2-9)

exp(−PMF(R)/KBT )≡ ρ(x1,x2, ...,xn)/ρ
Uni(x1,x2, ...,xn) (1.2-10)

exp(−PMF(R)/KBT ) = z−1

´
dxn+1...dxNexp(−U(x,y,z)/KBT )

ρUni(x1,x2, ...,xn)
(1.2-11)

An example of the ρUni could be length of a box (L) in a one dimensional space.

1.3 Historical Background of Free Energy Calculation - Computa-

tional Methods

1.3.1 Methods based on histograms

As mentioned earlier, a simple ensemble average of a property of a system can not give

us sufficient information of the phase space of the system. To resolve the lack of data, either

simulation protocol should be improved or the information obtained from simulation should

be maximized. Fluctuations in a thermodynamic ensemble are fundamentally connected

with the underlying statistical–mechanical properties, we can apply histograms to build the

probability distributions. So we will be able to reconstruct the probability distributions by
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histograms in our simulations and predict properties of the system at conditions other than

those of the original simulation.

1.3.2 Reweighting

With a computed a discrete approximation to the underlying energy distribution, we can

also use it to predict P(U) at temperatures other than the original simulation temperature.

This basic procedure is called reweighting, since we use a distribution measured at one

temperature to predict that at another. Thus, in principle, we would only need to perform a

single simulation, measure P(U) once, and use this expression to examine the energy distri-

bution at any other temperature of interest. However the measured probability distributions

are not very clearly estimated in the tails of the sampled ensemble at our a run temperature.

To solve this issue, we generate the estimations at multiple run temperatures. Supposing

two distributions are generated at temperature T1 and T2, there is a range of energies that

are visited with sufficient frequency during both simulations to provide estimates of from

each of them, if T1 and T2 are very close. Both simulations turn into the same density of

states. This means in order to obtain the lowest statistical error, the free energy difference

between the states should be optimized.

1.3.2.1 Ferrenberg–Swendsen Reweighting and WHAM

As mentioned earlier, the optimal U will result into a minimized statistical error. And

here a comprehensive methodology for extracting accurate free energy estimates from mul-

tiple simulation runs is described by Ferrenberg and Swendsen. Ferrenberg and Swendsen

in 1989 proposed an optimal way to stitch together different histograms by minimizing the

statistical error in the computed density of states and entropy function. It was later gener-

alized by [Kumar et al., 1992] and was named the Weighted Histogram Analysis Method

(WHAM). The basic idea proposed by these authors is that the contribution of each run to

a reweighting estimate should be weighed based on the magnitude of errors in their his-
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tograms. That is, runs that have greater overlap with the reweighting conditions should

contribute more to the estimation of property averages.

So, in WHAM as how the histogram based methods do, by having a discrete number of

states, we can create a histogram with discrete bins that provides us a relative probabilities.

The bins are created along some chosen reaction coordinate. From these probabilities, you

can calculate free energies and other observables.wisdom 1963 and Torrie 1977

1.3.3 Perturbation theory

In practice, one runs a normal simulation for state A, but each time a new configuration

is accepted, the energy for state B is also computed. The difference between states A and

B may be in the atom types involved, in which case the ∆F obtained is for ”mutating” one

molecule onto another, or it may be a difference of geometry, in which case one obtains

a free energy map along one or more reaction coordinates. This free energy map is also

known as a potential of mean force or PMF which was introduced earlier.

G = GB−GA =−RT ln〈(exp(−(Hb(x)−Ha(x))/RT ))〉a (1.3-12)

where Ga and Gb are the respective free energies of states a and b; Ha(x) and Hb(x)

are the potential energies using the Hamiltonians appropriate for states a and b. The an-

gle brackets represent a canonical ensemble average performed on an equilibrated system

designated by the subscript.[1, 2] LANDAU (1938)

1.3.4 Measuring the derivative and integrating it

This method relies on calculating and subsequently integrating the derivatives of the

free energy with respect to an order parameter (or several order parameters) along a trans-

formation path. The order parameter can be defined in two different ways. It can be either

a function of atomic coordinates or just a parameter in the Hamiltonian. No equations of
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motion exist naturally for a parameter in the Hamiltonian. But the formalism is extended

to include the dynamics of such a parameter. In this method, an external operator is exert-

ing a force on the system such that ε varies infinitely slowly from A to B. In the limit of

infinitely slow speed, a classical result of statistical mechanics is that the work needed to

change ε is equal to the free energy difference. In practice, this works well if ε is so small

that the system stays close to equilibrium. Otherwise, significant nonequilibrium effects

will be found in the system. For sufficiently smooth function, the free energy difference

can always be written as the following integral equation:

G(ε1)−G(ε0) =

ˆ
ε1

ε0

(dG/dε)dε (1.3-13)

and,

dG/dε = 〈(∂H/∂ε)〉 (1.3-14)

in which that the average corresponds to a generalized force acting on the reaction coordi-

nate ε . If is a particle coordinate then eq. (1.3-14) reduces to the mechanical force acting

on this coordinate, and it turns into potential energy (U) estimation.[3][4][5]

1.3.5 Non-equilibrium work simulations

The thermodynamic study of non-equilibrium systems requires more general than equi-

librium thermodynamics. Non-equilibrium molecular dynamics is based on time reversible

equations of motion. But unlike conventional mechanics, non-equilibrium molecular dy-

namics provides a consistent microscopic basis for the irreversible macroscopic Second

Law of Thermodynamics and tries to describe the the time-course of physical processes in

continuous details.

The key idea to the non-equilibrium development was the replacement of the external

thermodynamic environment by internal control variables. The new variables can control
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temperature, or pressure, or energy, or stress, or heat flux. These thermostat, barostat,

ergostat, ... variables can control and maintain nonequilibrium states.

Equilibrium thermodynamics restricts its considerations to processes that have initial

and final states of thermodynamic equilibrium; the time-courses of processes are delib-

erately ignored. Consequently, equilibrium thermodynamics allows processes that pass

through states far from thermodynamic equilibrium, that cannot be described even by the

variables admitted for non-equilibrium thermodynamics, such as time rates of change of

temperature and pressure. For example, in equilibrium thermodynamics, a process is al-

lowed to include even a violent explosion that cannot be described by non-equilibrium

thermodynamics. Equilibrium thermodynamics does, however, for theoretical develop-

ment, use the idealized concept of the ”quasi-static process”. A quasi-static process is

a conceptual (timeless and physically impossible) smooth mathematical passage along a

continuous path of states of thermodynamic equilibrium. It is an exercise in differential

geometry rather than a process that could occur in actuality.

Non-equilibrium thermodynamics, on the other hand, attempting to describe continu-

ous time-courses, needs its state variables to have a very close connection with those of

equilibrium thermodynamics. This profoundly restricts the scope of non-equilibrium ther-

modynamics, and places heavy demands on its conceptual framework. [6][7]
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CHAPTER 2

PREDICTION OF LIGAND BINDING AFFINITY

2.1 Background of Calculation of Binding Affinity

The clinical success of a drug in the treatment of a disease is attributed to the fact that the

drug is a potent and specific inhibitor. Here I review experimental methods to measure the

binding affinities of an inhibitor to a target.

2.1.1 Binding Affinity

The binding interactions between a biomolecule to a ligand (a drug or inhibitor) are

evaluated by measuring the binding affinity. By comparing binding affinities (KD) the

strength of bindings can be ranked. Smaller KD values are indicative of tighter binding

between the ligand and protein, and larger values indicative of weaker bindings. This will

help us to rank order hits binding to the target and help design drugs that bind their targets

selectively and specifically.

2.2 Experimental Methods to Estimate Ligand-Binding Affinity

2.2.1 ITC (Isothermal Titration Calorimetry)

ITC is an experimental technique that can be used to determine thermodynamics of a

ligand-receptor binding. The set up contains two solutions, sample and a reference cell.

The direct observable measured in an ITC experiment is the time-dependent input of power

required to maintain equal temperatures in the sample and reference cell. During the injec-

tion of the titrant into the sample cell, heat is taken up or evolved depending on whether
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the macromolecular association reaction is endothermic or exothermic. For an exothermic

reaction, the temperature in the sample cell will increase, and the feedback power will be

deactivated to maintain equal temperatures between the two cells. For endothermic reac-

tions, the reverse will occur, meaning the feedback circuit will increase power to the sample

cell to maintain the temperature. The heat absorbed or evolved during a calorimetric titra-

tion is proportional to the fraction of bound ligand. The binding constant for an interaction

is determined from the association and dissociation rates (Kd = ko f f /kon). By this mean,

the free energy of binding could be roughly determined from ∆G =−RT ln(Kd), assuming

that there is a very low concentration of substrate in the cell. Also, it is useful in determi-

nation of ∆H and ∆S. This method is truly label-free but expensive in time and amount of

required samples, so it is not recommended for high throughput screening.

2.2.2 SPR (Surface Plasmon Resonance)

Surface Plasmon Resonance (SPR) is a mass based method and reflects the proportional

amount of analyte bound to a given ligand at a given concentration when flowed at a set

rate in order to determine the binding parameters of a given biochemical interaction. In

this method, one partner of binding (ligand) is immobilized, and then interaction of ligand

and analyte leads to an increase in mass bound to the surface, which results in a signal

change. It works based on the plasmons developed by free electrons arising at the inter-

face of two different molecules. The advantage of this method over others is that it is a

label-free method which enables us to measure the strength of binding interaction in real-

time with high sensitivity. Ligand immobilization is not always straight forward, however,

this method is considered as a highly sensitive and precise method in both academia and

industry.
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2.2.3 MST (Microscale Thermophoresis)

Microscale thermophoresis is based on the detection of a temperature-induced change

in fluorescence of a target as a function of the concentration of a non-fluorescent ligand.

The observed change in fluorescence is based on two distinct effects. On the one hand it

is based on a temperature related intensity change (TRIC) of the fluorescent probe, which

can be affected by binding events. On the other hand, it is based on thermophoresis, the

directed movement of particles in a microscopic temperature gradient. Any change of the

chemical microenvironment of the fluorescent probe, as well as changes in the hydration

shell of biomolecules result in a relative change of the fluorescence detected when a tem-

perature gradient is applied and can be used to determine binding affinities. MST allows

measurement of interactions directly in solution without the need of immobilization to a

surface (immobilization-free technology).

2.2.4 BLI (BioLayer Interferometry)

BLI is an optical biosensor-based technique that analyzes the interference pattern of

white light reflected from two surfaces: a layer of immobilized protein on the biosensor

tip, and an internal reference layer. Any change in the number of molecules bound to the

biosensor tip causes a shift in the interference pattern that can be measured in real-time,

providing detailed information regarding the kinetics of association and dissociation of the

two molecules as well as the affinity constant for the interaction (kon, ko f f , and kd). The

technique is highly amenable to both purified and crude samples as well as high throughput

screening experiments. BLI is a less sensitive and less robust method than SPR, which

makes it poorly suited for applications examining small-molecule interaction partners.

2.2.5 TSA (Thermal Shift Assays)

Differential Scanning Fluorimetry (DSF), also known as ThermoFluor or Thermal Shift

Assay. Based on this fact that the ligand binding can stabilize a protein, a change in unfold-
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ing temperature of a protein versus ligand concentration gives a criterion of ligand-protein

interaction. It determines a shift in melting temperature typically measured by changes in

the light scattering. This method is being used for high throughput screening.

2.3 Role of Computational Methods to Calculate Binding Affinity

Along the experimental methods, virtual screening, by giving sufficiently accurate model

of molecular interactions have, has the potential to provide insights into the details and

achieve sufficient accuracy to address aspects of drug development such as ligand opti-

mization, improvement of drug specificity and resistance. Calculations of binding free

energies can correlate the structure and function of proteins. In drug design and discovery

projects, ranking of ligands of potential pharmaceutical interest, agonist or antagonist, ac-

cording to their binding free energies (or affinity) towards a given protein is a goal. It is

also less expensive to carry out the computational experiments rather than wet-lab. Current

computational approaches for screening large chemical databases in an attempt to identify

potential drug candidates rely on simplified approximations to attain the required compu-

tational efficiency.

2.3.1 Theory

From the thermodynamics prospective, the strength of the association between a ligand

molecule and its target receptor is measured by the standard free energy of binding based

on the statistical mechanics theory of molecular association equilibria (The Statistical-

Thermodynamic Basis for Computation of Binding Affinities: A Critical Review 1997)

The free energy of binding is the result of a delicate balance between opposing thermo-

dynamic forces. The main driving force toward binding is the formation of receptor–ligand

interactions. So binding is necessarily accompanied by the loss of translational freedom,

and therefore, entropic forces tend to disrupt complex formation. In addition, both the

ligand and the receptor lose free energy to adapt their conformations to match those com-
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patible for binding. Given the complexity of the process, it is very difficult to predict

variations of the binding equilibrium.

The expressions for the standard binding free energy depend on the definition of the

bound state through the indicator function I(ζL). This function can be chosen in a way

to include only conformations that lack receptor–ligand clashes, or it can be defined at a

coarser level by specifying, for example, an enveloping sphere containing the binding site

of interest. This function is arbitrary but should cover all important conformations of the

complex. [8]

One important part included in the concept of binding affinity is the energy required for

reorganization.

∆Greorg = ∆Ureorg +T ∆Scon f (2.3-1)

, where ∆Greorg is the reorganization energy defined as the change in the average in-

ternal potential energies of the receptor and the ligand in going from to the unbound state

to the bound state while they are not interacting. By this equation, it is clear that the con-

figurational entropy corresponds to the entropic cost of reorganizing the conformational

ensembles of the binding partners to form the complex. Another definition is defined based

on a thermodynamic cycle which includes a confine and release steps to connect a bound

and unbound states of the ligand-protein complex. [9]

In the simplest way, one can estimate the reorganization free energy by calculation of

conformational free energy cost between two conformations in the presence and absence of

a ligand and then connect the states by closing legs over a thermodynamic cycle. To do so,

the protein-ligand binding is also estimated. To calculate the free energy of ligand binding

to a target protein, a number of methods exist, such as Free Energy Estimators, Double

Decoupling, Binding Energy Distribution Analysis Method, PMF Approach [10][11], Rel-

ative Binding Free Energy [12], RE Conformational Sampling [13], Mining Minima [14],
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MM/PBSA and MM/GBSA Approaches [15]. Above all these methods, machine learning

is significantly improving the predictions.
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CHAPTER 3

STRUCTURAL ANALYSIS OF PROTEIN KINASES

AND CLUSTERING

3.1 Protein Kinases as Major Drug Targets

The human genome encodes about 518 protein kinases (PKs) which constitutes one of the

largest class of human kinome. They are one of the top targets in cancer treatments. Under-

standing their structure and function in order to design specific and potent inhibitors is an

undergoing challenge. In this chapter we will briefly cover the structural features of protein

kinases and try to cluster their conformations in respect to the key features and particularly

folding of activation loop based on the publicly available X-ray crystal structures of human

protein kinases. Protein kinases (PK) are enzymes that phosphorylate a protein or peptide

by transferring a phosphate group from ATP molecule to the substrate. They are involved

in many cell signaling pathways, and their aberrant function is linked to developing tumors

and cancers. If a protein kinase substrate can fit into the catalytic binding pocket but does

not accept the transferred functional group, e.g. the phosphoryl group, the substrate can

block the catalytic binding pocket and act as an inhibitor thereby modifying the catalytic

activity of the target kinase. A variety of conformations have been explored in inactive state

of PKs. Despite the inactive conformation, the active state is unique among kinase families.

In fact the structural topologies of active kinase ATP-binding sites are highly similar, due

to the necessity of transferring phosphate through a network of kinase internal interactions.

The process is initiated by ATP binding in the ATP binding site. The ATP binding site

is placed at the cleft between the small and large lobes, and the protein substrate binds to
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Figure 3.1: Protein Kinase Domain

the C-lobe. Asp orients the Tyrosyl group of substrate protein in a catalytically compe-

tent state. In this process, Asp functions as a catalytic base which abstracts a proton from

Tyrosine thereby facilitating its nucleophilic attack of the -phosphorous atom of Mg.ATP.

The structure of a protein kinase domain is shown in Fig.3.1, Kinase domain is com-

posed of N-lobe and C-lobe sub-units. N-lobe is basically a beta sheet in nature but contains

one alpha helix that plays role in kinase activity. However, in contrast C-lobe largely in-

cludes α-helices. Active site residues are derived from both the small and large lobes, so

changes in orientation of lobes can make change in kinase activity.

3.1.1 Key Structural Features in Protein Kinase Domains

Here we go over important structural features (shown in Fig.3.2) of protein kinase do-

mains that are critical in kinase functionality. 3.1. An active state of kinase domain includes

DFG-Asp pointing towards to the ATP-binding pocket while αC-helix-E residue is in inter-
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Figure 3.2: Important Features in a Kinase Domain

action with Lysine residue from β -3 (salt bridge maintained). In this conformational state,

R-spine is assembled, and the activation loop is extended. Against the active state, classi-

cal inactive state exist, where the DFG-Asp points to the αC-helix. In this conformational

state, R-spine is disassembled, and activation loop is disordered/folded. Generally speak-

ing, when the DFG-Asp is -out (Asp faces away from active site), the kinase is inactive.

Kinases in which the Asp is -in (DFG-in) can be active or inactive.

In addition to the active and classical inactive conformational states, other inactive con-

formations exist; such as Src-like inactive state or DFG-Asp-in Inactive states that we will

discuss later.

1. Gloop (Gly-rich loop/ploop) Glycine-rich loop is a GxGxxG motif that occurs in first

10-20 residues of the kinase domain. The importance of this region is inherent flexibility.

This arise to the ability of the loop to mold or collapse to form favorable contacts with

inhibitors in the binding site. For example, the possibility of binding with ATP and then

releasing ADP is provided by G-rich-loop/ploop mobility.

2. Hinge It is located after the last Beta sheet in N-lobe. N-terminal and C-terminal are

connected via a five to six residue “hinge” which sometimes is called as “linker”. Gate-

keeper is the first residue of hinge region.
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3. Gatekeeper It lies in the hinge region (after last Beta sheet in N-lobe). The gate

keeper residue contributes to the selectivity of kinases for small molecule inhibitors. For

example, a small gatekeeper residue allows an Inhibitor type one to access the gated hy-

drophobic regions of the binding pocket adjacent to the adenine binding site.

4. Activation loop It begins with DFG motif and extends until Ala/Thr-Pro-Asp/Glu

triplet appears. It usually contains 20-30 amino acid. DFG is composed of three residues.

Asp in DFG-in is strictly conserved and must be properly positioned to coordinate mag-

nesium ion. Phe occupies a position adjacent to C-helix and packs against a series of

hydrophobic residues from other regions of the protein. In contrast, in DFG-out orienta-

tion, the Phe and Asp switch their positions by 180 degrees. So the Phe is translocated to

a position where the ribose in an ATP-liganded structure would reside. In this case, Asp

can’t coordinate any magnesium ion which is required for catalysis. Most kinases are acti-

vated by phosphorylation of specific residues in the activation loop which then counteract

the positive charge of the Arg in the catalytic loop HRD motif. Activation loop phosphory-

lation is also required to stabilize the active state of the kinase for efficient phosphorylation

of tyrosine residues in a substrate protein. It’s been reported that phosphorylation helps

to lock the enzyme into its catalytically active conformation. Following the phosphoryla-

tion of Tyr on the activation loop, the phosphate forms salt bridge with HRD-R within the

catalytic loop and with DFG+3 within the activation loop.

5. HRD It occurs in the catalytic loop. HRD-D makes hbond with Tyr Hydroxyl group

of substrate protein. (Hydrogen bonding plays a key role in many enzymatic reactions, both

in orienting the substrate molecules and lowering barriers to reaction). DFG-D transfers the

gamma-phosphate from the ATP to the substrate Tyr. If D is mutated the kinase can bind

ATP but not able to transfer the phosphate.

6. αC-helix Modulation of the conformation of the helix is a regulatory theme. This

helix is positioned by the binding of protein upon ATP binding (catalytically active). When

the C-helix rotates on its axis, projecting the glutamic acid more towards the solvent, and
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translates away from the catalytic lysine, a region adjacent to the ATP binding site is created

that a small molecule inhibitor can occupy without steric interference. The opening of the

allosteric pocket is largely defined by the position of Phe of DFG. This pattern is seen in

Src and Hck and CDK2.

6. Salt bridge β -3 strand contains an Ala-Xxx-Lys sequence, the Lys of which (ammo-

nium group) forms a salt bridge with Glu (carboxylate group) of αC-helix. The formation

of salt bridge is a prerequisite for the formation of the active state. (Salt bridge: Combi-

nation of hydrogen bonding and electrostatic interactions). In an active state Lys generally

forms ion pairs with Glu of AlphaC-helix, - and -phosphates of ATP. It is important to

mention that the catalytic properties of kinases are illustrated by four residues of K/E/D/D

called catalytic core (Salt bridge, HRD-D. DFG-D).

7. R-Spine (hydrophobic or regulatory spine) The R-spine is composed of four noncon-

secutive hydrophobic residues: 1) Residue at the beginning of β4 strand. 2) Residue at the

end of C-helix 3) Phenylalanine of DFG motif 4) Histidine residue of HRD motif. R-spine

interacts with a conserved aspartate in αF-helix in a way that the backbone of His is an-

chored to the Asp in αF-helix by a hydrogen bond. When the kinase is active, the R-spine

is intact. The DFG-in to DFG-out flip results in disruption of the R-spine by removing

the phenylalanine from the core of the spine. In the DFG-out inactive conformation, the

DFG-phe moves away from the αC-helix to break the R-spine which should be formed by

4 hydrophobic residues, allowing type II inhibitor binding in the active site.

8. C-Spine (catalytic spine) Eight hydrophobic residues constitute catalytic spine. Two

residues of the small lobe that bind to the adenine group of ATP include Val from the be-

ginning of the β2 strand and Ala from the conserved Ala-Xxx-Lys in the 3 strand. Another

residue is located in the middle of the large lobe 7 strand which binds to the adenine base in

the active enzyme. These three residues make hydrophobic contacts with scaffolds of ATP-

competitive small molecule inhibitors. Two other residues from β7 strand, one residue

from D-helix, and two residues from F-helix altogether form the C-spine. The catalytic
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spine governs catalysis by facilitating ATP binding. The C-spine is disrupted when there is

not ATP bound in the ATP-binding pocket. [16–19]

3.2 Structural Classification of Kinase Domains

3.2.1 Building a Library from Protein Kinases’ Conformational States

Figure 3.3: Kinases’ Conformational Landscape. The left panel is a constructed contour
map over the probability of finding a structure vs probability of finding DFG-in active
structures. The right panel shows the pdbs distribution over the contour map.

Although the active state of kinases are alike, the inactive state is not over the kinase

families and it is believed to be distinct to each kinase family. [20] This helps us designing

selective inhibitors by targeting a potential inactive state preferable for a specific kinase

family. To map the pdb structures on a 2D conformational landscape, we have retrieved

all human and mammalian kinases prior to 2020 from protein data bank (PDB). We have

carried out a large-scale structural superposition of over 6000 kinase PDB structures using

the “THESEUS: Maximum-Likelihood Superposition” method 31, excluding contributions

from the activation loop and other flexible motifs in the superposition calculation. This al-

lowed us to compute the RMSD of the activation loop and DFG motif using a catalytically

active ATPbound structure as a reference (AurA, PDB: 5DNR). From this, we find that the

activation loops of six out of seven Dunbrack XDF states (BLAplus, BLBplus, BLBmi-

nus, BLBtrans, BBAminus, BABtrans) are frequently assigned to a “folded” or “partially
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folded” cluster of conformations, where the backbone of the activation loop N-terminal

(DFGXXXXX) has moved Å away from the active, extended conformation.

The inter-conversion between active to inactive states of a kinase involves electrostatic

and van der waals switch. Depending on conformation of the inactive state, different inter-

actions change. For example; we can point to the breaking and reforming the salt bridge

from K-E to K-D in which D belongs to DFG, or formation of salt bridge between E and

DFG+3 along the activation loop. In another example, HRD+5 hydrogen bonds with DFG-

D which is seen in src-like inactive state.

Speaking of structural differences between inactive states. We can point to the most

important features; DFG-flip (DFG-in to DFG-out); in which the DFG-D flips orientation

facing to the αC-helix. To be more specific, according to Dunbrack’s classification, 8

classes of XDFG have been identified; including BLAminus (active DFG-in); ABAminus

(inactive, DFG-in), BBAminus (inactive, DFG-out), BLBplus (inactive, DFG-in), and etc.

In Dunbrack’s annotation, X refers to the residue preceding the DFG motif and is also

involved in identification of active/inactive states. Plus/Minus/Trans represents the DFG-F

side chain orientation. In addition to the XDFG orientation, the activation loop folding,

and salt bridge state should be considered when we want to determine the conformational

state of a structure.

The closest inactive state to the active state of kinases (DFG-in, activation loop ex-

tended, salt bridge maintained) is ABAminus. To get insight into the folding of activation

loop as well as the orientation of XDFG motif, we measure the RMSD of XDFG and RMSD

of the activation loop. In fig. 3.3 over 3000 PDB structures at different conformations are

represented. This number is the total number of PDBs that left after filtering out those ones

in which the activation loop is mostly unresolved, particularly at the first 8 residues of the

activation loop.

The most known DFG-Asp out conformation is the classical DFG-out conformation

which is located at the top right side of the map (see Fig. 3.4). Classical DFG-out confor-
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Figure 3.4: Conformational states of protein kinase domains. Activation loop is colored
circles on the map. The top middle map is the RMSD of DFG vs RMSD of activation loop.
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mation is defined as conformations that adopt the D and F residues switched their positions

by 180 degrees and activation loop has reorganized and internally folded to allow the type

II inhibitor binding.

3.2.2 Classification of G-loop/Ploop Conformations

Understanding the G-loop(GRL) conformations is critical to predict the binding site

reorganization in ligand-bound states. The GRL loop connects the Beta1 and Beta 2 sheets

in the N-lobe of the kinase domain. The presence of Gly residues along this loop gives

rise to the high flexibility of the GRL which is critical in ligand bindings into the bind-

ing pocket. However because the G-loop is so flexible, conformations of it have not been

classified so far. In a paper by Roux et.al a number of conformations are introduced for

the GRL including extended, coil, kinked, and etc. However the classification is so broad

and does not distinguishes the conformational basins very well.[21] If we limit our analy-

sis to DFGin-Active and DFGin-Inactive conformations, both are considered as the same

conformations of “extended” regarding Roux’s definition. Looking more carefully over

the GRL conformations indicates that the GRL conformations are worth paying attention

respect to the activation loop specifically DFG motif. We measured the distance between

P4 (the fourth residue of GRL, which usually includes a long side chain) and DFG-G alpha

carbons. Based on the P4-G distance distribution, two peaks are visible, even though the

overall conformation of the loop is similar; i1 and i2. The GRLext−i1 and GRLext−i2 are

placed in 11.0 Å and 6.0 Å from DFG-G, respectively.

In many crystallized residues, the activation loop is unresolved which could be due

to the experimental conditions or the instability of the activation loop. Having said that,

classifying the activation loop is not an easy task. After visualizing many structures, we

hypothesized that the base of the activation loop and GRL are correlated. It has also been

found that the G-loop has interactions with the residues in the later half of the activation

loop. The G-loop and the later residues of A-loop in the active state of protein kinases
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Figure 3.5: Classification of extended conformations of G-loop respect to the DFG motif.
The classification was performed based on the distance between 5-th residue of the G-loop
and Cαatomo f theGlyresidue.

are unlikely to interact since the activation loop is extended and places far away from the

G-loop. Therefore, we limit our analysis to the active states where the state of the kinase

is DFG-in Active and DFG-in Inactive. By this means, we eliminate any short distant

relationship between the GRL and later residues along the activation loop and thus we will

be able to study potential relations between the GRL and only the ”base” of the activation

loop. We measured the distance between G-loop-5th residue (p4, index starts from zero),

which is mostly Tyr or Phe, and the DFG-G CA atom. (Fig. 3.5)

3.2.3 Structural Analysis of Type-II Bound Complexes

We closely investigated the available pdb structures to find out the probability of finding

structures targeted by type-II bound ligands. The total number of pdbs in type II -bound

state is 366. Because many of them include unresolved residues along the activation loop

we were not able to measure the RMSDs. This leaves us with 169 structures in type-II

bound state.
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Figure 3.6: Kinase Families Observed in Minimally-Perturbed State
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3.2.4 Minimally Perturbed DFG-out State

The “classical DFG-out” cluster of structures in the PDB (with 200 structures) is the

most prevalent inactive state observed among kinase structures with DFG-out, in which the

activation loop(A-loop) is fully folded/closed [19]. The second most populated cluster of

DFG-out inactive structures is a cluster we refer to as “DFG-out minimally perturbed”, and

2G2F is a member of this cluster. The root-mean-square deviation (RMSD) of the activation

loop over all DFG-out inactive structures with respect to 2F4J which is a representative of

an active kinase with the A-loop extended in the active conformation, indicates that the

A-loop in the DFGout-A-loop-minimally-perturbed cluster differs by 1–5 Å from 2F4J,

in contrast to the large range variation of between 11 and 19 Å in the classical DFG-out

cluster (Ref structure: 2F4J chain A). Representatives of the DFG-out-A-loop-minimally-

perturbed cluster have been observed for 11 kinase families, and Abl (with 10 unique pdbs)

is the most observed family among them. [22, 23]

Understanding the accessible conformations of the target protein and particularly loops

around the binding site, when there is no structural data available, is key to estimate the

ligand binding affinities with reliable accuracy. Activation loop (A-loop) plays significant

roles in coordinating the ligand in the binding pocket. For instance, a well-known case is

type-II ligand that binds the binding pocket when the DFG-Asp at the base of the A-loop is

pointing towards to the C-helix rather than the active site, resulting in favorable interactions

of DFG-F with the ligand in binding pocket and Glycine-rich loop (G-loop).

We analyzed the DFG-flip “in” to “out” vs Activation loop “extended” to “folded” by

measuring the RMSD of DFG motif vs RMSD of A-loop. Since the DFG-Asp-out con-

formation appears to facilitate binding of type-II inhibitors, we looked at the PDBs to find

out what kinases have been crystallized in DFG-Asp-out state and whether they are stable

either in DFG-Asp-out fully folded (classical) conformation, or DFG-Asp-out minimally

folded conformation, or both. Based on the RMSD calculation, 19 families found in DFG-

Asp-out minimally perturbed. Surprisingly, only 3 (LCK, Crk1, Abl) of them have been
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Figure 3.7: Ligand Types Distributed in Minimally-Perturbed Complexes

observed in DFG-Asp-out fully folded, and 16 families have never been seen in DFG-Asp-

out fully folded. Among the latter group is EGFR which has been observed 10 times in

apo state, 9 times in type-I bound state and never in type-II bound state. According to our

structural observations of DFG-Asp-out, G-loop. . . A-loop interactions formed between the

G-loop and A-loop (either at the base or the residues coming later in the sequence) are re-

sponsible for the relative stability of EGFR in Minimally perturbed. So, we hypothesize the

DFG-Asp-out or A-loop are stabilized in EGFR by inter- or intra- interactions around the

kinase structure turning into a high energy barrier preventing the A-loop to be fully folded

in EGFR kinase.

Against EGFR, is Abl family that has been observed in both DFG-Asp-out fully folded

(37) and minimally perturbed (28) many times. In the only Minimally perturbed apo-

state of Abl, the DFG-F and G-loop are interacting, but there is not any A-loop and G-

loop interaction. In the case of type-I ligand bound states, G-loop is mostly interacting

within itself and the ligand. The origin of this observation can be investigated in the nature

of amino acids along the G-loop and the aloop. Previously it has been shown that the

binding of the ligands has a significant role in stabilizing a DFG-Asp-out conformation.
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Figure 3.8: Minimally perturbed conformational state has different folding around the ac-
tivation loop

Our observations indicate that protein kinases at DFG-Asp-out can be stabilized by internal

interactions between G-loop, DFG, and later part of the A-loop. Having said this, we

will try to classify the G-loop conformations regarding their interactions with the DFG

and A-loop. We will expect to see two groups of interacting and non-interacting G-loop

conformation. Since the A-loop is unresolved, particularly in the later half of the loop,

we will take the unresolved residues included in the non-interacting group. However the

conformation of the activation loop over this group is also not alike, but we assume that

they are close in terms of energy. We have summarized the activation loop for this basin in

Fig.3.8
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3.2.4.1 Variation of Structural Features in the Minimally-Perturbed State

As mentioned earlier, a Minimally-Perturbed state is recognized by DFG-RMSD ¿ 5.

These structures are found either in DFG-out(by what percent?) or Noise(by what per-

cent?). Besides the DFG orientation, the other structural features such as orientation of

αChelix, GRL, and activation loop are not conserved among the structures.

3.3 Connecting Structural Observation and Residue-Residue Contact

Maps in Protein Kinases

We extracted contact maps for Active to Classically-Folded and Active to Minimally-

Perturbed Conformations (Fig.3.9). from the contact map frequency difference, 9 residue-

residue contacts are picked up that formed/broken between active conformation and min-

imally perturbed conformation with a frequency difference of ¿ 70% or ¡ 70% (Fig.3.10).

One of the most significant residues whose interactions with surrounding residues are

changed is DFG-D. The orientation of DFG-D changes by 180 degrees if the flip is com-

pletely done. So it turns into breaking and forming different interactions between the D

and other residues. In Minimally perturbed conformation, the DFG-D residue can con-

tribute to the ion-pair, Hbond, and hydrophobic interactions with residues from αC-helix,

and activation loop. Since the DFG-D changes its orientation in the opposite direction, any

chance for DFG-D and HRD-D interactions are lost. Instead DFG-D interactions are more

probable to interact with DFG+2,3 and Some residues of αC-helix.
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Figure 3.9: Residue-residue contact frequency map. The left panel is for ”Active” to
”Classically-Folded” conformations. The right panel shows the “Active” to “Minimally
Perturbed” conformation.

Figure 3.10: Residue-residue contact frequency map zoomed in on regions significantly
different between ”Active” to ”Classically-Folded” and “Active” to “Minimally Perturbed”
conformation

After close inspection of both contact maps (Active-to-Classically-Folded and Active-

to-Minimally-Perturbed), 9 residue pairs were identified which are significantly different

between the two maps. Table 4.1. The gauge chosen for this analysis is 0.7.
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residue 1 residue 2

P5 DFG-F

αC-helix DFG-F

β3-K DFG-D

E-helix DFG-F

HRD-D DFG-D

DFG-2 DFG-F

DFG-1 DFG+1

DFG-F DFG+3

DFG+1 APE-13

3.3.1 Structural Investigation of Available PDB Structures in Minimally Perturbed

Conformation

We filtered out our analysis to the region of DFG-RMSD>5 Å and Activation-Loop-

RMSD<6 Å according to the plot shown in Fig.3.3. We ended up to 81 PDB structure

that more are not in DFG-in states anymore. We compared our clustering with KLIFS and

Dunbrack classifications. Here is the summary of our comaprisons:

The salt-bridge (K-E) is maintained in half of the structures, while others are broken by

interuption of a ligand bound to the binding site or the outward movement of the αC-helix.

Total Number of PDBs % K-E Broken K-E Formed Not Identified
81 40 38 2

Table 3.1: Minimally Perturbed - Salt-Bridge

Total Number of PDBs DFG-State (KLIFS) Not Identified
81 20(DFG-Out) + 57 (DFG-Out-Like) 4

Table 3.2: Minimally Perturbed - KLIFS
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Total Number of PDBs Dunbrack Classification Noise
81 16 (BABtrans) + 25(BBAminus) 36

Table 3.3: Minimally Perturbed - Dunbrack

We compared the active -¿ inactive transition for the inactive MP conformation and

inactive DFG-out classical conformation by comparing their contact difference maps. A

characteristic of the DFG-out classical conformation (FF) is contacts broken and formed as

the activation loop departs from the active “extended” state and forms intra-activation loop

contacts in the folded state. These contact changes are largely absent from the MP map

because the activation loop maintains an active-like “extended” conformation in MP. There

are some interesting differences in the region of the two maps involving contacts between

the activation loop in the catalytic loop. In the DFG-out classical conformation, this region

is solid red indicating that the activation loop disengages completely from the catalytic loop

in the transition to the folded state. In the MP conformation, this region is mostly white

which is consistent with the extended character of the activation loop. However, we notice

some blue points in this region of the MP map which represents contacts formed in MP and

broken in active conformation, which are unique to MP and not DFG-out classical.
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CHAPTER 4

FREE ENERGY CALCULATION OF PROTEINS

USING R-FEP-R 1.0

4.1 Introduction to Restraint-Free Energy Perturbation-Release (R-

FEP-R 1.0)

One of the early successful kinase inhibitors is Gleevec which was found as a specific

Abl kinase inhibitor. However, imatinib is not a Src kinase inhibitor despite of the high

sequence similarity ( 47%) betweeb Abl and Src kinase families. In 2000, the crystal

structure of Abl kinase inhibited by Gleevec revealed that the conformation of the kinase

hit by the Gleevec is DFG-out. [24] Later, it was computationally shown that the Abl kinase

energetically favors the DFG-out conformation more than the Src kinase. [25] Many groups

goal is to develop drugs that target a protein specificly to reduce the off-target toxicity. And

it raises the question that whether the free energy penalty of DFG-flip can be estimated for

other kinases families, although over the 100 kinases are still not experimentally examined?

To answer this question, we started applying conventional physical pathway methods such

as umbrella sampling, and metadynamics to estimate the free energy difference of DFG

flip for the Abl kinase. Application of such methods requires pre-determination of reaction

coordinate or identification of correct transition pathway between the initial and final states.

Estimating conformational free energy differences using computational tools could play

a significant role in many areas of biophysics such as enzyme activation, inhibitor specific

binding and allosteric effects.[26–29, 29] Alchemical calculation is a reliable free energy

difference method that has been applied widely to calculate the free energy cost associated
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with ligand-binding problems, residue mutations, an post-translational modifications. Al-

chemical method employ a hybrid Hamiltonian to connect the initial and final states over

a series of λ -dependent intermediate states. It is usually very challenging task to achieve

sufficient configurational overlap between the initial and final physical end-points. For ex-

ample, kinases could adopt difference conformational states and each conformational state

can provide different functionality and specific binding pocket for inhibitors, accurate es-

timation of the relative free energy difference among these conformational states under

difference conditions: phoshorylation state, pH or inhibitor binding is essential for ligand

binding, auto-inhibition and activation processes of kinases. Free energy difference be-

tween different conformational states could be obtained taking the population of each con-

formational state in an Ensemble of structures. From computational biophysics perspective,

we could perform a long molecular dynamics (MD) simulation and then collect the pop-

ulation of each conformational state. But for most of the pharmaceutical and biological

relevant targets, it is not possible to obtain converged results by using brute-force MD sim-

ulations in time under currently available computational power.[30, 31] Since free energy is

a state function, the conformational free energy difference can be obtained by following the

free energy change along a transition pathway connecting the initial and final states with an

umbrella sampling algorithm.[32–35] However, sometimes finding a pathway is challeng-

ing itself although lots of transition pathway algorithms have been developed in the last two

decades.[36–48] Furthermore, the conformational changes along a transition pathway can

be much larger than the conformational difference between the end points. For such transi-

tion pathways, it usually requires many umbrella sampling windows, complicated reaction

coordinates, and long simulation time to obtain converged results. All those cons lead to

a hardly applicability on current pharmaceutical and biological problems in both industrial

and academic areas. Wang-Landau sampling and metadynamics can also be applied to es-

timate the conformational free energy differences.[49, 50] These kind of algorithms choose

a reduced reaction coordinate connecting the two target states of the complex system be-

33



forehand. Then biases are added to the Hamiltonian function during the sampling until the

potential of mean force along the reaction coordinate is constant. The success of Wang-

Landau sampling and metadynamics algorithms strongly depends on the subtle choice of

the reduced reaction coordinate, which remains an open question in this field of research

for complicated transitions.[51, 52] Many of the problems at the forefront of computational

biophysics involve simulations of large allosteric conformational changes of proteins, like

those associated with cellular signaling, where intermediate states along the physical tran-

sition pathways can differ much more in structure from the initial state than the final target

state does. One such example is the transition of epidermal growth factor receptor kinase

from the active conformational state to minimally perturbed DFG-out inactive conforma-

tional states(see next chapter); the activation loop root-mean-square deviation (RMSD) of

activation loop residues between the active and inactive states is only ∼5 Å, whereas inter-

mediate states along the physical path differ by as much as 9-12 Å.[28, 53]These biological

processes pose a great challenge for the tools currently available to map free energy land-

scapes. To address problems of this kind, we introduce in this Letter a novel method called

Restrain Free Energy Perturbation Release (R-FEP-R) that estimates the conformational

free energy difference between target states without choosing collective variables or know-

ing transition pathways beforehand. The R-FEP-R method was developed based on the idea

of the dual topology free energy perturbation (FEP) transformation widely used in relative

binding free energy calculations.[29]

4.2 Theoretical Background

4.2.1 Overview of Calculating Relative Binding Free Energy using Dual Topology

Free Energy Perturbation

The dual topology free energy perturbation method is widely applied to estimate the

binding free energy difference between two ligands that are similar in structure.[29, 54,
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55] The topology file used for the dual topology FEP simulations contains the topological

information of the receptor and the two ligands of interest. The ligands’ topology can be

decomposed into three sets, the shared set and two dual topology sets. The shared set

includes the topology of the same atoms that are shared by both ligands, and the two dual

topology sets include the topology of the unique atoms of the two ligands respectively.

Suppose that the topology of the first ligand consists of the shared set and the first dual

topology set; and the topology of the second ligand consists of the shared set and the

second dual topology set. At the beginning of the FEP simulations, the atoms described by

the shared set and the first dual topology set have full interactions with the environment,

namely the receptor and the solvent; while the atoms described by the second dual topology

set have no interactions with the environment except a linkage with the shared part of the

ligand. Then one decreases the interactions between the atoms described by the first dual

topology and the environment from full effect to zero by using a series of intermediate

states. At the end of this step, the atoms described by the first dual topology set have no

interactions with the environment except a linkage with the shared part of the ligand. Next

one increases the interactions between the atoms described by the second dual topology set

and the environment from zero to full effect by using another series of intermediate states.

Suppose the free energy change during this whole procedure is ∆Gc, where the subscript

donates that the FEP simulations are performed when the ligands are a part of the binding

complex. One needs to repeat the same procedure and obtains the free energy change of

switching from the first ligand to the second in pure solvent ∆Gs. Eventually, the binding

free energy difference between these two ligands is estimated by

∆Gb = ∆Gc−∆Gs .

As can be seen, the atoms described by the first dual topology set change from real to

virtual during the FEP simulations. Therefore, they will be referred to as the Dual-RV set
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in the following sections. And the atoms described by the second dual topology set will be

referred to as the Dual-VR set.

4.2.2 Restrain - Free Energy Perturbation - Release method

Figure 4.1: Thermodynamic cycles of the Restrain - Free Energy Perturbation - Release
method. The R-FEP-R method can be explained by two thermodynamic cycles. The top
horizontal leg ∆G is the conformational free energy change, where the initial conforma-
tional state consists of the shared set and the Dual-RV set, and the final conformational
state consists of the shared and the Dual-VR set. To estimate ∆G, harmonic restraints are
applied to the Dual-RV and the Dual-VR set first. We use paperclips and angle brackets to
present restraints in this figure. The free energy changes of applying harmonic restraints,
∆G0 and ∆G1 are obtained by two FEP simulations. Based on the thermodynamic cycle
on the top, the conformational free energy change ∆G can be estimated by the sum of
∆G0, −∆G1 and ∆G′, where ∆G′ is the conformational free energy change with restraints.
The horizontal leg in the middle, ∆G′, is estimated by the bottom thermodynamic cycle.
The two vertical legs in the bottom thermodynamic cycle represent the addition of the re-
strained virtual fragments 〈V R〉v and 〈RV 〉v to the restrained initial and final conformational
states respectively. We showed that the free energy changes of adding these two fragments,
kBT lnZvr(0) and kBT lnZrv(1), are equal. Therefore, the middle horizontal leg equals the
bottom horizontal leg, which is estimated by a dual topology free energy perturbation cal-
culation. Finally, the conformational free energy change ∆G is estimated by the sum of
∆G0, −∆G1 and ∆GD.

The basic idea of the dual topology free energy perturbation method can be used to

estimate conformational free energy change. More specifically, the conformational free

energy change can be calculated by FEP simulations that remove those atoms involved in

the conformational change from their initial conformation and grow them back according

to the final conformation. For the sake of simplicity, we explain our Restrain-FEP-Release
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method by studying the conformational change of a molecule in implicit solvent model to

avoid explicitly including water molecules in discussion. However, the same procedure can

be used to estimate the conformational free energy change of a molecule in explicit solvent

without alterations.

The atoms of the molecule of intesest can be divided into two sets. The unique set

contains all the atoms that are in different structures before and after the conformational

change, and the shared set contains all the other atoms of the molecule. Suppose the simu-

lations are in the canonical ensemble, the conformational free energy change is

∆G = −kBT ln
Z1

Z0

= −kBT ln

´
{dx{s}dy{s}dz{s}}

´
S1

{dx(u)dy(u)dz(u)}exp{−βU}
´
{dx{s}dy{s}dz{s}}

´
S0

{dx(u)dy(u)dz(u)}exp{−βU}
, (4.2-1)

where β = 1/(kBT ) is the inverse temperature and U is the total potential energy of the

system. {x(s),y(s),z(s)} and {x(u),y(u),z(u)} are the Cartesian coordinates of the shared set

and the unique set, respectively. The limits of integration S0 and S1 denote the definition of

the initial and the final conformational states.

Before applying dual topology FEP to estimate the conformational free energy change,

we introduce restraints to the unique set to prevent it from leaving the initial or the final

conformational state. For example, one configuration is chosen from the initial conforma-

tional state S0. Then we apply a harmonic restraint to each dihedral angles of the unique set

by using the dihedral angles of a chosen structure in the initial target state as the reference

values. The partition function for the molecule in conformational state S0 with restraints is

Z′0 =
ˆ
{dx{s}dy{s}dz{s}}

ˆ
{dx(u)dy(u)dz(u)}exp{−β (U +Ur(S0))} , (4.2-2)

where Ur(S0) is the total restraint potential. Note the limits of integration for the unique

set, S0, is omitted because we assume that the harmonic restraints are so strong that the
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molecule does not leave the conformational state S0 in a finite simulation. The free energy

change of adding these restraints, ∆G0 = −kBT ln(Z′0/Z0) can be obtained by FEP or TI

simulations. Similarly, we apply a harmonic restraint to each dihedral angle of the unique

set according to a chosen structure in the final state S1 and estimate the free energy change

∆G1 =−kBT ln(Z′1/Z1) where

Z′1 =
ˆ
{dx{s}dy{s}dz{s}}

ˆ
{dx(u)dy(u)dz(u)}exp{−β (U +Ur(S1))} . (4.2-3)

As shown in Fig.(??), the conformational free energy change can be estimated by summing

three other legs in the top thermodynamic cycle

∆G = −kBT ln
Z1

Z0

= −kBT ln
Z1

Z′1
− kBT ln

Z′1
Z′0
− kBT ln

Z′0
Z0

= ∆G0−∆G1 +∆G′ , (4.2-4)

where

∆G′ =−kBT ln
Z′1
Z′0

(4.2-5)

is the middle horizontal leg shown in Fig.??, which can be estimated by the dual topology

free energy perturbation method as described below.

Similarly, the atoms in the dual topology FEP simulations can be divided into three sets.

The shared set are the same as defined previously. The Dual-RV set and the Dual-VR set

are copies of the unique set with harmonic restraints Ur(S0) and Ur(S1) respectively. We

run parallel simulations at multiple λ -states, and the partition function of the system at the
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ith λ -state of the Dual topology FEP is

ZD(λi) =

ˆ
{dxdydz}exp{−βU(λi)}

= 8π
2V
ˆ
{drdθdφ}J({x,y,z},{r,θ ,φ})

×exp{−β (U (s)+U (rv)(λi)+U (vr)(λi))} , (4.2-6)

where U(λi) is the total potential energy of the system at the ith λ -state. In the second

line of Eq.(4.2-6, we change the variables of the integration from Cartesian coordinates

to internal coordinates, where J({x,y,z},{r,θ ,φ}) is the Jacobian determinant. Suppose

there are n atoms in the shared set, and m atoms in the Dual-RV or the Dual-VR set. The

variables of the integration can be written as

ˆ
{drdθdφ} ∼

ˆ
dr(s)2 dr(s)3 dθ

(s)
3 dr(s)4 dθ

(s)
4 dφ

(s)
4 · · ·dr(s)n dθ

(s)
n dφ

(s)
n

×
ˆ

dr(rv)
1 dθ

(rv)
1 dφ

(rv)
1 · · ·dr(rv)

m dθ
(rv)
m dφ

(rv)
m

×
ˆ

dr(vr)
1 dθ

(vr)
1 dφ

(vr)
1 · · ·dr(vr)

m dθ
(vr)
m dφ

(vr)
m

∼
ˆ
{dr{s}dθ

(s)dφ
(s)}×

ˆ
{dr(rv)dθ

(rv)dφ
(rv)}×

ˆ
{dr(vr)dθ

(vr)dφ
(vr)} .(4.2-7)

The factor 8π2V in Eq.(4.2-6) and the missing of dr(s)1 dθ
(s)
1 dφ

(s)
1 dθ

(s)
2 dφ

(s)
2 dφ

(s)
3 in Eq.(4.2-

7) comes from the fact that the system is allowed to be translated and rotated freely in a

simulation box with volume V . The Jacobian determinant of this change of variables is
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[56, 57]

J({x,y,z},{r,θ ,φ}) = (r(s)2 r(s)3 · · ·r
(s)
n )2 sinθ

(s)
3 · · ·sinθ

(s)
n

× (r(rv)
1 r(rv)

2 · · ·r(rv)
m )2 sinθ

(rv)
1 · · ·sinθ

(rv)
m

× (r(vr)
1 r(vr)

2 · · ·r(vr)
m )2 sinθ

(vr)
1 · · ·sinθ

(vr)
m

= J({r(s),θ (s)}× J({r(rv),θ (rv)}× J({r(vr),θ (vr)} , (4.2-8)

where U (rv)
bond is the bond length potential; U (rv)

angle is the bond angle potential; U (rv)
proper is

the proper torsional potential; U (rv)
improper is the improper torsional potential; U (rv)

vdW is the van

der Waals Potential; U (rv)
elec is the Coulomb Potential; and U (rv)

gb is the generalized Born po-

tential. As can be seen, when λ changes from 0 to 1, the interaction energies between the

Dual-RV set and the environment and the proper dihedral potential energy of the Dual-RV

set change from the full effect to 0. Similarly, Uvr(λi) includes the intragroup interac-

tion energies of the Dual-VR set itself, its restraint potential and the interaction energies

between the Dual-VR set and the environment. U (vr)(λi) can be written as

U (vr)(λi) = (U (vr)
bond +U (vr)

angle +U (vr)
improper +Ur(S1))+λi(U

(vr)
proper +U (vr)

vdW +U (vr)
elec +U (vr)

gb ) ,

(4.2-9)

where the interaction energies between the Dual-VR set and the environment and the proper

dihedral potential energy of the Dual-VR set increases from 0 to the full effect when λ

changes from 0 to 1. Note we use one parameter λ to control both U (rv) and U (vr) simulta-

neously. However, the interaction between the Dual-RV set and the Dual-VR set is always

0 in all the FEP simulations. The third component U (s) in Eq.(4.2-6) includes all the other

potential energy terms of the system.

40



Next we examine the partition functions of the endpoint states. The partition function

of the λ = 0 state is

ZD(0) = 8π
2V
ˆ
{drdθdφ}J({x,y,z},{r,θ ,φ})exp{−β (U (s)+U (rv)(0)+U (vr)(0))}

= 8π
2V
ˆ ˆ

exp{−β (U (s)+U (rv)(0))}J({r(s),θ (s)}{dr{s}dθ
(s)dφ

(s)}

×J({r(rv),θ (rv)}{dr(rv)dθ
(rv)dφ

(rv)}

×
ˆ

exp{−βU (vr)(0))}J({r(vr),θ (vr)}{dr(vr)dθ
(vr)dφ

(vr)}

= Zs+rv(0)×Zvr(0) , (4.2-10)

where

Zs+rv(0) = 8π
2V
ˆ ˆ

exp{−β (U (s)+U (rv)(0))}J({r(s),θ (s)}{dr{s}dθ
(s)dφ

(s)}

×J({r(rv),θ (rv)}{dr(rv)dθ
(rv)dφ

(rv)} , (4.2-11)

and

Zvr(0) =

ˆ
exp{−βU (vr)(0))}J({r(vr),θ (vr)}{dr(vr)dθ

(vr)dφ
(vr)}

=

ˆ
exp{−β (U (vr)

bond +U (vr)
angle +U (vr)

improper +Ur(S2))}

×J({r(vr),θ (vr)}{dr(vr)dθ
(vr)dφ

(vr)} . (4.2-12)

Notice that the partition function ZD(0) can be written as a product of Zs+rv(0) and

Zvr(0) because these two partition functions are not correlated, which becomes obvious af-

ter we changed the variables of integration to internal coordinates. Furthermore, a careful

examination reveals that Zs+rv(0) is the partition function for the molecule in conforma-

tional state S0 with restraints, namely, equivalent to Z′0 defined by Eq.(4.2-2). Therefore,
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the partition function of the λ = 0 state can be written as

ZD(0) = Z′0×Zvr(0) . (4.2-13)

Similarly, the partition function of the λ = 1 state can be written as

ZD(1) = Z′1×Zrv(1) , (4.2-14)

where

Z′1 = 8π
2V
ˆ ˆ

exp{−β (U (s)+U (vr)(1))}J({r(s),θ (s)}{dr{s}dθ
(s)dφ

(s)}(4.2-15)

×J({r(vr),θ (vr)}{dr(vr)dθ
(vr)dφ

(vr)} , (4.2-16)

and

Zrv(1) =

ˆ
exp{−βU (rv)(1)}J({r(rv),θ (rv)}{dr(rv)dθ

(rv)dφ
(rv)}

=

ˆ
exp{−β (U (rv)

bond +U (rv)
angle +U (rv)

improper +Ur(S1))}

×J({r(rv),θ (rv)}{dr(rv)dθ
(rv)dφ

(rv)} . (4.2-17)

A comparison of Eq.(4.2-11) and (4.2-15) reveals that the only differences between

Zrv(1) and Zvr(0) are the terms of the harmonic restraint applied to the proper dihedral

angles of the unique set, namely, Ur(S0) and Ur(S1). The two parameters that define a

harmonic restraint are the reference value and the force constant. As the Dual-RV and the

Dual-VR sets are both copies of the unique set of the molecule, we can choose the same

force constant for the same dihedral angle in these two sets. The reference values of the

same dihedral angle in Ur(S0) and Ur(S1) are usually different because one is determined

by a configuration chosen from the conformational state S0 and the other is determined by a

configuration chosen from state S1. However, if the force constant is strong, the integration
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of a harmonic restraint term in Zrv(1) or Zvr(0) does not depend the reference value because

ˆ
π

−π

exp
{
−1

2
βkd(φ −φ0)

2
}

dφ

≈
ˆ

∞

−∞

exp
{
−1

2
βkd(φ −φ0)

2
}

dφ

=

(
2πkBT

kd

) 1
2

, (4.2-18)

where kd is the force constant and φ0 is the reference value of the harmonic restraint. There-

fore, the two partition functions of the virtual part at the endpoint states, Zrv(1) and Zvr(0),

indeed are equal. Finally, the free energy difference between the endpoint states of the dual

topology FEP is

∆GD =−kBT ln
ZD(1)
ZD(0)

=−kBT ln
Z′1×Zrv(1)
Z′0×Zvr(0)

=−kBT ln
Z′1
Z′0

= ∆G′ . (4.2-19)

Combining Eq.(4.2-4) and Eq.(4.2-19) yields that the conformational free energy change

can be estimated by these three legs of the thermodynamic cycles shown in Fig.??

∆G = ∆G0−∆G1 +∆GD . (4.2-20)
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4.3 Validation and Application

4.3.1 Validation: Conformational Transition Between Right- and Left-Handed He-

lices in Alanine-Dipeptide

Figure 4.2: Ramachandran plot of AlaD. The region with the ivory background is the initial
conformational state; and the region with the sky blue background is the final conforma-
tional state. Before running the dual topology FEP, we choose one configuration each from
the αR and the C7ax basins for the references and apply harmonic restraints to the dihedral
angles. The AlaD molecule on the top left side represents a configuration sampled at the
λ = 0 state. The Dual-RV set (colored) is real; and the Dual-VR set (monochrome) is
virtual. The AlaD molecule on the top right side represents a configuration sampled at the
λ = 1 state. The Dual-RV set (monochrome) is virtual; and the Dual-VR set (colored) is
real.

First we applied the R-FEP-R method to estimate the conformational free energy change

of an Alanine Dipeptide molecule (AlaD) in water. Fig.4.2 shows the ramachandran plot

of AlaD. We define the region (−180 < φ < 0 and 120 < φ < 180) as the initial confor-

mational states; and the region (0 < φ < 120 ) as the final conformational state. As can

be seen, the initial conformational state contains the αR, C5 and β free energy basins. The

final conformational state contains the αL and C7ax basins. Based on the temperature RE

simulation results, the free energy difference between the initial and final conformational
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states is 2.91±0.06 kcal/mol, which serves as the benchmark. The free energy difference

of 2.91±0.06 kcal/mol corresponds to a 131 times fold enhancement of the population in

the αR +C5+β free energy basins relative to the αL +C7ax free energy basin.

To apply R-FEP-R, the C terminal, Cα atom and its side chain are grouped together

as the unique set; and two copies of the unique set in different conformational states —

Dual-RV and Dual-VR — are included in the system (See Fig.(4.2)). The N terminal of

AlaD and water are defined as the shared set. We then chose one configuration each from

the αR and the C7ax basins for the references and apply harmonic restraints to the dihedral

angles before running the dual topology FEP simulations. The free energy changes of

restraint, FEP and release are listed in Table.4.1 as the calculation #1. The conformational

free energy difference between the initial and final states estimated by the R-FEP-R method

is 2.96±0.07 kcal/mol, which agrees with the benchmark with the statistical error which

is small. To clarify that the free energy difference estimated by the R-FEP-R method does

not depend on the configurations that we choose for the reference of harmonic restraints,

we redid the R-FEP-R calculations but the reference configuration of the restraint for the

initial state was chosen from the C5 basin instead of the αR basin. The results are listed

in Table.4.1 as the calculation #2. Compared with the calculation #1, the difference in the

restraint procedure (∆G0) is canceled by the difference in the dual topology FEP (∆GD) so

that the final result of the second R-FEP-R calculation also match the benchmark. The total

computation times of running temperature RE (The benchmark) and R-FEP-R (calculation

#1 and #2) are 4900 ns and 930 ns respectively. Suppose the magnitude of uncertainty

is proportional to 1/
√

n, where n is the total number of data. The R-FEP-R method is

approximately 5 times more efficient than the temperature RE method in the calculation of

conformational free energy changes.

# ∆G0 ∆G1 ∆GD ∆G
1 3.12±0.02 −4.23±0.01 4.07±0.06 2.96±0.07
2 3.48±0.02 −4.23±0.01 3.60±0.02 2.85±0.03

Table 4.1: Free energy changes of each step in the R-FEP-R calculations for AlaD.
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4.3.2 Application to Side-Chain Conformational Transition: T4-Lysozyme L99A

Figure 4.3: Conformational change of T4 lysozyme L99A. Upon ligand binding, the side
chain dihedral angle χ of residue Val111 rotates from the trans state to the gauche+ state to
avoid clash. Dependence of the free energy and potential energy on the side chain dihedral
angle χ for the apo enzyme. The region with the red background is the trans state; and the
region with the blue background is the gauche+ state.

Next we applied the R-FEP-R method to estimate the conformational free energy change

of a sidechain in the active site T4 lysozyme. T4 lysozyme is a well-known model system

for the study of ligand induced conformational transitions. As shown in Fig.(4.3), the side

chain dihedral angle χ of residue Val111 rotates from 180◦ (trans) to−60◦ (gauche+) upon

ligand binding. Mobley et al. proposed a method called “Confine-and-Release” to obtain

the correct binding free energy for the binding complex with ligand induced conforma-

tional changes.[58] The first step of the “Confine-and-Release” method is to estimate the

free energy difference between the trans and gauche+ states of T4 lysozyme without the lig-

and. The free energy profile constructed by the Umbrella Sampling simulations is shown

in Fig.(4.3), where the reaction coordinate is the the side chain dihedral angle χof residue

Val111. We define the region −180◦ < χ <−150◦ and 150◦ < χ < 180◦ as the trans con-

formational state, and the region −90◦ < χ < −30◦ as the gauche+ conformational state.

The free energy difference between these two states is 1.63±0.07 kcal/mol, which serves

as the benchmark. In the calculation of R-FEP-R, the side chain of the residue Val111

is defined as the unique set; and all the other atoms of T4 lysozyme L99A and water are
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the shared set. We chose one configuration each from the trans and the gauche+ basins

?? for the references and apply harmonic restraints to the dihedral angles of the Dual-RV

and Dual-VR sets respectively. The dual topology FEP was run to remove the Dual-RV set

and simultaneously grow the Dual-VR set by using 15 λ -states. In this R-FEP-R calcu-

lation, the restraint, FEP and release procedures were coupled by the Hamiltonian replica

exchange algorithm to accelerate the convergence. The R-FEP-R estimate for the confor-

mational free energy change of T4 lysozyme L99A is 1.64±0.03 kcal/mol, which matches

with the benchmark very well.

Figure 4.4: Conformational change gauche+ to trans
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CHAPTER 5

FREE ENERGY CALCULATION OF PROTEINS

USING R-FEP-R 2.0

5.1 Introduction to R-FEP-R 2.0

The original R-FEP-R algorithm is designed to estimate the free energy differences be-

tween different structures involving conformational changes of side chains or C/N-termini

of proteins, but not loops. It is desirable to develop a similar algorithm for protein loops

because they play an essential role in protein stabilization, allosteric signaling, molecular

recognition, enzyme catalysis, and ligand binding, etc.[59–65] In this article, we propose an

adapted version of R-FEP-R, which will be referred to as restrain-free energy perturbation-

release 2.0 (R-FEP-R 2.0) , to estimate the free energy differences caused by loop confor-

mational changes.

5.2 Generalized Version of R-FEP-R 1.0: R-FEP-R 2.0

The R-FEP-R algorithm cannot be used to determine the conformational free energy

changes of loops that are connected with the shared set at both ends, however. In Fig.4.1,

the left vertical leg in the bottom thermodynamic cycle represents the free energy change of

attaching a virtual dual set with restraints Ur(S1,1) to the molecule that includes a real set

with restraint Ur(S0,1). As mentioned previously, we showed that the free energy change

represented by this leg can be written as kBT lnZvr(0), where Zvr(0) is the partition function

of the restrained virtual dual set. Namely, the partition function of the attached dual set and

the partition function of the original molecule are not correlated. This uncorrelated relation
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is proved by rewriting the partition functions using internal coordinates and depends on

the assumption that the dual set can be expressed as a continuous chain connected with the

shared set at only one end.[66] Therefore, R-FEP-R can be applied to estimate the confor-

mational free energy changes of side chains (see the T4 lysozyme example in Ref.[66]) or

the conformational free energy changes of C-termini or the N-termini of proteins (see the

alanine dipeptide example in Ref.[66). However, R-FEP-R cannot be directly applied to

estimate the conformational free energy changes of loops, which are connected with the

shared set at both ends.

Here we develop an adapted version of R-FEP-R that is able to handle the situation

when the dual atoms form a loop that is connected to the shared atoms at both ends of the

loop. The basic idea is to break the restrained virtual dual set, which is a loop, into two

restrained “side chains” each attached at one end to the shared set. The partition function

of each attached “side chain” and the partition function of the original molecule are all

uncorrelated. This can be proved by following the same steps of the proof given in Ref.[66]

for the first “side chain” and repeated for the second “side chain”. Then FEP simulations

are performed to close the restrained virtual two half loops (〈V R〉BL
v or 〈RV 〉BL

v where “BL”

stands for a broken loop) before the dual topology FEP transformation is performed. The

procedure of running this adapted R-FEP-R method is illustrated in Fig.5.1. Compared

with R-FEP-R 1.0, the bottom thermodynamic cycle now contains 5 legs instead of 3 legs.

Each of the two vertical legs in the bottom thermodynamic cycle of the original R-FEP-R

has been replaced by two steps (legs) described as follows:
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Figure 5.1: Illustration of the restrain-free energy perturbation-release 2.0 (R-FEP-R 2.0)
algorithm. R-FEP-R 2.0 is explained by two thermodynamic cycles. The goal is to calculate
the free energy difference between the initial and the final states ∆G. In the initial state,
the molecule consists of the shared set and the dual-RV set; in the final state, the molecule
consists of the shared set and the dual-VR set. The dual-RV set and the dual-VR set are
identical atom sets but differ in their conformations. The full circles indicate that the dual
set is a loop connected to the shared set at both ends. The paperclips and the angle brackets
represent restraints applied to the dual set. The dark blue and the solid lines denote real
dual sets, while the light blue, the dashed lines, and the subscripts ’v’ denote virtual dual
sets. The half circles and the subscripts ’BL’ denote broken loops.

• Break the restrained virtual loop into two restrained “side chains” before attaching

them to the molecule. The free energy changes of attaching the restrained virtual

broken VR loop (〈V R〉BL
v ) and the restrained virtual broken RV loop ( 〈RV 〉BL

v ) to

the molecule are kBT lnZBL
vr (0) and kBT lnZBL

rv (1), respectively. Following the same

proof provided in Ref.[66]), these two free energy terms are equal hence cancel each

other in the bottom thermodynamic cycle as well if the dihedral angle restraints on

the virtual loops are parabolic potentials and the force constants k j in Eqs.(5.2-1) and
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(5.2-2) are large.

Ur(S0,λi) = λi

(
∑

j∈Dual

1
2

k j(φ j−φ j(S0))
2

)
, (5.2-1)

Ur(S1,λi) = λi

(
∑

j∈Dual

1
2

k j(φ j−φ j(S1))
2

)
, (5.2-2)

The procedure for running R-FEP-R 1.0 is illustrated in Fig.4.1. The goal is to esti-

mate the free energy difference between the initial (reactant) state and the final (prod-

uct) state, ∆G =−kBT ln(Z1/Z0), where Z0 and Z1 are the partition functions of the

initial state and the final state, respectively. Instead of calculating ∆G directly, we

estimate this free energy by summing the three other legs in the top thermodynamic

cycle, namely,

∆G = ∆G0−∆G1 +∆G
′
. (5.2-3)

∆G0 denotes the total free energy change of adding a parabolic restraint to a dihedral

angle of the internal coordinates specifying each atom that belongs to the dual set of

the molecule when the conformation of the molecule is in the initial state. In Fig.4.1,

the dual set from the initial state is referred to as “RV” because this set of atoms is

converted from real to virtual during the dual topology FEP simulation introduced

later. The free energy difference ∆G0 is obtained by running FEP with the restraint

potential function.

• Close the virtual loop by adding bond length, bond angle, improper dihedral angle

interactions, and dihedral angle restraints to the free ends of the two virtual side

chains (broken from the loop). ∆GCL
vr and ∆GCL

rv denote the free energy changes of

closing the restrained virtual broken VR loop and the restrained virtual broken RV

loop, respectively.
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The free energy terms ∆GCL
vr and ∆GCL

rv are estimated by FEP simulations. Similar to the

dual topology FEP simulation in R-FEP-R introduced previously, we write the potential

energy in the FEP simulation estimating ∆GCL
vr as a sum of three components

UCL(λi) =U (S+W )+U (rv)(0)+U (vr)
CL (λi) , (5.2-4)

where U (rv)(0) is defined by Eq.(??). This energy term includes all the potential energies

related to the RV dual set. The energy term U (vr)
CL (λi) in Eq.(5.2-4) includes all the potential

energies related to the VR dual set, and U (S+W ) represents all the other potential energy

terms of the system. Since this restrained virtual dual set is broken into two “side chains”

at the beginning of FEP, U (vr)
CL (λi) can be written as a sum of three energy groups

U (vr)
CL (λi) = {U (vr)

bond(LH)+U (vr)
angle(LH)+U (vr)

improper(LH)+Ur(S1,1,LH)}

+ {U (vr)
bond(RH)+U (vr)

angle(RH)+U (vr)
improper(RH)+Ur(S1,1,RH)}

+ λi{U (vr)
bond(LR)+U (vr)

angle(LR)+U (vr)
improper(LR)+Ur(S1,1,LR)} .(5.2-5)

The three energy groups in Eq.(5.2-5) are the bond length potential, the bond angle

potential, the improper dihedral angle potential, and the dihedral angle restraints of the first

(left-hand side) “side chain”, the second (right-hand side) “side chain”, and the connection

between them, respectively. The energy group that forces the LH side chain and the RH side

chain into a loop, changes from 0 to full effect when the FEP control parameter λi changes

from 0 to 1. Note that U (vr)
CL (1) equals the energy term U (vr)(0) defined by Eq.(??). In

other words, UCL(1), which is the potential energy of the final state in the FEP simulation

estimating ∆Gvr
CL, equals the potential energy of the first state in the dual topology FEP

simulation UD(0). Both states are represented by the left bottom vertex of the rectangle in

Fig.5.1 .
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Finally, the free energy change between the endpoint states is estimated by the sum of

five legs of the thermodynamic cycles shown in Fig.5.1

∆G = ∆G0 +∆GCL
vr +∆GD−∆GCL

rv −∆G1 . (5.2-6)

We name this adapted version of R-FEP-R as the restrain-free energy perturbation-release

2.0 (R-FEP-R 2.0) algorithm.

5.2.1 Implementation of Stretch Bond Function in GROMACS Package

The quadratic potential function ,when controlled by lambda (λ ) factor, is expressed

as:

U =
1
2
(λκ)(r− r0)

2 (5.2-7)

The conventional quadratic potential function is undefined where a bond considered as

broken. Because in this case the lambda approaches to zero and r approaches to infinity.

Having said that, we ran a few calculations to test the convergence of the conventional

harmonic potential which is already used by GROMACS and compared it with soft bond

stretch potential function. This function was first introduced in 2015 to be applied in the

molecular simulations of the system states where a bond being broken or formed during a

transformation. 67. This function is expressed as:

U =
1
2
(λκ)(r− r0)

2 1

1+α(1−λ )(r− r0)
2 (5.2-8)

The dihedral restrain function after modification is as follows:

real dihres(int nbonds,

const t_iatom forceatoms[], const t_iparams forceparams[],

const rvec x[], rvec4 f[], rvec fshift[],
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const t_pbc *pbc, const t_graph *g,

real lambda, real *dvdlambda,

const t_mdatoms gmx_unused *md, t_fcdata gmx_unused *fcd,

int gmx_unused *global_atom_index)

{

real vtot = 0;

int ai, aj, ak, al, i, k, type, t1, t2, t3;

real phi0A, phi0B, dphiA, dphiB, kfacA, kfacB, phi0, dphi, kfac;

real phi, ddphi, ddp, ddp2, dp, sign, d2r, L1;

rvec r_ij, r_kj, r_kl, m, n;

const real alpha = 2.0;

const real half = 0.5;

const real sigma = 1.0e-8;

L1 = 1.0-lambda;

d2r = DEG2RAD;

k = 0;

for (i = 0; (i < nbonds); )

{

type = forceatoms[i++];

ai = forceatoms[i++];

aj = forceatoms[i++];

ak = forceatoms[i++];

al = forceatoms[i++];
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phi0A = forceparams[type].dihres.phiA*d2r;

dphiA = forceparams[type].dihres.dphiA*d2r;

kfacA = forceparams[type].dihres.kfacA;

phi0B = forceparams[type].dihres.phiB*d2r;

dphiB = forceparams[type].dihres.dphiB*d2r;

kfacB = forceparams[type].dihres.kfacB;

if ((abs(kfacA - kfacB) < sigma) && (abs(phi0A - phi0B) < sigma

↪→ ) && (abs(dphiA - dphiB) < sigma))

{

phi0 = L1*phi0A + lambda*phi0B;

dphi = L1*dphiA + lambda*dphiB;

kfac = L1*kfacA + lambda*kfacB;

phi = dih_angle(x[ai], x[aj], x[ak], x[al], pbc, r_ij,

↪→ r_kj, r_kl, m, n,

&sign, &t1, &t2, &t3);

/* 84 flops */

if (debug)

{

fprintf(debug, "dihres[%d]: %d %d %d %d : phi=%f, dphi

↪→ =%f, kfac=%f\n",

k++, ai, aj, ak, al, phi0, dphi, kfac);

}

/* phi can jump if phi0 is close to Pi/-Pi, which will

↪→ cause huge
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* force changes if we just apply a normal harmonic.

* Instead, we first calculate phi-phi0 and take it modulo

↪→ (-Pi,Pi).

* This means we will never have the periodicity problem,

↪→ unless

* the dihedral is Pi away from phiO, which is very

↪→ unlikely due to

* the potential.

*/

dp = phi-phi0;

make_dp_periodic(&dp);

if (dp > dphi)

{

ddp = dp-dphi;

}

else if (dp < -dphi)

{

ddp = dp+dphi;

}

else

{

ddp = 0.0;

}

if (ddp != 0.0)

{

ddp2 = ddp*ddp;
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vtot += 0.5*kfac*ddp2;

ddphi = kfac*ddp;

*dvdlambda += 0.5*(kfacB - kfacA)*ddp2;

/* lambda dependence from changing restraint distances

↪→ */

if (ddp > 0)

{

*dvdlambda -= kfac*ddp*((dphiB - dphiA)+(phi0B -

↪→ phi0A));

}

else if (ddp < 0)

{

*dvdlambda += kfac*ddp*((dphiB - dphiA)-(phi0B -

↪→ phi0A));

}

do_dih_fup(ai, aj, ak, al, ddphi, r_ij, r_kj, r_kl, m,

↪→ n,

f, fshift, pbc, g, x, t1, t2, t3); /* 112 */

}

}

else

{

phi0 = phi0A;

kfac = kfacA;

phi = dih_angle(x[ai], x[aj], x[ak], x[al], pbc, r_ij,

↪→ r_kj, r_kl, m, n,

&sign, &t1, &t2, &t3);
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dp = phi-phi0;

make_dp_periodic(&dp);

if (dp != 0 )

{

ddp = dp;

}

else

{

ddp = 0.0;

}

if (ddp != 0.0)

{

ddp2 = ddp*ddp;

vtot += half*L1*kfac*(ddp2)*(1.0/(1.0+(alpha*lambda*

↪→ ddp2)));

ddphi = kfac*L1*ddp*(1.0/((1.0+lambda*alpha*ddp2)

↪→ *(1.0+lambda*alpha*ddp2)));

*dvdlambda += half*kfac*ddp2*(1.0 + alpha*ddp2)

↪→ *(1.0/(1.0+lambda*alpha*ddp2)*(1.0+lambda*alpha*

↪→ ddp2));

do_dih_fup(ai, aj, ak, al, ddphi, r_ij, r_kj, r_kl, m,

↪→ n,

f, fshift, pbc, g, x, t1, t2, t3); /* 112 */
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}

}

}

return vtot;

}

For the modification of angle and bond quadratic potential function, we made the

changes to the existing functions to avoid extra changes in other parts of the code. Here is

the code after modification:

real g96harmonic(real kA, real kB, real xA, real xB, real x, real

↪→ lambda,

real *V, real *F)

{

const real half = 0.5;

const real alpha = 2.0; //

real L1, kk, x0, dx, dx2; //

real v, f, dvdlambda; //

L1 = 1.0-lambda;

kk = kA;

x0 = xA;

dx = x-x0;

dx2 = dx*dx;
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//f = -kk*dx;

f = -1.0*kk*L1*(dx/((1.0+lambda*alpha*dx2)*(1.0+lambda*alpha*dx2))

↪→ );

//v = half*kk*dx2;

v = half*L1*kk*(dx2)*(1.0/(1.0+(alpha*lambda*dx2)));

//dvdlambda = half*(kB-kA)*dx2 + (xA-xB)*kk*dx;

////dxdlambda = xA-xB ////

////dx2dlambda = 2.0*x*(xA-xB) ////

////dkkdlambda = kB-kA ////

dvdlambda = half*kk*dx2*(1.0+alpha*dx2)*(1.0/((1+lambda*alpha*dx2)

↪→ *(1+lambda*alpha*dx2)));

*F = f;

*V = v;

return dvdlambda;

/* That was 21 flops */

}

real g96bonds(int nbonds,

const t_iatom forceatoms[], const t_iparams forceparams[],

const rvec x[], rvec4 f[], rvec fshift[],

const t_pbc *pbc, const t_graph *g,

real lambda, real *dvdlambda,

const t_mdatoms gmx_unused *md, t_fcdata gmx_unused *fcd,
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int gmx_unused *global_atom_index)

{

int i, m, ki, ai, aj, type;

real dr, dr2, fbond, vbond, fij, vtot;

rvec dx;

ivec dt;

vtot = 0.0;

for (i = 0; (i < nbonds); )

{

type = forceatoms[i++];

ai = forceatoms[i++];

aj = forceatoms[i++];

ki = pbc_rvec_sub(pbc, x[ai], x[aj], dx); /* 3 */

dr2 = iprod(dx, dx); /* 5 */

dr = dr2*gmx::invsqrt(dr2); /* 10 */

*dvdlambda += g96harmonic(forceparams[type].harmonic.krA,

forceparams[type].harmonic.krB,

std::sqrt(forceparams[type].harmonic.rA),

std::sqrt(forceparams[type].harmonic.rB),

dr, lambda, &vbond, &fbond); /* 19 */

if (dr2 == 0.0)

{

continue;

}
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vtot += vbond; /* 1*/

fbond *= gmx::invsqrt(dr2); /* 6 */

#ifdef DEBUG

if (debug)

{

fprintf(debug, "BONDS: dr = %10g vbond = %10g fbond = %10g\

↪→ n",

dr, vbond, fbond);

}

#endif

if (g)

{

ivec_sub(SHIFT_IVEC(g, ai), SHIFT_IVEC(g, aj), dt);

ki = IVEC2IS(dt);

}

for (m = 0; (m < DIM); m++) /* 15 */

{

fij = fbond*dx[m];

f[ai][m] += fij;

f[aj][m] -= fij;

fshift[ki][m] += fij;

fshift[CENTRAL][m] -= fij;

}

} /* 59 TOTAL */

return vtot;

}
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real g96bond_angle(const rvec xi, const rvec xj, const rvec xk, const

↪→ t_pbc *pbc,

rvec r_ij, rvec r_kj, real *costh,

int *t1, int *t2)

/* Return value is the angle between the bonds i-j and j-k */

{

/* 41 FLOPS */

real th;

*t1 = pbc_rvec_sub(pbc, xi, xj, r_ij); /* 3 */

*t2 = pbc_rvec_sub(pbc, xk, xj, r_kj); /* 3 */

*costh = cos_angle(r_ij, r_kj); /* 25 */

th = std::acos(*costh); /* 10 */

/* 41 TOTAL */

return th;

}

real g96angles(int nbonds,

const t_iatom forceatoms[], const t_iparams forceparams[],

const rvec x[], rvec4 f[], rvec fshift[],

const t_pbc *pbc, const t_graph *g,

real lambda, real *dvdlambda,

const t_mdatoms gmx_unused *md, t_fcdata gmx_unused *fcd,

int gmx_unused *global_atom_index)

{

int i, ai, aj, ak, t1, t2, type;
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rvec r_ij, r_kj;

real cos_theta, cos_theta2, theta, dVdt, va, vtot;

ivec jt, dt_ij, dt_kj;

vtot = 0.0;

for (i = 0; i < nbonds; )

{

type = forceatoms[i++];

ai = forceatoms[i++];

aj = forceatoms[i++];

ak = forceatoms[i++];

theta = g96bond_angle(x[ai], x[aj], x[ak], pbc,

r_ij, r_kj, &cos_theta, &t1, &t2); /* 41 */

*dvdlambda += g96harmonic(forceparams[type].harmonic.krA,

forceparams[type].harmonic.krB,

std::acos(forceparams[type].harmonic.rA),

std::acos(forceparams[type].harmonic.rB),

theta, lambda, &va, &dVdt); /* 21 */

vtot += va;

cos_theta2 = gmx::square(cos_theta);

if (cos_theta2 < 1)

{

{

int m;
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real st, sth;

real cik, cii, ckk;

real nrkj2, nrij2;

real nrkj_1, nrij_1;

rvec f_i, f_j, f_k;

st = dVdt*gmx::invsqrt(1 - cos_theta2); /* 12 */

sth = st*cos_theta; /* 1 */

#ifdef DEBUG

if (debug)

{

fprintf(debug, "ANGLES: theta = %10g vth = %10g dV/

↪→ dtheta = %10g\n",

theta*RAD2DEG, va, dVdt);

}

#endif

nrij2 = iprod(r_ij, r_ij); /* 5 */

nrkj2 = iprod(r_kj, r_kj); /* 5 */

nrij_1 = gmx::invsqrt(nrij2); /* 10 */

nrkj_1 = gmx::invsqrt(nrkj2); /* 10 */

cik = st*nrij_1*nrkj_1; /* 2 */

cii = sth*nrij_1*nrij_1; /* 2 */

ckk = sth*nrkj_1*nrkj_1; /* 2 */

for (m = 0; m < DIM; m++)
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{ /* 39 */

f_i[m] = -(cik*r_kj[m] - cii*r_ij[m]);

f_k[m] = -(cik*r_ij[m] - ckk*r_kj[m]);

f_j[m] = -f_i[m] - f_k[m];

f[ai][m] += f_i[m];

f[aj][m] += f_j[m];

f[ak][m] += f_k[m];

}

rvec_inc(fshift[t1], f_i);

rvec_inc(fshift[CENTRAL], f_j);

rvec_inc(fshift[t2], f_k);

} /* 161 TOTAL */

}

return vtot;

}

We modified the existing harmonic potentials in Gromacs package. We ran our cal-

culations for Cyclohexane molecule running with both restraints; conventional harmonic

restrained molecule and stretch-bound harmonic restrained molecule. The results came out

with the same precision, as was expected, since the conformational changes that we study

in this project only include regions that are in some intrinsic restraints with other parts

of the molecule, and such changes are not as critical as a transition from ring to a linear

molecule. To sum up, we continue our calculations using the regular harmonic restraints.

It is recommended to apply the modified code in case there is a bond formation from a ring

to a linear segment of a molecule.

66



5.3 Application of R-FEP-R 2.0 on Cyclohexane

Figure 5.2: Cyclohexane. The left panel is an illustration of the cyclohexane molecule. The
right panel shows the “chair” and “boat” conformations of cyclohexane.

First we applied the R-FEP-R 2.0 method to estimate the free energy difference be-

tween the “chair” and “boat” conformations of cyclohexane. Cyclohexane is a cycloalkane

with the molecular formula C6H12. The most important shapes of a cyclohexane molecule

are “chair”, “half-chair”, “boat”, and “twist-boat”. And there are two geometric isomers

of the chair conformation. The cyclohexane molecule and its boat and chair conforma-

tions are illustrated in Fig.5.2. To simplify this toy model, we applied an improper dihedral

restraint that keeps the four carbon atoms — C4, C7, C13, and C16 — in a plane. This

improper dihedral restraint eliminates the probability of the “half-chair” and “twist-boat”

conformations of cyclohexane show up in our simulations. The plane that C4, C7, C13, and

C16 atoms are in becomes either the seat of the chair conformation or the bottom of the

boat conformation of cyclohexane. Furthermore, two (symmetric) dihedral restraints were

applied to restrain the dihedral angle between the seat/bottom plane and the plane defined

by carbon atoms C7, C10 and, C13 so that no geometric isomers of the chair conformation

exist any more in this study. The reference values and force constants of these dihedral

angle restraints are listed in Table.5.1. We applied umbrella sampling with replica ex-

change to estimate the free energy different between the chair and the boat conformations

of cyclohexane and the result serves as the benchmark. During the umbrella sampling,
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two (symmetric) dihedral restraints were applied to restrain the dihedral angle between the

seat/bottom plane and the plane defined by carbon atom C1, C4 and, C16. The conforma-

tion of the cyclohexane was gradually switched from the chair to the boat conformation by

totally 21 umbrella sampling windows evenly distributed between the initial and the final

states. All the reference values and force constants of these dihedral angle restraints to con-

strut the initial state (first window) and final state (last window) are listed in Table.5.1. The

free energy difference between these two endpoints states estimated by umbrella sampling

is 8.795±0.028 kcal/mol at a confidence level of 95%.

dihedral angle chair boat
C4 C7 C13 C16 (im) 180.0◦

C4 C7 C10 C13 −60◦

C16 C13 C10 C7 60◦

C7 C4 C1 C16 −60◦ 60◦

C13 C16 C1 C4 60◦ −60◦

Table 5.1: Definition of the initial (chair) and the final (boat) states of cyclohexane. The an-
gles are the reference values of the harmonic restraint applied to the cyclohexane molecule.
The force constant of each parabolic restraint is 500 kJ/mol/rad2 .

To directly compared with the umbrella sampling results, we chose the first and the last

windows of our umbrella sampling simulations as the initial and the final states of R-FEP-R

2.0, respectively. The atoms C1, H2, H3, H5, H6, H17, and H18 are grouped together as

the dual set, and all the other atoms are the share set. Before attaching the virtual restrained

dual set to the molecule cyclohexane, the bond length, bond angle interactions and proper

dihedral angle restraints between the atoms C4 and C1 (or the second copy of C1) are

removed. Following the procedure described by Fig.5.1, the free energy changes of each

term on the right-hand side of Eq.(5.2-6) are estimated by FEP with replica exchange. The

results are shown in Table.5.2. The free energy difference between the two endpoints states

estimated by R-FEP-R 2.0 is 8.809± 0.008 kcal/mol, which agrees with the benchmark

very well.
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∆G0 ∆GCL
vr ∆GD ∆GCL

rv ∆G1 ∆G
5.891±0.010 4.205±0.006 5.291±0.006 4.309±0.008 2.269±0.006 8.809±0.016

Table 5.2: R-FEP-R 2.0 to estimate the free energy difference between the constrained
chair and the constrained boat conformations of Cyclohexane.

5.4 Application of R-FEP-R 2.0 on Proteins

5.4.1 Overview of β -turn types and β -turn Roles in Kinase Conformational States

Beta-hairpin turns are important in protein structure, and they can exist as either a

separate motif or as part of a larger sheet structure. Beta-turns are known by a few char-

acteristics; beta-turns can have two to six residues (mostly 4 residues i, i+1, i+2, and i+4).

The distance between the first (Cα)i and (Cα)i+3 is supposed to be ¡7Å with an optional

hydrogen bond between their backbones.[68] Sometimes the two hydrogen bond is seen

between the side chain and the backbone of residues of a turn. There are currently eigh-

teen experimentally defined beta-turn types, with nine types of beta-turns conventionally

defined depending on the pattern of hydrogen bonding, the number of residues in the turn,

and the distribution of backbone phi and psi dihedral angles, with the largest category, type

IV, acting as a catch-all miscellaneous category. The types of beta-hairpin turns classified

thus far are type I, type I’, type II, type II’, type IV, type VIb, type VIa1, type VIa2, and

type VIII. Though the original classification of beta-hairpin turns consisted of only a few

categories, more in-depth guidelines have been produced as the understanding and tech-

nology surrounding beta- turns has grown, with Type VIII being the latest classification

of beta-turn added to the types.The turn types and the corresponding dihedral angle values

results in favored sequence preferences. Type I turns frequently have Asp, Asn, Ser, or Cys

at position i, Asp, Ser, Thr, or Pro at i+1 to restrict the phi angle to -60°, Asp, Ser, Asn, or

Arg at i+2, and Gln, Trp, or Met at i+3 to adopt the favored phi angle -90° and psi angle

0°.5,6 Type I’ turns occur most often in short beta-hairpins, and Tyr, Val, or Ile is most

favored in position i with Asn, Asp, or Gly favored in i+1 to achieve the favored phi angle
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of -60°, Gly favored in i+2, and Lys favored at position i+3.5 Type II is characterized by a

preference for Pro at i+1, Gly or Asn at i+2, and Gln or Arg at i+3.5 Type II’ beta-hairpin

turns are frequently part of short hairpin turns, though they can be seen in longer turns;

furthermore, the residues preferred in the hairpin turn are Tyr or Val at position i, Gly in

position i+1 to constrain the phi angle to +60° and the psi angle to -120°, Asp, Asn, or Ser

at position i+2 to restrain the phi angle to -80° and the psi angle to 0°, and Thr or Gly in

position i+3.5,6 Type VIII is the most commonly occurring non-classic beta-hairpin turn,

and the residues Pro and Gly are preferred at position i, Pro is preferred at position i+1

to achieve the favored phi angle of -60°, Asn and Asp are preferred at position i+2, and

the residues Pro and Thr are preferred at position i+3 to further restrict the conformation.

Type VI turns are not common, thus there is not enough data collected about this type of

turn to conclude the preferred residues or dihedral angles.6 As previously stated, type IV

beta-hairpin turns are a collection of turns that do not fit into any other previously defined

category.[69–72]
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5.4.2 Calculation of the Free Energy Difference Between β -I and β II States of Ubiq-

uitin

(a) β -turn flip (b) Dual set in R-FEP-R 2.0

Figure 5.3: (a) Type-I β turn and type-II β turn. The D52/G53 peptide plane rotates 180◦

during the β turn exchange. The carbonyl group of D52 and the ’N-H’ group in the back-
bone of E24 form a hydrogen bond in the β -I state; the carboxylate anion group in the side
chain of E24 and the ’N-H’ group in the backbone of G53 form a hydrogen bond in the β -II
state. (b) Atom types and atom numbers of the dual set in the R-FEP-R 2.0 calculation. The
atoms No. 830 – 844 (15 atoms) are grouped together as the dual set.

5.4.2.1 Introduction to Ubiquitin

Ubiquitin is a 76-residue protein, attaches other proteins in cell to begin Ubiquitylation,

to regulate cell immune functions. Its structure is globally folded in β -sheets, helices, and

loops: β1,β2,α1 (α-helix),β3,β4,α2 (α310-helix),β5.

Different conformational states have been observed for Ubiquitin, experimentally and

computationally with a dominant conformation (a). Another most populated conformation

is conformation (b) Structural comparison of two conformations indicates that the main

difference between the two states is around region E51-R54 (loop β4-α2), where the peptide

bond connecting residues D52-G53 is flipped between conf (b) and (a). This peptide plane

flip is accompanied with a change of beta-turn type I in conf (b) to beta-turn type II in conf

(a). 1 helix and 4-2 loop are internally connected by two hydrogen bonds: I23HN...R54CO
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and D52CO...E24HN. The D52CO...E24HN is disrupted upon formation of a type II (conf

(a)) beta-turn, and in turn G53HN. . . E24O hydrogen bond is formed. The new h-bond

stabilizes the conf (a). Average RMSD between two structures (Conf (a): 3NHE chain B,

Conf (b): 1UBQ): (0.470 Å excluding C-tail, 0.477Å including C-tail)

5.4.2.2 How the Conf (a) and Conf (b) conformations relate to the function of Ubiq-

uitin?

One class of proteins’ post modifications involves the covalent attachment of an en-

tire protein to lysine side chains on a target protein. For instance, ubiquitin a 76 amino

acid-protein (¿ 100 times the molecular weight of a single phosphate group) found in all

eukaryotes is covalently attached to lysine side chains in a process known as ubiquitina-

tion (or ubiquitylation) by a peptide like bond known as an isopeptide linkage.6+ A protein

could be modified by the attachment of one or more ubiquitin monomers or any of the

different types of polyubiquitin chains. The ploy ubiquitin chains can occur because ubiq-

uitin itself has seven lysine residues each of which can be ubiquitinated. Ubiquitin can also

be attached to the end terminal of another ubiquitin resulting in linear polymer ubiquitin

proteins. As a result, there are eight different types of poly chains. One of the Ubiquitin

functions is targeting of proteins for degradation by covalent attachment of a K48 linked

polyubiquitin chain. The K48 linked chain is recognized by the proteasome which cuts the

protein into short peptides in contrast modification with K 63 linked polyubiquitin chains

that modulates the activities of proteins with critical roles in the DNA damage response

and in the inflammatory response. Other function of ubiquitin is changing the function of a

protein by localizing a protein or changing a protein-protein interaction in a target protein.

Against the ubiquitination, proteases regulate cell signal transductions by removing a

ubiquitin from a target protein in a process known as deubiquitination. The Ubiquitin-

specific-proteases (USP) reverse the Ubiquitination by hydrolyzing the isopeptide bond

between the ubiquitin tag and a target protein. According to the pdb structures in which the
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USP co-crystallized with ubiquitin, the peptide bond (D52-G53) is in interaction with the

E24 (called NH-In state). The USP binding at the interface is correlated to the D52-G53

peptide bond allosterically although the interface is in 6 from the binding interface. In the

same report, mutations at D52 and G53 where the NH-In is not able to form a type-II beta

turn, the USP showed a weaker binding to Ubiquitin.

As a first application, we applied the R-FEP-R 2.0 method to estimate the conforma-

tional free energy change of a β -turn flip[73, 74] in the protein Ubiquitin. Ubiquitin is

a small regulatory protein that consists of 76 amino acid residues. Previous studies show

that the loop connecting the 310 helix and the β4 strand of Ubiquitin switches between

two conformational states distinguished by the types of the β -turn that consists of amino

acid residues E51, D52, G53 and R54.[75–78] As shown in Fig.5.3(a), the peptide plane

between the residues D52 and G53 rotates ∼ 180◦ during this conformational exchange

between the type-I β turn and the type-II β turn conformations. For the sake of simplicity,

we will refer to these two states as the β -I and β -II states, respectively. Previous studies

also found that the conformation of this β -turn is allosterically coupled with motion of the

binding interface of Ubiquitin. The β -II state is universally associated with the binding to

the ubiquitin-specific protease (USP) family of deubiquitinases.[77]
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Figure 5.4: Dihedral angles of the residue D52 and G53 observed in a 8 µs simulation of
Ubiquitin.

We ran a 8 µs long brute force simulation of Ubiquitin in solvent starting from the

β -II state. The trajectories of dihedral angles of the residue D52 and G53 are plotted in

Fig. 5.4. The trajectories of φ (G53) and ψ(D52) clearly reveal that two conformational

states exist and the system underwent multiple transitions (∼ 7 round trips) during the 8

µs MD simulation. Both dihedral angles, φ (G53) and ψ(D52), rotate by about 180◦ during

the transitions between these two states. On the contrary, no large changes (more than

thermal fluctuations) of the other two dihedral angles, φ (D52) and ψ(G53), are observed

during the whole trajectory. According to the definition, the (φ (D52) ∼ −60◦, ψ(D52) ∼

−30◦, φ (G53) ∼ −90◦, ψ(G53) ∼ 0◦) state corresponds to the type-I β -turn conformation;

and the (φ (D52) ∼ −60◦, ψ(D52) ∼ 150◦, φ (G53) ∼ 90◦, ψ(G53) ∼ 0◦) state corresponds to

the type-II β -turn conformation. Apparently, The β -I state is much more stable than the

β -II state. The free energy difference between these two states ∆GI,II is about 1.86±0.30
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kcal/mol estimated by their populations (the population ratio is∼ 22.5 : 1). The uncertainty

is roughly estimated by dividing the 8 µs trajectory into four equally long blocks and

calculating the standard error of the mean.

A more accurate benchmark for the conformational free energy difference between the

β -I and the β -II states of Ubiquitin can be estimated by umbrella sampling with replica

exchange. The two backbone dihedral angles φ (G53) and ψ(D52) are chosen as the natu-

ral collective coordinates. In Fig.5.5, we show the β -I and the β -II states of Ubiquitin in

the Ramachandran map by using the data obtained from the brute force simulation. To

construct the initial state (window) for umbrella sampling, we applied two parabolic re-

straints of which the vertices are located at φ
(G53)
0 = 90◦ and ψ

(D52)
0 = 150◦ to restrain

the Ubiquitin molecule in the β -II state. The free energy change of applying these re-

straints on the free Ubiquitin molecule in the β -II state is 1.130± 0.013 kcal/mol esti-

mated by FEP with replica exchange. However, there are multiple choices of paths along

which to add umbrella sampling windows that lead to the β -I state of Ubiquitin because

the Ramachandran map is periodic. Note that four different pathways exist to connect the

nearest neighboring β -I state and its images with every β -II state in such a periodic map

(see the illustration in Supporting Information). The range of values of dihedral angles

is [−180◦,180◦] in GROMACS.[79] In Fig.5.5, the region −180◦ < φ (G53) < 1800 and

−180◦ < ψ(D52) < 180◦, which will be referred to as the central cell in the periodic map,

is marked with light cyan. Here we chose the β -II state in the central cell as the initial state

and show the β -I state in the central cell and its first image on the right side of the central

cell. The pathways connecting the β -II state and these two possible final states correspond

to rotating the dihedral angle φ (G53) clockwise and counterclockwise, and they are referred

to as the bridge A and the bridge B, respectively.
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Figure 5.5: Pathway of umbrella sampling. The β -I and β -II states are plotted in the
Ramachandran map of the two backbone dihedral angles φ (G53) and ψ(D52) by using the
data obtained from the brute force simulation. The β -II state was chosen as the initial state
for umbrella sampling. There are four nearest neighboring β -I states around the initial state
because the Ramachandran map is periodic. The β -I state in the central cell that is filled
with light cyan and the first image on its right side is shown in this picture. The pathways
connecting the initial state and these two final states in umbrella sampling are referred to
as the bridge A and the bridge B, respectively.

We connected the two endpoint states by adding 31 umbrella sampling windows along

the bridge B because this bridge is the actual transition pathway observed in our long brute

force simulation and presumably has a lower free energy barrier. To construct the final

state (window) for umbrella sampling, we applied two parabolic restraints that are located

at φ
(G53)
0 = 270◦ and ψ

(D52)
0 =−300 to restrain the Ubiquitin molecule in the β -I state. The

free energy change of applying these restraints on the free Ubiquitin molecule in the β -I

state is 1.022± 0.009 kcal/mol estimated by FEP with replica exchange. The free energy

difference between the initial state (the first window) and the final state (the last window) is

−2.07±0.09 kcal/mol estimated by umbrella sampling. The results of the FEP simulations
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and the umbrella sampling simulation connecting the initial and final states through bridge

B are shown in Fig.5.6. Finally, the estimate of the free energy difference between the β -I

and β -II states of Ubiquitin ∆GI,II is 1.97± 0.09 kcal/mol, which was estimated by sum-

ming of the other three legs in the thermodynamic cycle in Fig.5.6. This result agrees with

the estimate obtained from the long brute force simulation. See Supporting Information for

more details about the setup and analyses for the umbrella sampling simulations.

Figure 5.6: Thermodynamic cycle to calculate the free energy difference between the β -I
and β -II states of Ubiquitin ∆GI,II . The unit of free energy changes is kcal/mol.

We chose the first and the last windows of the umbrella sampling as the initial and

the final states of R-FEP-R 2.0, respectively. The atoms No. 830 – 844 (15 atoms) are

grouped together as the dual set (see Fig.5.3(b)), and all the other (1216) atoms are in

the shared set. The bond length, bond angle, improper dihedral angle interactions and

proper dihedral angle restraints between the atoms N840 and C842 (and the second copy

of N840 and C842) were broken and bonded during the R-FEP-R 2.0 calculations. The

free energy terms on the right-hand side of Eq.(5.2-6) were estimated by FEP with replica

exchange, and the results are shown in Table5.3. The free energy difference between the

two endpoint states ∆G estimated by R-FEP-R 2.0 is −1.92± 0.17 kcal/mol. Finally, the

free energy difference between the β -I and β -II states of Ubiquitin ∆GI,II is 1.81± 0.17
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kcal/mol, which agrees with both the brute force simulation and the umbrella sampling.

See Supporting Information for more details about the setup and analyses for R-FEP-R 2.0.

∆G0 ∆GCL
vr ∆GD −∆GCL

rv −∆G1 ∆G
10.43±0.07 32.45±0.03 −9.17±0.10 −25.24±0.02 −10.39±0.12 −1.92±0.17

Table 5.3: R-FEP-R 2.0 to estimate the free energy difference between the restrained β -I
and β -II states of Ubiquitin. The unit of free energy changes is kcal/mol.

5.5 Comparing R-FEP-R 2.0 with Umbrella Sampling

The FEP simulation that estimates ∆GCL
vr is the most difficult step to converge. It took

200 ns equilibration until the estimates of ∆GCL
vr reached a plateau (see Supporting Informa-

tion). During this FEP simulation, the virtual dual-VR set changed from two “side chains”

to a full loop when λi in Eq.(5.2-5) changed from 0 to 1. The major free energy change

introduced by closing the loop can be broken down into two parts. The first part is the

free energy change of adding the bond length, bond angle, improper dihedral angle inter-

actions and proper dihedral angle restraints between the atoms N840 and C842. The other

part comes from the disturbance to the global structure because of the length difference

between the dual loops. The equilibration time for the second part of free energy change is

expected to be much longer than the first part because many atoms are likely involved. In

the case of Ubiquitin, the two ends of dual parts are attached to the atoms N828 and C845

in the shared part. We found that the distance between these two atoms decreased slightly

from 0.555±0.001 nm to 0.526±0.001 nm when averaged over 1 ns intervals during the

first 50 ns simulation at the state that the loop is fully closed (see Supporting Information).

It is understandable that FEP simulation that estimates ∆GCL
rv is much easier to converge

because the dual-RV loop is looser compared to the dual-VR loop. Furthermore, the longer

equilibrating time of ∆GCL
vr suggests that the decrease of the distance between N828 and

C845 causes changes more than local structure and might play a role in the allosteric sig-

naling in Ubiquitin.
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As mentioned previously, the success of applying umbrella sampling to measure the

conformational free energy changes can strongly depend on the choice of the collective

coordinates and the pathway connecting the initial and the final states. To demonstrate this

disadvantage, we ran umbrella sampling a second time but using the bridge A shown in

Fig.5.5 to connect the β -II state and the β -I state of Ubiquitin. Like the first umbrella sam-

pling, 31 additional windows were added between the initial and the final states (windows)

evenly. The estimated free energy difference between the endpoint states of the second

umbrella sampling is +5.05±0.18 kcal/mol. To explore the cause of this obviously wrong

estimate, we compare the final states of both umbrella sampling simulations and the β -I

state of Ubiquitin observed in the brute force simulation. The comparisons of the distri-

butions of dihedral angles of the residue D52 and G53 are shown in Fig.5.7. As can be

seen, the distributions of φ (G53) and ψ(D52) of the final states of both umbrella sampling

agree with those distributions of the β -I state observed in the brute force simulation. This is

understandable because of the parabolic restraints applied during both umbrella sampling

simulations. The distributions of φ (D52) and ψ(G53) of the final states of the first umbrella

sampling along the bridge B also agree with those distributions of β -I state observed in the

brute force simulation. However, there is one additional peak in the distribution of φ (D52)

and ψ(G53) of the final states of the second umbrella sampling compared with the other two

cases, which explains the wrong estimate of the conformational free energy change when

using the bridge A to set up umbrella sampling.

The bridge B is a better pathway along which to set up umbrella sampling. It is well

known that the transition between the type-I and type-II β -turn only causes little structural

changes to the surrounding side chains and peptides at the endpoint states.[74] During the

umbrella sampling, we forcibly rotated the φ (G53)and ψ(D52) from the initial state to reach

the final state in the Ramachandran map. We found that rotating the peptide along the

bridge A causes much larger disturbances to the surrounding peptides than the bridge B,

which explains that unwanted conformational states other than the β -I state survived at the
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final state of the umbrella sampling simulation that was set up along the bridge A. Because

free energy is a state function, it is possible to obtain the correct estimate of the free energy

difference between the β -I and β -II states based on the data generated from the umbrella

sampling that was set up along the bridge A by removing unwanted conformational states

and adding artificial restraints at certain states (windows) of umbrella sampling,[80, 81] but

that is beyond the scope of this article.

Figure 5.7: Comparisons of the distributions of the four dihedral angles of the residue
D52 and G53 from the final states of both umbrella sampling simulations and the β -I state
observed from the brute force simulation.

This practice exposes the pitfalls of setting up pathways for umbrella sampling simula-

tions. Mistakenly choosing the bridge A, which might be a more intuitive choice without

knowing the actual physical pathway because the bridge A is in the central cell, to connect-

ing the initial and the final states in umbrella sampling causes at least two issues. Firstly, it

is a pathway crossing higher free energy barriers compared with the bridge B because such
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transitions are rarely observed in the brute force simulation. Umbrella sampling simula-

tions along a pathway crossing higher free energy barriers usually require more simulation

time or more windows to converge. Furthermore, choosing the bridge A as the pathway for

umbrella sampling guides the simulation to a different destination instead of the final state

of interest. These issues are hidden when the system is projected onto a low dimensional

space by using collective variables. For instance, we only discovered that the umbrella

sampling using the bridge A partially ended at an undesired conformational state after ex-

amining the distributions of dihedral angles φ (D52) and ψ(G53), which are not the chosen

collective coordinates. The same pitfall exists for other advanced sampling algorithms that

strongly rely on a good choice of collective variables and pathways.

5.6 Application of R-FEP-R 2.0 to Protein Kinase Domains

To apply the R-FEP-R 2.0 on any system including protein kinases, two steps should

be taken care of; 1) Determine the end states representative of initial and final basins 2)

Determination of Shared and Dual atoms

Besides the GRL-DFG close contact mentioned above, there are some other contacts

seen between the GRL and residues along the last part of the activation loop. These types

of contacts might be formed/broken several times because the activation loop fluctuates

over the time. The GRL-Activation loop is not considered in GRL restraints implemented

so far, because we assumed that the conformation of activation loop is sufficiently sampled

in over the course of simulation.

5.6.1 Determination of Dual and Shared Atoms for the Minimally-Perturbed Con-

formational State

To determine dual sets’ and shared set’s dual atoms, structural differences going be-

tween the two end-states of interest should be studied before any calculation. The simplest

way is to measure the RMSD over the backbone of the kianse domain regarding a reference
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structure. Besides, for each conformational basin there are a number of structural variabil-

ities observed over the crystallized structures counted in a desired basin. These structural

fluctuations are recommended to be fully investigated. Generally speaking, some structural

differences are related to the functionality of a kinase and they are not sampled easily. In

contrast, some are sampled in the room temperature back and forth, because of the dynamic

nature of biological systems.

As mentioned earlier, Minimally-Perturbed conformation state is a transient conforma-

tion in which the DFG is found in -out orientation, but the folding of the activation loop

is in extended state. We looked closely at all available structures in Minimally-Perturbed

basin to find other structural differences between all members of the basin. The summary

of our observations is as follows: 1. The E-K saltbridge is broken in 50”% of the times.

2. The activation loop is not always extended as how it is normally in the active conforma-

tion. We classified the activation loop in 6 groups. 3. The conformation of P-loop is mostly

extended, except the Abl kinase. 4. The dihedral orientation of DFG motif is not always in

BBAminus (according to Dunbrack’s) as how observed in DFG-out classically folded.

So for estimation of free energy cost associated with the DFG-flip (transitioning from

DFG-in active to DFG-out Minimally-Perturbed), the ideal case is to pick up end-states that

are different only around the DFG motif. It is recommended to pick up the two end-states

that are not different in other segments except in around DFG motif. It is recommended to

pick up the pdbs that don’t undergo break of salt-bridge or refold of the activation loop.
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CHAPTER 6

APPLICATION OF COMPUTATIONAL METHODS IN

PREDICTION OF LIGAND BINDING AFFINITY

6.1 Computational Methods to Calculate the Free energy of Binding

Over the past decades scientists have been working to design efficient and potent in-

hibitors in order to treat various diseases such as cancers, inflammatory, etc by inhibit-

ing target proteins responsible for the cause of disease. The application of computational

Chemistry and Biophysics in structure-based pipelines along ligand-based drug design

pipelines saves a lot of time and cost in drug discovery. For instance, lead optimization

in computer-aided drug discovery (CADD) projects can take advantage of computational

methods to calculate binding free energies. By so, one can predict the binding affinities

of drug candidates before experimental examinations. It also helps to develop ideas of

designing more potent and efficient drugs by understanding the molecular basis of the dif-

ference of two compounds in affinity which could benefit optimization. However, there

is still room to improve the current free energy methods for a more accurate estimation.

Besides, there is still a lot of room to understand the allostery and conformational selection

of proteins in binding processes. The physics-based methods has been beneficial to un-

derstanding the conformational stability of molecules/macro-molecules and calculating the

free energy costs. The conformational free energy methods can shed light on learning the

mechanism of selection and binding events by providing useful information on probability

of finding a state and calculation of protein-ligand free energies. Recently, conformational

free energy calculations are proven to play an important role in kinases signaling cascade
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and their corresponding inhibitor development. Molecular modeling approaches like free

energy perturbation and WaterMap are also popular for lead optimization. Also despite the

regular static information taken from crystallography, by applying the free energy calcula-

tion methods, we can get insight about the dynamics of the system in order to explore the

structure-function relationships of proteins.

6.2 Estimate the Reorganization Free Energy by Physical Pathway

Methods

6.2.1 Brute Force MD Simulations

A long brute-force MD simulation can be informative if there is a sufficient number

of transitions observed between the conformational states back and forth. However there

is a great need for the computational resources to sample the whole conformational space

of a biological system. Also the system encounters change of protonation state which is

not observable regarding the Newtonian laws of motion or generally speaking the funda-

mentals of molecular dynamics simulation. In 2013 a long (5 ms) unbiased simulation was

performed for EGFR protein kinase domain, in which the transition between the DFG-in

and DFG-out is sampled. [28] However such conformational sampling can help to give

some insights about thermodynamics of the system when a reasonable number of transi-

tions are observed between the states. Running brute force MD simulation is not always

recommended, since it is very expensive and .

6.2.2 Umbrella Sampling and Reorganization Free Energy Change of Abl and Src

Family Kinases in Gleevec Bound States

The conformational transition of active (DFG-in) to inactive (DFG-out) of Abl family

kinase vs Src family kinase was sampled by Umbrella Sampling. The collective variables of

these calculations were chosen based on a set of atoms forming a pair of improper dihedral
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atoms. The results are based on two systems; One is when the D from DFG is de-protonated

(in agreement with DFG-in state), and the other when the D is protonated (in agreement

with DFG-out state). In this calculation the free energy difference for the conformational

transition of DFG-flip was estimated in both systems. [25, 82, 83] (see Fig. 6.1 )

Figure 6.1: Abl (left) and Src (right) bound to Gleevec.

Along the Brute force MD simulation and US, other methods, such as MetaDynamics

and Markov State Modeling (MSM) have been applied extensively. Although these meth-

ods are very useful, they all require spending great amount of time and effort to define an

appropriate set of reaction coordinates or transition pathway between the two conforma-

tional states of interest.

As mentioned above, umbrella sampling simulation was adopted to study the confor-

mational transition between DFG-in active state and the simplest DFG-out state when the

DFG-D is flipped from -in to -out. We have tried to generate an initial pathway after

homology modeling of a combination of DFG atoms obtained from selected structure in

metadynamics simulation and other atoms from its original PDB. After performing the

MD simulations, the simulations did not converge after roughly 50 ns per lambda (50 ns

x 40 lambdas). Also the PCA analysis of selected distance pairs and Kullback leibler di-

vergence analysis of the biased collective variables (see [35]) indicate a significant lack

of convergence. In summary, the physical pathway methods have difficulties in sufficient

sampling of kinase domain conformations.
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6.2.3 Application of Thermodynamic Cycle

Figure 6.2: Model thermodynamic cycle to calculate the ligand-protein binding affinity.

Despite the physical pathway methods, an alchemical method doesn’t require any pre-

determined collective variables or transition pathway. Thus, an alchemical pathway such

as R-FEP-R will be a potential solution in order to estimate the binding affinity between

a ligand and a target protein when a conformational change occurs after ligand binding.

Fig. 6.2 shows a model thermodynamic cycle representative composed of 4 legs that a

summation of left, right and middle legs can result into an e ligand binding affinities when

there is a conformational change
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CHAPTER 7

OTHER WORKS

7.1 UWHAM and SWHAM Software Packages

Introduction

The weighted histogram analysis method (WHAM) algorithm[84, 85] is widely applied

to estimate the density of states and free energy differences based on the data generated by

multi-state simulations. Multi-state simulations are popular advanced sampling algorithms

that are applied in computational biophysics and computational chemistry. For example,

the temperature replica exchange method is extensively applied to explore the configura-

tional space of biomolecules; the umbrella sampling method is applied to construct free

energy landscape of a system on chosen reaction coordinates; the free energy perturbation

and Hamiltonian replica exchange method are powerful tools used to estimate the binding

affinities of ligands and proteins for small-molecule drug discovery. [47, 86] The WHAM

algorithm is the standard tool to analyze the data generated by these multi-state simulations.

Consider the simulation at each state as a measurement of density of states, the WHAM al-

gorithm answers the question what the best estimate of density of states is if measurements

have been taken at multiple states.

Since its introduction in 1992, the WHAM algorithm has been examined and studied

by several research groups.[87–92] The most important improvement of WHAM is that an

unbinned WHAM version named the multi-state Bennett acceptance ratio (MBAR) or the

binless WHAM (UWHAM) was introduced.[93, 94] Compared with the original WHAM,
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which coarse-grained observations into bins of a histogram, the binless WHAM provides

the estimate of density of states for each data point therefore increasing the statistical pre-

cision and importantly, estimating the density of states provides a connection with the po-

tential distribution theorem.[5, 95]

Complementary to the study of WHAM itself, how to solve WHAM equations effi-

ciently in practice is another topic that has been an object of research.[96–99] In fact, this

topic became more challenging and more urgent after the introduction of binless WHAM

because of the dramatic increase of the number of variables without coarse-graining. In

Ref.[93], Tan et al. proposed to solve the UWHAM equations by minimizing a convex func-

tion. To further remove the computational bottleneck in scaling up UWHAM, we devel-

oped methods called stochastic UWHAM (SWHAM) which solve the UWHAM equations

stochastically by using generalized ensemble algorithms to resample the data collected at

multiple states.[100, 101] One important assumption of applying WHAM is that the data

obtained from each state has already reached global equilibrium. However, sometimes this

assumption does not hold if the barriers between free energy basins are high at some of

the states and the simulation times are not long enough. We developed a method called

Stratified-UWHAM[80] to analyze the data generated by multi-state simulations when the

simulations at some states are far from equilibrium.

The purpose of this paper is to introduce the UWHAM and SWHAM software package

developed by our group. The programs used to solve the UWHAM equations are written in

the C++ language and operated via the command-line interface. The basic solver solves the

UWHAM equations by either a direct iteration method or minimization of a convex func-

tion. When the data ensemble is large, we show that the multi-state free energies can be ob-

tained directly by running serial tempering-like SWHAM (ST-SWHAM), which resamples

the raw data by applying the serial tempering (ST) protocol; the multi-state distributions

can be obtained directly by running replica exchange-like SWHAM (RE-SWHAM), which

resamples the raw data by applying the replica exchange (RE) protocol. If the simula-
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tions at some states are far from convergence, the multi-state distributions can be estimated

by Stratified RE-SWHAM. Local WHAM,[101] which is a variant of ST-SWHAM that

couples the adjacent states by a stochastic resampling procedure, is also included in this

software package. The remaining part of the paper proceeds as follows: First, we briefly

review the theoretical basis of UWHAM and SWHAM. Then we introduce the tutorial

examples on the web page of the UWHAM and SWHAM software package.
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A B S T R A C T

Background: Kinases are a family of enzymes that catalyze the transfer of the !-phosphate group from ATP to a
protein's residue. Malfunctioning kinases are involved in many health problems such as cardiovascular diseases,
diabetes, and cancer. Kinases transitions between multiple conformations of inactive to active forms attracted
considerable interest.
Method: A reaction coordinate is computed for the transition between the active to inactive conformation in Abl
kinase with a focus on the DFG-in to DFG-out !ip. The method of Rock Climbing is used to construct a path
locally, which is subsequently optimized using a functional of the entire path. The discrete coordinate sets along
the reaction path are used in a Milestoning calculation of the free energy landscape and the rate of the transition.
Results: The estimated transition times are between a few milliseconds and seconds, consistent with simulations
of the kinetics and with indirect experimental data. The activation requires the transient dissociation of the salt
bridge between Lys271 and Glu286. The salt bridge reforms once the DFG motif is stabilized by a locked con-
formation of Phe382. About ten residues are identi"ed that contribute signi"cantly to the process and are in-
cluded as part of the reaction space.
Conclusions: The transition from DFG-in to DFG-out in Abl kinase was simulated using atomic resolution of a
fully solvated protein yielding detailed description of the kinetics and the mechanism of the DFG !ip. The results
are consistent with other computational methods that simulate the kinetics and with some indirect experimental
measurements.
General signi!cance: The activation of kinases includes a conformational transition of the DFG motif that is
important for enzyme activity but is not accessible to conventional Molecular Dynamics. We propose a detailed
mechanism for the transition, at a timescale longer than conventional MD, using a combination of reaction path
and Milestoning algorithms. The mechanism includes local structural adjustments near the binding site as well as
collective interactions with more remote residues.

1. Introduction

Kinases form one of the largest family of enzymes. In the human
genome, there are about 500 predicted protein kinases. They catalyze
the transfer of the !-phosphate group from ATP to the hydroxyl group
of a serine, threonine or tyrosine residue, a type of transfer that is found
in many biological processes. Malfunctioning kinases are involved in
many major human health-related problems such as cardiovascular
diseases, diabetes, and cancer. Despite their diversity of function, the

structure of their catalytic domain is shared across the kinase family.
Roughly, the kinase domains consist of an N-lobe, and a C-lobe con-
nected by a !exible hinge region (Fig. 1). The active sites consist of
three conserved structural elements: the activation loop (A-loop), the
Asp-Phe-Gly (DFG) motif, and the !C helix (which is part of the N-lobe).
These conserved structural elements make it challenging to design a
drug that would be speci"c to only one kinase. Nevertheless, such a
design is desirable to minimize unwanted, yet likely side e#ects, given
the high structural similarity of members of this family.
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Nevertheless, the drug imatinib [1] was found to be selective and
inhibit BCR-Abl but not c-Src. Understanding the origin of this se-
lectivity is of signi"cant interest and potential for enhancing drug de-
sign e#orts [2]. An intriguing proposal [3] explains the selectivity using
variation in active site !exibility and binding of the drug to the inactive
kinase conformation. However, a recent experiment suggests that the
selectivity of imatinib toward Abl-kinase and not Src-kinase is a result
of a slow conformational change that occurs after ligand binding [4].
The importance of the DFG !ip to selectivity is therefore in doubt.
Nevertheless, the FG must change a structure at some step along the
reaction to allow the entrance of the inhibitor to the active site.

Only kinases that are able to form DFG-out (inactive) conformation
can open up a pocket to facilitate binding to the imatinib. Supporting
evidence for a high activation loop conformational !exibility emerged
from X-ray crystallography (signi"cant variations were observed in
many structures of kinase proteins) [5]. Also illustrating diversity are
NMR spectroscopy [6], and molecular simulations [7–11].

There have been numerous experimental studies to estimate the rate
of transition between DFG-in and DFG-out for di#erent members of the
kinase family. It was argued that the operating mechanism of the en-
zyme is in!uenced by the rate of the DFG !ip. The early evidence for
this mechanism came from the experimental observations of the sig-
ni"cant di#erences between the rates of binding of inhibitors to the
DFG-out and the DFG-in states in P38 kinase. While the DFG-in in-
hibitors binding is quite fast and within the di#usion-controlled regime,
the rate for DFG-out inhibitors were orders of magnitude slower [6]
[12–14],. This observation suggests that DFG-in states are more popu-
lated in equilibrium. Kinetic may also play a role. If the rate of transi-
tion between the protein conformations is fast, the drug can always "nd
a ready conformation to bind, and the ratio of the unbound population:
[DFG-in]/[DFG-out] remains the same. If the rate is slow a shift in the
conformation of the unbound protein will be observed and the binding
of the inhibitors to one of the states may slow down if saturation of
proteins bound to ligands is reached.

In an NMR study [15], it was shown that the binding of di#erent
inhibitors can in!uence the dynamics of the DFG motif in Abl-kinase. A
wide range of timescales was suggested for the dynamics of di#erent
residues in presence of di#erent inhibitors. However, determining the
accurate time scale of the DFG !ip remains challenging due to the lack

of signal for some key residues from DFG motif and activation loop. In
another study [6], probing the kinetics of the DFG-!ip in NMR mea-
surements for P38 kinase, the observed experimental line-shape is very
broad and indicates an intermediate time scale on the NMR time scale
(milliseconds). In a combined experimental and computational paper,
the time scale of imatinib binding, under a variety of perturbations, was
estimated to be in the range of ten milliseconds [9]. A recent study
combines NMR and tryptophan !uorescence on imatinib binding to
Abl-kinase and observes two time-scales for the binding event [4]. One
time-scale is at, or below a few milliseconds and a second time is of 100
milliseconds to seconds [4]. The process with a slower time scale was
identi"ed as a large conformational transition. The shorter time scale is
assigned to a local binding event. If we assume that the local and fast
event of imatinib binding to Abl kinase is associated with the DFG !ip,
we can obtain an indirect estimate of the time scale ~2 ms, as we il-
lustrate in the discussion.

Summarizing experimental results of particular relevance to the
present study, these studies shared the following observations (i) DFG-
in state is more populated than DFG-out state in Abl kinases for un-
protonated Asp381and (ii) Some indirect evidence is available that the
timescale for the !ip DFG-in to DFG-out in kinases is in the millisecond
time scale.

Computational studies are in general agreement for the slightly
larger stability of the DFG-in active conformation compared to DFG-out
state in Abl kinase with Asp 381 unprotonated [10,16,17]. However,
the study of kinetics is more restricted due to limitations on conven-
tional MD. A recent study of Abl kinase, using MD and the Markov State
Models [8] (MSM) suggest a time scale for the transition of milliseconds
[4]. However, the statistics of transitions was small. This estimate is
consistent with conventional MD simulations that were not able to
sample the DFG-in and DFG-out transition on hundreds of nanoseconds
simulation time without an assisting mutation (M290A) [9]. The kinetic
of the DFG-in to DFG-out transition is an important component of the
Abl kinase activity. It is therefore of interest to further investigate the
mechanism of the transition and quantify the time scale of the process.

In the present manuscript we combine a reaction path algorithm
(Rock Climbing [18]) with the theory and algorithm of Milestoning to
study kinetics of the DFG !ip and compute the mechanism and the rate
of the transition in Abl kinase.

2. Material and methods

2.1. Choice of reactant and product structures

The reaction path approach that we use requires as input the con-
formations of the two end states, the reactant and the product [18].
Given the richness of crystallographic structures of kinases and speci-
"cally of Abl kinases the choice of the end structures requires discus-
sion.

The “classical DFG-out” cluster of structures in the PDB (with ~200
structures) is the most prevalent inactive state observed among kinase
structures with DFG-out, in which the activation loop(A-loop) is fully
folded/closed [19]. The second most populated cluster of DFG-out in-
active structures is a cluster we refer to as “DFG-out minimally per-
turbed”, and 2G2F is a member of this cluster. The root-mean-square
deviation (RMSD) of the activation loop over all DFG-out inactive
structures with respect to 2F4J which is a representative of an active
kinase with the A-loop extended in the active conformation, indicates
that the A-loop in the DFGout-A-loopminimally-perturbed cluster di#ers by
1–5 Å from 2F4J, in contrast to the large range variation of between 11
and 19 Å in the classical DFG-out cluster (Ref structure: 2F4J chain A).
Representatives of the DFGout-A-loopminimally-perturbed cluster have been
observed for 11 kinase families, and Abl (with ~10 unique pdbs) is the
most observed family among them.

The Protein Data Bank (PDB) structures of the Abl kinase with ac-
cession codes of 2F4J [20] and 2G2F21 were used as active (reactant)

Fig. 1. A schematic representation of the Abl kinase protein. The active and
inactive states of the activation loop is shown in yellow and red, respectively.
The C helix is green. The magni"ed region shows the start of the activation loop
that includes the DFG switch. The image was generated by the software VMD
[29].
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and inactive (product) conformations, respectively. We picked two
conformations that are not profoundly di#erent with the exception of
the activation loop, making it possible for us to focus on the transition
of the DFG motif. For example, there is no signi"cant shift of the !C
helix between the two states. In previous studies it was also shown that
the inactivated set of structures is highly !exible (see for instance
[8,19]). A signi"cant number of structures are sampled with conven-
tional Molecular Dynamics (MD) in the !exible state and it is likely that
a single pathway calculation assisted with unbiased trajectory sampling
of Milestoning (section 2.3) will probe the transition network.

The structures were solvated separately with TIP3P water molecules
and salt concentration of 0.15 M (NaCl). The systems consist of
~45,000 atoms. All the simulations have been conducted with the
NAMD program [22] and the CHARMM36 [23] force"eld has been
used. Periodic boundary conditions were used, and the system was
minimized using conjugate gradient algorithm for 10,000 steps. Equi-
libration followed in the NPT ensemble with Nose-Hoover Langevin
piston pressure control for 5 ns at pressure of 1 atm and temperature of
310 K [24,25]. Then the system was equilibrated in the NVT ensemble
at 310 K using Langevin thermostat for additional 10 ns. Water mole-
cules were kept rigid with the SETTLE algorithm [26] and all other
bonds with hydrogen atoms were kept "xed with the SHAKE algorithm
[27]. The cut o# distance for non-bonded interactions was 12 Å and the
Particle Meshed Ewald method was used to sum the electrostatic in-
teractions [28]. The timestep was 1 fs. The "nal con"gurations of the
equilibrated structures were used as the reactant and product states for
pathway generation, with root mean square distances (RMSD) of the
equilibrated structures relative to the initial structure were 0.9 Å and
1.1 Å, respectively.

2.2. Generation and optimization of pathway

Examining the active and inactive conformations (Fig. 1) we realize
that the major di#erences between the two conformations are con-
centrated at the activation loop (from residue number 380 to 400).

Therefore, the reaction space or the coarse variables that guide the
reaction path calculations were selected from this region. First, the
backbones of the two structures were aligned for a best overlap for the
entire structures excluding the activation loop. Then 24 atoms along the
loop were selected to represent the coarse space. The selected 24 atoms
include both alpha carbon and atoms from the side chains of the re-
sidues with the highest RMSD values between the reactant and product.
These atoms are listed in Table 1. The actual number of degrees of
freedom in the coarse space is smaller than 3 ! 24 = 72 since bond
lengths and bond angles do not vary signi"cantly in the calculations
and may be considered "xed. We de"ne an active torsion in the reaction
space if at least one atom from the coarse space is included in the de-
"nition of the torsion, and the torsion changes along the reaction co-
ordinate by at least 60 degree. The number of such torsions that have
signi"cant contribution to the coarse space is 22. The reaction space
that we considered is therefore quite large compared to other studies in
the "eld.

The method of Milestoning (see section 2.3) is used to compute
kinetic and thermodynamic observables. As a "rst step in a Milestoning

calculation we require a rough sample of the space linking the reactant
and product. The number of intermediate con"gurations that we use as
a sample varies depending on the system characteristics. It is between a
few tens to several thousand structures. These con"gurations form
centers of Voronoi cells and their interfaces are used as Milestones,
either in the Markovian Milestoning approach [30], or in other variants
of Milestoning [31]. The choice of the Voronoi cells impact the rate of
convergence of the calculation but should not impact the "nal results if
the system is close to equilibrium, or if iterations of the exact Mile-
stoning approach are used [32].

One way of generating centers of Voronoi cells that cover the re-
levant space is by a reaction path calculation. We have extensive ex-
perience in generating reaction coordinates in complex systems,
starting with the study of a conformational transition in myoglobin [33]
and continuing to a number of other complex systems [34,35]. In these
approaches, and variants of them [36,37], a guess is generated for the
path and then optimized. Unfortunately, the end result may be biased
by the initial guess, especially on rough energy landscapes in which
multiple pathways exist. This problem was discussed in Ref. 16 in the
context of kinase conformational transitions. The activation loop is
highly !exible and transitions in a space of several dimensions.
Nevertheless, our current interest is focused on the DFG transition,
which is spatially small. The transition is also activated, and is expected
to be a rare event. Determining the pathway is challenging for con-
ventional MD, but it is more straightforward to compute with reaction
path calculations.

Recently we introduced a new method for computing reaction co-
ordinate in complex systems that does not require an initial guess (Rock
Climbing [18]). The local optimization of the path were carried with
implicit solvent, using a Generalized Born method [38] with ion con-
centration of 0.15 M and solvent dielectric of 78.5 while the global
optimization was done in explicit solvent. During the pathway gen-
eration only two regions of the protein are allowed to move. The "rst
region is of residues 376 to 405 that includes the activation loop. The
second region is of residues 278 to 299 that contains the !C helix. The
backbone of the rest of the structure was restrained with harmonic
potentials to their initial positions during the pathway calculations.

We divide the path calculation into two steps. First, using a local
and greedy algorithm we generate a pathway from the coordinates of
the reactant to the product as follows: The generation of the pathway
starts with adding a displacement vector, ", along the vector connecting
reactant to product. By providing information about the end points we
made the process global. However, we do not provide an initial guess
for the entire path and the path generation follows a local procedure. To
begin with, each atom of the coarse space of the reactant is shifted by
" = 0.25 A toward the product (equilibrated inactive kinase). Then
harmonic restraints with force constant of 2000 kcal/mol A2 were ap-
plied on the selected atoms of the coarse space and the rest of the
system was minimized for 500 steps followed by 5000 steps of MD at
310 K. Finally, the harmonic restraints were released, and the system
was minimized for 50 steps.

The last con"guration is used to generate a new displacement
vector, ", toward the product con"guration. The displacement is added
to the current coordinate set and the relaxation process described above
follows. The process is repeated until the product is reached. The value
of " is tuned during the process to allow for faster convergence or better
accuracy. We obtained 850 structures interpolating between the re-
actant and product, with an average displacement length of about
0.1 Å. Out of these 850 structures, 50 structures were selected that are
approximately equidistant in the coarse space. These structures are
used in the next step of path re"nement.

In the second step, the path is globally optimized. All the 50
structures including the reactant and product, are solvated and equili-
brated for 1 ns in the NPT ensemble using Nose-Hoover Langevin piston
[24,25] followed by 5 ns in the NVT at 310 K. The coarse variables are
restrained to their corresponding positions along the path using

Table 1
List of the 24 atoms used to de"ne the coarse space in the calculations of the
pathway. The "nal 12 atoms that are used in the Milestoning calculations are
indicated in Bold. See text for more details about the selection.

Val379(CA) Val379(CB) Ala380(CA) Ala380(CB)

Asp381(CA) Asp381 (CG) Phe382 (CA) Phe382 (CG)
Gly383(CA) Leu384(CA) Leu384(CG) Ser385(CA)
Arg386(CA) Arg386(CZ) Leu387(CA) Leu387(CG)
Met388(CA) Met388(CE) Thr389(CA) Thr389(CB)
Asp391(CA) Tyr393(CA) His396(CA) Ala397(CA)
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harmonic force constants of 150 kcal/mol. After equilibration of the
bath coordinates (coordinates that are not included in the coarse space),
we re"ne the pathway. Each con"guration along the pathway in the
coarse space is represented by the vector xi. The following target
function is optimized:!!= " + " + # $ %
+ # & #= # # #
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The norm of the force in coarse space, ! " U(xi)!, is an average over
all coordinates of the bath, i.e. the coordinates that are not included in
the coarse space. The "rst term in Eq. (1) is a discrete approximation to
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The path that minimizes S[x(l)] is the Steepest Descent Path (SDP)
in the free energy landscape of the coarse variables, x [39].

Eq. (1) is a discrete version of Eq. (2) in which we must ensure that
the con"gurations are distributed uniformly along the path. Therefore,
we added the second term. The norm of the distance vector between the
structures xi and xi-1, is !li!1, i and< !l> is the average distance over
all the neighbor distances of the path ($ % = != #l l! !n

i n
i i

1

1,..,
1, ). Using<

!l>allows the path to gradually expand or shrink in every iteration, if
required, and keeping the points equally spaced along the pathway. The
force constant k is 200 kcal/mol.A2.

Another di#erence between the discrete and continuous paths is
that the discrete path can makes sharp turns of high curvature that
reduce the value of the discrete functional. The third term prevents
large path curvatures. It is applied only when the angle, #i!1, i, i+1,
between three sequential con"gurations of the path is larger than a
threshold value, cos(#0). (cos(#i!1, i, i+1) = (xi+1 ! xi) # (xi ! xi!1)/
|(xi+1 ! xi) # (xi ! xi!1)|). Here we use #0 = 60oand k’ = 5 kcal/
mol.deg2.

With the above de"nition of the target function of the path, the
optimization is conducted in iterations. In every iteration, the 48 in-
termediate structures are simulated for 1 ns to compute the average
force. Harmonic restraints with force constants of 150 kcal/mol/Å2 are
applied on the atoms of the coarse space during the 1 ns simulations
and the mean forces at each structure are computed. The coordinates of
the coarse variables of the path are then adjusted by a small step (ty-
pically 0.01–0.03 Å) to minimize the function of Eq. (1) and to move
toward the minimum free energy path. This procedure is repeated one
hundred times. Convergence is assumed when the norm of the force
gradient does not vary signi"cantly. Only the force component parallel
to the reaction path remains when the SDP is reached (Fig. 2).

After the calculations of the optimized path were complete, we
found that some of the atoms included in the coarse space were hardly
moving. We therefore adjusted the coarse space to include only co-
ordinates that were modi"ed signi"cantly along the optimal reaction
pathway. This reduces the number of coarse variables that de"ne the
coarse space from 72 to 36. The "nal list of atoms that determine the
coarse space is given in Table 1.

2.3. Milestoning

Milestoning is a versatile theory and algorithm to compute ther-
modynamics and kinetics of complex systems using a large number of
short trajectories. It was discussed extensively in the literature

[32,40,41] and a review article is available [42]. We therefore de-
scribed it below only brie!y.

In the "rst step of a Milestoning application we provide a sample of
con"gurations from the coarse space between the reactants and pro-
ducts (Fig. 3). In the present study the sample consists of the con"g-
urations along the reaction coordinate, {xi}, described in the previous
section. Each con"guration is called an anchor and is a center of a
Voronoi cell in coarse space. The boundaries between the Voronoi cells
(say cells i and j) are called milestones Mij "M!. Milestone Mij is the set
of points with equal minimal distances to anchors i and j and larger
distances from all other anchors. For brevity we index milestones also
by a single Greek letter, e.g. M!.

In the second step of Milestoning we sample con"gurations from the
Boltzmann distribution using MD simulations constrained to the

Fig. 2. The reduction in the norm of force, averaged over the entire reaction
path, as a function of iteration number. The norm of the force drops rapidly in
the "rst ten minimization steps and then decays more gradually. It seems to
stabilize at around 100 iterations. The "nal gradient is around 0.35 kcal/
mol Å!1. It is not zero since the norm of the force along the reaction coordinate
is included.

Fig. 3. A schematic representation of the discretization of the coarse space
following the transition pathway. R and P represent the reactant and product
states, respectively. The black line shows the reaction pathway. The red dots are
the anchors, and the blue lines are the milestones. Every milestone is numbered
by its corresponding anchors. For example, milestone (j,k) is the boundary
between cells j and k. The green arrows show 4 unbiased trajectories initiated
from milestone (i,j). The trajectories are terminated when they hit any other
milestone for the "rst time. Re-crossing the original milestone does not lead to
trajectory termination.
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milestones. We generate con"gurations from the conditional prob-
ability density p(X|Mij) = [exp(!$H(X)) X $ Mij] where X denotes the
phase points constrained to milestone Mij.

In the third step we launch unbiased MD trajectories from the
sampled con"gurations at the milestone generated in the second step.
We terminate these trajectories when they hit for the "rst time a
milestone di#erent from the milestone they started from. We recorded
the identities of the milestones and the time of termination. In one
variant of Milestoning, which is not used here, (exact Milestoning [32])
we also retain the terminating phase space con"guration at the $
milestone.

In the fourth step we use the information gathered in the "rst step to
compute two functions K!$, the probability that a trajectory initiated in
milestone ! will terminate at milestone $ and t!, the lifetime of mile-
stone !. Let n! be the number of trajectories initiated at milestone !. Let
n!$ be the number of trajectories that were initiated at milestone ! and
were terminated at milestone $. We estimate the transition probability
also called the kernel as K!$ % n!$/n! and the lifetime= ! = …t t" n l n l

1
1, ," "

, where l is the index of the trajectory, and the time
length of trajectory l is tl.

In the "nal and "fth step we compute the thermodynamic and ki-
netic observables. The stationary !ux of trajectories through a mile-
stone is the eigenvector, q, of the matrix K with an eigenvalue of one:
qtK = qt where we used bold face for vectors and matrices. The free
energy of a milestone ! is given by F! = ! kBT log [q!t!] and the mean
"rst passage time (MFPT, !!") is given by !!" = p0(I ! K')!1t, p0 is the
vector of the initial distribution and I is the identity matrix. The matrix
K' is an adjusted K matrix in which absorbing boundaries are placed at
the product state [32].

More computational details on the implementation of the
Milestoning method to the kinase problem are given below.

Step 1: We use 50 structures equally distributed along the path to
de"ne the anchors. Sequential anchors are separated by a distance of
0.5 Å along the reaction coordinate (RMSD of the coarse variables)
which is a typical value for a Milestoning calculation.

Step 2: Since the anchors are sampled along a one-dimensional re-
action coordinate, it is suggestive to place the initial milestones be-
tween sequential anchors. We therefore initiate trajectory sampling for
49 milestones between each of two consecutive anchors along the path.
We conduct 1 ns MD simulation at a constant temperature while two
restraints were applied to keep the sampling trajectory restrained to the
milestone. The "rst restraint is a harmonic term k(di-dj)2 = 0 to keep
the distances di and dj (in coarse space) between the current con"g-
uration and the two anchors i and j equal. The restraining force constant
is 2000 kcal/mol.A2. A second set of half-harmonic restraints are k’.(dm-
dl)2 when dm < dl, l = i,j and zero otherwise with k’ = 1000 and m
being any milestone other than i or j. This restraint prevents the system
from getting closer to any other milestone, m. 100 samples were kept
from the "nal 0.5 ns of the restrained simulation at each milestone.

Step 3: We release all the restraints and conduct unbiased short MD
trajectories at the NVE ensemble starting from the con"gurations at
each milestone that were sampled in step 2. The trajectories are ter-
minated when they hit a milestone di#erent from the one that they
were initiated at. The typical length of each of the unbiased trajectories
is 10 ps. The trajectories could either reach one of the initial 49 mile-
stones we started from or they may reach a new milestone. For ex-
ample, in Fig. 3 one of the trajectories initiated from the milestone (i,j)
reaches a new milestone (j,k) that connects non-sequential milestones
along the path. We therefore add the new milestone to the list and
sample con"gurations at the newly discovered milestones. Finally, we
launch unbiased trajectories from these new samples. The process is
continued until we do not visit new milestones, or a connected network
is observed in which the MFPT value for the transition between reactant
and product converges to a "nite value. The "nal number of milestones
we ended up with in the current project was 171 (Fig. 4).

3. Results

3.1. Free energy, pathway, and committor

Fig. 5 shows the free energy landscape of all the milestones in two
dimensions where the dimensions are the anchor indices. To achieve a
better qualitative understanding of plausible transition paths between
the active and inactive states, we determine optimal pathways in the
milestones space. Every milestone is a node in a network and we assign
weights to the network's edges as rate coe$cients for transitions be-
tween milestones. Rate coe$cients are computed from the transition
matrix K and average lifetimes of the milestone, t. The rate coe$cient
for a transition between a milestone pair (i,j) is given by

=
t

k i j
K

( , )
i

ij

(3)

It was shown that choosing rate coe$cients between the milestones
in this way leads to a Master Equation where the milestones are the
states. It was also shown that the exact MFPT is obtained with this
Master Equation (but not higher moments of the "rst passage time)
[43]. Using the rate coe$cients, global maximum weight paths
(GMWP) from reactant to product and vice-versa, were obtained from
the network, shown in Fig. 4, using recursive Dijkstra's algorithm [44]
(Fig. 5). In other words, these are the pathways on the network with the
fastest rates. 1D free energy pro"les are shown in Fig. 6 for the two
GMWPs between the active and inactive states. According to these
plots, the free energy landscape consists of multiple barriers with a
maximum height of ~15.7±2.5 kcal/mol with respect to the active
state. Also, the free energy of the inactive state is 2.8± 2.0 kcal/mol
higher than the active state, suggesting that the active state is more
stable.

The local minima and maxima that are observed along the paths
follow bond rotations of di#erent loop segments. These rotations are
roughly independent, and they are observed at di#erent positions along
the reaction coordinate. For example, the rotation of the DFG motif
contributes to the "rst barrier along the pathway near position 13 in

Fig. 4. Representation of all the 171 milestones considered for computing the
transition matrix. Every point corresponds to one milestone. The red points are
the initial milestones between the consecutive anchors along the transition
path. The blue points represent the milestones discovered during the analysis of
the free trajectories that are used to enrich the sampling of the pathways.
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Fig. 6a. The local minima between positions 16 and 24 correspond to
states where the rotation of DFG and residue 385 are complete. Finally,
the rotations of Leu387 and Met388 contribute to the free energy hump
from positions 24 to 31.

Note that Fig. 6 is plotted as a function of the index of the

milestones, which is di#erent from the anchor number. This is because
we consider nodes and edges on a network that are labelled separately.
The mapping between anchor pairs and milestones can be found in
Fig. 5. The mapping is not trivial since the path is not monotonic in the
index of the anchor and is monotonic in the milestone index.

The committor function is another useful quantity that can be cal-
culated directly from Milestoning [45]. The committor function, C, at
every milestone, is the probability that a complete trajectory initiated at
that milestone will reach the product before reactant. Interesting
milestones are those with values close to C#0.5 that can serve as a
de"nition of the transition state. According to Fig. 7 this occurs near
milestones (21,22), (22,23), and (23,24). Fig. 8 shows the conforma-
tions of the "rst residues of the activation loop for anchor 23, and the
active and inactive states. At anchor 23 residue Arg386 already moved
to its "nal state while Asp381 did not change its con"guration sig-
ni"cantly. The sidechains of Phe382 from the DFG switch and of
Leu384 are rotated approximately half of the way through. Their sig-
ni"cant motions at the transition state and their intermediate structures
suggest them as a bottleneck for the transition.

Although the DFG-in and extended conformations of the A-loop are
essential elements for a kinase to be active, active conformations are
also associated with other features such as #3Lys271 to !-ChelixGlu286
salt-bridge. The orientation of Lys interacting with both Glu and the
DFG-Asp with the assistance of ions provides a proper network for co-
ordinating the ATP phosphate in active kinase structures [21]. Detailed
structural investigation of the DFGout-A-loopminimally-perturbed structures
indicates that this salt-bridge is not always maintained due to di#er-
ences in the orientation of the DFG-Phe side chain. There are three
possibilities: 1) DFG-Phe is located between the Lys and Glu, in a way
that Glu is free to interact with the HRD-Arg or DFG-Gly amide groups.
Therefore, the salt-bridge is broken. 2) The DFG-Phe points to the back-
pocket and the salt-bridge is maintained. 3) The DFG-Phe points out to
the solvent and the salt-bridge is maintained. Abl kinase structures are
observed in all three groups, 2G2F chain B belongs to the second group
for which the salt bridge is present in the inactive state. For the
structures studied in this paper, this salt bridge exists at both, active and
inactive states. With the reaction coordinates between the two states at
hand, we are able to probe the status of this salt bridge at di#erent

Fig. 5. Free energy of pairs of anchors as computed from the
Milestoning theory. The energy values are in Kcal/mol. The
two paths with maximum !ux from the reactant to the pro-
duct are lines in red and in magenta. Note that the sig-
ni"cantly o#-diagonal “jumps” on the surface are a con-
sequence of long-range connection between milestones that
are not in sequence along the reaction pathway (see also
Fig. 4).

Fig. 6. Two optimal free energy pro"les along the two max-!ux pathways from
active to inactive state. In panel a, the milestones are numbered from 1 to 41 for
the corresponding points along the red path shown in Fig. 5 starting from active
state, and from 1 to 32 for the magenta path in Fig. 5, starting from the inactive
state for panel b.
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steps. Our results show that the rotation of the DFG residues and more
speci"cally, Phe382, requires breakage of this salt bridge. This was
pointed out already in Ref. 8 The salt bridge breaks between anchors 22
to 28 along the reaction pathways, which the committor analysis sug-
gests to be close to C~0.5. Fig. 9 shows a sample con"guration from
anchor 27 in which the distance between the charged groups of Lys271
and Glu286 reaches ~7 Angstroms. When the Phe382 reaches its "nal
destination, the salt bridge reforms.

3.2. Non-Markovianity and MFPT

One of the advantages of the Milestoning method is that the de-
scription of the dynamics is not required to be Markovian. The

assumption of Markovianity fails in numerous biological processes. As
an illustration, Fig. 10 shows the distribution of the lifetimes for a few
milestones. If the kinetics is Markovian, then the probability distribu-
tion of the transition time between two states (in our case milestones)
must follow an exponential behavior of the type:= # < >P t Ae( ) t t/ (4)

Where P(t) is the distribution of the lifetime, A is a constant,
and < t > is the average lifetime of a milestone. In Fig. 10, we "rst
calculated the average lifetime from the distribution and then "tted an
exponential curve to the computed histograms. The R2 values are
shown in every window. The distributions deviate signi"cantly from a
Markovian behaviour. A deviation from a single exponential behaviour
for the binding of imatinib was pointed out experimentally [4].

Finally, the MFPT for the transition can be calculated from
Milestoning by sampling transition matrices and lifetimes from their
known distributions. The sampling procedure was discussed in details
in reference 46. Fig. 11 shows the distribution of the MFPTs obtained
from 1000 sample transition matrices and lifetimes. The averaged
MFPTs for forward and backward processes are 1.0±0.9 s and
0.2±0.1 s, respectively. These values are obtained by ignoring the bins
containing values less than 5%t of the bin with the maximum popula-
tion.

It can be seen that the mean transition time for going from active to
inactive state is slightly higher than the reverse process since the active
state is located approximately 2.8 kcal/mol lower than the inactive
state.

4. Discussions

In the present study, we investigate computationally the kinetics of
the DFG-in to DFG-out transition. There are two main observables that
we discuss below. The "rst is the time scale for the process and the
second is the mechanism or the structural features of the reaction. Since
signi"cant variations were observed in the measured and computed
rates for di#erent kinases, there is a signi"cant uncertainty in the

Fig. 7. Color-coding the committor function at every milestone. The committor of a milestone is the probability of a complete trajectory initiated at that milestone to
reach the product before the reactant state.

Fig. 8. A stick model of residues 381 to 386 for active (yellow), inactive (red),
and a sample con"guration at anchor 23 where the committor value is near 0.5
(blue). Note that Arg386 already reached its "nal position at the transition
state, while Asp381 did not change its con"guration signi"cantly. The residue
Phe382 is found at half of the way of the transition.
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comparisons.

4.1. The time-scale for the DFG-in to DFG-out transition in Abl-kinase

Milestoning simulations provide an estimate of the Mean First

Passage Time without assuming the existence or the need to identify a
bottleneck or a transition state. The only assumption invoked in the
present version of Milestoning is that the system remains close to
equilibrium [42]. Even though we have used a set of coarse variables to
guide the calculations, the calculations are exact provided that the
equilibrium assumption is satis"ed and the coarse variables are able to
di#erentiate between reactants and products. This theory is di#erent
from other approaches in the "eld to study kinetics [8] and it is in-
teresting to compare its results to those of related calculations and
experiments.

Experimentally, there are a few indirect observations about the rate
of the DFG !ip that we discuss below [4,9]. One observation is an NMR
measurement of the dynamics of p38 kinase [6]. The NMR spectrum of
the DFG motif was found to be very broad suggesting an intermediate
NMR time scale (milliseconds). Fast processes in NMR are characterized

Fig. 9. Changes in the salt bridge between Lys271 and Glu286 for inactive (A),
an intermediate state (B), and active (C) states. The salt bridge exists in the
active state and inactive states but during the transition from active to inactive
state, the salt bridge breaks. The intermediate state shown is anchor 27. The
DFG residues are shown in red, blue, and yellow for inactive, intermediate, and
active states, respectively.

Fig. 10. Distribution of lifetime for (a) milestone (21,22), (b) milestone
(22,23), (c) milestone (24,25) and (d) milestone (40,41).

Fig. 11. Distributions of MFPT for transition from active to inactive states (top)
and the reverse process (bottom). The insets show the corresponding distribu-
tions for 1/MFPT which are estimates of the rate coe$cients consistent with the
simulation data and the error analysis. We quote the mean values of the rate
coe$cients for the forward and backward transition.
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by a single averaged peak while multiple peaks of di#erent conforma-
tions correspond to a slow process by NMR scale.

Combined NMR and !ow experiments on Abl kinase provide an
alternative picture [4]. The "rst is fast and was associated with the local
binding of imatinib, and the second, a slower process. The second
process was interpreted as an induced "t that follows the binding event.
The experiment does not provide a direct structural information on the
DFG dynamics during those events, however, a reasonable assumption
is that the fast process includes the DFG !ip. The measurements that
include the insertion of the inhibitor are signi"cantly di#erent from our
study that focuses only on the DFG !ip. We therefore declined to ana-
lyze our results in the context of reference 4.

From computational point of view, a Markov State Model was used
to estimate the transition rate of the DFG !ip at milliseconds [8]. The
model was based on samples of signi"cantly shorter MD trajectories
(similar to Milestoning). A small number of transitions was detected
making the uncertainty of the longer time scale signi"cant, as noted by
the authors. The estimates of the kinetics that use unbiased trajectories,
MSM and Milestoning, provide answers close to each other and close to
the experimental "nding.

4.2. The structural features of the reaction pathways from DFG-in to DFG-
out in Abl-kinase

In this section we discuss in more details the structural features of
the transition from DFG-in to DFG-out. In Fig. 12 we show the residue
root mean square di#erence (RMSD) between the reactant, and several
structures along the reaction pathway. We include a comparison of the
reactant and of the product to anchor 27, which is near a committor
value of 0.5 (Fig. 7).

We overlap optimally all the heavy atoms (atoms that are not hy-
drogens) of the entire structures and compute the heavy-atom RMSD
between the individual residues. We plot the residue RMSD as a func-
tion of the residue number. For comparison we also plot the B factor
extracted from the PDB coordinates of the reactant (PDB 2F4J) and the
product (PDB 2G2F). The B factors make it possible for us to identify
residues that are !exible, and/or are present in multiple static con-
formational states. In contrast, residues that contribute to the spatial
progress of the reaction may have displacements not detected by the B
factors which are coupled to the DFG !ip. Several of the peaks at

residues F382, L384, R386, M388 and A397 are part of the A loop.
We mark with pink arrows the locations of the salt bridge residues:

Glu286 shows signi"cant deviation from both, the reactant and the
product, but Lys271 is closer to the position of the product state.

There are several residues that interact strongly with the DFG motif.
Two of them form the salt bridge that we already discussed. The side
chain of Phe401 is highly !exible. It !ips between rotational states
several times along the reaction coordinate. It is not coupled to the
reaction coordinate. Therefore, the sharp spike we observe in Fig. 13
has no impact on the progress of the reaction. Another important re-
sidue is Met290 that was discussed extensively in reference 9. Flips of
the DFG were observed using conventional MD only after the mutation
of the Met290 residue to alanine, reducing the barrier to enter the

Fig. 12. Fluctuations and systematic drifts of residues in Abl-kinase. Top panel reports the B factors of the reactant and product structures as a function of the residue
index to identify !exible domains. In the lower panel we compare the structure of Anchor 27 with the reactant and product using room mean square di#erence
(RMSD) between all the heavy atoms of the residues in the protein. The two pink arrows point to Glu286 and Lys271 that forms a blocking salt bridge. Note that the
transition state di#ers about equally from the reactant and from the product structures. There are several spikes at Phe382, Leu384, Arg386, Met388 and Ala397 that
belongs to the A loop and are included in the set of coarse variables.

Fig. 13. The distances between atom CZ of Phe382 to atoms representing the
ends of the sidechain of residues Met290, Glu286, and Lys271 are shown. For
Glu286, the minimum distance two both oxygens OE1 and OE2 was measured.
Lys271 and Glu286 form the salt bridge. Residues. Around anchor 30, the
Phe382 reaches as close as possible to the salt bridge, (Lys 271) breaks it and
then goes away from this residue. The distance to Glu286 remains roughly a
constant throughout the transition.
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binding site. To appreciate the coupling between di#erent residues and
Phe382 and the order of events during the transition we plot the dis-
tance between the Phe382 ring (the CZ atom) and the edges of the side
chains of the other residues (Glu286 min(Oe1, OE2), Met290 SD, and
Lys271 NZ) in Fig. 13. The distance between Phe382 and Glu286 shows
signi"cant !uctuations between 6 and 8 Å but not overall drift. The
distance between Phe382 and Lys271 is decreasing near anchors 20 to
32, which is close to the committor value of 0.5 (Fig. 7) and hence to a
transition state. The motions of Met290 come late in the process and
signi"cant displacement is observed after the system is leaving the
transition state and continue forward. Hence, the Met 290 transition is a
late event in the DFG !ip.

5. Conclusions

The activation loop (A-loop) in kinases attracted considerable ex-
perimental and theoretical attention, being highly !exible and able to
adopt multiple conformations, which hinders its accurate computa-
tional investigation with commonly used sampling methods. Here we
investigated in detail a transition pathway in Abl-kinase from its active
to its inactive form. While we investigated the transition of the entire A-
loop, which includes multiple rotational events, we focus our analysis
on the kinetics of the activated transition of the DFG motif from a DFG-
in to a DFG-out state. Quantifying accurately the kinetics of this tran-
sition is, however, di$cult from both experimental and computational
viewpoints. The long transition time (estimated by NMR [6]) makes the
direct atomistic simulations of these rare events challenging. Enhanced
sampling techniques such as meta dynamics [10] and the string method
[16] were applied to the system and were used to primarily investigate
its equilibrium conformations. Simulations with Milestoning [42],
suggest that the time scales for the DFG !ip are milliseconds to seconds.
The extensive information that we gather from the reaction coordinate
calculations as well as from the short Milestoning trajectories, allows us
to propose a detailed molecular mechanism for the events of the reac-
tion and their coupling to di#erent residues.

We also note that the calculations reported in this paper are con-
ducted with unprotonated Asp381. Previous simulations highlighted
the importance of the protonation state of this residue for the con-
formational transition [9]. Our study will enable future work to ex-
amine the impact of the protonation state on the transition pathway.

One should keep in mind the signi"cant conceptual and sampling
challenges that calculation of kinetics in the Abl kinase molecular
system poses. We cannot be sure that our set of coarse variables is
complete, and we are uncertain if all signi"cant transition pathways
were sampled. It is expected that the impact of missing alternative
pathways will be to reduce the estimated time scale. Nevertheless, the
overall agreement of this calculation and experimental estimates is
encouraging and it opens the way for quantitative comparisons between
simulations and experimental measurements of long-time events in
complex and activated biomolecular systems.
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ABSTRACT: We introduce a novel method called restrain!free energy perturbation!
release (R-FEP-R) to estimate conformational free energy changes via an alchemical path,
which for some conformational landscapes like those associated with cellular signaling
proteins in the kinase family is more direct and readily converged than the corresponding
free energy changes along the physical path. The R-FEP-R method was developed from
the dual topology free energy perturbation method that is widely applied to estimate the
binding free energy di!erence between two ligands. In R-FEP-R, the free energy change
between two conformational basins is calculated by free energy perturbations that
remove those atoms involved in the conformational change from their initial
conformational basin while simultaneously growing them back according to the "nal
conformational basin. Both the initial and "nal dual topology states are unphysical, but
they are designed in a way such that the unphysical contributions to the initial and "nal partition functions cancel. Compared
with other advanced sampling algorithms such as umbrella sampling and metadynamics, the R-FEP-R method does not require
predetermined transition pathways or reaction coordinates that connect the two conformational states. As a "rst illustration, the
R-FEP-R method was applied to calculate the free energy change between conformational basins for alanine dipeptide in
solution and for a side chain in the binding pocket of T4 lysozyme. The results obtained by R-FEP-R agree with the benchmarks
very well.

Conformational free energy di!erences play an essential
role in many areas of biophysics, such as enzyme

activation, inhibitor speci"c binding, and allosteric e!ects.1!5

The straightforward way to estimate the conformational free
energy di!erences is to run a long molecular dynamics (MD)
simulation and collect the population of each conformational
state. However, if the average "rst passage time or the
relaxation time of the system is long compared with the times
that are accessible given the available computational power, it
is not possible to obtain converged results by using brute-force
MD simulations.6,7 Because free energy is a state function, the
conformational free energy di!erence can be obtained by
following the free energy change along a transition pathway
connecting the initial and "nal states with an umbrella
sampling algorithm.8!11 However, sometimes "nding a path-
way is challenging itself although lots of transition pathway
algorithms have been developed in the last two decades.12!24

Furthermore, the conformational changes along a transition
pathway can be much larger than the conformational di!erence
between the end points. For such transition pathways, it
usually requires many umbrella sampling windows and long
simulation time to obtain converged results. Wang!Landau
sampling and metadynamics can also be applied to estimate the
conformational free energy di!erences.25,26 These kind of
algorithms choose a reduced reaction coordinate connecting
the two target states of the complex system beforehand. Then

biases are added to the Hamiltonian function during the
sampling until the potential of mean force along the reaction
coordinate is constant. The success of Wang!Landau sampling
and metadynamics algorithms strongly depends on the choice
of the reduced reaction coordinate, which remains an open
question in this "eld of research for complicated transi-
tions.27,28 Many of the problems at the forefront of
computational biophysics involve simulations of large allosteric
conformational changes of proteins, like those associated with
cellular signaling, where intermediate states along the physical
transition pathways can di!er much more in structure from the
initial state than the "nal target state does. One such example is
the transition of epidermal growth factor receptor kinase from
the active conformational state to one of the many inactive
conformational states; the root-mean-square deviation
(RMSD) between the active and inactive states is only "3.7
Å, whereas intermediate states along the physical path di!er by
as much as 9!12 Å.3,29 These processes pose a great challenge
for the tools currently available to map free energy landscapes.
To address problems of this kind, we introduce in this Letter a
novel method called restrain!free energy perturbation!release
(R-FEP-R) that estimates the conformational free energy
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di!erence between target states without choosing collective
variables or knowing transition pathways beforehand. The R-
FEP-R method was developed based on the idea of the dual
topology free energy perturbation (FEP) transformation in
relative binding free energy calculations.4

The dual topology free energy perturbation method is
widely applied to estimate the binding free energy di!erence
between two ligands that are similar in structure.4,30,31 The
topology "le used for the dual topology FEP simulations
contains the topological information on the receptor and the
two ligands of interest. The ligands’ topology can be
decomposed into three sets: the shared set and two dual
topology sets. The shared set includes the topology of the same
atoms that are shared by both ligands, and the two dual
topology sets include the topology of the unique atoms of the
two ligands, respectively. Suppose that the topology of the "rst
ligand consists of the shared set and the "rst dual topology set
and the topology of the second ligand consists of the shared set
and the second dual topology set. At the beginning of the FEP
simulations, the atoms described by the shared set and the "rst
dual topology set have full interactions with the environment,
namely the receptor and the solvent, while the atoms described
by the second dual topology set have no interactions with the
environment except a linkage with the shared part of the
ligand. Then one decreases the interactions between the atoms
described by the "rst dual topology set and the environment
from full e!ect to zero by using a series of intermediate states.
At the end of this step, the atoms described by the "rst dual
topology set have no interactions with the environment except
a linkage with the shared part of the ligand. Next (or
simultaneously) one increases the interactions between the
atoms described by the second dual topology set and the
environment from zero to full e!ect by using another series of
intermediate states. Suppose the free energy change during this

whole procedure is "Gc, where the subscript denotes that the
FEP simulations are performed when the ligands are a part of
the binding complex. One needs to repeat the same procedure
and obtain the free energy change of switching from the "rst
ligand to the second in pure solvent "Gs. Eventually, the
binding free energy di!erence between these two ligands is
estimated by

! = ! " !G G Gb c s (1)

As can be seen, the atoms described by the "rst dual topology
set change from real to virtual during the FEP simulations.
Therefore, they will be termed the dual-RV set in this Letter.
The atoms described by the second dual topology set will be
termed the dual-VR set.
The basic idea of the dual topology free energy perturbation

method can be used to estimate conformational free energy
change. More speci"cally, the conformational free energy
change can be calculated by FEP simulations that remove
those atoms involved in the conformational change from their
initial conformational basin and grow them back according to
the "nal conformational basin.
The atoms of the molecule of interest can be divided into

the shared set and the dual set by comparing two
conformations representative of the initial and "nal conforma-
tional states. For simple cases, this can be done by inspection.
For more complicated cases, one approach is to align the two
conformations and calculate the root-mean-square deviation
(RMSD) of atomic positions. The dual set can be chosen to
contain all the atoms that have contributions to the RMSD
signi"cantly larger than the thermal #uctuations, and the
shared set contains all the other atoms of the molecule. In the
canonical ensemble, the conformational free energy change is

# # #
# # #

!

!

! = "

= "
{ } { } { } {" }
{ } { } { } {" }
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1

0 (2)

where ! = 1/(kBT) is the inverse temperature and U is the
total potential energy of the system. {x(w), y(w), z(w)}, {x(s), y(s),
z(s)}, and {x(d), y(d), z(d)} are the Cartesian coordinates of the
solvent (water), the shared set, and the dual set, respectively.
The limits of integration S0 and S1 denote the de"nition of the
initial and the "nal conformational states (free energy basins).
Before applying dual topology FEP to estimate the

conformational free energy change, we introduce restraints to
the dual set to prevent it from leaving the initial or the "nal
conformational state and also to accelerate convergence of the
FEP simulations along the " coordinate. For example, one
con"guration is chosen from the initial conformational state S0.
Then we apply a harmonic restraint to each dihedral angle of
the dual set by using the dihedral angles of a chosen structure
in the initial target state as the reference values. The partition
function for the molecule in conformational state S0 with
restraints is

# #
# !
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{ } {" + }
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d d d d d d

d d d exp ( ( ))

0
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(d) (d) (d)
r 0 (3)

where Ur(S0) is the total restraint potential. Note the limits of
integration for the dual set, S0, is omitted because we assume
that the harmonic restraints are so strong that the molecule
does not leave the conformational state S0 in a "nite
simulation. The free energy change of adding these restraints,
"G0 = !kBT ln (Z0!/Z0) can be obtained by FEP simulations.
Similarly, we apply a harmonic restraint to each dihedral angle
of the dual set according to a chosen structure in the "nal state
S1 and estimate the free energy change "G1 = !kBT ln (Z1!/
Z1) where

# #
# !

$ = { } { }
{ } {" + }

Z x y z x y z

x y z U U S
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As shown in Figure 1, the conformational free energy change
can be estimated by summing three other legs in the top
thermodynamic cycle

! = "

= " $ " $
$ " $

= ! " ! + ! $

G k T
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Z

k T
Z
Z
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1
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1

0
B

0

0

0 1 (5)

where

! $ = " $
$G k T

Z
Z

lnB
1

0 (6)

is the middle horizontal leg shown in Figure 1, which can be
estimated by the dual topology free energy perturbation
method as described below.
Similarly, the atoms of the molecule of interest in the dual

topology FEP simulations can be divided into three sets. The
shared set is the same as de"ned previously. The dual-RV set
and the dual-VR set are copies of the dual set with harmonic
restraints Ur(S0) and Ur(S1), respectively. We run parallel
simulations at multiple "-states, and the partition function of
the system at the ith "-state of the dual topology FEP is
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where U("i) is the total potential energy of the system at the
ith "-state. In the second line of eq 7, we change the variables
of the integration of the solute from Cartesian coordinates to
internal coordinates, where J({x, y, z}, {r, #, $}) is the Jacobian
determinant. Suppose there are n atoms in the shared set and
m atoms in the dual-RV or the dual-VR set. The variables of
the integration can be written as
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The Jacobian determinant of this change of variables is32,33
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The total potential energy U("i) is rewritten as a sum of
three components in the second line of eq 7. U(rv)("i) includes
the intragroup interaction energies of the dual-RV set, its
restraint potential energy, and the interaction energies between
the dual-RV set and all the other atoms!the shared set and
solvent. On the basis of the type of interactions that the
potential energy functions describe, U(rv)("i) can be written as

"

"

= + + +
+ " + +

U U U U U S

U U U
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i
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elec
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(10)

where Ubond
(rv) = Ubond

(rv) ({r(rv)}) is the bond length potential;
Uangle

(rv) = Uangle
(rv) ({#(rv)}) is the bond angle potential; Uproper

(rv) =
Uproper

(rv) ({$(rv) }) is the proper torsional potential; Uimproper
(rv) =

Uimproper
(rv) ({r(rv), #(rv), $(rv)}) is the improper torsional potential;

UvdW
(rv) = UvdW

(rv) ({x(w), y(w), z(w)}, {r(s), #(s), $(s)}, {r(rv), #(rv),
$(rv)}) is the van der Waals potential; and Uelec

(rv) = Uelec
(rv)({x(w),

y(w), z(w)}, {r(s), #(s), $(s)}, {r(rv), #(rv), $(rv)}) is the Coulomb
potential. Formally, it is possible to integrate over the solvent

Figure 1. Thermodynamic cycles of the restrain!free energy perturbation!release method. The R-FEP-R method can be explained by two
thermodynamic cycles. The top horizontal leg "G is the conformational free energy change, where the initial conformational state consists of the
shared set and the dual-RV set, and the "nal conformational state consists of the shared and the dual-VR set. To estimate "G, harmonic restraints
are applied to the dual-RV and the dual-VR set "rst. We use paperclips and angle brackets to present restraints in this "gure. The free energy
changes of applying harmonic restraints, "G0 and "G1, are obtained by two FEP simulations. Based on the thermodynamic cycle on the top, the
conformational free energy change "G can be estimated by the sum of "G0, !"G1, and "G!, where "G! is the conformational free energy change
with restraints. The horizontal leg in the middle, "G!, is estimated by the bottom thermodynamic cycle. The two vertical legs in the bottom
thermodynamic cycle represent that the addition of the restrained virtual fragments !VR"v and !RV"v to the restrained initial and "nal
conformational states, respectively. We showed that the free energy changes of adding these two fragments, kBT ln Zvr(0) and kBT ln Zrv(1), are
equal. Therefore, the middle horizontal leg equals the bottom horizontal leg, which is estimated by a dual topology free energy perturbation
calculation. Finally, the conformational free energy change "G is estimated by the sum of "G0, !"G1, and "GD.

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/acs.jpclett.8b01851
J. Phys. Chem. Lett. 2018, 9, 4428!4435

4430



coordinates, in which case the e!ective potential energy of
each solute conformation is the solvent averaged potential of
mean force within which the solute moves. Note that the last
two terms in eq 10 include both the intragroup interaction
energy of the dual-RV set and the interaction energy between
the dual-RV set and the other atoms in the shared set and the
solvent. As can be seen, when " changes from 0 to 1, the
following nonquadratic energy terms change from the full
e!ect to 0: (a) the proper dihedral potential energy, the
intragroup van der Waals, and the Coulomb potential energies
of the dual-RV set and (b) the van der Waals and the Coulomb
potential energies between the dual-RV set and the other
atoms (including the shared set and solvent). Similarly,
U(vr)("i) includes the intragroup interaction energies of the
dual-VR set itself, its restraint potential, and the interaction
energies between the dual-VR set and the other atoms.
U(vr)("i) can be written as

"

"

= + + +
+ + +

U U U U U S

U U U
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where the nonquadratic energy terms listed previously increase
from 0 to the full e!ect when " changes from 0 to 1. Here, we
use one parameter, ", to control both U(rv) and U(vr)

simultaneously. However, the interaction between the dual-
RV set and the dual-VR set is always 0 in all the FEP
simulations. The third component U(s+w) = U(s+w)({x(w), y(w),
z(w)}, {r(s), #(s), $(s)}) in eq 7 includes all the other potential
energy terms of the system.
Next we examine the partition functions of the end point

states. The partition function of the " = 0 state is
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and
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Notice that the partition function ZD(0) can be written as a
product of Zs+rv(0) and Zvr(0) because these two partition
functions are not correlated, which becomes obvious after we
changed the variables of integration of the solute to internal
coordinates. Furthermore, a careful examination reveals that
Zs+rv(0) is the partition function for the molecule in
conformational state S0 with restraints, namely, equivalent to

Z0! de"ned by eq 3. Therefore, the partition function of the " =
0 state can be written as

= $ %Z Z Z(0) (0)D 0 vr (15)

Similarly, the partition function of the " = 1 state can be
written as

= $ %Z Z Z(1) (1)D 1 rv (16)
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A comparison of eqs 14 and 18 reveals that the only
di!erences between Zrv(1) and Zvr(0) are the terms of the
harmonic restraint applied to the proper dihedral angles of the
dual set, namely, Ur(S0) and Ur(S1). The two parameters that
de"ne a harmonic restraint are the reference value and the
force constant. As the dual-RV and the dual-VR sets are both
copies of the dual set of the molecule, we can choose the same
force constant for the same dihedral angle in these two sets.
The reference values of the same dihedral angle in Ur(S0) and
Ur(S1) are usually di!erent because one is determined by a
con"guration chosen from the conformational state S0 and the
other is determined by a con"guration chosen from state S1.
However, if the force constant is strong, the integration of a
harmonic restraint term in Zrv(1) or Zvr(0) does not depend
on the reference value because
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where kd is the force constant and $0 is the reference value of
the harmonic restraint. Therefore, the two partition functions
of the virtual part at the end point states, Zrv(1) and Zvr(0),
indeed are equal. Finally, the free energy di!erence between
the end point states of the dual topology FEP is
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Combining eqs 5 and 20 shows that the conformational free
energy change can be estimated by these three legs of the
thermodynamic cycles shown in Figure 1

! = ! " ! + !G G G G0 1 D (21)

First we applied the R-FEP-R method to estimate the
conformational free energy change of an alanine dipeptide
molecule (AlaD) in water.34 Figure 2 shows the Ramachandran
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plot of AlaD. We de"ne the region (!180 < $ < 0 and 120 < $
< 180) as the initial conformational states and the region (0 <
$ < 120) as the "nal conformational state. As can be seen, the
initial conformational state contains the %R, C5, and ! free
energy basins. The "nal conformational state contains the %L
and C7ax basins. Based on the temperature RE simulation
results, the free energy di!erence between the initial and "nal
conformational states is 2.91 ± 0.06 kcal/mol, which serves as
the benchmark. The free energy di!erence of 2.91 ± 0.06 kcal/
mol corresponds to a 131-fold enhancement of the population
in the %R + C5 + ! free energy basins relative to the %L + C7ax
free energy basin.
To apply R-FEP-R, the atoms comprising the N-terminal

peptide plane and the C% atom of AlaD are grouped together
as the shared set and the atoms comprising the C-terminal
peptide plane, the side chain (methyl group), and the %-
hydrogen atom are grouped together as the dual set. Two
copies of the dual set in di!erent conformational states, dual-
RV and dual-VR, are included in the system (Figure 2). We
then chose one con"guration each from the %R and the C7ax
basins for the references and apply harmonic restraints to the
dihedral angles before running the dual topology FEP
simulations. The free energy changes of restraint, FEP, and
release are listed in Table 1 as simulation 1. The conforma-
tional free energy di!erence between the initial and "nal states

estimated by the R-FEP-R method is 2.96 ± 0.07 kcal/mol,
which agrees with the benchmark (2.91 ± 0.06 kcal/mol)
within the statistical error, which is small. To clarify that the
free energy di!erence estimated by the R-FEP-R method does
not depend on the con"gurations that we choose for the
reference to apply harmonic restraints within the (initial or
"nal) conformational basin, we redid the R-FEP-R simulations,
but the reference con"guration of the restraint for the initial
state was chosen from the C5 basin instead of the %R basin.
The results are listed in Table 1 as simulation 2. Compared
with simulation 1, the di!erence in the restraint procedure
("G0) is canceled by the di!erence in the dual topology FEP
("GD) so that the "nal results of the second R-FEP-R
simulation also match the benchmark. The total computation
times of running temperature RE (the benchmark) and R-FEP-
R (simulation 1) are 4900 and 930 ns, respectively. Assuming
the magnitude of uncertainty is proportional to 1/#n, where n
is the total number of data, the R-FEP-R method is more
e$cient ("5 times) than the temperature RE simulation in the
calculation of conformational free energy changes for this
example.
Next we applied the R-FEP-R method to estimate the

conformational free energy change of a side chain in the active
site of T4 lysozyme L99A. T4 lysozyme is a well-known model
system for the study of ligand-induced conformational
transitions. As shown in Figure 3a, the side-chain dihedral
angle & of residue Val111 rotates from 180° (trans) to !60°
(gauche+) upon ligand binding. Mobley et al. proposed a
method called “con"ne-and-release” to obtain the correct
binding free energy for the binding complex with ligand-
induced conformational changes.35 The "rst step of the
“Con"ne-and-Release” method is to estimate the free energy
di!erence between the trans and gauche+ states of T4
lysozyme without the ligand. The free energy pro"le
constructed by umbrella sampling simulations is shown in
Figure 3b, where the reaction coordinate is the side-chain
dihedral angle & of residue Val111. We de"ne the region
!180° < & < ! 150° and 150° < & < 180° as the trans
conformational state, and the region !90° < & < ! 30° as the
gauche+ conformational state. The free energy di!erence
between these two states is 1.63 ± 0.07 kcal/mol, which serves
as the benchmark. In the calculation of R-FEP-R, the side
chain of the residue Val111 is de"ned as the dual set, and all
the other atoms of T4 lysozyme are the shared set. We chose
one con"guration each from the trans and the gauche+ basins
for the references and apply harmonic restraints to the dihedral
angles of the dual-RV and dual-VR sets, respectively. The dual
topology FEP was run to remove the dual-RV set and
simultaneously grow the dual-VR set by using 15 "-states. In
this R-FEP-R calculation, the restraint, FEP, and release
procedures were coupled by the Hamiltonian replica exchange
algorithm to accelerate the convergence. The R-FEP-R
estimate for the conformational free energy change of T4
lysozyme is 1.64 ± 0.03 kcal/mol, which agrees with the
benchmark (1.63 ± 0.07 kcal/mol) very well. On the basis of
the comparisons of the total simulation times and the

Figure 2. Ramachandran plot of AlaD. The region with the ivory
background is the initial conformational state, and the region with the
sky blue background is the "nal conformational state. Before running
the dual topology FEP, we choose one con"guration each from the %R
and the C7ax basins for the references and apply harmonic restraints to
the dihedral angles. The AlaD molecule on the top left side represents
a con"guration sampled at the " = 0 state. The dual-RV set (colored)
is real, and the dual-VR set (monochrome) is virtual. The AlaD
molecule on the top right side represents a con"guration sampled at
the " = 1 state. The dual-RV set (monochrome) is virtual, and the
dual-VR set (colored) is real.

Table 1. Free Energy Changes (kcal/mol) and Standard
Errors of Each Step in the R-FEP-R Calculations for AlaD

no. "G0 "G1 "GD "G
1 3.12 ± 0.02 !4.23 ± 0.01 4.07 ± 0.06 2.96 ± 0.07
2 3.48 ± 0.02 !4.23 ± 0.01 3.60 ± 0.02 2.85 ± 0.03

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/acs.jpclett.8b01851
J. Phys. Chem. Lett. 2018, 9, 4428!4435

4432



uncertainties, we found that the R-FEP-R method is "4 times
more e$cient than the umbrella sampling method in the
calculation of conformational free energy changes for this
example.
In this Letter, we introduce a method called R-FEP-R

(restrain!free energy perturbation!release) to estimate
conformational free energy di!erences via an alchemical
path. The R-FEP-R method was developed based on the
dual topology free energy perturbation method that is widely
used to estimate the relative binding free energies of two
ligands. To be more precise, the conformational free energy
change is calculated by free energy perturbations that remove
those atoms involved in the conformational change from their
initial conformational state and simultaneously grow them back
according to the "nal conformational state. After a brief review
of the original dual free energy perturbation method, we
showed theoretically that the R-FEP-R method can be applied
to calculate conformational free energy di!erences.
The major di!erence between the dual topology free energy

perturbation method for estimating the relative binding a$nity
of two ligands (DT-FEP-RB) and the R-FEP-R method for
estimating the conformational free energy di!erence between
two conformational basins is how the unphysical contributions
from the dual topology dummy atoms to the initial and "nal
partition functions is canceled, so that the free energy
di!erence between the initial and "nal states contains only
the physical contributions. The DT-FEP-RB calculation of
binding free energy di!erences between two di!erent ligands
consists of two independent FEP simulations, one in the pure
solvent box (usually water) and one in the receptor in water; in
each simulation, the dual topology atoms represent the atoms
which are unique to the initial or "nal ligand. In each of the
two independent simulations (one in water, the other in the
receptor), the dual atoms are transformed from dummy atoms
to real atoms and vice versa. When the free energy di!erence
between the two independent simulations is taken, the
contribution of the dual dummy atom ensembles to the free

energy di!erence between the initial and "nal states cancels if
the simulations are converged.
In the R-FEP-R method for estimating conformational free

energy di!erences, however, there is only one simulation
performed, which corresponds to an alchemical transformation
from the initial conformational free energy basin to the "nal
free energy basin. The two sets of dual topology atoms contain
the same atom types with the same harmonic bond stretching
and bending force constants; the torsional potential function of
the dual topology atoms is also the same. In the R-FEP-R
transformation, the nonharmonic torsional ensembles of the
initial and "nal conformational states are both converted to
Gaussian torsional ensemble distributions (with di!erent
centers). The free energy cost of these two torsional
nonharmonic transformations (restraining and releasing the
virtual dual atoms) are included in the estimate of the
conformational free energy di!erence; the contribution of the
virtual dual atom Gaussian ensembles in the initial and "nal
states cancel so that the R-FEP-R transformation also includes
only physical contributions. The two thermodynamic cycles
also di!er in that the potential function parameters of the real
dual atoms are di!erent at the physical end points for the DT-
FEP-RB cycle, whereas they are the same for the R-FEP-R
cycle.
Then the R-FEP-R method was tested for conformational

changes for two model systems: alanine dipeptide and a side
chain in the active site of T4 lysozyme. For both cases, the
conformational free energy di!erences estimated by the R-
FEP-R method agree with the benchmark very well. For these
two examples, the R-FEP-R method for estimating conforma-
tional free energy di!erences is "4!5 times more e$cient as
compared with replica exchange or umbrella sampling.
Compared with other popular biased sampling algorithms
such as umbrella sampling and metadynamics, the advantages
of the R-FEP-R method are that the transition pathways or
predetermined reaction coordinates that connect the two
conformational states are not required and for some problems
R-FEP-R may introduce a smaller perturbation to the system.

Figure 3. Conformational change of T4 lysozyme L99A. (a) Upon ligand binding, the side-chain dihedral angle & of residue Val111 rotates from
the trans state to the gauche+ state to avoid clash. (b) Dependence of the free energy and potential energy on the side-chain dihedral angle & for the
apo enzyme. The region with the red background is the trans state, and the region with the blue background is the gauche+ state.
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Although temperature RE simulations can also be used to
obtain the conformational free energy di!erences without
transition pathways or reaction coordinates, the AlaD example
suggests that the R-FEP-R method may be more e$cient than
temperature RE in the calculation of conformational free
energy changes at least in some cases. It will be challenging to
use R-FEP-R to calculate conformational free energy changes
when the dual atom set speci"ed by the dual topology is large
and the dual-RV and the dual-VR atom sets do not overlap in
space, because it is di$cult to slowly grow or annihilate a large
collection of atoms in solution. However, when the dual set
contains a large number of atoms, if the conformational
di!erence between the initial and "nal ensembles containing
the dual atoms is smaller than the conformational changes that
are associated with the physical transition paths, we expect that
calculating conformational free energy di!erences along
alchemical paths designed to take advantage of the dual
topology framework will be more e$cient than using a physical
path to determine the corresponding free energy changes. The
use of alchemical paths to calculate conformational free energy
changes, although di!erent from our approach based on the
dual topology framework described here, has been proposed
previously.36 The ability to calculate free energy di!erences for
large allosteric conformational changes of proteins like those
associated with cellular signaling of various kinds remains an
unsolved problem. There is considerable room left to explore
di!erent ways to construct alchemical paths for larger
conformational free energy changes with the objective of
accelerating their convergence.

! SIMULATION DETAILS
All simulations were performed using the GROMACS
(v2016.3) simulation package.37 Before the production MD
simulations, each system was prepared at 300 K by running (1)
5000 steps of energy minimization, (2) 50 000 steps of
equilibration under a NVT ensemble, and (3) 500 000 steps of
equilibration under a NPT ensemble. The step size of MD
simulations was 2 fs with the SHAKE constraint algorithm.
Long-range electrostatic interactions were computed by the
PME method. To calculate the conformational free energy
change of AlaD, a single AlaD molecule was solvated in 880
TIP3P water molecules in an octahedron box. The clearance
on each side of the solute was 1.2 nm. OPLS-AA force "eld38

was used, and the production MD simulations were run under
a NVT ensemble using the leapfrog stochastic dynamics
integrator. The time constant for the temperature coupling
(tau-t) is 1.0 ps. The benchmark was obtained by running
temperature replica exchange simulations with seven temper-
atures ranging from 300 to 350 K (300, 307, 315, 322, 330,
339, and 350 K). Before the dual topology FEP was run, the
force constants of the harmonic restraints applied to the $ and
' dihedral angles of AlaD were increased from 0 to 239 kcal/
mol by using eight "-states. The chosen " values were 0.0,
0.004, 0.05, 0.2, 0.4, 0.6, 0.8, and 1.0. There were 15 "-states in
the dual topology FEP simulations. The chosen " values were
0.0, 0.02, 0.05, 0.1, 0.15, 0.24, 0.35, 0.5, 0.65, 0.76, 0.85, 0.9,
0.95, 0.98, and 1.0. To calculate the conformational change of
T4 lysozyme, the T4 lysozyme molecule was solvated in 13 329
TIP3P water molecules in an octahedron box. The clearance
on each side of the solute was 1.2 nm. AMBER99SB-ildn force
"eld39 were used, and the production MD simulations were
run under a NPT ensemble using the leapfrog stochastic
dynamics integrator and the Parrinello!Rahman pressure

coupling. The time constant for the temperature coupling
(tau-t) is 1.0 ps, and the time constant for the pressure
coupling (tau-p) is 2.0 ps. The benchmark was obtained by
running umbrella sampling with 26 windows covering the
Val111 & space. The US simulations were coupled by replica
exchange to accelerate the convergence. In the R-FEP-R
calculations, the force constants applied to the & dihedral
angles of Val111 increase from 0 to 239 kcal/mol by using
eight "-states. The chosen " values were 0.0, 0.004, 0.05, 0.2,
0.4, 0.6, 0.8, and 1.0. There were 15 "-states in the dual
topology FEP. The chosen " values were 0.0, 0.02, 0.05, 0.1,
0.15, 0.24, 0.35, 0.5, 0.65, 0.76, 0.85, 0.9, 0.95, 0.98, and 1.0.
All three steps!restraint, FEP, and release!were coupled by
replica exchange to accelerate the convergence. The FEP
simulation data were analyzed by UWHAM.40
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ABSTRACT: We introduce a method called restrain!free energy perturbation!release 2.0
(R!FEP!R 2.0) to estimate conformational free energy changes of protein loops via an
alchemical path. R!FEP!R 2.0 is a generalization of the method called restrain!free energy
perturbation!release (R!FEP!R) that can only estimate conformational free energy
changes of protein side chains but not loops. The reorganization of protein loops is a central
feature of many biological processes. Unlike other advanced sampling algorithms such as
umbrella sampling and metadynamics, R!FEP!R and R!FEP!R 2.0 do not require
predetermined collective coordinates and transition pathways that connect the two endpoint
conformational states. The R!FEP!R 2.0 method was applied to estimate the
conformational free energy change of a !-turn !ip in the protein ubiquitin. The result
obtained by R!FEP!R 2.0 agrees with the benchmarks very well. We also comment on
problems commonly encountered when applying umbrella sampling to calculate protein
conformational free energy changes.

Estimating protein conformational free energy changes is a
central goal of computational biophysics: important for

studying inhibitor speci"c binding, allosteric e#ects, and
protein functional switching, etc.1!5 The most straightforward
method of measuring the conformational free energy changes
is to run a long brute force molecular dynamics (MD)
simulation until multiple transitions between the initial
(reactant) and the "nal (product) conformational states are
observed. The free energy di#erence between these two
conformational states is estimated by the log ratio of their
populations. However, this straightforward method becomes
impractical when the time scale of the relevant biomolecular
motion is longer than the accessible simulation time.6,7

Advanced sampling algorithms have been developed to reduce
the computational time required to obtain converged
estimates of conformational free energy changes.8,9 For
example, umbrella sampling,10!15 arguably the most popular
advanced sampling algorithm, explores the free energy
landscape region by region with biasing restraint potentials.
Another type of sampling algorithm, such as meta-dynamics
and related methods,16!19 !attens the free energy landscape
between the reactant and product states by continuously
adding small barriers to the conformational neighborhoods
that have been sampled. To apply many advanced sampling
algorithms, one needs to choose a set of collective variables
(reaction coordinates) or "nd a real pathway connecting the
reactant and the product states beforehand, which is usually
the key to success. However, constructing good collective
coordinates or searching transition pathways for high-dimen-
sional systems can be as challenging as the original problem
itself.20!26

In 2018, we proposed a novel algorithm called restrain!free
energy perturbation!release (R!FEP!R) that can be used to
estimate the conformational free energy di#erence between
two states without choosing collective variables or knowing
transition pathways beforehand.27 Importantly, because R!
FEP!R estimates the conformational free energy di#erence
via an alchemical path, advanced sampling algorithms such as
umbrella sampling can be more di$cult to converge than R!
FEP!R even with known physical pathways if the
intermediate states along the pathways di#er much more in
structure from the initial state than the "nal state does. In ref
27, we validated the R!FEP!R algorithm by calculating the
free energy change between the conformational basins for
alanine dipeptide in solution and for a side chain in the
binding pocket of T4 lysozyme. The conformational free
energy changes estimated by R!FEP!R agree with the
benchmarks very well. Additionally, we found that the R!
FEP!R method is about 4!5 times more e$cient than
umbrella sampling for our examples. However, the original R!
FEP!R algorithm is designed to estimate the free energy
di#erences between di#erent structures involving conforma-
tional changes of side chains or C/N-termini of proteins, but
not loops. It is desirable to develop a similar algorithm for
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protein loops because they play an essential role in protein
stabilization, allosteric signaling, molecular recognition,
enzyme catalysis, and ligand binding, etc.28!34 Compared to
the conformational changes of protein side chains and termini
of proteins, it is usually more di$cult to construct collective
coordinates or search for transition pathways for conforma-
tional changes of loops because of the large number of atoms
involved and the high !exibility of loops. In this Letter, we
propose a generalization of R!FEP!R, which will be referred
to as restrain!free energy perturbation!release 2.0 (R!FEP!
R 2.0), to estimate the free energy di#erences caused by loop
conformational changes. The basic idea is to combine two
“side chains” into a loop and break the loop into two “side
chains” before and after the free energy perturbation (FEP)
step in the original R!FEP!R algorithm, respectively.
First, we review the original R!FEP!R algorithm. For the

sake of clarity, the original R!FEP!R algorithm will be
referred to as R!FEP!R 1.0 in the remaining part of this
Letter. As explained in ref 27, the R!FEP!R 1.0 method is
based on the idea of the dual topology free energy
perturbation (FEP) algorithm that is widely applied to
calculate the binding free energy di#erences among similar
ligands.2 The atoms of the molecule of interest are divided
into the dual set that includes all the atoms involved in the
conformational change and the shared set that includes all the
other atoms of the molecule. The fundamental idea of R!
FEP!R 1.0 is to calculate the conformational free energy
di#erence by FEP along an alchemical path that removes the
dual part from the initial state and simultaneously grows it
back according to its structure in the "nal state.
The procedure for running R!FEP!R 1.0 is illustrated in

Figure 1. The goal is to estimate the free energy di#erence
between the initial (reactant) state and the "nal (product)
state, !G = !kBT ln(Z1/Z0), where Z0 and Z1 are the partition
functions of the initial state and the "nal state, respectively.
Instead of calculating !G directly, we estimate this free energy
by summing the three other legs in the top thermodynamic
cycle, namely

G G G G0 1! = ! " ! + ! # (1)

!G0 denotes the total free energy change of adding a
parabolic restraint to a dihedral angle of the internal

coordinates specifying each atom that belongs to the dual
set of the molecule when the conformation of the molecule is
in the initial state. In Figure 1, the dual set from the initial
state is referred to as “RV” because this set of atoms is
converted from real to virtual during the dual topology FEP
simulation introduced later. The free energy di#erence !G0 is
obtained by running FEP with the restraint potential functionL

N
MMMMMMM \

^
]]]]]]]U S k S( , ) 1

2
( ( ))i i

j
j j jr 0

dual
0

2$! ! " "= "
% (2)

where "i is the FEP control parameter that changes from 0 to
1; kj and #j(S0) are the force constant and the reference
dihedral angle value of the harmonic restraint for the jth atom
in the dual set, respectively; and S0 denotes the initial state.
Theoretically, the "nal result of R!FEP!R 1.0 does not
depend on the choices of #j(S0). In practice, we choose the
most populated value of the dihedral angle #j observed in the
initial state as the reference value of the restraint to expedite
the convergence of !G0. The restraints applied in this step
prevent the molecule from leaving the initial state and also
accelerate the convergence of the dual topology FEP
simulation step discussed later. In Figure 1, Z0! denotes the
partition function of the system when the restraints described
by eq 2 are fully turned on ("i = 1). Similarly, the free energy
di#erence !G1 denotes the free energy changes of adding a
parabolic restraint to the dihedral angle of the internal
coordinates of each atom that belongs to the dual set of the
molecule when the conformation of the molecule is in the
"nal state. In Figure 1, the dual set from the "nal state is
referred to as “VR” because this dual set is converted from
virtual to real during the dual topology FEP simulation. The
free energy di#erence !G1 is obtained by running FEP with
the potential functionL

N
MMMMMMM \

^
]]]]]]]U S k S( , ) 1

2
( ( ))i i

j
j j jr 1

dual
1

2$! ! " "= "
% (3)

where the reference values of the harmonic restraint #j(S1) are
chosen from the most populated value of the dihedral angle #j
observed in the "nal state, and S1 denotes the "nal state. Note
that #j(S0) and #j(S1) are usually di#erent because the

Figure 1. Illustration of the restrain!free energy perturbation!release 1.0 (R!FEP!R 1.0) algorithm. R!FEP!R 1.0 is explained by two
thermodynamic cycles. The goal is to calculate the free energy di#erence between the initial and the "nal states !G. In the initial state, the
molecule consists of the shared set and the dual-RV set; in the "nal state, the molecule consists of the shared set and the dual-VR set. The dual-
RV set and the dual-VR set are identical atom sets but di#er in their conformations. The paperclips and the angle brackets represent restraints
applied to the dual set. The solid lines and the solid letters denote real dual sets, while the dashed lines, the half transparent letters, and the
subscripts “v” denote virtual dual sets. The two vertical legs in the bottom thermodynamic cycle, kBT ln Zvr(0) and kBT ln Zrv(1), are equal when
the dihedral angle restraints applied to the dual sets are strong. Reprinted (adapted) with permission from ref 27. Copyright 2018 American
Chemical Society.
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structures of the dual set in the initial and the "nal states are
di#erent. In Figure 1, Z1! denotes the partition function of the
system when the restraints described by eq 3 are fully turned
on ("i = 1).
The free energy change represented by the middle

horizontal leg, !G! = !kBT ln(Z1!/Z0!), is estimated by the
dual topology FEP method. As shown in Figure 1, we
calculate !G! by summing the three other legs in the bottom
thermodynamic cycle. The left vertical leg in the bottom
thermodynamic cycle represents the free energy change of
attaching a virtual dual set with restraints Ur(S1, 1) to the
molecule already with restraints Ur(S0, 1). Hence, the left
bottom vertex of the rectangle in Figure 1 represents a state in
which the molecule includes a shared set, a real dual set (a
real RV set) with restraints Ur(S0, 1), and a virtual dual set (a
virtual VR set) with restraints Ur(S1, 1). The virtual dual part
in R!FEP!R 1.0 is a copy of the dual part without proper
dihedral potential energies, intergroup and intragroup van der
Waals, and Coulomb potential energies. In ref 27, we showed
that the partition function of the state represented by the left
bottom vertex of the rectangle, ZD(0), can be written as a
product of the partition function Z0! and the partition
function of the restrained virtual dual set that has been
attached, Zvr(0). In other words, the left vertical leg in the
bottom thermodynamic cycle simply equals kBT ln Zvr(0),
which is the partition function of the virtual dual set restrained
to its "nal conformation. Similarly, the right vertical leg in the
bottom thermodynamic cycle, kBT ln Zrv(1), represents the
free energy change of attaching a virtual dual set with
restraints Ur(S0, 1) to the molecule with restraints Ur(S1, 1).
The right bottom vertex of the rectangle in Figure 1
represents a state in which the molecule includes a shared
set, a real dual set (a real VR set) with restraints Ur(S1, 1),
and a virtual dual set (a virtual RV set) with restraints Ur(S0,
1). The partition function of this state is ZD(1). Then, the
middle horizontal !G! can be estimated by

G k T Z k T Z Gln (0) ln (1)B vr B rv D! # = " + ! (4)

where !GD = !kBT ln(ZD(1)/ZD(0)) represented by the
bottom leg in Figure 1 is the free energy di#erence obtained
from the dual topology FEP transformation, during which the
real dual set (the RV set) is converted to virtual, and the
virtual dual set (the VR set) is converted to real
simultaneously.
The potential energy in the dual topology FEP simulation

can be written as a sum of three components27

U U U U( ) ( ) ( )i
S W

i iD
( ) (rv) (vr)! ! != + ++

(5)

U(rv)("i) in eq 5 includes all the potential energies related to
the RV dual set, which is converted from real to virtual during
the dual topology FEP simulation. As mentioned previously,
the virtual dual part is a copy of the dual part without proper
dihedral potential energies, intergroup and intragroup van der
Waals, and Coulomb potential energies. Then, on the basis of
the type of interactions that the potential energy functions
describe, U(rv)("i) can be written as27

U U U U U S

U U U

( ) ( ( , 1))

(1 )( )

i

i

(rv)
bond
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angle
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improper
(rv)

r 0
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elec
(rv)

!

!

= + + +
+ " + + (6)

where Ubond
(rv) is the bond length potential; Uangle

(rv) is the bond

angle potential; Uproper
(rv) is the proper torsional potential;

Uimproper
(rv) is the improper torsional potential; UvdW

(rv) is the van

der Waals potential; and Uelec
(rv) is the Coulomb potential. As

can be seen, the proper dihedral potentials, intergroup and
intragroup van der Waals, and Coulomb potentials in U(rv)

change from full e#ect to 0 when the FEP control parameter
"i changes from 0 to 1. Similarly, U(vr)("i) in eq 5 includes all
the potential energies related to the VR dual set, which is
converted from virtual to real during the dual topology FEP
simulation. U(vr)("i) can be written as27

U U U U U S

U U U
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i c
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r 1
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= + + +
+ + + (7)

where the proper dihedral potentials, intergroup and intra-
group van der Waals, and Coulomb potentials change from 0
to full e#ect when "i changes from 0 to 1. However, the
interactions between the RV and VR dual sets are always
turned o# during the whole dual topology FEP simulation.
U(S+W) in eq 5 represents all the other potential energy terms
(solute and water) of the system.27

In practice, we remove the proper dihedral angle (torsional)
potentials of the real dual sets when the dihedral angle
restraints are applied to the real dual sets instead of turning
them on and o# during the dual topology FEP transformation.
Therefore, for the free energy di#erences reported in this
Letter, !G0 and !G1 include the free energy changes of
removing the proper dihedral angle potentials of the real dual
sets, while !GD does not include the free energy changes of
turning on and o# the proper dihedral angle potentials of the
dual sets.
By combining eqs 1 and 4, the conformational free energy

change between the two physical endpoint states equals the
sum of 5 free energy terms:

G G G k T Z k T Z

G

ln (0) ln (1)0 1 B vr B rv

D

! = ! " ! + "
+ ! (8)

Furthermore, it can be shown that the free energies
represented by these two vertical legs in the bottom
thermodynamic cycle, kBT ln Zvr(0) and kBT ln Zrv(1), become
equal when the force constants kj in eqs 2 and 3 are large (see
eqs 14, 18, and 19 in ref 27). Therefore, eq 8 can be simpli"ed
as

G G G G0 D 1! = ! + ! " ! (9)

from which the name “restrain!free energy perturbation!
release” (R!FEP!R) is derived.
The R!FEP!R 1.0 algorithm cannot be used to determine

the conformational free energy changes of loops that are
connected with the shared set at both ends, however. In
Figure 1, the left vertical leg in the bottom thermodynamic
cycle represents the free energy change of attaching a virtual
dual set with restraints Ur(S1,1) to the molecule that includes
a real set with restraint Ur(S0, 1). As mentioned previously, we
showed that the free energy change represented by this leg
can be written as kBT ln Zvr(0), where Zvr(0) is the partition
function of the restrained virtual dual set, because the
partition function of the attached dual set and the partition
function of the original molecule are not correlated. This
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uncorrelated relation is proven by rewriting the partition
functions using internal coordinates and depends on the
assumption that the dual set can be expressed as a continuous
chain connected with the shared set at only one end.27

Therefore, R!FEP!R 1.0 can be applied to estimate the
conformational free energy changes of side chains (see the T4
lysozyme example in ref 27) or the conformational free energy
changes of C-termini or the N-termini of proteins (see the
alanine dipeptide example in ref 27). However, R!FEP!R 1.0
cannot be directly applied to estimate the conformational free
energy changes of loops, which are connected with the shared
set at both ends.
Here, we develop a generalization of R!FEP!R 1.0 that is

able to handle the situation when the dual atoms form a loop
that is connected to the shared atoms at both ends of the
loop. The basic idea is to break the restrained virtual dual set,
which is a loop, into two restrained “side chains” each
attached at one end to the shared set. The partition function
of each attached “side chain” and the partition function of the
original molecule are all uncorrelated. This can be proven by
following the same steps of the proof given in ref 27 for the
"rst “side chain” and repeated for the second “side chain”.
Then, FEP simulations are performed to close the restrained
virtual two half loops ( VR v

BL& ' or RV v
BL& ' where “BL” stands

for a broken loop) before the dual topology FEP trans-
formation is performed. The procedure of running this
generalization of the R!FEP!R method is illustrated in
Figure 2. Compared with Figure 1, the bottom thermody-
namic cycle now contains 5 legs instead of 3 legs. Each of the
two vertical legs in the bottom thermodynamic cycle of the
original R!FEP!R method has been replaced by two steps
(legs) described as follows:

• Break the restrained virtual loop into two restrained
“side chains” before attaching them to the molecule.
The free energy changes of attaching the restrained
virtual broken VR loop ( VR v

BL& ' ) and the restrained
virtual broken RV loop ( RV v

BL& ' ) to the molecule are
k T Zln (0)B vr

BL and k T Zln (1)B rv
BL , respectively. Follow-

ing the same proof provided in ref 27, these two free
energy terms are equal and hence cancel each other in
the bottom thermodynamic cycle as well if the dihedral
angle restraints on the virtual loops are parabolic
potentials, and the force constants kj in eqs 2 and 3 are
large.

• Close the virtual loop by adding bond length, bond
angle, improper dihedral angle interactions, and
dihedral angle restraints to the free ends of the two
virtual “side chains” (broken from the loop). Gvr

CL! and
Grv

CL! denote the free energy changes of closing the
restrained virtual broken VR loop and the restrained
virtual broken RV loop, respectively.

The free energy terms Gvr
CL! and Grv

CL! are estimated by
FEP simulations. Similar to the dual topology FEP simulation
in R!FEP!R 1.0 introduced previously, we write the
potential energy in the FEP simulation estimating Gvr

CL! as
a sum of three components

U U U U( ) (0) ( )i
S W

iCL
( ) (rv)

CL
(vr)! != + ++

(10)

where U(rv)(0) is de"ned by eq 6. This energy term includes
all the potential energies related to the RV dual set. The
energy term U ( )iCL

(vr) ! in eq 10 includes all the potential

Figure 2. Illustration of the restrain!free energy perturbation!release 2.0 (R!FEP!R 2.0) algorithm. R!FEP!R 2.0 is explained by two
thermodynamic cycles. The goal is to calculate the free energy di#erence between the initial and the "nal states !G. In the initial state, the
molecule consists of the shared set and the dual-RV set; in the "nal state, the molecule consists of the shared set and the dual-VR set. The dual-
RV set and the dual-VR set are identical atom sets but di#er in their conformations. The 3/4 circles indicate that the dual set is a loop connected
to the shared set at both ends. The paperclips and the angle brackets represent restraints applied to the dual set. The dark blue and the solid lines
denote real dual sets, while the light blue, the dashed lines, and the subscripts “v” denote virtual dual sets. The 1/4 circles and the subscripts “BL”
denote broken loops.
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energies related to the VR dual set, and U(S+W) represents all
the other potential energy terms of the system. Since this
restrained virtual dual set is broken into two “side chains” at

the beginning of FEP, U ( )iCL
(vr) ! can be written as a sum of

three energy groups

U U U U
U S

U U U
U S

U U U
U S

( ) (LH) (LH) (LH)
( , 1, LH)

(RH) (RH) (RH)
( , 1, RH)

(LR) (LR) (LR)
( , 1, LR)

i

r

r

i

r
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bond
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angle
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(vr)

1

bond
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angle
(vr)

improper
(vr)

1

bond
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angle
(vr)

improper
(vr)

1

!

!

= { + +
+ }

+ { + +
+ }

+ { + +
+ }

(11)

The three energy groups in eq 11 are the bond length
potential, the bond angle potential, the improper dihedral
angle potential, and the dihedral angle restraints of the "rst
(left-hand side) “side chain”, the second (right-hand side)
“side chain”, and the connection between them, respectively.
The energy group that forces the LH “side chain” and the RH
“side chain” into a loop changes from 0 to full e#ect when the
FEP control parameter "i changes from 0 to 1. Note that
U (1)CL

(vr) equals the energy term U(vr)(0) de"ned by eq 7. In
other words, UCL(1), which is the potential energy of the "nal
state in the FEP simulation estimating GCL

vr! , equals the
potential energy of the "rst state in the dual topology FEP
simulation UD(0). Both states are represented by the left
bottom vertex of the rectangle in Figure 2.
Finally, the free energy change between the endpoint states

is estimated by the sum of "ve legs of the thermodynamic
cycles shown in Figure 2

Figure 3. (a) Type-I ! turn and type-II ! turn. The D52/G53 peptide plane rotates 180° during the ! turn exchange. The carbonyl group of D52
and the “N!H” group in the backbone of E24 form a hydrogen bond in the !-I state; the carboxylate anion group in the side chain of E24 and
the “N!H” group in the backbone of G53 form a hydrogen bond in the !-II state. (b) Atom types and atom numbers of the dual set in the R!
FEP!R 2.0 calculation. Atoms 830!844 (15 atoms) are grouped together as the dual set.

Figure 4. Dihedral angles of the residue D52 and G53 observed in a 8 $s simulation of ubiquitin.
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G G G G G G0 vr
CL

D rv
CL

1! = ! + ! + ! " ! " ! (12)

We name this generalization of R!FEP!R as the restrain!
free energy perturbation!release 2.0 (R!FEP!R 2.0)
algorithm.
As a "rst application, we applied the R!FEP!R 2.0 method

to estimate the conformational free energy change of a !-turn
!ip35,36 in the protein ubiquitin. Ubiquitin is a small
regulatory protein that consists of 76 amino acid residues.
Previous studies show that the loop connecting the 310 helix
and the !4 strand of ubiquitin switches between two
conformational states distinguished by the types of the !-
turn that consists of amino acid residues E51, D52, G53, and
R54.37!40 As shown in Figure 3a, the peptide plane between
the residues D52 and G53 rotates "180° during this
conformational exchange between the type-I ! turn and the
type-II ! turn conformations. For the sake of simplicity, we
will refer to these two states as the !-I and !-II states,
respectively. Previous studies also found that the conformation
of this !-turn is allosterically coupled with motion of the
binding interface of ubiquitin. The !-II state is universally
associated with the binding to the ubiquitin-speci"c protease
(USP) family of deubiquitinases.39

We ran a 8 $s long brute force simulation of ubiquitin in
solvent starting from the !-II state. The trajectories of dihedral
angles of the residue D52 and G53 are plotted in Figure 4.
The trajectories of #(G53) and %(D52) clearly reveal that two
conformational states exist, and the system underwent
multiple transitions ("7 round trips) during the 8 $s MD
simulation. Both dihedral angles, #(G53) and %(D52), rotate by
about 180° during the transitions between these two states.
On the contrary, no large changes (more than thermal
!uctuations) of the other two dihedral angles, #(D52) and
%(G53), are observed during the whole trajectory. According to
the de"nition, the (#(D52) " !60°, %(D52) " !30°, #(G53) "
!90°, %(G53) " 0°) state corresponds to the type-I !-turn
conformation; and the (#(D52) " !60°, %(D52) " 150°, #(G53)

" 90°, %(G53) " 0°) state corresponds to the type-II !-turn
conformation. Apparently, The !-I state is much more stable
than the !-II state. The free energy di#erence between these
two states !GI,II is about 1.86 ± 0.30 kcal/mol estimated by
their populations (the population ratio is "22.5:1). The
uncertainty is roughly estimated by dividing the 8 $s
trajectory into four equally long blocks and calculating the
standard error of the mean.
A more accurate benchmark for the conformational free

energy di#erence between the !-I and the !-II states of
ubiquitin can be estimated by umbrella sampling with replica
exchange. The two backbone dihedral angles #(G53) and %(D52)

are chosen as the natural collective coordinates. In Figure 5,
we show the !-I and the !-II states of ubiquitin in the
Ramachandran map by using the data obtained from the brute
force simulation. To construct the initial state (window) for
umbrella sampling, we applied two parabolic restraints of
which the vertices are located at 900

(G53)" = ( and

1500
(D52)# = ( to restrain the ubiquitin molecule in the !-II

state. The free energy change of applying these restraints on
the free ubiquitin molecule in the !-II state is 1.130 ± 0.013
kcal/mol estimated by FEP with replica exchange. However,
there are multiple choices of paths along which to add
umbrella sampling windows that lead to the !-I state of
ubiquitin because the Ramachandran map is periodic. Note

that four di#erent pathways exist to connect the nearest
neighboring !-I state and its images with every !-II state in
such a periodic map (see the illustration in the Supporting
Information). The range of values of dihedral angles is
(!180°, 180°] in GROMACS.41 In Figure 5, the region
!180° < #(G53) < 180° and !180° < %(D52) < 180°, which will
be referred to as the central cell in the periodic map, is
marked with light cyan. Here, we chose the !-II state in the
central cell as the initial state and show the !-I state in the
central cell and its "rst image on the right side of the central
cell. The pathways connecting the !-II state and these two
possible "nal states correspond to rotating the dihedral angle
#(G53) clockwise and counterclockwise, and they are referred
to as bridge A and bridge B, respectively.
We connected the two endpoint states by adding 31

umbrella sampling windows along bridge B because this
bridge is the actual transition pathway observed in our long
brute force simulation and presumably has a lower free energy
barrier. To construct the "nal state (window) for umbrella
sampling, we applied two parabolic restraints that are located
at 2700

(G53)" = ( and 300
(D52) 0# = " to restrain the ubiquitin

molecule in the !-I state. The free energy change of applying
these restraints on the free ubiquitin molecule in the !-I state
is 1.022 ± 0.009 kcal/mol estimated by FEP with replica
exchange. The free energy di#erence between the initial state
(the "rst window) and the "nal state (the last window) is
!2.07 ± 0.09 kcal/mol estimated by umbrella sampling. The
results of the FEP simulations and the umbrella sampling
simulation connecting the initial and "nal states through
bridge B are shown in Figure 6. Finally, the estimate of the
free energy di#erence between the !-I and !-II states of
ubiquitin !GI,II is 1.96 ± 0.09 kcal/mol, which was estimated
by summing the other three legs in the thermodynamic cycle
in Figure 6. This result agrees with the estimate obtained from
the long brute force simulation. See the Supporting
Information for more details about the setup and analyses
for the umbrella sampling simulations.
We chose the "rst and the last windows of the umbrella

sampling as the initial and the "nal states of R!FEP!R 2.0,
respectively. Atoms 830!844 (15 atoms) are grouped

Figure 5. Pathway of umbrella sampling. The !-I and !-II states are
plotted in the Ramachandran map of the two backbone dihedral
angles #(G53) and %(D52) by using the data obtained from the brute
force simulation. The !-II state was chosen as the initial state for
umbrella sampling. There are four nearest neighboring !-I states
around the initial state because the Ramachandran map is periodic.
The !-I state in the central cell that is "lled with light cyan and the
"rst image on its right side is shown in this picture. The pathways
connecting the initial state and these two "nal states in umbrella
sampling are referred to as bridge A and bridge B, respectively.
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together as the dual set (see Figure 3b), and all the other
(1216) atoms are in the shared set. The bond length, bond
angle, improper dihedral angle interactions, and proper
dihedral angle restraints between atoms N840 and C842
(and the second copy of N840 and C842) were broken and
bonded during the R!FEP!R 2.0 calculations. The free
energy terms on the right-hand side of eq 12 were estimated
by FEP with replica exchange, and the results are shown in
Table1. The free energy di#erence between the two endpoint
states !G estimated by R!FEP!R 2.0 is !1.92 ± 0.17 kcal/
mol. Finally, the free energy di#erence between the !-I and !-
II states of ubiquitin !GI,II is 1.81 ± 0.17 kcal/mol, which
agrees with both the brute force simulation and the umbrella
sampling. See the Supporting Information for more details
about the setup and analyses for R!FEP!R 2.0.
The FEP simulation that estimates Gvr

CL! is the most
di$cult step to converge. It took 200 ns of equilibration until
the estimates of Gvr

CL! reached a plateau (see the Supporting
Information). During this FEP simulation, the virtual dual-VR
set changed from two “side chains” to a full loop when "i in eq
11 changed from 0 to 1. The major free energy change
introduced by closing the loop can be broken down into two
parts. The "rst part is the free energy change of adding the
bond length, bond angle, improper dihedral angle interactions,
and proper dihedral angle restraints between atoms N840 and
C842. The other part comes from the disturbance to the
global structure because of the length di#erence between the
dual loops. The equilibration time for the second part of the
free energy change is expected to be much longer than the
"rst part because many atoms are likely involved. In the case
of ubiquitin, the two ends of dual parts are attached to atoms
N828 and C845 in the shared part. We found that the
distance between these two atoms decreased slightly from
0.555 ± 0.001 to 0.526 ± 0.001 nm when averaged over 1 ns
intervals during the "rst 50 ns simulation at the state that the
loop is fully closed (see the Supporting Information). It is
understandable that the FEP simulation that estimates Grv

CL!
is much easier to converge because the dual-RV loop is looser
compared to the dual-VR loop. Furthermore, the longer

equilibrating time of Gvr
CL! suggests that the decrease of the

distance between N828 and C845 causes changes more than
local structure and might play a role in the allosteric signaling
in ubiquitin.
As mentioned previously, the success of applying umbrella

sampling to measure the conformational free energy changes
can strongly depend on the choice of the collective
coordinates and the pathway connecting the initial and the
"nal states. To demonstrate this disadvantage, we ran
umbrella sampling a second time but using bridge A shown
in Figure 5 to connect the !-II state and the !-I state of
ubiquitin. Like the "rst umbrella sampling, 31 additional
windows were added between the initial and the "nal states
(windows) evenly. The estimated free energy di#erence
between the endpoint states of the second umbrella sampling
is +5.05 ± 0.18 kcal/mol. To explore the cause of this
obviously wrong estimate, we compare the "nal states of both
umbrella sampling simulations and the !-I state of ubiquitin
observed in the brute force simulation. The comparisons of
the distributions of dihedral angles of the residue D52 and
G53 are shown in Figure 7. As can be seen, the distributions
of #(G53) and %(D52) of the "nal states of both umbrella
sampling agree with those distributions of the !-I state
observed in the brute force simulation. This is understandable
because of the parabolic restraints applied during both
umbrella sampling simulations. The distributions of #(D52)

and %(G53) of the "nal states of the "rst umbrella sampling
along bridge B also agree with those distributions of !-I state
observed in the brute force simulation. However, there is one
additional peak in the distribution of #(D52) and %(G53) of the
"nal states of the second umbrella sampling compared with
the other two cases, which explains the wrong estimate of the
conformational free energy change when using bridge A to set
up umbrella sampling.
Bridge B is a better pathway along which to set up umbrella

sampling. It is well-known that the transition between the
type-I and type-II !-turn only causes little structural changes
to the surrounding side chains and peptides at the endpoint
states.36 During the umbrella sampling, we forcibly rotated the
#(G53) and %(D52) from the initial state to reach the "nal state
in the Ramachandran map. We found that rotating the peptide
along bridge A causes much larger disturbances to the
surrounding peptides than bridge B, which explains that
unwanted conformational states other than the !-I state
survived at the "nal state of the umbrella sampling simulation
that was set up along bridge A. Because free energy is a state
function, it is possible to obtain the correct estimate of the
free energy di#erence between the !-I and !-II states based on
the data generated from the umbrella sampling that was set up
along bridge A by removing unwanted conformational states
and adding arti"cial restraints at certain states (windows) of
umbrella sampling,42,43 but that is beyond the scope of this
Letter.
This practice exposes the pitfalls of setting up pathways for

umbrella sampling simulations. Mistakenly choosing bridge A,
which might be a more intuitive choice without knowing the

Figure 6. Thermodynamic cycle to calculate the free energy
di#erence between the !-I and !-II states of ubiquitin !GI,II. The
unit of free energy changes is kcal/mol.

Table 1. R!FEP!R 2.0 to Estimate the Free Energy Di!erence (kcal/mol) between the Restrained !-I and !-II States of
Ubiquitin

!G0 !Gvr
CL !GD !!Grv

CL !!G1 !G
10.43 ± 0.07 32.45 ± 0.03 !9.17 ± 0.10 !25.24 ± 0.02 !10.39 ± 0.12 !1.92 ± 0.17
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actual physical pathway because bridge A is in the central cell,
to connecting the initial and the "nal states in umbrella
sampling causes at least two issues. First, it is a pathway
crossing higher free energy barriers compared with bridge B
because such transitions are rarely observed in the brute force
simulation. Umbrella sampling simulations along a pathway
crossing higher free energy barriers usually require more
simulation time or more windows to converge. Furthermore,
choosing bridge A as the pathway for umbrella sampling
guides the simulation to a di#erent destination instead of the
"nal state of interest. These issues are hidden when the system
is projected onto a low dimensional space by using collective
variables. For instance, we only discovered that the umbrella
sampling using bridge A partially ended at an undesired
conformational state after examining the distributions of
dihedral angles #(D52) and %(G53), which are not the chosen
collective coordinates. The same pitfall exists for other
advanced sampling algorithms that strongly rely on a good
choice of collective variables and pathways.
In this Letter, we introduce a method called restrain!free

energy perturbation!release 2.0 (R!FEP!R 2.0) to estimate
the conformational free energy di#erences of protein loops via
an alchemical path. R!FEP!R 2.0 is a generalization of the
original restrain!free energy perturbation!release (R!FEP!
R) method that we introduced in 2018. Both methods are
based on the idea of the dual topology free energy
perturbation (FEP) algorithm that widely applied to calculate
the relative binding free energy among similar ligands. The
fundamental idea is to calculate the conformational free
energy di#erence by FEP that removes those atoms that are
involved in the conformational change from the initial state
and simultaneously grows them back according to its
conformation in the "nal state. First, we reviewed the R!
FEP!R 1.0 method. One important aspect in R!FEP!R 1.0
is that the unphysical contributions from the dual topology
dummy atoms attached to the initial and the "nal partition
functions cancel each other. We explained that the proof of

this depends on the assumption that the dual set is a
continuous chain connected with the shared set at only one
end. Therefore, the original R!FEP!R method can be
applied to estimate the conformational free energy changes
of side chains or C/N-termini of proteins, but not the
conformational free energy changes of protein loops. Then, we
proposed the R!FEP!R 2.0 algorithm during which the dual
topology dummy (virtual) loop is broken into two “side
chains” before being attached to the molecule and then
bonded back to form a whole loop at both endpoint states of
the dual topology FEP transformation. In R!FEP!R 2.0, the
unphysical contributions from the dual topology dummy
atoms attached to the initial and the "nal partition functions,
which are two “side chains” instead of one, also cancel each
other. Compared with the original R!FEP!R method, this
generalization of R!FEP!R 1.0 requires two additional FEP
simulations that estimate the free energy changes of closing
the loop from two ” side chains” in the initial and "nal
conformational free energy basins.
The R!FEP!R 2.0 method was tested to estimate the

conformational free energy change associated with a type-II to
type-I !-turn transition in ubiquitin. We ran an 8 $s brute
force simulation of ubiquitin that is long enough to observe
multiple round trips between the !-I and !-II states. Based on
the knowledge obtained from the brute force simulation,
umbrella sampling with replica exchange was set up and run to
estimate the free energy di#erence between these two states.
Finally, the R!FEP!R 2.0 method was applied, and the
estimate of the free energy di#erence between the !-I and !-II
states agrees with both the umbrella sampling and the brute
force simulations very well. To demonstrate the advantage of
applying R!FEP!R 2.0 to estimate the conformational free
energy di#erence, we ran another umbrella sampling
simulation choosing a di#erent pathway in the two-dimen-
sional space (a Ramachandran map) de"ned by the collective
coordinates. The second umbrella sampling simulation reveals
that a poor choice of pathway results in simulations that are

Figure 7. Comparisons of the distributions of the four dihedral angles of the residue D52 and G53 from the "nal states of both umbrella sampling
simulations and the !-I state observed from the brute force simulation.
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more di$cult to converge or even the wrong results. The
challenge of choosing optimal collective coordinates or
pathways to connect the initial and "nal conformational
states exists for not only umbrella sampling but also many
other popular advanced sampling algorithms. However, both
R!FEP!R 1.0 and R!FEP!R 2.0 algorithms estimate the
conformational free energy di#erence via an alchemical path
and therefore do not require predetermined collective
coordinates and transition pathways.
Our study provides a promising framework to study the

conformations and functions of protein loops. We previously
showed that the R!FEP!R 1.0 method is about 4!5 times
more e$cient than umbrella sampling for two toy models.27

The example in this study does not show the same e$ciency
advantage of the R!FEP!R 2.0 method when compared to
the umbrella sampling simulation based on their total
simulation times and the uncertainties of the "nal result.
However, considering the time and e#ort cost by searching
physical transition pathways or collective coordinates during
the prerequisite procedure of umbrella sampling, we believe
that R!FEP!R 2.0 is more e$cient and easier to succeed as
an algorithm to estimate conformational free energy changes
of protein loops. There is considerable room left to improve
the e$ciency of R!FEP!R 2.0 by optimizing the number of
"-states, the space between adjacent "-states, and distributed
simulation time for each of the 5 FEP simulations. We plan to
combine the calculations of Gvr

CL! , !GD, and Grv
CL! into a

single FEP simulation and implement free energy perturba-
tion/replica exchange with solute tempering (FEP/REST)2

into R!FEP!R 2.0 in the future.
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The UWHAM and SWHAM Software 
Package
Bin W. Zhang  , Shima Arasteh & Ronald M. Levy

We introduce the UWHAM (binless weighted histogram analysis method) and SWHAM (stochastic 
UWHAM) software package that can be used to estimate the density of states and free energy 
��ơ��������������������������������������������Ǧ�����������������Ǥ��������������������������������
UWHAM equations are written in the C++ language and operated via the command line interface. In 
����������ǡ�Ƥ��������������������������������������������ǡ�������������������������Ǧ������ȋ��������
��������Ǧ����������Ȍ������Ǧ������ȋ����������������Ǧ����������ȌǤ����������������������������
with examples that explains how to apply the UWHAM program package to analyze the data generated 
�����ơ��������������������Ǧ�����������������ǣ������������������ǡ�����������������ǡ�������������
perturbation simulations, etc. The tutorial examples also show that the UWHAM equations can be 
����������������������������������������Ǧ������������Ǧ��������������������������������������
��������Ǥ�����������������������������������������������������������ǡ�����������Ƥ�����Ǧ��������������
can be applied to obtain the equilibrium distribution of the state of interest. All the source codes and 
��������������������������������������������������ǯ����������ǣ������ǣȀȀ������������Ǥ���Ǥ������Ǥ���Ȁ
��������Ȁ�����̸���̸�����̸�������Ȁ�����Ǥ����.

!e weighted histogram analysis method (WHAM) algorithm1,2 is widely applied to estimate the density of states 
and free energy di"erences based on the data generated by multi-state simulations. Multi-state simulations are 
popular advanced sampling algorithms that are applied in computational biophysics and computational chemis-
try. For example, the temperature replica exchange method is extensively applied to explore the con#gurational 
space of biomolecules; the umbrella sampling method is applied to construct free energy landscape of a system on 
chosen reaction coordinates; the free energy perturbation and Hamiltonian replica exchange method are power-
ful tools used to estimate the binding a$nities of ligands and proteins for small-molecule drug discovery3–5. !e 
WHAM algorithm is the standard tool to analyze the data generated by these multi-state simulations. Consider 
the simulation at each state as a measurement of density of states, the WHAM algorithm answers the question 
what the best estimate of density of states is if measurements have been taken at multiple states.

Since its introduction in 1992, the WHAM algorithm has been examined and studied by several research 
groups6–11. The most important improvement of WHAM is that an unbinned WHAM version named the 
multi-state Bennett acceptance ratio (MBAR) or the binless WHAM (UWHAM) was introduced12–14. Compared 
with the original WHAM, which coarse-grains observations into bins of a histogram, the binless WHAM pro-
vides the estimate of density of states for each data point therefore increasing the statistical precision and impor-
tantly, estimating the density of states provides a connection with the potential distribution theorem15,16.

Complementary to the study of WHAM itself, how to solve WHAM equations e$ciently in practice is another 
topic that has been an object of research17–20. In fact, this topic became more challenging and more urgent 
a%er the introduction of binless WHAM because of the dramatic increase of the number of variables without 
coarse-graining. In ref.14, Tan et al. proposed to solve the UWHAM equations by minimizing a convex function. 
To further remove the computational bottleneck in scaling up UWHAM, we developed methods called stochastic 
UWHAM (SWHAM) which solve the UWHAM equations stochastically by using generalized ensemble algo-
rithms to resample the data collected at multiple states21,22. One important assumption of applying WHAM is 
that the data obtained from each state has already reached global equilibrium. However, sometimes this assump-
tion does not hold if the barriers between free energy basins are high at some of the states and the simulation 
times are not long enough. We developed a method called Strati#ed-UWHAM23 to analyze the data generated by 
multi-state simulations when the simulations at some states are far from equilibrium.
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!e purpose of this paper is to introduce the UWHAM and SWHAM so%ware package developed by our 
group. !e programs used to solve the UWHAM equations are written in the C++ language and operated via the 
command-line interface. !e basic solver solves the UWHAM equations by either a direct iteration method or 
minimization of a convex function. When the data ensemble is large, we show that the multi-state free energies 
can be obtained directly by running serial tempering-like SWHAM (ST-SWHAM), which resamples the raw data 
by applying the serial tempering (ST) protocol; the multi-state distributions can be obtained directly by running 
replica exchange-like SWHAM (RE-SWHAM), which resamples the raw data by applying the replica exchange 
(RE) protocol. If the simulations at some states are far from convergence, the multi-state distributions can be 
estimated by Strati#ed RE-SWHAM. Local WHAM22, which is a variant of ST-SWHAM that couples the adjacent 
states by a stochastic resampling procedure, is also included in this so%ware package. !e remaining part of the 
paper proceeds as follows: First, we brie&y review the theoretical basis of UWHAM and SWHAM. !en we intro-
duce the tutorial examples on the web page of the UWHAM and SWHAM so%ware package.

Methods and Discussion
UWHAM. Suppose M parallel (independent or coupled) simulations in the canonical ensemble are run at M 
states. Each state is characterized by a speci#c combination of thermodynamic parameters and potential energy 
functions. !ey are referred to as !-states in the remaining part of this paper to avoid the confusion with the 
terms such as conformational states and microstates. Suppose X"i is the ith microstate observed at the "th !-state, 
the probability of observing X"i at the #th !-state is

$
=

!
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where q#({x}"i) = exp {!$#E#({x}"i)} is the Boltzmann’s factor of X"i at the #th !-state; {x}"i is the coordinates of 
the microstate X"i; $# is the inverse temperature of the #th !-state; E#({x}"i) is the potential energy of the micro-
state X"i at the #th !-state; and Z# is the partition function of the #th !-state. !e likelihood of the observed data 
is proportional to14
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where u"i is the energy coordinate of the microstate X"i that in general may be written as the sum of a reference 
energy plus perturbations (see ref.14). N" is the total number of observations observed at the "th !-state; and 
'(u"i) is the density of states. Let "Ẑ  and # #

ˆ u( )i  denote estimates of the partition function of the "th !-states and 
the density of states of u#i, respectively. !ese two estimates satisfy the equation
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Maximizing the log likelihood function yields
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Eqs (3) and (4) are the UWHAM (or MBAR) equations13,14. Note that the UWHAM estimates do not depend on 
the original !-state at which each observation was observed. !erefore the UWHAM equations can be simpli#ed as
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where = $" "=N NM
1  is the total number of observations.

!e UWHAM estimate of the probability of observing the observation ui at the "th !-state is
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where = #" "ˆ ˆw u u q u( ) ( ) ( )i i i  is the unnormalized probability. We can de#ne one of the !-states as the reference 
state, and the normalized probability of observing the observation ui at the reference state is
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and = %" "ˆ ˆw w u q u( ) ( )i i0 , where %q"(ui) = q"(ui)/q0(ui) = exp{![$"E"(ui) ! $0E0(ui)]} is the biasing factor. !en 
the equation array Eq. (5) can be rewritten as
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In practice, the UWHAM program solves the equation array Eq. (8) instead of Eq. (5). Suppose A is a property 
of interest of the system. According to Eq. (6), the expectation value of the property A at the "th !-state is calcu-
lated by the weighted average
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where A(ui) is the the property A measured by using the ith observation.
Currently, a self-consistent iteration solver and a solver that optimizes a convex function by using the 

Newton-Raphson algorithm14 have been implemented in the UWHAM program to solve the UWHAM equations.

SWHAM. Suppose the raw data were generated from simulations at M !-states, and the total number of obser-
vations is N. During the procedure of UWHAM analysis, the program needs to evaluate M biasing factors (or 
Boltzmann’s factors) for each observation at the beginning. Namely, the UWHAM program evaluates a bias-
ing matrix which contains n ( M2 elements, where n = N/M is the average number of observations observed 
at each !-state. !en the UWHAM equations are solved by minimization of a convex function, which involves 
multiplication of matrices that contain M ( N elements (as large as the biasing matrix) and diagonalization of 
matrices that contain M ( M elements. !e costs of memory and computational time of running UWHAM are 
proportional to the second order of the number of !-states M. To remove this computational bottleneck in scaling 
up UWHAM, we developed methods which solve UWHAM equations stochastically by using the generalized 
ensemble algorithms.

RE-SWHAM. RE-SWHAM is an algorithm that we developed to solve the UWHAM equations stochastically 
by applying the replica exchange (RE) protocol to resample the raw data generated by multi-state simulations21. 
As shown in Fig.(1, the observations observed at each !-state are collected as the database for that !-state before-
hand. !en RE-SWHAM analyses are run by performing cycles of RE simulations. Each cycle consists of a “move” 
procedure and an “exchange” procedure. During the move procedure of RE-SWHAM, an observation in the data-
base of a !-state is randomly chosen with equal probability to associate with the replica at that !-state. During the 
exchange procedure of RE-SWHAM, we attempt to swap two random replicas based on the Metropolis criterion. 
If the swap is accepted, in addition to swapping the replicas, the observation associated with the replica is also 
swapped to the database of the other !-state21. !e exchange step should be repeated multiple times to approach 
the in#nite swapping limit for the best sampling e$ciency24. At the end of the exchange procedure, the observa-
tion associated with the replica at each !-state is recorded as the output of that !-state. Note the direct outputs of 
RE-SWHAM are the estimates of the equilibrium distribution at each !-state.

In ref.21, we proved that the distribution of the outputs of RE-SWHAM at each !-state are asymptotic to the 
UWHAM estimate when the number of observations observed at each !-state is large by treating RE-SWHAM as 
a random walk in the space of the weight arrays of observations. Here we provide an alternative proof. Consider 
a trial exchange in RE-SWHAM which swaps one observation um at the "th !-state and the other observation un 
at the #th !-state. !e probability that this trial exchange is accepted is
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where ip u( )X Y  is the normalized time-average probability of choosing the observation uY to associate with the 
replica at the X th !-state, and / is the Metropolis function25

/ = !x x( ) min (1, exp[ ]), (11)

which has the property /(x)//(!x) = exp{!x}. Consider the reverse trial exchange that(swaps the observation 
un at the "th !-state and the observation um at the # !-state. !e probability that this trial exchange is accepted is
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If the RE-SWHAM resampling procedure converges, Pex and P6ex will agree with each other for each pair of 
observations (um, un) and each pair of !-states (", #), which leads to the detailed balance relation of RE-SWHAM:
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Eq. (13) can be rewritten as
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where subscript 0 denotes the reference state. !en the probability "ip u( )m  can be expressed as
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where # = iˆ u p u q u( ) ( )/ ( )m m m0 0 . Summing both sides of Eq. (15) over all the observations and applying the rela-
tionship $ ="= ip u( ) 1m
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m1  at each !-state yields
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Note that the probability of #nding the observation um in the database of the "th !-state is " "iN p u( )m  and there 
is one copy of each observation in the databases of all !-states, namely, $ =" " "= iN p u( ) 1M

m1 . Multiplying both 
side of Eq. (15) by N" and summing over all the !-states yields
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!us, the RE-SWHAM estimates "Ẑ  and #̂ u( )m  satisfy Eqs (16) and (17), which are equivalent to the UWHAM 
equations (Eq. (5)).

Figure 1. An illustration of the RE-SWHAM algorithm. !is drawing illustrates two replica exchange cycles 
of the RE-SWHAM method, and shows only two !-states with “gray” or “cyan” color. In each cycle one data 
element is chosen from !-state #rst, then a replica exchange is performed. In the #rst cycle since the swap is 
accepted, the data associated with the two replicas is swapped to the other !-state’s data array. At the end of 
each cycle, the data associated with replicas are recorded as the output like explicit RE simulations. Reprinted 
(adapted) with permission from ref.21. Copyright (2015) American Chemical Society.
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ST-SWHAM. ST-SWHAM is an algorithm that we developed to solve the UWHAM equations stochastically by 
applying the serial tempering (ST) protocol to resample the raw data generated by multi-state simulations22. !e 
procedure is illustrated in Fig.(2. Like the RE-SWHAM analysis, the observations observed at each !-state are col-
lected as the database for that !-state beforehand. However, unlike resampling the data using replica exchanges, 
there is only one “simulation run” in the serial tempering resampling algorithm. For the sake of comparison and 
convenience, we still refer to this single simulation as a replica in this paper. Serial tempering simulations are also 
run by cycles, and each cycle consists of a “move” procedure and a “jump” procedure. During the move procedure 
of ST-SWHAM, an observation in the database of the !-state sampled by the replica is randomly chosen with 
equal probability to associate with the replica. During the jump procedure, the replica jumps to the "th !-state 
according to the probability22
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where ui is the ith observation associated with the replica; &% = !lnZ% is the unitless free energy of the %th !-state; 
' =% %N N/0  is the proportion of the %th !-state of the raw data generated by the multi-state simulations; and q%(ui) 
is the biasing factor of the ith observation at the %th !-state. Suppose '% is the observed proportion of the %th 
!-state sampled by the replica during the ST-SWHAM analysis. !e values of {&%} are adjusted during the analysis 
of ST-SWHAM until the observed proportion of the replica being at the %th !-state '% agrees with '%

022. Note the 
direct outputs of ST-SWHAM are the estimates of the free energies of di"erent !-states — {&%}.

It can be shown that &% is the UWHAM estimate of the free energy of the %th !-state when '% and '%
0 agree 

with each other for all !-states. !e details of the proof that ST-SWHAM solves the UWHAM equations stochas-
tically can be found in ref.22. One brief rationale is as follows. First, if '% equals '%

0, the probability of each obser-
vation being chosen to associate with the replica during the ST-SWHAM analysis is 1/N, where N is the total 
number of observations. !erefore, the observed proportion of the "th !-state sampled by the replica during the 
ST-SWHAM analysis is
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Figure 2. An illustration of the ST-SWHAM algorithm. !is drawing illustrates two serial tempering cycles of 
the ST-SWHAM method, and shows only two !-states with “gray” or “cyan” color. In each cycle one data element 
is chosen from the !-state sampled by the replica with equal probability to associate with the replica. !en the 
replica jumps to one of the !-states according to the probability calculated by Eq. [18]. At the end of each cycle, 
the free energy estimates {&k} are adjusted to match the observed proportion of the replica being at the %th !-
state '% with the proportion of the %th !-state of the raw data generated by the multi-state simulations '%

0.
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On the other hand, note that
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Comparison between Eqs (19) and (21) leads to the conclusion that '" and '"
0 agree with each other if & &=" "̂ 

for each !-state.
!e jump of the replica following Eq. (18) was referred to as the global jump proposal in ref.22 because the 

replica can reach any !-state of the system by one jump. According to Eq. (18), every jump of the replica requires 
calculations of M exponential functions, where M is the total number of !-states. When the total number of states 
is large, ST-SWHAM analyses using the global jump proposal take a long time to converge. In our so%ware pack-
age, we implemented a much faster approximate solver of UWHAM–ST-SWHAM using a local jump proposal. 
!is algorithm was referred to as local WHAM in ref.22 because the replica can only be at the !-states that are the 
local neighbors of the initial !-state at the end of the jump procedure if the number of jumps per cycle is #nite. 
Suppose the replica that associates with the observation ui is at the #th !-state initially. !e procedure of perform-
ing one jump in local WHAM is as follows22:

t� select a trial !-state with uniform probabilities from the nearest neighbors of the #th !-state, suppose the 
chosen !-state is the "th !-state.

t� accept the "th !-state as the new !-state to jump to according to the Metropolis probability
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where p("|ui; &, '0) and p(#|ui; &, '0) are de#ned by Eq. (18); and ;(#, ") is the probability of choosing the "th 
!-state as the trial !-state when the replica is at the #th !-state originally. Namely, ;(#, ") = 1/n#, where n# is the 
total number of the nearest neighbors of the #th !-state if the "th !-state is one of the nearest neighbors of the 
#th !-state; ;(#, ") = 0 otherwise.

As can be seen, the replica can only be at the original !-state or one of its nearest neighbors a%er one jump. 
However, the replica can di"use further away from the original !-state by repeating this one jump procedure 
multiple times. As the number of jumps per cycle increases, the results of local WHAM converges asymptotically 
to the results of ST-SWHAM that uses the global jump proposal22. !erefore, the jump of the replica following 
Eq. (18) in the in#nite jump limit in serial tempering simulations is analogous to the in#nite swapping limit in 
replica exchange simulations24.

In ST-SWHAM, the free energy estimates are adjusted during the analysis until the observed proportion of the 
replica being at the %th !-state '% agrees with the proportion of the %th !-state of the raw data generated by the 
multi-state simulations '%

0. So far a variant of the updating algorithm discussed in ref.22 is implemented in the 
ST-SWHAM program.

������Ƥ�����Ǧ�����Ǥ� When applying UWHAM and its stochastic solvers, the basic assumption is that 
the simulation at each !-state is “approximately” equilibrated. However, this assumption might not always hold. 
To handle such situations, we developed an analysis tool called Strati#ed-UWHAM and its stochastic solver 
Strati#ed RE-SWHAM to compute free energy and expectations from a multi-state ensemble when the simula-
tions at a subset of !-states are far from global equilibrium23. In ref.23, we showed that the Strati#ed UWHAM 
equations can be solved in the form of the original UWHAM equations (Eq. (5)) with an expanded set of !-states. 
!e stochastic solver, Strati#ed RE-SWHAM, has been included in the UWHAM and SWHAM so%ware pack-
age. See the Supporting Information for a brief review and discussion about Strati#ed UWHAM and Strati#ed 
RE-SWHAM.

Illustrative applications. So far the tutorial examples include how to analyze the data generated by 
“one dimensional umbrella sampling”, “two dimensional umbrella sampling”, “temperature replica exchange”, 
“Hamiltonian replica exchange”, “two dimensional replica exchange” and “ free energy perturbation” simulations. 
!e tutorials provide the raw data generated by di"erent types of multi-state simulations and explain the corre-
sponding analysis procedures and outputs in details.

One Dimensional Umbrella Sampling. We explain how to apply UWHAM or ST-SWHAM to analyze 
the raw data generated by one dimensional umbrella sampling simulations. !e potential function of the system 
studied in this example is a one dimensional double well potential26
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= !U x H
W

x W( ) ( ) , (23)4
2 2 2

where H = 20 kBT is the height of the barrier between the two wells; kB is Boltzmann’s constant; T is the temper-
ature; and W = 1 is the half width between the two minima of the potential. !is one dimensional potential can 
be explored by a Brownian particle simulated with the over-damped Langevin dynamics26. Here we applied 31 
parabolic potentials in the region between x = !3 to x = 3 to perform the umbrella sampling simulations. !en 
UWHAM and ST-SWHAM are used to analyze the data and construct the potential energy pro#le.

Umbrella sampling simulations are usually applied to construct free energy pro#les for systems with multiple 
degrees of freedom. Although the example that we used here is a Brownian particle governed by a one dimen-
sional potential function, the analysis procedure is the same for applying UWHAM or ST-SWHAM to construct 
one dimensional free energy pro#les of complex systems. In such cases, the position of the complex system pro-
jected on the chosen reaction coordinate is analogous to the position of the Brownian particle in this tutorial.

Two Dimensional Umbrella Sampling. !is example explains how to apply UWHAM or ST-SWHAM to 
raw data generated by two dimensional umbrella sampling simulations (of ~100 degrees of freedom) to construct 
the free energy pro#le. !e system studied in this example is an alanine dipeptide (AlaD) molecule in implicit 
solvent at 300 K. !e simulations were performed by using the GROMACS 5.1.2 simulation package with the 
Amber99SB force #eld and the OBC GB model27,28. To explore the two dimensional free energy surface (the 
Ramachandran plot of AlaD), we applied 24 ( 24 parabolic potentials by using the PLUMED plugin29 to perform 
the umbrella sampling simulations. !e Ramachandran plots of AlaD are constructed by using the UWHAM and 
ST-SWHAM estimates.

Temperature Replica Exchange. We explain how to apply UWHAM or RE-SWHAM to raw data gener-
ated by temperature replica exchange simulations to obtain the estimates of the equilibrium distribution at the 
!-state of interest. !e system studied in this example is the same as the previous example–an alanine dipeptide 
(AlaD) molecule in implicit solvent. !e RE simulations were performed by using the GROMACS 5.1.2 simu-
lation package with the Amber99SB force #eld and the OBC GB model27,28. !e coupled simulations were run 
at 10 temperatures (300 K, 317.52 K, 336.063 K, 355.689, 376.462 K, 398.447 K, 421.716 K, 446.345 K, 472.411, 
500 K). !e Ramachandran plots of AlaD in implicit solvent at 300 K are constructed by using the UWHAM and 
RE-SWHAM estimates.

Free Energy Perturbation. !is example shows how to analyze the data generated by free energy perturba-
tion (FEP) simulations. Here we calculate the solvation free energy of a water molecule in pure solvent (TIP3P) at 
300 K by using the slow-growth method. !e simulations were performed by using the GROMACS 5.1.227 and the 
TIP3P water model. In this example, we ran 11 independent parallel simulations for a box of pure solvent with a 
#xed tagged water molecule inside. !e interaction between the tagged water molecule and the environment were 
gradually turned o" through 11 !-states30. !e chosen ! values are 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0. 
!e UWHAM estimate of the solvation free energy of a water molecule in pure solvent is !6.18 kcal/mol. One can 
obtain the same result by using ST-SWHAM. More details and discussion about measuring the excess chemical 
potential of water molecules in solution using UWHAM can be found in ref.30.

�����ǣ�����������������������������Ǥ� We explain how to use UWHAM or RE-SWHAM to analyze 
the data generated by Hamiltonian replica exchange simulations. In this example, we study the binding a$nity of 
a guest molecule (heptanoate) to a host molecule ($-cyclodextrin) in implicit solvent (OPLA-AA/AGBNP2)31,32. 
Here we apply the binding energy distribution analysis method (BEDAM)33 to obtain the binding free energy and 
binding energy distributions of this complex. BEDAM is a free energy method based on the Hamiltonian replica 
exchange algorithm. Suppose there are M parallel simulations in BEDAM, the Hamiltonian (potential) function 
of the ith !-state is

!= +H V u, (24)i i0

where V0 is the e"ective potential energy of the complex without the direct and solvent-mediated ligand-receptor 
interactions, and u is the binding energy33. Namely, the ! factor in BEDAM simulations linearly scales the inter-
action between the ligand and acceptor. We ran BEDAM simulations at 300 K by using 16 !-states. !e chosen ! 
values are 0.0, 0.001, 0.002, 0.004, 0.01, 0.04, 0.07, 0.1, 0.2, 0.4, 0.6, 0.7, 0.8, 0.9, 0.95, 1.021. We applied UWHAM 
to estimate the binding free energy of the $-cyclodextrin Heptanoate Complex— !0.603 kcal/mol + Gvsite, where 
Gvsite is a correction because of the restraint applied to the ligand during the BEDAM simulation. One can obtain 
the same result by applying ST-SWHAM to the raw data. We also show how to apply UWHAM or RE-SWHAM 
to estimate the equilibrium distribution of the binding energy at the ! = 1 state (full interaction state).

Two Dimensional (Temperature and Hamiltonian) Replica Exchange. !is example shows how to 
use SWHAM to analyze the data generated by two dimensional (Hamiltonian and temperature) replica exchange 
simulations. We study the binding a$nity of a guest molecule (heptanoate) to a host molecule ($-cyclodextrin) in 
implicit solvent (OPLA-AA/AGBNP2)32 at di"erent temperatures. !e raw data used in this example were gener-
ated by 15 separated BEDAM33 simulations at temperatures 200 K, 206 K, 212 K, 218 K, 225 K, 231, 238 K, 245 K, 
252 K, 260 K, 267 K, 275, 283 K, 291 K, 300 K. !e chosen ! values are the same as the previous example–0.0, 0.001, 
0.002, 0.004, 0.01, 0.04, 0.07, 0.1, 0.2, 0.4, 0.6, 0.7, 0.8, 0.9, 0.95, 1.0. !ere are totally 16 ( 15 = 240 states, and each 
state has 144,000 data points21,22. Although there are no exchanges between replicas at di"erent temperatures, the 
procedure described in this tutorial can be applied to two dimensional (Hamiltonian and temperature) replica 
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exchange simulations without any alteration. !e goal of this practice is to obtain the best estimates of the binding 
a$nity at 200 K, which is the most di$cult for BEDAM simulation to converge. Because the raw data ensemble 
is large, UWHAM is not suitable to analyze them directly. Here, we applied RE-SWHAM to estimate the equilib-
rium distribution of binding energies of each !-state at 200 K. And the RE-SWHAM results are compared with 
the corresponding distributions calculated from the raw data. See ref.21 and 22 for more discussion about this 
tutorial example. !e equilibrium distributions constructed by the RE-SWHAM output can be used as the input 
for UWHAM to estimate the binding free energy at the temperature of interest. !e binding free energy of the 
$-cyclodextrin Heptanoate Complex is about !6.3 kcal/mol + Gvsite at 200 K, which is much stronger compared 
with its binding free energy at 300 K. !is result can also be obtained by applying ST-SWHAM with the local jump 
algorithm to the raw data directly.

Two Binding Modes of the "Ǧ�������������������������������Ǥ� !e $-cyclodextrin heptanoate 
complex has two binding states depending on the orientation of the heptanoate molecule23. !e two binding 
modes are referred to as the UP and DOWN macrostates. We ran two sets of independent MD simulations at 
300 K of the $-cyclodextrin heptanoate complex in implicit solvent (AGBNP GB model32) at 16 !-states. !e 
initial structures of the complex in the #rst and the second sets of simulations were chosen from the UP and 
Down macrostates, respectively. !e interaction between the ligand and the receptor was scaled by a ! factor like 
BEDAM33, However, all the simulations are independent. !e chosen ! values are (0.0, 0.001, 0.002, 0.004, 0.01, 
0.04, 0.07, 0.1, 0.2, 0.4, 0.6, 0.7, 0.8, 0.9, 0.95, 1.0). In this example, the !-states with the largest seven ! values 
(! = 1.0, 0.95, 0.9, 0.8, 0.7, 0.6, 0.4) are considered as the partially connected states because it is di$cult for the 
binding complex to switch its binding mode and the simulations have not converged at these !-states; the other 
nine !-states are the fully connected states23. !is tutorial shows how to apply Strati#ed RE-SWHAM to estimate 
the equilibrium distribution at the ! = 1 state (full interaction state) when some simulations are far from conver-
gence. See ref.23 for more discussion about this tutorial example.

Data Availability
!e UWHAM and SWHAM so%ware package and its tutorials are available from the web page: https://ronlevy-
group.cst.temple.edu/so%ware/UWHAM_and_SWHAM_webpage/index.html. !e UWHAM and SWHAM 
so%ware package is distributed using the MIT license. In the future, we will keep adding more examples of the ap-
plication of UWHAM and SWHAM to the web page. For instance, free energy perturbation (FEP) is one popular 
method that is applied to measure the relative ligand binding potency34,35. Currently we are applying UWHAM 
to analyze the FEP data and extract a density of states that can be used to estimate the relative binding free energy 
di"erences for multiple ligands simultaneously to solve the cycle closure challenge34. We will continue optimizing 
the code and plan to introduce parallelism to the so%ware package.
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