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In my thesis work, I investigate functional mechanisms of complex molecular machines in the 

cell membrane that carry out the transport (reuptake) of neurotransmitter molecules into the cell. 

I apply and develop methods of computational biophysics to reveal and quantify the molecular 

transport process that is essential for the ability of the cell to continue to signal. Such detailed 

understanding is highly significant because dysfunction of these transporter proteins is known to 

relate to depression, epilepsy and strokes, and to be involved in neurodegenerative diseases, such 

as Alzheimer's or Parkinson's disease. The mechanistic insights gained from the studies 

presented in this thesis pertain to (1) a conformational transition in the substrate translocation 

mechanism of glutamate transporters, and (2) allosteric changes in the substrate transport 

mechanism of the neurotransmitter-sodium symporter protein family: For the family of 

glutamate transporters, a major finding is that transient exposure of a protein-protein interface to 

solvent facilitates the conformational transition of the transporter and allows functionally 

relevant chloride ions to bind to the interface. In the study of neurotransmitter-sodium 

symporters, a major discovery is the identification of common allosteric pathways of pairwise 

interaction changes that connect the intra- with the extracellular side of the transporter. The 



computational approaches that enabled these mechanistic insights include Motion Planning, 

mixed Elastic Network Models, (targeted) Molecular Dynamics simulations, Free Energy 

Perturbations, and various statistical analysis methods. 
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I. Introduction 

I.A. Proteins: From Sequence, Structure, and Dynamics to Function 

A protein is a macromolecule performing a specific function in the cell of an organism, 

such as molecular transport, or signaling. Functional proteins are often composed of one 

or more subunits, also called monomers, which are single molecular chains of amino 

acids encoded in the genes (DNA, RNA). To be able to perform its function, each subunit 

is folded into a dynamic structure (conformation), which is stabilized and regulated by 

molecular interactions within the subunit, and between the subunit and its environment 

(e.g. other subunits, lipids, solvent, …). Thus, the function of a subunit can be considered 

an emergent property of its genetic and amino acid sequences, its structural fold, and its 

dynamics [1-9]. This powerful mechanism allows the cell to regulate and maintain the 

function of proteins on multiple levels, such as genetic expression and translation, and 

protein folding. 

Proteins seldom function in isolation, but rather form complexes of identical or different 

subunits (homo- or hetero-oligomers) [10], which interact with other complexes and 

molecules. Homo-oligomeric complexes can be found in hemoglobin, collagen, and the 

heat shock protein Hsp90 [11, 12], whereas hetero-oligomers can also be formed by 

ligand-gated ion channels [13], and G-protein-coupled receptors [14, 15]. 

Oligomerization is believed to have evolved via different pathways, and to have certain 

advantages for a protein over its monomeric state [10, 11]. These advantages pertain to 

improved stability (proteins, such as the nerve growth factor or the Arc repressor only 

fold when forming dimeric complexes [16, 17]), regulation of activity and increased 
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complexity (e.g. a functional site can be located at the interface between different 

subunits of protein complex [10]), and signal amplification through locally enhanced 

concentration of subunits, e.g., for the EGF receptor [11]. 

The next sections introduce a general mechanistic concept of regulation in proteins 

(Section I.B), with a focus on oligomeric membrane proteins that are involved in the 

termination of neurotransmission in the synaptic cleft between two neurons (Section I.C). 

 

I.B. Allostery  

A mechanistically important phenomenon observed in the function of proteins is 

allostery, in which a molecular event at one site of the protein, e.g., a change in substrate 

binding affinity, is regulated by a molecular event at a distant site within the same subunit 

or in a different subunit [12]. Allostery can be understood on the levels of sequence, 

structure and dynamics of a protein as a change of energy throughout the entire protein in 

form of changing molecular interactions or fluctuations [18-20]. For example, in globins, 

a family of globular proteins (heme-containing proteins such as hemoglobin and 

myoglobin), allostery has been identified [12, 21] as cooperative oxygen binding among 

sites at different subunits of the protein. In globins, this cooperative binding is achieved 

by changes in molecular interactions and conformational states of the individual subunits, 

but for other proteins, allostery may not require conformational changes, and can be 

accomplished by changes in molecular fluctuations alone [22-25]. 
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Figure I.B.1. Early Models to Explain Allostery. Sketched are subunits of a toy trimer 

(i.e. an oligomer with three subunits), each of which can adopt one of two conformational 

states: The “square” state has a higher affinity than the “circle” state to bind substrate 

molecules (red disc). According to the Monod-Wyman-Changeux  (MWC) model (a), the 

binding event of substrate in one subunit triggers a conformational change to the “circle” 

state in all subunits of the trimer, in contrast to the Koshland-Nemethy-Filmer (KNF) 

model (b), which predicts that these conformational changes are localized to each 

individual subunit. In “Conformational Spread” (c), a unification of these two competing 

models, a subunit may or may not change its conformational state, depending on the 

interaction energies between two neighboring subunits and between a subunit and a 

substrate. Dr. Irina Moreira is acknowledged for the initial idea leading to this 

representation. 
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The first attempts to successfully explain allostery in terms of changes in conformational 

states resulted in the Monod-Wyman-Changeux  (MWC) [26] and the Koshland-

Nemethy-Filmer (KNF) models [27]. For a toy trimer illustrated in (Figure I.B.1), the 

subunits can switch between two conformational states (shown as squares and circles) 

that differ in binding affinity for substrate (red disc). In the MWC model (Figure I.B.1.a), 

these conformational changes propagate to subunits throughout the entire oligomer, 

whereas in the KNF model (Figure I.B.1.b), these changes are localized to the modulator-

bound subunit. 

With statistical physics (Section I.D.2), Bray and Duke interpreted these two 

complementary models as two extremes of a unified “conformational spread” model [28]: 

each state of a protein’s subunit i has an energy E(ci,mi), and is composed of a 

conformational state labeled ci=1,2,…, and a modulator-/effector-binding mode 

mi=0,1,…; 0 stands for a free, “apo” subunit, whereas any other index represents a 

subunit binding a different combination of modulator-/effector-molecules. Contacting 

subunit pairs are coupled via the energy E(ci,cj), where ci and cj are indices of the 

conformational state of the two subunits i and j. Taken together, the entire system of 

subunits can adopt different states depending on the states of the individual subunits. 

Each of such system state is defined as 

€ 

c1,m1( ), c2,m2( ),...{ } and has the energy: 

€ 

Etot = E ci,mi( )
i
∑ + E ci,c j( )

ij
∑  

The relative probability between two system states A and B is then given by the 

Boltzmann statistic (Section I.D.2): 
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€ 

PA
PB

= exp − EA − EB

kBT
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
 

For the toy trimer of subunits (Figure I.B.1.c), in which each subunit is in one of two 

conformational states c=1,2 and able to bind a substrate molecule (m=0,1), substrate 

binding may or may not trigger conformational changes in the neighboring subunits, 

depending on the energies E(ci,mi) and E(ci,cj): for E(open,open), E(closed,closed)→∞ 

the model approaches the MWC model, whereas for E(open,free)-E(closed,free)→-∞ and 

E(open,bound)-E(closed,bound)→∞, the model approaches the KNF model. 

 

I.C. Neurotransmitter Reuptake by Secondary Active Transporters 

I.C.1. Alternating Access in Secondary Active Transporters 

Secondary Active Transporters are a particular kind of membrane proteins that transport a 

substrate against its electrochemical gradient through the lipid cell membrane; for 

example, this substrate can be a sugar molecule that the cell needs as nutrition or a 

neurotransmitter molecule to allow a nerve cell to signal. To transport the substrate, 

secondary active transporters are embedded into the membrane and exploit the 

electrochemical gradient of ions across the membrane as a thermodynamic driving force. 

A very important concept explaining how secondary active transporters may work is the 

alternating access model, first suggested by Oleg Jardetzky [29]. According to this model 

(Figure I.C.1), the transporter functions by cycling between different conformational 

states that can be accessible to either the extra- or the intracellular facing side of the 

membrane. These conformational changes are allosteric in nature, as they emerge from 
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changes in transporter-wide interactions and fluctuations, which are coupled to the 

sequence of binding and release of substrate and ions. 

 

 

Figure I.C.1. The Alternating Access Model. A secondary active transporter (light 

turquoise) moves a substrate (red) against its electro-chemical gradient across the 

membrane (khaki), e.g. from the extra- to the intra-cellular side of the cell, by exploiting 

the electro-chemical gradient of ions (blue). The transporter facilitates this transport 

process by cycling between different conformational states that can be accessible to either 

the extra- or intra-cellular side. With permission from Dr. Thomas Stockner, this figure 

was adapted from: 

http://www.meduniwien.ac.at/pharmakologie/stockner/wordpress/?page_id=42 
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I.C.2. Neurotransmitter Reuptake in the Central Nervous System 

A particular class of secondary active transporters, known as reuptake pumps, is involved 

in signaling between two neurons. Such a signal is initiated by action potentials at the 

synapse (Figure I.C.2), which triggers the release of neurotransmitter molecules (red 

beads) from the pre-synaptic nerve cell into the synaptic cleft, where they are detected by 

receptor membrane proteins at the post-synaptic cell. Neurotransmitters can be classified 

into amino acids, amines, and peptides [30-32], and have different effects on the activity 

of the post-synaptic cell (excitatory, inhibitory), depending on what kind of receptor 

proteins they bind to. The amino acid glutamate, for example, is the major excitatory 

neurotransmitter [33], whereas γ-Aminobutyric acid (GABA), a product of glutamate, is 

the major inhibitory neurotransmitter in the mature central nervous system [34]; from a 

physiological perspective, glutamate and its receptors are important for memory and 

learning in the brain [35, 36], while GABA and its receptors are involved in the 

regulation of muscle tone [34]. 
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Figure I.C.2. Termination of Neurotransmission by Reuptake Pumps in the Synapse of 

the Central Nervous System. These secondary active transporters (shown in blue) are 

responsible for the reuptake of neurotransmitters (red) from the synaptic cleft, thereby 

terminating an action potential initiated by neurotransmitter release from the presynaptic 

cell (green). Figure adapted from [37]. 

 

In order to reset the electrochemical neurotransmitter impulse from an action potential 

and to protect the synaptic cleft from excessive neurotransmitter concentrations 

(neurotoxicity), reuptake pumps bring these neurotransmitter molecules back into the pre-

synaptic cell. The dysfunction of these secondary active transporters results in the 
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inability of the synapse to signal, and is directly associated with various 

neurodegenerative and other physiological conditions, such as depression, schizophrenia, 

stroke [38], Alzheimer’s disease [39], or human dicarboxylic aminoaciduria [40], e.g., in 

the context of glutamate reuptake. To correct for this dysfunction with therapeutics, a 

detailed understanding of the molecular mechanism of these transporters is sought [41-

43]. However, despite major breakthroughs in establishing a foundation for this 

understanding on the sequence and structure level [44-49], little is known about the 

dynamics linked to the functional mechanisms of these complex molecular machines. 

Promising efforts [1, 50-52], however, demonstrate that a synergy of different 

experimental and computational approaches is key to success in this endeavor. 

In this thesis, we have studied the detailed molecular mechanism of two families of 

reuptake transporters: the Excitatory Amino Acid Transporters (EAATs), which form 

functional trimers [53-55] that can assemble into clusters at the cell-surface [56, 57], and 

Neurotransmitter:Sodium Symporters (NSS), which function as individual monomers, but 

are also regulated through oligomerization [58, 59]; these transporters are introduced and 

presented in the context of our work in Chapter III. For the mechanistic investigation of 

these systems, we devised and implemented various approaches in order to enhance the 

simulation of large conformational changes in a transporter protein, and to analyze these 

simulations on multiple scales by relating differences in state to differences in 

conformation and dynamics (Chapter II). 
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I.D. Computing the Molecular Mechanics of Transmembrane Proteins 

I.D.1. Microstates and Phenotypes of Complex Biological Systems  

In order to understand the function of a transmembrane protein, it is necessary to study its 

molecular mechanism, which is a process that results in a measurable phenotype, e.g. a 

conformational state (reported from crystallography [60, 61] or nuclear magnetic 

resonance  experiments [62]) of an ion channel that opens and closes (as detected via 

patch-clamp recordings [63]), and which often involves domain motions of the protein 

(e.g. smFRET experiments [64, 65]). The goal of this thesis is to contribute to this 

understanding with computational simulations that obey classical mechanics. In these 

simulations, we represent the system, i.e. the atoms of a transmembrane protein and its 

environment (lipid membrane, water, ion, and ligand molecules), as a single point in the 

hyper-dimensional phase space of coordinates and momenta. 

At any particular time, each phenotype of the system can be realized by one of many 

points in phase space, which are called microstates, and can transition between them [66]. 

Thus, information of the microstate ensemble associated with a particular phenotype 

together with a microstate description of the transition between different phenotypes 

provides multi-scale inferences of the system’s molecular mechanism. One can in 

principle test these inferences computationally and experimentally through (i) 

perturbations on the microstate ensemble, which are induced by changes in molecular 

interactions in the system (e.g., by mutagenesis or molecular binding experiments), and 

(ii) observations of the phenotypical effect of these perturbations. A synergy between 
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computational predictions and experimental discoveries can thus provide novel insights 

into the function and regulation of transmembrane proteins and other molecular 

machines, new insights which will be useful, e.g., in the field of drug design [67, 68]. 

 

I.D.2. (Grand-) Canonical Ensembles in Classical Statistical Mechanics 

In statistical physics [66], the connection between different phenotypes (termed meso- or 

macrostates) and their microstate ensembles is established through the Hamiltonian and 

the resulting partition function of the system. The Hamiltonian H(q,p) is the total energy 

of a microscopic state described by the system’s 3N-dimensional vectors of coordinates q 

and momenta p (N are the number of atoms). Specifically, H(q,p) is defined as the sum of 

all kinetic and potential energies in the system: 

€ 

H q, p( ) ≡ Ekin q( ) + Epot q( ) =
1
2
p'm−1p + Epot q( )  

(m-1 is the inverse of the 3N-dimensional mass tensor m, p’ is the transpose of p).  

The partition function Z, on the other hand, accounts for the different possible microstate 

realizations of the system in thermodynamic equilibrium. Its definition is determined by 

the macroscopic parameters, such as energy, volume, or temperature, which are held 

fixed by some contacting, infinitely large reservoir; the latter thus provides a means to 

model the system’s coupling to the “outside world” with minimal additional complexity 

to the simulation. 

For a canonical system in which the number of atoms N, the total volume V, and 

temperature T are held fixed, the partition function is: 
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€ 

Z = dq⋅ dp⋅∫ exp −βH q, p( )[ ] /N!/h3N ;   β ≡ kBT( )−1  

where the integral is taken over all points (q,p) in phase space that are exponentially 

weighted by H(q,p) and β; kB is Boltzmann’s constant, and h is Planck’s constant. In 

other words, the canonical system is able to fluctuate by exchanging energy with the 

reservoir at constant temperature T. For a particular phenotype ph, the partition function 

is defined as 
  

€ 

Zph = dq⋅ dp⋅…
ph
∫  , where the integration is limited to all microstates (q,p) 

associated with ph.  

The exponential 

€ 

exp −βH q, p( )[ ] is defined as the Boltzmann factor. Together with the 

partition function, it defines the probability density ρ(q,p) of a particular microstate (q,p) 

as: 

  

€ 

ρ q, p( ) ≡ exp −βH q, p( )[ ] /Z  

and thus the ensemble average of an observable O≡O(q,p): 

  

€ 

O ≡ dq⋅ dp⋅ O q, p( )ρ q, p( )∫ = dq⋅ dp⋅ O q, p( )⋅ exp −βH q, p( )[ ]∫ /Z  

For the simulation of biochemical systems, it may be more realistic to control the volume 

with a constant pressure P, in which case the canonical partition function becomes 

isothermal-isobaric (NPT): 

€ 

Z N,P,T( ) ≡ βP dV ⋅ Z N,V ,T( )⋅∫ exp −βPV[ ] 

; PV is work exchanged with the reservoir. In other biochemical situations (Section 

I.D.3.1), it may be more suitable instead to control N with a constant electro-chemical 

potential µ, the partition function then becomes grand-canonical (µVT): 
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€ 

Z N,µ,T( ) ≡ µN dN ⋅ Z N,V ,T( )⋅∫ exp −βµN[ ] 

In both cases, the Boltzmann factor generalizes to   

€ 

exp −βH q, p( )[ ], with   

€ 

H ≡ H − PV  for 

Z(N,P,T) and   

€ 

H ≡ H − µN  for Z(µ,N,T). 

The partition function holds fundamental significance in statistical physics, as many 

macroscopic observables directly emerge from its derivatives, such as the ensemble 

average energy: 

  

€ 

H = −
∂ lnZ
∂β

 

, the total entropy: 

€ 

S ≡ −kB dq⋅ dp⋅ ρ q, p( ) lnρ q, p( )∫ =
∂
∂T

β−1 lnZ( )
 

and the total NPT-/µVT-free energy: 

  

€ 

G ≡ H −TS = β−1 lnZ
 

Given the probability of a phenotype ph: 

€ 

Wph = dq⋅ dp⋅ ρ q, p( )
ph
∫ =

Zph

Z
, 

we conclude that the relative probability of any two phenotypes ph1 and ph2 is 

determined exponentially by their free energy difference: 

€ 

Wph1

Wph2
=
Zph1

Zph2
= exp −β Gph1 −Gph2( )[ ] 

; in particular, phenotypes with lower free energy are exponentially more likely to occur. 

How then does one sample the thermodynamic equilibrium ensemble to compute the 

partition function? For complex systems, such as the ones of transmembrane proteins, no 
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general analytical solution exists (as for the legendary two-state Ising Model, studied by 

Ising in 1D [69] and by Onsager in 2D [70, 71]). However, in the next two sections, we 

introduce two numerical approaches, with which one can at least approximate both the 

ensemble and the partition function in thermodynamic equilibrium. 

 

I.D.3. Monte Carlo Simulations 

One efficient way to compute the partition function is to sample the equilibrium 

ensemble iteratively in the form of a Markov process [72], i.e. in which a sampled point 

in phase space depends solely on a point sampled in the previous iteration. Monte Carlo 

algorithms, such as the Hastings-Metropolis Monte Carlo algorithm outlined below [73] 

can efficiently execute such an iterative sampling procedure: 

1.) Start with an initial point in phase space ω0≡(q0,p0) ∈ ℜ3N x ℜ3N that has a probability 

density ρ(ω)≡ρ(q,p). Define a symmetric sampling distribution 

€ 

f ω ' |ω( ) ≡ f ω |ω '( ), from 

which one can sample the next point ω’, given ω. For example, f could be a Gaussian 

distribution that favors points of ω’ in the vicinity of ω: 

€ 

f ω ' |ω( ) ≡ f Δω ≡ω '−ω( ) ≡ exp −Δω 2 /2σ 2[ ] / 2πσ
 

, where σ is the standard deviation of the Gaussian distribution centered around zero. 

2.) For each i=0,1,…, imax+1, iteratively sample a point ω’ given f(ω’|ωi) and ωi. Accept 

ω’, i.e. set ωi+1≡ω’ with probability 

  

€ 

W ω →ω '( ) ≡min 1,ρ ω '( ) /ρ ω( )[ ] = min 1,exp −βΔH( )[ ];  ΔH ≡H(ω) - H(ω ')  

and deny ω’ otherwise, i.e. set ωi+1≡ωi.  
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As a result, the Hastings-Metropolis Monte Carlo algorithm produces a sequence 

ω=ω0,… ωimax of points in phase space that in the limit of imax→∞ form an H-energy-

weighted (Boltzmann) equilibrium distribution because [72] 

(i) the algorithm is Markovian (e.g., ωi is only dependent on ωi-1), 

(ii) it satisfies detailed balance: 

€ 

ρ ω( )W ω →ω '( ) = ρ ω '( )W ω '→ω( ) , 

(iii) it is ergodic (Section I.D.4), and 

(iv) the underlying dynamical phase space is discrete and bound (at least in practice for 

our computer simulations of transmembrane proteins). 

 

I.D.3.1. The MMC Software to Compute Internal Water Molecules of a Crystal Structure 

An application of the computation of thermodynamic equilibrium ensembles of 

transmembrane protein systems is the MMC software developed by Mihaly Mezei [74]: 

This program, free to the academic community, employs the Hastings-Metropolis Monte 

Carlo algorithm for the computation of various equilibrium ensembles, such as the NPT- 

and µVT- ensembles. For the purpose of this thesis, we took advantage of this software to 

compute the µVT-ensembles of internal water molecules in the crystal conformations of 

GltPh (Sections III.A-B), in which only a single water molecule had been resolved; the 

crystal structures, together with the computed internal water molecules were then used as 

the starting conformations for the Molecular Dynamics Simulations introduced in the 

next section. 
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I.D.4. Molecular Dynamics (MD) Simulations 

Molecular Mechanics 

An alternative approach to compute the equilibrium ensemble and the partition function 

of a system is to numerically solve the Newtonian equations of motion: 

€ 

m˙ ̇ q = −∇H(q, p);  ˙ ̇ q ≡ ∂
2q
∂t 2 ;∇ ≡

∂
∂q

 

, where t is time. 

The ergodic hypothesis [75] of physical dynamic systems asserts that the ensemble 

average  of an observable O(q,p) is equal to its time average, defined as: 

  

€ 

O time ≡ limτ→∞

1
τ

dt⋅ O q(t), p(t)( )
0

τ

∫
 

As this hypothesis is assumed for any observable O, it implies that the phase space 

ensemble is identical to the distribution sampled over infinitely long times. 

The isobaric-isothermal NPT-ensemble 

As an example, we consider the computation of the isobaric-isothermal NPT-ensemble. 

According to Nosé and Hoover [76-78], the system can be extended to the additional 

degrees of freedom of a thermostat  and a barostat: 

€ 

q → ˜ q ≡ q,qT ,qP( ); p → ˜ p ≡ p, pT , pP( )

m → ˜ m ≡
m 0 0
0 mT 0
0 0 mP

⎛ 

⎝ 

⎜ 
⎜ 
⎜ 

⎞ 

⎠ 

⎟ 
⎟ 
⎟ 

 

  

! 

O
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, where qT, qP  are virtual coordinates, pT, pP  virtual momenta, and mT, mP the mass 

tensors of the thermo- (subscript T) and the barostat (subscript P). The extended 

Hamiltonian thus become: 

€ 

Hext ˜ q , ˜ p ,V( ) ≡ H q, p( ) +
1
2

p'T mT
−1⋅ pT + p'P mP

−1⋅ pP( ) + g +1( )kBT0qT + P0V  

, where g is the system’s number of degrees of freedom, T0 is the target temperature, and 

P0 is the target pressure. This extended Hamiltonian produces the NPT-ensemble, and 

results in the following differential equations of motion: 

€ 

˙ q t( ) = m−1p t( ) + mP
−1pP t( )q t( )

˙ p t( ) = −∇H q, p,V( ) − ˙ p t( ) 1+ 3/g( )mP
−1pP + mT

−1pT[ ]
˙ V t( ) = 3V t( )mP

−1pP

˙ p P t( ) = 3V Pin − P0( ) +
3
g

2V 'mV( ) −mT
−1pT pP

˙ p T t( ) = 2V 'mV + mP
−3 pP

2 − g +1( )kBT0

Pin =
2

3V
Ekin + q'ii

∑ ∇H −
3V
2
∂H
∂V

⎡ 

⎣ ⎢ 
⎤ 

⎦ ⎥  
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The Force Field 

In Molecular Dynamics simulations, the Newtonian equations of motion of a system are 

numerically integrated over time. The underlying force field thus has a Hamiltonian with 

both bonded and non-bonded atomic interactions [78, 79]: 

€ 

H ≡ Hbonded +Hnonbonded

Hbonded ≡ Hbond +Hangle

Hnonbonded ≡ Htor +HLJ +HCoul

Hbond ≡ kij rij − rij
*( )
2

ij∈SB

∑

Hangle ≡ kijk θ ijk −θ ijk
*( )

2

ijk∈SA

∑

Htor ≡ kijkl 1+ cos nθ ijkl −δ( )[ ]
ijkl∈SD

∑

HLJ ≡
Aij

rij
12 −

Bij

rij
6

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ 

2

ij∈SNB

∑

HCoul ≡
qiq j

ε rij( )rijij∈SNB

∑

 

where Hbond, Hangle, Htor are the bonded potential energies of all the atomic bonds ij, 

angles ijk, and torsions ijkl, respectively, of the corresponding sets SB, SA, and SD, where 

rij, θijk, θijkl are the bond distance, angle, torsion angle (with equilibrium values marked 

with an asterisk *) between the atoms i, j, k, l, and kij, kijk, kijkl are the  corresponding force 

field parameters; the non-bonded interactions are composed of the standard Lenard-Jones 

and Coulomb potentials, where SNB is the set of non-bonded atom pairs i and j, “separated 

by three bonds” [80], ε is the permittivity, and qi is the electric charge of atom i. The 

force field parameters Aij and Bij together with the ones above are empirically derived, 

e.g. from spectroscopy experiments or quantum-mechanical ab-initio computations of 

individual amino acids [78]. 
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I.D.5. Convergence and Sampling Quality of a Simulation 

To make statistically meaningful observations from molecular simulations, they have to 

be (i) converged to an equilibrium state, and (ii) be long enough so that the observables 

of mechanistic interest are sampled to a desirably low degree of uncertainty. In the 

following, we will discuss several approaches to test simulations for these requirements. 

Convergence to an Equilibrium State 

The starting point of a molecular simulation is often close to, but likely not identical to an 

equilibrium state: In other words, a simulation of a transmembrane protein and its 

environment requires information about its atomic coordinates that can be made 

accessible through crystallization or NMR experiments. However, such information may 

leave certain aspects of the system uncharted (e.g., unresolved structural elements of the 

protein, unresolved lipid, solvent, or ion molecules of the environment), but these can be 

modeled in various ways (e.g., loop refinement [81, 82], homology modeling [83], 

computation of internal water molecules with MMC [74], construction of a surrounding 

lipid membrane patch [84]). Furthermore, the structural information may have been 

obtained under certain experimental conditions that are not always physiological (e.g. 

crystallization at 77K instead of room temperature [48, 49], crystal preparation in a 

detergent instead of lipid membrane environment [85]). Thus, before any useful sampling 

can be performed from the simulation, the system has to converge from such a starting 

state (atomic coordinates, random momenta) towards a modeled equilibrium state under 

physiological conditions. 
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In a molecular simulation, convergence tests of single observables can only indicate that 

a simulation has not converged after t iteration steps (simulation time t for MD 

simulations) [86]. For example, if a simulation has not reached its target temperature T0 

or target pressure P0, it has clearly not converged. On the other hand, the fact that a 

simulation has reached T0 and P0 is not a reliable indicator of convergence, as e.g. the 

structure of the transmembrane protein may still be drifting towards an equilibrium state. 

One can detect such a drift in a plot against t of the structural deviation of a protein’s 

conformation qp(t) from a reference state q0 (e.g. the 

€ 

RMSD qp(t),q0( ) = (qp(t) - q0)'(qp(t) - q0) /N  from the starting conformation), in which the 

deviation has not yet reached a plateau. However, even from the observation of such a 

plateau alone one cannot exclude the possibility that the protein may simply be trapped in 

a local energy minimum. Therefore, to practically test for convergence, one has to take 

into account different observables, compare them between different independent 

simulations, and to known experimental results (e.g. at T0 and P0, the order parameters of 

the lipid membrane measured at the boundaries of the simulation box compared to the 

experimentally known parameters in bulk [87]). This approach is also useful for the 

analysis of simulation uncertainty, described in the next section. 
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Sampling Quality of an Equilibrium State 

Once a simulation has converged (and thus is assumed to have reached) an equilibrium 

state, it is necessary to decide how many further iterations (simulation time) ts are needed 

to sample enough microstates for an observable (or a set of observables) O. To this end, 

one has to estimate the effective sample size 

€ 

NO
ind , i.e. the number of statistically 

independent data points sampled from the simulation, and the number of autocorrelated 

iterations (autocorrelation time) τO, which multiplied, approximate 

€ 

ts ≈ NO
indτO . In practice, 

€ 

NO
ind  and τO are computed from previous simulations of comparable systems, i.e. 

€ 

NO
ind  is 

obtained from the standard deviation 

€ 

σO and the desired precision (e.g. the half-width of a 

confidence interval) estimated as twice the standard error of the mean 

€ 

SEO  [86]: 

€ 

NO
ind ≈ 4 σO /SEO ( )2 , and τO can be estimated directly from the autocorrelation function, or 

the block-averaging method [78, 86]. 

 

I.E. Modeling Conformational Transitions in Transmembrane Proteins 

A description of different conformational states of a system in terms of their microstate 

ensembles provides an ideal starting point to compute path ensembles, (free) energy 

barriers, and rates of the transitions between these states. For transmembrane proteins, 

however, this task is extremely challenging to complete with regular Molecular 

Dynamics or Monte Carlo simulations due to the complexity of these systems. Therefore, 

computationally more efficient approaches (Transition Path Sampling [88, 89], SDEL 

[90], the String Method [91], and others) are more amenable to compute these transition 
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path ensembles. To specifically investigate the large conformational transition between 

the inward- and outward-facing states of GltPh (Sections III.A-B), it became necessary 

for us to implement and improve alternative algorithms that are introduced in the 

following sections. 

 

I.E.1. Mixed Elastic Network Models 

An (anharmonic) elastic network model is a simplified representation of a protein’s 

conformational state in equilibrium [92-94]. Such a model is composed of elastic 

interactions constructed between the 

€ 

Cα -atoms of the protein, as defined by the potential 

energy: 

€ 

E q( ) ≡ 1
2

γ d jk − d jk
0( )

2

d jk
0 <dc

∑ ≈
1
2
q − q0( )TΩ q − q0( )    1( )

 

, where γ is a uniform elastic force constant, 

€ 

d jk  and d jk
0  are the instantaneous and 

equilibrium distances, respectively,  between the 

€ 

Cα -atoms j and k, dc  is distance cutoff, 

€ 

q and qi,0 the instantaneous and equilibrium coordinate vectors, and Ω the Hessian Matrix. 

A mixed elastic network model [95-97] is a composition of individual elastic network 

models of conformational states. As a result, such a mixed model provides a potential 

energy landscape that is interpolated between different energy minima of the individual 

elastic models: For a mixed model, the partition function ZmENM is defined as the sum of 

partition functions ZmENM,i of the individual ENMs [96, 97]: 

€ 

ZmENM ≡ ZENM,i
i
∑  
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As a consequence, the energy potential EmENM of the mixed model is defined as an 

exponential sum of the individual elastic potentials 

€ 

Ei q( ) : 

€ 

exp −βEmENM q( )[ ] ≡ exp −βEi q( )[ ]
i
∑  

For the transition between two conformational states i=1,2, the minimum energy path is 

estimated as a parameter-independent transition path 

€ 

q f( ),  f ∈ 0,1[ ] , which satisfies: 

€ 

A f( )q f( ) ≡ f ⋅ Ω1 + 1− f( )⋅ Ω2[ ]q f( ) = f ⋅ Ω1q1,0 + 1− f( )⋅ Ω2q2,0  

and which for f=0,1 coincides with the equilibrium coordinates q1,0 and q2,0 of the 

conformational states labeled 1 and 2. From this path, the mixed elastic potential energy 

EmENM can be computed directly.  

For our study of the conformational transition in GltPh, we constructed our mixed models 

from pairs of ENMs. For these elastic networks, we set the uniform force constant 

γ=0.03kcal/mol/Å2 to normalize the calculated ENM fluctuations (at temperature 

T=310K) of the end conformations to their corresponding experimental B-factors. The 

distance cutoff of 15Å for the models was chosen to maximize the correlations between 

calculated fluctuations and B-factors. The mENM energy barriers were computed, 

modifying an in-house ENM python script [98]. In particular, we solved for q(f) by 

computing the Moore-Penrose pseudo-inverse [99, 100] of the matrix A(f), using the 

linalg.pinv routine (rcond=1e-10) in the numpy package of the python programming 

language (www.python.org, version 2.6.4). In the absence of experimental data at the 

time regarding the relative distributions of the end conformations and our modeled 

intermediates, we assumed ε1=ε2=0. 
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On the one hand, the computation of minimum (free) energy transition paths from mixed 

elastic network models is very efficient, since they only require the diagonalization of a 

sum of Hessian matrices in the simplified coordinate space of 

€ 

Cα -atoms. On the other 

hand, the underlying approximation of elastic potentials only holds for small fluctuations 

(at temperatures near zero Kelvin) from the equilibrium state, but are assumed and 

empirically validated for any larger fluctuations (at higher temperatures), e.g., with 

comparison to B-factors obtained from crystallography experiments [101]. As a result, 

there is no guarantee that the elastic transition paths computed in 

€ 

Cα -space are clash-free 

when projected back onto an all-atomistic force-field representation, and thus have to be 

interpreted with care as rough estimates of the true transition paths. The following 

approach addresses this limitation by computing clash-free conformations in a simplified 

force field of heavy atoms. 

 

I.E.2. Motion Planning (MP) 

In order to explore a path of clash-free conformations that can connect different 

conformational states, this approach, originally developed in the computational sciences 

[102-105], efficiently searches conformational space and detects atomic clashes in a 

conformation. For protein systems, Schueler-Furman and co-workers have developed the 

Motion Planning program called PathRover [106], which represents a protein’s 

conformation as a single point in the hyperdimensional space of its backbone dihedral 

angles ψi, φi of any residue i (Figure I.E.1). As a module of the Rosetta docking 

distribution [107], PathRover searches this dihedral space with a Rapidly Exploring 
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Random Tree algorithm [105], and efficiently detects atomic clashes with the Rosetta 

force-field after mapping a conformation’s representation of dihedral angles into the one 

of heavy backbone and 

€ 

Cβ  atoms. Starting from a “source” conformation, this search for 

clash-free conformations can be enhanced by certain “predicates”, as in our case to 

minimize an RMSD structural distance to a “target” conformation. 

 

 

 

Figure I.E.1. Conformational Searching with the Motion Planning Program PathRover. 

Illustrated are the monomers of GltPh (Sections III.A) in the “Outward”- and “Inward”-

facing conformation, which are represented as points in the “Conformational Space” of 

backbone dihedrals angles. White color depicts regions of conformational space that are 

free of any steric clashes, whereas yellow regions have clashes and are therefore 

forbidden in the conformational search. A Motion Planning intermediate modeled with 

PathRover is shown on the right. Figure adapted from [106]. 
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A major advantage of the PathRover approach is that it can produce clash-free 

conformations towards a target conformation at low computational cost. These 

conformations can be further refined and analyzed under an all-atom force field with 

Molecular Dynamics simulations, albeit the accuracy of these refined conformations also 

depends on the quality of the underlying Rosetta force field. A practical limitation we 

experienced with PathRover modeling the more complex conformational changes of 

GltPh (Section III.A) and LeuT (with Dr. Michelle A. Sahai, manuscript in preparation) 

is that PathRover cannot produce a complete path within a single run. To address this 

limitation we extended the algorithm to use replicated, embarrassingly parallel PathRover 

runs that are iteratively restarted from a previous run (Section II.A.1). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	   27	  

II. Novel Methodological Approaches 

II.A. Enhanced Techniques for the Modeling and Analysis of 

Transitions in Conformation and Binding of Small Molecules 

II.A.1. Motion Planning: Greedy Replicas 

(this section was taken from [108], changes are marked in bold) 

To model conformations with Motion Planning that represent intermediates between the 

crystallographically observed outward- and inward-facing conformations in GltPh 

(PDB codes 2nwx and 3bkc, respectively, Figure 1), we applied the program 

“PathRover” [106], a module implemented in the Rosetta [107] docking distribution. In 

PathRover, a protein structure is represented by the dihedral angles of its heavy-atom 

backbone and the 

€ 

Cβ  atoms. Starting from this “source” representation, the 

conformational space of the protein is explored with a Rapidly Exploring Random Tree 

(RRT) algorithm [102-105], in our case using the “RMSD Minimize” predicate (which 

applies a transformation from dihedral to Cartesian coordinates) to bias the search 

towards a “target” conformation. Here, the “source” and the “target” are the monomers 

from an averaged, MD-equilibrated state of the GltPh trimer obtained from either the 

OfCC or IfCC (see Molecular Dynamics, “MD1”), and they serve alternately. The 

degrees of freedom for the conformational search included all the backbone dihedrals of 

residue   

€ 

i∈ 13,…,414{ } with Δϕi or Δψi ≥20°, where Δϕi or Δψi are the two average 

backbone dihedral differences of any residue between the OfCC and IfCC. The complete 

set of PathRover parameters we used is presented in Table III.A.S11, and is default [106], 
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except for “MAX_TREE_SIZE” and “EXTEND_MAX_STEP_SIZE”, which are 

respectively larger and smaller than in default, and “ENERGY_FUNCTION”, which is 

set to the centroid “score4” function; these deviations from the default are expected to 

improve the conformational sampling. 

The path-searching strategy was to use the path conformation with the lowest possible 

target RMSD from each run, and to restart the search from this conformation. Twelve 

such subsequent replicated restarts were used to construct an ensemble of MP 

conformations. This strategy was more successful than using single PathRover “RMSD 

Minimize” predicate runs, which did not produce any paths with a target RMSD below 

7.9Å (from an initial 9.7Å) for 25 initial replicated runs. To choose representative 

intermediates along this path ensemble, we grouped the MP conformations in ranges of 

0.5Å (RMSDIfCC.A), and for each group, identified the monomer with the lowest mean 

pairwise RMSD. These representative intermediates from five of these groups are 

denoted as PRi.2, PRi.4, PRi.5, PRi.11, and PRi.12.  

 

II.A.2. Targeted MD: A Staircase Variant Implementation 

(this section was taken from Section III.B) 

In targeted Molecular Dynamics [109], a harmonic potential VtMD≡0.5·ktMD·(RMSD(t)-

RMSDref(t))2 is added to the MD force field to bias a starting conformation towards a 

target by gradually reducing an instantaneous target RMSD(t) at simulation time t in 

response to a user-defined reference value RMSDref(t) (ktMD is a force constant). For the 

transition in GltPh, we implemented a “staircase”-variation of targeted MD (stMD) [110], 
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in which RMSDref(t) is reduced from RMSD(0)=9Å in “staircases”, i.e. alternating steps 

of targeted motion (“move”) and constrained equilibration (“pause”), as illustrated in 

Figure II.A.1; this procedure allowed us to compute averages along transition “pauses” of 

constant RMSDref(t) values. For each “move” step, the slope of RMSDref(t) is -

RMSD(0)/nsΔts, where ns is the number of “staircases” along the transition and Δts the 

simulation time of each stMD step, so that that at the end of each stMD run with total 

simulation time Γ≡ ns×2Δts, RMSDref(Γ) is zero. 

 

 

Figure II.A.1. Illustration of “staircase” stMD Simulations as a plot of RMSDref against 

simulation time to model the conformational transition between GltPh’s outward- and 

inward-facing conformation (RMSD=9Å), see Section III.B. 
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The stMD simulations were performed on all helix Cα-atoms (see below) from the 

outward- to inward-facing crystal trimer conformation and vice-versa, with Γ=50ns, 

ktMD=0.25kcal/mol/Å2/Cα-atom, Δts=0.5ns, and ns=50. The parameter choices we made 

were based on a controlled exploration of the modeled paths using specific criteria such 

as identifying the minimal ktMD (ranging from 0.03125 to 1.0 kcal/mol/Å2/Cα-atom) that 

would still allow the starting conformation to reach its target within 1.0Å. For the 

execution protocol for the tMD simulations we devised an stMD wrapper script (Section 

V.A.2) that runs the tMD module provided in NAMD [111]. 

 

II.A.3. Transition Parameter Validation: Greedy Searching for Least Action Paths 

The goal of this paragraph is to describe an algorithm that efficiently approximates the 

transition path between two conformational end-states of a protein, given a set of 

simulated conformational intermediates sj, j=1,…,n; we applied this algorithm to the set 

of structural intermediates equilibrated with MD from the modeled transition between the 

outward- and inward-facing conformations of the GltPh transporter in Section III.B. To 

this end, we define a transition path as   

€ 

p ≡ p0, p1,…, pn , pn+1{ } , where p0 and pn+1 are the 

conformational end-states, and p1,…,pn is the sequence of simulated intermediate states, 

which differs from the sj sequence by a permutation. In the following, we assume that the 

true substrate translocation path between the end-states p0 and pn+1, i.e. 

  

€ 

p* ≡ p0, p1
*,…, pn

*, pn+1{ } is a least-action path (according to Hamilton’s principle), such that 
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the minimum cumulative RMSD, 

€ 

RMSDcum p( ) ≡ RMSD
j=0

n

∑ p j , p j+1( ) , for this path is 

minimal. To find such a least-action path in practice is an NP-hard problem. In this study, 

we developed the following greedy algorithm that iteratively searches for a minimum 

cumulative RMSD path (Figure II.A.2): 

For each iteration m=1,…n, we define a path   

€ 

pm ≡ p0
m ≡ p0, p1

m,…, pm
m , pm+1

m ≡ pn+1{ } as 

follows: 

-‐ For m=1, 

€ 

pm ≡ p0, pm
m, pn+1{ } , i.e. the end-states connected by a randomly chosen  

Intermediate  pm
m∈{s1,…,sn) (Figure II.A.2.a and d) 

-‐ For m>1, the pm
1,…, pm

m are defined from the previous iteration as follows: 

o Pick a randomly sampled 

€ 

s jm∉ pm-1 and determine i ∈ 

€ 

0,...,m{ }, for which 

RMSD(

€ 

s jm , pm-1
i)+RMSD(

€ 

s jm , pm-1
i+1) is minimal (Figure II.A.2.b) 

o Define the new iterated path as 

€ 

pm ≡ p0
m ≡ p0

m−1,..., pi+1
m ≡ s jm , pi+2

m ≡ pi+1
m−1,..., pm

m ≡ pm−1
m−1, pm+1

m ≡ pn+1{ } 

(Figure II.A.2.b) 

Repeating this procedure np times yields a set of np “greedy” paths, from which one 

selects the path with minimum RMSDcum. 

To test the efficiency of the “greedy” algorithm in finding minimum RMSDcum paths, we 

sampled paths from equilibrated intermediates in the conformational transition of the 

GltPh trimer in Section III.B. Figure II.A.3 shows RMSDcum histograms of these 

“greedy” paths as orange bars for the monomers (a), dimers (b), and trimers (c) of the 
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modeled trimer intermediates. The “greedy” paths consistently have lower minimum 

RMSDcum values than the paths sampled randomly from a uniform distribution, 

demonstrating that the “greedy” sampling is more efficient in finding minimal RMSDcum 

paths than a random sample. Interestingly, intermediates ordered along the linear 

transition parameter λ (Sections III.A-B) have values of RMSDcum (red vertical lines), 

which are comparable to the ones of the “greedy” path sampled; this finding indicates 

that for the translocation path of GltPh, λ is a good approximation of a least-action 

translocation path. 

 

 

 

Figure II.A.2. Sketch of the Greedy Minimum RMSD Path Searching Algorithm, as 

described in the text. 
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Figure II.A.3. Path Length Histograms for the Paths of Structural Intermediates Modeled 

in the Conformational Transition between GltPh’s Outward- and Inward-facing (a) 

Monomer, (b) Dimer, and (c) Trimer. In each histogram, path lengths are plotted as 

cumulative RMSDs along a path (RMSDcum), and are sampled with the “greedy” 

algorithm (orange bars), sampled randomly (blue bars), or obtained from the linear 

transition parameter λ (red vertical line). A sample size of np=100,000 was consistently 

used for the sampling of any of our paths. 
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II.A.4. Controlled Transition Steps for Free Energy Perturbation Computations 

(this section was taken from [225], changes are marked in bold) 

It can be difficult, if not impossible, for classical Molecular Dynamics simulations to 

overcome the energy barriers associated with an alchemical transformation 

(mutation of a residue, binding/unbinding of a molecule to a protein) in a short 

simulation time. Free Energy Perturbations (FEP, Section III.B) provide a means to 

circumvent these energy barriers and to compute the free energy difference between 

the end-states of the alchemical transformation. To this end, FEP divides an 

alchemical process with transition parameter λ=0→1 (with end-states at λ=0 and 1) 

into many small perturbation steps with smaller energy barriers, thereby effectively 

enhancing the sampling overlap between the end-states. However, since neither the 

scale nor the scheme of the energy barriers is known beforehand, it becomes necessary to 

adjust the step size for a particular transformation to keep the free energy change (ΔGλ) 

for each FEP step along λ sufficiently small. Doing this manually is impractical, which is 

why we developed an automated FEP/MD protocol for NAMD. In this protocol, we 

proceed to a next step after a step (λa->λb), if and only if |ΔGλa->λb| < gmax; in the next step 

λb -> λc, the  λc satisfies: ΔGideal/(λc-λb)=|ΔGλa->λb|/(λb-λa), so that |ΔGλb->λc| is projected to 

be ~gideal (e.g. ≡2kcal/mol). In this manner, λc≡λb+(λb-λa)*r, where r≡min(ΔGideal/|ΔGλa-

>λb|, rmax), and rmax≡2 ensures that λ does change drastically between steps. Otherwise, if 

in the step (λa->λb) the |ΔGλa->λb| ≥ ΔGmax, we re-do the perturbation from λa to λb’≡λa+(λb-

λa)*r so as to have λb’ satisfy ΔGideal/(λb’-λa)=|ΔGλb->λa|/(λb-λa) as above. Again, we 
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proceed, if and only if |ΔGλa->λb’| < ΔGmax, etc. In our simulations, each step was 100 ps 

long, including an equilibration phase of 5 ps. The steps at the start and end were chosen 

to be small (λ=0,1e-5,3e-5,7e-5,1.5e-4 and λ=0.99,0.999, 0.9999,0.99999,0.999999,1,1) 

to help avoid the potential “end-point catastrophe”. For illustration, Figure II.A.4 

shows plots of ΔGλa->λb and ΔGλ against λ with gmax=8kcal/mol and gideal=2kcal/mol 

for a simultaneous transformation of a sodium into a chloride ion and a chloride ion 

into a sodium ion in solvated MD simulation box. The documentation for this FEP 

wrapper is available in Section V.A.1. 

 

 

Figure II.A.4. Sample Plots from Controlled Transition Step Protocol for Free Energy 

Perturbation Computations. Shown are plot of (left) the free energy change per 

transformation step, ΔGλa->λb, and (right) the cumulative free energy change, ΔGλ, in a 

transformation of a sodium into a chloride ion and a chloride ion into a sodium ion in 

solvated MD simulation box. 
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II.B. Interpretation of MD Simulation Results in the Context of Molecular Structure and 

Dynamic Analysis: A Novel, Multi-Scale “Statistical MultiScope” for the Analysis 

of Large MD Simulation Data 

This section describes a novel computational protocol for the analysis of big data from 

Molecular Dynamics (MD) simulations, a protocol that we devised to associate any 

global changes in conformation and dynamics observable in a protein to any small-scale 

changes, e.g., in pairwise interactions. The key to establish this association is the 

identification of equilibrium states from the simulation data, and the discrimination of 

these states in terms of their relative global- and small-scale differences. As presented in 

Section III.D, we exploited this approach to identify potential allosteric interaction 

pathways in the leucine transporter protein LeuT in order to contribute to the 

understanding of its functional mechanism. Though originally designed for the analysis 

of Molecular Dynamics simulations of LeuT, this approach is directly applicable to other 

molecular systems and types of molecular simulations that produce an equilibrium 

ensemble of conformations. The next sections describe how we extract information about 

protein states from the simulation data, and what global and local observables can be 

used in order to distinguish different states. 

 

II.B.1. State Reconstruction from Large MD data: Scalable Clustering 

An equilibrium state of a molecular system is composed of an ensemble of microstates 

that populate a basin in the free energy landscape of the system’s phase space, so that the 
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macroscopic observables of the system are close to their mean values [112]. Therefore, 

microstates associated with a particular equilibrium state are expected to have similar 

coordinates and velocities, and transition rates between these microstates are expected to 

occur much more frequently than between microstates of different equilibrium states 

[113]. In the literature, there exist different strategies to exploit these properties [113-

115]. 

For the analysis of our microsecond MD simulations of transporter proteins, transition 

rates between different equilibrium states are practically impossible to compute, as they 

require the sampling of multiple such transitions in the millisecond range [116, 117]. 

Therefore, we assumed that simulated microstates (simulation frames) of the same 

equilibrium state are similar in conformation; conversely, this provided us with the 

opportunity to identify equilibrium states composed of similar microstates. To this end, 

each MD trajectory from a simulation set was preliminarily clustered based on a pairwise 

dissimilarity matrix (Cα-ifRMSDs, Section III.C), using the “agglomerative nesting” 

algorithm and the “average” cluster linkage criterion for each trajectory i. The clustering 

algorithm is set to identify nci clusters, where nci is the total simulation time of trajectory 

i divided by 4.8ns, which is a parameter to account for the different simulation times 

within the simulation set: i.e., longer simulations likely require more representative 

frames than shorter simulations. Different values of this parameter resulted in 

substantially similar clustering results. For our simulations on the leucine transporter 

(Section III.D), this strategy resulted in a range of nci=50-300clusters for each trajectory 

(Table III.D.S1). We further combined the representative frames from each of these 
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clusters into a “meta” trajectory that was once again clustered with the same type of 

dissimilarity matrix and “agglomerative nesting” algorithm, assuming different numbers 

of meta clusters nmc=2,3,… . Ideally, each nci should equal the total number of frames in 

each individual trajectory, but is limited by the computational cost involved in clustering 

a meta trajectory with a very large number of frames (more than 60,000 frames in our 

study). The particular chosen value of nci is therefore a simplification of the clustering 

complexity of each individual trajectory with practically affordable values of the nci. That 

this choice of nc works well for our purposes, is shown for the subset of wild-type 

trajectories in the Supporting Information of Section III.D. Since nmc can be interpreted 

as a conformational resolution parameter of the meta-clustering step, we chose the largest 

value of nmc for which the minimum inter-cluster ifRMSD is not below the threshold 

rthres, so that clusters are sufficiently different in terms of the ifRMSD metric. The value 

of rthres we defined as the most frequent pairwise ifRMSD between all the cluster 

representatives, i.e. rthres≡1.9 Å (Figure III.D.S7). 

 

II.B.2. Conformational Differences of a Protein Identified on Different Scales 

A general approach to detect conformational changes in a protein on multiple scales is by 

means of distance difference matrices [118-120], e.g., between any pair of -atoms. A 

distance difference matrix is defined as 

€ 

DDMij A,B( ) ≡ dij A( ) − dij B( ), where 

€ 

dij A( )  and 

€ 

dij B( ) are the (average) distances between the 

€ 

Cα -atoms i and j in conformation A and B, 

respectively; as a result, this matrix captures distance differences independently of any 

! 

C"
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structural alignment/reference frame. For large proteins, e.g., the leucine transporter 

LeuT with more than 500 amino acids (Sections III.C-D), distance difference matrices 

become quite large and difficult to inspect manually. However, as these matrices provide 

an exhaustive quantification of conformational differences in the protein, they can be 

used to verify the definition of biologically more intuitive observables, such as the 

volume of a transporter’s extracellular vestibule (Section III.C). 

As mentioned in Section I.D.1, global conformational changes emerge from changes in 

interactions and fluctuations on the smaller scales. Whereas fluctuations can be detected, 

e.g., by measuring root mean square fluctuations of individual atoms or the center of 

masses of groups thereof, the focus in this thesis was to develop a protocol to identify 

changes in pairwise atomic interactions across the entire protein (in the future, this 

protocol can be generalized, e.g., to interactions between the protein and its lipid/solvent 

environment). For this protocol, it is impractical to store for analysis the immense data set 

of individual atomic interaction potential values computed at every time step of a 

simulation, but through parallel computer processing, it is possible to re-compute these 

values from the simulation’s trajectory (at a stride in time step) and store them as a set of 

interaction potential values between groups of atoms, e.g. the amino acid residues ([121], 

Section IV.B). Since our goal was to first establish a computationally efficient protocol 

that is able to quickly detect pairwise atomic interactions using a single processor, we 

decided on the following geometry-based strategy: 

Pairwise atomic interactions were calculated according to the residue contact defined in 

[122], i.e., if the distance between any two heavy atoms from two residues is smaller than 



	   40	  

the sum of their van der Waals radii plus an extra 0.6Å, these two residues are considered 

in “contact”. However, we exclude in this calculation those residue pairs that are within 

four residues, but in sequence. To detect changes in sequence segments, e.g., when an    

(i-to-i+3) interaction turns into a (i-to-i+4) backbone H-bond interaction in a helix, we 

complement the “contact” results with those from the polar interactions computed with 

the HBPLUS program [123]. A pairwise residue interaction is thus defined to exist, if we 

can detect a polar interaction or a “contact” between this pair.  

We consider a pairwise residue interaction to be significantly different between two 

conditions a and b, if their difference in interaction frequency, 

€ 

df ≡ fa − fb  is statistically 

significant from zero: 

€ 

abs df( ) − Δdf ≥ 0, where 

€ 

Δdf ≡ Δfa
2 + Δfb

2  is the confidence 

interval of 

€ 

df  defined by the confidence intervals of 

€ 

fa  and 

€ 

fb  through standard error 

propagation [124]. The 95%-confidence intervals 

€ 

Δfa  and 

€ 

Δfb  are approximated as 

€ 

Δf ≈ 2SE f( ) ≈ 2 σ
ttot /2τ

 [125], where SE is the standard error of the mean, σ is the 

standard deviation of the binary interaction time traces, 

€ 

ttot  is the total simulation time of 

a simulated condition, and 

€ 

τ ≈ 60ns is the autocorrelation time determined from the 

maximum of autocorrelation times of any simulation and chosen global observables of 

the transporter (total radius of gyration, total accessible surface area, total potential 

energy, total water count of the extracellular vestibule). Each autocorrelation time was 

estimated from the smallest lag time, at which the standard autocorrelation function has 

decayed to 

€ 

e−1 = 0.368 [86, 125]. 
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III. Results & Discussion 

III.A. Structural Intermediates in a Model of the Substrate Translocation Path of the 

Bacterial Glutamate Transporter Homologue GltPh 

Published previously in modified form as: S. Stolzenberg, G. Khelashvili, H. Weinstein*. 

Structural intermediates in a model of the substrate translocation path of the bacterial 

glutamate transporter homologue Gltph. J. Phys. Chem. B, 116, 5372 (2012). 

*Correspondence: haw2002@med.cornell.edu 

 

 

Figure III.A.0. Table of Contents Image 

 

III.A.1. Summary 

The study presented in this chapter elucidates molecular mechanistic aspects in the 

function of glutamate transporter membrane proteins to reuptake glutamate 

neurotransmitters from the synaptic cleft in the central nervous system. These molecular 

mechanistic aspects are predicted from a computational model of the conformational 

transition between two crystal structures of a bacterial glutamate transporter homologue. 

To this end, a novel tool has been developed to connect these two crystal structures with 
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computed intermediate conformations that are free of any steric clashes; this tool 

performs iterative, embarrassingly parallel replicas of an existing Motion Planning 

implementation. The results from this study are validated by comparison with a crystal 

structure of an early intermediate conformation. The analysis of Molecular Dynamics 

simulations performed on representative intermediates depicts this conformational 

transition of the transporter in the reference frame of the surrounding lipid membrane 

model. By elucidating molecular details of protein-protein interface changes involved in 

this transition, this analysis also gives a mechanistic explanation to resolve a seeming 

discrepancy between crystallographic data and biochemical accessibility measurements.  

 

III.A.2. Abstract 

Excitatory Amino Acid Transporters (EAATs) are membrane proteins responsible for 

reuptake of glutamate from the synaptic cleft to terminate neurotransmission and help 

prevent neurotoxically high, extracellular glutamate concentrations. Important structural 

information about these proteins emerged from crystal structures of GltPh, a bacterial 

homologue of EAATs, in conformations facing outward and inward. These remarkably 

different conformations are considered to be end points of the substrate translocation path 

(STP), suggesting that the transport mechanism involves major conformational 

rearrangements that remain uncharted. To investigate possible steps in the structural 

transitions of the STP between the two end point conformations we applied a 

combination of computational modeling methods (Motion Planning, Molecular Dynamics 

Simulations, and mixed Elastic Network Models). We found that the conformational 
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changes characterizing the transition reposition the “transport domain” and the 

“trimerization domain” identified in the crystal structures. The domains move in opposite 

directions along the membrane normal; the transport domain also tilts by ~17° with 

respect to this axis. In the transition, the TM3-4 loop undergoes a flexible, “restraining 

bar”-like conformational change with respect to the transport domain. As a consequence 

of these conformational rearrangements along the transition path, we calculated a 

significant decrease, by as much as 24%, in the area of the transport-to-trimerization 

domain interface (TTDI). Water penetrates parts of the TTDI in the modeled 

intermediates, but very much less in the end point conformations. We show that these 

characteristics of the modeled intermediate states agree with experimental results from 

residue accessibility studies in individual monomers, and identify specific residues that 

can be used to test the proposed STP. Moreover, MD simulations of complete GltPh 

trimers constructed from initially identical monomer intermediates suggest that 

asymmetry can appear in the trimer as monomers, consonant with the experimental data 

showing independent transport kinetics by the individual monomers in the trimers. 

 

III.A.3. Keywords 

Excitatory Amino Acid Transporters-EAAT, membrane proteins, Motion Planning, 

Molecular Dynamics, mixed Elastic Network Model, substrate translocation path, 

changes in domain interfaces, functional asymmetry in the trimer, water penetration of 

the inter-domain interface in the intermediates. 
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III.A.4. Introduction 

Excitatory Amino Acid Transporters (EAATs) are membrane proteins that remove 

glutamate from the synaptic environment to terminate neurotransmission and help 

prevent neurotoxicity caused by high concentrations of the neurotransmitter. In the 

central nervous system, these proteins perform the glutamate reuptake into the 

presynaptic cells or astrocytes, coupling the transport of one glutamate substrate to the 

co-transport of three sodium ions [126, 127], and the antiport of one proton and one 

potassium ion, while using this transport for a flux of chloride ions [128-130]. EAATs are 

important drug targets because their dysfunction is related to a variety of neurological 

and other conditions, including depression, schizophrenia, stroke [38], Alzheimer’s 

disease [39], or human dicarboxylic aminoaciduria [40] . 

A major breakthrough towards a molecular mechanistic understanding of substrate 

transport in EAATs has been the elucidation of crystal structures of GltPh, a bacterial 

homologue that shares about 37% sequence identity with EAATs [49, 131, 132]. GltPh 

transports one aspartic acid substrate molecule in symport with three [133] sodium ions, 

while also enabling chloride conductance. Like the mammalian EAATs, the bacterial 

GltPh forms trimers [53-55], which in the crystals were shown to have a C3-symmetry 

that produces a bowl-shaped, membrane traversing structure that reaches deep into the 

membrane. This symmetry is remarkable, given the fact that the monomers in GltPh and 

EAAT have been suggested to transport substrate independently [134-136], and are 

expected to “move stochastically and independently” [132] (see also [137]). Within each 
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monomer, the neurotransmitter transport mechanism has long been considered to involve 

a sequential “opening” of the transporter molecule towards the extracellular environment 

(“outward” - to receive the substrate) and an opening towards the intracellular 

environment (“inward” - to release the substrate). The conformations of the GltPh 

observed in the two available crystal structures are considered to represent, respectively, 

an outward-facing closed conformation (OfCC) [49] of GltPh (Figure III.A.1), and 

inward-facing closed conformation (IfCC) [132] of GltPh. While the OfCC and IfCC 

structures present the substrate binding site in the respective directions, the site is 

occluded in both of them (hence “closed”), by two structural hairpin motifs that face the 

extracellular environment and intracellular cytoplasm, respectively. Based on these 

configurations, the structural information suggests that the outward- and inward-facing 

structures are the end point conformations of GltPh’s substrate translocation path [132], 

and thereby provide invaluable information about the structural relation between protein, 

substrate, and presumably sodium ions. 
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a)       b) 

  

 

Figure III.A.1. Crystal Structure of the Outward-facing Closed Conformation (OfCC) 

[49] of the GltPh trimer viewed (a): from a side, parallel to the membrane; (b)  from the 

extracellular side, perpendicular to the membrane. The transport domains are represented 

as orange ribbons the trimerization domains in green. Sequence stretches in the N- and C-

terminal loops that were unresolved in the crystal structures, have been modeled using the 

program FUGUE [138], as described in Methods. 

 

 

A comparison of the two crystal structures suggests that monomers undergo a rigid-

body conformational rearrangement [132]. However, the mechanism of substrate 

translocation across the membrane through the transporter molecule remains unknown 

despite the breakthrough crystallographic data, and other observations from experimental 

and computational studies with regard to ion and substrate binding [139-142], 
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extracellular capture  [131], and intracellular release [143]. To gain insight about the 

substrate translocation pathway (STP) at a detailed molecular level, we modeled 

structural intermediates along a putative transition path between the two crystal 

structures. These intermediates were constructed with the Motion Planning (MP) [103] 

approach, and analyzed with Molecular Dynamics (MD) simulations and mixed Elastic 

Network Models (mENM) [95-97]. Together, they provide an all-atom model of the 

translocation path within each monomer in the context of the GltPh trimer and the 

surrounding lipid membrane. We find that the modeled translocation path involves both 

the transport domain and the trimerization domain that were identified earlier in the 

crystal structures [132], moving in opposite directions (and different extents) along the 

membrane normal. We also observe a tilt of the transport domain with respect to the 

membrane normal axis, and a global conformational change of the TM3-4 loop with 

respect to the transport domain. Among the MD simulations of intermediate trimers 

constructed from initial identical monomers, one exhibited an asymmetric structure in 

which the monomers adopted different conformations, while largely preserving their 

tertiary structure and the quaternary frame of the trimer. A striking change observed from 

the comparison of MD simulation results from all the systems (including both the crystal 

structures and modeled intermediates) is the change in character of the interfaces between 

the transport and trimerization domains (transport/trimerization domain interface: TTDI) 

along the modeled STP. The pattern of changes in size and water accessibility of the 

TTDI indicates how the domain dynamics is facilitated along the translocation path and 
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suggests the identity of specific residues that can be used to test the proposed STP 

modeled by the intermediates. 

 

III.A.5. Theoretical Methods 

III.A.5.1. Motion Planning 

To model conformations representing intermediates between the outward- and inward-

facing conformations observed crystallographically (PDB codes 2nwx and 3bkc, 

respectively, Figure III.A.1), we first used the Motion Planning module “PathRover” 

[106], implemented in the Rosetta [107] docking distribution. In PathRover, a protein 

structure is represented by the dihedral angles of its heavy-atom backbone and the Cβ 

atoms. Starting from this “source” representation, the conformational space of the protein 

is explored with a Rapidly Exploring Random Tree (RRT) algorithm [102-105], in our 

case using the “RMSD Minimize” predicate (which applies a transformation from 

dihedral to Cartesian coordinates) to bias the search towards a “target” conformation. 

Here, the “source” and the “target” are the monomers from an averaged, MD-equilibrated 

state of the GltPh trimer obtained from either the OfCC or IfCC (see Molecular 

Dynamics, “MD1”), and they serve alternately. The degrees of freedom for the 

conformational search included all the backbone dihedrals of residue i ∈ {13,…,414} 

with Δϕi or Δψi ≥20°, where Δϕi or Δψi are the two average backbone dihedral 

differences of any residue between the OfCC and IfCC. The complete set of PathRover 

parameters we used is presented in Table III.A.S11, and is default [106], except for 
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“MAX_TREE_SIZE” and “EXTEND_MAX_STEP_SIZE”, which are respectively 

larger and smaller than in default [106], and “ENERGY_FUNCTION”, which is set to 

the centroid “score4” function. 

The path-searching strategy was to use the path conformation with the lowest possible 

target RMSD from each run, and to restart the search from this conformation. Twelve 

such subsequent replicated restarts were used to construct an ensemble of MP 

conformations. This strategy was more successful than using single PathRover “RMSD 

Minimize” predicate runs, which did not produce any paths with a target RMSD below 

7.9Å (from an initial 9.7Å) for 25 initial replicated runs. To choose representative 

intermediates along this path ensemble, we grouped the MP conformations in ranges of 

0.5Å (RMSDIfCC.A), and for each group, identified the monomer with the lowest mean 

pairwise RMSD. These representative intermediates from five of these groups are 

denoted as PRi.2, PRi.4, PRi.5, PRi.11, and PRi.12.  

 

III.A.5.2. Molecular Dynamics Setup 

The starting structures for the MD simulations “MD1” and “MD2” of the OfCC and 

IfCC, respectively, were taken from the corresponding PDB entries 2nwx and 3kbc. 

Calculation of pKa values for all titratable residues with the program MM_SCP [144] 

showed that each titratable residue in both the OfCC and IfCC is likely in a protonation 

state corresponding to standard aqueous conditions at pH=7.0. To account for the recently 

reported transport stoichiometry of three sodium ions per substrate [133], we placed a 
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third sodium ion (Na3) into the OfCC and the IfCC structures at a site near residues 

N310, D312, and T92, as identified in [139]. For the OfCC, residues missing from the 

TM3-4 loop were modeled with the template-based loop structure prediction software 

ArchPRED [81]. 

To construct trimer intermediates “MDi.x” (x=2,4,5,11) from each selected monomer 

PRi.x for the “MD2” simulations, we added substrate and sodiums ions from the OfCC 

monomer by superimposing the Cα-atoms of HP1 (residues 262-282) and HP2 (residues 

342-367) onto PRi.x. Finally, each PRi.x monomer was triplicated and superimposed on 

each of the monomers of the OfCC’s crystal structure by matching only the residues in 

the central inner cavity of GltPh (i.e. Cα atoms of residues 60-64, 139-161,183-190). 

Unresolved crystallographic positions of the N- and C-terminal end residues (residues 1-

11 in the OfCC and MDi.x intermediates, 1-5 in the IfCC, 417-422 in all conformations) 

were modeled using the homology server FUGUE [138] and available crystal data from 

the IfCC. For “MD2”, internal water molecules of each conformation were calculated 

with the programs Dowser [145, 146] and MMC [147] (these waters left the TTDI in the 

end conformation during the simulations). After adding missing protein hydrogen atoms 

with the VMD plugin “psfgen”, each starting conformation for the “MD1” and “MD2” 

protocol (see below) was embedded in a POPC lipid-membrane layer using guided 

positional information obtained from the program “TMDET” [148]. A 10Å layer of 

explicit “TIP3P” aqueous solvents was added above and below each POPC-protein 

complex. With NaCl at 300mM (VMD plugins: “solvate”, “autoionize” [149]), the 
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systems are composed of 250,000-300,000 atoms, including 50,000-70,000 waters and 

700-900 lipid molecules in simulation boxes of 200Åx200Åx100Å. 

 

III.A.5.3. Molecular Dynamics Simulations 

All MD Simulations were performed with the all-atom CHARMM22 protein/water/ion 

force field (using CMAP corrections) [80] with the program NAMD [111]. The POPC 

molecules of the membrane were simulated with the CHARMM27 lipid force model in 

“MD1” (input for Motion Planning), and with CHARMM36 in “MD2” (used to analyze 

the MDi.x intermediates and the end conformations); CHARMM36 had not yet been 

available for the “MD1” simulations. Each system was equilibrated with MD until all 

RMSDs of the protein with respect to the trimer and monomers of the two crystal 

structures and the protein’s starting conformation had converged (not shown). As a result, 

the OfCC was equilibrated for 105ns, the intermediate MDi.2 for 107ns, MDi.4 for 

164ns, MDi.5 for 178ns, MDi.11 for 173ns, MDi.12 for 109ns, and the IfCC for 115ns, 

indicating that the modeled intermediates needed longer equilibration times than the more 

stable end conformation. We performed MD simulations with an integration step of 1fs 

for the equilibration and 2fs for the production phase, a temperature of 310K, a Langevin 

damping coefficient of 5/ps, a non-bonded cutoff of 12Å, switching distance of 10Å, the 

Particle-Mesh-Ewald algorithm to treat electrostatic interactions, and the ShakeH 

algorithm to fix bonded interactions between hydrogens and heavy atoms (RigidBonds 
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“all”). The first 0.5ns of each MD equilibration was treated in the NVT, all subsequent 

phases of our MD simulation in the semi-isotropic NPT (P=1atm) ensemble. 

 

III.A.5.4. Domain/Helix/RMSD Definitions 

The “transport domain” and “trimerization domain” are defined as described in [132] (i.e. 

residues 76-129, 226-422, and residues 1-75, 130-225, respectively). Helices are defined 

by residues declared as “helix” in VMD [149], for the last 16ns of both the OfCC and 

IfCC MD-equilibrated trajectories, i.e. residues 12-31, 36-68, 80-107, 131-136, 142-147, 

151-170, 174-218, 226-245, 247-253, 258-275, 281-292, 296-307, 312-328, 337-351, 

359-368 and 377-416. All driving RMSDs in MD were calculated with VMD [149] 

considering the Cα-atoms of helices only. 

 

III.A.5.5. Alignment with the Reference Frame of the Lipid Membrane 

Since the rotational orientation of our lipid-protein system was well maintained 

throughout the simulations, we first translated the latest snapshot of each MD-

equilibrated simulation along the membrane normal, such that its membrane mid-plane 

would match the latest snapshot of the OfCC. Each snapshot was then translated 

perpendicular to the membrane normal, so that the center of mass of the central cavity of 

the trimer (name CA and residues 60-64, 139-161, 183-190), projected on the mid-plane, 

matched the projected center of mass in the OfCC. 
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III.A.5.6. Distance Difference Matrix 

Distance Matrices were computed with the VMD plugin “iTrajComp” [150] from 

average Cα-Cα distances over the last 16ns of each MD simulation. These matrices were 

then converted to pairwise distances between structural elements by averaging over all 

Cα-Cα distances between each pair of these elements. Difference matrices were computed 

from these distance matrices by pairwise matrix subtraction. 

 

III.A.5.7. Solvent Accessibility Computations 

Relative Solvent Accessible Surface Areas (SASArel) were computed with the program 

NACCESS [151] on the last 16ns of each simulation, with the default probe radius of 

1.4Å. Based on single residue accessibility studies performed in [152], we defined a 

residue to be  solvent-inaccessible if it had an average relative solvent-accessibility 

surface area  plus standard deviation <11%≡SASArel,thres., and to be solvent-accessible 

otherwise. 

 

III.A.5.8. Determination of the TTDI 

A residue i is considered to be part of the TTDI, if SASArel,i,isolated-SASArel,i,complex≥15%. 

SASArel,i,isolated is the SASArel of residue i in the context of an isolated domain (either 

transport or trimerization), to which it belongs, whereas SASArel,i,complex is the SASArel of 
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residue i in the context of the full trimerization/transport domain complex. The TTDI 

surface area ATTDI was calculated as [153] ATTDI≡SASAtrim.+SASAtrans.-SASAtrim.+trans., 

where SASAtrim. and SASAtrans. are the SASAs of the isolated trimerization and transport 

domains, respectively, and SASAtrim.+trans. is the SASA of the full trimerization/transport 

domain complex. 

 

III.A.5.9. Mixed ENM Computations 

mENMs were constructed from pairs of ENMs of the MD-equilibrated trimer 

conformations along the STP. For these elastic networks, the uniform force constant γ 

was set to 0.03kcal/mol/Å2 to normalize the calculated ENM fluctuations (at temperature 

T=310K) of the end conformations to their corresponding experimental B-factors. The 

distance cutoff of 15Å for the models was chosen to maximize the correlations between 

calculated fluctuations and B-factors. The mENM energy barriers were computed as 

described in [96],  modifying an in-house ENM python script [98]. In absence of 

experimental data on the relative distributions of the end conformations and our modeled 

intermediates, we assumed ε1=ε2=0. In the mENMs, the reduction of TTDI contacts was 

modeled as a reduction in γ→0.5γ for these contacts (denoted as “w/<”). 
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III.A.6. Results 

III.A.6.1. Structural Intermediates obtained from Motion Planning and Molecular 

Dynamics 

Substrate translocation in GltPh is a rare event, occurring on the time scale of micro- to 

milliseconds [117]. Therefore, in order to characterize a putative accessible path 

connecting the two end structures of the STP, we modeled conformations with the 

Motion Planning (MP) approach to obtain reasonable intermediate structures that can 

serve as input for MD simulations. When applied on the outward- and inward-facing 

conformations as described in Methods, the MP computations resulted in an ensemble of 

23,000 monomer conformations. Figure III.A.2 illustrates the progression of the 

structural intermediates obtained with this algorithm as the RMSD from the 

corresponding crystal structures of the monomers with chain identity A (see pdb entries 

“2nwx” and “3kbc”), in a plot of RMSDOfCC.A against RMSDIfCC.A (Figure III.A.2, black 

and gray points), calculated for the Cα atoms of the helices in the compared structures. 

The plot shows that the intermediate conformations determined with MP span the entire 

RMSD range of ΔRMSD=9.1Å between the OfCC and IfCC monomers. 
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Figure III.A.2. RMSD Landscape of all Computed Conformations along the Modeled 

Translocation Path of GltPh. Monomer Cα-RMSDs with respect to the A monomer in the 

OfCC crystal structure (RMSDOfCC.A) are plotted against the ones calculated with respect 

to monomer A of the IfCC crystal structure (RMSDIfCC.A) for all modeled MP monomers 

(“MPO2I”, “MPI2O”, black and grey filled circles, respectively), including their 

representative PRi.x (x=2,4,5,11,12) intermediates. All monomers of the starting MDi.x 

(x=2,4,5,11,12) intermediates and crystal monomer conformations are included (color-

filled squares: OfCC in yellow, PRi.2/starting MDi.2 in magenta, PRi.4/starting MDi.4 in 

cyan, PRi.5/starting MDi.5 in white, PRi.11/starting MDi.11 in orange, PRi.12/starting 

MDi.12 in purple, and IfCC in brown). The red, blue, and green arrows show the results 

for the corresponding monomers after MD simulations in the context of the trimer (for 

monomers A, B, and C, respectively). In these simulations the intermediate structures 

evolve into MD-equilibrated conformations with RMSD values marked by the tip of the 

corresponding arrows. The linear interpolation between the two crystal structures is 

drawn as a black dashed line. 
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The representative intermediates PRi.x (x=2,4,11,12), defined as in Methods are 

depicted in Figure III.A.3; we mark their deviations from the crystal structures in Figure 

III.A.2 with filled squares. The rearrangements are detectable in Figure III.A.3 in terms 

of a change in positioning of the transport domain (orange) relative to the trimerization 

domain (green). i.e. the transport domain moves toward the intracellular cytoplasm in this 

modeled path, with the tertiary structures of both domains largely preserved. The TM3-4 

loop (blue), expected to be highly flexible, appears fairly rigid along this path, although it 

is defined in the set of the degrees of freedom (see Methods). The participation of this 

loop in the transition is revisited in the MD simulations discussed below. 

 

 

Figure III.A.3. Sequential Series of Structural Intermediates in the STP Modeled with 

Motion Planning, superimposed on the OfCC and IfCC Crystal Structures. Each 

monomer is represented in the reference frame of the trimerization domain. The transport 

and trimerization domains are shown as orange and green ribbons, respectively, the TM3-

4 loop is colored in blue. 

 

To evaluate the feasibility of the PRi.x intermediates calculated with the MP approach, 

each of the intermediates was used in turn to construct a symmetrical trimer MDi.x 
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(x=2,4,11,12), as described in Methods. Each one of these trimers, and the two crystal 

trimers, was simulated with all-atom MD for at least 100ns in the context of a solvated 

POPC lipid membrane model. As seen from the positioning of the monomers in these 

trimers (RMSD plot in Figure III.A.2), the intermediate structures evolve into MD-

equilibrated conformations with RMSD values marked by the tip of the corresponding 

arrows (Figure III.A.2). In MDi.2 and MDi.11, these equilibrated monomers have lower 

RMSDOfCC.A (higher RMSDIfCC.A) values compared to their starting values, whereas in 

MDi.5 and MDi.12, this trend is reversed. This indicates that the nearest feasible crystal 

structures are attraction points in the equilibration of the intermediates. MDi.4 is unique 

in this regard, and is therefore revisited below, since individual monomers in this trimer 

are seen to evolve either towards the OfCC (monomers B and C) or the IfCC (monomer 

A), thus generating an asymmetric structure. It is noteworthy that the converged RMSD 

values obtained from MD fall near the ones generated with MP, indicating that the 

structures are consistent in the two approaches. 

 

III.A.6.2. Rearrangements of the Transport and Trimerization Domains 

Comparison of the end point crystal structures [49, 132] reveals large rearrangements of 

the transport domains, presumably outlining the changes required for substrate 

translocation. The corresponding conformational changes are revealed by the MD-

equilibrated conformations from the outward-facing structure, via the five MDi.x 

intermediates, to the inward-facing structure; this is shown in Figure III.A.4 with respect 
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to the surrounding lipid membrane. Along this modeled translocation path, the three 

transport domains (orange ribbons) are seen to transition from the OfCC, along the 

membrane’s normal axis, towards the intracellular cytoplasm by as much as 11±1Å. This 

is indicated by the change in position of the red bead marking their center of mass in all 

panels of Figure III.A.4. The rearrangements of the transport domains are opposite in 

direction and much larger than for the trimerization domain (green ribbons in Figure 

III.A.4); by following the change in position of the trimerization domain’s center of mass 

(blue bead) in traversing the panels from the OfCC to the IfCC, the repositioning is seen 

to be toward the extracellular cytoplasm by as much as by 4±1Å, along the same axis. 

Notably, there is also a tilt of the transport domain, measured by changes in the angle θ 

between TM6 and the membrane’s normal axis. As shown in Figure III.A.4, the value of 

θ (averaged over all three monomers) changes along the modeled STP from 27±3° in the 

OfCC to 44±3° in the IfCC, which corresponds to a tilt of the transport domain of 17±4°. 
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 a)                 b)  

      

 c)                 d)  

       

Figure III.A.4. MD-equilibrated Trimers of GltPh’s Modeled Substrate Translocation 

Path (STP) shown in the Reference Frame of the Lipid Membrane (phosphor atoms as 

grey beads, lipid tail carbon atoms as cyan lines) for (a) OfCC; (b) IfCC; (c), MDi.4; and 

(d) MDi.5.  The center of mass of the three transport domains (orange) is indicated by a 

red sphere; the center of mass for the trimerization domains (green) is marked by a blue 

sphere; residues 130 to 168 (TM4a-c) in monomer B were omitted for clarity. The angle 

between the membrane normal (black bar) and TM6 of monomer A (purple helix) is 

inscribed in black. The substrates are rendered as colored sticks. 
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The structural integrity of the simulated systems that exhibit large rearrangements was 

probed with distance difference matrices (DDMs). As described in Methods, these were 

constructed from distances between structural segments (i.e. TM1-6, HP1, TM7, HP2 and 

TM8 of each monomer), with respect to the outward-facing crystal structure (Figure 

III.A.S2). Where the absolute differences are small, <3Å, the tertiary structure of each 

monomer, as well as the trimeric frame of the quaternary structure, are largely preserved 

along the modeled translocation path. 

 

III.A.6.3. Trimers of Intermediate States can be Asymmetric 

Because the monomers in GltPh and EAAT have been suggested to transport substrate 

independently [134-136], we investigated whether monomers can adopt different 

conformations in our MD-equilibrated STP trimers. Table III.A.S3 shows that MDi.4 has 

the highest average RMSD between monomers (4.4±0.1Å), whereas the simulated OfCC 

and IfCC structures have the lowest ones of (1.1±0.1Å and 1.3±0.1Å, respectively). This 

observation suggests that the MDi.4 trimer is more asymmetric than other trimers along 

our modeled translocation path. The structural context of this asymmetry is evident from 

the comparison of two MDi.4 monomers in Figure III.A.5. Clearly, the transport domain 

is positioned differently in monomer B (Figure III.A.5.a) than in monomer A (Figure 

III.A.5.b), i.e. more towards the extracellular region (into the figure plane) in monomer B 

than in monomer A. This observation is recorded by smaller (larger) values of RMSDOfCC 

(RMSDIfCC) in monomers B and C than in monomer A (Figure III.A.2). 
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          a)              b) 

 

Figure III.A.5. Two Monomers Illustrate the Conformational Asymmetry of the MDi.4 

Trimer Intermediate: the transport domain in monomer “A” of MDi.4 (MDi.4/A) has 

moved deeper towards the intracellular region than in monomer MDi.4/B (MD starting 

conformations are identical). Changes in the TM3-4 loop conformation (in green) along 

the modeled translocation path are shown with respect to every other residue of the 

monomer: Each such residue is colored by an average correlation coefficient (see text), 

i.e. in red (blue), if the residue tends to get closer to (farther away from) the TM3-4 loop 

along the path from the outward- to the inward-facing conformation; residues colored in 

white are not correlated, on average, with the TM3-4 loop motion (TM3-4 is necessary 

for substrate transport, and undergoes substrate-dependent conformational changes 

[154]). The other monomers in each figure are illustrated as cyan ribbons. 
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III.A.6.4. The Conformation of the TM3-4 loop Changes with Respect to the Transport 

Domain 

A recent study [154] on GltPh suggested that the TM3-4 loop is essential for substrate 

transport and undergoes substrate-induced conformational changes. Before investigating 

these changes along our modeled translocation path, we identified a conformational 

difference of this loop between monomer A and B in MDi.4, which coincides with the 

different positioning of the transport domain, described above (Figure III.A.5): with 

respect to the extracellular part of the transport domain, the TM3-4 loop (shown in green) 

is shifted inward in monomer B (Figure III.A.5.a) compared to the one in monomer A 

(Figure III.A.5b), which puts this loop closer to the tip of HP2 (average Cα-Cα distance 

between residues 108-127 and 352-357: d108-127,352-357=20,7±0.7Å) than to the loop 

between TM7b and HP2a (d108-127,330-337=23.8±0.3Å). For monomer A, which is closer to 

the intracellular end, we observe the opposite trend for the position of this loop (d108-

127,352-357=32.1±0.5Å, d108-127,330-337=13.1±0.2Å). 

To study the dynamics of loop TM3-4 along the modeled transition, we constructed a 

“translocation path series” from all 21 monomers of the six averaged, MD-equilibrated 

trimers, ordered by the transition parameter 

€ 

λSTP ≡
ζ + ΔRMSD
2 ⋅ ΔRMSD

∈ 0,1[ ]; 

€ 

ζ ≡ RMSDOfCC ,A − RMSDIfCC ,A . To capture the loop’s different conformations along the path, 

we measured all possible values of dij, defined as the average (over the last 16ns of each 

simulation) of Cα-Cα-distance between a TM3-4 loop residue i, and any non-TM3-4 loop 
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residue j of the same monomer. The Pearson correlation coefficients cij between each dij 

and λSTP quantify the trends of changes of the loop’s conformation along the modeled 

translocation path series. Figure III.A.5 presents average values of the cij over all residues 

i (shown in green) mapped onto each residue j. Negatively (or positively) correlated 

residues have a distance to the TM3-4 loop that tends to decrease (or increase) along the 

transition from the outward-facing towards the inward-facing conformation. In contrast, 

residues colored in white have no such correlation. Thus, Figure III.A.5 indicates the 

correlation between the movement of the transport domain and that of the TM3-4 loop: 

that as the transport domain moves towards, or away from, the intracellular end, the 

TM3-4 loop moves outward (inward) from the extracellular part of the transport domain. 

In movies III.A.S4, we present a molecular illustration of the rearrangements along λSTP, 

in an individual monomer, including the conformational changes of loop TM3-4. 

 

III.A.6.5. Structural Changes in the Transport/Trimerization Domain Interface (TTDI) 

The rearrangement of the spatial relationship between the transport and trimerization 

domains is interpreted from a comparison of the crystallographic data as a change in their 

interface [132]. Similar comparisons among the MDi.x intermediates and the end-states 

reveal gradual changes in this interface (TTDI) along the modeled transition path. To 

characterize these changes quantitatively, we used differences in relative solvent 

accessible surface areas calculated as described in “Methods”. Figure III.A.6 illustrates 

side views of the superimposed transport and trimerization domain of monomer A in the 
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OfCC (a), MDi.4 (b), and IfCC (c), together with the corresponding TTDI residues. The 

“trimerization” side of the TTDI is seen to be largely preserved among these 

conformations, and contains residues of transmembrane segments (TM) TM1 and 2, 

TM4a/c, and TM5. The changes in the  “transport domain” side of the TTDI are greater 

in all three monomers, with the contacting residues coming from TM6, hairpin motif 

HP2a, and TM8a. Additional interface contacts are observed in some, but not all 

monomers: residue contacts with HP1b and TM7a are formed only in the OfCC, residue 

contacts with HP1a are formed only in the OfCC and MDi.4, and contacts with HP2b are 

formed only in MDi.4 and the IfCC. In Figure III.A.6, the TTDI in monomer A of MDi.4 

(i.e. MDi.4.A) is seen to have a smaller area than the end-states. In fact, the TTDI areas 

in the end conformations reach as high as 4000Å2 whereas in the intermediates, they may 

be as low as 2900Å2. This intermediate reduction may affect greatly the energies of 

interactions and thus the dynamics of the interface along the translocation path. To 

estimate these effects in the form of transition energy barriers between pairs of 

conformations along the STP, we used mixed Elastic Network Models (mENMs [96, 

97]), in which interactions are modeled as elastic bonds. In Figure III.A.S5, we plot the 

transition energy profiles of the “OCC↔IfCC” mENMs (“w/”, red), and the ones with 

reduced TTDI contacts in the OfCC (“w/<_f0”, yellow) or the IfCC (“w/<_f1”, green). 

For this mENM, a reduction of TTDI contacts in either conformation lowers the 

transition energy barrier, indicating increased flexibility along the STP. 
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a) OfCC 

  
b) MDi.4 

  
c) IfCC 
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Figure III.A.6. The Changes in Contact Surface in the Transport-Trimerization Domain 

Interface (TTDI) along the Modeled Translocation Path. (a) monomer A of the OfCC, (b) 

MDi.4, and (c) IfCC. The residues at the interface are rendered as white surfaces on the 

structural cartoon of the transport domain (left panel, orange ribbons) and trimerization 

domain (right panel, green ribbons), respectively. 

 

III.A.6.6. Changes in Residue Accessibility in the TTDI 

Concomitant with the reduction in the TTDI surface area, water molecules are observed 

to penetrate the TTDI region. This is illustrated by a snapshot of MDi.4.A in which a 

pore (semi-transparent colored surfaces) of ~20 water molecules is seen in the TTDI 

region (Figure III.A.7.b). Note that this water pore does not form in either the outward- 

(Figure III.A.7.a) or the inward-facing conformation (Figure III.A.7.c). On average, i.e. 

over the last 16ns of each equilibrated trajectory (Table III.A.S6), the space at the TTDI 

contains as much as nwater=23±4 water molecules in the intermediates, significantly more 

than in the end conformations, which have no more than nwater=8±2. 
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    a)             b)            c) 

 

Figure III.A.7. The Interface between the Transport and Trimerization Domain shows 

Water Penetrating in the Intermediates, but much less so in the End Point Conformations. 

The interface is shown for monomer A of the simulated OfCC in (a), MDi.4 in (b), and 

IfCC in (c) from the structures shown in Figure III.A.4. Explicit water molecules within 

8Å of residues 15-30 (TM1) and 207-216 (TM5) are visualized as red-white sticks, the 

computed water pores are rendered as surfaces colored from purple via cyan to blue to 

represent small to large pore radii. Residues 36-45 (TM2), and 190-222 (TM5) are 

omitted for clarity. 

 

The results indicate the existence of a water pore at the TTDI observed in the 

intermediates, but much less so in the end-states. The hydration of the TTDI in the 

simulated intermediate states can be compared to results from experimental 

measurements of solvent accessibilities in the literature. To this end, we first determined 

the particular set X of TTDI residues that are solvent-inaccessible in any monomer of the 

end conformations (see Methods), but are solvent-accessible in the intermediates (i.e. for 

at least one intermediate monomer). We then classified any residue in the set X based on 

three criteria related to available experimental data (Table III.A.1, and Figure III.A.S7) as 



	   69	  

“successful SCAM prediction”, if this position is known (e.g. from published SCAMs 

[130, 155, 156]) to be solvent-accessible (in either GltPh or its corresponding site in an 

EAAT homologue), and “unsuccessful SCAM prediction” if this position has been tested 

e.g. with SCAM, but not found to be solvent accessible [155]. We classify as “new 

SCAM prediction” those residues that should be accessible but to the best of our 

knowledge have not been reported out from any solvent accessibility measurements. The 

three “successful SCAM” positions identified in this way among the nine positions in the 

TTDI, support the validity of our model and the identified water pores at the TTDI. We 

predict that residue V209, the only apparently “unsuccessful SCAM prediction” residue, 

becomes water-accessible with SCAM, using a smaller reagent than MTS, such as HgCl, 

as was used in [130]. The remaining five are “new SCAM prediction” positions that can 

be tested experimentally to further validate the STP model. 

 

 “int.-solv.-acc.” max. SASArel [%] 
Successful 
SCAM predictions 

I61, I213, M395? 3.5, 2.3, 13.1 

Unsuccessful 
SCAM predictions 

V209? 4.8 

New 
SCAM predictions 

L54, V62, L66?, V198, 
A205 

2.1, 0.0, 3.7, 2.7, 0.8 

  
Table III.A.1. All residues in the set X (i.e. solvent-accessible in the intermediates, but 

inaccessible in the simulated crystal conformations, see text) that belong to the TTDI. 

The solvent accessible residues predicted from the simulations are listed as  “successful 

SCAM prediction” if the position is known (e.g. from published SCAMs [130, 155, 156]) 

to be solvent-accessible in GltPh or its corresponding site of an EAAT homologue; it is 

identified as “unsuccessful SCAM prediction”, if this position has been tested e.g. with 
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SCAM, but not found to be solvent accessible so far [155]; it is listed in “new SCAM 

predictions”, if to date, to the best of our knowledge, no solvent accessibility 

measurements have been performed on this residue in GltPh or its EAAT counterpart. 

Residues marked as ? also showed some solvent-accessibility in the end conformations, 

measuring one or more average water molecules within 3Å of the residue’s side chain 

(see Figure III.A.S7). In the “max. SASArel” column, for each residue in the set X, we list 

the maximum SASArel values observed in the OfCC and IfCC. 

 

 

III.A.7. Discussion 

The availability of crystal structures for the outward- and inward-facing states of GltPh 

[49, 132] has given a strong structural context to the studies of GltPh and EAATs that 

identify mechanistic elements of binding [130, 139-141, 157], extracellular capture [158, 

159], and intracellular release [143] of both substrate and ions. Since these two structures 

are considered to represent the end-states of GltPh’s substrate translocation mechanism, it 

became clear from their differences that significant rearrangements of key functional 

domains are central to this mechanism. In spite of the very attractive hypothesis presented 

on the basis of these two end-point structures, the path leading from the outward- to the 

inward-facing state remained unexplored. 

In the present study, we have obtained and evaluated dynamic molecular models of 

structural intermediates along GltPh’s substrate translocation path, from the application 

of a combination of computational methods (Motion Planning, Molecular Dynamics, 

mixed Elastic Network Models) employed to seek out salient conformational changes and 
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mechanistic elements. Motion Planning, with which we calculated intermediate 

conformations of GltPh monomers, is well-known in computer science and robotics 

[103], and was recently adapted to study proteins as large as the KcsA potassium channel 

[106, 160]. It was selected here as a relatively inexpensive computational tool for 

modeling the transition paths in terms of clash-free conformations as input for MD 

simulations exploring the dynamic properties of these states. From the MD simulations of 

the intermediate structures identified with PathRover, our results specify the 

rearrangements in the reference frame of the surrounding lipid membrane as relative 

movements between the transport and trimerization domain in opposite directions along 

the membrane normal. The computational results also confirm a tilt of the transport 

domain with respect to this axis (cf. Figure 5 in reference [132]). 

The dynamic role of the TM3-4 loop in the mechanistic substrate translocation pathway 

model resulting from our study agrees with the suggestion that this loop is involved in 

GltPh’s substrate transport [154], undergoing substrate-induced conformational changes. 

Indeed, a comparison between the outward- and inward-facing crystal structures [49, 

132] suggests a repositioning of this loop with respect to the transport domain. However, 

since parts of the 60Å-loop are unresolved in the outward-facing crystal structure, it 

remained unclear whether this conformational difference distinguishes the OfCC from the 

IfCC, and how this conformational change is accomplished. Our study proposes a path 

for this conformational change of the loop with respect to the transport domain, which 

correlates well with the larger transitions along the translocation path (see movies 

III.A.S4). 
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The dynamic detail of our results offers as well a context for experimental data 

indicating that GltPh and EAAT monomers function independently [134-136] and “move 

stochastically and independently” [132]: As we observed in one of the MD simulations, 

trimer intermediates can adopt structural asymmetry, despite the fact that the starting 

structures had identical monomer conformations (Figure III.A.5). 

The Mixed Elastic Network Model approach, which has been successfully used to 

reproduce protein fluctuations from crystallographic data to predict large collective 

conformational changes, and to identify minimum energy conformations therein [161-

164], allowed us to further investigate the dynamics along the modeled path. Combined 

with the results from our MP and MD simulations, the findings agree substantially with 

the transition path inferences from the crystal structures of GltPh, i.e. a transport 

mechanism in which the transport domain undergoes a large vertical rearrangement with 

respect to the trimerization domain, a rearrangement inferred to involve a rigid-bundle 

movement, preserving GltPh’s tertiary structure and the one of its quaternary frame. 

That the intermediates between the two crystal structures representing the OfCC and 

the IfCC must involve intricate rearrangements is suggested by intriguing experimental 

observations from accessibility studies using the SCAM method [165]. In particular, 

these studies identified as accessible some residues positioned in the interface between 

the transport and dimerization domains (the TTDI), although this interface is compact in 

both crystal structures, and not suggestive of solvent (or reagent) accessibility to the sites 

identified as reactive with the SCAM approach. Our model of the translocation path 

resolves this apparent conflict as it describes significant changes in contact area of the 
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TTDI in transition intermediates, and shows significant water penetration in the interface 

region in the intermediate conformations equilibrated computationally. Thus, the contact 

area of the TTDI is reduced along our modeled translocation path by as much as 20% 

compared to the end-states. This reduction is consistent with facilitated dynamics along 

GltPh’s substrate translocation path, and exposes some of the residues near the TTDI to 

solvent (Figure III.A.7 and Table III.A.S6). We show the residue-specific agreement with 

SCAM results in these intermediates, in contrast to the interface observed in either the 

outward- or the inward-facing structure of GltPh, which would not allow reagent 

accessibility to residues I61, I213, and M395 [130, 155, 166, 167]. Thus we predict 

residues L54, V62, V198, and A205 to become solvent-accessible in the intermediates, 

but not in the end conformations of GltPh’s substrate translocation path, suggesting 

modes of experimental validation of the modeled STP, e.g., via SCAMs. 

During the final preparation of this manuscript, a new crystal structure of an 

asymmetric intermediate of GltPh was reported [168] featuring two monomers in the 

inward-facing conformation (RMSDIfCC.A=0.7Å), and one monomer in an intermediate 

conformation (RMSDOfCC.A=3.0Å, RMSDIfCC.A=6.8Å). This structure (PDB accession 

code: 3V8G) exhibits remarkable similarity to the first intermediates in our modeled STP. 

Thus, with respect to this crystal intermediate monomer “iOFS”, monomer C (“iOFS.C”), 

our MP conformations have a minimum RMSDiOFS.C of 1.9Å (not shown) and the PRi.2 

conformation has the lowest RMSDiOFS.C of 2.3Å among all PRi.x intermediates (Table 

III.A.S8). Notably, the MDi.2 monomers conformations have the lowest minimum 

RMSDiOFS.C values of 1.7Å among all simulated conformations (Table III.A.S9), and 
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their average structure an RMSDiOFS.C of 1.8Å (Figure III.A.S10). All these RMSD 

values are smaller than GltPh’s crystallographic resolution of 3.5Å. Taken together, these 

structural comparisons support the validity of the intermediates modeled from our 

computations, which have remarkable resemblance to available crystallographic data of 

GltPh. 
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III.A.9. Supporting Information 

 

Figure III.A.S1. MP Paths described as the RMSD Relation to the OfCC and IfCC 

Crystal Structures of GltPh. The positions on the path starting from the OfCC to IfCC 

crystal structures (in red) overlap with the path started from OfCC to IfCC averaged MD 

conformations (in blue). Because these paths are very similar to each other, intermediate 

points can be interchanged as input for MD simulations of the trimer. 
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a)      b) 

 

Figure III.A.S2. Distance Difference Matrices (DDMs) for the MD-Simulated 

Intermediates MDi.4 (a) and MDi.5 (b), with respect to the OfCC Crystal Trimer. The 

distance differences are computed from averaged Cα-Cα distances between pairs of the 

structural elements TM1-6, HP1, TM7, HP2 and TM8, in each of the monomers labeled 

A, B, and C. Structural elements of the transport and trimerization domains are identified 

in orange and green, respectively. Negative (positive) distance differences are shown as 

red (blue) matrix cells, whereas small absolute differences (<3Å) are colored in white. 

The white patterns indicate that the tertiary structure of each monomer, and the trimeric 

frame of the quaternary structure, are largely preserved along the modeled path. The 

structural asymmetry of the MDi.4 trimer, addressed in Results, Section III.A.6.3, is 

reflected in (a) by the difference in the patterns produced by each of the three monomers. 

In particular, the blue and red stretches marked by black arrows in (a), represent large 

positive (mean: 11Å) and negative (mean: -3Å) distance differences, respectively, 

between HP1a-TM7a in monomer A, and between TM7b-HP2b in monomer A and other 

segments of the trimer. The same stretches with HP1a-HP2b in monomer B and C do not 

show such large distance differences with other segments of the trimer. Similarly, the 
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DDMs of MDi.5 with respect to the OfCCcrystal in (b) show similar distance patterns for 

monomers A, B, and C. 

 

MD-
Equilibrated 
Structure 

OfCC MDi.2 MDi.4 MDi.5 MDi.11 MDi.12 IfCC 

RMSD [Å] 1.0±0.1 1.8±0.1 4.2±0.1 2.5±0.1 2.5±0.2 1.5±0.1 1.2±0.1 
 
Table III.A.S3. Pairwise monomer-monomer RMSDs in the MD-equilibrated Structures. 

The asymmetry detected in the MDi.4 trimer is evident from the comparison to all other 

structures. The monomer-monomer RMSD values listed are for all MD-equilibrated 

conformations along the STP, calculated as averages over all monomer pairs and 

simulation times,. The uncertainties are estimated from standard deviation over 

simulation time. The OfCC and IfCC crystal structures have average monomer-monomer 

RMSDs of 0.05Å and 0.01Å, respectively. 

 

 

(see movie files: 

http://pubs.acs.org/doi/suppl/10.1021/jp301726s/suppl_file/jp301726s_si_002.mpg 

http://pubs.acs.org/doi/suppl/10.1021/jp301726s/suppl_file/jp301726s_si_003.mpg 

) 

Movie III.A.S4. Movie illustrating the conformational transition from the OfCC towards 

the IfCC monomer along our modeled translocation path from a front (a) and side (b) 

perspective. The protein, substrate, and bound ions are represented as in Figure III.A.3, 

the TM3-4 loop is colored in blue. The seven conformations (one representative 

monomer for each MD-simulated conformation) are presented in order along the 

transition parameter λSTP, superimposed to the OfCC based on all Ca atoms. 
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Figure III.A.S5. Reduction of TTDI Contacts Enhances Transitions along the Modeled 

Transition Path. mENM potential energy barriers E of the transition between the OfCC 

and IfCC are plotted against the mENM transition parameter f. Points of the energy 

barrier of the original mENM are shown in red, whereas points of the barriers with 

reduced TTDI contacts in the OfCC and IfCC are drawn in blue and green, respectively. 

The curves connecting each set of points were obtained via spline interpolation. 
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MD-equilibrated 
Structure 

OfCC MDi.2 MDi.4 MDi.5 MDi.1
1 

MDi.12 IfCC 

nwater (TTDI.A) 3±2 7±2 20±4 18±4 17±2 14±2 6±2 
nwater (TTDI.B) 2±2 9±2 8±2 23±4 21±3 13±3 8±2 
nwater (TTDI.C) 5±2 10±2 20±3 14±3 12±3 16±3 5±2 

 
Table III.A.S6. Water Penetration in the TTDI. The table lists the number of water 

molecules, nwater, observed at the TTDI of monomers A (“.A”), B (“.B”), and C (“.C”) in 

the last 16ns of the corresponding MD-equilibrated conformations. Maximum values of 

nwater are indicated in bold, in red for intermediate MDi.x, and in green for a crystal 

structure. For each table, nwater was determined by counting all water molecules within 

radius  r=5Å,  of resIDs=54,61,198,209. 
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Figure III.A.S7. 

I. Successful SCAM Predictions 

a)      b) 

  

c) 
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II. Unsuccessful SCAM Predictions 

 

 

 

III. New SCAM Predictions 

a)      b) 
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c)      d) 

 

e) 
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IV. Additional New SCAM Predictions 

a)      b) 

 

 

Figure III.A.S7. Bar plots of water molecules within 3Å of a particular residue’s side 

chain for each monomer (.A, .B, and .C) counted over the last 16ns of each MD-

simulated conformation (OfCC in yellow, MDi.2 in frog-green, MDi.4 in limegreen, 

MDi.5 in lightblue, MDi.11 in darkviolet, MDi.12 in pink, IfCC in red). The bars indicate 

“Successful SCAM predictions” (I), “Unsuccessful SCAM predictions” (II), “New 

SCAM Predictions” (III), and ”Additional New SCAM Predictions”, for which the 

solvent-accessibility threshold of SASArel,thres.=10% instead of 11% (see Methods). 
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Starting 
MD Structure 

OfCC 
(crystal) 

PRi.2 PRi.4 PRi.5 PRi.11 PRi.12 IfCC 
(crystal) 

RMSDiOFS [Å] 3.0 2.3 3.9 5.0 6.2 4.7 6.8 
 
Table III.A.S8. Monomer RMSDs of the Representative MP Intermediates and the 

Crystal Structures with respect to the Crystal Monomer Intermediate “iOFS” reported in 

[168]. The lowest RMSD, i.e. of PRi.2, is shown in bold. 

 

 

MD-Equilibrated 
Structure 

OfCC PRi.2 PRi.4 PRi.5 PRi.11 PRi.12 IfCC 

Minimum 
RMSDiOFS [Å] 

2.7 1.7 2.8 5.7 4.7 5.2 6.5 

 
Table III.A.S9. Minimum Monomer RMSDs of all MD-simulated Conformations with 

Respect to the Monomer Intermediate “iOFS” reported in [168]. The lowest RMSD, i.e. 

of PRi.2, is shown in bold. 
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a)       b) 

  

Figure III.A.S10. Structural Comparison between the Average MDi.2 Monomer and the 

Crystal “iOFS” Monomer [168] (blue cartoon), viewed from the front  (a) and the back 

(b). The MDi.2 monomer is obtained from an average over all monomers of the MDi.2 

trimer, averaged over the last 16ns MD simulation. After superposition (as shown), the 

average MDi.2 monomer deviates from iOFS by an RMSD of 1.8Å. 
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ALGORITHM RRT_PARTIAL_TARGET_INF

O 

MAX_TREE_SIZE 120,000 

MAX_CONSECUTIVE_FAILS 100 

ENERGY_FUNCTION score4 

ENERGY_THRESHOLD 100 

USE_LOCAL_ENERGY_MINIMIZATION TRUE 

DOFS _LIST 34-35, 70-81, 107-129, 136-141, 
217-226, 245-253, 306-311, 332-
336, 352-354, 362, 369-370 

DOFS_ DEVIATION ±180° 

EXTEND_MAX_NUM_STEPS 15 

EXTEND_MAX_STEP_SIZE 0.25 

MAX_STEPS_PARTIAL_INFO_NOT_IMPROVE
D 

2 

Source conformation OfCC MD-equilibrated crystal 
structure (pdb code: 2nwx), 
missing loops modeled via 
ArchPred [81]. 

Target conformation IfCC MD-equilibrated crystal 
structure (3kbc) 

 
Table III.A.S11. Detailed List of Parameters used in our PathRover Runs. 
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III.B. Structural Transition between the Outward- and Inward-Facing States of a Bacterial 

Glutamate Transporter Homologue in Different Lipid Environments 

Modified from the following manuscript in preparation for publication: S. Stolzenberg, Z. 

Huang, S. Mondal, H. Weinstein*, E. Tajkhorshid*. Structural Transition between the 

Outward- and Inward-Facing States of a bacterial Glutamate Transporter Homologue in 

Different Lipid Environments 

*Correspondence: haw2002@med.cornell.edu, emad@life.illinois.edu 

 

III.B.1. Summary 

This section presents a computational study of the conformational transition suggested to 

be involved in the function of glutamate transporter membrane proteins. Compared to the 

work presented in the previous section, III.A, this study first provides mechanistic 

insights of the conformational transition with a higher conformational resolution that is 

made possible by the use of a variant of targeted molecular dynamics simulations (stMD) 

introduced in Section II.A.2. Secondly, this study sheds light on the topological and 

energy changes of different surrounding lipid environments during this conformational 

transition, as quantified by a computational approach (3D-CTMD) developed in the lab. 

Overall, the results from this study agree substantially with the findings in the previous 

chapter, and show that the transporters’ modeled conformational transition is robust to 

different lipid environments. 
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III.B.2. Abstract 

Excitatory amino acid transporters (EAATs) are membrane proteins responsible for the 

reuptake of glutamate from the synaptic cleft in the central nervous system. 

Crystallographic data for a bacterial EAAT homologue, GltPh, have provided structural 

information for this trimeric secondary active transporter in different states. Nevertheless, 

in contrast to other membrane proteins, such as GPCRs, little is known about the 

structural or functional coupling between EAATs and their membrane environment. In 

this context, we investigated the effect of lipid environment on the structure and 

dynamics of GltPh, using all-atom molecular dynamics (MD) simulations of both the 

outward- and inward-facing conformations of GltPh in either POPC or POPE lipid 

membranes. The transition between the two states was explored with a variant of targeted 

MD simulations (stMD) combining stepwise targeted motion and equilibration. Both the 

end conformations and the transition pathways were found to be robust to the choice of 

lipid bilayer type (pairwise trajectory RMSDs<2.5Å), implying constant contributions 

from the energetics of membrane deformation and hydrophobic mismatch computed with 

3D-CTMD. The transition pathways connecting the end-states agree substantially with 

the structural intermediates of a path identified recently using the method of motion 

planning (MP) coupled with MD (minimum RMSDs<3Å). Importantly, the agreement 

includes the prediction that the transport-trimerization domain interface changes 

continuously during the transition, exhibiting in the middle a significantly reduced 

contact area and significantly increased solvent-accessibility compared to the end-states. 

This remarkable consistency between simple MP and the new stMD modeling 
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approaches indicates that the computationally economical MP calculations provide a 

useful initial modeling tool for major conformational transitions in membrane proteins. 

 

III.B.3. Introduction 

Neurotransmitter reuptake of glutamate from the synaptic cleft in the central nervous 

system is essential for the termination of action potentials and maintenance of healthy 

neurotransmitter concentrations in the cleft. In eukaryotes, Excitatory Amino Acid 

Transporter (EAATs) proteins carry out this reuptake, and have thus been important drug 

targets for a number of neurodegenerative diseases, such as Alzheimer’s disease [39], 

depression, schizophrenia, and stroke [38], or human dicarboxylic aminoaciduria [40]. 

EAATs transport each glutamate molecule from the cleft into the cell by exploiting 

electrochemical gradients of sodium ions (stoichiometrically, three in symport) [126, 

127], potassium ions (one in antiport), and protons (one in antiport); this transport cycle 

is necessary, but not sufficient for a leak of chloride ions by EAATs [128-130]. 

Breakthrough insight into the structural mechanism of EAATs was provided by the 

crystallization of GltPh, a bacterial homologue of this protein family. GltPh transports 

each aspartate molecule in symport with three sodium ions [133], and is also able to 

conduct chloride ions through the cell membrane. Like EAATs, this homologue forms 

trimers (Figure III.B.1.a), in which each monomer transports substrate (aspartate) 

individually. In each monomer of the outward-facing crystal structures of the closed 

conformation [49] (OfCC, Figure III.B.1.b), and its inward-facing counterpart [132] 

(IfCC, Figure III.B.1.c), the substrate - together with two sodium ions - is positioned 
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toward the extra- or intracellular region, respectively, but is occluded (thus “closed”) 

from the solvent by two hairpin motifs (HP1/2). The OfCC and IfCC states are 

considered to represent the end-states of the substrate translocation path, which, however, 

remains poorly understood. 

First insights into the substrate translocation path of GltPh were reported from a crystal 

structure [168] composed of two monomers facing inward, and a third intermediate 

monomer (iOFS) facing outward. Independently, results of MP-MD simulations [108] 

predicted an asymmetric trimer with additional monomer conformations reaching further 

inward along the translocation path:  In the asymmetric trimer, two of the intermediate 

monomers were facing more outward, and the third more inward. Taken together, these 

results suggested that monomers in the GltPh trimer can adopt either different or similar 

intermediate conformations along the translocation path, giving a first structural 

explanation for the functional observations that monomers are able to transport substrate 

individually. How trimer asymmetry can be achieved along the transition of the 

translocation path, however, was not established from these studies. 
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a) 

 

b)      c) 

   

 

Figure III.B.1. Crystal structures of GltPh shown from the side for the complete trimer 

(a) and individual monomers (b) in the both the outward-facing conformations (OfCC, a 

and b) and in the inward-facing conformation (IfCC, b). The transport and trimerization 

domains are shown as green and orange ribbons, respectively, and the substrate and 

sodium ions are visualized with vdW spheres. 

 

The structural changes in GltPh that became evident from the comparison between the 

inward- and outward-facing crystal structures identified two domains in each individual 
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monomer, based on their different disposition: A “transport domain” (Figure III.B.1, 

orange) that was displaced (i.e. translated and tilted) along the central axis of rotational 

symmetry, and a relatively stationary “trimerization domain” (Figure III.B.1, green), that 

served as a reference frame for this displacement.  Computational results from MP-MD 

[108] confirmed translation and tilt of the transport domains in the structural 

intermediates along the path, but also inferred smaller translational movements of the 

trimerization core in the reference frame of the surrounding lipid membrane. As a result 

of the displacement in the intermediates modeled in this study, the interface between a 

transport and trimerization domain, the TTDI, was predicted to have significantly 

reduced contact area and a significantly increased solvent-accessibility compared to the 

interface in the end-states. This resulted in novel, residue-specific solvent-accessibility 

predictions, and settled an apparent discrepancy between solvent-accessible residues 

identified from SCAM experiments [130, 155, 156] and inferences from the inward- and 

outward-facing crystal structures. However, the method applied in this study modeled the 

translocation path of a GltPh monomer instead of a trimer as a set of clash-free structural 

intermediates rather than a continuous translocation trajectory obeying a full-atom MD 

force field, which leaves the details of the TTDI to be elucidated with a more appropriate 

approach.  

The significant re-positioning of the transport and trimerization domains relative to the 

membrane led us to hypothesize that the lipid-protein interface may also change along the 

substrate translocation path. It is important to evaluate this change in terms of its 

consequence for lipid-protein interactions, as the membrane has been shown to modulate 
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the function and/ or organization of a wide array of transmembrane proteins [169-171]. In 

fact, for GltPh, a computational study has identified a constraining role of the membrane 

on the translocation path [172]. In this study, we focus on the hydrophobic mismatch 

between the membrane and GltPh, which has been suggested to underlie numerous 

observations of the role of lipid-protein interactions in protein function, including 

substrate transport [173-175]. In particular, recent computational studies have suggested 

that hydrophobic matching remain incomplete at the lipid-protein interface of multi-

segment transmembrane proteins like GPCRs [176] and LeuT [175]. For LeuT, the 

calculations showed how the incomplete hydrophobic matching at particular residues 

may affect substrate transport rates, suggesting that incomplete hydrophobic matching 

may be a mechanistically important component of lipid-protein interactions [175]. 

Therefore, we here evaluated the extent of hydrophobic matching at the lipid-protein 

interface of GltPh, and investigated whether the substrate translocation path of GltPh is 

robust to the lipid composition of the membrane. 

Here we present the results of a study in which a variant of targeted MD simulations 

(stMD) is used to model the substrate translocation path between MD-equilibrated states 

of the outward-facing and inward-facing conformations of GltPh in two different lipid 

environments. As GltPh is a bacterial homologue of mammalian EAATs, we chose for 

the lipid composition 1) POPC, containing PC headgroup commonly found in 

mammalian membranes, but not in bacterial membranes [177], and 2) POPE, containing 

PE headgroup commonly found in bacterial membranes [177]. Lipids with PC and PE 
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headgroups have been found to differentially affect the function of several 

transmembrane proteins [178-181]. 

From the MD and stMD simulation results we observed a conformational transition along 

the translocation path that is reminiscent of a linear interpolation between the two end-

states, in both POPC and POPE. In agreement with the recent MP-MD predictions [108], 

we observed a relatively small translation of the trimerization domain along the 

membrane normal compared to the larger repositionings of the transport domains. In our 

modeled translocation paths, the TTDI continuously changes with a significantly reduced 

contact area and significantly increased solvent-accessibility along the transition 

compared to the end-states. From the analysis at this interface, we provide residue-

specific proximity and solvent-accessibility predictions that agree well with the ones 

made from the MP-MD simulations performed previously. In regards to the topological 

differences in the lipid environment in response to the outward- or inward-facing 

conformation of GltPh, we observed that the contact area of the lipid-protein interface is 

similar between the end-states, but significantly increased along the transition of the 

translocation path. The membrane-facing surface of GltPh changed in terms of 

hydrophobic character between OfCC and IfCC, with fewer polar residues facing the 

membrane in IfCC. 
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III.B.4. Methods 

III.B.4.1. Molecular Dynamics Simulations (MD) 

Using protein simulation setups of the outward- and inward-facing crystal structures (pdb 

accession codes 2nwx and 3kbc, respectively), as described previously (setup “MD2” in 

[108]), we embedded each conformation in a membrane model patch of 

200Åx200Åx100Å consisting of either 1-Palmitoyl-2-Oleoyl-sn-glycero-3-

PhosphoCholine (POPC) or 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine 

(POPE) and explicit water and counter-ions.  

Four setups (“IPC”, “OPC”, “IPE”, and “OPE”) resulting from this procedure for the Inward 

(I) and Outward (O) open structures, were simulated with the program NAMD using the 

all-atom CHARMM36 force field [80]. Each crystal structure was equilibrated for >40ns, 

until the RMSDs with respect to the trimer and monomers in the protein’s starting 

conformation had converged (not shown). For this reason, the OPC was equilibrated for 

70ns, the IPC for 130ns. 

In all the simulations, the time integration step was 1fs, and the temperature set to 310K 

with a Langevin damping coefficient of 5/ps during the first 3ns of equilibration and of 

1/ps throughout after. The cutoff for non-bonded interactions was 12Å, the switching 

distance 10Å, whereas all bond distances with a hydrogen were fixed with the ShakeH 

algorithm [182, 183] (RigidBonds “all”). Electrostatic forces were computed with the 

Particle-Mesh-Ewald algorithm. The first 0.5ns of each MD equilibration were simulated 

in the NVT, all subsequent phases in the semi-isotropic NPT ensemble (P=1atm with a 

200fs Nosé-Hoover Langevin barostat oscillation period and 50fs damping time scale). 
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III.B.4.2. Staircase Targeted Molecular Dynamics (stMD) 

In Targeted Molecular Dynamics [184], a harmonic potential VTMD≡0.5·kTMD·(RMSD(t)-

RMSDtarget(t))2 is added to the MD force field to bias a starting conformation towards a 

target by gradually reducing an instantaneous target RMSD(t) at simulation time t in 

response to a user-defined reference value RMSDtarget(t) (kTMD is a force constant). For 

GltPh, we implemented a “staircase”-variation of TMD (stMD) [110], in which 

RMSDtarget(t) is reduced from RMSD(0)=9Å in “staircases”, i.e. alternating steps of 

targeted motion (“move”) and constrained equilibration (“pause”), as illustrated in Figure 

III.B.S1; this procedure allowed us to compute averages along transition “pauses” of 

constant RMSDtarget(t) values. For each “move” step, the slope of RMSDtarget(t) is -

RMSD(0)/nsΔts, where ns is the number of “staircases” along the transition and Δts the 

simulation time of each stMD step, so that that at the end of each stMD run with total 

simulation time Γ≡ ns×(Δtm+Δtp), RMSDtarget(Γ) is zero. 

The stMD simulations were performed on all helix Cα-atoms (see below) from the 

outward- to inward-facing crystal trimer conformation and vice-versa, with Γ=50ns, 

kTMD=0.25kcal/mol/Å2/Cα-atom, Δts=0.5ns, and ns=50. The parameter choices we made, 

were based on a controlled exploration of the modeled paths using specific criteria such 

as identifying the minimal kTMD (ranging from 0.03125 to 1.0 kcal/mol/Å2/Cα-atom) that 

would still allow the starting conformation to reach its target within 1.0Å. For the 

execution protocol for the TMD simulations we devised an stMD wrapper script that runs 

the TMD module provided in NAMD [111].  
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III.B.4.3. Transition Parameter 

Observables were collected and averaged over each “pause” of an stMD path. Each set of 

averages was ordered along the transition parameter 

€ 

λSTP ≡
ζ + ΔRMSD
2 ⋅ ΔRMSD

∈ 0,1[ ]; 

€ 

ζ ≡ RMSDOfCC ,A − RMSDIfCC ,A , where ΔRMSD=9Å is the Cα-RMSD between the OfCC and 

IfCC monomers, and RMSDOfCC and RMSDIfCC are the Cα-RMSDs from the OfCC and 

IfCC monomer, respectively, averaged over a particular “pause” phase. This defines a 

transition parameter λ, which, as shown previously [108] makes it possible to compare 

different stMD simulations among each other, and also with the intermediate 

conformations modeled with MP-MD [108]. 

 

III.B.4.4. Domain/RMSD definitions 

The “transport domain” (residues 76-129, 226-422) and “trimerization domain” (residues 1-75, 

130-225) were defined as indicated above from the crystal structures [132]. Helices defined with 

the program STRIDE [185] in VMD [149] applied to the last 16ns of both the OfCC and IfCC 

MD-equilibrated trajectories are composed of residues 12-31, 36-70, 80-107, 130-136, 142-148, 

151-169, 174-202, 204-217, 227-244, 247-254, 258-275, 281-292, 296-307, 312-329, 337-350, 

358-370, 377-388, and 390-416. All RMSDs in MD were calculated with VMD [149] 

considering the Cα-atoms of the helical residues only. 
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III.B.4.5. Transport Domain Tilt Angle 

The angle θ between the transport domain and the membrane normal was measured as an 

average of tilt angles of all its helices, i.e. TM3, TM6, HP1, TM7, HP2, and TM8, using 

the “AngleBetweenHelices” script in PyMol [186]. 

 

III.B.4.6. Alignment with the Reference Frame of the Lipid Membrane 

Following an approach developed previously [108], the alignment was achieved by first 

translating each stMD trajectory frame along the membrane normal, such that the 

membrane mid-plane would match the latest snapshot of the OfCC MD equilibration. 

Each snapshot was then translated perpendicular to the membrane normal, so that the 

center of mass of the central cavity of the trimer (Cα atoms of residues 60-64, 139-161, 

183-190), projected on the mid-plane, matched the projected center of mass in the OfCC. 

III.B.4.7. Solvent Accessibility Computations 

Relative Solvent Accessible Surface Areas (SASArel) were computed with the program 

NACCESS [151] with the default probe radius of 1.4Å. Based on single residue 

accessibility studies [152], we defined a residue to be  solvent accessible if its average 

relative solvent-accessibility surface area (plus standard deviation) was larger than the 

threshold SASArel,thres. of 11%, and to be solvent-inaccessible otherwise. 

Water pore illustrations and were computed with the program HOLE [187], for the water 

pore volumes calculations, we used the program Phase [188].  
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III.B.4.8. Interface Residues and Contact Area 

A residue i is considered to be part of an interface, if SASArel,i,isolated-

SASArel,i,complex>SASATTDI≡15%, where SASArel,i,isolated and SASArel,i,complex are the 

SASArel of residue i in the context of the isolated subsystem(s) or their complex, 

respectively; for the TTDI, the subsystems are the transport domains and the 

trimerization domain, and for the lipid-protein-interface, the protein and the surrounding 

lipid molecules. The particular choice of SASATTDI had previously been tested as 

described [108]. The TTDI surface area ATTDI was calculated as [153] ATTDI≡SASAisolated-

SASAcomplex, where SASAisolated and SASAcomplex are defined as the SASAs of the isolated 

subsystem(s) and their complex, respectively. 

 

III.B.5. Results 

The large structural differences between the outward- and inward-facing crystal 

structures of GltPh led to the inference that the substrate translocation path involves large 

structural repositioning. To investigate the nature of the repositioning and the manner in 

which they constitute a translocation mechanism, we utilized the staircase TMD (stMD) 

simulation approach (see Methods). Our equilibrated crystal states in different lipid 

membrane environments  (Figure III.B.2.a and .c) were used to evaluate the energetics 

and the structural details of the transition from the outward- to inward-facing 

conformations (“I2O”) and vice versa (“O2I”) in four transition paths (“O2IPC”, “I2OPC”, 

“O2IPE”, and “I2OPE”, see Methods for details). For an overview of the conformational 

changes along these paths, we plot their RMSDs in Figure III.B.3 with respect to the 
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OfCC and IfCC monomers (i.e. RMSDmOfCC against RMSDmIfCC). The pattern of RMSD 

values appears similar to a linear interpolation between the two end-states, as was also 

the case for a translocation path modeled with MP-MD [108]. Figure III.B.3 also 

indicates that the path “spread” produced by the four stMD simulations is fairly 

moderate, i.e. the minimum RMSDs (averaged over stMD “pause” bins) do not exceed 

2.5Å (Figure III.B.S9), regardless of the stMD direction (O2I, I2O), and surrounding 

lipid membrane environment (PC, PE). This spread is comparable to the upper boundary 

of minimum RMSDs (Figure III.B.S2) of any stMD path (3.5Å) in the translocation path 

modeled with MP-MD [108], and indicates that the substrate translocation paths obtained 

from stMD and MP-MD have substantial conformational overlap. 

 
a) OfCC       b) an stMD intermediate      c) IfCC 

 

Figure III.B.2. Snapshots of Intermediate Conformations (b) extracted from the Modeled 

Transition between the Outward- (a) and Inward-facing Conformation (c) of GltPh (side 

view) in the Reference Frame of the Surrounding Lipid Membrane. The transporter is 

represented as in Figure III.B.1, with lipid phosphate heads shown as gray beads and lipid 

tails as cyan lines. The centers of mass of the three transport domains and the 

trimerization domain are indicated with a red and blue sphere, respectively; TM4a-c  

(residues 130-168) of monomer B is not shown for clarity. The average angle between 

the membrane normal (black bar) and each of the transport domains is denoted in black. 

Substrates are rendered as colored sticks. This representation is similar to [108]. 
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Figure III.B.3. Two-dimensional Representation of the Conformational Transitions 

Modeled between GltPh’s End Crystal States. Plot of RMSDs from the Outward- and 

Inward-facing Crystal Monomers (RMSDmOfCC, RMSDmIfCC) for all TMD Simulations 

Performed on the GltPh Trimer. stMD trajectories from the outward- to inward-facing 

conformation are shown in gray, and from inward to outward in black. Monomer RMSDs 

of the starting trimer conformations are identified in red and dark red for the OfCC in 

POPC and POPE, respectively; and in green and dark green for the IfCC in POPC and 

POPE. 

 

III.B.5.1. Domain Repositioning in the Reference Frame of the Lipid Membrane 

The comparison between the end-states of the translocation pathway taken from the two 

crystal structures, OfCC and IfCC, suggested a major repositioning of the transport 

domain in the reference frame of the trimerization domain. The calculations enable the 

same comparison in the larger reference frame of the lipid membrane; to this end, we 

computed the centers of mass in this frame for each of the three transport domains (red 

beads, Figure III.B.2) and for the trimerization domain (blue beads, Figure III.B.2), and 
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also the tilting angle (in purple) of each transport domain with respect to the membrane 

normal (black line). As indicated in Figure III.B.2, and plotted against the transition 

parameter λ from the OfCC (λ≈0) toward the IfCC (λ≈1) (Figure III.B.S3), we find for 

all our stMD runs that the transport domains translate toward the intracellular cytoplasm 

by about 10Å and tilt by 5-10°, whereas the trimerization domain translates toward the 

extracellular region by about 2-5Å. Interestingly, we noticed that in the stMD runs in 

POPC membranes the transport domains tilt is about 8-10°, whereas in the POPE this tilt 

is smaller, i.e. 6-7°. 

 

III.B.5.2. Trimers of Intermediate Conformations exhibit transient asymmetry 

The three monomers in GltPh and EAATs have been suggested to transport substrate 

individually [134-136], which is supported by their ability to adopt different 

conformations that break the structural C3-symmetry of the trimer [108, 168]. The stMD 

simulations also identified transient trimer asymmetry along the paths from the pairwise 

monomer-monomer RMSDs (RMSDmm) computed along λ. As shown in Figure III.B.S8 

(black plots), these RMSDmm values can reach up to 3.5Å, which is significantly higher 

than the initial RMSDmm values of <2Å. Since no trimer asymmetry was imposed in our 

stMD simulations, this finding is consistent with previous findings [108, 168] that the 

three monomers can simultaneously adopt different conformations along GltPh’s 

substrate translocation path. 
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III.B.5.3. Structural Changes in the Transport/Trimerization Domain Interface (TTDI) 

The stages in the repositioning of the transport and trimerization domains relative to each 

other along the translocation path, are reflected in changes in their contact interface 

(TTDI) [108, 132]. To study these changes along our modeled translocation path, we first 

computed the TTDI surface area along λ for each stMD run (as described in Methods), 

and found that the TTDI surface areas are significantly smaller along the transition 

(≥1500Å3) compared to the end-states (≥2000Å3) (Figure III.B.S4); this is in agreement 

with recent results from MP-MD computations [108]. Similar changes in the interface 

area occur in the two lipid environments. The detailed conformational changes in the 

TTDI for each stMD simulation are shown in Figure III.B.S6 as heat maps of average 

number of interface residues (scaled by opacity, orange/green for transport/trimerization 

domain residues) in any structural element: Along λ, the transport domain side of the 

TTDI progresses from residues of HP1-TM7 towards residues of HP2-TM8, whereas the 

trimerization domain side is largely preserved along the transition. A movie (Figure 

III.B.S5) illustrates these conformational changes along our modeled translocation paths 

for the “O2IPC” transition. The interface changes modeled with our stMD simulation 

substantially agree with changes observed in the translocation path modeled with MP-

MD [108] (Figure III.B.S7), but some differences can be observed along the transition at 

TM5, and loop HP2b-TM8: In monomers of MDi.5 and MDi.4 in [108], residues of TM5 

participate in the TTDI (Figure III.B.S7.a), but not so in the stMD conformations closest 

to those monomer intermediates (Figure III.B.S7.b). In the IfCC, TTDI contacts are 

formed in loop HP2b-TM8, but not in the final “O2I” stMD runs, which indicates 
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limitation of our stMD approach near the target conformation. For the other three stMD 

simulations, similar differences to the MP-MD intermediates in interface changes can be 

observed (not shown). 

 

III.B.5.4. Changes in Residue Accessibility in the TTDI 

Results from the all-atom MP-MD computations [108], used to interpret SCAM data 

[130, 155, 156] suggested that the changes observed in the TTDI in the transition path 

intermediates are responsible for transient changes in the solvent-accessibility of specific 

interface residues that are inaccessible in the end-states. As illustrated by the water pore 

representations in Figure III.B.4, our stMD simulations support this hypothesis. In 

particular, we observe residues in each of our stMD runs that become solvent-accessible 

(see Methods) along the transition, but not in the end-states of the translocation path 

(Table III.B.S10), similar to findings in [108]. The residues for which such changes are 

detected most frequently in our four stMD runs, are I61, V62, L66, and I155. In the 

vicinity of these residues, on average <6 water molecules are observed in the end-states, 

and <15 water molecules along the transition paths. In particular, residue I61 has been 

experimentally confirmed  [130] to become reactive to SCAM reagent from the solvent; 

the other three residues have not been tested with SCAM so far constitute “new SCAM 

predictions” to be validated experimentally. 



	   105	  

a) OfCC             b) stMD intermediate               c) IfCC 

 

Figure III.B.4. Transient Water Penetration at the Transport-Trimerization Domain 

Interface (TTDI) along the Modeled Translocation Paths: From a close side view, GltPh 

and its lipid environment are represented as in Figure III.B.2, with water molecules 

within 8Å of transiently accessible residue (see Table III.B.S10) shown as red-white 

sticks. Water pores, computed with the program HOLE [187], are illustrated for the 

particular snapshots in the OfCC (a), modeled intermediate (b), and IfCC (c). Blue and 

cyan surfaces cover solvent-accessible space, and purple surfaces cover solvent-

inaccessible space at the TTDI. 

 

 
III.B.5.5. Hydrophobic Matching is Incomplete at the Lipid-Protein Interface 

Hydrophobic mismatch between transmembrane proteins and its membrane environment 

has been shown to be a mechanistically important component of the protein-lipid 

coupling [173]. Recent computational studies suggest that the function of multi-segment 

transmembrane proteins may involve incomplete hydrophobic matching, termed the 

“residual exposure” [175, 176]. Therefore, along the transition between the outward- and 

inward-facing conformational states of GltPh, we evaluated here the adaptation of the 

membrane to the hydrophobic surface at the lipid-protein interface. As presented in 

Figure III.B.S8 (red plots against λ), the surface areas of this interface can become as 
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large as 48,000Å2
 in the outward- and inward-facing conformations, and are significantly 

higher (<51,000Å2) along the transition. This trend of a transient increase in lipid-protein 

interface area is opposite to the transient decrease in TTDI area, and involves a transient 

increase in conformational asymmetry of the trimer (black plots in Figure III.B.S8). 

Interestingly, the transition of the lipid-protein interface relates to changes in the 

hydrophobic character of the surface that GltPh presents to its surrounding membrane, as 

illustrated in Figure III.B.5a: In the OfCC, the polar residues Q126, S369, and T340 in 

the transport domain are membrane-facing. However, as the conformation changes from 

the outward- to inward-facing state, these residues are hidden from interactions with the 

membrane. The adaptation of the membrane to the hydrophobic surface of GltPh in the 

OfCC vs. IfCC is shown in Figure III.B.5.b: For both end conformations, the membrane 

becomes thinner near its interface with the protein relative to bulk. Moreover, it is evident 

that the membrane is thinner near the protein in the OfCC relative to the IfCC, in both 

POPC and POPE. In particular, the marked region of thinning in the outward-, relative to 

the inward-facing state occurs near the polar residues mentioned above. Therefore, our 

findings are consistent with a tendency towards hydrophobic mismatch with pronounced 

membrane thinning in the OfCC, which exposes the polar residues Q126, S369, and T340 

to the hydrophobic membrane core.  

The extent of hydrophobic matching at all membrane-facing residues of the TM-bundle 

was next quantified in terms of the surface area of the polar residues interacting with the 

hydrophobic core of the membrane and the hydrophobic residues interacting with water 

or lipid headgroups (see [176] for methodological details). Importantly, the hydrophobic 
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matching between the membrane and the protein was found to be incomplete, 

notwithstanding the general tendency towards hydrophobic matching seen in Figure 

III.B.5.b. In particular, residual exposure occurs at Pro11 and Asn14 of TM1, and Q203 

in TM5 of the trimerization domain. The same residues suffer from residual exposure in 

both OfCC and IfCC in both POPC and POPE. The corresponding energy costs of the 

residual exposure are reported in Table III.B.1, and are 9-10 kT in all cases.  
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b) 
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c) 

 

Figure III.B.5. Adaptation of the Membrane to the Hydrophobic Surface of GltPh. a) 

Change in the membrane-facing hydrophobic surface of GltPh between OfCC and IfCC, 

illustrated with snapshots of GltPh from the stMD of OfCC-to-IfCC in POPC lipid 

bilayer. Phosphates of the membrane are shown in tan. For the OfCC, the complete trimer 

is shown, and for both end conformations and an intermediate, a detailed perspective on a 

single protomer is also given. The trimerization domain is shown in green, the transport 

domains in orange, and the polar residues Q126, S369, and T340 in the same monomer 

are highlighted in red. As the conformation changes from OfCC to IfCC, the polar 

residues marked in red are removed from interactions with the membrane. b) Time-

averaged membrane thickness (from Phosphate-to-Phosphate distances) around GltPh in 

its end-states, in POPC and POPE respectively. Note the membrane thinning (blue in the 

color scale) near the protein. The * symbol points to regions of the membrane around the 

OfCC that are near the polar residues highlighted in (a). c) Residual exposure of 

membrane-facing residues in the TM-bundle, illustrated in a snapshot from the outward-

facing equilibrated MD trajectory of GltPh in POPC. The time-averaged energy costs of 

the residual exposure for each end state are reported in Table IIIB.1. These results were 

produced by Sayan Modal. 
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POPC  OFCC IFCC 
 TM1 6.4 6.4 
 TM5 2.8 2.6 
 Total   

(TM-bundle) 
9.2 9.0 

POPE    
 TM1 6.7 5.9 
 TM5 3.2 2.9 
 Total  

(TM-bundle) 
9.9 8.9 

 
Table III.B.1. Quantification of the Energy Cost due to Residual Exposure (kT). Only 

membrane–facing residues of the TM bundle with energy penalty > 1 kT were 

considered. These results were produced by Sayan Modal. 

 

III.B.5.6. Discussion and Conclusions 

The outward- and inward-facing conformations [49, 132] of GltPh suggested a substrate 

translocation path, for which the molecular details and mechanistic features were 

missing. Previous experimental [168] and computational [108] studies have identified 

structural intermediates and predicted mechanistic features along this path, but left 

unresolved the mechanism of the molecular transition and its coupling to the surrounding 

lipid membrane. In this study, we have modeled the transition between the outward- and 

inward-facing trimer conformations using a “staircase”-variant of targeted molecular 

dynamics simulation (stMD) in POPC and POPE lipid bilayers. In principle, stMD allows 

us to compute a continuous, force field obeying path between two conformations, in the 

particular case of GltPh without the need to construct a trimer from replicated monomers 

[108].  
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The conformational similarity (<3.5Å) between our modeled transition paths and the 

structural intermediates modeled with Motion Planning and analyzed with MD is 

remarkable, considering the fact that conformations modeled with Motion Planning 

selected only for being clash-free and do not necessarily have to obey a full-atom MD 

force field. The mechanistic predictions made from our modeled transition paths 

substantially agree with the ones from MP-MD [108], which demonstrates the advantage 

of Motion Planning as a computationally efficient tool to model paths between 

conformational end-states: in the reference frame of the lipid membrane, which is not 

available crystallographically, both the transport and trimerization domains reposition 

along the transition in opposite directions, but to different extents. The contact area 

interface between these two types of domains is comparable among the end-states, but is 

transiently reduced along the paths. Water molecules are detected to penetrate this 

interface along the transition, but not in the end-states. Notably, the latter finding solved a 

minor mystery, since SCAMs had identified specific solvent-accessible residues (Ile61 

[130], Ile213 [167], and Met395 [155, 166]), which are buried in both the outward- and 

inward-facing crystal structures. From the MP-MD intermediates [108], other interface 

residues - Leu54, Val62, Leu66, Val198, and Ala205 - had been predicted to have 

transient solvent-accessibility as well. Along our modeled transition paths, we also found 

residues Ile16, Leu20, Phe50, Ile155, Val216, Val224, Ile389, and Ile392 with transient 

accessibility, which may indicate that the conformational intermediates obtained from 

MP-MD do not represent a continuous path as in our study. On the other hand, we were 

not able to confirm accessibility for residues Ile213, Val209, Ala205, which may be due 
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to the difference in modeling procedures between MP-MD and stMD as mentioned 

above, or the bias from the TMD potential, which was reduced with a minimal choice of 

the TMD force constant and a maximally affordable simulation time (Γ=50ns) for each 

run. 

The outward- and inward-facing crystal trimers are symmetric, i.e. they have identical 

monomer conformations. Asymmetry of trimer intermediates along the substrate 

translocation path has been reported crystallographically [168] and computationally 

[108], providing an explanation for the observation that each monomer in the GltPh 

trimer can transport substrate individually of the other monomers. In this study, we were 

able to monitor transitions between the symmetric crystal trimers to asymmetric path 

intermediates.  

The modeled transition paths of GltPh were found to be robust to different lipid-

membrane environments (POPC, POPE), as indicated by small path RMSDs (<2.5Å) 

between the modeled paths. Along the transition, we also observed robust changes in the 

membrane-facing hydrophobic surface of GltPh, but whether such a change is associated 

with a corresponding energy barrier remains to be investigated in future studies. As 

observed recently for GPCRs and LeuT [175, 176], the hydrophobic matching (residual 

exposure) in GltPh’s end-states (POPC and POPE) remains incomplete. Importantly, the 

particular trimerization domain residues contributing most to this mismatch incur similar 

energy costs of residual exposure in both of the end-states, and in POPE as well as in 

POPC lipid bilayers. Bacterial and mammalian membranes also contain lipids with 

charged headgroups, e.g., lipids with Phosphatidylglycerol (PG) and Phosphatidylserine 
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(PS) headgroups [177, 189], so further studies are required to investigate how GltPh 

interacts with the membrane in mixtures of lipids with charged headgroups.  

 

III.B.5.7. Supplementary Information 

 

Figure III.B.S1. Illustration of the “staircase” targeted MD variant applied in this study 

(plot of RMSDtarget vs. simulation time t). See Methods for details. 
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a) O2IPC     b) O2IPE 

  

c) I2OPC      d) I2OPE 

  

Figure III.B.S2. Structural Comparison between the stMD Paths and MP-MD Structural 

Intermediates. For each TMD, the minimum monomer RMSD to a simulated MP-MD 

monomer is plotted against the transition parameter lambda of each MP-MD 

conformation. 
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a) O2IPC     b) O2IPE 

  

c) I2OPC      d) I2OPE 

  

Figure III.B.S3. In the Reference Frame of the Lipid Membrane, the Transport and 

Trimerization Domains Move in Opposite Directions, yet to Different Extents. 

Transport/Trimerization domain translational movements (red and blue) and transport 

domain tilt (purple) with respect to the membrane normal along the four stMD paths (and 

for the MP-MD path, for comparison). 
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a) O2IPC     b) I2OPC 

  

Figure III.B.S4. Along the Modeled Transitions, Hydration of the TTDI is Associated with a 

Reduction in Contact Area. Shown are plots of the average number of water molecules at the 

TTDI (blue) and TTDI contact area (black) against the transition parameter λ. 

 

 

 

 

… 

Movie III.B.S5. TTDI Change in the Reference Frame of the Transport and 

Trimerization Domain, shown for the O2IPC stMD Simulation. (available online upon 

publication) 
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a) O2IPC     b) O2IPE 

  

c) I2OPC    c) I2OPE 

  

Figure III.B.S6. Structural Element Involvement in the TTDI Contacts along the stMD 

Paths. Shown are the number of TTDI residues (“TTDI freq.” in green for transport 

domain residues, in orange for transport domain residues), color-coded for each 

Structural Element of monomer A of a particular TMD run, plotted against each TMD 

bin. Thus, e.g., along the O2IPC stMD (a), the transport domain side of the TTDI 

progresses from residues of HP1-TM7 towards residues of HP2-TM8, whereas the 

trimerization domain side of the TTDI is largely preserved along the transition. 
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a) MP-MD conformations         b) O2IPC bins closest to MP-MD conformation 

   

Figure III.B.S7. Comparison of TTDI Structural Element Involvement between Path 

Modeled stMD and MP-MD. Shown are the number of TTDI residues as described 

above, but in this case, (a) plotted against each MP-MD conformation and (b) plotted for 

all structural elements of any sO2I monomer and TMD bin that has the closest average 

RMSD to a particular MP-MD conformation, against which the data is plotted. 



	   120	  

a) O2IPC      b) O2IPE 

   

c) I2OPC      d) I2OPE 

   

Figure III.B.S8. Plots of Lipid-Protein-Interface Area (red) and Trimer Asymmetry (Avg. 

Monomer-Monomer RMSDs) against λ for each stMD Simulation. 
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a) O2IPC     b) O2IPE 

  

c) I2OPC     d) I2OPE 

  

Figure III.B.S9. Conformational “Spread” of the Transition Paths Modeled with stMD. 

For each monomer of each TMD, minimum RMSDs to any monomer of another TMD 

are shown. For example, in a), min RMSD of monomer sO2I.A to any other monomer of 

the sI2O TMD run is shown in green with open circles. 
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O2IPC 

 “int.-solv.-acc.” 
Successful 
SCAM predictions 

I61, V224, I389, I392 

Unsuccessful 
SCAM predictions 

- 

Predicted 
SCAM predictions 

V62, L66 

False negative 
SCAMs 

I213 

 

I2OPC 

 “int.-solv.-acc.” 
Successful 
SCAM predictions 

I61 

Unsuccessful 
SCAM predictions 

- 

Predicted 
SCAM predictions 

L54, V62, L66, I155 

False negative 
SCAMs 

I213, M395 
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O2IPE 

 “int.-solv.-acc.” 
Successful 
SCAM predictions 

V216 

Unsuccessful 
SCAM predictions 

- 

Predicted 
SCAM predictions 

L20, F50, V62, L66, I155 

False negative 
SCAMs 

I213 

 

I2OPE 

 “int.-solv.-acc.” 
Successful 
SCAM predictions 

I61, M395 

Unsuccessful 
SCAM predictions 

- 

Predicted 
SCAM predictions 

I16, L54, V62, L66, I155, 
V198 

False negative 
SCAMs 

- 

 

Table III.B.S10. Residue-specific SCAM Predictions (see [108] and Methods for 

definitions) for the four individual stMD trajectories. 
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III.C. Ion-Controlled Conformational Dynamics in the Outward-Open Transition from an  

         Occluded State of LeuT. 

Published previously in modified form as: C. Zhao#, S. Stolzenberg#, L. Gracia, H. 

Weinstein, S. Noskov*, L. Shi*. Ion-controlled conformational dynamics in the outward-

open transition from an occluded state of Leut. Biophys. J., 103, 878 (2012). 

#These authors contributed equally to this work. 

*Correspondence: les2007@med.cornell.edu or snoskov@ucalgary.ca 

 

III.C.1. Summary 

The equilibrium distribution of a transporter protein‘s global conformation is coupled to 

different perturbations, such as different modes of its binding partners. In this chapter, an 

illustration of this statistical physics concept is demonstrated in a computational study of 

LeuT, a bacterial homologue of neurotransmitter-sodium symporters (NSS). The 

illustration is based on results from Molecular Dynamics simulations started from the 

occluded, substrate-bound LeuT protein conformation in the absence of substrate. We 

found that this condition triggers a spontaneous transition to an outward-open 

conformation in a global transition that is associated with specific changes in structural 

elements of the protein, and changes in the binding properties of sodium ions. The 

analysis of structural changes in these simulations as described below was undertaken 

with a precursor of the computational “MultiScope” protocol described in Section II.B. 

Results of this analysis show how the extent of “openness” of the transporter can be 

tuned by additional binding modes of sodium and proton. The preparation of the 
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transporter system in these different binding modes was established with a refined 

protocol for Free Energy Perturbations, introduced in Section II.A.4. 

 

III.C.2. Abstract 

Neurotransmitter:sodium symporter (NSS) proteins are secondary Na+-driven active 

transporters that terminate neurotransmission by substrate uptake. Despite the availability 

of high-resolution crystal structures of a bacterial homologue of NSSs – the Leucine 

Transporter (LeuT) – and extensive computational and experimental structure-function 

studies, unanswered questions remain regarding transport mechanisms. We used micro-

second atomistic molecular dynamics (MD) simulations and free-energy computations, to 

reveal ion-controlled conformational dynamics of LeuT in relation to binding affinity and 

selectivity of the more extracellularly positioned Na+ binding site (Na1 site). In the 

course of MD simulations starting from the occluded state with bound Na+, but in the 

absence of substrate, we find a spontaneous transition of the extracellular vestibule of 

LeuT into an outward-open conformation. The outward opening is enhanced by the 

absence of Na1 and modulated by the protonation state of the Na1-associated Glu290. 

Consistently, the Na+ affinity for the Na1 site is inversely correlated with the extent of 

outward-open character and is lower than in the occluded state with bound substrate; 

however, the Na1 site retains its selectivity for Na+ over K+ in such conformational 

transition. The findings shed new light on the Na+-driven transport cycle and on the 

symmetry in structural rearrangements for outward- and inward-open transitions. 

 



	   126	  

III.C.3. Keywords 

molecular dynamics of conformational transitions, free energy calculations of ion 

binding, principal component analysis of intrinsic molecular dynamics, correlation 

analysis, neurotransmitter:sodium symporter, transport mechanism. 

 

III.C.4. Glossary 

FEP, free energy perturbation; HA, angle between two TM helices; HD, distance between 

the centers of mass of two TM helices; MD, Molecular Dynamics; MM/PBSA, molecular 

mechanics/Poisson-Boltzmann surface area; PC, principal component; PCA, principal 

component analysis; RMSD, root mean square deviation; iRMSD, iterative RMSD based 

on the iterative fitting with RMSDTT; RMSDTT, RMSD trajectory tool; RMSF, root 

mean square fluctuation; TM, transmembrane. 
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III.C.5. Introduction 

Neurotransmitter:sodium symporters (NSSs), a family of secondary active 

transporters, terminate neurotransmission by Na+-driven uptake of the neurotransmitter 

from the synaptic cleft [190]. In the transport cycle of NSSs, the transporter traverses 

outward-open, occluded, and inward-open conformational states in an alternating-access 

manner [29], while the energy stored in the Na+ gradient across the membrane is utilized 

in the translocation of substrate against its concentration gradient. Therefore, both the 

binding and the dissociation of Na+ are critical in the conformational transitions of the 

transporter. Although the exact molecular mechanism of the Na+-induced conformational 

dynamics was not known, Na+ binding was proposed to precede substrate binding and to 

lead to a conformational transition of the transporter towards a more outward-open 

conformation that facilitates the entrance of the substrate [191, 192], thus suggesting Na+ 

would bind favorably and selectively even in the absence of substrate. 

Two Na+ ions are bound in the crystal structures of LeuT, a prokaryotic NSS homolog 

[48, 193], at sites termed Na1 site and Na2 site. The exact sequence of Na+ binding in the 

Na1 and Na2 sites is not clear, but the release of Na+ from the Na2 site was found to play 

a critical role in the transition towards inward-open conformation, making it likely that 

Na+ binding in the Na2 site is important in establishing and maintaining the outward-

open conformation [191, 194, 195]. Indeed, both the location of the Na2 site, and the role 

of binding and dissociation of Na2 in conformational transitions related to function [191, 

195], seem to be mechanistic features shared among transporter families with LeuT-like 

structural fold [196, 197], even in the absence of sequence homology across the families. 
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In contrast, the role that Na+ binding in the Na1 site plays in the conformational 

transitions in any of these transporters, is less clear.  

In LeuT, the Na1 site is formed by residues Ala22 and Asn27 of TM1, Thr254 of 

TM6, and Asn286 of TM7; the Na1-bound ion is seen in the crystal structures to be in 

direct contact with the carboxylate group of either the co-transported substrate Leu or the 

inhibitor Trp bound in the primary binding site (S1 site) [48, 193]. In addition, Na1 is in 

close proximity to Glu290 of TM7, a residue found to undergo a 

protonation/deprotonation cycle during the transport cycle [198]. Na+ binding in the Na1 

site was proposed to be essential for the stabilization of the unwound segments of TM1 

and TM6, leading to the formation of the high-affinity substrate-binding pocket [48]. 

Moreover, results from previous computational studies suggest that the presence of Na1 

in the occluded state of the transporter contributes significantly to the favorable binding 

free energies of the bound ligands, and vice versa [199]. This mutual stabilization is 

obviously due to the direct ionic interaction between Na1 and carboxylate group of co-

transported substrate, but the observation that the interaction with substrate is critical for 

Na1 affinity must be considered in view of the assumed favorable Na+ binding in the 

absence of substrate mentioned above. To achieve a mechanistic understanding of the 

transport, it is necessary, therefore, to evaluate the sequence of Na+ and substrate binding 

in the Na1 and S1 sites, and to learn how Na1 affinity and binding relates to the presence 

of bound substrate.  

In the present study, we addressed some of these questions using the occluded and 

outward-open structures of LeuT as reference states of the transporter. Conformational 
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rearrangements were monitored from molecular dynamics (MD) simulations of Na+-

bound LeuT in the absence of substrate. This Na+-only configuration was revealed 

computationally to correspond to a converged outward-open conformation suitable for 

substrate binding. The impact that the conformational transition, from occluded to 

outward-open, has on the Na1 binding affinity and selectivity, was evaluated with 

Molecular Mechanics/Poisson Boltzmann Surface Area (MM/PBSA) and Free Energy 

Perturbation (FEP)/MD calculations. The dynamics and energetic results about the 

transition yielded structure-based mechanistic details, and suggested the existence of a 

quasi-stable binding location of Na+ near the Na1 site. 
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III.C.6. Materials and Methods 

III.C.6.1. Molecular Dynamics 

Based on our established simulation protocols and the molecular system, the simulation 

of LeuT (PDB: 2A65) in the absence of substrate but the presence of Na+ bound in Na1 

and Na2, were carried out with NAMD [111] as described previously [191, 200]. The S1 

site is separated from the water phase only by Phe253 side chain, the fluctuation of which 

enables quick entry of water molecules into the cavity in the absence of substrate, without 

disruption of the overall integrity of the cavity. Briefly, the all-atom simulations of LeuT 

immersed in explicit 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine lipid bilayer 

(POPC) was carried out with the CHARMM27-CMAP force field [201]. In the 

isothermal-isobaric (NPT) ensemble, constant temperature (310 K) was maintained with 

Langevin dynamics, and 1 atm constant pressure was achieved with the hybrid Nose-

Hoover Langevin piston method [202] applied to an anisotropic flexible periodic cell, 

with orthogonal pressure components computed independently. Particle Mesh Ewald was 

used to evaluate long-range electrostatic effects. A time step of 1 fs was used for the first 

30 ns and was then increased to 2 fs for the rest of the simulation. Two independent 

trajectories were collected. See Supporting Material for the FEP/MD methods used in 

computation of ion selectivity and in alchemical transformation. 
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III.C.6.2. Conformational Analysis 

We studied the conformational changes involved in the transition between LeuT’s 

occluded and open extracellular-facing conformations on two 960-ns MD trajectories 

(MD1 and MD2). To align these trajectories, we used “RMSDTT” (see below).  

The angle between two helices (HA) was computed with the PyMOL script 

“AngleBetweenHelices” [203]. The helices of the LeuT structure considered in the study 

are: TM1a (residues 10-22), TM1b (27-38), TM2a (41-56), TM2b (57-70), IL2 (76-85), 

TM3a (88-103), TM3b (104-118), TM4 (166-183), TM5 (191-213), EL3a (223-231), 

EL3b (234-240), TM6a (241-252), TM6b (260-267), TM7 (276-306), EL4a (308-318), 

EL4b (320-333), TM8 (337-369), TM9 (375-395), TM10a (399-410), TM10b (411-424), 

TM11a (447-469), TM11b (470-477), and TM12 (483-513). The Pearson correlation was 

evaluated on smoothed data with an averaging window of 6ns, using the R program 

[204]. 

The principal component analysis (PCA) was performed with Gromacs 4.0.5 on the Cα 

atoms of residues 5-511. The relative content of a particular PCA mode PCi to the 

dynamics of the underlying trajectory is defined as 

€ 

κ i ≡
λi
λ jj=1

3N
∑

*100% , where  is the 

eigenvalue of mode PCi. The conformational difference vector between the outward-open 

and occluded conformations of an MD trajectory is defined as   

€ 

Δ
 
R ≡
 
R o −

 
R c , where  and 

 are the 3N-dimensional position vectors of all the Cα-atoms (N) of the most outward-

open and occluded conformations, respectively. These two extreme conformations are 

determined by the number of water molecules in the extracellular vestibule along the 
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entire simulation trajectory, with the outward-open and occluded conformations having 

the maximum and minimum numbers of water, respectively. We arbitrarily defined a 

water molecule to be in the extracellular vestibule, if its oxygen atom is within 26Å of the 

Cβ atom of Phe259 but not within 5Å of lipid atoms, and its z-coordinate is larger but no 

more than 23Å above that of the same reference atom (z-axis is perpendicular to the 

membrane and points towards the extracellular side). The normalized overlap  between 

PCi and this conformational difference vector is
  

€ 

χi ≡
PCi ⋅ Δ

 
R 

PCi ⋅ Δ
 
R 
*100%, where 

€ 

PCi  is the 

3N-dimensional vector of the PCi coordinates. The trajectory overlap  with the mode PCi 

as a function of simulation time t is 

€ 

γ i(t) ≡ PCi ⋅ δR(t) , where 

€ 

δR(t) ≡ R(t) − Ravg  is the 3N-

dimensional vector difference between the trajectory’s instantaneous conformation  of all Cα 

atoms and its trajectory average . 

 

III.C.6.3. Iterative RMSD fitting 

We used an iterative procedure, similar to that proposed by Damm and Carlson [205], to 

obtain a biased fitting towards the common rigid regions among all the frames in a 

trajectory. This superposition method relies solely on the trajectory data, without using 

any external information about the “regions of interest”. This is achieved by a succession 

of weighted fittings, during which the weights of the residues in the rigid regions are 

increased. 
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For an iteration i, a pairwise weighted fitting of all the selected frames (n) in the 

trajectory is computed, resulting in  n(n-1)/2 fits. The by-residue RMSD for residue j is 

then calculated as

€ 

RMSDj =
(d j p,q

)2∑
n(n −1) /2

, where  is the distance between the residue j 

in fitted frames p and q. 

€ 

RMSDj  is transformed into the new weight for residue j, , 

using an exponential function 

€ 

w j = e− f [RMSD j −RMSDmin ] , where f is a scaling factor and 

€ 

RMSDmin  is the minimum of all by-residue RMSDs in iteration i. The new weights for all 

residues are then fed into the next iteration (i+1). The first iteration has uniform weights 

(i.e., 

€ 

wi=1, j =1.0) for all residues. For the following iterations (i>1), the weights vary from 

residue to residue, but are constant for all frames within a iteration. The iterative 

procedure is considered to be converged, if the vector of weights, , which combines all 

the residue weights, deviates from  by less than a pre-defined Euclidean distance . 

iRMSD is defined as the RMSD of two frames after weighted fitting with the converged 

. 

For each MD trajectory in this study, we first determined the , using 800 equally 

distributed frames, i.e., taking a frame every 1.2 ns. The convergence criterion was 

chosen to be 

€ 

Δw = 0.01, and was reached for both MD1 and MD2 after 5 iterations. 

was then used to superimpose the frames of the trajectory taken every 0.24 ns, totally 

4000 frames – as the number of pairwise RMSD fits grows quadratically with the number 

of frames, we have to use a relatively smaller number of frames to determine the  first. 

As shown in Figure III.C.S1, the “iterative fitting” results in higher RMSFs for the more 
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flexible loop regions and lower RMSFs for the more stable TM regions than the non-

biased scheme. Thus, the “iterative fitting” is able to detect the residue flexibility along a 

trajectory in an automatic way without any prior knowledge. 

The iterative fitting has been implemented in the RMSDTT plug-in [206] for Visual 

Molecular Dynamics (VMD) [149] that uses a modified version to efficiently calculate 

by-residue RMSDs. The modified version of the plug-in is available from the authors. 

 

III.C.6.4. Computation of binding enthalpies in the Na1 site 

The enthalpy of ion binding to site Na1 was evaluated with an MM/PBSA approach [207] 

used previously for studies of ion/substrate binding to the human serotonin transporter 

[208]. In this approach, short-ranged van der Waals contributions to the binding free 

energy were computed with the MM force field for the interaction between the Na+ and 

the protein, using the INTE module in the CHARMM program [80]. The electrostatic 

contribution (desolvation and complexation) to the binding free energy was obtained by 

solving the Poisson-Boltzmann equations for each of the three states (ion only, protein 

only, and the ion/protein complex) using the PBEQ module in the CHARMM program, 

version c35b1. The Poisson-Boltzmann equation was solved by using the focusing 

method with initial evaluation of the electrostatic potential on a coarse grid with spacing 

of 1.0 Å and subsequent computation with a fine grid with spacing of 0.5 Å. The set of 

CHARMM C27 charges were used together with atomic radii optimized for continuum 

electrostatics computations [209].  
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To evaluate the role of water molecules in the stabilization of bound cation we 

performed two sets of simulations with implicit and explicit accounts for first-shell 

solvent molecules. For the data plotted as “protein”, the receptor is the LeuT protein, 

including the Na+ bound in the Na2 site. For the data plotted as “protein+8water”, the 

receptor additionally includes 8 explicit water molecules that are the closest to the bound 

Na+ in the Na1 site. The selection of the 8 explicit water molecules was updated for each 

frame. A dielectric constant (ε) of 2 was assigned to the receptor, and the membrane 

environment was modeled as a low dielectric continuum (ε=2) with thickness of 40 Å. 

The choice of dielectric constant would obviously have an impact on the computations of 

the absolute binding free energies. However, in this work we aim to evaluate the time-

evolution of the binding energies rather than their absolute values. 

MM/PBSA was most often used to obtain solvation or binding free energy by 

averaging the computed values from an entire equilibrium trajectory. In this study, 

however, as the conformation of the Na1 binding site changes over the time-scales of our 

micro-second MD simulations, we report the running values, and their time-averages, of 

the binding enthalpies calculated with MM/PBSA. In this manner we capture the 

fluctuations in the ion binding affinity associated with the conformational changes of the 

LeuT protein. 
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III.C.6.5. Computation of potential of mean force for Na+ binding in the Na1 site 

The potential of mean force calculations for Na+ binding to the Na1 site were carried out 

with the CHARMM program [80] for the constructs including the substrate-bound 

occluded LeuT conformation, the 2A65-like frame F1, and the 3F3A-like frame F8. The 

reaction coordinate is the value of the Cartesian coordinate z that is perpendicular to the 

lipid bilayer and pointing towards the extracellular side. Harmonic biasing potentials with 

a force constant of 10 kcal/(mol.Å2) were applied to 109 windows using the MMFP 

module in CHARMM. The window size was 0.25 Å starting from -2.5 Å below the Na1 

site to 24.5 Å above it (extracellular side). For each window, 1 ns of MD simulation was 

carried out using a timestep of 2 fs. The first 500 ps of the trajectory for each window 

were used to seed the initial configuration (moving the Na1 ion to the constrained 

position) and equilibration. The seeding procedure placed the ion in a wide range of 

positions within the extracellular vestibule, while enabling as well sufficient sampling 

along the reaction coordinate (Figure III.C.S4). The weighted histogram method 

(WHAM) was then used to obtain the PMF’s from the data of the last 500 ps simulations 

for each window [210]. The mean and standard error of the PMF’s were computed by 

blocking data into 3 blocks. The reaction coordinates for the occluded state were shifted 

along the X-axis so that the position of the center of Na1 site aligned with the 2A65-like 

frame F1. Each of the PMFs provides a relative free energy profile for the system 

considered, with a long tail corresponding to an ion dynamics in the bulk phase. The 

bulk-like regions of the computed PMF for F1, F8, and occluded LeuT, display the 

following standard deviations: ±0.6 kcal/mol, ±0.1 kcal/mol, and ±1.0 kcal/mol, 
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respectively. In the absence of constraints acting orthogonal to the ion escape path, the 

computation of absolute binding constants (Kd) for an ion is an undetermined problem 

[211-213], but the computed PMFs allow us to assess qualitatively the locations of quasi-

stable sites along the escape pathway as well as their stability relative to the bulk region. 

 

III.C.7. Results 

III.C.7.1. Transition towards an outward-open conformation of LeuT 

It has been suggested that the binding of Na+ would induce an outward-open 

conformation, thereby increasing access to the substrate binding site from the 

extracellular end [191, 192, 195]. To determine the properties of such a Na+-stabilized 

open conformation, and to characterize the transition between the occluded and outward-

open conformations, we carried out MD simulations starting from the occluded 

conformation (PDB: 2A65, red cartoon in Figure III.C.1.A) in the presence of Na+ in both 

Na1 and Na2, but without substrate bound in the S1 site. Overall, the conformational 

changes in two independent MD runs of 960 ns each, named MD1 and MD2, indicate a 

transition from the starting occluded state to an outward-open conformation similar to 

that of the inhibitor-stabilized structure (PDB: 3F3A, blue cartoon in Figure III.C.1.A). 

This transition is characterized by a coordinated rearrangement surrounding the 

extracellular segments of TM6 and TM1 (TM6a and TM1b), especially by a prominent 

outward tilting of TM6a. 
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Figure III.C.1. Analysis of the 

Conformational Transition in the Na+-only 

Trajectory. (A) Superposition of the crystal 

structures of LeuT in the occluded (PDB: 

2A65, red) and the outward-open (PDB: 

3F3A, blue) states. Major conformational 

rearrangements are indicated by arrows. 

(B) Time-dependent evolution of Cα-

iRMSDs in the MD1 trajectory using both 

2A65 (red) and 3F3A (blue) structures as 

the references. (C) Time-dependent 

evolution of the number of water 

molecules in the extracellular vestibule 

along the MD1 trajectory. See Methods for 

the criteria used to determine that a water 

molecule is in the extracellular vestibule. 

The curves in panels B and C are 

smoothened over a 6-ns averaging 

window. (D) The Cα-iRMSD2A65 is plotted 

against Cα-iRMSD3F3A. Each point is 

color-coded by γ1(t), the trajectory overlap 

with the PC1 (see Methods).  
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To analyze in detail the global conformational changes, we developed a new scheme 

of iterative fitting for the RMSD calculations (iRMSD), which can detect and attribute a 

relative weight according to the rigidity/flexibility of each residue position without prior 

specifications (see Methods). From iRMSDs of the Cα atoms (Cα-iRMSD) with respect to 

the occluded and outward-open crystal structures (red and blue plots, respectively, in 

Figure III.C.1.B and Figure III.C.S2.A), we observe similar trends of structural 

rearrangements in both MD1 and MD2, which bring the protein conformation closer to 

the 3F3A structure, while deviating from the 2A65 structure. The rearrangements are 

accompanied by the occupation of the extracellular vestibule by an increasing number of 

water molecules (Figure III.C.1.C and Figure III.C.S2.B).  

To identify the intrinsic dynamic characteristics during the conformational transition 

we used principal component analysis (PCA) on the MD1 and MD2 trajectories, and 

found that the first principal component (PC1) captures about κ1=26% and 21% of the 

dynamics content, respectively (Table III.C.S7, movies S1 and S2). Interestingly, when 

Cα-iRMSD2A65 is plotted against Cα-iRMSD3F3A (Figure III.C.1.D and Figure 

III.C.S2.C) and each data point is color-coded by the time-dependent PC1 trajectory 

overlap γ1(t) (see Methods), the trajectory is separated into an “occluded” (upper-left) and 

an “open” (lower right) cluster. Such a separation is more obvious in MD1, the transition 

in which takes more than 150-200 ns and is significantly slower than that in MD2 (Figure 

III.C.1.B and Figure III.C.S2.A). Therefore in the following analysis we focus on MD1, 

which provides more information on the transition. 
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In MD1, γ1(t) has a large direct correlation with Cα-iRMSD2A65 and an inverse 

correlation with Cα-iRMSD3F3A, with Pearson correlation coefficients of 0.93 and -0.80, 

respectively (Figure III.C.S3). This is in contrast to the weaker correlation between the 

two Cα-iRMSDs (correlation coefficient: -0.65). Thus, we chose the trajectory overlap 

γ1(t) as the parameter to quantify the transition between the occluded and outward-open 

conformations, rather than the individual RMSD values, which are non-directional. 

Analysis of the global conformational rearrangements observed in the simulations can 

identify the specific structural elements that are the major contributors to the 

conformational transition. We identified such elements by computing along the entire 

trajectory the angles between helix axes (“HAs”) of TM helix pairs, and the distances 

between their centers of mass (“HDs”). These measures were subjected to a correlation 

analysis with the transition parameter γ1(t), and the top 40 HAs and HDs most correlated 

with PC1 were mapped on the structure (Figure III.C.2). Several segments near TM1b 

and TM6a emerge as the structural regions most prominently involved in the opening 

transition (Figure III.C.2.D, Table III.C.S8). Specifically, the changes within the TM6a-

EL3-TM2a-TM1b region cause an increase in the distances of these structural elements 

from the TMs 3, 8, and 10, whereas their distances from TM11a are decreased (Figure 

III.C.2.D). The overall trend of the transition is thus characterized by these movements in 

the TM6a-EL3-TM2a-TM1b region as they distance themselves from the relatively 

immobile group of TMs 3, 8, and 10 and enlarge the extracellular vestibule; the inward 

tilt of TM11 fills in partially the enlarged extracellular vestibule (Figure III.C.2.A). 
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Figure III.C.2. Structural Elements Correlated with the Conformational Changes along 

the First Principal Component Vector (PC1). (A) The conformational transition observed 

in the MD1 simulation is represented as a superposition of 15 frames, selected 
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equidistantly along the γ1(t) of MD1, from the occluded (dark green) to the outward-open 

conformation (grey). The eigenvectors of PC1 of MD1 and MD2 are also visualized in 

movie S1 and movie S2, respectively. Panels B and C are zoomed-in views of the region 

near the Na1 site in the most occluded (B) and most open (C) frames in panel A. Water 

molecules are represented as red beads. In (C) non-bonded interactions between Asn27 

and Na+ are marked by dashed lines. Panel D shows the distribution of the HAs and HDs 

that are correlated with the γ1(t) of MD1. The top 40 HA or HD segment pairs correlated 

directly (positive values, green) and inversely (negative values, orange), are mapped onto 

an outward-open LeuT model viewed from the extracellular side. The bars connect the 

centers of mass of the segment pairs; the radii of the spheres are drawn proportional to 

the frequencies of the involved segments. The most frequently involved segments are 

EL3b and TM6 (green) and TM11 (orange). Panels E and F show the distributions of 40 

HAs and HDs that are most correlated with the Na1 and Na2 binding enthalpies, 

respectively. The viewing angle, representation, and color schemes are the same as panel 

A. No HA or HD that is correlated with the Na2 enthalpy involves TM10a (the dotted 

circle in Panel F) — This is a distinct difference from the correlation patterns observed 

for the Na1 enthalpy and γ1(t). Correlation coefficients are given in Table III.C.S8. 
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We find that the large-scale transition described above is triggered by the 

rearrangements of the interaction network near the Na1 and the S1 sites, in response to 

the absence of the S1 substrate. Comparing the two frames with the lowest and highest 

values of γ1(t), which represent, respectively, the most occluded and most outward-open 

frames along the PC1 (Figure III.C.2.B and C), we observe a rearrangement of the 

aromatic cluster formed by residues Tyr107 and Tyr108 of TM3, and Phe252 and Phe253 

of TM6, on top of the S1 site as we described previously [200]. Thus, the substrate in the 

S1 site restrains the Phe253 side chain in the trans rotamer through a hydrophobic-

aromatic interaction, and this occludes the S1 site. But in the absence of substrate, the 

Phe253 side chain rotates away from the Tyr107 and Tyr108, exposing the S1 site. The 

rearrangement induces changes of the Na1 site through the intertwined interaction 

networks near the S1 and the Na1 sites, i.e., Phe253 is immediately adjacent to the Na1-

coordinating Thr254, and the substrate in the S1 site interacts with the Na1 directly. In 

the absence of substrate, a water molecule from the S1 site interacts with the Na1 as 

shown in both frames (Figure III.C.2.B and C), thereby replacing the carboxyl group of 

the substrate. In the outward-open frame, a second water molecule mediates the 

interaction of the Na+ with the Asn27 that has rotated away (Figure III.C.2.C). In MD1, 

the configuration changes of Tyr107, Tyr108, Phe252, and Phe253 finish by ~280 ns; the 

impact gradually propagates to the extracellular region; the opening of the extracellular 

vestibule does not reach full extent unt0il after ~400 ns (compare Figure III.C.4.C to 

Figure III.C.1.C).  
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III.C.7.2. Calculations of Na+ binding to Na1 from the extracellular side lead to the 

identification of a nearby quasi-stable Na+ site 

To ascertain whether Na1 maintains significant affinity for Na+ even in the absence of the 

substrate, we obtained potential of mean force (PMF) profiles for Na+ binding to the Na1 

site starting from three states (Figure III.C.3.A): the most occluded (2A65-like) and 

outward-open (3F3A-like) Na+-only frames along the PC1 of MD1 (see above), and as a 

control, the occluded model with the bound substrate, Leu. While the well depths on 

these profiles are not the exact standard state binding affinities [211-213], they enable a 

qualitative comparison of the strength of the binding. 
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Figure III.C.3. Na+ Binding and 

Selectivity in the Na1 Site. (A) The 

Potential of Mean Force (PMF) profiles 

for Na+ moving from the Na1 site to the 

extracellular side. The profiles are shown 

for the occluded state with bound 

substrate (red), Na+-only 2A65-like 

(blue), and 3F3A-like (magenta)frames. 

(B) Na+/K+ and Na+/Li+ selectivity. The 

selectivities for the ion in the Na1 site of 

the occluded state of LeuT with substrate 

and both ions bound (occluded (Occ.) 

data is from ref. [194]) and eight frames 

(F1 to F8) selected from the MD1 

trajectory (see text). By definition, 

positive values of ΔΔGNa
+

→X
+ (where X+ 

represents K+ or Li+) indicate that the 

conformation is selective for Na+ over 

X+. Thus the blue region is Na+ selective, 

gray region corresponds to an ambiguous 

selectivity between Na+ and ion X+, and 

the green region corresponds to X+ 

selective sites. The standard deviations 

of ion selectivity are plotted as error 

bars. 
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Figure III.C.4. The Evolution of the Na1 and Na2 Binding Enthalpies and the 

Associated Changes of Structural Elements in MD1. (A) The Na+ binding enthalpies 

computed using MM/PBSA for the Na1 and Na2 sites, taking a snapshot every 0.24 ns 

along the entire MD1 trajectory. “Protein” and “Protein+8water” (see text) are plotted as 

blue and red lines respectively. (B) The evolution of the distances between Na1 and the 

indicated elements, including Na2, all the Na1 coordinating residues, and Glu290. (C) 

The evolution of the χ1 rotamers of the aromatic cluster at the extracellular gate of the S1 

substrate binding site (Tyr107, Tyr108, Phe252, and Phe253, see [200]). (D) The 

evolution of the numbers of waters within the indicated distances of Na1. The plots 

shown in all panels are moving averages of 6 ns. The zoomed-in view of panel B for the 

peak periods near 610 and 875 ns are shown in Figure III.C.S5. 
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The results for the 3F3A-like open state show that a Na+ ion can still bind to the Na1 site 

from the extracellular bulk with minor free energy barriers, and that the Na1 site is a 

fairly favorable binding site with a PMF well depth of -5.9±0.1 kcal/mol. However, these 

minima are much shallower compared to the PMF calculated with the substrate bound in 

the S1 site. Thus, in the presence of Leu substrate, the minimum around the Na1 site is 

much deeper (-12.6±1.0 kcal/mol), indicating a well-defined ion binding site. The 2A65-

like Na+-only frame has a minimum of -7.3±0.6 kcal/mol, about 1.4±0.6 kcal/mol deeper 

than the 3F3A-like Na+-only frame and still 5.3±1.2 kcal/mol shallower than the occluded 

state with the bound Leu substrate. On the other hand, for an extracellular Na+ binding 

event to the Na1 site, the 2A65-like Na+-only frame shows a barrier of ~2.4 kcal/mol, 

similar to that in the occluded state (~2.6 kcal/mol); this reflects the similarity between 

the conformation of the transporter in the 2A65-like Na+-only frame, and in the occluded 

state with bound substrate Leu.  

We note that the PMF region between -2 and +2 Å around the minima is relatively flat 

(with a free energy change of less than 3 kcal/mol) for both Na+-only frames, which 

indicates a loose binding site and suggests the possibility that a quasi-stable binding 

location for Na+ may exist near the Na1 site. Indeed, in the trajectories of the umbrella 

sampling simulations (Figure III.C.S4), the quasi-stable binding location near Na1 site 

and Glu290 (defined as Na1’ site) is very frequently visited by the Na+ ion. This was 

explored further with a set of 30 MD runs — from each of three points with either high 

Na1 enthalpy and/or longer Na1-Na2 distance: 606.96, 878.52, and 960 ns of MD1 (see 

below). In each set of 10 MD runs, each run was started with a different random number 
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seed. Interestingly, in one of the trajectories restarted from 878.52 ns, the Na+ bound in 

Na1 is shifted upwards and remains stable for at least 60 ns in a location ~2 Å more 

extracellular than the Na1 site (Na1’ site). In this location, the Na+ ion is in direct 

interaction with the negatively charged Glu290, while also coordinating with the side 

chains of Thr254 and Asn27. 

 

III.C.7.3. Na+/K+ and Na+/Li+ Ion Selectivity of Na1 in the Transition 

To evaluate the conformational dependence of the Na1 binding selectivity along the 

transition, we performed ion selectivity computations using eight representative frames of 

the MD1 trajectory (F1 to F8) as the starting configurations. These frames were selected 

to have equidistant and ascending values of γ1(t) so to cover its range along the entire 

trajectory. Thus F1 and F8, shown in Figure III.C.2.B and C, are the most occluded and 

outward-open frames along the PC1 respectively, as mentioned above.  

Figure III.C.3.B and Table III.C.S9 show that the selectivity of Na+ over K+ in five of the 

eight frames (F2, F4, F5, F7, F8) is comparable to that in the occluded LeuT structure 

with bound substrate (3.4 kcal/mol), but it is slightly reduced in F1, F3, and F6. Overall, 

the Na1 site in all of the selected frames remains robustly selective for Na+ over K+, 

showing that the Na+ preference of the Na1 site is preserved even in the absence of the 

negatively charged carboxylate group of a substrate. For the Na+ over Li+ selectivity, 

however, most of the eight frames indicate ambiguous selectivity at best, similar to the 

case of occluded LeuT structure with bound substrate [194]. Taken together, the results 
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indicate that absence of the substrate does not have a major impact on the selectivity of 

Na+ over K+ or Li+ in the Na1 site. 

 

III.C.7.4. Enthalpies of Na+ Binding to the Na1 Site Moderately Correlate with the Extent 

of Completion of the Transition towards the Outward-Open Conformation 

To characterize the changes in Na1 and Na2 affinities for Na+ along the transition, we 

applied two schemes for calculating binding enthalpy. In the first scheme, denoted as 

“Protein”, all the water molecules were treated implicitly. In the second scheme, 

“Protein+8water”, 8 water molecules closest to the bound Na+ were included explicitly, 

while all other water molecules were treated implicitly. Although in some time spans the 

calculated enthalpies are slightly lower for “Protein+8water” than “Protein”, the two 

time-series show very similar trends (Figure III.C.4.A). Therefore, we applied only the 

“Protein” scheme for the calculation of Na2 enthalpy.  

Overall, along the entire MD1 trajectory, the Na1 binding enthalpy is largely in the 

negative range (Figure III.C.4.A). This is consistent with the results from the PMF 

calculations (Figure III.C.3.A) showing that even in the absence of the substrate, Na+ still 

has significant affinity for the Na1 site. In comparison, the Na2 enthalpy is entirely in the 

negative range and fluctuates less than the Na1 enthalpy. Notably, at ~878 ns, there is a 

strong positive spike in the Na1 binding enthalpy values (ΔH=4.3±3.1 kcal/mol) for a 

duration of ~10 ns. Similar to a smaller one around 610 ns, this spike is associated with a 

temporary dissociation of Na+ from its coordinating residues, except for Thr254 (Figure 
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III.C.4.B and B and Figure III.C.S5). The resulting upward movement of the ion 

produces a direct interaction with Glu290 (Figure III.C.4.D).  

The coordination of Asn27 to Na+ is mostly indirect, through water molecules, and thus 

seems to be the weakest among all Na1 coordinating residues (Figure III.C.4.B); the 

Asn27 side chain rotation correlates well with the number of water molecules 

coordinating the Na+ in Na1, and also with the γ3(t) of MD1 — Interestingly, compared to 

PC1, PC3 shows limited tilting of TM6a and TM1b, while TM7 and EL4a have 

significant rearrangements that are not obvious in PC1. These rearrangements are likely 

due to the weakened association between TM1b and TM7, as a result of the rotation of 

Asn27 side chain away from the Na1 (Figure III.C.S3 and movie S3). In general, an 

increase in partial hydration of the Na1 has a disrupting effect on Na+ stability (compare 

Figure III.C.4.A and Figure III.C.4.D), but configurational changes in the second layer of 

residues surrounding the Na1 site can lower the enthalpy values and thus increase the 

affinity (e.g., among the residues in the aromatic cluster, the rotamer of Phe252 is 

moderately correlated with the Na1 binding enthalpy with a Pearson coefficient of -0.61; 

indeed, the rotation of its χ1 rotamer back to a gauche- position, as in the occluded state, 

is likely responsible for the decrease of enthalpy values after ~870 ns; compare Figure 

III.C.4.A and Figure III.C.4.C). 

To establish the relation between the Na1 and Na2 binding affinities and the 

conformational changes critical to the transition, we evaluated the correlation between the 

binding enthalpies and the conformational observables on both the global scale (γ1(t)) and 

the local scale (HAs, HDs, and distances to Na1). We found γ1(t) to be correlated 
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moderately with Na1 enthalpy values, but significantly less with Na2 enthalpy values 

(Pearson coefficients were 0.65 and 0.43, respectively). Similar differences are found for 

the local observables (Table III.C.S8 and Figure III.C.S3). When mapped onto the 

structure, the 40 most correlated HAs/HDs for Na1 enthalpy (Figure III.C.2.E) are 

distributed in a pattern similar to those identified in the PC1-correlation analysis (Figure 

III.C.2.D), but the similarity is less obvious for those for Na2 enthalpy (Figure III.C.2.F). 

Interestingly, the extracellular segment of TM10, TM10a, which is located at the center 

of the extracellular vestibule, does not appear in any of the top 40 Na2-enthalpy-

correlated HAs and HDs (dotted circle in Figure III.C.2.F); in contrast, 5 HA/HDs 

involving TM10a are highly correlated with both Na1 enthalpy and γ1(t) (Table III.C.S8). 

Thus the conformational changes playing a leading role in the opening transition in 

LeuT’s extracellular vestibule are more associated with changes in the Na+ binding 

affinity for the Na1 site than for the Na2 site (note that as a higher enthalpy value 

corresponds to lower affinity, the direct correlation between Na1 enthalpy values and 

γ1(t) suggests an inverse correlation between Na1 affinity and γ1(t); see Discussion). 

 

III.C.7.5. The Role of Na1 in the Transition Towards an Outward-Open Conformation 

Results described in the previous sections indicate the tendency of the transporter 

molecule to transition towards the outward-open conformation in the absence of 

substrate, and with Na+ bound at both Na1 and Na2 sites. To further dissect the impact of 

Na+ binding in the Na1 site on the conformation adopted by the transporter, we carried 

out four MD simulations in the absence of Na+ in Na1 (termed “no-Na1”): starting from 
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the 60 and 720 ns points of MD1 (corresponding to the relatively occluded and outward-

open states in the Na+-only configuration, see Figure III.C.1), the no-Na1 configuration is 

simulated with either deprotonated (480 ns each from the two points) or protonated (360 

ns each) Glu290. The reason to consider the Glu290 protonation state is that in our Na+-

only simulations, the Na1 is always in close proximity to the negatively charged Glu290, 

and the absence of Na1 was found to result in the protonation of Glu290 in the inward-

open conformation [198]. 

To evaluate from the results of these MD simulations the impact of various substrate, ion, 

and charge combinations on the global conformation, we measured the extent of outward-

open character by the number of water molecules in the extracellular vestibule, i.e., more 

water corresponds to a more outward-open conformation. By using similar lengths of MD 

trajectories to calculate and compare the normalize distribution of the number of waters, 

we found that in the absence of Na1, the transporter protein is slightly more outward-

open than in the Na+-only configuration with Na+ bound at both Na1 and Na2 sites 

(Figure III.C.5.A). The absence of Na1 results in more outward tilting of TM7 and EL4a, 

reminiscent of the PC3 motion of MD1 (see above, movie S3), which is correlated with 

the extent of hydration near the Na1 site (Figure III.C.S3). However, with the negative 

charge of Glu290 eliminated by protonation, the transporter protein becomes less 

outward-open than the form with deprotonated Glu290. This is likely due to the 

dehydration effect of the protonated Glu290 on the Na1 site vicinity in the absence of 

bound Na+ (Figure III.C.S6). We observed consistent trends from both starting points, but 
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note that the impact of Glu290 protonation is more obvious when the simulation was 

started from a more occluded state (Figure III.C.5.A). 

 

Figure III.C.5. The Impact of Na+ Binding and Glu290 Protonation on the Extent of 

Outward-Open Character of LeuT Conformations. (A) The extents of outward-open 

character of various configurations are reflected by the normalized distributions of the 

number of water molecules in the extracellular vestibule (EV). Compared to the occluded 

state with S1-bound substrate (black, based on a 230 ns MD trajectory described 

previously [51, 191]), the Na+-only configuration (green, 60-420 and 720-960 ns periods 

of MD1 for the left and right panels, respectively) has ~30 more waters in the EV, while 

the absence of Na1 (red, 480 ns) further opens the EV slightly. The removal of the charge 

of Glu290 (purple, 360 ns), renders the EV less outward-open. Consistent trends are 

observed from the no-Na1 simulations started from both 60 (left) and 720 (right) ns 

points of MD1 (see text). The multiple peaks of the green curve in the left panel indicate 

the MD1 is in conformational transition in the 60-420 ns period. The distribution plots 

were generated from the water count data using a Gaussian kernel density estimate 

("density" function in R [204]). (B) The roles of Na+ binding and Glu290 protonation in 

the control of conformational dynamics of the transport cycle. The configurations are in 

the same color code as in panel A. 
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III.C.8. Discussion 

The Na+-only MD simulations initiated from the crystallographically determined 

occluded state of LeuT, produced a detailed mechanistic picture of global conformational 

rearrangement of the transporter molecule. They showed that the opening of the 

extracellular vestibule is achieved in both trajectories (MD1 and MD2) by a series of 

structural reconfigurations near the substrate and Na1 sites, which then trigger a series of 

discrete but coordinated rearrangements within the TM6a-EL3-TM2a-TM1b cluster, 

which result in a distancing from TMs 3, 8, and 10. The LeuT conformation resulting 

from these changes exhibits the main characteristics of the outward-open form of the 

transporter [192, 200] and is similar to that stabilized by an inhibitor Trp (PDB: 3F3A). 

This leads to the conclusion that Na+ binding alone, which is shown from this study to be 

possible with high selectivity and significant affinity in the absence of substrate, biases 

the transporter towards an outward-open conformation ready for the binding of substrate.  

While this manuscript was being prepared, the crystal structure of the LeuT mutant 

Y108A (PDB: 3TT1) was released [214]. This structure was determined in the absence of 

substrate, but with bound Na+ in both the Na1 and Na2 sites. It is very gratifying to report 

that the outward-open conformation in the crystal structure is very similar to the Na+-only 

conformation identified computationally and described here, and partially as well in an 

earlier documentation of the effect of Na+ [200]. Thus, in contrast to the 3F3A outward-

open structure, the 3TT1 structure in the absence of any bound ligand shows the side 

chain of Phe253 in TM6 to be rotated away from Tyr107 and Tyr108/Phe108 of TM3, 

thus exposing the S1 site, just as observed in our simulations. But the MD simulations 
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described here provide as well a dynamic picture of the transition to an outward-open 

conformation that exhibits some subtle differences from both the 3F3A and 3TT1 

structures: in these two crystal structures, TM1b tilts away from the center of the TM 

bundle in parallel with TM6a; in the simulations, while TM1b can tilt as far as observed 

in the crystal structures, TM6a is more mobile than TM1b and is able to move farther 

away from the center of the TM bundle (Figure III.C.2.A). Using the F8 frame as a 

representative snapshot (its all-Cα RMSD values with respect to the 3F3A, 3TT1, and 

2A65 structures are 1.65 Å, 1.56 Å, and 1.94 Å, respectively), a superposition on the Cα 

atoms of TMs 3 and 8, shows that the Cα atom of Gly242 at the extracellular tip of TM6a 

is positioned 3.4 Å more outwards in the F8 frame than in the 3F3A structure. 

Interestingly, in the Na+-only 3TT1 structure this outward-tilt is also larger than in the 

3F3A structure, with a value of 1.3 Å (as a comparison reference, the difference in the 

position of Gly242 between the 3F3A structure and the occluded 2A65 structure is 2.9 

Å). Thus, the parallel outward tilted orientations of TM1b and TM6a revealed by the 

3F3A and 3TT1 structures represent a stable configuration, but the detailed simulations 

reveal a dynamic relationship between these two core TMs that is not evident from the 

structures alone – we find that TM6a can move away from TM1b and the TM bundle in 

the conformational transition. In addition, the rearrangements of TM1a-TM1b and TM6a-

TM6b are among the structural elements exhibiting the best correlation with the changes 

in the Na1 and Na2 enthalpies, respectively (Table III.C.S8). This suggests that the TM1 

and TM6 conformations are tuned by the Na+ binding to sites positioned in the unwound 

regions of these TMs, arguing against rigid body movements for TM1 and TM6 [215]. 
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However, symmetrical features as proposed by Forrest et. al. [215] are evident in the 

conformational transition, with the rearrangement of TM6a away from the bundle 

observed here resembling the movement of its symmetric counterpart TM1a revealed 

from simulation and smFRET measurements [51, 191]; the predicted outward-tilt of 

TM1a is indeed observed in the recent inward-facing structure [214]. 

That Na+ binding to the Na1 site is energetically favorable and selective (over K+), even 

in the absence of S1 substrate, is shown by our results from the PMF calculations, as well 

as the time series of binding enthalpies along the transition, and the free energy 

simulations. These suggest the possibility of Na+ binding in the Na1 site in the absence of 

substrate, albeit with lower affinity than in the presence of substrate. But the ion 

selectivity of the Na1 site calculated along the transition between occluded and outward-

open states indicates differences in this binding ability when Na+ is compared to K+ or 

Li+. Thus, for Na+/K+, the selectivity for Na+ is maintained along representative frames of 

the whole transition, an important finding in view of the considerable concentration of K+ 

in the physiological environment. The conservation of Na+/K+ selectivities upon the 

removal of the ion-coordinating Leu substrate is intriguing. Prior studies [216, 217] 

suggest that the removal of a high-field coordinating ligand, such as the charged carboxyl 

group substrate, from an ion binding site might lead to a reduction in the selectivities for 

Na+ over K+. Instead, the selectivity for Na+ over K+ in the Na1 site for many of the 

studied frames from the Na+-only trajectory, is only slightly decreased. An ion 

coordination analysis of the FEP/MD trajectories collected for the alchemical transition 
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of Na+ ↔ K+ bound in the Na1 site suggests that the carboxyl group of Glu290 has a 

strong impact on the coordination of the bound ion and may contribute to the selectivity.  

In contrast, we find for Na+/Li+ that the selectivity is rather ambiguous. This is not 

entirely unexpected, as Caplan et al. [194] showed that the Na+/Li+ selectivity is mostly 

achieved by the coupling effect between the Na1 and Na2 sites. Therefore, we conclude 

that the Na+ over K+ and Li+ selectivities of the Na1 site in the absence of the substrate 

remains largely the same as in the presence of the substrate. 

We found that the conformational transition to outward-open is inversely correlated with 

the changes in Na1 binding affinity but only weakly correlated with Na2 affinity. Thus it 

is likely that the Na+ bound at the Na2 site plays a critical role in maintaining the overall 

outward-open conformation in the absence of the substrate, while the presence of Na1 

modulates the extent of outward-open character, with the absence of Na1 making the 

conformation slightly more outward-open (Figure 5A). Consistently, the release of Na2 

but not Na1 has been shown to be required for the conformational transition to inward-

open [191, 195]. It is tempting to speculate that binding and release of Na+ in the Na1 and 

Na2 sites may play symmetrical roles in the outward- and inward-open transition. But the 

locations of the Na1 and Na2 sites are not entirely symmetrical in the pseudo-inverted 

repeats, which may explain the differences in their coupling to the directional 

translocation of substrate. 

The distinct roles that Na1 and Na2 play in the conformational transitions relevant to 

LeuT function are further underscored by the connection between Na+ binding in the Na1 

site, and the protonation state of Glu290. Previously we found that the absence of Na1 
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resulted in the protonation of Glu290 in the inward-open conformation [198]. Indeed, we 

find here that the removal of both the Na1-bound Na+ and the negative charge at Glu290, 

renders the conformation less outward-open, especially when the simulation is started 

from a relatively more occluded state; this is consistent with the role of neutral 

(protonated) Glu290 in forming the inward-open conformation. In addition, as Glu290 is 

located along the potential entry route of Na+ toward the Na1 site (Figure III.C.S4), the 

negatively charged Glu290 is likely responsible for the broadened attraction to the Na1 

site, i.e., the formation of a quasi-stable binding location near the Na1 site, and for 

providing part of the driving force for Na1 binding.  

Our current mechanistic understanding of the sequence of (de)protonation and Na+ 

binding is summarized in Figure 5B: starting from the apo inward-open state, Na+ binds 

at the Na2 site first, and steers the transporter towards an outward-open conformation; the 

subsequent deprotonation of Glu290 would further open up the extracellular vestibule 

and attract Na+ binding at the Na1 site; the entry of the S1 substrate is facilitated by the 

presence of Na1, which forms a direct stabilizing interaction with the charged substrate; 

the combined impact of Na+ binding in the Na1 site and substrate binding in the S1 site 

induces the transporter to transition towards an occluded state. The Na2-only states 

(purple and red in Figure III.C.5.B), however, are likely only transient states in 

physiological condition. 
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III.C.10. Supporting Information 

III.C.10.1. Computation of Na+/K+ and Na+/Li+ selectivity 

Ion selectivity of the single monovalent Na+ binding site was computed with the equation: 

€ 

ΔΔGNa + →X + = ΔGNa + →X +
site − ΔGNa + →X +

bulk

 

where X is either K or Li. 

€ 

ΔGNa + →X +
site  is the relative free energy of perturbing Na+ to X+ at the ion 

binding site, and 

€ 

ΔGNa + →X +
bulk  is the relative free energy of perturbing Na+ to X+ in bulk water 

[218]. These relative binding free energies were computed using free energy 

perturbation/molecular dynamics (FEP/MD) simulations [194]. Based on the results from 

our PCA analysis, we chose eight frames along the transition path (PC1) from the 

occluded to the outward-open conformation, labeled as F1-F8, for evaluation of the 

selectivity. For each frame, the structure was reinitialized (the velocities of the atoms are 

reassigned so that the entire system is set to 310 K) and equilibrated for 200 ps using the 

CHARMM program [80], version c36a2. The same parameter [201] and equivalent 

protein structure files as those in the equilibrium MD with NAMD have been used 

throughout in the FEP/MD with CHARMM. To ensure that the coordination to Na1 is 

maintained throughout the CHARMM equilibration, a BESTFIT RMSD harmonic 

restraint was applied to the Na1 site for the first 100 ps of equilibration. Then the restraint 

was removed, and unconstrained equilibration was carried out for the next 100 ps. 

Pressure and temperature were kept constant (1 atm and 310 K, respectively). Periodic 

boundary conditions were used for the orthorhombic system. Electrostatic interactions 

were treated with a particle mesh Ewald algorithm [219]. The relative binding free energy 

of Na1:Na2 to K1:Na2 and Na1:Na2 to Li1:Na2 were then calculated using the 
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CHARMM PERTurb function. Each FEP experiment was run in windowed mode with 42 

windows (21 forward and 21 backward) and 200 ps per window. The integration time 

step used was set to 1 fs. The thermodynamic coupling parameter (λ) range was between 

0.0 and 1.0 with an increment of 0.05. The weighted histogram analysis (WHAM) 

method was then used to post-process the FEP data [220]. The mean and standard 

deviations were computed after blocking the data into 16 blocks determined with the 

block average protocol for error analysis of molecular simulations [221]. For all the 

frames, the forward and backward free energies of perturbation are within 1 kcal/mol and 

the average values are reported. To compute 

€ 

ΔGNa + →X +
bulk , similar FEP/MD simulations 

were carried out for the system of Na+ solvated in 1125 water molecules. The values 

obtained for bulk hydration free energy differences, 18.49 kcal/mol for 

€ 

ΔGNa + →K +
bulk , and -

22.84 kcal/mol for 

€ 

ΔGNa + →Li+
bulk , were used for computations of the selectivity free energies 

for frames F1-F8 described above. 

 

III.C.10.2. Alchemical Transformation to Annihilate Na1 and to Protonate Glu290 

It is difficult for classic MD to overcome the energy barriers associated with alchemical 

transformation in a short simulation time. FEP/MD divides an alchemical process          

(λ: 0->1) into many perturbation steps with smaller energy barriers. Although small, these 

incremental changes are expected to overcome the energy barriers efficiently in 

producing the necessary conformational rearrangements. Since neither the scale nor the 

scheme of the energy barriers is known beforehand, it becomes necessary to adjust the 
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step size for a particular transformation to keep the free energy change (ΔG) for each FEP 

step sufficiently small. Doing this manually is impractical and therefore we developed an 

automated FEP/MD protocol for NAMD. In this protocol, we proceed to a next step after 

a step (λa->λb), if and only if |ΔGλa->λb| < ΔGmax≡4kT; in the next step λb -> λc, the  λc 

satisfies: ΔGideal/(λc-λb)=|ΔGλa->λb|/(λb-λa), so that |ΔGλb->λc| is projected to be ~ΔGideal ≡ 

2kT. In this manner, λc≡λb+(λb-λa)*r, where r≡min(ΔGideal/|ΔGλa->λb|, rmax), and rmax≡2 

ensures that λ does change drastically. But if in the step (λa->λb) the |ΔGλa->λb| ≥ ΔGmax, 

we re-do the perturbation from λa to λb’≡λa+(λb-λa)*r so as to have λb’ satisfy ΔGideal/(λb’-

λa)=|ΔGλb->λa|/(λb-λa) as above. Again, we proceed, if and only if |ΔGλa->λb’| < ΔGmax, etc. 

In our simulations, each step was 100 ps long, including an equilibration phase of 5 ps. 

The steps at the start and end were chosen to be small (λ=0,1e-5,3e-5,7e-5,1.5e-4 and 

λ=0.99,0.999, 0.9999,0.99999,0.999999,1,1) to help avoid the potential “end-point 

catastrophe”. We applied this FEP protocol on the snapshots at 60 ns and 720 ns of the 

MD1 trajectory to annihilate Na1 first (with 117 and 115 steps taken, respectively), while 

a bulk water molecule was simultaneously transformed into a Na+ ion to maintain the 

neutral charge of the system; also with this protocol, Glu290 was protonated using the 

dual-topology scheme (with 112 and 110 steps taken, respectively), while a bulk Na+ ion 

was simultaneously transformed into water. In total, four MD simulations were carried 

out from the end points of both steps of transformations (see text).
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Figure III.C.S1. Comparison of Fitting 

Schemes. (A) The Cα-RMSF against 

residue index for three different RMSD 

fitting schemes: the iterative fitting on all 

Cα atoms (“iterative fitting”, red), and the 

standard RMSD fitting based on either 

all Cα atoms (“all Cα”, blue) or the Cα 

atoms of the transmembrane (TM) 

domain and EL4 (“all TM-EL4 Cα”, 

green), which is derived from our 

understanding of membrane proteins that 

the structured TM regions are more 

stable. All three RMSF curves have 

similar patterns. (B) Differences in 

RMSF (ΔRMSF), i.e., “iterative fitting”-

“all Cα” (red), “all-TM and EL4 Cα”-“all 

Cα” (green). Note that both “iterative fit” 

and “all-TM and EL4 Cα” tend to have 

larger RMSF values for the flexible loop 

regions and smaller ones for the stable 

TM regions, than the non-biased “all Cα” 

scheme. (C) The “iterative fitting” 

weights (red lines) show good agreement 

with the TM and EL4 regions (green 

bars) used for the “all-TM and EL4 Cα” 

scheme. 
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Figure III.C.S2. Analysis of the Conformational Transition in the MD2. The time-

dependent evolution of Cα-iRMSD2A65 and Cα-iRMSD3F3A (A), water molecules in the 

extracellular vestibule (B), and the mapping of γ1(t) on the Cα-iRMSD2A65 vs. Cα-

iRMSD3F3A plot (C) are presented as those for MD1 in Figure III.C.1. 
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Figure III.C.S3. Pearson Correlation Analysis among various Observables along the 

MD1 Trajectory. The observables include i) the Na1 and Na2 enthalpies, ii) iRMSD, iii) 

trajectory overlaps for PC1 to PC3, iv) the top 5 correlated HA/HD for each column in 

Table III.C.S9, v) the distances to Na1, and vi) the numbers of waters surrounding Na1. 

Note the top HAs and HDs correlated with the Na2 affinity are less correlated than those 

for the Na1 affinity and PC1. 
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Figure III.C.S4. Trajectories of the Umbrella Sampling Simulations for the Outward-

Open 3F3A-like Frame F8 of LeuT. The trajectories for the 109 umbrella sampling 

windows centered from z(Na1) = -2.5Å to z(Na1) = 24.5Å were oriented to the starting 

structure. The Na1 positions, 49 frames for each window, are then shown as small 

spheres. Na1 is colored as blue, red, grey, orange, yellow, tan, silver, green, white, pink, 

and purple for the umbrella sampling windows centered at [-2.50, -0.25], [0.00,2.25], 

[2.50,4.75], [5.00,7.25], [7.50,9.75], [10.00,12.25], [12.50,14.75], [15.00,17.25], 

[17.50,19.75], [20.00,22.25], and [22.50,24.50] respectively. The protein is represented 

as a cartoon in the left panel, while residues forming the Na1 and the Na1’ sites, several 

residues in the extracellular vestibule (Glu470, Arg30, and Asp404), and Na2 ion are 

shown in various representations in the right panel. The Na1 site is occupied by a cluster 

of blue and red spheres, while the Na1’ site is occupied by a cluster of red and grey 

spheres. These trajectories indicate that negatively charged residues Glu470 and Asp404 

may play important roles in attracting Na+ from extracellular milieu. After passing 

through the broken extracellular thin gate (Arg30-Asp404), Na+ is likely facilitated by the 

negatively charged Glu290 to reach the Na1 site. The arrows indicate potential routes of 

Na+ entry. 
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Figure III.C.S5. The zoom-in Views of Figure III.C.5.B for the Selected Periods. 
 

 

 

 

Figure III.C.S6. The Protonation of Glu290 in the Absence of Na1 has a Dehydration 

Effect on the Na1 Site Vicinity. The evolutions of the distance of the closest water 

(oxygen atom) to the side chain of Glu290 are shown for four no-Na1 trajectories. The 

protonated Glu290 rarely has direct contact with water molecules, especially when the 

simulation is started from a more occluded state (left panel, see text), in which the closest 

water can be as far as 8 Å away. The plots are moving averages of 6ns. 
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(A) MD1  

i Eigen 
value 

κ i χ i acos (χ i) 

1 1.13 0.26 0.79 37.35 

2 0.30 0.07 0.10 83.98 

3 0.26 0.06 0.13 82.73 

4 0.20 0.05 0.31 71.76 

5 0.15 0.03 0.00 90.00 

6 0.14 0.03 0.11 83.45 

7 0.11 0.03 0.06 86.37 

8 0.10 0.02 0.29 72.85 

 

(B) MD2  

i Eigen 
value 

κ i χ i acos (χ i) 

1 0.80 0.21 0.16 80.72 

2 0.25 0.07 0.57 55.06 

3 0.18 0.05 0.54 57.54 

4 0.15 0.04 0.00 90.00 

5 0.13 0.03 0.17 80.37 

6 0.11 0.03 0.06 86.37 

7 0.11 0.03 0.18 79.86 

8 0.09 0.02 0.11 83.71 

 

Table III.C.S7. PC Properties of the MD Trajectories (see methods for the definitions of 

the properties). 
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γ1(t) Na1 enthalpy Na2 enthalpy 

Structural 
element pair 

type correlation 
coefficient 

structural 
element pair 

type correlation 
coefficient 

structural 
element pair 

type correlation 
coefficient 

TM6a-TM10a HD 0.99 TM1a-TM1b HA 0.66 TM6a-TM6b HD 0.56 

TM2a-TM10a HD 0.98 TM1b-TM10a HD 0.66 TM2a-TM5 HA 0.56 

EL3b-TM10a HD 0.98 TM6a-TM10a HD 0.66 EL3b-TM6b HD 0.56 

TM6a-TM12 HD 0.98 TM2a-TM4 HD 0.66 TM2a-TM10b HA 0.55 

TM6a-TM9 HD 0.97 TM2a-TM3b HD 0.65 TM2a-TM4 HA 0.53 

TM3a-TM6a HD 0.97 TM2a-TM10a HD 0.64 EL3b-TM10b HD 0.52 

EL3b-TM12 HD 0.96 TM1b-TM9 HD 0.63 EL3b-TM11a HD 0.52 

EL3b-TM9 HD 0.96 TM2a-TM8 HD 0.63 TM11a-TM11b HD 0.52 

TM2a-TM9 HD 0.96 TM1b-TM3b HD 0.63 TM2b-EL3b HD 0.51 

TM2a-TM3a HD 0.96 TM6a-TM12 HD 0.63 TM6a-TM11b HD 0.51 

TM4-TM6a HD 0.96 TM6a-TM9 HD 0.63 TM1b-TM4 HD 0.51 

TM3b-TM6a HD 0.95 EL3b-TM10a HD 0.63 TM2b-TM6a HD 0.50 

TM2a-TM12 HD 0.95 EL3a-TM10a HD 0.63 TM1b-TM3b HD 0.50 

TM6a-TM8 HD 0.95 TM2a-TM12 HA 0.63 TM2a-TM4 HD 0.50 

TM3a-EL3b HD 0.94 EL3b-TM12 HD 0.63 TM2a-TM11b HD 0.49 

TM2a-TM10b HD 0.93 TM2a-TM9 HD 0.62 IL2-EL3b HD 0.49 

EL3a-TM10a HD 0.93 TM4-TM6a HD 0.62 TM2a-TM3b HD 0.49 

EL3b-TM11b HD 0.93 TM1b-TM4 HD 0.62 TM3a-EL3b HD 0.48 

TM3b-EL3b HD 0.92 TM1b-TM11a HA 0.61 TM2a-TM6b HD 0.47 

TM4-EL3b HD 0.92 TM3b-TM6a HD 0.61 TM2a-TM8 HD 0.47 

TM2a-TM3b HD 0.92 TM3a-TM6a HD 0.61 EL3b-TM12 HD 0.47 

TM6a-TM10b HD 0.92 TM3a-EL3b HD 0.61 EL3b-TM11b HD 0.47 

IL2-TM6a HD 0.91 TM1b-TM9 HA 0.61 TM6a-TM10b HD 0.47 

TM3a-EL3a HD 0.91 EL3b-TM10b HD 0.61 TM2a-TM12 HA 0.46 

TM1b-TM10a HD 0.91 TM6a-TM6b HD 0.61 TM6a-EL4b HA 0.46 

EL3a-TM11a HA 0.90 TM2a-TM10b HA 0.60 TM1b-TM9 HD 0.45 

TM2a-IL2 HD 0.90 TM6a-TM8 HD 0.60 TM6a-TM12 HD 0.45 

TM1b-TM11a HA 0.89    TM3a-TM6a HD 0.45 

TM2a-TM4 HD 0.89    TM4-TM6a HD 0.45 

TM1b-TM9 HD 0.89       

common with PC1 positive pairs 21/27 13/29 
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TM1a-TM11a HD -0.95 TM1a-TM11a HD -0.66 TM1b-TM11a HD -0.53 

TM8-TM11a HD -0.94 TM1b-TM11a HD -0.65 TM2b-TM6a HA -0.53 

TM6a-TM11a HD -0.94 TM7-TM11a HD -0.64 TM2a-TM6a HD -0.52 

TM6a-TM11a HA -0.92 TM1b-TM4 HA -0.63 TM1a-TM2a HA -0.50 

TM5-TM11a HD -0.90 TM8-TM11a HD -0.63 TM7-TM11a HD -0.49 

TM7-TM11a HD -0.90 TM6a-TM11a HD -0.62 TM2a-TM11a HA -0.49 

TM3b-TM11a HD -0.90 TM7-TM10b HA -0.62 TM1b-TM7 HD -0.49 

TM4-TM11a HD -0.89 TM1b-TM10b HA -0.62 EL4a-TM11a HD -0.49 

TM1b-TM11a HD -0.89 TM1b-TM12 HA -0.61 TM5-TM11a HD -0.47 

TM2b-TM11a HD -0.88 TM1b-TM6b HA -0.61 TM1b-TM10b HA -0.46 

   TM1a-TM6a HA -0.61 TM8-TM11a HD -0.45 

   TM6a-TM11a HA -0.61    

   TM5-TM11a HD -0.60    

common with PC1 negative pairs 7/13 4/11 

total common 28/40 17/40 

 

Table III.C.S8. Top Positively and Negatively Correlated HAs and HDs with PC1, Na1 

enthalpyprotein, and Na2 enthalpyprotein. “HD” is the center-of-mass distance between two 

segments; “HA” is the helix angle between two helical segments. The pairs in bold font 

are the common ones between Na1/Na2 enthalpy and γ1(t). The TMs 1, 6, and 10 are 

colored in blue, red, and green respectively, with their extracellular and intracellular 

segments in colored font and shade, respectively. 
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∆G (kcal/mol) Bulk Occluded F1 F2 F3 F4 F5 F6 F7 F8 

∆G Na+->K+ 18.49 
±0.08 

- 20.24 
±0.35 

22.51 
±0.33 

21.00 
±0.28 

22.02 
±0.63 

21.56 
±0.23 

20.85 
±0.54 

21.38 
±0.69 

21.72 
±0.29 

∆G K+->Na+ -18.49 
±0.12 

- -20.20 
±0.49 

-22.20 
±0.33 

-20.98 
±0.36 

-21.49 
±0.36 

-21.55 
±0.36 

-20.39 
±0.29 

-21.36 
±0.52 

-21.22 
±0.42 

average  

∆G Na+->K+ 

18.49 
±0.14 

21.90* 20.22 
±0.60 

22.36 
±0.47 

20.99 
±0.46 

21.76 
±0.73 

21.56 
±0.43 

20.62 
±0.61 

21.37 
±0.86 

21.47 
±0.51 

∆∆G Na+->K+ - 3.41* 1.7 
±0.6 

3.9 
±0.5 

2.5 
±0.5 

3.3 
±0.7 

3.1 
±0.5 

2.1 
±0.6 

2.9 
±0.9 

3.0 
±0.5 

∆G Na+->Li+ -22.84 
±0.30 

- -22.20 
±0.22 

-23.40 
±0.23 

-23.72 
±0.28 

-23.05 
±0.35 

-22.19 
±0.20 

-23.06 
±0.47 

-24.08 
±0.17 

-23.64 
±0.17 

∆G Li+->Na+ 22.83 
±0.28 

- 22.07 
±0.13 

23.73 
±0.23 

23.34 
±0.26 

23.02 
±0.24 

22.43 
±0.16 

22.89 
±0.25 

24.16 
±0.20 

23.71 
±0.16 

average  

∆G Na+->Li+ 

-22.84 
±0.41 

-22.8* -22.14 
±0.26 

-23.57 
±0.33 

-23.53 
±0.38 

-23.04 
±0.42 

-22.31 
±0.26 

-22.98 
±0.53 

-24.12 
±0.26 

-23.68 
±0.23 

∆∆G Na+->Li+ - 0.04* 0.7 
±0.5 

-0.7 
±0.5 

-0.7 
±0.6 

-0.2 
±0.6 

0.5 
±0.5 

-0.1 
±0.7 

-1.3 
±0.5 

-0.8 
±0.5 

 

Table III.C.S9. Ion Selectivity of Na+/K+ and Na+/Li+ for the Na1 Site at various 

Conformational States. 

*The selectivities for the occluded state of LeuT with substrate and both ions bound are 

from ref. [194]. The mean ± standard deviation for ∆G Na+->K+, ∆G K+->Na+, ∆G Na+->Li+, and 

∆G Li+->Na+ are computed by blocking the last 180 ps of the 200 ps data of each FEP 

window to 16 blocks. The number of blocks (16) is determined so that the standard error 

of the mean is no longer increasing as the number of blocks increases from 2 to 4, 8, 16, 

32, and 64 [221]. The standard deviations (σ) for “average ∆G Na+->K+” and “average ∆G 

Na+->Li+” are computed as 

€ 

σaverage _ΔGNa+−>K +
= σΔGNa+−>K +

2 +σΔGK +−>Na+

2  and 

€ 

σaverage _ΔGNa+−>Li+
= σΔGNa+−>Li+

2 +σΔGLiK +−>Na+

2  respectively. 
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Movies III.C.S10, S11, and S13. 

(available online at dx.doi.org/10.1016/j.bpj.2012.07.044) 

The movies show linear interpolations between negative and positive extremes of 

deformations along PC1 of MD1 (S1), PC1 of MD2 (S2), and PC3 of MD1 (S3) from 

their average structures (deformations were limited to RMSD of 0.6 Å from the average 

structure). The protein is oriented in the same perspective as in Figure III.C.2.A. To 

compare the motilities near the Na1 site (see text), the TM1b and EL4a in movies S1 and 

S3 are rendered transparently, and the Cα atoms of Asn27, Asn286, and Glu290 are 

shown as blue, green, and red spheres, respectively. 
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III.D. A Conserved Interaction Network in LeuT Allosterically Couples Na+ Binding to 

Conformational Transitions in Transport  

Modified from the following manuscript in preparation for publication: S. Stolzenberg, 

M. Quick, C. Zhao, J. Javitch, S. Noskov, H. Weinstein*, L. Shi*. A conserved interaction 

network in LeuT allosterically couples Na+ binding to conformational transitions in 

transport. 

*Correspondence: haw2002@med.cornell.edu, les2007@med.cornell.edu 

 

III.D.1. Summary 

Reasoning from statistical physics, the equilibrium distribution of the global 

conformation of a molecular system such as a transporter protein is coupled to different 

perturbations; moreover, coupling must emerge from local changes (e.g. pairwise 

interactions) throughout the entire system. In this chapter, this concept is reflected in a 

molecular dynamics study of LeuT under different, functionally relevant perturbations. A 

novel computational analysis protocol (“MultiScope”) has been developed as described in 

Section II.B, to relate automatically any global changes observed in the simulations, with 

any local changes between different conformational states identified in the simulation 

data set. As a major result, this study enables the identification of (common) allosteric 

pathways of pairwise interaction changes across the transporter that connect events in 

functional sites positioned at large distance from one another in the transporter protein, 

e.g., a perturbation at the intracellular gate connected to a change in a sodium binding site 

at extracellular gate of the transporter. 
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III.D.2. Abstract 

Neurotransmitter:sodium symporters (NSSs) utilize the energy stored in the Na+ gradient 

to translocate their cognate substrates across the plasma membrane. We identified key 

allosteric interactions in this process by using computational modeling and parallel 

analyses of perturbing conditions in a prokaryotic NSS, LeuT, including Li+ replacing 

Na+, or mutations Y268A and R5A. In contrast to in R5A, we found that the affected 

interactions by Li+ binding and in Y268A are similar and are closely associated with the 

ion binding, despite their different conformational preferences. Experimental 

measurements of the transport and binding properties confirmed that the Na+ coupling to 

LeuT transport function is disrupted by the mutation Y268A but not R5A. Together, 

these findings reveal the identity and dynamics of the underlying interaction network 

responsible for allosteric responses to ligand and ion binding, which would be difficult to 

identify otherwise, but are important for the design of therapeutic interventions targeting 

NSSs.  

 

III.D.3. Introduction 

Mammalian neurotransmitter:sodium symporters (NSSs) are transmembrane proteins 

responsible physiologically for the reuptake of neurotransmitters released into the 

synaptic cleft. The energy required for the reuptake mechanism is stored in the 

transmembrane electro-chemical Na+ gradient, but the manner in which these molecular 

machines carry out their function is not fully understood in a molecular structural context. 

Based on experimental and computational studies, a mechanistic perspective on 
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functional aspects of the NSS is beginning to emerge at the atomistic level from the 

interpretation of structural and functional studies focused on the NSS homolog LeuT, a 

bacterial leucine transporter [44, 191]. As the human NSS are targets for various drugs 

including antidepressants and psychostimulants, such insights are essential for the 

development of specific and effective treatments for drug abuse and other psychiatric 

disorders. For example, dopamine reuptake inhibitors (DRIs), such as benztropines and 

modafinil, can attenuate the actions of cocaine without themselves having as extensive an 

abuse liability [222, 223]. Indeed, the subjective effects of DRIs elicited in vivo have 

been shown to correlate with their different modes of binding to DAT, which stabilize 

various outward-facing and occluded states of DAT [223, 224]. Thus, DRI in different 

chemical classes may bind to different conformational states of the transporter, which 

may lead to a variety of consequences of their binding in addition to the prevention of 

endogenous substrate binding.  

We have shown previously that Na+ binding can stabilize the outward-open conformation 

of NSS to facilitate extracellular substrate access to the substrate site(s) in the transporter 

[191, 192, 195]. In a recent study of LeuT with molecular dynamics (MD) simulations, 

we documented a transition to an outward-open state similar to that of the inhibitor-

stabilized structure (PDB: 3F3A [193]) [225] by starting from the outward-occluded state 

of LeuT (PDB: 2A65 [48]) and investigating the evolution of the system in the presence 

of bound Na+ but in the absence of any substrate (a simulation termed “Na-only”). 

Intermediate states were observed as well, exhibiting the outward-open character to 

various extents. The degree of such “openness” is modulated by Na+ binding events and 
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the protonation state of Glu290 [225], most likely through reconfiguration of a network 

of dynamically coupled structural motifs and microdomains. We refer to such a network 

of coupled interactions as an “allosteric interaction network” (AIN). The analysis of the 

molecular dynamics shows that an AIN can propagate a local structural perturbation, 

such as resulting from ion binding, to impact the entire protein. However, the complete 

composition of the AIN, and especially its dynamic properties and consequences, are not 

well understood. 

In seeking to develop such an understanding, we reasoned that because the AIN has a 

central functional role, perturbation events such as allosteric binding of inhibitors, the 

binding of Li+ instead of Na+, or mutations known to disturb transport function, would 

lead to identifiable configurational changes of the AIN elements. Because such 

configurational changes in the AIN affect the propagation of signals (e.g., of ligand or ion 

binding), they should have specific phenotypic expression caused by the disruption of the 

WT-like dynamics along the transport cycle. An example is the finding that for LeuT 

only Na+, but not Li+, can lead to substrate-induced dynamics of the intracellular gate and 

to transport [226]. A different impact of Na+ and Li+ on the AIN was revealed by our 

computational analysis to originate from the Na1/Li1 binding site, the neighbouring 

interaction network, which is sensitive to the ionic radius of the ion. Thus, the short-range 

local changes produced in the region of the ion binding sites, and the resulting long-range 

critical allosteric changes linking the substrate binding sites to the intracellular gate 

region [226] illustrate the nature of AIN components of LeuT. Indeed, we proposed that 

the ion-specific effects are propagated from the binding site, through the cluster of 
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aromatic residues closely associated with the S1 site, and bring about different 

configurations in the middle of TM10. The positions of these AIN elements accord them 

a principal role in transmitting conformational changes deeper into the TM bundle 

towards the intracellular gate.  

Building on the wealth of these initial findings, we focus here on a conserved Tyr at the 

cytoplasmic end of TM6, Tyr268, which was shown to have a pivotal role in the local 

interaction network associated with the intracellular gate of LeuT [48, 227]. The local 

disruption caused by the mutation to Ala of the aligned Tyr335 in DAT (Y335A) has 

been found to significantly reduce uptake as well as the affinities for substrates and 

inhibitors [228], albeit to various extents [223, 224]. Thus, the phenotype of the Y335A 

mutant provides an excellent basis for the identification of the AIN connecting the 

intracellular gate region of the transporter to functional sites at the extracellular end. 

Moreover, the Y335A mutation produced as well an allosteric change in the effect of 

high-affinity Zn2+ binding at the distant extracellular loop region of DAT and showed an 

inward-facing phenotype [228-230], demonstrating an allosteric connectivity that 

functions in both directions. We have previously identified initial clues regarding the 

impact of this mutation on the intracellular interaction network from a comparative MD 

simulation study of WT and Y268A of LeuT, and proposed a local mechanism of mutual 

stabilization between the cation-π interaction of Tyr268 and Arg5, and the ionic lock 

between Arg5 and Asp369 [227]. More recent data from structural and dynamics studies 

[51, 214] suggest that the reconfiguration of the intracellular interaction network by the 

mutational perturbations is likely associated with the observed outward movement of 
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TM1a that is essential for the release of substrate to the intracellular side. Illuminating as 

they are with regards to some elements of an AIN, these studies left uncharted the 

molecular pathway that connects the local to global conformational changes induced by 

these perturbations to the sites where the allosteric effects were expressed.  

To obtain such an a comprehensive description of the AIN and its mechanism, we carried 

out as described here a series of microsecond-scale MD simulations using LeuT as the 

model system, and analyzed the relation between the dynamically coupled motifs 

constituting the AIN connecting various local perturbations to functional microdomains 

at the extracellular and the intracellular ends of LeuT. The specific local perturbations we 

investigated are Li+ binding, and the R5A and Y268A mutations at the intracellular gate. 

By using analysis protocols specifically developed as illustrated here to handle a large 

number of MD frames, we were able to quantitatively detect significant alterations in 

global conformations and local pairwise residue interactions associated with the 

perturbations, and thereby deduce the identity and dynamics of the AIN in each case, and 

the surprising relations among them. Experimental measurements were used to probe the 

qualitatively and quantitatively allosteric impact of the Y268A mutation on Na+ binding, 

which were obtained from the simulations and calculations of the potential of mean force 

(PMF), respectively. 

 

III.D.4. Results 

The mechanistic elements, such as the presence or absence of the substrate, and the effect 

of a number of different perturbations, e.g., the presence of Li+ instead of Na+ [226] or the 
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mutations Y268A or R5A at the intracellular gate [227], have been shown to affect 

substrate transport by shifting the conformational equilibrium of outward-open, occluded, 

and inward-open states to various extents and directions. However, the molecular details, 

i.e., the allosteric pathways through which these perturbations exert their impacts and 

whether they share any common pathways in the context of previously identified 

individual structural motifs and microdomains are yet to be revealed. 

Thus, to identify the mechanistic elements involved in exerting the impacts of 

perturbations, we carried out a variety of microsecond-scale MD simulations starting 

from the crystal structure of LeuT in the occluded state (PDB: 2A65) [48] (Table 

III.D.S6). 

 

III.D.4.1. The Outward-Open Transition is Disrupted by Li+ Binding and Mutations 

Previously, we found that in the presence of Na+ but the absence of substrate (denoted as 

“WT.Na.ns”, see Methods), LeuT would spontaneously transition to an outward-open 

conformation. In this study, we further simulated conformational transitions in the 

absence of substrate that include a perturbation, either Li+ binding, or the mutations 

Y268A or R5A, denoted as “WT.Li.ns”, “Y268A.Na.ns”, and “R5A.Na.ns”, respectively.  

As an overall evaluation of global conformational changes under each simulated 

condition, we calculated the volume size of the extracellular vestibule (EV), which is 

measured by the number of water molecules in the EV [225]. For “WT.Na.ns” we find a 

significantly enlarged volume of the EV compared to the substrate-bound conditions 

“WT.Na.Leu” [225] and “WT.Na.Ala” (Figure III.D.1). In comparison, for “WT.Li.ns”,  
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Figure III.D.1. The Size of the Extracellular Vestibule Changes in Response to 

Substrate, Ions, and Y268A, and R5A Mutations. Shown are normalized distribution 

plots of the vestibule’s size, measured as the number of water molecules contained. The 

distributions are colored by perturbation, i.e. in black for the wild-type simulations, in red 

for the presence of lithium, in green for the Y268A mutant, and in blue for the R5A 

mutant. Distributions of simulations in the absence and presence of substrate are drawn as 

a dotted and continuous line, respectively. 

 

 



	   181	  

“Y268A.Na.ns”, and “R5A.Na.ns”, the perturbations appear to disrupt the transition from 

outward-occluded to outward-open state – the EV cannot open as much as the 

“WT.Na.ns”, with the most significant impact from the mutation Y268A, albeit the 

volumes of the EV are significantly larger than those of the substrate-bound conditions 

“WT.Na.Leu”, “WT.Na.Ala”, “WT.Li.Leu”, “WT.Li.Ala”, and “Y268A.Na.Leu” (Figure 

III.D.1). 

 

Analysis of the results from a total of ~15 µs simulations (Table III.D.S6) with a time 

resolution of 240 ps requires extracting and analyzing the information from ~64,000 

frames. This prompted the development of an analysis protocol that is able to both 

efficiently and accurately differentiate significant conformational changes from the 

fluctuations near equilibrium by using consistent criteria across the entire data set (see 

Methods). By applying this validated protocol (see Supplemental Information), the stage 

for each individual MD trajectory that has evolved sufficiently away from the starting 

model (“evolved” stage) is identified (Figure III.D.2). Most Na-only and Li-only 

conditions have such “evolved” stages and adopted significant conformational changes 

within 1.20 to 1.44 µs simulation time. For each simulated condition, when it has an 

“evolved” stage in any of its trajectory, we assembled the frames from these stages to 

represent this condition for the subsequent analysis.  
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Figure III.D.2. Clustering Analysis of MD Simulation Results into “initial” and 

“evolved” Simulation Stages. Time traces are shown for each MD trajectory, with the 

clustering into “initial” and “evolved” simulations identified in grey, and black, 

respectively (see Methods for definitions). The “evolved” stages have diverged from the 

initial stages on average by at least RMSD=1.9Å. 

 

III.D.4.2. Identification of the Alternative Na1’ Site and its Effects on Structural 

Preferences.  

We recently found that the Na+ bound in the Na1 site can transiently move upwards in the 

“WT.Na.ns” conditions [225] occupying a more extracellular location than the Na1 site 
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identified in the substrate-bound crystal structure (PDB: 2A65). We termed this 

computationally identified Na+ binding site Na1’. In the prolonged simulations of the Na-

only conditions carried out here, the cation (Na+ or Li+) bound in the Na1 site can 

alternate between being bound in the Na1 site and the Na1’ site, especially in the 

presence of certain perturbations (Li+ replacing Na+, or the mutation Y268A) (Figure 

III.D.3.a and b, Figure S1). The prolonged presence of an Na+ ion in the Na1’ site appears 

to induce the formation of a more stable binding site composed of residues from TM2, 

TM6, and TM7, specifically Tyr47, Gln250, Thr254, and Glu290 (Figure III.D.3.c and 

d), with Thr254 shared by both the Na1 and Na1’ sites. Our analysis show that Thr254 

and Glu290, together with other Na1 site residues (Asn27 and Asn286), are involved in 

the translocation of the Na+ ion from the Na1 site to the Na1’ site, while Tyr47 and 

Gln250 are involved in the binding only when the Na+ reaches the stable location, ~5-6 Å 

from the Na1 site and ~12-13 Å from the Na2 site (Figure III.D.3.d). 

Whether Na+ binds in the Na1 site or the Na1’ site appears to have significant impact on 

the outward-open conformational transition: when the EV is smaller (i.e., less open) than 

in the “WT.Na.ns” (e.g., in the “WT.Li.ns” and “Y268A.Na.ns” conditions - Figure 

III.D.1), the occupancy of the Na1’ site by the Na+ ion is higher. Moreover, we observed 

that the occupancy of the Na1 vs. Na1’ site affects the nearby aromatic cluster at the 

extracellular gate of the S1 site (composed of residues Tyr107, Tyr108, Phe252, and 

Phe253), the configurational change of which we had found to be correlated with the 

outward-open transition [200, 225]. Thus, in the Na-only conditions, when Na+ binds in 

the Na1 site, the χ1 rotamer of Phe252 is dominantly in trans, consistent with the two 
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LeuT structures in outward-open conformations [193, 214]; when Na+ is in the Na1’ site, 

this rotamer is never in trans. 

 

 

 

Figure III.D.3. Characteristic Features 

of the Na1 and Na1’ Binding Sites. (a-b) 

Side-view (parallel to the plane of the 

membrane) illustration of sodium 

binding in the Na1 site of LeuT (a),  and 

in the Na1’ site (b), in the absence of 

substrate. The residues forming the 

binding sites are shown as sticks and the 

bound Na+ are represented by yellow 

spheres. (c) Quantitative representation 

of the binding modes as time traces for 

each simulation. Segments are colored in 

orange if the distance of the Na+/Li+ ion 

to the one in Na2 distance is <8.3Å; the 

segment is shown in cyan for distances 

>8.3Å and <10.5Å, and in purple for 

>10.5Å. These distance criteria were 

determined by the ranges between 

minima of the Na1-to-Na2 distance 

distribution plotted for each simulated 

condition in Figure III.D.S2. 
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III.D.4.3. The Y268A mutation changes the energy landscape of Na+ binding in the Na1 

site 

To evaluate the energy landscape of Na+ binding in the Na1’ site compared to the Na1 

site, we performed potential of mean force (PMF) computations along the entry route of 

Na+ from the extracellular milieu to the Na1 and Na1’ sites for the representative frames 

selected from the “evolved” stages of the “Y268A.Na.ns.1” and “Y268A.Na.ns.2” 

trajectories (see Methods). 

PMF computations provide a relative free-energy profile for the system considered, with 

a long tail in high positive z-value corresponding to an ion dynamics in the bulk phase. 

The computed PMF profiles allow us to assess qualitatively the locations of stable/quasi-

stable sites along the Na+ binding pathway as well as their stability relative to the bulk 

region. In comparison to the corresponding PMF profiles of the occluded “WT.Na.Leu” 

and outward-open “WT.Na.ns” conditions [225], our results indicate that in 

“Y268A.Na.ns” the Na1’ site is a more favorable Na+ binding site than is the Na1 site in 

“WT.Na.ns”, and the binding strength to the Na1’ site in this mutant is comparable to that 

in the Na1 site in the WT in the presence of substrate, i.e., “WT.Na.Leu” (Figure III.D.4). 
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Figure III.D.4. Na+ Binds more Favorable in the Na1’ than in the Na1 Site in the 

Simulated “Y268A.Na.ns” Condition. Potential-of-mean force (PMF) computations of 

cation Na1 positioned along the membrane normal (z) indicate the relative energetics of 

cation binding between the Na1 and Na1’ sites (at z=~0 Å and ~4 Å, respectively). PMF 

profiles in the wild-type and Y268A mutant simulations are shown in gray and in 

red/blue, respectively. Each mutant PMF was started from a representative snapshot (at 

831ns and 373ns, respectively, for the “Y268A.NA.ns.1” and “Y268A.Na.ns.2” final 

simulation stage) with minimum average ifRMSD from any other conformation in the 

“evolved” stages of the trajectories. 
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Interestingly, in the “WT.Na.ns.2” trajectory, which did not evolve significantly from the 

starting occluded conformation, the Na+ originally bound in the Na1 site can also occupy 

continuously the Na1’ site for more than 100 ns (Figure III.D.S1), suggesting that the 

Na1’ site is likely a transient binding site before Na+ is bound at the Na1 site. However, 

the perturbations known to disrupt transport are also seen here to change the energy 

landscape of Na+ binding in the Na1 site. The change reduces the tendency of the Na+ ion 

to move from the Na1’ site towards the Na1 site. This repositioning to Na1 is likely 

necessary for the substrate to take its place in the S1 site so that the transporter transitions 

from the outward-open to the occluded states [44, 191] in the transport cycle. Therefore, 

the reduced propensity of the Na+ ion to relocate is part of the allosteric mechanism by 

which the local perturbations affect the functional mechanism of the transporter. 

 

III.D.4.4. Common Allosteric Pathways Propagate the Impact of Perturbations Induced by 

Li+ Binding and the Mutation Y268A 

Seeking to identify interactions that contribute to the stabilization of specific states under 

different conditions [231, 232], we compared the frequencies of polar or Van der Waals 

interactions for all residue pairs in the trajectories of each state (see Methods) to reveal 

those pairs that exhibit significantly higher interaction frequencies in one state compared 

to another (Table III.D.S7 and Table III.D.S8). 

In the structural context of the LeuT molecule, such frequent pairwise interactions can 

involve identifiable structural motifs that constitute local microdomains mediating the 

local impact of substrate or inhibitor binding, of ion binding, or of mutations. The 
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identifications of such conserved microdomains are important not only in order to 

establish the mechanism in a specific structural context, but also in order to enable the 

extension of the insights obtained from this analysis to structurally cognate NSSs, and 

other transporters with LeuT-like structure fold. 

These discriminant residue pairs identified for each state were gathered (coarse-grained) 

into sub-segment pairs to which they belong. These sub-segments represent a parsing of 

each TM segment into extracellular, middle, and intracellular portions (designated as “e”, 

“m”, and “i”, respectively, see Methods), which are represented as vertices in a 2D map 

(see Figure III.D.5 and Supplemental Figure III.D.3) that retain their relative positions to 

each other in the 3D context of the molecule. Consequently, the mapping of the 

discriminant sub-segment pairs on this 2D map as the edges connecting the vertices, 

reveals the network of sub-segments participating in establishing the difference between 

any two states of the molecule (Figure III.D.S3). For example, the “WT.Na.Leu” vs. 

“WT.Na.ns” comparison yields a densely connected network, which agrees well with the 

observation published previously [225] of significant conformational differences between 

the states in the absence and presence of substrate (Figure III.D.S3.d). In contrast, the 

sparsely connected “R5A.Na.ns” vs. “WT.Na.ns” network reflects the relatively small 

conformational differences identified between the states of these two LeuT constructs 

(Figure III.D.S3.c).  

These observations underscore the importance of the finding that compared to 

“WT.Na.ns”, the “Y268A.Na.ns” and “WT.Li.ns” states representing the Y268A mutant, 

and the Li+ bound transporter, respectively, share very similar sets of sub-segment pairs 
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involved in the allosteric communications of the perturbation effects throughout the 

structure (Figure III.D.5). Although the detailed effects of the perturbations are not 

necessarily the same (Figure III.D.S3.a and .b), it is clear that the middle sections of TM6 

and TM10 (“TM6m” and “TM10m”, respectively) are the most affected sub-segments, 

indicating their pivotal roles in transducing the effects of the perturbation between the 

intracellular and the extracellular sides of the network. 

That the dynamics of the sections TM1m, TM6m, and TM7m, which are directly 

involved in forming the Na1 and Na1’ sites, in both the “Y268A.Na.ns” and “WT.Li.ns” 

are different from the dynamics in “WT.Na.ns” is interesting because only the 

perturbation by Li+ binding affects directly the Na+ binding sites. Remarkably, the similar 

perturbation observed in the “Y268A.Na.ns” simulations indicates a long range 

propagation of the allosteric impact that the Y268A mutation at the distant intracellular 

gate has on the Na binding region. In the inverse direction, the impact of Li+ binding was 

shown to be propagated to the intracellular gate and to affect dynamics [226]. 
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Figure III.D.5. (a) Side-view Representation of LeuT in the Absence of Substrate in a 

Representation that divides the structure into an “extracellular vestibule” (upper grey 

part), “middle” (blue), and “intracellular vestibule” side (lower grey part) with respect to 

the position in the membrane. (b) Two-dimensional Representation of the Network of 

Interaction Changes. The representation is obtained by projecting the positions of the 

structural elements in the three regions depicted in (a); note the relative repositioning of 

the TMs in the different regions. The network connecting structural elements (SEs), such 

as “TM6m” (see Methods) is represented by the black arrows that are drawn only for 

pairs that have significant interaction frequencies in the “evolved” trajectory segments of 

both “Y268A.Na.ns” and “WT.Li.ns” , when compared to “WT.Na.ns”. The blue edges 

connect the SEs (highlighted in (a) as blue cylindrical regions) that contribute to the Na1, 

Na1’ and Na2, and S1 sites. The negatively charged Glu290 residue is shown in red. 
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III.D.5. Discussion 

In the transport cycle of the NSSs, the transporter traverses the outward-facing, occluded, 

and inward-facing conformational states in a manner summarized by the alternating-

access concept [29]. This process uses the energy stored in the transmembrane Na+ 

gradient to translocate substrate against its electrochemical gradient. Therefore, both the 

binding and the dissociation of Na+ are critical in the conformational transitions of NSSs. 

Computational modeling and analysis of underlying energetics have been instrumental in 

revealing ion binding specificity and dynamics [191, 199, 233, 234]. Here we showed 

that these Na+ binding processes trigger changes in a series of pairwise interaction 

networks identifiable in the MD trajectories, and that these changes are propagated across 

the transmembrane domain into various configurations. These results are based on 

analyses of unbiased MD simulations that made it possible to investigate the allosteric 

propagation of subtle differences introduced by perturbations such as the replacement of 

Na+ by Li+ ions, and the Y268A mutation. MD simulations on the microsecond-scale and 

beyond have been applied in mechanistic studies of membrane proteins and protein 

folding [235, 236], but the timescale accessible to classical MD simulations does not 

guarantee that the full process of the conformational transition during transport cycle of 

the NSS is captured in the trajectory [237]. Indeed, the microsecond-scale MD 

simulations we had used previously, characterized the transition from the occluded to 

outward-open transition which was seen to occur within hundreds of nanoseconds [225]. 

However, we found that two out of three “WT.Na.ns” trajectories “evolved” further after 

1.2 µs of simulation time, which suggests that the energy barrier for LeuT transition to 
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the outward-open state (under the simulated condition) does not always allow it to occur 

in the simulated timescale [238].  

We reasoned that one way to overcome these shortcomings is to identify the dynamic 

elements constituting the transition pathways from simulations in which the impact of the 

perturbations with known phenotypes is expressed by the conformational rearrangements 

leading to a new equilibrated state. We therefore developed analysis tools to connect the 

local dynamics encoded in any trajectory to the global structural context of the molecular 

system, and then used these tools to identify and characterize the propagation of the local 

impact of the perturbation throughout the entire molecule (even if the full global 

conformational changes may not have been reached). In addition, we took advantage of 

the dynamics of the transporter protein which, under a specific condition, exhibits an 

equilibrium distribution of conformational states – e.g., while LeuT prefers the outward-

open state in the Na-only condition [225], as the dynamics measurements with EPR and 

smFRET indicate, the protein still visits other states, albeit with lower probability [51, 

200, 226].  

Using these approaches we revealed the allosteric impact of the mutation Y268A in 

disrupting the transition towards the outward-open conformation at the extracellular side 

in the “Y268A.Na.ns” simulations (Figure III.D.1), but we did not observe a drastic 

change towards an inward-open state at the intracellular side, as was suggested by the 

experimental studies [51]. Although the simulation timescale limited the extent of 

transition we could observe, the sensitivity of the specifically developed analysis 

protocols still allowed us to identify some relatively subtle and dynamic changes in the 
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frequency of pairwise residue interactions that included some at the intracellular side and 

connected to the interaction network responsible for allosteric propagation across the 

entire transporter protein. Thus by representing interactions with significantly different 

frequencies as edges, which connect vertices that represent interaction partners, and 

coloring the edges accordingly, either at the individual residue or a coarse-grained level, 

we were able to identify the pathway(s) formed by connected and colored edges that 

distinguish the different states (e.g., Figure III.D.S3). For example, in “WT.Li.ns” the 

TM10e segment in the extracellular vestibule (EV) has significantly shorter distances to 

several sub-segments when compared to the reference “WT.Na.ns” (Figure III.D.S3.a). 

This result illustrates the difference between the opening of the EV of “WT.Li.ns” to that 

of “WT.Na.ns”, which might have been missed otherwise because it can still open 

significantly (Figure III.D.1). 

 

These pathways provide mechanistic insights into allosteric propagations, e.g., from the 

substrate, inhibitor, or ion binding sites to the extracellular or intracellular gates, and vice 

versa. In particular, consistent with the hypothesis that allosteric communication is 

transmitted through preexisting pathways [239], we found the identity of the pathways 

that are biased by Li+ binding and the mutation Y268A share many commonalities, even 

though the perturbations themselves are in specific manners, and consequently the 

functional and conformational effects are different (Figure III.D.5). 

NSSs have been implicated in drug abuse and a variety of other psychiatric disorders. To 

rationally develop targeted therapeutic interventions, we must understand how the 
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consequences of substrate and inhibitor binding at the molecular level are propagated 

differentially to affect NSS function. For example, the low abuse liability of several DRI 

opens promising and highly specific approaches to the treatment of cocaine dependence. 

Thus to develop such therapies it is critical to understand in-depth the molecular 

mechanism of inhibition that governs abuse liability by different DRIs. Curiously, the 

inhibition potency of dopamine update in the Y335A mutant (aligned to Tyr268 of LeuT) 

relative to WT by these DRI were found to be significant lower than cocaine, and thereby 

were proposed to bind in less outward-open conformations [223, 224]. Our findings in 

this study provide specific clues and a framework to investigate how the impact of the 

mutation Y335A propagates to the extracellular through the conserved AIN that is 

associated with Na+ coupling. Such detailed analysis and understanding would lead the 

way to establish the molecular models of NSSs in the targeted conformations for virtual 

screening compounds with desired pharmacological profiles. 

 

III.D.6. Methods 

III.D.6.1. Molecular Dynamics Simulations 

All Molecular Dynamics (MD) simulations were started from the substrate-bound crystal 

structure (2A65) under the conditions listed in Table III.D.S6. For different mechanistic 

elements of NSSs, the wild type transporter is denoted as “WT”, and the mutants as 

“Y268A” and “R5A”, respectively. The absence or presence of the substrate are denoted 

as “s” and “ns”, respectively, and the presence of either Na+ or Li+ are denoted as “Na” 

and “Li”. 
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III.D.6.2. Structural Element Definitions 

Throughout our analysis (e.g., for the coarse-grained allosteric networks in Figure III.D.5 

and Figure III.D.S3) we defined the following structural elements in LeuT: The N-

terminus, NT (residues 1-9), the intracellular section of TM1, TM1i (residues 10-19), the 

middle section of TM1, TM1m (residues 20-27), the extracellular section of TM1, TM1e 

(residues 28-37), the extracellular loop EL1 (residues 38-40), TM2e (residues 41-46), 

TM2m (residues 47-56), TM2i (residues 57-70), the intracellular loop IL1 (residues 71-

87), TM3i (residues 88-103), TM3m (residues 104-108), TM3e (residues 109-124), EL2 

(residues 125-165), TM4e (residues 166-174), TM4i (residues 175-183), IL2 (residues 

184-190), TM5i (residues 191-200), TM5e (residues 201-213), EL3 (residues 214-240), 

TM6e (residues 241-249), TM6m (residues 250-261), TM6i (residues 262-268), IL3 

(residues 269-275), TM7i (residues 276-285), TM7m (residues 286-292), TM7e (residues 

293-306), EL4a (residues 307-319), EL4b (residues 320-336), TM8e (residues 337-350), 

TM8m (residues 351-359), TM8i (residues 360-369), IL4 (residues 370-374), TM9i 

(residues 375-384), TM9e (residues 385-395), EL5 (residues 396-398), TM10e (residues 

399-406), TM10m (residues 407-411), TM10i (residues 412-424), IL5 (residues 425-

446), TM11i (residues 447-469), TM11e (residues 470-477), EL6 (residues 478-482), 

TM12e (residues 483-492), TM12i (residues 493-515).  

 

III.D.6.3. Meta Clustering Protocol 

We have developed a clustering protocol that is able to organize all the trajectory data 

from our set of 16 MD simulations into different ensembles, based on overall structural 
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similarity. To this end, each MD trajectory was preliminarily clustered based on a 

pairwise dissimilarity matrix (Cα-ifRMSDs) with the “agglomerative nesting” algorithm 

and the “average” cluster linkage criterion; for each trajectory i, we set the clustering 

algorithm to identify nci clusters, where nci is the total simulation time of trajectory i 

divided by 4.8 ns, resulting in a range of nci=50-300 clusters for each of the trajectories 

(see Table III.D.S6 for the number of cluster representatives under each simulated 

condition). The representative frames from each of these clusters were further combined 

into a “meta” trajectory that was once again clustered with the same type of dissimilarity 

matrix and “agglomerative nesting” algorithm, assuming different numbers of meta 

clusters nmc=2,3, … . Ideally, each nci should equal the total number of frames in each 

individual trajectory, but is limited by the computational cost involved in clustering a 

meta trajectory of more than ~64,000 frames. Our particular choice of the nci is therefore 

a simplification of the clustering complexity of each individual trajectory with practically 

affordable values of the nci. That this choice of nci works well for our purposes, is shown 

for the subset of wild-type trajectories in the Supporting Information, and we observed 

that different choices of the nci lead to similar clustering results (Figure III.D.S4). Since 

nmc can be interpreted as a conformational resolution parameter of the meta-clustering 

step, we chose the largest value of nmc, for which the minimum inter-cluster ifRMSD is 

not below the threshold rthres, so that clusters are sufficiently different in terms of the 

ifRMSD metric. The value of rthres we defined as the most frequent pairwise ifRMSD 

between all the cluster representatives, i.e. rthres≡1.9 Å (see Figure III.D.S5). 
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III.D.6.4. Conformational Analysis 

We used the iterative fit RMSD measure (ifRMSD) as described in [225] to quantify 

structural similarity between two frames of our MD simulations. 

The volume of the extracellular vestibule (EV) was assessed by the number of water 

molecules in the EV (see [225] for more details). Distances and dihedral angles were 

computed with the VMD program [149]. Significant differences in the observables on 

molecular structures were visualized with the program PyMol (Schrödinger). 

Pairwise residue interactions are calculated according to the residue contact defined in 

[122], i.e., if the distance between any two heavy atoms from two residues is smaller than 

the sum of their van der Waals radii plus an extra 0.6 Å, these two residues are 

considered in “contact”. However, we exclude the residue pairs that are within 4 residues 

in sequence in this calculation because it is not sensitive to the changes between a residue 

and its immediate neighbors connected through the backbone. To detect such changes, 

e.g., switching from a i – i+3 to a i – i+4 backbone H-bond interaction, we complement 

the “contact” results with those from the polar interactions computed with the HBPLUS 

program [123]. A pairwise residue interaction is thus defined to exist, if we can detect a 

polar interaction or a “contact” between this pair. 

We consider a pairwise residue interaction to be significantly different between two 

conditions a and b, if their difference in interaction frequency, 

€ 

df ≡ fa − fb  is statistically 

significant from zero: 

€ 

abs df( ) − Δdf ≥ 0, where 

€ 

Δdf ≡ Δfa
2 + Δfb

2  is the confidence 

interval of  defined by the confidence intervals of  and  through standard error 
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propagation [124]. The 95%-confidence intervals  and  are approximated as 

€ 

Δf ≈ 2SE f( ) ≈ 2 σ
ttot /2τ  

[125], where SE is the standard error of the mean, σ is the 

standard deviation of the binary interaction time traces,  is the total simulation time of 

a simulated condition, and 

€ 

τ ≈ 60ns 	   is the autocorrelation time determined from the 

maximum of autocorrelation times of any simulation and chosen global observables of 

the transporter (total radius of gyration, total accessible surface area, total potential 

energy, total water count of the extracellular vestibule). Each autocorrelation time was 

estimated from the smallest lag time, at which the standard autocorrelation function has 

decayed to 

€ 

e−1 = 0.368	  [86, 125]. 

The normalized distribution of the distance between cation bound in the Na1 and Na2 

sites shows three prominent peaks at 7.3 Å, 9.5 Å, and 12 Å (Figure III.D.3.c). These 

peaks are separated by two local minima at 8.6 Å and 10.7 Å, which allow us to 

determine if Na+ is bound in the Na1 site (the distance < 8.6 Å), in the transient site (the 

distance <10.7 Å), or in the Na1’ state, as represented in Figure III.D.S1.a along the 

entire simulation set. 

 

III.D.6.5. Potential of Mean Force Computations 

The representative frames of the “Y268A.Na.ns.1” and “Y268A.Na.ns.2” used as the 

starting conformations for the PMF computations are the frames of the “evolved” stages 

in these trajectories that have minimum average ifRMSDs to the other frames. 
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Potential of mean force (PMF) profiles for Na+ binding to the Na1 and Na1’ sites from 

EC bulk were computed using the CHARMM program [80], for the Y268A mutants. 

Two profiles were computed using starting conformations from “Y268A.Na.ns.1” and 

“Y268A.Na.ns.2” respectively. The reaction coordinate for the profiles is the Cartesian 

coordinate z that is perpendicular to the lipid bilayer and pointing toward the extracellular 

side. A z value around 0 indicates the Na+ is bound to the Na1 site while a high positive z 

value indicates the Na+ is approaching the EC bulk. Harmonic biasing potentials with a 

force constant of 10 kcal/(mol·Å2) were applied to 107 windows using the MMFP 

module in CHARMM for umbrella sampling. The window size was 0.25 Å starting from 

−1.5 Å below the Na1 site to 25.0 Å above it. 1 ns of MD simulation was carried out 

using a timestep of 2 fs for each window. The first 500 ps of the MD trajectories were 

used to seed the initial configuration (moving the Na1 ion to the window specified 

constrained position) and equilibration. The seeding procedure placed the ion in a wide 

range of positions within the extracellular vestibule, enabling sufficient sampling along 

the reaction coordinate [225]. The weighted histogram method (WHAM) was then used 

to obtain the PMF’s from the last 500 ps simulations of each window [210]. The standard 

errors of the PMFs were computed by blocking the data into three blocks. The errors are 

within ±2 kcal/mol and are significant for the discussions here. 
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III.D.8. Supplementary Information 

III.D.8.1. Meta-Clustering Validation on the Wild-Type Trajectories 

We first tested our meta-clustering protocol, described in Methods, on the five wild-type 

trajectories, one with bound substrate (“WT.Na.s.1-2”) and three without substrate 

(“WT.Na.ns.1-3”). Figure III.D.S5 presents meta-clustering results of the entire set of 

WT trajectories for different numbers of resulting clusters nmc=2,3,4,5 along the 

different columns. The meta cluster identity time traces shown in (a) and (b) are (almost) 

identical for each column, demonstrating that our approximation to meta cluster (a) only 

nc=500 representatives instead of (b) every 480 ps from every trajectory perfectly holds 

for the given set of trajectories, and may still hold for any larger set. In Figure III.D.S5.c, 

the distribution plots of the extracellular vestibule size of each meta cluster in each 

column indicate that our general clustering approach is able to distinguish ensembles of 

meta clusters with different size of the extracellular vestibule. 

In the following, we will focus our analysis on the meta-clustering results with nmc=4 

because this is the largest value of nmc, for which the minimum cluster-to-cluster 

separation (measured as average pairwise iRMSD between clusters) is not below a 

threshold of 1.9Å, which is obtained from the most frequent pairwise ifRMSD among our 

set of simulated trajectories (Figure S6). As shown in Figure III.D.S5.c, the four meta 

clusters of this trajectory set have overlapping distributions in extracellular vestibule 

water count with well-defined peaks in increasing order from the substrate-bound state 

(red cluster, trajectory “WT.Na.s.1”) via an intermediate, substrate-less state (yellow 

cluster, trajectories “WT.Na.ns.1-3”) to two outward-facing states (blue cluster, trajectory 
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“WT.Na.ns.2”, and green cluster, trajectories “WT.Na.ns.1/3”). This result indicates that 

in the absence of substrate, LeuT can evolve towards two different conformational states 

(“blue” and “green” cluster), whose extracellular vestibule has opened to different 

extents. 

 

III.D.8.2. Potential of Mean Force Computations 

The differences in the mean-force well minima between “Y268A.Na.ns.1” and 

“Y268A.Na.ns.2” PMF runs can be explained by changes in stabilizing interactions 

between Na+ and the side chains of residues Tyr47 and Gln250 (Figure S4): Along the 

325-421ns trajectory window of the Y268A.Na.ns.2 simulation, these interactions form 

significantly more frequently than in the 784-880ns window of the Y268A.Na.ns.1 

simulation. 
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Figure III.D.S1. Residue-specific Definitions of the Na1 and Na1’ Binding Sites, 

expressed as the frequency of appearance of each residue in the binding site. The colors 

of the bars indicate the binding frequencies for a residue’s backbone (“b”) or side chain 

atoms (“s”) binding the Na1-cation at any time during each simulated condition in the 
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presence (a), or absence (b) of substrate (frequency>0.5%). Each of these binding 

frequencies is decomposed into frequencies of events, in which the particular residue 

binds the Na1 ion (i.e. at a distance <2.5Å) alone (yellow bars), or together with 1 

(green), 2 (cyan), 3 (blue), 4 (purple), or 5 (red) other binding partners. 

 

 

 

Figure III.D.S2. The Separation between Cations bound in the Na1 and Na2 Sites plotted 

as a normalized distributions of Na1-to-Na2 distances for each simulated condition. 

Three sites are indicated (the regular Na1 at ~7Å, a transient position at ~9.5Å, and the 

Na1’ binding site at 12Å). Note that the cation in Na2 is stably positioned in all these 

simulations.  
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Figure III.D.S3. Perturbations on LeuT are Associated with Transporter-Wide Changes 

in its Allosteric Network. Pairwise interaction differences between the evolved trajectory 

segments for “Y268A.Na.ns” (a); “WT.Li.ns” (b); “R5A.Na.ns” (c), and “WT.Na.s” (d)  - 

with respect to “WT.Na.ns”. The representation is as in Figure III.D.5.b, showing 

networks of structural elements. The connection is rendered in orange if the interaction 

between the elements involves residue interactions that are significantly more frequent 

under the perturbed condition compared to “WT.Na.ns”, and in (green) if other residues 

in the segments have interactions that are less frequent. Black indicates the segments that 

are connected by both orange and green lines. 
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Figure III.D.S4. Validation of the Clustering Protocol: Our clustering results with only 

500 representatives for each trajectory (b, see Methods) are consistent with taking into 

account every 480ps of the simulation data (for the wild-type “WT.Na” simulation set). 

Shown are the wild-type simulations with nmc=2,3,4,5 meta clusters along the columns. 

In a) and b), each heat map presents simulation time traces of meta cluster identities for 

any wild type trajectory (white represents the end of the simulation). In a), every 480ps of 

a trajectory was considered for meta clustering, whereas in b), only the nc=500 

representatives of each trajectory (see Methods). c) Normalized frequency distributions 

of the extracellular vestibule opening, measured by the number of water molecules inside 

this region (see Methods), shown here of each meta cluster, as computed in b). 
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Figure III.D.S5. Our Simulated Trajectory Set has a Most Frequent Pairwise ifRMSD of 

1.9Å. 

The pairwise ifRMSD distribution shown is obtained from all pairwise ifRMSD values 

among all the trajectories’ representative frames (see Methods). The most frequent 

ifRMSD value of 1.9Å is marked with a red vertical line. 
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Configuration 
Number 
of 
replicas 

Total 
simulation 
time (ns) 

WT.Na.Leu 2 590 
WT.Na.Ala 1 360 
WT.Na.ns 3 3600 
WT.Li.Leu 1 360 
WT.Li.Ala 1 360 
WT.Li.ns 2 2400 
Y268A.Na.Leu 1 600 
Y268A.Na.ns 3 4320 
R5a.Na.ns 2 2640 
Total 16 15230 

 

Table III.D.S6. List of MD Simulations Performed for each Condition. Simulations of 

the wild-type LeuT are denoted as “WT”, and the ones with mutations are denoted as 

“Y268A” and “R5A”. The presence of either Na+ or Li+ in the simulation configurations 

is denoted as “Na” or “Li”, respectively; and the presence or absence of substrate is 

denoted as “s” or “ns”, respectively. All molecular dynamics simulations were started 

from the crystal structure of LeuT in the occluded state (PDB code: 2A65).  
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Table III.D.S7. Interaction Frequencies of Residue Pairs near the Intracellular and 
Extracellular Gates. 

a) Intracellular gate 

Se1 Residue1 Se2 Residue2 WT. 
Na.ns 

Y268A. 
Na.ns 

WT. 
Li.ns 

R5A. 
Na.ns 

WT. 
Na.Leu 

Y268A. 
Na.Leu 

WT. 
Li.Leu 

WT. 
Na.Ala 

WT. 
Li.Ala 

NT Met 1 NT Arg/Ala 5 0.18 0.00 0.26 0.13 0.03 0.19 0.37 0.00 0.00 
NT Met 1 NT Glu 6 0.18 0.01 0.15 0.17 0.25 0.16 0.22 0.04 0.01 
NT Met 1 TM8i Glu 368 0.56 0.00 0.47 0.44 0.27 0.34 0.63 0.02 0.07 
NT Met 1 TM8i Asp 369 0.56 0.00 0.50 0.69 0.28 0.34 0.64 0.00 0.07 
NT Met 1 TM9i Arg 375 0.44 0.00 0.36 0.34 0.19 0.23 0.51 0.03 0.03 
NT Glu 2 NT Arg/Ala 5 0.09 0.27 0.18 0.02 0.20 0.26 0.08 0.05 0.12 
NT Glu 2 IL1 Gly 73 0.05 0.28 0.51 0.33 0.02 0.17 0.06 0.01 0.01 
NT Glu 2 TM8i Asp 369 0.34 0.04 0.47 0.56 0.00 0.30 0.49 0.00 0.00 
NT Glu 2 IL4 Lys 372 0.43 0.25 0.19 0.24 0.12 0.07 0.60 0.06 0.10 
NT Glu 2 TM12i Arg 508 0.41 0.28 0.76 0.48 0.04 0.32 0.71 0.00 0.11 
NT Lys 4 TM6i Ser 267 0.00 0.34 0.18 0.18 0.00 0.00 0.00 0.00 0.00 
NT Lys 4 TM8i Asp 369 0.00 0.27 0.12 0.31 0.01 0.03 0.00 0.00 0.00 
NT Arg/Ala 5 IL1 Gly 73 0.20 0.18 0.36 0.00 0.27 0.54 0.18 0.23 0.31 
NT Arg/Ala 5 TM6i Ser 267 0.25 0.11 0.27 0.00 0.63 0.10 0.06 0.51 0.15 
NT Arg/Ala 5 TM6i Tyr/Ala 268 0.22 0.02 0.09 0.00 0.39 0.02 0.12 0.40 0.17 
NT Arg/Ala 5 TM8i Asp 369 0.56 0.48 0.21 0.00 0.46 0.52 0.48 0.59 0.88 
NT Glu 6 IL2 Ile 187 0.46 0.72 0.43 0.39 0.46 0.73 0.34 0.58 0.70 
NT Glu 6 TM6i Tyr/Ala 268 0.66 0.59 0.84 0.67 0.81 0.70 0.61 0.81 0.72 
IL1 His 74 TM6i Ser 267 0.06 0.24 0.66 0.03 0.22 0.66 0.01 0.14 0.00 
IL1 His 74 IL4 Glu 370 0.01 0.01 0.15 0.01 0.22 0.08 0.01 0.01 0.02 
IL1 His 74 TM12i Arg 508 0.02 0.07 0.14 0.01 0.17 0.08 0.01 0.01 0.06 
IL1 Gly 75 TM6i Thr 264 0.05 0.26 0.60 0.03 0.17 0.74 0.01 0.18 0.01 
IL1 Gly 75 TM8i Ala 365 0.00 0.16 0.50 0.00 0.01 0.46 0.00 0.04 0.00 
IL1 Thr 76 TM8i Ala 365 0.70 0.70 0.33 0.76 0.78 0.45 0.74 0.88 0.73 
IL1 Thr 76 IL4 Glu 370 0.83 0.65 0.49 0.77 0.64 0.36 0.88 0.38 0.68 
IL2 Ile 187 TM6i Tyr/Ala 268 0.89 0.50 0.90 0.89 0.90 0.47 0.87 0.86 0.86 
TM6i Thr 264 TM6i Ser 267 0.59 0.35 0.76 0.63 0.69 0.49 0.52 0.71 0.52 
TM6i Thr 264 TM8i Gln 361 0.72 0.79 0.71 0.74 0.43 0.80 0.88 0.75 0.83 
TM6i Thr 264 TM8i Ala 365 0.27 0.43 0.04 0.31 0.27 0.18 0.31 0.39 0.45 
TM6i Tyr 265 TM8i Gln 361 0.15 0.32 0.09 0.19 0.58 0.27 0.23 0.28 0.21 
TM6i Tyr/Ala 268 TM8i Gln 361 0.67 0.00 0.83 0.55 0.43 0.00 0.45 0.47 0.49 
TM6i Tyr/Ala 268 TM8i Ala 365 0.39 0.00 0.04 0.24 0.29 0.00 0.27 0.15 0.36 
TM8i Asp 369 TM12i Arg 508 0.39 0.39 0.67 0.24 0.18 0.76 0.62 0.02 0.33 
IL4 Glu 370 TM12i Arg 508 0.93 0.97 1.00 0.88 0.90 1.00 0.91 0.98 0.83 
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b) Extracellular gate 

Se1 Residue1 Se2 Residue2 WT. 
Na.ns 

Y268A. 
Na.ns 

WT. 
Li.ns 

R5A. 
Na.ns 

WT. 
Na.Leu 

Y268A. 
Na.Leu 

WT. 
Li.Leu 

WT. 
Na.Ala 

WT.Li.
Ala 

TM1m Gly 26 TM1o Arg 30 0.70 0.69 0.80 0.62 0.15 0.09 0.17 0.07 0.20 
TM1m Gly 26 TM6m Gln 250 0.06 0.01 0.00 0.03 0.93 0.95 0.96 0.93 0.93 
TM1o Arg 30 TM3m Tyr 107 0.26 0.42 0.55 0.34 0.29 0.20 0.15 0.21 0.14 
TM1o Arg 30 TM6m Gln 250 0.59 0.31 0.08 0.42 0.87 0.82 0.75 0.75 0.73 
TM1o Arg 30 TM6m Phe 253 0.38 0.15 0.08 0.29 0.87 0.89 0.85 0.84 0.76 
TM1o Arg 30 TM10o Asp 404 0.39 0.77 0.84 0.69 0.80 0.89 0.94 0.99 0.96 
TM1o Phe 31 TM6m Gln 250 0.14 0.46 0.38 0.12 0.75 0.70 0.66 0.80 0.65 
TM1o Gln 34 TM6o Ala 246 0.34 0.43 0.14 0.22 0.69 0.76 0.77 0.71 0.72 
TM1o Gln 34 TM6m Gln 250 0.78 0.94 0.84 0.85 0.66 0.52 0.69 0.45 0.80 
TM3m Tyr 107 TM6m Phe 253 0.00 0.10 0.00 0.08 0.49 0.53 0.67 0.64 0.73 
TM3m Tyr 107 TM10o Leu 400 0.94 0.87 0.67 0.91 0.76 0.71 0.69 0.70 0.71 
TM3m Tyr 107 TM10m Ala 407 0.00 0.08 0.30 0.00 0.00 0.00 0.00 0.00 0.00 
TM3m Tyr 107 TM10m Gly 408 0.01 0.02 0.00 0.04 0.25 0.50 0.33 0.44 0.46 
TM3m Tyr 108 TM6m Phe 253 0.00 0.11 0.05 0.04 0.39 0.48 0.39 0.57 0.45 
TM6o Gly 249 TM6m Phe 253 0.76 0.06 0.29 0.50 0.65 0.63 0.79 0.57 0.79 
TM6o Gly 249 TM10m Thr 409 0.00 0.36 0.20 0.03 0.01 0.02 0.01 0.03 0.00 
TM6m Phe 253 TM6m Phe 259 0.11 0.51 0.53 0.53 0.39 0.39 0.24 0.45 0.48 
TM6m Phe 253 TM10m Ala 407 0.00 0.28 0.28 0.00 0.00 0.00 0.00 0.00 0.00 
TM6m Phe 253 TM10m Thr 409 0.52 0.20 0.41 0.18 0.00 0.00 0.00 0.00 0.00 
TM6m Phe 253 TM11i Trp 467 0.68 0.02 0.33 0.21 0.00 0.00 0.00 0.00 0.00 
TM10o Leu 400 TM10o Asp 404 0.61 0.86 0.87 0.75 0.93 0.92 0.91 0.92 0.89 
TM10o Asp 404 TM10m Thr 409 0.95 0.36 0.51 0.58 0.99 1.00 1.00 1.00 1.00 
TM10o Phe 405 TM10m Gly 408 0.00 0.36 0.35 0.03 0.00 0.00 0.00 0.00 0.00 
TM10o Phe 405 TM10m Thr 409 0.51 0.26 0.33 0.73 0.39 0.24 0.29 0.32 0.30 
TM10o Phe 405 TM11o Tyr 471 0.91 0.94 0.85 0.83 0.48 0.68 0.82 0.39 0.96 
TM10m Thr 409 TM11i Trp 467 0.91 0.83 0.70 0.89 0.80 0.90 0.96 0.86 0.92 

 

Gate residues are defined to lie within 3Å of the gate’s core residues at any time during 

the simulations. Core residues of the extracellular gate are defined as residues Arg30, 

Phe253, and Asp404, and those of the intracellular gate as Tyr268, and Asp369. 

Frequencies of different gate residue interactions, ranging by more than 0.4 among the 

different simulated configurations are denoted by structural element (“Se1”, “Se2”) and 

residue identity (“Residue1”, ”Residue2”). Residue Gln250, which is involved in the 

Na1’ binding site, is marked in bold red. 
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Table III.D.S8. Common Perturbed Residue Pairs in the Selected Configurations. 

     Y268A.Na.ns vs. WT.Na.ns – WT.Li.ns vs. WT.Na.ns 

Se1 Residue1 Se2 Residue2 
TM1m Val 23 TM7o Leu 293 
TM1m Asn 27 TM7m Ala 289 
TM1o Arg 30 TM10o Asp 404 
TM3i Arg 88 TM12i Glu 505 
TM3i Ile 100 TM10m Ala 407 
TM3i Val 103 TM10o Trp 406 
TM3i Val 103 TM10m Ala 407 
TM3m Val 104 TM10m Gly 408 
EL2 Pro 160 EL6 His 480 
TM6o Ala 247 TM6m Ile 251 
TM6o Val 248 TM6m Phe 252 
TM6o Gly 249 TM6m Phe 253 
TM6o Gly 249 TM10m Thr 409 
TM6m Phe 252 TM6m Ser 256 
TM6m Phe 253 TM6m Phe 259 
TM6m Phe 253 TM10m Ala 407 
TM6m Phe 253 TM11i Trp 467 
TM6i Tyr/Ala 268 TM8i Ala 365 
TM7i Thr 281 TM7i Thr 284 
TM7i Ala 282 TM7m Asn 286 
TM7m Asn 286 TM7m Glu 287 
TM7m Ala 289 TM7o Gly 294 
TM7m Val 291 TM7o Ser 296 
TM7m Ile 292 TM7o Ser 296 
TM10o Met 403 TM10m Gly 408 
TM10o Asp 404 TM10m Thr 409 
TM10o Phe 405 TM10m Gly 408 
TM10o Trp 406 TM10m Gly 411 
TM10m Ala 407 TM10i Val 412 
EL6 Glu 478 TM12o Trp 484 
EL6 Glu 478 TM12o Arg 487 

 
Each residue pair is denoted by residue identity (“Residue1”, ”Residue2”) and 

corresponding structural element (“Se1”, “Se2”). Na1-, and Na2-coordinating residues 

are marked in bold blue, bold black, respectively, and extra- and intracellular gate 

residues are highlighted with a cyan and green background, respectively. 
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Table III.D.S9. Significant Differences in Pairwise Interaction Frequencies with respect 

to the “WT.Na.ns” condition of “Y268A.Na.ns” (a), “Y268A.Na.ns.1” (b), “WT.Li.ns” 

(c), “R5A.Na.ns” (d), “WT.Na.Leu” (e).  

 

a) 

Se1 Residue1 Se2 Residue2 f.WT.Na.ns f.Y268A.Na.ns 
NT MET 1 TM8i GLU 368 0.56 0.00 
NT MET 1 TM8i ASP 369 0.56 0.00 
NT MET 1 TM9i ARG 375 0.44 0.00 
NT GLU 2 TM8i ASP 369 0.34 0.04 
NT LYS 4 TM6i SER 267 0.00 0.34 
NT LYS 4 TM8i ASP 369 0.00 0.27 
NT ALA 9 IL2 SER 188 0.44 0.13 
TM1i MET 18 TM6i ALA 266 0.55 0.20 
TM1m_Na2 VAL 23 TM7o LEU 293 0.00 0.20 
TM1m_Na1 ASN 27 TM6m_Na1 THR 254 0.49 0.19 
TM1m_Na1 ASN 27 TM7m ALA 289 0.39 0.05 
TM1o ARG 30 TM10o ASP 404 0.39 0.77 
TM1o PHE 31 EL3 TRP 231 0.01 0.23 
TM1o PHE 31 TM6m_Na1p GLN 250 0.14 0.46 
TM1o PHE 31 TM7m_Na1p GLU 290 0.98 0.77 
TM1o PRO 32 TM7o GLY 294 0.73 0.40 
TM1o ALA 35 EL3 TRP 231 0.00 0.23 
EL1 GLY 40 EL3 PHE 229 0.76 0.42 
EL1 GLY 40 EL3 TRP 231 0.00 0.20 
TM2m PHE 51 TM6m LEU 255 0.15 0.48 
TM2m VAL 54 TM11i PHE 459 0.75 0.43 
TM3i ARG 88 TM12i GLU 505 0.61 0.96 
TM3i TRP 99 TM10m ALA 407 0.48 0.13 
TM3i ILE 100 TM10m ALA 407 0.70 0.28 
TM3i VAL 103 TM10o TRP 406 0.00 0.19 
TM3i VAL 103 TM10m ALA 407 0.94 0.66 
TM3m VAL 104 TM10m GLY 408 0.61 0.06 
EL2 VAL 127 TM8o THR 338 0.51 0.13 
EL2 PRO 128 EL4b SER 332 0.41 0.85 
EL2 PRO 131 EL2 ILE 140 0.18 0.68 
EL2 PRO 132 EL2 THR 135 0.00 0.28 
EL2 PRO 132 EL2 ILE 140 0.01 0.21 
EL2 ALA 134 EL4b GLN 333 0.22 0.01 
EL2 ILE 140 TM7o PHE 305 0.37 0.69 
EL2 ILE 140 EL4b ALA 329 0.30 0.06 
EL2 LEU 141 TM7o PHE 305 0.04 0.48 
EL2 LEU 148 EL2 ILE 152 0.95 0.68 
EL2 TYR 149 EL2 GLY 153 0.98 0.72 
EL2 TYR 149 EL2 PRO 155 0.01 0.48 
EL2 TYR 149 EL2 GLY 157 0.00 0.25 
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EL2 ILE 152 EL2 LYS 163 0.01 0.26 
EL2 GLY 153 EL2 LEU 162 0.89 0.54 
EL2 VAL 154 EL2 ILE 161 0.00 0.19 
EL2 PRO 155 EL2 ASP 158 0.30 0.00 
EL2 PRO 155 EL2 ILE 161 0.63 0.01 
EL2 LYS 156 EL2 ASP 158 0.00 0.28 
EL2 LYS 156 EL2 GLU 159 0.02 0.72 
EL2 LYS 156 EL5 ASN 397 0.00 0.39 
EL2 GLY 157 EL5 ASN 397 0.00 0.43 
EL2 PRO 160 EL6 HIS 480 0.57 0.13 
TM4o PHE 172 TM9o MET 394 0.78 0.44 
IL2 ILE 187 TM6i TYR/ALA 268 0.89 0.50 
IL2 SER 188 TM5i GLU 192 0.51 0.19 
TM5o ARG 212 EL4b THR 334 0.62 0.13 
EL3 ASN 220 TM7o ALA 304 0.71 0.28 
EL3 GLY 221 EL3 ASP 225 0.00 0.23 
EL3 THR 222 EL3 GLY 226 0.18 0.54 
EL3 THR 222 TM7o VAL 303 0.41 0.82 
EL3 THR 222 TM7o ALA 304 0.70 0.31 
EL3 ASP 225 TM7o VAL 303 0.58 0.19 
EL3 GLY 226 EL4a VAL 308 0.00 0.26 
TM6o ILE 245 TM11i VAL 462 0.26 0.03 
TM6o ILE 245 TM11i TRP 467 0.20 0.74 
TM6o ALA 246 TM6m_Na1p GLN 250 0.93 0.66 
TM6o ALA 247 TM6m ILE 251 0.85 0.29 
TM6o VAL 248 TM6m ILE 251 0.04 0.44 
TM6o VAL 248 TM6m PHE 252 0.43 0.04 
TM6o VAL 248 TM11i LEU 460 0.02 0.32 
TM6o VAL 248 TM11i LEU 463 0.25 0.77 
TM6o GLY 249 TM6m PHE 253 0.76 0.06 
TM6o GLY 249 TM10m THR 409 0.00 0.36 
TM6o GLY 249 TM11i LEU 463 0.74 0.15 
TM6m ILE 251 TM7m GLU 287 0.41 0.02 
TM6m PHE 252 TM6m SER 256 0.06 0.45 
TM6m PHE 253 TM6m SER 256 0.70 0.35 
TM6m PHE 253 TM6m PHE 259 0.11 0.51 
TM6m PHE 253 TM10m ALA 407 0.00 0.28 
TM6m PHE 253 TM10m THR 409 0.52 0.20 
TM6m PHE 253 TM11i TRP 467 0.68 0.02 
TM6m GLY 258 TM10i VAL 412 0.74 0.31 
TM6m PHE 259 TM8i PRO 362 0.17 0.51 
TM6i TYR/ALA 268 TM8i GLN 361 0.67 0.00 
TM6i TYR/ALA 268 TM8i ALA 365 0.39 0.00 
IL3 LYS 271 IL5 ARG 438 0.33 0.02 
IL3 ASP 272 IL5 GLY 439 0.24 0.01 
TM7i THR 281 TM7i THR 284 0.08 0.75 
TM7i ALA 282 TM7m_Na1 ASN 286 0.59 0.87 
TM7m_Na1 ASN 286 TM7m GLU 287 0.87 0.44 
TM7m ALA 289 TM7o GLY 294 0.95 0.56 
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TM7m_Na1p GLU 290 TM7o GLY 294 0.83 0.50 
TM7m VAL 291 TM7o SER 296 0.03 0.34 
TM7m ILE 292 TM7o SER 296 0.98 0.68 
TM7o GLY 294 TM7o SER 298 0.00 0.22 
TM7o GLY 295 TM7o PRO 300 0.83 0.46 
TM7o ILE 297 EL4b LEU 327 0.30 0.03 
TM7o ALA 302 EL4b ILE 330 0.62 0.09 
TM7o PHE 305 EL4b ALA 329 0.11 0.74 
TM7o PHE 305 EL4b THR 334 0.45 0.08 
EL4b GLY 323 TM8o TRP 344 0.93 0.57 
EL4b PHE 331 EL4b THR 334 0.33 0.05 
EL4b PHE 331 TM8o GLY 341 0.40 0.84 
EL4b PHE 331 TM8o TRP 344 0.31 0.78 
EL4b SER 332 EL4b ALA 335 0.23 0.00 
EL4b THR 334 TM8o GLY 337 0.22 0.59 
EL4b ALA 335 TM8o LEU 340 0.40 0.10 
EL4b GLY 336 TM8o LEU 340 0.85 0.41 
TM8o GLY 337 TM8o GLY 341 0.99 0.69 
IL4 GLU 370 TM12i ARG 507 0.92 0.59 
EL5 LYS 398 TM10o GLU 402 0.01 0.26 
TM10o SER 399 TM10o MET 403 0.21 0.76 
TM10o MET 403 TM10m ALA 407 0.32 0.72 
TM10o MET 403 TM10m GLY 408 0.58 0.22 
TM10o ASP 404 TM10m THR 409 0.95 0.36 
TM10o PHE 405 TM10m GLY 408 0.00 0.36 
TM10o PHE 405 TM10m ILE 410 0.99 0.61 
TM10o PHE 405 TM11o LYS 474 0.01 0.28 
TM10o TRP 406 TM10m GLY 411 0.98 0.39 
TM10o TRP 406 TM11o TYR 471 0.04 0.41 
TM10m ALA 407 TM10i VAL 412 0.99 0.42 
TM10m THR 409 TM10i VAL 413 0.13 0.58 
TM10m ILE 410 TM11o TYR 471 0.03 0.32 
TM11i VAL 451 TM11i PRO 457 0.03 0.31 
TM11o MET 476 TM12o ARG 487 0.39 0.09 
EL6 GLU 478 EL6 HIS 480 0.02 0.26 
EL6 GLU 478 TM12o TRP 484 0.00 0.27 
EL6 GLU 478 TM12o ARG 487 0.01 0.48 
EL6 HIS 480 EL6 THR 482 0.45 0.12 
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b) 
Se1 Residue1 Se2 Residue2 f.WT.Na.ns f.Y268A.Na.ns.1 
NT MET 1 TM8i GLU 368 0.564 0.004 
NT MET 1 TM8i ASP 369 0.555 0.007 
NT MET 1 TM9i ARG 375 0.44 0.006 
NT GLU 2 TM8i ASP 369 0.343 0.006 
NT GLU 2 IL4 LYS 372 0.426 0.07 
NT GLU 2 TM12i ARG 508 0.412 0 
NT ALA 9 IL2 SER 188 0.444 0.088 
TM1m_Na1 ASN 27 TM7m ALA 289 0.394 0.056 
TM1o ARG 30 TM10o ASP 404 0.386 0.975 
TM1o PHE 31 EL3 TRP 231 0.007 0.519 
TM1o PRO 32 EL3 LEU 230 0.004 0.353 
TM1o ALA 35 EL3 TRP 231 0.003 0.517 
TM1o ALA 36 EL3 PHE 229 0.366 0.041 
TM1o ALA 36 EL3 LEU 230 0.006 0.366 
EL1 GLY 40 EL3 PHE 229 0.755 0.102 
EL1 GLY 40 EL3 LEU 230 0.698 0.968 
EL1 GLY 40 EL3 TRP 231 0.004 0.449 
TM2o GLY 41 EL3 PHE 229 0.417 0.042 
TM2o GLY 41 EL3 LEU 230 0.904 0.343 
TM2o MET 44 EL3 TRP 231 0.182 0.697 
TM2i LEU 58 TM11i LEU 460 0.223 0.011 
TM2i GLY 69 IL1 GLY 75 0.748 0.292 
IL1 HIS 74 TM6i SER 267 0.06 0.525 
IL1 GLY 75 TM6i THR 264 0.05 0.533 
IL1 GLY 75 TM8i ALA 365 0.003 0.355 
IL1 THR 76 TM8i PRO 362 0.075 0.516 
TM3i ARG 88 TM12i GLU 505 0.605 0.926 
TM3m VAL 104 TM10m GLY 408 0.605 0.087 
TM3m TYR 107 EL4b PHE 320 0.472 0.124 
TM3o VAL 109 TM4o PHE 172 0.377 0.777 
TM3o SER 113 EL2 TYR 151 0.695 0.287 
EL2 GLU 129 EL2 PRO 143 0.503 0.15 
EL2 PRO 130 EL2 PRO 143 0.224 0.008 
EL2 PRO 131 EL2 SER 139 0.714 0.207 
EL2 PRO 131 EL2 ILE 140 0.183 0.787 
EL2 PRO 132 EL2 THR 135 0 0.633 
EL2 PRO 132 EL2 ILE 140 0.01 0.42 
EL2 ASN 133 EL4b GLN 333 0.054 0.513 
EL2 ALA 134 EL2 SER 139 0.347 0 
EL2 ALA 134 EL2 ILE 140 0.722 0.003 
EL2 ALA 134 EL4b GLN 333 0.215 0.001 
EL2 THR 135 EL2 ILE 140 0.259 0.804 
EL2 ILE 140 TM7o PHE 305 0.368 0.756 
EL2 LEU 141 TM7o PHE 305 0.036 0.539 
EL2 LEU 148 EL2 ILE 152 0.952 0.467 
EL2 TYR 149 EL2 GLY 157 0.003 0.565 
EL2 TYR 151 TM4o VAL 171 0.796 0.399 
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EL2 ILE 152 EL2 LYS 163 0.007 0.584 
EL2 GLY 153 EL2 LEU 162 0.885 0.331 
EL2 VAL 154 EL2 ILE 161 0 0.422 
EL2 PRO 155 EL2 ASP 158 0.298 0 
EL2 PRO 155 EL2 ILE 161 0.625 0.032 
EL2 PRO 155 EL2 LEU 162 0.31 0.014 
EL2 LYS 156 EL2 ASP 158 0 0.408 
EL2 LYS 156 EL2 GLU 159 0.023 0.814 
EL2 GLY 157 EL5 ASN 397 0.001 0.811 
EL2 GLU 159 EL5 ASN 397 0.604 0.99 
TM4o TYR 169 TM9o MET 394 0.786 0.306 
TM4o PHE 172 TM9o MET 394 0.775 0.199 
IL2 ILE 187 TM6i TYR/ALA 268 0.893 0.498 
IL2 SER 188 TM5i GLU 192 0.514 0.122 
TM5o ARG 212 EL4b THR 334 0.623 0.073 
TM5o VAL 213 EL3 ALA 223 0.632 0.032 
EL3 GLU 217 EL4b THR 334 0.264 0.756 
EL3 THR 218 TM7o ALA 304 0.831 0.184 
EL3 THR 218 TM7o PHE 305 0.285 0.03 
EL3 ASN 220 TM7o ALA 304 0.706 0.176 
EL3 ASN 220 TM7o PHE 305 0.653 0.129 
EL3 GLY 221 EL3 ASP 225 0 0.504 
EL3 GLY 221 TM7o VAL 303 0.315 0 
EL3 GLY 221 TM7o ALA 304 0.683 0.048 
EL3 THR 222 EL3 ALA 224 0.248 0 
EL3 THR 222 EL3 ASP 225 0.425 0.081 
EL3 THR 222 EL3 GLY 226 0.179 0.928 
EL3 THR 222 TM7o VAL 303 0.413 0.916 
EL3 THR 222 TM7o ALA 304 0.702 0.245 
EL3 THR 222 EL4a VAL 308 0.001 0.377 
EL3 ALA 223 EL3 GLY 226 0.5 0.106 
EL3 ASP 225 TM7o VAL 303 0.578 0.015 
EL3 GLY 226 TM7o PRO 300 0.339 0.046 
EL3 GLY 226 TM7o VAL 303 0.907 0.361 
EL3 GLY 226 EL4a VAL 308 0 0.57 
EL3 LEU 230 TM7o SER 296 0.237 0.001 
TM6o ILE 245 TM11i VAL 462 0.262 0.009 
TM6o ILE 245 TM11i TRP 467 0.202 0.841 
TM6o ALA 247 TM6m ILE 251 0.85 0.316 
TM6o VAL 248 TM6m PHE 252 0.433 0.072 
TM6o VAL 248 TM11i LEU 460 0.023 0.438 
TM6o VAL 248 TM11i LEU 463 0.247 0.819 
TM6o GLY 249 TM6m PHE 253 0.762 0.106 
TM6o GLY 249 TM11i LEU 463 0.741 0.084 
TM6m ILE 251 TM7m GLU 287 0.411 0.034 
TM6m PHE 252 TM6m SER 256 0.056 0.537 
TM6m PHE 253 TM6m PHE 259 0.105 0.607 
TM6m PHE 253 TM10m THR 409 0.521 0.062 
TM6m PHE 253 TM10i VAL 412 0.469 0.115 
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TM6m PHE 253 TM11i TRP 467 0.683 0 
TM6m GLY 258 TM10i VAL 412 0.739 0.263 
TM6i TYR/ALA 268 TM8i GLN 361 0.673 0 
TM6i TYR/ALA 268 TM8i ALA 365 0.394 0 
IL3 LYS 271 IL5 ARG 438 0.328 0.022 
IL3 ASP 272 IL5 GLY 439 0.244 0.003 
TM7i THR 281 TM7i THR 284 0.077 0.669 
TM7m_Na1 ASN 286 TM7m GLU 287 0.87 0.482 
TM7o GLY 295 TM7o PRO 300 0.834 0.327 
TM7o ALA 302 EL4b ILE 330 0.621 0.065 
TM7o PHE 305 EL4b ALA 329 0.105 0.769 
TM7o PHE 305 EL4b THR 334 0.45 0.117 
EL4b PHE 331 EL4b THR 334 0.332 0.049 
EL4b PHE 331 TM8o GLY 337 0.968 0.605 
EL4b SER 332 EL4b ALA 335 0.234 0 
EL4b GLY 336 TM8o PHE 339 0.288 0.017 
EL4b GLY 336 TM8o LEU 340 0.852 0.093 
TM8o GLY 337 TM8o GLY 341 0.989 0.309 
TM8i MET 363 TM12i LEU 497 0.43 0.038 
TM9o VAL 393 TM12o TYR 489 0 0.363 
TM9o MET 394 TM10o LEU 400 0 0.397 
TM10o SER 399 TM10o MET 403 0.208 0.688 
TM10o MET 403 TM10m ALA 407 0.317 0.734 
TM10o PHE 405 TM11o ILE 475 0.591 0.205 
TM10i VAL 413 TM11i LEU 463 0.593 0.212 
TM11o ILE 475 TM12o TRP 484 0 0.349 
EL6 GLU 478 EL6 THR 479 0.033 0.412 
EL6 GLU 478 EL6 HIS 480 0.015 0.444 
EL6 GLU 478 TM12o VAL 483 0.007 0.437 
EL6 GLU 478 TM12o TRP 484 0 0.599 
EL6 GLU 478 TM12o ARG 487 0.013 0.55 
EL6 THR 479 TM12o ARG 487 0.514 0.007 
TM12i ARG 508 TM12i ALA 513 0.272 0.769 
TM12i ASN 509 TM12i ALA 513 0.262 0.004 
TM12i HIS 510 TM12i GLY 514 0.233 0 
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c) 
 

Se1 Residue1 Se2 Residue2 f.WT.Na.ns f.Y268A.Na.ns 
NT MET 1 TM8i GLU 368 0.56 0.00 
NT MET 1 TM8i ASP 369 0.56 0.00 
NT MET 1 TM9i ARG 375 0.44 0.00 
NT GLU 2 TM8i ASP 369 0.34 0.04 
NT LYS 4 TM6i SER 267 0.00 0.34 
NT LYS 4 TM8i ASP 369 0.00 0.27 
NT ALA 9 IL2 SER 188 0.44 0.13 
TM1i MET 18 TM6i ALA 266 0.55 0.20 
TM1m_Na2 VAL 23 TM7o LEU 293 0.00 0.20 
TM1m_Na1 ASN 27 TM6m_Na1 THR 254 0.49 0.19 
TM1m_Na1 ASN 27 TM7m ALA 289 0.39 0.05 
TM1o ARG 30 TM10o ASP 404 0.39 0.77 
TM1o PHE 31 EL3 TRP 231 0.01 0.23 
TM1o PHE 31 TM6m_Na1p GLN 250 0.14 0.46 
TM1o PHE 31 TM7m_Na1p GLU 290 0.98 0.77 
TM1o PRO 32 TM7o GLY 294 0.73 0.40 
TM1o ALA 35 EL3 TRP 231 0.00 0.23 
EL1 GLY 40 EL3 PHE 229 0.76 0.42 
EL1 GLY 40 EL3 TRP 231 0.00 0.20 
TM2m PHE 51 TM6m LEU 255 0.15 0.48 
TM2m VAL 54 TM11i PHE 459 0.75 0.43 
TM3i ARG 88 TM12i GLU 505 0.61 0.96 
TM3i TRP 99 TM10m ALA 407 0.48 0.13 
TM3i ILE 100 TM10m ALA 407 0.70 0.28 
TM3i VAL 103 TM10o TRP 406 0.00 0.19 
TM3i VAL 103 TM10m ALA 407 0.94 0.66 
TM3m VAL 104 TM10m GLY 408 0.61 0.06 
EL2 VAL 127 TM8o THR 338 0.51 0.13 
EL2 PRO 128 EL4b SER 332 0.41 0.85 
EL2 PRO 131 EL2 ILE 140 0.18 0.68 
EL2 PRO 132 EL2 THR 135 0.00 0.28 
EL2 PRO 132 EL2 ILE 140 0.01 0.21 
EL2 ALA 134 EL4b GLN 333 0.22 0.01 
EL2 ILE 140 TM7o PHE 305 0.37 0.69 
EL2 ILE 140 EL4b ALA 329 0.30 0.06 
EL2 LEU 141 TM7o PHE 305 0.04 0.48 
EL2 LEU 148 EL2 ILE 152 0.95 0.68 
EL2 TYR 149 EL2 GLY 153 0.98 0.72 
EL2 TYR 149 EL2 PRO 155 0.01 0.48 
EL2 TYR 149 EL2 GLY 157 0.00 0.25 
EL2 ILE 152 EL2 LYS 163 0.01 0.26 
EL2 GLY 153 EL2 LEU 162 0.89 0.54 
EL2 VAL 154 EL2 ILE 161 0.00 0.19 
EL2 PRO 155 EL2 ASP 158 0.30 0.00 
EL2 PRO 155 EL2 ILE 161 0.63 0.01 
EL2 LYS 156 EL2 ASP 158 0.00 0.28 
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EL2 LYS 156 EL2 GLU 159 0.02 0.72 
EL2 LYS 156 EL5 ASN 397 0.00 0.39 
EL2 GLY 157 EL5 ASN 397 0.00 0.43 
EL2 PRO 160 EL6 HIS 480 0.57 0.13 
TM4o PHE 172 TM9o MET 394 0.78 0.44 
IL2 ILE 187 TM6i TYR/ALA 268 0.89 0.50 
IL2 SER 188 TM5i GLU 192 0.51 0.19 
TM5o ARG 212 EL4b THR 334 0.62 0.13 
EL3 ASN 220 TM7o ALA 304 0.71 0.28 
EL3 GLY 221 EL3 ASP 225 0.00 0.23 
EL3 THR 222 EL3 GLY 226 0.18 0.54 
EL3 THR 222 TM7o VAL 303 0.41 0.82 
EL3 THR 222 TM7o ALA 304 0.70 0.31 
EL3 ASP 225 TM7o VAL 303 0.58 0.19 
EL3 GLY 226 EL4a VAL 308 0.00 0.26 
TM6o ILE 245 TM11i VAL 462 0.26 0.03 
TM6o ILE 245 TM11i TRP 467 0.20 0.74 
TM6o ALA 246 TM6m_Na1p GLN 250 0.93 0.66 
TM6o ALA 247 TM6m ILE 251 0.85 0.29 
TM6o VAL 248 TM6m ILE 251 0.04 0.44 
TM6o VAL 248 TM6m PHE 252 0.43 0.04 
TM6o VAL 248 TM11i LEU 460 0.02 0.32 
TM6o VAL 248 TM11i LEU 463 0.25 0.77 
TM6o GLY 249 TM6m PHE 253 0.76 0.06 
TM6o GLY 249 TM10m THR 409 0.00 0.36 
TM6o GLY 249 TM11i LEU 463 0.74 0.15 
TM6m ILE 251 TM7m GLU 287 0.41 0.02 
TM6m PHE 252 TM6m SER 256 0.06 0.45 
TM6m PHE 253 TM6m SER 256 0.70 0.35 
TM6m PHE 253 TM6m PHE 259 0.11 0.51 
TM6m PHE 253 TM10m ALA 407 0.00 0.28 
TM6m PHE 253 TM10m THR 409 0.52 0.20 
TM6m PHE 253 TM11i TRP 467 0.68 0.02 
TM6m GLY 258 TM10i VAL 412 0.74 0.31 
TM6m PHE 259 TM8i PRO 362 0.17 0.51 
TM6i TYR/ALA 268 TM8i GLN 361 0.67 0.00 
TM6i TYR/ALA 268 TM8i ALA 365 0.39 0.00 
IL3 LYS 271 IL5 ARG 438 0.33 0.02 
IL3 ASP 272 IL5 GLY 439 0.24 0.01 
TM7i THR 281 TM7i THR 284 0.08 0.75 
TM7i ALA 282 TM7m_Na1 ASN 286 0.59 0.87 
TM7m_Na1 ASN 286 TM7m GLU 287 0.87 0.44 
TM7m ALA 289 TM7o GLY 294 0.95 0.56 
TM7m_Na1p GLU 290 TM7o GLY 294 0.83 0.50 
TM7m VAL 291 TM7o SER 296 0.03 0.34 
TM7m ILE 292 TM7o SER 296 0.98 0.68 
TM7o GLY 294 TM7o SER 298 0.00 0.22 
TM7o GLY 295 TM7o PRO 300 0.83 0.46 
TM7o ILE 297 EL4b LEU 327 0.30 0.03 
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TM7o ALA 302 EL4b ILE 330 0.62 0.09 
TM7o PHE 305 EL4b ALA 329 0.11 0.74 
TM7o PHE 305 EL4b THR 334 0.45 0.08 
EL4b GLY 323 TM8o TRP 344 0.93 0.57 
EL4b PHE 331 EL4b THR 334 0.33 0.05 
EL4b PHE 331 TM8o GLY 341 0.40 0.84 
EL4b PHE 331 TM8o TRP 344 0.31 0.78 
EL4b SER 332 EL4b ALA 335 0.23 0.00 
EL4b THR 334 TM8o GLY 337 0.22 0.59 
EL4b ALA 335 TM8o LEU 340 0.40 0.10 
EL4b GLY 336 TM8o LEU 340 0.85 0.41 
TM8o GLY 337 TM8o GLY 341 0.99 0.69 
IL4 GLU 370 TM12i ARG 507 0.92 0.59 
EL5 LYS 398 TM10o GLU 402 0.01 0.26 
TM10o SER 399 TM10o MET 403 0.21 0.76 
TM10o MET 403 TM10m ALA 407 0.32 0.72 
TM10o MET 403 TM10m GLY 408 0.58 0.22 
TM10o ASP 404 TM10m THR 409 0.95 0.36 
TM10o PHE 405 TM10m GLY 408 0.00 0.36 
TM10o PHE 405 TM10m ILE 410 0.99 0.61 
TM10o PHE 405 TM11o LYS 474 0.01 0.28 
TM10o TRP 406 TM10m GLY 411 0.98 0.39 
TM10o TRP 406 TM11o TYR 471 0.04 0.41 
TM10m ALA 407 TM10i VAL 412 0.99 0.42 
TM10m THR 409 TM10i VAL 413 0.13 0.58 
TM10m ILE 410 TM11o TYR 471 0.03 0.32 
TM11i VAL 451 TM11i PRO 457 0.03 0.31 
TM11o MET 476 TM12o ARG 487 0.39 0.09 
EL6 GLU 478 EL6 HIS 480 0.02 0.26 
EL6 GLU 478 TM12o TRP 484 0.00 0.27 
EL6 GLU 478 TM12o ARG 487 0.01 0.48 
EL6 HIS 480 EL6 THR 482 0.45 0.12 
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d) 
Se1 Residue1 Se2 Residue2 f.WT.Na.ns f.R5A.Na.ns 
NT MET 1 IL1 GLY 73 0.04 0.32 
NT MET 1 IL4 GLU 370 0.00 0.24 
NT MET 1 TM12i ARG 508 0.01 0.23 
NT GLU 2 IL1 GLY 73 0.05 0.33 
NT VAL 3 IL1 ALA 71 0.01 0.24 
NT LYS 4 TM6i TYR/ALA 268 0.00 0.22 
NT LYS 4 TM8i ASP 369 0.00 0.31 
NT ARG/ALA 5 TM2i GLY 70 0.25 0.00 
NT ARG/ALA 5 IL1 GLY 73 0.20 0.00 
NT ARG/ALA 5 TM6i SER 267 0.25 0.00 
NT ARG/ALA 5 TM6i TYR/ALA 268 0.22 0.00 
NT ARG/ALA 5 TM8i GLU 368 0.19 0.00 
NT ARG/ALA 5 TM8i ASP 369 0.56 0.00 
TM1o GLU 37 EL4a ALA 315 0.02 0.31 
TM2m ILE 49 TM6o TRP 244 0.46 0.14 
TM2m LEU 53 TM11i THR 456 0.77 0.44 
TM2m VAL 54 TM6m PHE 252 0.22 0.67 
TM3m VAL 104 TM10m GLY 408 0.61 0.23 
EL2 PRO 137 TM7o PHE 305 0.01 0.37 
EL2 LEU 141 TM7o PHE 305 0.04 0.33 
EL2 LEU 148 EL2 ILE 152 0.95 0.68 
EL2 TYR 149 EL2 GLY 157 0.00 0.35 
EL2 ILE 152 EL2 LYS 163 0.01 0.36 
EL2 GLY 153 EL2 LEU 162 0.89 0.54 
EL2 VAL 154 EL2 GLU 159 0.03 0.25 
EL2 VAL 154 EL2 ILE 161 0.00 0.27 
EL2 LYS 156 EL2 GLU 159 0.02 0.37 
EL2 GLY 157 EL5 ASN 397 0.00 0.40 
EL3 THR 218 EL4b GLN 333 0.01 0.23 
EL3 PHE 229 EL4a ALA 311 0.01 0.37 
EL3 TRP 231 TM7m VAL 291 0.24 0.56 
EL3 LEU 238 TM6o TRP 244 0.54 0.90 
TM6m PHE 252 TM10i VAL 412 0.79 0.42 
TM6m PHE 253 TM6m PHE 259 0.11 0.53 
TM6m PHE 253 TM10m THR 409 0.52 0.18 
TM6m PHE 253 TM11i TRP 467 0.68 0.21 
TM7i THR 281 TM7i THR 284 0.08 0.57 
TM7o ALA 302 EL4a ILE 314 0.01 0.35 
TM7o ALA 302 EL4b ILE 330 0.62 0.27 
TM7o VAL 303 EL4a ILE 314 0.00 0.23 
TM7o PHE 305 EL4b THR 334 0.45 0.15 
EL4a GLY 307 EL4a ALA 311 0.94 0.57 
EL4a VAL 308 EL4a VAL 312 0.84 0.45 
EL4a ASN 310 EL4a ILE 314 0.92 0.60 
EL4a ALA 311 EL4a ALA 315 0.91 0.60 
EL4a ILE 314 EL4b THR 326 0.84 0.51 
IL4 GLU 370 TM12i ARG 507 0.92 0.60 
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TM10o ASP 404 TM10m THR 409 0.95 0.58 
TM10o PHE 405 TM10m ILE 410 0.99 0.62 
TM12i GLU 505 TM12i ARG 508 0.09 0.47 
TM12i ARG 507 TM12i THR 515 0.40 0.01 
TM12i ARG 508 TM12i THR 515 0.49 0.10 

 
 
e) 
 

Se1 Residue1 Se2 Residue2 f.WT.Na.Leu f.WT.Na.ns 
NT GLU 2 TM8i ASP 369 0.00 0.34 
NT GLU 2 TM12i ARG 508 0.04 0.41 
TM1m ASN 21 TM8m_Na2 SER 355 0.99 0.76 
TM1m ASN 21 LG LEU 519 0.84 0.00 
TM1m_Na1 ALA 22 LG LEU 519 1.00 0.00 
TM1m GLY 24 LG LEU 519 1.00 0.00 
TM1m LEU 25 TM1o ARG 30 0.61 0.02 
TM1m LEU 25 LG LEU 519 1.00 0.00 
TM1m GLY 26 TM1o ARG 30 0.15 0.70 
TM1m GLY 26 TM6m_Na1p GLN 250 0.93 0.06 
TM1m GLY 26 LG LEU 519 1.00 0.00 
TM1m_Na1 ASN 27 TM7m_Na1 ASN 286 1.00 0.66 
TM1m_Na1 ASN 27 TM7o GLY 294 0.36 0.87 
TM1m_Na1 ASN 27 LG LEU 519 0.93 0.00 
TM1o ARG 30 TM6m PHE 253 0.87 0.38 
TM1o PHE 31 TM6m_Na1p GLN 250 0.75 0.14 
TM2m_Na1p TYR 47 TM7m_Na1p GLU 290 1.00 1.00 
TM2m LEU 53 TM11i THR 456 0.99 0.77 
TM2m VAL 54 TM6m PHE 252 0.77 0.22 
TM2i PRO 57 TM11i THR 456 0.03 0.43 
TM2i LEU 58 TM11i LEU 460 0.00 0.22 
TM3m VAL 104 LG LEU 519 0.51 0.00 
TM3m TYR 107 TM6m PHE 253 0.49 0.00 
TM3m TYR 107 EL4b PHE 320 0.08 0.47 
TM3m TYR 107 TM10o MET 403 0.74 0.21 
TM3m TYR 108 LG LEU 519 1.00 0.00 
TM3o VAL 109 TM9o ALA 390 0.00 0.29 
TM3o TYR 110 TM10o LEU 400 0.35 0.84 
TM3o GLU 112 TM8m SER 356 1.00 1.00 
TM3o PHE 122 EL4b PHE 331 0.00 0.19 
EL2 TYR 151 EL2 SER 165 0.48 0.02 
EL2 VAL 154 EL2 LYS 163 0.54 0.01 
EL2 PRO 155 EL2 ASP 158 0.00 0.30 
EL2 PRO 155 EL2 ILE 161 0.05 0.63 
EL2 LYS 156 EL2 GLU 159 0.66 0.02 
EL2 PRO 160 EL6 HIS 480 0.00 0.57 
EL2 ILE 161 EL6 TRP 481 0.00 0.33 
TM6o ILE 245 TM11i VAL 462 0.00 0.26 
TM6o ILE 245 TM11i TRP 467 0.99 0.20 
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TM6o ILE 245 TM11o TYR 471 0.57 0.00 
TM6o VAL 248 TM11i LEU 463 0.82 0.25 
TM6o GLY 249 TM11i LEU 463 0.00 0.74 
TM6m_Na1p GLN 250 TM7m_Na1p GLU 290 0.96 0.15 
TM6m ILE 251 TM6m LEU 255 0.85 0.44 
TM6m ILE 251 TM7m GLU 287 0.07 0.41 
TM6m PHE 253 TM10m THR 409 0.00 0.52 
TM6m PHE 253 TM10i VAL 412 0.00 0.47 
TM6m PHE 253 TM11i TRP 467 0.00 0.68 
TM6m PHE 253 LG LEU 519 1.00 0.00 
TM6m_Na1 THR 254 TM7m_Na1p GLU 290 1.00 1.00 
TM6m_Na1 THR 254 LG LEU 519 1.00 0.00 
TM6m SER 256 TM6i ILE 262 0.90 0.51 
TM6m SER 256 LG LEU 519 1.00 0.00 
TM6m PHE 259 LG LEU 519 0.96 0.00 
TM7m_Na1p GLU 290 TM7o GLY 294 0.33 0.83 
TM7m_Na1p GLU 290 TM7o GLY 295 0.88 0.33 
EL4b THR 334 TM8o GLY 337 0.01 0.22 
TM8m_Na2 SER 355 LG LEU 519 0.77 0.00 
TM8m ILE 359 LG LEU 519 0.77 0.00 
TM8i ASP 369 TM12i ARG 507 0.02 0.46 
IL4 GLU 370 TM12i ARG 507 0.42 0.92 
EL5 LEU 396 EL6 TRP 481 0.00 0.29 
EL5 LEU 396 EL6 THR 482 0.09 0.60 
EL5 ASN 397 EL6 THR 482 0.33 0.96 
EL5 LYS 398 TM11o GLU 477 0.76 0.00 
TM10o SER 399 TM10o MET 403 0.73 0.21 
TM10o GLU 402 TM12o ARG 487 1.00 1.00 
TM10o TRP 406 TM11o ILE 475 0.10 0.64 
TM10i VAL 413 TM11i LEU 463 0.02 0.59 
TM10i GLY 416 TM11i LEU 460 0.06 0.50 
TM11i VAL 451 TM11i THR 456 1.00 1.00 
TM11i TRP 467 TM11o ILE 472 0.59 0.07 
TM11i ARG 469 TM11o GLU 470 0.87 0.10 
TM11o PRO 473 TM11o GLU 477 0.01 0.24 
TM11o LYS 474 TM11o GLU 477 0.01 0.36 
TM11o ILE 475 TM12o ARG 487 0.08 0.66 
EL6 THR 479 TM12o TRP 484 0.00 0.49 
EL6 THR 479 TM12o ARG 487 0.01 0.51 
EL6 HIS 480 EL6 THR 482 0.00 0.45 
EL6 TRP 481 TM12o ILE 485 0.09 0.96 
EL6 THR 482 TM12o THR 486 0.00 0.99 
TM12i PHE 494 TM12i THR 498 1.00 1.00 
TM12i GLU 505 TM12i ARG 508 0.62 0.09 
TM12i ARG 507 TM12i THR 515 0.00 0.40 
TM12i ARG 508 TM12i THR 515 0.02 0.49 
TM12i ASN 509 TM12i GLY 514 0.57 0.04 
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IV. Conclusions and Outlook 

In Chapter II of this thesis, I presented novel computational approaches developed to 

enhance the modeling and analysis of different conformational states (and transitions 

between), and ligand-binding modes of a protein. These approaches were applied to the 

mechanistic studies of membrane proteins in the family of neurotransmitter reuptake 

transporters. The results from these studies (Chapter III) led to detailed mechanistic 

inferences in the substrate transport of mammalian glutamate transporters (Sections III.A-

B), and Neurotransmitter:Sodium Symporters (Sections III.C-D). 

 

In the following sections, I present a perspective on future work in the study of glutamate 

transporters (IV.A) and a methodological outlook on the analysis of transitions between 

conformational states (Section IV.B) and the modeling thereof (Section IV.C). 

 

IV.A. Glutamate Transporters 

IV.A.1. Identification of Binding Sites for Substrate and Ions along the Transition Path 

GltPh, as well as EAATs, co-transports three sodium ions per substrate [133], but only 

two sodium-binding sites (termed “Na1” and “Na2”) have been determined thus far in 

GltPh by crystallography [49, 131, 132, 168]. Various experimental and computational 

studies [139-141, 240-242] have suggested yet other regions and sites that can be 

involved in sodium binding in EAATs/GltPh, for example, near the GltPh residue Tyr92 

[139, 140, 240, 242], residue Asp390 [241], and near the substrate binding site [141]. 

Using Molecular Dynamics/FEP simulations, we also found that a sodium ion is able to 
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bind near T92, stabilizing the “Na1” and “Na2” sites at an ~8Å distance (the positions of 

sodium ions at these sites are distorted relative to the crystallographic positions, if a water 

molecule binds near T92 instead – data not published). We also found that in our MD 

simulations of the outward-facing, substrate-bound crystal conformation (OfCC), residue 

Asp376 binds sodium (i.e. has a distance <3Å to any sodium ion in the simulation box) 

for 42% of the simulation time, whereas in the crystal conformations of the outward-

facing, inhibitor-bound (T-OfOC) and inward-facing substrate-bound state (IfCC), this 

residue binds sodium for only 10% and 5%, respectively. This result would indicate that 

sodium binding to residue Asp376 is associated with different conformational states of 

GltPh; this residue is distant from the substrate site, and highly conserved among the 

EAAT protein family. 

Taken together, these different proposed sites/regions for sodium binding suggest the 

possibilities for GltPh/EAATs to bind sodium at more than three different sites in 

different combinations at different stages during substrate transport. To date, it is difficult 

to probe these binding combinations experimentally at different transport stages. 

Computationally, however, extensive Free Energy Perturbation calculations that compute 

the most favorable sodium-binding combinations in different conformational states have 

the potential to address this question [243]. 
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IV.A.2. Computation of Transition Free Energy Barriers 

A major accomplishment of this thesis is based on models of the substrate translocation 

path for the bacterial EAAT-homologue GltPh: these models allowed us to relate the 

large repositioning of the transport and trimerization domains along the path to molecular 

events at their interface (water penetration, chloride binding). Given the available 

theoretical approaches and computational resources, we were able to estimate free energy 

profiles for these modeled translocation paths: For example, in analogy to a path modeled 

with the String Method [91], it is possible with staircase targeted MD (Section II.A.2) to 

define a free energy profile 

€ 

ΔGstMD,k  along the “pause” phase index k based on “mean 

restraining forces” [244]: 

€ 

ΔGstMD,k ≡ ΔGstMD,i−1→ i
i=1

k

∑ ≡
1
2
FstMD,i + FstMD,i−1( ) RMSDref,i −RMSDref,i−1( )

i=1

k

∑ ,     

€ 

FstMD,i = − ∇VstMD i
= −kstMD RMSD(t) −RMSDref (t) i( )  

, where   

€ 

… i is the mean along the stMD pause phase i. Figure IV.A.1 shows plots of 

€ 

ΔGstMD,k  against the average simulation time of each pause phase index k for transition 

paths modeled with stMD from the outward- to inward-facing conformation, started from 

the substrate-bound (OfCC) and TBOA-inhibitor-bound (T-OfOC) crystal conformation. 

The energy profile started from the T-OfOC (gray plot) is higher than the profile started 

form the OfCC (black plot), indicating that the energy barrier of the transition from the 

outward- towards the inward-facing conformation of GltPh is higher with bound TBOA-

inhibitor than with bound Asp-substrate. This finding is consistent with the experimental 

fact that GltPh is able to transport substrate, but not the TBOA [245]. Taken together, the 
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accuracy of our estimated energy profiles may be useful to make mechanistic predictions 

in the future about the substrate translocation path of GltPh. Yet, this accuracy may be 

improved further with the application of coarse-grained string-method-based approaches 

[246, 247]. 

 

 

Figure IV.A.1. stMD free energy profiles computed along simulation time for the 

transition modeled with stMD from the outward- to inward-facing conformation of GltPh, 

started from the substrate-bound (OfCC, black plot) and TBOA-inhibitor-bound (T-

OfOC, gray plot) crystal conformation. 
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IV.A.3. Homology Models of Mammalian Glutamate Transporters 

One major goal in this thesis was to obtain molecular insights into the transport 

mechanism of the bacterial homologue GltPh, given the available crystallographic 

information, and through sequence alignment, draw inferences about the transport 

mechanism of the crystallographically undetermined mammalian glutamate transporters 

(EAATs). GltPh and EAATs share about 37% sequence identity, so in principle, a more 

informative, structural “alignment” between this bacterial homolog and the mammalian 

transporters in form of homology modeling [248] is possible. In contrast to remarkable 

successes demonstrated with homology models for other protein families, such a NSS 

[192, 249-251], the bottleneck in accurate modeling EAAT structures lies in a 50-residue 

long loop (TM4b-c loop), which does not exist in GltPh. This loop appears to play an 

important mechanistic role in EAATs, as in EAAT3, it has been proposed [252] to 

undergo “Na+ and glutamate binding-induced conformational changes”, with “a voltage-

independent component of Na+ binding” to “potentially transmit and report on 

cooperative conformational changes induced by Na+ binding”. In a homology model of 

EAAT1 [253], this loop had been modeled using a fragmented homology modeling 

approach using the FUGUE web server [138]. The model accuracy of such a long, 50-

residue loop, however, remained unclear from this study, and to date, has remained 

unclear in the literature [254, 255]. Perhaps additional experimental data, e.g. via Hg-

mediated crosslinking [132], can provide clues about possible conformations of this loop 

to be integrated in the modeling procedure. 
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IV.B. Further Improvements of the “Computational Multiscope”: 

         Correlations in Potential Energies between Residue Pairs 

In this thesis, I presented geometry-based strategies to identify pairwise interactions 

throughout a protein from Molecular Dynamics simulations (sections II.B.2 and III.D). 

This section illustrates that with embarrassingly parallel computer processing, it is 

possible to quantify these interactions with potential energies; this type of analysis has 

been previously done for MD simulations of the PDZ2 [256] and rhodopsin [121] 

proteins, albeit with much shorter simulation times. 

To quantify interactions in an MD simulation of the substrate-bound leucine transporter 

(“WT.Na.Leu.1”, see Section III.D), the NAMD Energy Plugin in VMD [149] was 

exploited to compute potential energies (sum of Lenard-Jones and Coulomb energies, and 

bonded interactions for intra-residue interactions) between pairs of residues that are 

within 7Å at any time during the simulation. In practice, this computation was distributed 

among ~500 individual CPUs, i.e. for each individual residue i, taking into account only 

interaction partner residues j of i with j≥i. Between pairwise interactions, Pearson 

correlations coefficients were computed, and 300 pairwise interactions kept that had the 

largest average absolute values of correlation coefficients to any other pairwise 

interaction. It is interesting to note that after a “complete linkage” hierarchical clustering 

procedure (“hclust” in the R package [204]), these 300 pairwise interactions can be 

grouped into two clusters of pairwise interactions, which tend to correlate positively 

within a cluster, but negatively between clusters (Figure IV.B.1). Taken together, this 
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clustering procedure provides a simplified representation of the complexity of these most 

highly coupled pairwise interactions. 

 

 

Figure IV.B.1. Clustered Pairwise Interaction Correlation Matrix of an MD Simulation 

of the Substrate-Bound Leucine Transporter (“WT.Na.Leu.1”, see section III.D). Matrix 

cells colored in blue and red indicate positively and negatively correlated pairwise 

interactions. Dendograms of the clustering step are shown to the left and on top of the 

correlation matrix. 
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IV.C. A Linear-harmonic ENM-MP Approach to Model Conformational Changes 

of Proteins 

Despite their simplicity, elastic network models have produced remarkable success in 

modeling the equilibrium dynamics of proteins [94, 161] and the conformational 

transition between equilibrium states [96, 258, 259]. One way to model these transitions 

with elastic network models is to assume a “mixed” potential of elastic potentials of 

individual equilibrium states and under this potential, connect these states with minimum 

energy paths [96, 258]. An alternative approach is to iteratively propagate a conformation 

along its lowest-frequency elastic modes towards a target, and re-diagonalize the Hesse 

matrix (also known as the “Hessian”) for further propagation [257, 259]. This strategy 

neglects the gradient of the potential energy, which can be significantly large along the 

transition between end-states. Therefore, it becomes necessary to take this gradient into 

consideration, when computing the elastic modes for the propagation: 

In elastic theory [260], the harmonic potential energy (Equation (1) in Section I.E.1) is an 

approximation from the Taylor series expansion of the potential energy for small 

fluctuations 

€ 

r ≡ q − q0 around a conformation 

€ 

q0  with potential energy E0: 

€ 

E r( ) ≈ E0 −∇E 0( )⋅ r +
1
2
r'Ωr  

For an equilibrium conformation 

€ 

q0, the gradient 

€ 

∇E 0( )
 

of 

€ 

E r( ) at r=0 is zero by 

definition, but can be significantly large for any other conformation 

€ 

q0  along the 

transition. For general 

€ 

∇E 0( ), therefore, the elastic potential energy results in the 

differential equations: 
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€ 

m˙ ̇ r +Ωr =∇E 0( ) 

, which can be rewritten in terms of  the normal modes 

€ 

ζ ≡ A' mr  after diagonalization of 

the symmetric matrix 

€ 

Ωij / mim j( )
ij( )  with eigen value matrix 

€ 

ω 2 ≡ ωλ
2δλj( )

λj
, Kronecker 

delta 

€ 

δλj , and eigenvector matrix A: 

€ 

˙ ̇ ζ +ω 2ζ = k ≡ A'm−1/ 2∇E 0( ) 

or for each eigen mode, 

€ 

˙ ̇ ζ λ +ωλ
2ζλ = kλ . 

For 

€ 

ωλ
2 > 0 , one solution for this set of differential equations is given by the Ansatz: 

€ 

ζλ =
kλ
ωλ
2 + cλ cos ωλ t +ϕλ( )  

Taken together, for small fluctuations around a non-equilibrium conformations q0, one 

obtains a correction “offset” 

€ 

kλ
ωλ
2  in the mode computation. The challenge for future 

investigations on this topic will be to determine these offsets by estimating the gradient 

€ 

∇E 0( ). Potentially, the implementation of simplified coarse-grained potentials would be 

of help to tackle this problem [261-265]. 
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V. Appendix 

V.A. Documentations 

The software of the documentations presented in this chapter can be found directly on the 

Harel Weinstein Lab file servers (e.g. “pascal”) under: /home/sebastian/share/all 

or by email request to the author: ss629@cornell.edu 

Copyright 2013, Sebastian Stolzenberg for Thesis Research in the Harel Weinstein Lab 

 

V.A.1. Controlled Transformations for Free Energy Perturbations 

This software can be found under: 

/home/sebastian/share/all/FEP_const_deltaG 

# 
# 
# Copyright 2010, Sebastian Stolzenberg 
# Department of Physiology & Biophysics at  
# Weill Cornell Medical College, New York, NY 
# and 
# Department of Physics, Cornell University, Ithaca, NY 
# 
# For Thesis Research in the Harel Weinstein Lab 
# 
# Regarding questions/remarks: ss629@cornell.edu 
#  
# This documenation was written by: 
# Michelle Sahai, Sebastian Stolzenberg, November 2012 
#      
# 
# Step-wise protocol for  
# setting up and running Free Energy Purtubation (FEP) Computations  
# that dynamically maintain a pre-defined free energy change from one  
# transition parameter value to the next (i.e. lambda) 
# 
# To learn more about FEP computations using NAMD, please visit 
# http://www.ks.uiuc.edu/Research/namd 
# and download the user guide of the latest NAMD version 
# 
# If you find this FEP protocol useful for your publications, 	  
# please cite: 
# +Zhao C, +Stolzenberg S, Gracia L, Weinstein H, *Noskov S, *Shi, L.	  
# Ion-controlled conformational dynamics in the outward-open  
# transition from an occluded state of LeuT. Biophys J. in press  
# + denotes equal author contribution 
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# * denotes corresponding authorship 
#        
# CAUTION: 
# This script infrastructure is meant to make FEP computations with  
# a constant free energy change per for y 
# This infrastructure does not guarantee the perfect correctness for  
#  the given code, however to make things run as you intended, 	  
#     you need to understand what each of the steps/scripts are doing! 
# 
# 
# 
# 
# 
# 
# 
############################# 
# FEP Setup 
############################# 
# 
# folder destination:  
# ./FEP/D421N/0_prep_FEP/ 
# 
#     These set of scripts is meant to automatize all the messy steps  
# of the FEP preparation,  
# 
 
0_prep_FEP 
 
1. Package Content: 
   The 0_prep_FEP folder includes 4 folders: 
   "input"        - your input files 
   "logs"         - log files for the FEP preparation (check after each 
step!)	  
   "output"       - among other files, includes your FEP files 
   "scripts"      - all the tcl scripts necessary for the FEP preparation 
   and 2 files: 
   parameters.tcl - determines FEP output name, “coor”/“vel”,topparfolder) 
   readme.txt     - this documentation file 
    
 
   The "scripts" folder contains the following files: 
    
   1_rip_out_FEP_mutated_atoms.tcl               - main script 1 
   2_create_psf_for_FEP_mutated_atoms.tcl        - main script 2 
   3_combine_2_produce_FEP.tcl                   - main script 3 
   convert_coor2pdb.tcl                          - coor 2 pdb 
   patch.tcl                                     - psfgen patches (e.g. 
protonation states) 
 
 
2. Before you run anything you need all restart files from an MD run in 
“input”, (re-)named as: 
 
   in.psf	  
   in.coor 
   in.vel 
   in.xsc 
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   Prepare pdb files from the namd bin files: 
   vmd -dispdev text -e scripts/convert_coor2pdb.tcl -args input/in.psf 
input/in.coor &> logs/log.convert_coor2pdb.tcl.in.coor.log 
   vmd -dispdev text -e scripts/convert_coor2pdb.tcl -args input/in.psf 
input/in.vel &> logs/log.convert_coor2pdb.tcl.in.vel.log 
 
   The following 2 files will be made and put into the "input" folder:- 
    
   in.coor.pdb                                     
   in.vel.pdb                                      
    
3. For each of the  .coor and .vel file, follow the next steps separately: 
Set variable “postfix” to either “coor” or “vel” in the linux shell 
environment, type in: 
 
postfix=coor # or =vel  
and change the variable prefix in “parameters.tcl” accordingly 
 
vmd -dispdev text -e scripts/1_rip_out_FEP_mutated_atoms.tcl > 
logs/1_rip_out_FEP_mutated_atoms.tcl.$postfix.log 
 
For each FEPatms?.coor.prefep.pdb file (that you have created in 
“1_rip_out_FEP_mutated_atoms.tcl” - FEPatms?.coor.pdb as backup), manually 
edit entries (add appearing atoms, e.g. new D2A residue, adjust vel file 
accordingly). Make necessary adjustments to the ./scripts/?_*tcl listed, e.g. 
in terms of what residues should be mutated.    
 
If your FEP computation is a side chain mutation, e.g. you'd like to set up a 
“D421A” hybrid residue, you can use the VMD “Mutator” Plugin to obtain a good 
guess of the atom coordinates of the “appearing” side chain.  
 
In vmd choose the in.psf and in.coor.pdb files - enter the residue 
information (segment and 3 letter Amino Acid code) and save file with prefix 
"mytmpmut" 
 
Then you simply copy&paste the coordinates of your mutated residue in  
 
   mytmpmut.fep     
                              
into your  
   FEPatms?.coor.prefep.pdb 
file 
 
For the velocities of appearing atoms, you have to make educated guesses to 
be save with velocity entries of less than 1A in abosolute value. 
 
 
Next, type in the shell: 
 
vmd -dispdev text -e scripts/2_create_psf_for_FEP_mutated_atoms.tcl > 
logs/2_create_psf_for_FEP_mutated_atoms.tcl.$postfix.log 
 
vmd -dispdev text -e scripts/3_combine_2_produce_FEP.tcl > 
logs/3_combine_2_produce_FEP.tcl.$postfix.log 
 
Next, change beta columns in $MOL.fep.$postfix.pdb (only necessary for 
$postfix=coor), “-1” for vanishing atoms, “1” for appearing atoms, and “0” 
for all other atoms 
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# Next, in the shell, type in: 
instem="A117C" 
# i.e. final FEP output name stem, 
# consistent with the one in parameters.tcl 
~/mypackages/alchemify/alchemify output/$instem.prefep.psf 
output/$instem.fep.psf output/$instem.fep.$postfix.pdb > 
logs/alchemify.$postfix.log 
 
 
 
Important things to consider: 
 
1) segment id of the protein, charge of residue to be mutated. In this case a 
negatively charged amino acids (Asp) is changed to neutral (Ala) so we need 
to also change a water molecule into a sodium atom. Edit atom to be a new 
chain “X”. 
    
ATOM   9178  OH2 TIP3X   1     -15.544 -32.776  61.770  0.00  0.00      X   
ATOM   9179  H1  TIP3X   1     -16.114 -33.139  61.092  0.00  0.00      X   
ATOM   9180  H2  TIP3X   1     -15.631 -31.828  61.674  0.00  0.00      X   
ATOM   9178  SOD SOD X   2     -15.544 -32.776  61.770  0.00  0.00      X   
 
 
############################################# 
# Running the FEP (Free Energy Perturbations): 
############################################# 
# 
# The following infrastructure is meant to execute FEP computations  
# that dynamically maintain a pre-defined free-energy change so FEP  
# computations are set up for NAMD, but the corresponding ruby  
# wrapper script (“fepwrapper.rb”) in principle can be used for other  
# MD packages that support a FEP/TI (thermodynamic integration)  
# scheme. 
# 
# folder destination: 
# ./FEP/D421N/1_FEP_conformational_sampling/ 
# 
# 
 
1_FEP_conformational_sampling 
 
The FEP folder includes includes 3 folders and 2 files: 
   “run.sh”  - main execution bash shell script 
   "input"        - your input files 
   "output"       - among other files, includes your FEP files 
   "scripts"      - all the tcl scripts necessary for the FEP preparation 
 
 
The “input” folder will symbolic links to your prepared FEP files, e.g.  
 
D421A.fep.psf -> ../../0_prep_FEP/output/D421A.fep.psf 
D421A.fep.coor.pdb -> ../../0_prep_FEP/output/D421A.fep.coor.pdb 
D421A.fep.vel.pdb -> ../../0_prep_FEP/output/D421A.fep.vel.pdb 
D421A.fep.xsc -> ../../0_prep_FEP/input/in.xsc 
toppar -> /home/mis2066/hwlab_25/From_George/run_wt_DOP_S1/common/ 
 
Do: 
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cp D421A.fep.coor.pdb  D421A.restraints.coor.pdb 
 
Because there is a water molecule being changed to a chloride ion a restraint 
will need to put in place on the OH2 and SOD atoms. 
 
i.e.  
 
ATOM  *****  OH2 TIP3X   1     -15.544 -32.776  61.770  1.00  1.00      X    O 
ATOM  *****  H1  TIP3X   1     -16.114 -33.139  61.092  1.00  0.00      X    H 
ATOM  *****  H2  TIP3X   1     -15.631 -31.828  61.674  1.00  0.00      X    H 
ATOM  *****  CLA CLA X   2     -15.544 -32.776  61.770  1.00  1.00      X    CL 
 
 
Content of the scripts folder: 
 
fep_with_tclforces.tcl - useful FEP commands, able to incoporate NAMD tcl 
force commands 
fepwrapper.rb  - main FEP wrapper script written in ruby 
tcl_restraints.tcl - in case you’d like to add tcl forces 
get_average.distsanglesdiheds.tcl – useful to get reference values for 
“tcl_restraints.tcl” 
FEP_parameters.tcl - NAMD FEP parameters 
MD_parameters.tcl  - NAMD MD parameters 
plot_feps.py  - python script to make free energy plots (see below) 
 
FEP.?.namd.prep, ?=0-5, template files copied to “FEP.namd” which is then 
executed at each stage 
Different FEP stages ?=0-5: 
FEP “forth” run lambda=0->1: 
0: lambda 0->0, collect more frames for restraining potential values if 
applied. 
1: lambda 0->0.01,..., with deltadeltaG held constant per lambda step 
2: lambda 1->1, collect more frames for restraining potential values if 
applied. 
output files will be in ./output/forth/ 
# 
FEP “back” hysteresis run, lambda=1->0 (necessary if interested in value of 
deltaG: 
3: lambda 1->1, collect more frames for restraining potential values if 
applied. 
4: lambda 1->0.99,..., with deltaG held constant per lambda step 
5: lambda 1->1, collect more frames for restraining potential values if 
applied. 
output files will be in ./output/back/ 
 
    
The “sub_scripts” folder  
contains submission scripts for your particular cluster platforms: 
- sub.* files are basically the submission script without the actual NAMD 
execution commands 
- submit* files contain the NAMD execution commands, syntax is no emptyor 
commented line (“fepwrapper.rb” will add “;” to each line, and then combine 
into a single line) 
 
Edit sub.mpich.sh to run on panda credentials: i.e name, # of processors and 
wall time 
 
########## 
 



	   238	  

To execute the FEP wrapper, run “./run.sh”, which contains the following 
parameters: 
 
runindex=1 # running index for the log files in output/*/logs/* 
runstartstage=0 
lambda_start_step="auto" # only used for runstartstage==1,4 to automatically 
continue from the last run 
#lambda_start_step="0.870671016170606_0.879615487417401" #to manually set a 
new starting step of lambda->next_lambda 
# see fepwrapper.rb: 
# runstartstage==0: forth,initial 
# runstartstage==1: forth,middle # can restart in here 
# runstartstage==2: forth,end 
# runstartstage==3: back,initial # can restart after forth,end is complete 
# runstartstage==4: back,middle to end  # can restart in here, if has run for 
at least on step already 
 
mymol="D421A" # what is the name of your FEP run? 
nsteps=25000  # number of step for each lambda step e.g. 100000 steps=1ns 
dG_max=10.0   # maximum allowed deltadeltaG per lambda step 
dG_ideal=8.0  # this is the deltadeltaG per lambda step that the script will 
try to maintain 
max_dlambda_change_rate=2 # deltalambda is not changed from one step to the 
other by more than this factor 
 
subsdir="scripts/sub_scripts" 
subfile="$subsdir/sub.mpich.sh" 
submitfile="$subsdir/submit.mpich" 
 
 
######################################## 
 
Important things to consider (cont’d): 
 
2. VMD mutator will not always maintain initial structure of the residue’s 

side-chain and may likely clash with other sidechain residues. 
 

3. A mutation will cause some unforeseen interactions with side-chains of 
unmutated residues. It may be necessary to change the rotamers of these 
side-chains if an error occurs e.g. Side-chain of Val 266 is overlapping 
on mutated Asp 421 (need to change rotamer): 
 

TCL: Running for 25000 steps 
ERROR: Constraint failure in RATTLE algorithm for atom 319982! 
ERROR: Constraint failure; simulation has become unstable. 
ERROR: Exiting prematurely; see error messages above. 
 
 
 
Tiny scripts (for linux bash shell) for the Analysis/Troubleshooting of the 
FEP runs: 
 
a) 
# to track FEP changes in output/*/alchemy-equal.fepout 
grep ch alchemy-equal.fepout 
# accumulate total free energy change 
awk '/change/ {s=s+$12} END {print s}' alchemy-equal.fepout 
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b) 
# to check conformationally for problems along the FEP transformation,  
# load in all the restart files from the “forth” and “back” runs in VMD: 
# 
set inpsf "input/*.fep.psf" 
set indir "output/*/restarts" 
mol load psf [glob $inpsf] 
foreach file  [split [eval exec ls -thr [glob $indir/restart*.coor]]] { 
 puts $file 
 animate read namdbin $file waitfor all 
} 
# 
# ... and iteratively delete the first&last frame, if you’d like to  
# compare the conformations e.g. of the lambda=0.4359->0.5129 
# windows between the “forth” and “back” phase 
set numframes [molinfo top get numframes] 
user add key d { 
 animate delete beg 0 end 0 
 set numframes [expr $numframes-2] 
 animate delete beg $numframes end $numframes 
} 
 
 
c) 
# if harmonic restraints are used, as e.g. defined in 
# “tcl_restraints.tcl”, you can estimate the free energy difference 
# from restraints by parsing the average restraining potential energy 
# at lambda=0.0 and lambda=1.0, <E_r>_0 and <E_r>_1, respectively, so that 
# \delta\deltaG_restraints(0->1):= <E_r>_1-<E_r>_0 
# 
parseEs () { awk '/^ENERGY/ {misc=misc+$10;tot=tot+$15;numfrms=numfrms+1} END 
{print "MISC_avg: " misc/numfrms;print "TOT3_avg: " tot/numfrms}' $1; } 
parseEs FEP.namd.log.0.0 
parseEs FEP.namd.log.1.0 
 
d) 
# 
# Check out the python script “scripts/plot_feps.py” to make some 
# FEP free energy plots along lambda (“forth” and “back” phase) 
# 
 
 
How to convert for completed FEP files into MD files 
 
# . . .  
 
# run in the bash 
 
FEPoutdir=FEP/output/forth 
for mystem in "coor" "vel" "xsc"; do ln -s 
../../$FEPoutdir/restarts/restart.1.0.$mystem restart.1.0.$mystem.lnk;cp 
restart.1.0.$mystem.lnk restart.1.0.$mystem; done 
FEPindir=FEP 
for myfile in `ls ../../$FEPindir/input/*.fep.psf`; do ln -s $myfile;mv 
`basename $myfile` `basename $myfile`.lnk; cp *.fep.psf.lnk `basename 
$myfile`;done 
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# make changes in parameters.tcl 
# adjust topology file name in scripts/1_rip_out_fep_leftovers.tcl 
mkdir -p output/logs 
vmd -dispdev text -e scripts/1_rip_out_fep_leftovers.tcl &> 
output/logs/log.1_rip_out_fep_leftovers.tcl.log 
# 
# example output files: 
# restart.1.0.other.vel.pdb: velocity pdb of all non-mutated segments  
# restart.1.0.PROT.coor.pdb: coor pdb file for mutated segment “PROT”  
# ... 
# 
# manually edit *.clnd.coor.pdb and *.clnd.vel.pdb 
# in vi: :%s/D2N/ASN/g 
# delete vanished atoms names with postfix “A” 
# remove postfix “B” on all appeared atoms 
# make sure to maintain the propoer PDB format 
# 
# make changes in scripts/2_combine_to_get_MD_start_structure.tcl 
# 
vmd -dispdev text -e scripts/2_combine_to_get_MD_start_structure.tcl &> 
output/logs/log.2_combine_to_get_MD_start_structure.tcl.log 
 
 
############################################# 
# Running the MD simulation after FEP: 
############################################# 
# 
# The following infrastructure is meant to execute MD simulations  
# set up for NAMD 
# 
# folder destination: 
# ./FEP/D421N/2.MD-prep/ 
# 
# 
2.MD-prep 
 
Folder contains 3 folders: 
input 
output 
scripts 
 
and three files parameters.tcl and readme.txt and patch.tcl 
 
Edit parameters.tcl with changes to “MOL”, “topparfolder”, l_myseg = those 
segments that have been through the FEP 
 
In the “input” folder make symbolic links to the 1.0 restart files: 
 
lrwxrwxrwx 1 mis2066 physbio       48 Nov 28 15:17 restart.1.0.coor.lnk -> 
../../FEP/output/forth/restarts/restart.1.0.coor 
-rw-r--r-- 1 mis2066 physbio  7801444 Nov 28 15:17 restart.1.0.coor 
lrwxrwxrwx 1 mis2066 physbio       47 Nov 28 15:17 restart.1.0.vel.lnk -> 
../../FEP/output/forth/restarts/restart.1.0.vel 
-rw-r--r-- 1 mis2066 physbio  7801444 Nov 28 15:17 restart.1.0.vel 
lrwxrwxrwx 1 mis2066 physbio       47 Nov 28 15:17 restart.1.0.xsc.lnk -> 
../../FEP/output/forth/restarts/restart.1.0.xsc 
-rw-r--r-- 1 mis2066 physbio      240 Nov 28 15:17 restart.1.0.xsc 
lrwxrwxrwx 1 mis2066 physbio       29 Nov 28 15:17 D421N.fep.psf.lnk -> 
../../FEP/input/D421N.fep.psf 
-rw-r--r-- 1 mis2066 physbio 45185251 Nov 28 15:17 D421N.fep.psf 
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In “scripts” folder: 
 
NO edit necessary in scripts folder for: 
1_rip_out_fep_leftovers.tcl   
2_combine_to_get_MD_start_structure.tcl  
UNLESS the starting lambda values is not 1.0! 
 
Edit patch.tcl for residues in l_myseg that will be patched 
 
 
The readme.txt file has the following lines: 
mymut=D2N 
vmd -dispdev text -e scripts/1_rip_out_fep_leftovers.tcl -args $mymut &> 
output/log.1_rip_out_fep_leftovers.tcl.log 
# clean up .coor.pdb and .vel.pdb files manually to get .clnd.coor.pdb and 
.clnd.vel.pdb 
vmd -dispdev text -e scripts/2_combine_to_get_MD_start_structure.tcl -args 
$mymut &> output/log.2_combine_to_get_MD_start_structure.tcl.log 
 
 
Execute: 
mymut=D2N 
vmd -dispdev text -e scripts/1_rip_out_fep_leftovers.tcl -args $mymut &> 
output/log.1_rip_out_fep_leftovers.tcl.log 
 
In the input folder this two files will be created: 
 
-rw-r--r-- 1 mis2066 physbio 25679815 Nov 28 15:57 restart.1.0.coor.pdb 
-rw-r--r-- 1 mis2066 physbio 25679815 Nov 28 15:57 restart.1.0.vel.pdb 
 
In the output folder the following files will be created: 
-rw-r--r-- 1 mis2066 physbio   725690 Dec 14 16:06 restart.1.0.PROT.coor.pdb 
-rw-r--r-- 1 mis2066 physbio   725690 Dec 14 16:06 restart.1.0.PROT.clnd.coor.pdb 
-rw-r--r-- 1 mis2066 physbio      391 Dec 14 16:06 restart.1.0.X.coor.pdb 
-rw-r--r-- 1 mis2066 physbio      391 Dec 14 16:06 restart.1.0.X.clnd.coor.pdb 
-rw-r--r-- 1 mis2066 physbio 43044834 Dec 14 16:06 restart.1.0.other.coor.psf 
-rw-r--r-- 1 mis2066 physbio 24953859 Dec 14 16:06 restart.1.0.other.coor.pdb 
-rw-r--r-- 1 mis2066 physbio 43044834 Dec 14 16:06 restart.1.0.other.clnd.coor.psf 
-rw-r--r-- 1 mis2066 physbio 24953859 Dec 14 16:06 restart.1.0.other.clnd.coor.pdb 
-rw-r--r-- 1 mis2066 physbio   725690 Dec 14 16:07 restart.1.0.PROT.vel.pdb 
-rw-r--r-- 1 mis2066 physbio   725690 Dec 14 16:07 restart.1.0.PROT.clnd.vel.pdb 
-rw-r--r-- 1 mis2066 physbio      391 Dec 14 16:07 restart.1.0.X.vel.pdb 
-rw-r--r-- 1 mis2066 physbio      391 Dec 14 16:07 restart.1.0.X.clnd.vel.pdb 
-rw-r--r-- 1 mis2066 physbio 43044834 Dec 14 16:07 restart.1.0.other.vel.psf 
-rw-r--r-- 1 mis2066 physbio 24953859 Dec 14 16:07 restart.1.0.other.vel.pdb 
-rw-r--r-- 1 mis2066 physbio 43044834 Dec 14 16:07 restart.1.0.other.clnd.vel.psf 
-rw-r--r-- 1 mis2066 physbio 24953859 Dec 14 16:07 restart.1.0.other.clnd.vel.pdb 
-rw-r--r-- 1 mis2066 physbio     7233 Dec 14 16:07 log.1_rip_out_fep_leftovers.tcl.log 
 
 
Edit restart.1.0.PROT.clnd.coor.pdb and restart.1.0.X.clnd.coor.pdb and 
restart.1.0.PROT.clnd.vel.pdb and restart.1.0.X.clnd.vel.pdb to remove the 
atoms that were disappearing i.e all with “A” postfixes and renamed to ASN 
and CL. 
 
i.e. in “coor” files for l_myseg=PROT 
 
BEFORE: 
ATOM   6490  N   D2N P 421      54.389  34.644  -7.911  0.00  0.00      PROT   
ATOM   6491  HN  D2N P 421      54.138  33.757  -7.530  0.00  0.00      PROT   
ATOM   6492  CA  D2N P 421      53.611  35.194  -8.985  0.00  0.00      PROT   
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ATOM   6493  HA  D2N P 421      54.256  35.452  -9.812  0.00  0.00      PROT   
ATOM   6494  CBA D2N P 421      52.655  34.157  -9.557  0.00  0.00      PROT   
ATOM   6495 HB1A D2N P 421      53.163  33.169  -9.587  0.00  0.00      PROT   
ATOM   6496 HB2A D2N P 421      51.803  34.009  -8.861  0.00  0.00      PROT   
ATOM   6497  CGA D2N P 421      52.165  34.635 -10.892  0.00  0.00      PROT   
ATOM   6498 OD1A D2N P 421      52.961  34.881 -11.768  0.00  0.00      PROT   
ATOM   6499 OD2A D2N P 421      50.932  34.721 -11.119  0.00  0.00      PROT   
ATOM   6500  CBB D2N P 421      52.671  34.001  -9.402  0.00  0.00      PROT   
ATOM   6501 HB1B D2N P 421      53.192  33.296 -10.084  0.00  0.00      PROT   
ATOM   6502 HB2B D2N P 421      52.270  33.525  -8.482  0.00  0.00      PROT   
ATOM   6503  CGB D2N P 421      51.444  34.350 -10.209  0.00  0.00      PROT   
ATOM   6504 OD1B D2N P 421      50.334  34.452  -9.684  0.00  0.00      PROT   
ATOM   6505 ND2B D2N P 421      51.641  34.676 -11.532  0.00  0.00      PROT   
ATOM   6506 H21B D2N P 421      50.929  35.135 -12.065  0.00  0.00      PROT   
ATOM   6507 H22B D2N P 421      52.569  34.476 -11.846  0.00  0.00      PROT   
ATOM   6508  C   D2N P 421      52.805  36.507  -8.633  0.00  0.00      PROT   
ATOM   6509  O   D2N P 421      52.645  37.383  -9.451  0.00  0.00      PROT   
 
 

AFTER 
ATOM   6490  N   ASN P 421      54.389  34.644  -7.911  0.00  0.00      PROT   
ATOM   6491  HN  ASN P 421      54.138  33.757  -7.530  0.00  0.00      PROT   
ATOM   6492  CA  ASN P 421      53.611  35.194  -8.985  0.00  0.00      PROT   
ATOM   6493  HA  ASN P 421      54.256  35.452  -9.812  0.00  0.00      PROT   
ATOM   6500  CB  ASN P 421      52.671  34.001  -9.402  0.00  0.00      PROT   
ATOM   6501  HB1 ASN P 421      53.192  33.296 -10.084  0.00  0.00      PROT   
ATOM   6502  HB2 ASN P 421      52.270  33.525  -8.482  0.00  0.00      PROT   
ATOM   6503  CG  ASN P 421      51.444  34.350 -10.209  0.00  0.00      PROT   
ATOM   6504  OD1 ASN P 421      50.334  34.452  -9.684  0.00  0.00      PROT   
ATOM   6505  ND2 ASN P 421      51.641  34.676 -11.532  0.00  0.00      PROT   
ATOM   6506  H21 ASN P 421      50.929  35.135 -12.065  0.00  0.00      PROT   
ATOM   6507  H22 ASN P 421      52.569  34.476 -11.846  0.00  0.00      PROT   
ATOM   6508  C   ASN P 421      52.805  36.507  -8.633  0.00  0.00      PROT   
ATOM   6509  O   ASN P 421      52.645  37.383  -9.451  0.00  0.00      PROT   
 
 

i.e.l_myseg=X 
 
BEFORE: 
ATOM      1  OH2 TIP3X   1     -15.254 -32.150  61.587  0.00  0.00      X      
ATOM      2  H1  TIP3X   1     -15.668 -31.351  61.913  0.00  0.00      X      
ATOM      3  H2  TIP3X   1     -14.797 -31.877  60.791  0.00  0.00      X      
ATOM      4  CLA CLA X   2     -14.951 -32.354  61.505  0.00  0.00      X 

 
AFTER: 
CRYST1    0.000    0.000    0.000  90.00  90.00  90.00 P 1           1 
ATOM      1  CLA CLA X   1     -14.951 -32.354  61.505  0.00  0.00      X      
END 
 

 
Finally excute: 
 
mymut=D2N 
# clean up .coor.pdb and .vel.pdb files manually to get .clnd.coor.pdb and 
.clnd.vel.pdb 
vmd -dispdev text -e scripts/2_combine_to_get_MD_start_structure.tcl -args 
$mymut &> output/log.2_combine_to_get_MD_start_structure.tcl.log 
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V.A.2. Staircase Targeted Molecular Dynamics for NAMD 

This software can be found under: 

/home/sebastian/share/all/stMD 

# Copyright 2010, Sebastian Stolzenberg 
# Department of Physiology & Biophysics at  
# Weill Cornell Medical College, New York, NY 
# and 
# Department of Physics, Cornell University, Ithaca, NY 
# 
# For Thesis Research in the Harel Weinstein Lab 
# 
# Regarding questions/remarks: ss629@cornell.edu 
# 
# This documenation was written by: 
#  Sebastian Stolzenberg, August 2013 
# 
################################################################## 
# Wrapper Scripts for  
# running “staircase” targeted Molecular Dynamics (stMD) Simulations 
# e.g. for NAMD 
################################################################## 
# 
# To learn more about targeted Molecular Dynamics simulation 
# using NAMD, please visit 
# http://www.ks.uiuc.edu/Research/namd 
# and download the user guide of the latest NAMD version 
# 
# If you find this stMD protocol useful for your publications, 	  
# please cite the following paper, which also contains more  
#     information about the method: 
# 
# Stolzenberg S, Huang Z, Mondal S, Weinstein H, Tajkhorshid E.:  
# Structural transition between the inward- and outward- facing states 
# of the glutamate transporter in different lipid environments.  
# Biophysical Journal, 104(2), 2013. 
#        
# CAUTION: 
# This script infrastructure is meant to make stMD computations 
# possible to compute with NAMD  
# This infrastructure does not guarantee the perfect correctness for  
#  the given code, however to make things run as you intended, 	  
#     you need to understand what each of the steps/scripts are doing! 
# 
# 
 
The stMD folder includes includes 4 folders and 1 file: 
 
   "input"        - your input files 
   “run.sh”  - main execution bash shell script  
   "scripts"      - all the scripts necessary for the stMD run 
   "output"       - your output files 
   "docs"         - includes this documentation file 
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The “input” folder... 
 
... contains (symbolic links to your) prepared stMD input files. First, this 
is a starting snapshot in form of restart files from a previous Molecular 
Dynamics (MD) simulation: 
 
$mysystem.coor 
$mysystem.pdb 
$mysystem.psf 
$mysystem.vel 
$mysystem.xsc 
, where $mysystem is variable name that you will define in “run.sh” described 
below. 
 
Second, you will need a target conformation: 
tmd_target.pdb 
that can be prepared using the script in the “preparetarget” folder. 
(as you will see in the NAMD documentation, “tmd_target.pdb” will have to be 
identical to e.g. $mysystem.pdb, but with different coordinates) 
 
 
The “run.sh” shell script... 
 
... is the main execution script, which runs the alternating stMD steps of 
targeted motion (“move” phase), and restrained equilibration (“pause” phase) 
as individual NAMD jobs that are run subsequently until the wallclock time of 
your submitted cluster job runs out. 
For the very first run, you want to set  
 
export runstartstage=0 
but for every later submission to the cluster, you need to set  
export runstartstage=1, 
so that the script automatically restarts from the latest stTMD restart 
files, when the job ran out of cluster wallclock time. 
 
The running index 
 
export runindex=1 
has to be updated every time you resubmit another run, so that you can keep 
record of log files etc. 
 
The default restart setting is  
 
export tmd_start_step="auto" 
 
which automatically restarts from the latest run, but you can also manually 
set from what stage you would like to restart your stMD simulation (see 
run.sh for details) 
 
export mysystem="IdCC" 
is the variable mention above, has to match the file names in the input 
folder 
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The following variables in “run.sh” define how you would like to run your 
stMD simulations: 
 
tmdtotlength   : total simulation time steps 
tmd_move_wtime : time steps for any “move” phase 
tmd_pause_wtime: time steps for any “pause” phase 
k_TMD_init     : tMD force constant applied 
initial_RMSDref: initial RMSD between starting conformation and target? 
final_RMSDref  : final   RMSD between starting conformation and target? 
 
(Ignore the variables  
export dRMSD2_ideal=1.5 
export c_max=2.0 
for now.) 
 
these following script names are specific to your cluster infrastructure 
qsubscriptname : submission script for the stMD run for the cluster 
cmdsfile       : contains command lines to execute a NAMD instance 
you can find those in scripts and scripts /other.qsubs 
 
The “scripts” folder contains... 
 
all the scripts to run your stMD run. It contains: 
 
analysis      : some analysis scripts for your stMD output files 
other.qsubs   : more submission files for different cluster systems 
parameters.template.tcl : template file, in which the script defines all  

the stMD parameters used in NAMD (you have defined 
them in run.sh) 
(“myoutfreq” is the output is the output frequency 
simulation) 

parameters.tcl: is automatically created from parameters.template.tcl 
e.g. submit.fido.gpu: your “qsubscriptname” file 
e.g. sub.TMDwrapper.fido.gpu: your “cmdsfile” file 
TMD.namd: the NAMD script that also contains the specific MD parameters               
          used in NAMD 
tmdwrapper.rb : main ruby wrapper script that contains all the glorious  

    details of this tool 
toppar        : folder containing all the CHARMM parameter files necessary  
                to run your stMD run in NAMD (update this in “TMD.namd”!) 
 
 
The “output” folder ... 
is organized as follows: 
 
namd.logs     : all NAMD log files, “run.sh” restarts the stTMD run   
                “auto”-wise based on the files in this folder 
namd.restarts : all other NAMD output files (dcd,coor,xsc,vel) from the  
                individual “move” and “pause” runs 
wrapper.logs  : all log files produced by the wrapper script 
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V.A.3. Pairwise Interaction Analyzer 

This software can be found under: 

/home/sebastian/share/all/PI_Analyzer 

(current stable version: PIA.v.1.4) 

# 
# This documenation was written by: 
#     Sebastian Stolzenberg, November 2012 
# 
# 
############################################### 
# 
# Comparative MD-Simulation Analyzer for  
# Pairwise Atomic Interactions (PAIs): 
# Frequencies, Dwell Times, Correlations 
# 
# Copyright 2012, Sebastian Stolzenberg 
# Department of Physiology & Biophysics 
#        at Weill Cornell Medical College, New York, NY 
# Department of Physics, Cornell University, Ithaca, NY 
# 
# For Thesis Research in the Harel Weinstein Lab 
# 
# For Comments/Questions, please email: ss629@cornell.edu 
# 
############################################### 
#  
# Location: 
# /home/sebastian/share/all/PAIs.v.1.0 
# 
###############################################  
# 
# If you find this Analyzer useful for your publications, 	  
# please cite: 
#  
#     (citation to be added) 
# 
# CAUTION: 
# These scripts have been thoroughly tested for correct functionality,  
#     though perfection is not guaranteed, and flaws cannot be excluded. 
# 
# 
# 
# 
#     This Analyzer computes Pairwise Atomic Interactions (PAIs) as 
#     “hydrogen bonds” (incl. e.g. saltbridges) with the program HBPLUS 
# “HBonds” (incl. e.g. saltbridges) with the program VMD 
#     heavy atom contacts with the program VMD 
# 
# 
#     “hydrogen bonds” via HBPLUS (whatpai=”hbplus”): 
#     www.csb.yale.edu/userguides/datamanip/hbplus/hbplus_descrip.html 
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#     I.K. McDonald and J.M. Thornton (1994), "Satisfying Hydrogen Bonding #     
Potential in Proteins", JMB 238:777-793 
# 
#     “State of the Art” for PAIs within a protein (26 amino acids) 
# 
# 
#     “HBonds” via VMD (whatpai=”vmdhbond”): 
#     www.ks.uiuc.edu/Research/vmd/ 
#     Humphrey, W., Dalke, A. and Schulten, K., "VMD - Visual Molecular 
Dynamics", J. Molec. Graphics, 1996, vol. 14, pp. 33-38. 
# 
#     Good Choice for PAIs between protein, lipid head groups/ 
#     water molecules/standard ions 
# 
#     parameters: “distcut” (I use 3.5A) and “anglecut” (I use 30degrees) 
#                 (definiton of a VMD “HBond”) 
# 
# 
#     Heavy Atom Contacts with the program VMD (whatpai=”hvatmdist”): 
#     www.ks.uiuc.edu/Research/vmd/ 
#     Humphrey, W., Dalke, A. and Schulten, K., "VMD - Visual Molecular 
Dynamics", J. Molec. Graphics, 1996, vol. 14, pp. 33-38. 
# 
#     Good Choice for PAIs e.g. between protein and lipid tails 
# 
#     parameters: “distcut” (I use 4.5A) (any heavy atom pair with 
#                 distance<=distcut is defined as an hvatmdist PAI 
#                 (the code uses the “measure contacts” command in VMD) 
# 
 
1. Installation: 
 
Copy this folder into $YOUR_DIRECTORY (linux bash commands) 
cd /home/sebastian/share/Michael 
rsync -av --exclude "input" --exclude "output" pais.2 $YOUR_DIRECTORY 
cd $YOUR_DIRECTORY 
mkdir –p input/traj.1 (example folder name) 
mkdir –p input/traj.2 (example folder name) 
cd input/traj.1 
# you will put here your input $postfix=psf,pdb,dcd files 
# in.aln.forclstr.$whatpart.$postfix 
# with $whatpart=”” for all atoms ([atomselect top all]) 
#     or =”protein” for just protein atoms ([atomselect top protein]) 
 
Other required programs: 
- VMD (works with version 1.8.6) 
- HBPLUS (works with version 3.15) 
- R (works with version R-2.15.0) 
  - The following R packages need to be installed: 
    - data.table, gplots, gdata, ... (to be added) 
    (- quick work-around: 
      mkdir –p ~/mypackages 
      rsync –av ~sebastian/mypackages/R-2.15.0 ~/mypackages) 
 
 
2. Package Contents: 
$whatpais=hbplus,hvatmdist,vmdhbond 
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*.sh scripts: 
-- 
b1.1.compute_pais.$whatpais.sh, with  
# computes PAIs with timetraces (with plots) for  
# each entire trajectory (mysample=””), or for  
# last samplesize (default:500) frames 
# of each trajectory (mysample=”	  .last_sampled_frames”) 
-- 
b1.2.1.compcompare_pai_freqs.$whatpais.sh, with  
# computes PAI frequencies & dwelltimes (dwell on&off) for each trajectory  
# scans for PAI differences between all trajectories 
# and plots corresponding PAI timetraces 
# see comments in source code for thresholds definitions and values 
-- 
b1.2.2.compcompare_pai_corrs.$whatpais.sh 
# computes pairwise PAI correlations for each trajectory  
# scans for PAI pair differences between all trajectories 
# and plots corresponding PAI pair timetraces 
# see comments in source code for thresholds definitions and values 
# 
-- 
./scripts   - contains all the .tcl/.R scripts executed by the *sh scripts 
 
 
3. How2Run 
in subsequent order, i.e., first 
b1.1.compute_pais.$whatpais.sh 
then 
b1.2.1.compcompare_pai_freqs.$whatpais.sh 
and 
b1.2.2.compcompare_pai_corrs.$whatpais.sh 
 
4. Analysis 
 
a) PAI computations 
 
The PAI partners are integrated into “backbone” and “sidechain”, e.g. 
a PAI formed between 
backbone atom “N” of residue A14 in segID “A” 
and 
sidechain atom “OH” of I115 in segID “A” 
is represented as in integrated PAI (iPAI, 
interchangeably denoted as PAI for simplicity): 
seg1 rnm1 res1 bb1 seg2 rnm2 res2 bb2 
   A  ALA   14   1    A  ILE  115   0 
 
seg   : SegID 
rnm   : residue name 
res   : residue ID 
bb    : 1, if backbone atom (N,CA,C,O) or 0, if otherwise (e.g. sidechain) 
 
If $whatpais==”hbplus”,or”vmdhbond” then the hydrogen bond donor&acceptor the 
first/second PAI partner. In our example, A14 is the donor residue and I115 
the acceptor residue. 
 
those are written into files names e.g. 
output/traj1/A/observables/pais/hbplus/pai.hbplus.traj1.rdat 
or  
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output/leut.nl.MD1/A/observables/pais/vmdhbond/distcut_3.5_anglecut_30/pai.vm
dhbond.distcut_3.5_anglecut_30.leut.nl.MD1.last_sampled_frames.rdat 
 
Per frame, only one iPAI is recorded, even if there exist multiple such PAIs 
in a frame. 
 
The rdat files are R-specific, compressed binary files which you can manually 
re-load in an R session via the command 
load(“### rdat file name###”) 
 
You can also see those files with an added “.last_sampled_frames”. Those are 
not considering the entire trajectory (as without this postfix), but only the 
last $numsamples (default 500) frames of each trajectory. 
 
See comments in the source code 
(e.g. scripts/b1.1.b.pai_timetraces.hbplus.R) for more details on these PAIs 
are computed. 
 
 
b) PAI time traces & correlations 
 
PAI binary time traces along the entire trajectory (“”) or 
the last $numsamples frames (“.last_sampled_frames”) of each trajectory 
are found in “m_pai”, e.g. 
output/traj1/A/observables/pais/hbplusm_pai.hbplus.traj1.rdat 
this R bindary contain the matrix object “m_pai” with difference PAIs along 
the rows, and their time traces along the columns. 
These time traces are smoothened (with averaging window size of $mawinsize, 
see e.g. scripts/b1.1.b.pai_timetraces.hbplus.R) 
and saved as “m_pai_smoothened.*.rdat” 
 
and filtered for non-permanent PAIs (see “sdthres=0.48” in b1.1.b.*R), saved 
as “m_pai_smoothened_filtered.*.rdat”  
 
Pearson Correlations between these filter&smoothened PAIs are computed 
and saved as “m_paicor.*.rdat” (as matrix objects), “dt_paicor.*.rdat” (a 
data table objects). 
 
c) PAI meta-analysis of multiple trajectories 
 
PAI Frequencies&Dwell Times: 
Results can be found e.g. in output/meta/pais/hbplus/freqs 
 
e.g. 
“pai_freq-dwts.hbplus.leut.nl.MD1-leut.ifit.occluded_l.dat” 
contains a table listing all existing PAIs with trajectory frequencies (“f.”) 
and dwell on/off times (“dwon.”/”dwof.”) for each trajectory 
 
Frequency/Dwell Time Comparisons are saved in e.g. 
 
“output/meta/pais/hbplus/freqs/hbplus.leut.ifit.occluded_l_vs_leut.nl.MD1.F0.
4.lrF1.5.dat” 
for a list of PAIs that more/less frequent in one trajectory than another. 
 
seg1 rnm1 res1 bb1 seg2 rnm2 res2 bb2 f.traj1 f.traj2    lrf 
   A  ALA   14   1    A  ILE  115   0    0.48    0.03 -2.773 
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lrf   : log frequency ratio, see source code, e.g. in 
scripts/b1.2.1.compcompare_pai_freqs.hbplus.R 
 
The postfix “F0.4.lrF1.5” stands for PAIs 
that have a frequency>=fthres=0.4 in at least one of the two trajectories 
and an abs log freq. ratio>=lrfthres=1.5 between the two trajectories 
 
Analogous for dwell time, i.e. e.g. 
“lrDn1.0.lrDf1.0.lrf0.6” stands for PAIs 
that have an abs log freq. ratio<=lrfthres=0.6 
between the compared trajectories  
an abs log "dwell on" ratio>=lrdnthres=0.1 
and an abs log "dwell off" ratio>=lrdfthres=0.1 
(see source code, e.g., scripts/b1.2.1.compcompare_pai_freqs.hbplus.R 
for more details) 
 
pdf files with PAI time traces from those tables are plotted in pdf files 
(e.g. “hbplus.*_vs_*.F0.4.lrF1.5.leut.ifit.occluded_l.pdf”) 
### 
 
PAI Correlations: 
Same work-flow as in PAI frequency/dwell times 
 
Results in e.g.  
output/meta/pais/hbplus/corrs/ 
dt_metacorr.hbplus.leut.nl.MD1-leut.ifit.occluded_l.dat 
 
listing all PAI Pearson correlations in each trajectory: 
pai1                    pai2                    c.leut.nl.MD1 
c.leut.ifit.occluded_l 
A-ALA-105-b-A-LEU-102-b A-ALA-105-b-A-PRO-101-b        -0.349                 
-0.580 
 
pai1,pai2: PAI encoded as seg1-rnm1-res1-b/s-seg2-rnm2-res2-b/s, 
           where “b” stands for “backbone”, and “s” for “otherwise”, 
           e.g. “sidechain” 
 
“c.*”    : Pearson correlation score 
 
Comparative Correlation Analysis yield results as in 
“output/meta/pais/hbplus/corrs/cor.hbplus.leut.ifit.occluded_l-
leut.ifit.occluded_l_vs_leut.nl.MD1.C0.5.adC0.5.dat” 
 
the postfix “C0.5.adC0.5” denotes PAI pairs that have  
a correlation>=cthres=0.5 for all trajectories in at least one set of 
trajectories and 
an abs correlation difference>=cthres=0.5 between the min. PAI pair  
correlation of trajectories in a set A and the max. PAI correlation 
of trajectories in a set B, where PAI.corr(A)>PAI.corr(B) 
 
example output: 
pai1                    pai2                    c.leut.nl.MD1 
c.leut.ifit.occluded_l adc 
A-ALA-105-b-A-LEU-102-b A-ALA-119-b-A-LEU-116-b         0.631                 
-0.068 0.699 
 
adc : absolute difference in correlation coefficient, see source code 
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d) Visualization of PAI meta-analysis (under development) 
 
./b1.3.map_pais_on_pdbs.sh 
# executing 
scripts/b1.3.1.map_pais_on_pdbs.tcl 
# 
# maps a set of PAIs from a meta-analysis “dat” file (see above) 
# as lines or spheres 
# (sphere, if a PAI partner - e.g. a ligand - is not present in a particular 
trajectory) 
# onto the last frame of each trajectory 
# 
# red//blue lines&spheres represent PAIs that are more//less frequent, 
respectively, 
# in the reference trajectories (myrefs) than in the comparison (mycmps) 
trajectories 
# 
# parameters in b1.3.map_pais_on_pdbs.sh are: 
# whatpais="hbplus" (or “vmdhbond”,”hvatmdist”) 
# whatobs="freqs" (or “corrs”) 
# 
# parameters for scripts/b1.3.1.map_pais_on_pdbs.tcl 
# can be found in scripts/parameters.tcl: 
# 
# set l_mymol {leut.nl.MD1 leut.ifit.occluded_l} 
# list of "reference" sets for the comparisons ("comparison" are 
l_myrefs[[i]] without l_mymol) 
set l_myrefs {{leut.ifit.occluded_l leut.ifit.occluded_l}} 
# index defining which set of reference trajectories in l_myrefs is used for 
scripts/b1.3.1.map_pais_on_pdbs.tcl 
set refind 0 
# what dat file shall be load? 
# "F0.4.lrF1.5" e.g. for "freqs", 
# "lrDn1.0.lrDf1.0.lrf0.6" e.g. for "dwell times", 
# "C0.5.adC0.5" e.g. for "corrs"   
set whatobsthres "F0.4.lrF1.5" 
 
# 
# Once the trajectories with their PAIs are loaded, you can cursor 
# through them with user keys “a” and “d” in the active VMD display 
# 
 
# 
# Under Development!: 
# 
# So far, the code has been written for "freqs", but can easily be extended 
for "dwell times" and "corrs" 
# 
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V.A.4. smFRET/EPR Labeling Pair Predictor 

This software can be found under: 

/home/sebastian/share/all/smFRET_EPR_respairpred 

# 
# This documenation was written by: 
#     Sebastian Stolzenberg, June 2013 
# 
# 
############################################### 
# 
# Residue Pair Predictor 
# for dye-labeling in smFRET/EPR experiments 
# 
# Copyright 2012-2013, Sebastian Stolzenberg 
# - Department of Physiology & Biophysics at 
#   Weill-Cornell Medical College, New York, NY, 
# - Department of Physics, Cornell University, Ithaca, NY 
# 
# For Thesis Research in the Harel Weinstein Lab 
# 
# For Comments/Questions: ss629@cornell.edu 
# 
############################################### 
#  
# Location: 
# /home/sebastian/share/all/smFRET_EPR_respairpred 
# 
###############################################  
# 
# If you find this script package useful for your publications, 	  
# please cite: 
#  
#     (citation to be added) 
# 
# CAUTION: 
# These scripts have been tested for correct functionality,  
#     though perfection is not guaranteed, and flaws cannot be excluded. 
# 
# to understand the details of these scripts and to be able to 
# make modifications, it is recommendable to know some 
# bash, tcl, and R scripting 
# 
# 
###############################################  
# 
# This script package predicts residues pairs 
# for dye-labeling in smFRET/EPR experiments by 
# a) 
# computing average (avg) distances and their standard deviations (sd) 
# between any residue-pair 
# from each of at least two trajectories 
# b) 
# excluding out residue pairs with distances beyond a certain range 
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# accessible to the experiment 
# c) 
# excluding residue pairs with solvent-inaccessible residues 
# (based on relative SASA value computed with the program naccess: 
# Hubbard, S. J.; Thornton, J. M. NACCESS, Computer Program; Department of  
# Biochemistry and Molecular Biology, University College: London, 1993.) 
# d) 
# organizing these residue pairs into "all residue pairs", 
# "extracellular residues", "intracellular residues", and 
# "pairs with one extra- and one intracellular residue" 
# e) 
# ranking the remaining residue pairs by  
# the dynamic range of their distances 
# the “dynamic range” for a particular distance is 
# (i.e. max(dist)-min(dist)-sd_of_maxdist-sd_of_mindist 
# (in the future, one can use block-averages to estimate standard errors 
# for the confidence intervals instead of standard deviations, see 
# A. Grossfield, D. M. Zuckerman, PROTEINS, 2007) 
# 
 
 
1. Installation: 
 
Copy this folder into $YOUR_DIRECTORY (linux bash commands) 
cd /home/sebastian/share/all/smFRET_EPR_respairpred 
rsync -av --exclude “input” --exclude "output"  $YOUR_DIRECTORY 
 
Other required programs: 
- VMD (works with version 1.8.6) 
- naccess v.2.1.1 (preinstalled on softlib in the HW Lab) 
- R (works with version R-2.15.0) 
  - The following R packages need to be installed: 
    - data.table, gplots, fields (to be added) 
    (- quick work-around for HW Lab members: 
      mkdir –p ~/mypackages 
      rsync –av ~sebastian/mypackages/R-2.15.0 ~/mypackages) 
 
 
2. Package Contents: 
 
*.sh scripts: 
-- 
a2.1_calc_dist_matrix.sh  
# computes the distance matrix for a particular trajectory 
# executes: 
# - scripts/a2.1_compute_distmatrix.inhouse.tcl 
-- 
a2.2.compute_relSASAs.sh  
# computes the relative SASA values for each trajectory 
# executes: 
# - scripts/a2.2.1.produce_sasas_from_traj.tcl 
# - naccess 
# - scripts/a2.2.2.aggregate_SASA_data.R 
-- 
a2.3.predict_respairs.sh  
# computes the residue pair candidates from a set of trajectories  
# executes: 
# - scripts/a2.3.1.predict_respairs.R 
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-- 
./scripts   - contains all the .tcl/.R scripts, including 
              parameters.tcl and parameters.R 
 
-- 
scripts/parameters.tcl: 
loaded by scripts/a2.1_compute_distmatrix.inhouse.tcl 
contains parameters for the: 
- segIDs of the protein, ligand, (and lipid whatenv=”membrane”) 
- trajectory ranges for each individual trajectory 
-   
-- 
scripts/parameters.R: 
loaded by scripts/a2.2.2.aggregate_SASA_data.R and 
          scripts/a2.3.1.predict_respairs.R 
contains parameters for: 
- relative SASA threshold chosen to define solvent-accessibility 
- distance range accessible to smFRET/EPR experiments 
- trajectories set defintion 
see scripts/parameters.R for more detailed documentation 
 
 
3. How2Run 
 
# 
# Prepare the trajectories 
# 
# to name your trajectory folders, first define a common name 
# of the trajectory set, e.g. whattrajs=“alpha2” 
# then you can name your individual trajectories by 
# ${whattrajs}_${traj1}, e.g. “alpha2_2xyz” 
mkdir –p input/${whattrajs}_${traj1} 
# put here in.psf, in.pdb, and in.dcd of your trajectory 
# of your equilibrated trajectory segment 
# 
mkdir –p input/xstals/${whattrajs}_${traj1}.xstal 
# put here in.pdb of your crystal structure 
# if you don’t have a crystal structure, you can just place the 
# starting structure of your trajectory here 
# 
# ... (do the same for your other trajectories) 
 
# 
# Compute the Distance Matrices 
# 
# in scripts/parameters.tcl, define your segIDs, trajectory ranges, etc. 
# see the file for more documentation 
# 
# in a2.1_calc_dist_matrix.sh: 
# redefine the for loop “for mymol in...” 
# and run the script: 
./a2.1_calc_dist_matrix.sh 
# output files will be in output/${whattrajs}_${traj1} 
# and output/${whattrajs}_${traj1}.xstal for the individual trajectories 
 
# 
# Compute the relative SASA values 
# 
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# in scripts/parameters.R, define various parameters described in the file 
# 
# in a2.2.compute_relSASAs.sh 
# - redefine the for loop “for mymol in...” 
# - set whatenv, and whattrajs 
# and run: 
./a2.2.compute_relSASAs.sh 
# output files will be in output/${whattrajs}_${traj1} 
# and output/${whattrajs}_${traj1}.xstal for individual trajectories 
# and output/meta for the entire trajectory set “${whattrajs}” 
 
# 
# Compute the predicted residue pair candidates 
# 
# in a2.3.predict_respairs.sh 
# - redefine the for loop “for mymol in...” 
# - set whatenv, and whattrajs 
# and run: 
./a2.3.predict_respairs.sh 
# output files will be in  
# output/meta for the entire trajectory set “${whattrajs}” 
# in particular all the resulting pdf files will be in: 
# e.g. output/meta/alpha2/pred_respairs.nomembrane 
# 
# e.g. “pairdist.$myside.alpha2.pdf” will have the residue candidates 
# ranked by their distance dynamic range 
# if myside==”all”: both intra-/extracellular pair are considered 
# if myside==”extracellular”: only extracellular pairs 
# if myside==”intracellular”: only extracellular pairs 
# if myside==”extra2intra”: all pairs with 1 extra-/1 intracellular pair 
# e.g. “SASAr_meta.res.alpha2.pdf” contains the relative SASA values of  
# all residues in all trajectories 
# 
# 
# dat files for these pdf files are also in e.g. output/meta/alpha2 
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V.A.5. Distance Difference Matrix Analyzer 

This software can be found under: 

/home/sebastian/share/all/DDM_analyzer 

# Copyright 2013, Sebastian Stolzenberg 
# Department of Physiology & Biophysics at  
# Weill Cornell Medical College, New York, NY 
# and 
# Department of Physics, Cornell University, Ithaca, NY 
# 
# For Thesis Research in the Harel Weinstein Lab 
# 
# Regarding questions/remarks: ss629@cornell.edu 
# 
# This documenation was written by: 
#  Sebastian Stolzenberg, August 2013 
# 
################################################################## 
# Scripts for  
# analyzing different pdb files (can be extended to trajectories 
# obtained e.g. from Molecular Dynamics Simulations) 
# with Distance Difference Matrices 
################################################################## 
# 
# To learn more about Distance Differences Matrices (DDMs), 
# please refer to: 
 
# M. N. Liebman, C. A. Venanzi, and H. Weinstein, Biopolymers 24, 1721  
# (1985). 
# K. Nishikaw, and T. Ooi, Journal of theoretical biology 43, 351  
# (1974). 
# H. Weinstein et al., Environmental health perspectives 61, 147 
# (1985). 
# 
# If you find this DDMs protocol useful for your publications, 	  
# please cite the following paper, which also contains more  
#     information about the method: 
# 
# Sebastian Stolzenberg, Olga Boudker, and Harel Weinstein. 
# Mechanistic in- sights from modeling the substrate translocation  
# path of the bacterial glutamate transporter homologue gltph.  
# Biophysical Journal, 104:199, 2013. 
#        
# CAUTION: 
# This infrastructure does not guarantee the perfect correctness for  
#  the given code, however to make things run as you intended, 	  
#     you need to understand what each of the steps/scripts are doing! 
# 
# the following R packages you need to run these scripts: 
# install.packages("tseries") 
# install.packages("gplots") 
# 
# 
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The DDMs folder contains 4 folders and 2 files: 
 
   "input"          - your input pdb files  
   “1.1.calc_dist_matrix.sh” - shell script to compute DMs  
   “1.2.comp_n_plot_dist_diff_matrices.shrun.sh” 

- shell script to compute DDMs 
   "scripts"        - VMDtcl and R scripts 
   "output"         - your output files 
   "docs"           - includes this documentation file 
    
    
The “input” folder... 
 
... contains your input pdb files (can be extended to trajectories) 
 
 
The “1.1.calc_dist_matrix.sh” shell script... 
 
... computes the DMs for a particular atom selection  (“myselstr”) 
 
 
The “1.2.comp_n_plot_dist_diff_matrices.sh” shell script... 
 
... computes the DDMs between different pdb files. See 
scripts/1.2.comp_n_plot_dist_diff_matrices.R for the parameters, where you 
can manually zoom into certain regions. 
 
 
 
For a better and more complete analysis via DMs and DDMs for pdb files and 
trajectory files, take a look at: 
 
http://physiology.med.cornell.edu/faculty/hweinstein/vmdplugins/itrajcomp 
 
developed by Luis Gracia 
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V.A.6. Elastic Network Model Mode Linear Combination Movie Maker 

This software can be found under: 

/home/sebastian/share/all/ENM_lincombwithphase 

# Copyright 2013, Sebastian Stolzenberg 
# Department of Physiology & Biophysics at  
# Weill Cornell Medical College, New York, NY 
# and 
# Department of Physics, Cornell University, Ithaca, NY 
# 
# For Thesis Research in the Harel Weinstein Lab 
# 
# Regarding questions/remarks: ss629@cornell.edu 
# 
# This documenation was written by: 
#  Sebastian Stolzenberg, August 2013 
# 
################################################################## 
# 
# Tool to linearly combine 
# normal modes of an elastic network model (ENM) 
# with evolving phases to produce pdb movies of an ENM 
# 
################################################################## 
# 
# To learn more about Elastic Network Models, please refer to: 
# 
# Qiang Cui, I. B. (ed.), Normal mode analysis: theory and 
# applications to biological and chemical systems, Chapman & Hall/CRC 
# Mathematical & Computational Biology (2006). 
# 
# 
################################################################# 
# 
# CITATION: 
#  If you find this ENM tool useful for your publications, 	  
# please cite the following paper, which also contains more  
#     information about the method: 
# 
# (reference will be available online at: 
# http://modehunter.biomachina.org ) 
# 
################################################################# 
# 
# CAUTION: 
# This scripting infrastructure does not guarantee the perfect  
# correctness for the given code, however to make things run as you  
# intended, you need to understand what each of the steps/scripts are  
# doing! 
# 
# 
# 
 
The folder of this tool contains 4 folders and 2 files: 
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   "input"         - your input pdb files  
   "run-wt.pl"  - perl script to film linearly combined ENM modes 
   "run-prtrb.pl" - perl script to same with perturbed force  

  constants (under development) 
 
 

   in "scripts”: 
   “pdb_read_write_calphas.py" - ENM base script written by W. Wriggers, 
                                 see http://modehunter.biomachina.org 
   “prod_enm_CAmovies.py”      - modified by Sebastian Stolzenberg from 
                                 http://modehunter.biomachina.org 
   “output"          - output folder, created by perl script 
   "docs"            - includes this documentation file 
    
    
The “input” folder... 
 
... contains your input pdb files 
 
 
The “run-wt.pl” shell script... 
 
... executed the ENM script (see comments in source code) 
 
General functionality of these scripts is to ... 
- compute the ENM normal modes of a pdb input structure 
- linearly combine (a subset of) these modes along time with an  
  arbitrarily chosen initial phase of zero for all modes considered (over  
  time, these modes will desynchronize because their frequencies are  
  expected to be different) 
- describe this linear mode combination over time in Cartesian coordinates  
  of CA-atoms of the ENM; result is a pdb trajectory of CA-atoms 
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