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ABSTRACT

STRUCTURAL DYNAMICS OF ABC TRANSPORTERS

The ATP-binding cassette transporters (ABC transporters) translocate sub-
strates across membranes by ATP binding and hydrolysis. To understand the com-
plex structural dynamics, transporters were investigated on three case studies: het-
erodimeric multidrug exporter TmrAB, cystic fibrosis transmembrane conductance
regulator (CFTR), and manganese ion importer PsaBC. Anisotropic Network Model-
Langevin Dynamics (ANM-LD) simulations were performed between four different con-
formations of TmrAB. The analysis for each transition revealed the allosteric couplings
between the ATP binding in nucleotide binding domains (NBD) and extracellular gates
on transmembrane domains (TMD). Transfer Entropy (TE) calculations showed that
TMDs and NDBs of TmrAB become drivers at different stages during the translocation
cycle. The ANM-LD simulations of dephosphorylated to phosphorylated CFTR transi-
tion revealed that the initial movements in the NBDs are followed by the movement of
the gating areas in TM. The causal relationships between these movements were sup-
ported by TE calculations. CFTR potentiator drug Ivacaftor has been shown to have
a global effect, mimicking the effects of ATP binding and gating residues. Corrector
drug Lumacaftor has a local effect on TM1, 2, 3, and 6. The dynamics of PsaBC was
characterized using TE calculations, and testable predictions were made. Four possi-
ble gating residues were identified along with an allosteric pocket on TMS. Finally,
TE calculations of many ABC transporters showed the differences and similarities be-
tween different types. Type I transporters were shown to be controlled by TMDs in
the inward facing (IF) conformation, and NBDs and substrate binding protein (SBP)
in the outward facing (OF) conformation. Type II transporters were always driven
by NBDs, regardless of conformation. Type IV transporters showed more variability,
but for most, TMDs are driving for IF and NBDs are driving for OF conformations.

Dynamic characterization methods show potential in classifying ABC transporters.



OZET

ABC TASIYICILARININ YAPISAL DINAMIKLERI

ATP-bagl kaset (ABC) tasiyic proteinleri, ATP baglanma ve hidrolizinden elde
ettikleri enerji ile hiicresel zarlar iierinden madde gecisinde gorev yaparlar. Karmagik
yapisal dinamikleri anlamak ic¢in ii¢ farkli ABC tasiyici protein incelenmistir: het-
erodimer peptit tasiyict TmrAB, kistik fibrosis transmembrane kondiiktans regiilatorii
(CFTR) ve manganez iyon tagiyicisi PsaBC. TmrAB proteini igin kristal yapilarin
bollugu, dort farkli konformasyon arasinda Anizotropik Ag Modeli-Langevin Dinamigi
(ANM-LD) simiilasyonlar1 gergeklegtirilmesine imkan saglamigtir. ATP baglanma rezi-
diileri ve hiicredis1 kapilar arasindaki allosterik baglantilar: aciga ¢ikarilmigtir. Transfer
Entropi (TE) sonuglart ise transmembran (TMD) ve niikleotit-baglanma alanlarmin
translokasyon dongiisii boyunca olaylarin siiriiciisii olduklarini gostermistir. CFTR
icin ANM-LD simiilasyonlar1 gerceklestirilmistir. NBDlerdeki baglangic hareketlerinin
kap1 bolgesi tarafindan takip edildigi gortilmiistiir. Bu bolgeler arasindaki sebepsel
iliski, TE hesaplamalari ile de desteklenmistir. CFTR ilacglari, ivacaftor ve lumacaftor
kargilagtirilmigtir. Ivacaftorun yapi tizerinde ATP baglanmasini ve kap1 hareketini tak-
lit eden global bir etkisi oldugu goriiliirken, lumacaftorun baglandigi TM1, 2, 3 ve
6ya etki ettigi gortilmiistiir. Manganez iyon tasiyicisi da TE hesaplar: ile karakterize
edilmig ve deneysel olarak test edilebilecek tahminler yapilmigtir. Yeni kapi rezidiileri
tahmin edilmis ve transmembran helix 8 iizerinde bir allosterik cep bulunmustur. TE
hesaplart farkli ABC tasiyicilart arasindaki dinamik davrang farklarim ve benzerlik-
lerini gostermigtir. Tip 1 tasiyicilar, ice doniikken TMDler tarafindan siiriiliirken,
diga doéniikken NBD ve siibstrat baglayan protein (SBP) tarafindan siiriilmektedir.
Tip II tasiyicilar hep NBDler tarafindan kontrol edilmektedir. Tip IV tasiyicilar ise
daha ¢ok farklilik gostermekle beraber ice doniikken TMDler, disa doniikken NBDler
tarafindan stiriilmektedir. Dinamik karakterizasyon metodlari, ABC tasiyicilar igin

yeni bir siniflandirma i¢in umut vermektedir.
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1. INTRODUCTION

Proteins are macromolecular machines that perform a wide variety of essential
cellular tasks. While experimental methods are able to capture the sequence and struc-
ture of dominant conformations, their dynamics are still a mystery. Protein dynamics
bridge the gap between protein structure and protein function [1]. Each protein goes
through many shapes while performing its function. The characterization of these
conformations is essential to understanding the mechanism of action. Experimental
methods are able to capture snapshots of these events, but cannot describe the behav-
ior along a trajectory. Computational tools offer answers to many topics of interest
such as; identification of key functional sites and allosteric pockets, determination of

the order-of-events through a trajectory, and the causal relationships between residues.

Even though proteins go through many conformational shapes to perform their
function, they spend most of their time in one or two states. Transitional states are very
challenging to capture. Only by certain mutations, increased concentrations or added
agents, they are able to be captured experimentally. These modifications add bias to
results and possibly overstate or understate the importance of certain conformational
states [2]. Only recently, it has been possible to capture high energy states in adenylate
kinase (Adk), calmodulin and Src kinase in a recent seminal work by Stiller [3]. Protein
function is also closely linked with allosteric regulation. Allostery is the phenomenon
that energetically links remote sites of a system to create a functional response [4].
Allosteric modulators, such as the binding of a small molecule, leads to a population
shift in the proteins conformational ensemble. Understanding the allosteric network of

a protein is essential to controlling protein function [5,6].

Computational simulation methods such as molecular dynamics (MD) are very
successful at predicting the conformational dynamics of biological macromolecules;
however, for larger biological systems and larger conformational changes between stable
conformational states the computational cost significantly increases [4]. To sample the

intermediate, high energy states, enhanced sampling MD methods such as metadynam-



ics, simulated annealing, or replica exchange are used [7]. On the other hand, elastic
network models significantly simplify the system and make obtaining results much
faster [8]. ANM-LD combines the Anisotropic Network Model (ANM) with Langevin
dynamics (LD) to search of the conformational space. ANM-LD method uses only the
intrinsic dynamic modes of motion accessible for a protein through its functional jour-
ney [8,9]. By choosing dynamic modes in such to enable the transition to the target,
this method is able to obtain the intermediate states and identify important dynamic
modes for transition. ANM-LD is able to obtain much faster snapshots during the
transition period, creating almost a movie of the process [8,9]. Other computational
approaches utilizing MD simulation trajectories [7] or elastic network models [10], such
as the transfer entropy analysis reveals causal relationships between events A combi-

nation of these approaches makes the ordering of events possible.

ATP binding cassette (ABC) transporters are a superfamily of proteins that trans-
port a wide variety of substrates across cellular membranes. ABC transporters serve
important functions within most of the human cells, including the transport of most
drugs and metabolites. Their mutations and malfunctions are linked to many diseases,
thus understanding these structures and dynamics would be important for cancer re-

search, pharmacokinetics, and pharmacogenetic disorders [11].

The aim of this thesis is to analyze the dynamics ABC transporters using com-
putational approaches such as ANM-LD and transfer entropy, and to characterize the
order of events for further research and drug development. In this work, three differ-
ent members of the ABC transporter superfamily are analyzed with different motives.
TmrAB is a heterodimeric bacterial multidrug resistance protein from Thermus ther-
mophilus. Hofmann et al., have obtained nine cryo-EM structures that show the protein
in different conformations [12]. This allows simulations to be performed between mul-
tiple initial and target structure combinations, allowing a full analysis of the energy
landscape. The second example is the cystic fibrosis transmembrane conductance reg-
ulator (CFTR) that is responsible for cystic fibrosis (CF). The allosteric network and
mechanism of action for CFTR is uncharacterized. Identification of allosteric sites is

essential for drug development. Finally, the manganese transporter MntBC from Bacil-



lus anthracis is directly linked to anthrax [13]. In 2021, Neville et al., have obtained
the crystal structure of PsaBC from Streptococcus pneumoniae in the inward-facing
conformation [14]. The mechanism of translocation is uncharacterized and key sites re-
main unknown. Other ABC transporters are also analyzed using the transfer entropy
method [10, 15]. Observing the similarities and differences between their dynamics

makes a novel classification based on their dynamics possible.

1.1. ATP-Binding Cassette (ABC) Transporter Superfamily

ATP binding cassette (ABC) transporters are one of the largest and oldest super-
families and they are present in all living organisms [2]. ABC transporters are involved
in the transport of sugars, amino acids, proteins, ions and metabolites across the cell
membrane and other intracellular membranes of endoplasmic reticulum and mitochon-
dria [16]. These substrates are involved in important metabolic functions inside the
cell, therefore their transport is essential to many cellular events. There are 48 ABC
proteins encoded in the human genome [17]. Mutations in ABC transporter encoding
genes are linked to many diseases such as cystic fibrosis, liver disease, and Alzheimer’s

disease [18,19].

Substrate transport across cell membranes can be passive or active. Passive
transport utilizes the concentration gradient caused by different concentrations inside
and outside the cell. Active transport either couples the movement of molecules that
are moving in opposite directions or uses the energy released by ATP hydrolysis. ABC
transporters use energy from ATP binding and hydrolysis to move substrates against
an electrochemical gradient [11]. ABC transporters can transport substrates into or

out of the cell membrane. This movement requires large conformational changes [20].

All ABC transporters have an ATP binding cassette, also named the nucleotide
binding domain (NBD). This sequence is largely conserved across the members of the
ABC transporter superfamily. Common conserved motifs of the NBDs include; Walker
A and B, ABC signature motif, the H loop and the @ loop. Each protein has two NBDs
that bind ATPs at the interface. The hydrolysis of ATPs in this domain provides the



energy for active transport. The conserved motifs are either involved in ATP binding

and hydrolysis or assisting the binding of NBDs.

ABC transporters have two transmembrane domains (TMDs) that are also called
membrane spanning domains (MSDs). The TMDs of ABC exporters are made up of
twelve transmembrane (TM) helices and TMDs of ABC importers have between 10
to 20 TM helices [11]. Unlike the highly conserved NBDs, there is great variety in
the sequences, lengths, folds, and surfaces of the TMDs. In most ABC importers,
these domains are four different polypeptide chains that join together to create the
transporter. In bacterial exporters, one TMD and one NBD are fused together and
create a half-transporter. Some eukaryotic exporters even have all domains on the

same polypeptide chain [21].

Initial classifications for this superfamily were made based on the direction of the
transport [22]. Some transporters move substrates from the cytoplasmic region out to
the periplasmic region (exporters), some move substrates from the periplasmic into the
cytoplasmic region (importers) and some transporters are bi-directional. For substrates

to be shuttled across the cell membrane, proteins must undergo conformational changes.

The alternating access model was generally accepted for the transport mechanism
of ABC transporters. In this model, proteins start from an inward facing conformation
and shift to a nucleotide bound outward facing conformation. During this shift, the TM
helices are swapped between the two TMDs [23]. There are other proposed mechanisms

such as occluded, outward only and substrate capture mechanisms.

The first ABC transporter to be characterized by Locher and Rees in 2002 was
the B12 importer BtuCD [24]. In the 20 years since, the structures of many other
ABC transporters have been identified. Advanced imaging techniques such as cryo-EM,
SAXS and NMR can not only capture proteins at their resting states but also sometimes
at their high-energy intermediate conformations [2]. These crystal structures have made
it possible to perform computational studies that reveal the transport mechanism and

dynamics.



Two major conformational shapes that are common for transporters are inward-
facing (IF) and outward facing (OF) conformations [25]. Both of these conformations
are essential for substrate binding and release. ABC importers are at their resting state
in the OF conformation. On the contrary, ABC exporters are at their resting state
in the IF conformation. The characterization of the transient conformations is highly
challenging. Only by certain modifications such as mutations or changing transport

rates, experimental results on transitional conformations are able to be obtained [12].

Type | Type ll Type IV
MalFGK, BtuCD Sav1866

Figure 1.1. Transporters from Types I, II, and IV.

An abundance of experimental information has made a classification based on
TMD folds possible. Previously, types of gene subfamilies and chromosomal location
had been used to classify ABC transporters into subgroups [16]. Most recently, Thomas
et al., have used the differences in the TMD folds to classify ABC transporters into
seven groups [22]. This classification takes into account the diversity of the TMD
folds and evolutionary networks between bacterial and eukaryotic members of the ABC
transporter superfamily. The most prominent types are type I, Il and IV. Type I and II
ABC transporters are all importers and they have helix organization (5—6)+ (5—6/8)
and 10 + 10 respectively. Type IV transporters can be both exporters or importers



and have helix organization 6 4+ 6. Figure 1.1 shows prominent examples from these
three types. Maltose importer MalFGK5, B12 importer BtuCD and multidrug exporter
Sav1866 are shown for types I, IT and IV respectively. Coloring is made based on chains
and domains are labelled. As this classification is done based on the fold of the protein,

it requires structural knowledge.

Some of the most prominent members of the ABC transporters require accessory
domains that facilitate or regulate translocation. These domains are not a core part and
their removal does not affect the transport function [26]. ABC importers often require
a substrate-binding protein (SBP) to deliver the substrate from the external side to
the surface of the cell [21]. ABC importers feature a docking site for the attachment
of SBPs. This site relays a signal to the NBDs for the binding and hydrolysis of
ATPs [26]. Figure 1.1 shows MalFGK, and BtuCD with their SBPs. SBPs of type II
importers have higher binding affinities to substrates compared to type I importers.
This is because type II importers often transport less abundant substrates [25]. ABC
exporters do not need an additional unit to capture the substrate from the cytoplasmic
side. They instead have a substrate binding site at the interface of the TMDs that is

accessible in the IF conformation.

1.2. Multidrug Resistance Protein TmrAB

TmrAB is an ABC exporter from the gram-negative bacteria Thermus ther-
mophilus. TmrAB is a heterodimeric protein, with each half containing one trans-
membrane domain (TMD) and one nucleotide binding domain (NBD). It is a type IV
transporter and has the same helix organization as Sav1866 presented in Figure 1.1.
TmrAB also serves as a model system for the human transporter associated with anti-
gen processing (TAP) [12]. Tt’s shown that TmrAB can restore antigen transport in
TAP-deficient cells [20]. TmrAB is a great case study for dynamic characterization
because nine distinct functional states of TmrAB have been characterized by cryo-

EM [12].



In Figure 1.2, the organization of TmrAB is presented. The top part lies inside the
cell membrane (TMD) and the bottom part is for ATP binding (NBD). While all ABC
transporters have two ATP-binding sites formed at the interface of the two NBDs, more
than half of the ATP-binding sites of human ABC transporters are asymmetric [27]. In
TmrAB, ATP1 can hydrolyze ATP and is named canonical or the catalytic ATP binding
site. ATP2 cannot hydrolyze ATP and is named the non-canonical or the degenerate
ATP binding site. The presence of one degenerate and one catalytic ATP binding site
is common in half of the ABC transporters [25]. There are six transmembrane (TM)
helices on each TMD. TM1 is connected to a short, horizontal helix termed the elbow
helix. Helices 2 and 3, and helices 4 and 5 are connected by intracellular loops. The
intracellular loop between 4 and 5 extends into NBD2 [28]. This geometry is termed
‘domain swapped’. Type IV transporters all feature coupling helices that protrude into
the opposite domain and create a point of contact. Types without domain swapped

coupling helices have a large space at the center (such as Type II importer BtuCD) [21].

Figure 1.2. TmrAB helix organization and domains.

Inward facing conformations need to be narrow (IEF™ %) or wide (I F“) de-
pending on the size of the substrate, and these two conformations are in equilibrium.

Hofmann et al., have found that TM6 helix controls the size and opening of the binding



cavity. In the IF states, the degenerate ATP binding site is occupied by an ATP and
the catalytic ATP binding site is occupied by an ADP. When both sites are bound to
an ATP, this triggers NBD dimerization and the closure of the cytoplasmic gate. This
allows the periplasmic gate to open and facilitates a change to the outward facing con-
formations. The closing of the TMD happens together with the release of a phosphate
from ATP, not ATP hydrolysis. The substrate is released to the extracellular side in
the outward facing open (O F°P*") conformation. Before ATP is hydrolyzed, the system
fluctuates between OF open and occluded states. After hydrolysis, the protein takes
on an unlocked return asymmetric conformation (Asym). In this structure, the NBDs

are dimerized and the extracellular gate is closed [12].

Hofmann et al., and Stefan et al., have aimed to delineate the translocation cycle
of TmrAB. Single turnover assays have shown that ATP binding is the key to the
transition from [F to OF. This transition is responsible for substrate translocation.
ATP-occluded states are the pre-hydrolysis states. ATP hydrolysis and phosphate
release at the catalytic ATP binding site starts the OF to IF transition. Notably,
the degenerate ATP binding site never hydrolyses ATP to ADP. The release of the
phosphate triggers the change to the unlocked return (or asymmetric) conformation.

This process reactivates the peptide and ATP binding [12, 20].

1.3. Cystic Fibrosis Transmembrane Conductance Regulator (CFTR)

The ABC transporter superfamily has one unique member. The cystic fibrosis
transmembrane conductance regulator (CFTR) is an ABC transporter but unlike the
other members it’s an ion channel. The CF'TR protein is responsible for regulating the
chloride ion concentration in the cell. This transport occurs across the electrochemical
gradient of the chloride ions, unlike other ABC transporters that utilize energy to
move substrates against their concentration gradients. The chloride concentration also
affects the movement of water into and out of the cell. The mutations in the CFTR gene
causing a malfunctioning of the protein leads to the disease cystic fibrosis (CF). CF is
the most common genetic disorder among people of northern European descent [29].

Chronic lung infections due to increased mucus, constriction of flow in the pancreatic



ducts, restriction of bowel activity, and a characteristic increased salinity in sweat are
among the many symptoms of CF. There is currently no known cure for CF and even

with improved symptomatic treatments the life expectancy is around 45-50 years [17].

Like other ABC transporters, CFTR has two nucleotide binding domains (NBDs)
and two transmembrane domains (TMDs). It also has a 200+ residue regulatory do-
main (RD). These domains are all part of a single chain. The domain connectivity
is TMD1-NBD1-RD-TMD2-NBD2. There are multiple available crystal structures for
human and zebrafish CFTR in phosphorylated (ATP-bound) and dephosphorylated
(ATP-free) conformations [29-32]. However, none of these crystal structures are able to
capture the structure for the RD. While the crystal structure of the RD isn’t available,
it’s known that RD contains 19 sites for protein kinase A (PKA) phosphorylation [29].
In the inward facing, closed conformation RD is wedged between the domains and pre-
vents the NBDs from closing. The phosphorylation of the RD is thought to allow the
transportation channel to open. After the phosphorylation of RD and ATP binding to
the NBDs, RD is dislocated and moves to the side. In this phosphorylated state the

transport channel is open.

The dephosphorylated conformation of CEFTR is very similar to the IF conforma-
tions of other type IV fold ABC transporters. Similar to the translocation process of
other ABC transporters, CFTR requires ATP binding for translocation to occur. How-
ever, unlike active transport, channel activity does not require an occluded state where
both cytoplasmic and periplasmic gates are closed. In turn, CFTR only features a
periplasmic gate but not a cytoplasmic gate. Currently, the conducting state of CF'TR,
is uncharacterized, and it is unknown if this conformation resembles a characteristic
OF conformation. Similar to TmrAB, CFTR has two ATP binding sites but only one
of these sites has the ability to hydrolyze ATP. ATP site 1 is degenerate and ATP site
2 is catalytic. These sites are formed at the interfaces of the two NBDs. For ATP
site 1, the head subdomain lies at NBD1 and the tail subdomain lies at NBD2. The
opposite is true for ATP site 2. The core or ‘head’ subdomain that forms the ATP site
features an A-loop, Walker A motif, Q-loop, H-loop, and Walker B motif. The ‘tail’

subdomain features the D-loop and the conserved signature sequence [33].
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There are over 300 disease-causing mutations. The most common CF-causing
mutation is the deletion of a phenylalanine amino acid (delF508), which makes CFTR
more likely to degrade before it’s able to reach the plasma membrane [34]. Other
mutations to the CFTR gene can cause defects related to reduced protein expression,
function, and stability. There are different drug and therapy options for CF patients.

Small molecule CFTR modulators are being used to counteract the effects of CF.

There are five classes of small molecules: read through agents, correctors, po-
tentiators, stabilizers, and amplifiers [35]. Read through agents are used to combat
premature stop codon mutations, they stimulate the continuation of translation. Po-
tentiators and correctors are the most common modulators and they are often used in
tandem. Potentiators are used to increase channel activity, and correctors increase the
amount of CFTR in the cell membrane [36]. Ivacaftor, previously named VX-770 is the
most commonly used potentiator drug. Lumacaftor (VX-809), tezacaftor (VX-661),
and elexacaftor (VX-445) are all commercially available corrector drugs [37]. These
drugs bind to different allosteric cavities on CFTR. Ivacaftor binds to the TMDs at
the protein-cell membrane interface. It binds to a cavity created by TM helices 4, 5,
and 8. This cavity is also a hinge region in TMS8 [34]. S308, F312, and F931 are the
most important residues in ivacaftor binding [38]. On the other hand, corrector drugs
are known to bind to another cavity in the TMDs. Fiedorczuk and Chen have identi-
fied that lumacaftor binds to a binding pocket formed by TM1, 2, 3, and 6 [36]. The
other two class of drugs, stabilizers and amplifiers, anchor the CFTR at the plasma

membrane and increase the effectiveness of the other drugs respectively [35].

1.4. Manganese Transporter

There are many members of the ABC transporter superfamily that are responsible
for the uptake of metal ions. Trace transition metals are vital in many biological
processes. However, they are also toxic in high concentrations. It’s essential for cells
to have a complex metal uptake system in place to mine this scarce resource and to
avoid toxic overload. MntBC-A is ABC transporter for manganese transport from the

bacterial human pathogen Bacillus anthracis. The manganese importer MntBC-A is
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also of interest due to its role in the progression of anthrax [13,39]. MntBC-A is a type
IT importer and previously has been modeled based on the available crystal structures of
other type II importers. These importers are, B12 vitamin importer BtuCD and heme
importer BhuUV [24,40]. While these proteins are structurally similar to MntBC, the

differences in substrate size and charge caused challenges.

Most recently, the manganese transporter PsaBC from gram-positive bacterial
pathogen Streptococcus pneumoniae in open-inward conformation has been character-
ized [14]. The sequence of PsaB and PsaC are respectively 41% and 51% identical to
MntB and MntC. Thus PsaBC serves as a good template for a structural model for
MntBC. There are three available models for MntBC based on PsaBC; the homology
model, the Hidden Markov model with HHPred [41] and the AlphaFold model based

on neural network algorithms [42].

Understanding the mechanism of action and dynamics of manganese transport is
key to counteracting diseases such as anthrax [13]. Type II transporters often feature
an extra substrate binding protein (SBP). SBPs aid in the capture of the metal ions
through their higher affinities [14]. The SBP-bound conformation for the manganese
transporter is structurally uncharacterized. The interactions between TMDs and SBP
are of great interest. Computational approaches also serve as a great tool to identify
potential allosteric sites. Neville et al. have identified certain residues have been
identified as serving key functions; L43 is a part of the cytoplasmic gate, D46 and
H50 are coordination sites, and L104 and 1199 control pore closure. Also, residues
117-135 are known to form the extracellular gate [14]. Identification of other key sites

or allosteric pockets is of utmost importance to control or manipulate transport.
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2. MATERIALS AND METHODS

2.1. ABC Transporter Dataset

ATP binding cassette (ABC) transporters are a superfamily of proteins that trans-
port different substrates across the cellular membranes [43]. There are 48 ABC trans-
porter proteins encoded in the human genome [17]. ABC transporters serve many
functions in the cell and are linked to many life-threatening diseases. Starting in the
early 2000s, the crystal structures of ABC transporters became available. The first full
ABC transporters to be imaged were the vitamin B12 transporter BtuCD from E. col,
the metal chelate transporter from H. influenzae and molybdate transporter ModBC

from A. fulgidus [21,24,44].

Thomas et al., have classified ABC transporters based on their TMD folds into
seven subtypes. In this work types I, I, and IV are considered. Type I and II trans-
porters are all importers [22]. For type I, the calculations are performed on mal-
tose importer MalFGK, alginate importer AlgM1M2SS, trehalose importer SugABC,
molybdate importer ModBC and Methionine importer. From type II, B12 importer
BtuCD, heme importer BhuUV, manganese importer PsaBC is considered. Type IV
transporters show more variability in terms of their substrate direction and substrate
size. The type IV transporters in this work are: daunorubicin exporter Tm287/238,
peptide exporter TmrAB, iron siderophore importer IrtAB, peptide exporter McjD,
siderophore importer YbtPQ, and multidrug importer Sav1866. The conformations of
the crystal structures, bound ligands and respective references are presented in Ta-

ble 2.1.



Table 2.1. ABC Transporter Dataset.

Type Transporter PDB ID Ref.
3PUY [45]
MalFGK (maltose importer)
3FH6 [46]
AlgM1M2SS
4TQU [47]
(Alginate importer)
Type I | SugABC TCAG [48]
(trehalose importer) 7CAD [48]
ModBC 20NK [44]
(molybdate importer) 3D31 [49]
MetNI 6CVL [50]
(methionine importer) 3TUI [51]
1L7V, 4ROU | [24]
BtuCD
2Q19 [52]
(B12 importer)
AFT3 [53]
Type 11
BhuUV oBb7
[40]
(heme importer) 5B58
PsaBC
TKYP 14]
(manganese)
4Q4A [54]
TM287/288(Daunorubicin export)
6QUZ [55]
6RAF
TmrAB
6RAN [12]
(peptide exporter)
Type IV 6RAJ
IrtAB
6TEJ [56]
(iron sid. importer)
McjD (peptide exporter) 4PLO [57]
YbtPQ (siderophore importer) 6P6J [58]
Sav1866 20NJ [59]
CFTR 5UAK [29]

13
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2.2. Computational Methodology

2.2.1. Gaussian Network Model

Proteins at their resting state aren’t stationary but rather they are in a constant
state of fluctuation [60]. These fluctuations can be modeled by elastic network models.
The first example of an elastic network model is the one-dimensional Gaussian Net-
work Model (GNM). Elastic network models describe proteins as a series of beads and
springs. Each alpha carbon atom is a node/bead that is connected to another alpha
carbon within the cutoff distance through a series of springs. These nodes are assumed
to fluctuate around their equilibrium locations following a Gaussian principle. The
network of interactions of each node pair are shown on a Kirchhoff matrix, I". The

equilibrium correlation between each pair (i and j) is written as,

3k T
/Y

(AR; - AR;) = ( ) [r—l}ij (2.1)

where k;, is Boltzmann constant, 7" is absolute temperature (K'), and v is the spring

force constant. The Kirchhoff matrix is written as,

(

—1 lfl#jandRUSTC
I'i;=140 if i # j and Ry; > 7. (2.2)

- Zi,i;éj L iti=j

where each item is described. The inverse of the Kirchhoff matrix can be decomposed
into the sum of contributions from orthogonal individual motions, or GNM modes.

This is expressed as,

[T, = U (AU, = W w]

i ij ij

(2.3)



15

where U is the eigenvectors matrix, uy, is a single eigenvector, k refers to the kth eigen-
vector that contains information on the displacements of nodes. The kth eigenvalue

and kth GNM mode are proportional [60,61].

2.2.2. Anisotropic Network Model

The Anisotropic Network Model (ANM) is a three dimensional elastic network model
[62,63]. ANM is an extension of the ideas described for GNM. This model takes into
account the orientational differences in the interactions between alpha carbons. The
main assumption for ANM is the assumption that equilibrium residue fluctuations
are anisotropic. This incorporates the X, Y, and Z directions of the fluctuations into
account independently. Each interaction is represented by a spring that is associated
with a force constant. Instead of the Kirchhoff matrix, these force constants are shown
on a Hessian matrix. Each element of the hessian matrix is actually a 3x3 matrix that

has orientational anisotropic information. The Hessian matrix is written as,

%f *f ... _f
8x% Ox10x2 0x10xn
0% f 2f .. 2
2
Hf _ Oxo0x1 Ox3 O0x20zn, (24)
0%f o’y ... 9
L Oxndr1  Ozndxa oz |

where each element of the Hessian is written as a group of second partial derivatives.
For each residue pair ¢ and j, the correlation is calculated from their equilibrium
positions. This correlation is decomposed into a series of 3N — 6 orthogonal motions

or modes. This relationship is deduced either from the sums of the fluctuations,
(AR; - AR;y) = (AX;AX;) + (AY,AY;) + (AZ,AZ;) (2.5)
or the inverse Hessian,

kBT ~_ N ITT—
<AR1 . AR_]> = T H3i1—2,3j—2 + H3i1—1,3j—1 + H3i,13j] : (26)
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2.2.3. ANM-LD

Proteins are complex systems with often tens of thousands of atoms per molecule.
This limitation makes it very challenging to simulate the trajectories of proteins by
classic simulation approaches like molecular dynamics (MD) and langevin dynamics
(LD). ANM-LD is a hybrid computational method. Simplification by modeling makes
it possible to use Langevin dynamics, which is a computationally costly, high-resolution
method, in an efficient computational scheme [8,9]. ANM-LD is used to explore the
transition pathways between a given initial and target structure. This process aims
to cover the energy landscape and to generate intermediate conformations along this
transition path. The convergence between the initial and target state conformations

are measured by the root mean square differences (RMSD), which are calculated as,

N
RMSD = \/#, (2.7)

where N is the total number of atom that are incorporated into the RMSD calculation,
d; is the distance between the coordinates of each corresponding atom on the two

structures. The ANM-LD simulation process is as follows:

(i) Initial and target state conformations are selected. Energy minimization for both
of these conformations are performed.
(ii)) The ANM modes of the minimized initial structure are calculated using its coor-
dinates.
(iii) Difference vector D; between initial and target structures are calculated.
(iv) The most overlapping ANM mode with the difference vector is identified.
(v) An intermediate structure is generated by perturbing the initial conformation
along the most overlapping ANM mode using the deformation factor (DF).
(vi) The generated intermediate is energy minimized and Langevin Dynamics simu-
lation is performed to generate a new conformation.
(vii) RMSD is calculated between the intermediate and target conformation.

(viil) Steps (ii-vii) are repeated until RMSD sufficiently converges or until a predefined
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number of cycles have been performed.
(ix) A set of intermediate conformations and the transition pathway trajectory is
obtained. The selected ANM modes, RMSD differences, collectivity measures

have been recorded for each cycle.

The parameters for this simulation are the number of available modes to the initial con-
formation (mode,,ax), deformation factor (DF') to perturb the intermediate conforma-
tions. Additionally, in the LD part temperature (7'), number of energy minimization

steps (stepmin) and number of LD simulation steps (stepsim) can be changed.
2.2.4. GNM-Based Transfer Entropy

GNM-based transfer entropy method provides an estimate of the direction of informa-
tion flow between two residues i and j for a certain time delay 7 [10]. GNM produces
an expression to describe the correlation between zero-time fluctuations of residue i

and the future-time fluctuations of j [61]. This is written as,

(AR,(0)- AR, (7)) = (3kaT/7) Y. [\ ULUT], e/ 253)

where 7y is the characteristic vibrational dynamics time for all proteins in folded state.
A combination of equal time and time delay correlations are used to calculate the Shan-
non entropies. This property describes the amount of transfer entropy or information

transfer and is written as,
Tii(1) = S(AR;(t+7) | ARi(t)) — S (AR;(t +7) | AR;(t), AR;(1)) . (2.9)

From this relation, the net entropy transfer from residue i to j at tau is summarized

as,

AT (1) = T;—>j(7-) - Tj—n‘(T)v (2.10)
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where ATt — j(7) is a measure of the direction of information flow from residues i
to j at a given time delay 7. Transfer entropy is a measure of the reduction in the
uncertainty of the future fluctuations of atom j given the fluctuations in atoms i and
j at time t. This reveals some residues as entropy sources, meaning that they send
information to other residues. Others are revealed to be entropy sinks, meaning that
they receive information. This method also allows more global conclusions to be drawn
such as how certain areas of a protein interact with each other. Along with the transfer
entropy calculations, the degree of collectivity is also calculated. This is a measure of
how many other residues or atoms are influenced by a motion from a given residue 7 [64].
This is an additional measure to determine which residues are the most collective or
global sources of information. The degree of collectivity between the movements of

residues is written as,

Kis = % exp <— Z o (Aﬂjk('r))z log (a (AY}M(T))Q)) (2.11)

where 7 is a given residue and s is the selected subset of slow modes. N is the number
of total residues and ATj;(7) is the positive net transfer entropy from residue i to j

in a given GNM mode k at future time 7 [15].
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3. RESULTS AND DISCUSSION

3.1. Determination of the Order-of-Events for TmrAB

TmrAB is an ABC exporter from the gram-negative bacteria Thermus thermophilus.
Hofmann et al., have reported nine crystal structures with high resolution obtained
by cryo-EM. These structures show TmrAB during its complete translocation cy-
cle [12]. The available conformations are unlocked-return asymmetrical (PBD ID:
6RAL, 6RAM), inward-facing narrow (PDB ID: 6RAF), inward-facing wide (PDB ID:
6RAG, 6RAN), outward-facing open (PDB ID: 6RAH, 6RAJ), and outward-facing oc-
cluded (PDB ID: 6RAK, 6RAI). Table 3.1 shows the RMSD differences between each
conformation. The names have been abbreviated to show only the last letter of the

PDB ID.

Table 3.1. RMSD between the crystal structures of TmrAB

L M | F G N H J K I
6RAL |0
6RAM | 091 |0
6RAF |6.99|6.64 |0
6RAG |6.27|5.85]290 |0
6RAN | 6.39 (596 |3.22]130 |0
6RAH | 3.70 | 3.91 | 8.05| 7.56 | 7.63 | 0
6RAJ | 3.77 ]398 812|761 | 7.67 | 0.70 | O
6RAK | 094|143 |7.24]6.62|6.74 | 3.57 | 3.63 | 0
6RAI |0.84|132]7.21|6.59|6.71|3.64]3.72]0.65|0

3.1.1. ANM-LD Simulations for TmrAB

ANM-LD simulations are performed between the four distinct conformations of het-

erodimeric ABC exporter TmrAB. These four conformations are asymmetric (Asym,
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PDB ID: 6RAL), inward facing narrow (IF,umrow, PDB ID: 6RAF), inward facing
(I Fyige, PDB ID: 6RAG), and outward facing (OF, PDB ID: 6RAJ). Parallel runs are
performed for different mode restrictions of 100 and 30 modes. Deformation factor is
0.4 for all runs. Figure 3.1 shows the four conformations that the ANM-LD simulations
are performed between. The six double ended arrows between them indicate the 12

different paths and energy landscapes that have been taken by these simulations.

Figure 3.1. Summary of the conformations and paths for ANM-LD simulations.

3.1.1.1. Identification of Key Modes for Transition.

The RMSD changes for each cycle of the ANM-LD simulations is given in Figure 3.2.
The plots are organized based on the initial conformation. The first panel shows the
RMSD changes when the asymmetrical (Asym) conformation is selected as the initial
conformation. Initially, the greatest RMSD difference is with IF1 and the smallest is
with OF conformation. The RMSD stops decreasing for the Asym to OF run around
the 50th cycle and fluctuates around 1.30. Similarly, Asym to IF1 and Asym to 1F2
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runs stops decreasing around the 70th and 100th cycles respectively. The second panel
shows the RMSD changes for runs starting from IF1, third panel shows runs starting
from IF2, and the final panel shows runs starting from OF conformation. In all cases,

the RMSD drop occurs the fastest for the smallest initial RMSD difference.

7 8
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Figure 3.2. RMSD changes for the ANM-LD simulations regarding TmrAB.

A summary of each runs containing the initial and final RMSD and the most selected
ANM modes during the ANM-LD simulations is presented below. Additional parallel
runs for these initial and target structure combinations have confirmed these mode
selections. Identification of key modes for transitions is essential in the determination

of the order-of-events and the characterization of dynamics.



Table 3.2. Summary of runs starting from 6RAL.

Initial | Final
Initial | Target Most Selected Modes
RMSD | RMSD
6RAF 6.98 2.14 2,7,9, 11,17, 19, 20
6RAL | 6RAG 6.26 2.40 2,5,7,11,19, 23, 29
6RAJ 3.77 1.30 1,2,4,5,8,17, 23, 29

Table 3.3. Summary of runs starting from 6RAF.

Initial | Final
Initial | Target Most Selected Modes
RMSD | RMSD
6RAL 6.98 1.61 1,5,7,9 11
6RAF | 6RAG 2.98 1.20 1,5,6,7,9, 14, 18, 23, 30
6RAJ 8.12 1.60 1, 5,9, 10, 11, 30

Table 3.4. Summary of runs starting from 6RAG.

Initial | Final
Initial | Target Most Selected Modes
RMSD | RMSD
6RAL 6.26 1.55 2,4,5,8, 11, 12, 13, 16, 28
6RAG | 6RAF 2.89 1.18 5, 6, 10, 13, 15, 26, 29
6RAJ 7.61 1.73 1,2,3,4,5, 11,12, 13
Table 3.5. Summary of runs starting from 6RAJ.
Initial | Final
Initial | Target Most Selected Modes
RMSD | RMSD
6RAL | 3.77 1.29 1, 3, 4, 5, 22, 23, 25
6RAJ | 6RAF | 8.12 2.42 2,9,27,29, 30
6RAG | 7.61 1.72 2,9, 13, 16, 28

22
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3.1.1.2. Cross Correlations.

For each of the ANM-LD simulations, cross calculations have been calculated. Cross
correlation maps reveal information about the coupling between the movements of each
residue during the transition. Along the diagonal is the interaction of each residue with
itself, this interaction shows perfect correlation. If there is strong correlation between
residues that are far apart in space, this indicates an allosteric connection [9]. Eight
key residues are selected from key sites to observe the coupling between different areas.
These residues are G396(A) from ATP site 1, G376(B) from ATP site 2, substrate
binding sites F261(A) and W297(B), and Y125(A), 1226(A), H111(B), and V211(B)
from ICLs 1, 2, 3, and 4 respectively [12]. For each cross correlation map presented in

this section, the structures are colored based on these key residues.

Figure 3.3 shows the cross correlation map for the transition from asymmetrical (6RAL)
to IF-narrow (6RAF) conformation. There are large red and blue segments, this in-
dicates rigid global body movements. As it can be seen from Figure 3.1, the main
difference between these conformations is the separated NBDs and opened cytoplasmic
gate. In the asymmetrical conformation, TMDs are close together and both cytoplas-
mic and periplasmic gates are closed. The transition from Asym to IF1 is triggered
by the release of ATP from the degenerate site and this is the rate-limiting step of the

translocation cycle [12].

There is clear coupling between TMD1 and NBD2, and TMD2 and NBD1. Panel A,
shows the coupling between G396 from ATP site 1 and the other areas. NBDs are
negatively correlated with each other, meaning that they move at the same time but in
opposite directions. This is expected, as the transition to I F'1 requires an opening of
the NBDs. The substrate binding residue F261 from TmrA shows coupling with NBD2
and substrate binding residue W297 from TmrB is coupled with ICL1 and ICL4. ICLs
are coupled with the NBDs they are on top of, ICLs 1 and 4 are coupled with NBD1, and
ICL2 and ICL3 are coupled with NBD2. Both substrate binding residues are coupled
with the lower TMDs, close to the cytoplasmic gates. However, the correlation of
the NBDs extends upwards towards the periplasmic side of the TMDs. During the

transition from Asym to IF1, only the cytoplasmic gate is opening.
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Asym to IF1

TMD1 NBD1 TMD2 NBD2

F261 (A) W297 (B)
ATP1 ATP2 Substrate Binding ~ Substrate Binding
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Y125 (A) 1226 (A) H111 (B) V211 (B)
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Figure 3.3. Cross correlation results of the transition from 6RAL to 6RAF.

Figure 3.4 shows the cross correlation map for the transition from asymmetrical (6RAL)
to IF2 (6RAG) conformation. While this map is very similar to the previous one, there
are slight differences. In this case, NBDs are interacting with both TMDs more. There
is also more fragmented interaction between the two TMDs. The coloring for this
transition produces very similar results as well. Only significant difference is from the
substrate binding residues. W297(B) is correlated with NBD2, whereas for Asym to
IF1 it was correlated with NBD1. F261(A) was correlated with NBD2, now it isn’t
correlated with either NBD.

The third run that has the Asym conformation as the initial conformation is presented
in Figure 3.5. The target conformation is the outward facing conformation, the initial
RMSD between these two conformations is 3.77 A. For this transition, there is very little
movement necessary by the NBDs. The main change that needs to occur is the closure
of the periplasmic gates in the TMDs. This is reflected in the figure, as both substrate
binding residues are correlated with this area. NBD1 is also slightly correlated with
the extracellular side of the TMDs, this is the catalytic NBD. The main correlation
occurs between the extracellular side of the TMDs and the ICLs. ICL3 especially is

highly correlated with the periplasmic gating area. Both substrate binding residues
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are coupled with the extracellular side as well. If this change were to happen without
visiting the inward facing states, it would result in a futile cycle as the translocation

pathway never opens enough for the transport a peptide [12].
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Figure 3.4. Cross correlation results of the transition from 6RAL to 6RAG.
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Figure 3.5. Cross correlation results of the transition from 6RAL to 6RAJ.

The second group of cross correlation maps are showing the transitions starting from

the IF1 conformations. Figure 3.6 shows the cross correlation map for which transition
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and structure colored based on the couplings of the key residues. This is the reverse
of the transition which transition presented in Figure 3.3. While these maps aren’t
identical, they are very similar. TMD1 is clearly coupled with NBD2 and TMD2 is
coupled with NBD1.

IF1 to Asym

TMD1 NBD1 TMD2 NBD2
Cross Correlation 6RAF to 6RAL
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Figure 3.6. Cross correlation results of the transition from 6RAF to 6RAL.

Figure 3.7 shows the cross correlations and the coupling between residues for the tran-
sition between inward facing narrow and wide states. The RMSD between these con-
formations is 2.89 A. The correlations are very minor for this transition, as it had
been for the Asym to OF transition. The major movements need to happen in the
NBDs and TM6 of TMD1. TmrAB undergoes this transition in order to accommodate
for larger substrates. There is slight coupling between TMD1 and NBD1, and TMD?2
and NBD2. This is the opposite that was observed for Asym to IF2 transition. The

substrate binding sites aren’t correlated with either of the NBDs.

Figure 3.8 contains the correlations for the transition from IF1 to OF. This is the
translocation transition. In order for this transition to occur, substrate binding needs
to happen at the TMDs and ATP binding needs to occur at the NBD interface. Both
ATP binding sites are highly correlated with both TMDs, specifically the extracellular

sides and the translocation cavity. ICLs show strong coupling with the NBDs they are
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on top of. ATP binding is essential for this transition to occur, as it triggers NBD

dimerization that closes the intracellular gate [12].
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Figure 3.7. Cross correlation results of the transition from 6RAF to 6RAG.
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Figure 3.8. Cross correlation results of the transition from 6RAF to 6RAJ.

The third group of cross correlation maps start from the inward facing wide (IF2)
conformation. In this conformation, the NBDs are the farthest apart, in order to

accommodate larger substrates. Figure 3.9 shows the transition from IF2 to Asym.



28

One key difference between this figure and Figure 3.6 is TM6 of both TMDs. For
IF1, TM6 helix of TmrA is correlated with NBD2 and TM6 of TmrB is correlated
with NBD1. For IF2 the opposite is true. TM6 helix is also known to control the
plasticity of the binding cavity and it causes the main difference between these two
conformation [12]. The other interaction patterns are very similar but IF1 to Asym

has stronger couplings between residues.
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IcL1 IcL2 IcL3 IcL4

Figure 3.9. Cross correlation results of the transition from 6RAG to 6RAL.

The two inward facing states narrow and wide are in equilibrium. The protein fluctu-
ates between these conformations until a substrate is bound to the substrate binding
residues and the catalytic ATP binding site is phosphorylated. The enlargement of
the binding cavity is controlled by TM6. Figure 3.10 is the opposite transition to
Figure 3.7. The correlations are stronger for IF1 to IF2 transition, especially the cor-
relations between TMD1-NBD2 and TMD2-NBD1. The colored structures reveal the

coupling between residues to stay relatively local.

Final figure regarding IF2 is the transition from IF2 to OF. Similar to Figure 3.8 this
change is triggered by ATP binding to both sites. The results are almost identical,
with the exception of a stronger coupling of substrate binding residue W297(B) in
Figure 3.11 (D) to both NBDs.
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Figure 3.10. Cross correlation results of the transition from 6RAG to 6RAF.

IF2 to OF
[CTMDI ] [NBDI 1 TMDz 1 [NED2 ]

Cross Correlation 6RAG to 6RAJ

G376(B) F261 (A) W297 (B)
ATP2 Substrate Binding Substrate Binding

Residue number

200 400 600 800 1000
Residue number

Y125 (A) 1226 (A) H111 (B) V211 (B)
IcL1 IcL2 IcL3 IcLa

Figure 3.11. Cross correlation results of the transition from 6RAG to 6RAJ.

The final group of cross correlation maps start from the outward facing (OF) conforma-
tion. This conformation is significantly different form the IF conformations, the NBDs
are bound together and the TMDs are separated. This is also the only conformation

where two ATPs are bound to both ATP binding sites.
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Figure 3.12 shows the cross correlation map and the coupling between key residues
for the transition from the OF to Asym conformations. This transition requires ATP
hydrolysis and the release of a phosphate from the catalytic ATP site [12]. The major
change in the structure happens in the TMDs, the periplasmic gate need to close and
TMDs should lock into each other. The RMSD for this transition is 3.77 Aand as seen
in Figure 3.5 the coupling between residues is not very strong. The main correlations
are observed between the two TMDs. Compared to the opposite direction, the coupling
is even less in this direction. In Asym to OF there were slight interactions between
the TMDs and the NBDs, for OF to Asym there is virtually no correlation with the
NBDs. OF state is highly transient and in the ANM-LD transition the RMSD is able
to drop in just 15 cycles. The colored structures in Figure 3.12 show that there is
little coupling between domains. The only significant coupling occurs for panel (c¢/d),

substrate binding residues F261(A) and W297 (B) are coupled with both TMDs.
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Figure 3.12. Cross correlation results of the transition from 6RAJ to 6RAL.

Figure 3.13 and Figure 3.14 show the transitions from Asym to IF1 and IF2, respec-
tively. The respective initial RMSDs for these transitions are 8.12 Aand 7.61 A. The
protein should also visit the occluded and asymmetrical conformations during these
transitions. There are more correlated segments in Figure 3.13, especially around

residues forming ICL3 on TmrB (plot index: 690-700). This area is highly correlated
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with NBD1. TM6 on TmrB is connected to ICL3 it blocks the entry to the transloca-

tion cavity.

OF to IF1
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Figure 3.13. Cross correlation results of the transition from 6RAJ to 6RAF.
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Figure 3.14. Cross correlation results of the transition from 6RAJ to 6RAG.
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3.1.2. Transfer Entropy Results

Transfer entropy analysis is performed for all nine of the crystal structures. Each pro-
duces a different dynamic information flow pattern. In this section, the detailed results
for four distinct conformations (Asym, IFnarrow, [Fwide, OF) are presented. The
RMSD and structural differences between Asym and OFoccluded conformations are
small, so their TE profiles are similar. For each conformation the transfer entropy map
is presented along with the degree of collectivity, TExCollectivity score and cumulative
TE for each residue. On the TE maps, the domains are separated by white lines. Each
square describes how domains are interacting with each other. Residues that are trans-
ferring the most amount of entropy are named entropy sources or information sources.

Residues that are receiving information are called entropy sinks.

Starting from the asymmetrical (Asym) conformation (PDB ID: 6RAL), Figure 3.15
shows that TMDs are the driving domains. The time delay value (tau or 7) is selected
to produce the greatest amount of information transfer. Largest entropy source peaks
and residues with highest collectivity are clustered around the extracellular gate and the
ATP binding sites. All of the domains are interacting with each other. The ADP and
ATP binding sites as shown in Figure 3.15 with vertical red and green lines, correspond

to the minor peaks on cumulative TE plot.
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Figure 3.15. Transfer entropy and collectivity results for 6RAL, 1-10 modes.
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When the slowest mode is removed, alternative or hidden information transfer patterns
are revealed. For 2-10 modes, Figure 3.16 shows that the domains are interacting
with their own types (TMD1-TMD2 and NBD1-NBD2). The only point of interaction
between TMD and NBDs are the intracellular loops. All 4 loops behave as entropy
sources, and both NBDs are entropy sinks to these loops. Finally, the next slow mode is
removed and calculations are performed for 3-10 modes. Bottom panels of Figure 3.16
show the information flow from TMDs. There is no information flow from the NBDs.
The entropy sources on the TMDs are located around the translocation cavity especially

around the periplasmic and cytoplasmic openings.
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Figure 3.16. Transfer entropy and collectivity results for 6RAL, a) 2-10 b) 3-10

modes.

Figure 3.17 shows the asymmetrical structure of TmrAB colored for the cumulative
TE values. The residues that are sending the most information are red and the ones

receiving the most information are shown in blue. The residues that are located at the
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peaks of the cumulative transfer entropy plot are shown with spheres. These are the

most important TE sources.

1-10 Modes 2-10 Modes 3-10 Modes

Figure 3.17. Cumulative transfer entropy values shown on 6RAL.

The TE calculations are repeated for the IFnarrow (IF1) conformation (PDB ID:
6RAF). The NBDs are separated and the ATPs are only bound to one side of the
NBDs. In this case, NBDs appear to be the driver of events. Entropy sources on the
TMDs are clustered around the periplasmic gate. TM6 (residues 286-332) is an entropy
source, this area is known to shift during the transition from IFnarrow to IFwide [12].

Figure 3.18 shows the TE plot and collectivity analysis results.
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Figure 3.18. Transfer entropy and collectivity results for 6RAF, 1-10 modes.
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The movement of TM6 takes place in order to accommodate larger substrates. There
are entropy sinks on the TMDs (red vertical lines) that are receiving information from
both of the NBDs. There is no interaction between the NBDs. The peaks on the NBDs
partially match the ATP binding sites. NBD2 appears to have a more prominent effect
on the TMDs, the ATP binding sites on it also match the peaks better. The behavior

of the NBDs is asymmetrical, as is common with type IV ABC transporters [22].

The slowest mode and next slow mode are removed and the results for 2-10 and 3-10
modes are presented in Figure 3.19. For 2-10 modes, the NBDs are clearly the driving
domains. The only entropy sources on the TMDs are the intracellular loops (ICLs).
Two of these are coupling helices. ICLs also act as entropy sinks to the NBDs, meaning

that they receive information from the whole domains.
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Figure 3.19. Transfer entropy and collectivity results for 6RAF, a) 2-10 b) 3-10

modes.
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Even though NBDs are driving, the ATP binding sites partially match the peaks.
Similar to IF1, NBD2 has a better match to the entropy source peaks. For 3-10 modes
the driving domains are the TMDs. This profile is very similar to Asym conformation
3-10 modes presented in Figure 3.16. There is low collectivity for the peak residues
(0.4>). The entropy sources are not around the translocation cavity but towards to
cell membrane. The elbow motif (11-24) is an important entropy source. This cavity
formed behind the elbow motif could be an allosteric site and could be good candidate

for drug studies.

1-10 Modes 2-10 Modes 3-10 Modes

Figure 3.20. Cumulative transfer entropy values shown on 6RAF.

Figure 3.21 shows the TE results for IFwide (IF2) conformation (PDB ID: 6RAG). Also
in this case the NBDs are physically separated and ATPs are only bound to one side of
the NBDs. TE map shows that the driver of events are the NBDs. The entropy source
peaks perfectly match the ATP binding sites. Noticeably there is interaction between
the NBDs, which was not present in IFnarrow conformation. The importance of the
TMDs has decreased, there is less information flow from TMDs to NBDs. However,
the opposite information flow (NBDs to TMDs) has increased. As this is the pre-
translocation conformation, this could suggest that ATPs are start driving once the

substrate is bound to the TMDs.
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Figure 3.21. Transfer entropy and collectivity results for 6RAG, 1-10 modes.
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Figure 3.22. Transfer entropy and collectivity results for 6RAG, a) 2-10 b) 3-10

modes.

For 2-10 modes, the TE map Figure 3.22 is very similar to the 1-10 modes of asymmet-
rical conformation shown in Figure 3.15. This indicates that entropy transfer patterns

never fully disappear but shift in importance as conformation changes. ATP binding
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residues are again entropy sources. The extracellular gate is also an important site.
For 3-10 modes, peaks are located towards the cell membrane. While there were dif-
ferences for 1-10 modes between [Fnarrow and [Fwide conformations, the lower mode

combinations are quite similar.

1-10 Modes 2-10 Modes 3-10 Modes

Figure 3.23. Cumulative transfer entropy values shown on 6RAG.

Finally, the results are presented for the outward facing conformation (PDB ID: 6RAJ).
This is the conformation after transport has occurred and it is the most unstable

conformation [12]. Figure 3.24 shows the TE map, and the collectivity results.
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Figure 3.24. Transfer entropy and collectivity results for 6RAJ, 1-10 modes.
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Both TMDs and NBDs contain entropy source residues and all of them are interacting
with all other domains. All of the ATP binding residues match the entropy source
peaks on the right panel. ATP binding sites were also entropy sources for I[Fwide con-
formation, this means that they are driving the conformational changes throughout the
whole translocation. Figure 3.26 shows that the entropy source peaks for 1-10 modes
have shifted downwards in the translocation channel. This area includes the known
substrate binding residues F261(A), H246(A) and W297(B) [28]. Removal of the slow-
est mode yields a similar profile to asymmetrical conformation shown in Figure 3.16.
It also resembles the previously dominant profile from IFwide shown in Figure 3.21.
As previously observed, the information transfer patterns change in order depending
on the conformation. For both 2-10 and 3-10 modes, in the OF state TMDs are only
interacting with each other and NBDs are only interacting with each other. Intracel-
lular loops and coupling helices are the only points of interaction across domains of

different types.
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Figure 3.25. Transfer entropy and collectivity results for 6RAJ, a) 2-10 b) 3-10 modes.
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To summarize the transfer entropy results for TmrAB, there are clear information trans-
fer patterns for transport. The importance of distinct information patterns changes
depending on the conformation. Starting from asymmetrical conformation, where all
domains are in close contact, there is information flow both ways and TMDs are driver
of events. NBDs are interacting with each other and their behavior is symmetrical.
Then the structure moves onto the inward facing narrow conformation, and the NBDs
slightly separate. The drivers become the NBDs but there is still information flow from
the TMDs as well. There is no interaction between the NBDs and NBD2 appears to be
more prominent. There is partial overlap between the peaks and ATP sites. TM6 shifts
slightly and the translocation cavity becomes wider. In the IFwide conformation, NBD
is clearly the driving domain and the ATP binding sites match the peaks. There is
more interaction and possible cooperation between the NBDs. As translocation occurs
and TmrAB moves to the outward facing state, all four domains become the drivers.
Now both ATP binding sites are bound to an ATP and they match the entropy source

peaks exactly.

o e
1-10 Modes 2-10 Modes 3-10 Modes

Figure 3.26. Cumulative transfer entropy values shown on 6RAJ.

3.2. Characterization of the Cystic Fibrosis Transmembrane Regulator

The cystic fibrosis transmembrane conductance regulator (CFTR) is a unique mem-
ber of the ABC transporter superfamily. Unlike the other members which are active

transporters, CFTR is an ion channel and it transports substrates using their concen-
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tration gradient. In 2017, Liu et al., characterized the first structure for the human
CFTR [30]. Currently, there are multiple available crystal structures for phosphory-
lated and dephosphorylated zebrafish and human CFTRs. There are also drug-bound
structures for commercially available drugs ivacaftor, lumacaftor, and tezacaftor. In the
dephosphorylated, ATP-free conformation (PDB ID: 5UAK), the NBDs are separated
and the transporter is inward-facing. In the phosphorylated, ATP-bound conforma-
tion (PDB ID: 6MSM), the NBDs are bound together through the ATPs. This is not
the conducting conformation as the gating residues aren’t sufficiently separated. The
conducting conformation is still uncharacterized. In neither of these PDB structures,

the regulatory domain (RD) isn’t characterized.

Residues 1-69 form the lasso motif at the beginning of TMD1. Residues 70-390 form
TMD1 and 845-1173 form TMD2. Residues 390-637 form NBD1, and residues 1202-
1451 form NBD2. The missing portion between 637-845 is the RD. Figure 3.27 shows

both human conformations colored based on domains.

Figure 3.27. Dephosphorylated and phosphorylated conformations of human CFTR

protein.
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3.2.1. ANM-LD Simulations for CFTR

ANM-LD simulations are performed between the dephosphorylated, ATP-free human
CFTR and the phosphorylated, ATP-bound human CFTR. The initial RMSD differ-
ence between these two structures is 7.52 A. During the transition from dephosphory-
lated to phosphorylated conformation, the RMSD drops to 2.09 Awhen 100 modes are

available and 2.51 Awhen 30 modes are available.

When the dephosphorylated conformation is selected as the initial conformation and
the phosphorylation is selected as the target, in five parallel runs the slowest ANM
mode (ANM 1) is selected for the first 5-10 cycles. This is because most of the RMSD
difference comes from the positioning of the NBDs. The first ANM mode is about
the movement of the NBDs and its hinges are located around the extracellular gate.
The most selected ANM modes during this transition are 1, 2, 3, 6, 7, 18 and 23.
ANM modes are compared with the GNM modes and most similar GNM modes are
determined for further analysis. ANM 1 is most similar to GNM 1. ANM 3 is most
similar to a combination of GNM 5 and 6. ANM 7 is again most similar to GNM
1. These three modes are the most important dynamic modes for the transition from
dephosphorylated to phosphorylated conformations. The other most selected modes
ANM 2 and 6 are most similar to GNM 1 and 2 respectively. Figure 3.28 shows the
ANM mode shapes of the most selected modes and their corresponding GNM modes.

The mode shaped of the most selected ANM modes are presented in Figure 3.29. Both
ANM1 and ANM3 are only moving the NBDs. While ANMI1 is about a movement
of the complete NBDs, ANMS3 causes a partial movement. ANM7 moves the NBDs,
lasso motif and the intracellular loops. This area is also close to where RD is located.
Especially in the initial ANM-LD cycles, only these modes are selected. This reveals
that during the transition from dephosphorylated to phosphorylated the first movement
is the closure of the NBDs.
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Figure 3.28. Comparison of ANM and GNM modes for 5UAK.

Figure 3.29. Mobilities of the most selected ANM modes, shown on 5UAK.

3.2.1.1. Cross Correlations.

From the ANM-LD cycles, cross correlation maps are obtained. These maps reveal
information about the coupling between the movements of different areas of a struc-
ture. Along the diagonal is the interaction of each residue with itself, this interaction
shows perfect correlation. It’s expected that two residues that are next to each other
sequentially will also show strong coupling [9]. However, if there is strong correlation
between residues that are far apart in space, this indicates an allosteric connection.

Figure 3.30 shows the equal time cross correlation map of dephosphorylated CFTR
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during its transition to the phosphorylated conformation. Red colors indicate a move-
ment in the same direction and blue colors indicate movement in the opposing direction.
The map has continuous sections of red or blue, showing global rigid body movements.
The black lines on the plot show the domain terminals. The rigid body movements do
not exactly match the domains. ICLs of TMDs also behave as a part of the NBDs.
The RMSD converges in the first 48 cycles of the ANM-LD simulations, and fluctuates
around 2.09 for the next cycles. For the cross correlation calculations only cycles 1-48

is considered.

[Tmp1] [nBD1| [TmD2] [NBD2 ]

Cycles 1-48 (tau=0)
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Figure 3.30. Equal time cross correlation map for 5UAK to 6MSM transition.

Eight key residues are colored based on their equal time cross correlations. Figure 3.31
shows the areas each residue is coupled with. The reference residue is shown with a
black sphere on the structure. These residues are also shown with black triangles on
Figure 3.30. T460 is an ATP binding site from NBD1, it is part of the degenerate ATP
binding site. NBD1 is correlated with the lasso motif, and intracellular loops (ICLs) 1
and 4. S1251 is another ATP binding site but it is from the catalytic NBD2. NBD2
is coupled with intracellular loops 2 and 3. T338 is a gating residue, and is slightly
correlated with NBD2 (yellow) and highly correlated with the surrounding TM residues.
K114 lies on the extracellular loop 1, that is known to essential to gating mechanism

and stabilize the open state of the conducting channel [65]. ECL1 is coupled with
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intracellular loop 2 (coupling helix 1) and NBD2. R170 lies on ICL1 and is coupled
with L1065 on ICL4 up to the permeation pathway. V272 is part of ICL2 and T963
is part of ICL3. ICL2 and 3 are coupled with NBD2. The ICLs that are coupled with
the NBDs are topographically on top of their respective NBDs.

Figure 3.31. Equal time cross correlations colored on 5UAK.

The equal time cross correlation map for this transition is similar to the equal time
cross correlation maps of TmrAB for IF-OF transition shown on Figure 3.11. This
shows that even though CFTR is an ion channel unlike an active transporter like the
rest of ABC transporters, it behaves similarly dynamically. Both TmrAB and CFTR
share a similar TMD fold structure and are both Type IV ABC transporters. The
most significant difference is in the first 100 residues that make up the lasso motif on

the CFTR, this area is coupled with NBD1.

3.2.1.2. Determination of the Leading and Lagging Events.

Time delays are introduced to the cross correlation calculations. This additional time
delay reveals information about leading and lagging events. Similar to the equal time

cross correlation maps, red coloring on the map shows movement in the same direction
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between residues and blue coloring shows movement in the opposite direction. However,
time delay means that the movements of the other residues occurs tau cycles later.
Figure 3.32 shows four different time delay cross correlation maps. The time delay
amount is 6, 12, 18, and 24 cycles respectively. The time delays represent temporal
coarse graining at different levels. The first one (T'D = 6) is very similar to the equal
time cross correlation maps. The relationship between the correlated segments persists
even with the added lagging amount. When the delay is increased to 12 cycles, some
of the correlations are reduced and some disappear. Around a delay of 18 cycles, some
of the correlations are close to zero, especially auto-correlations for NBDs are close to
zero, and some become more apparent or alter the sense. Finally, around a delay of 24

cycles, the sense of the correlations are reversed.
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Figure 3.32. Time delay correlation maps for differing time delays for 5UAK to
6MSM transition.
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The time delay that causes most correlations to disappear is of interest because the
remaining correlations are very persistent. A detailed analysis of the correlated seg-
ments is performed for a time delay of 16 cycles. Figure 3.33 shows the time delay cross
correlations for a time delay of 16 cycles, for the first 48 cycles of ANM-LD simulations.
The colorbar is manipulated to highlight the remaining interactions between residues.
In order to observe the behaviors, different key residues are selected as the leading
events. These are the same residues from Figure 3.31. Where that figure showed the

correlated movements at the same time, Figure 3.34 shows the correlations in time.
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Figure 3.33. Time delay (7 = 16) cross correlation map for 5UAK to 6MSM

transition.

When T460 of NBD1 is leading, the movement of upper regions of TMDs appear as the
lagging events. This region includes the gating residues such as T338. When the gating
area (T338) moves, the lagging movement occurs in the complete NBD2 and ICL2 and
ICL3. T338 also slightly leads NBD1, which is colored light blue. When S1251 (an
ATP binding residue from NBD2) moves, the helices connected to ICL2 and ECL1
follow. S1251 is also negatively correlated with the gating areas. A movement from
V272 (ICL2) and D110 (ECL1) are followed by a movement from all of NBD1. These
leading and lagging/following regions imply a plausible dynamic cycle as a signature of
this specific transition pathway. The anticipated cycle goes from NBD1, to the gating
area on TMDs, to NBD2, to ICL2 and ECL1, and finally back to NBD1. This cycle is

supported by the analysis below.
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Figure 3.34. Time delay (7 = 16) cross correlations colored on 5UAK.

The time delay cross correlations map for 16 cycles is further analyzed by dividing the
time window of 1-48 cycles into three time segments to elaborate the order-of-events
during the transition. For this analysis the mean cross correlations are calculated for
the complete 1-48 cycles. However, only the given time window is considered. In
the first time segment, only the events from cycles 1-10 are considered as the leading
events. Due to the time delay of 16, lagging events are from cycles 17-27. Figure 3.35,
shows the map and the responses of the movements of 8 key residues. T460 from
NBDL1 is positively correlated with NBD2 and the gating area. S1251 from NBD2
is positively correlated with NBD1 and ICL2 and ICL3. NBD1 and NBD2 have the
opposite correlation with each other. The gating area is not highly correlated with any
areas, its relationship to both NBDs appears symmetrical. ICL2, ICL3 and ECL1 are
again leading the same events in NBD1. ICL1 and ICL4 are leading the movements in

NBD2 and gating area.

The second window is considering the leading events from cycles 11-21 and the lagging
events from cycles 27-37. In the first 10 cycles, a significant RMSD drop occurs by
the closure of the NBDs. In this window more local movements become apparent.
Figure 3.36 shows the results for this time window. The correlations have become

much less prominent. Especially the leading events from both NBDs causes very lit-
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tle response from the rest of the structure. The most response is generated by the
movement of the ECL1 and the helices connected to ICL2. These areas are positively

correlated with NBD1 and negatively correlated with NBD2. Gating residue T338 is
more correlated with NBD2.
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Figure 3.36. Time delay (7 = 16) cross correlations with custom window 11-21.

The final and third window is considering the leading events from cycles 22-32 and the
lagging events from cycles 38-48. The pattern in Figure 3.37 is similar to the pattern

in Figure 3.36 but in the opposite direction. The most important segments are the
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NBDs. They are negatively correlated with each other, leading each other in opposite
directions. NBDI is leading the gating area, and the gating area (T338) is leading
NBD2. NBD2 is leading ICL2, ICL3 and ECLI.

Time delay cross correlation analysis gives a detailed insight into the order of events
during the transition from dephosphorylated, ATP-free conformation to the phospho-
rylated, ATP-bound conformation. The selected ANM modes had already shown that
the first movements during the transition were by the NBDs. Time delay analysis
shows that this movement is followed by the movement of the gating areas. NBDs
initially cause a positive movement to the other NBD, then no effect, finally a response
in the opposite direction. There are multiple concurrent information flow cycles in the
structure. One cycle could be the movement from NBDI1 is leading the gating area,
gating area is leading NBD2, NBD2 is leading ICL2/3 and ECL1 and ICL2/3 is leading
NBD1. Another cycle can be written by starting from NBD2 and going in the opposite
direction. This analysis only reveals the order of motions, but not the causal relation-
ships that underlie these movements. In order to determine causality, it is necessary

to combine this information with the results from the transfer entropy analysis.
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Figure 3.37. Time delay (7 = 16) cross correlations with custom window 22-32.
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3.2.2. Transfer Entropy Analysis for CFTR

3.2.2.1. Locations of Entropy Sources and Driving Domains.

Transfer entropy (TE) analysis is first performed for the dephosphorylated human
CFTR (PDB ID: 5UAK) for the most collective 10 GNM modes. The map on Fig-
ure 3.38. shows how each residue affects the others. On the y-axis are the effector
residues (entropy sources) and on the x-axis are the affected residues (entropy sinks
or receivers). An unbroken horizontal red line means that that residue (on the y-axis)
is greatly affecting all of the other residues. The domain terminals are indicated on
the structure by the white lines and tags. ATP binding residues are indicated on the

collectivity and cumulative TE plots.

When 1-10 modes are considered for dephosphorylated, ATP-free CFTR (PDB ID:
5UAK) the entropy sources are accumulated mostly on the NBDs. The only entropy
sources on the TMDs are on the intracellular loops. The peak residues (entropy source
residues) do not perfectly match the ATP binding sites for the dephosphorylated con-

formation and the peaks broad rather than sharp.
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Figure 3.38. Transfer entropy map and collectivity results for 5UAK, 1-10 modes.

Figure 3.38 also shows that NBD1 is mostly affecting TMD2 and NBD2 is mostly
affecting TMD1, in contrast to its domain connectivity (TMDI1-NBD1 and TMD2-

NBD2). This is in agreement with the domain swapping previously observed for Type
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IV ABC transporters [66,67]. Another key observation from this map is that NBD2,

which is the catalytic NBD, has a more prominent effect on the TMDs.

When entropy transfer calculations are performed for the phosphorylated, ATP bound
CFTR (PDB ID: 6MSM) for 1-10 modes, the entropy source peaks become much
sharper. The entropy sources in this case are on the NBDs and the periplasmic region
of the TMDs. In this conformation, the ATP binding residues perfectly align with the
TE peaks. This points to the conclusion that ATP binding focuses the information
flow from the ATP sites. Both degenerate and catalytic ATP binding sites are entropy
sources. In this conformation, there are also entropy source peaks on the TMDs,
specifically around the extracellular opening. Known ion coordinating residues F337,
T338, S341 and N1138 are all entropy sources for 1-10 modes. Additionally, a cleft
formed by TM4, 5, and 8 is an entropy source area. In this conformation, all domains
contain entropy sources. This indicates that in the conducting state all domains are

working cooperatively.
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Figure 3.39. Transfer entropy map and collectivity results for 6MSM, 1-10 modes.

When the most collective mode is removed, latent entropy sources are revealed. When
2-10 GNM modes are considered for the dephosphorylated CFTR (PDB ID: 5UAK), the
entropy sources are migrated to the ATP binding sites and the periplasmic side. This
TE map is similar to the map produced by the phosphorylated CFTR for 1-10 modes.

This shows that this information transfer pattern is present in other conformations
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but ATP binding makes it the dominant one. The entropy sources on the TMDs are

surrounding the gates and the ion permeation pathway.

One more slow mode is removed, and calculations are performed using 3-10 modes
for SUAK. The profile becomes distinctly asymmetrical, TMD1 and NBD1 contain
entropy sources. Besides the degenerate/catalytic difference, another possible source
of asymmetry is the regulatory domain. While the regulatory domain is uncharacterized
in these crystal structures, the areas where RD would bind appear as entropy sources.
The entropy source cluster in TMD1 is close to the known helix from RD and the rest
are all on the cavity behind the lasso motif. Figure 3.41 shows the entropy source peaks

from 1-10, 2-10 and 3-10 modes for the dephosphorylated conformation.
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Figure 3.40. Transfer entropy map and collectivity results for 5 UAK a) 2-10 b) 3-10

modes.
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1-10 Modes 2-10 Modes 3-10 Modes

Figure 3.41. Cumulative transfer entropy colored on 5UAK.

For the ATP-bound, phosphorylated conformation, removing the slowest mode (2-10
modes), reveals an asymmetry surrounding the same area where RD would be placed,
such as residues 1076-1080 in TMD2. Both for 2-10 and 3-10 modes, there is a clear
asymmetry. Zhang et al., have observed an electron density on the side of NBD1 and
hypothesized that this is where the other half of RD would be placed [29]. This area
appears as an entropy source cluster for both 2-10 and 3-10 modes. Figure 3.42 shows
locations of the entropy source peaks for the phosphorylated, ATP-bound conformation

for 1-10, 2-10 and 3-10 modes.

1-10 Modes 2-10 Modes 3-10 Modes

Figure 3.42. Cumulative transfer entropy colored on 6MSM.

Similar to the cross-correlation maps, the transfer entropy maps of CFTR for both con-

formations are similar to the transfer entropy maps of TmrAB, shown in Figure 3.21
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and Figure 3.24. ATP-free CFTR (5UAK) has a similar profile to IF-wide state of
TmrAB (6RAN). ATP-bound CFTR (6MSM) has a similar profile to OF state Tm-
rAB (6RAJ). As the ATP-bound structure is not the conducting conformation, it could
be presumed that the map for CFTR would resemble OF state TmrAB even more in
its conducting conformation. There another key difference between other ABC trans-
porters and CFTR. While other ABC transporters have a periplasmic and cytoplasmic
gate, CF'TRs only have a periplasmic gate. For 1-10 modes both TmrAB and CFTR
show a cluster of entropy source peaks around the periplasmic gate. Removal of the
slowest mode reveals other entropy sources surrounding the translocation cavity and
especially towards the cytoplasmic end. However, for CF'TR even in other mode com-
binations there is a lack of entropy sources on other parts of the translocation cavity.

Transfer entropy method is able to capture this key difference.
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modes.
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3.2.2.2. Information Flow from Key Residues.

Besides revealing the locations of the entropy source residues, TE analysis reveals the
information flow directions and patterns between specific residues. Each row on the TE
maps is how that residue affects each of the other residues. The same key residues are
selected for this analysis as the ones for the cross correlation calculations. Figure 3.44
shows the information flow each residue to the rest of the structure. The areas that
receive the most information are shown in red. There is information flow from the two
NBDs to opposite areas. NBD1 is affecting helices connected to ICL2 and 3. NBD2 is
affecting the lasso motif and helices connected ICL1 and 4. There is little information
flow from the gating area or ECL1. Coupling helices behave similar to the NBDs they

are on top of.

10

-10

A

=
L1065 &
IcLa

Figure 3.44. Transfer entropy 1-10 colored on H5UAK.

In all available structures only a 17-residue helix from the regulatory domain (RD) is
characterized. When these residues are incorporated into the calculations, they appear
as entropy source residues. The structure is colored for a single residue on this helix
(unknown amino acid), the effects are observed on the periplasmic side of TMDs, sur-
rounding the gating residues. Additionally, the lasso motif and the terminal of NBD1
is affected. This area on NBD1 is where the RD would be connected. RD is known to
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physically block the ion transport channel in the dephosphorylated conformation [29].
Figure 3.45 shows the affected areas from the regulatory domain residue. The effects

on the periplasmic gate points to an allosteric control by the RD on transport.

Figure 3.45. Affected residues from RD.

3.2.2.3. Transfer Entropy Using Most Selected Modes.

The most selected ANM modes during the transition from dephosphorylated, ATP-
free to phosphorylated, ATP-bound conformations are 1st, 3rd, and 7th modes. When
GNM modes were compared to these three, ANM1 and 7 were similar to GNM1 and
ANM3 was similar to GNM 5 and 6. Transfer entropy calculations are repeated again
with these modes that are essential for conformational change. Figure 3.46 shows the
transfer entropy maps for 1, 5, and 6 modes. For this mode combinations, most of the
entropy source residues are located on the NBDs and the ICLs. This is similar to the

distribution observed for 1-10 modes in Figure 3.41.

Figure 3.47 shows the selected key residues colored for their effects based on the calcu-
lations of 1, 5, and 6 modes. T460 from NBD1 and S1251 from NBD2 are affecting the
upper regions of the TMDs, close to the gating area. Gating residue T338 is slightly
affecting NBD2. ICL1 and 2 have a similar effect profile to the NBDs for this mode

combination.
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Figure 3.46. Transfer entropy results for 5UAK, 1-5-6 modes.

Figure 3.47. Transfer entropy colored 5UAK, 1-5-6 modes.

3.2.3. Connecting ANM-LD and TE Results

ANM-LD results and the subsequent time delay cross correlations analysis revealed the
order-of-events during the dephosphorylated to phosphorylated conformational transi-
tion. The NBDs started the movements and the gating areas followed. The ICLs and
coupling helices served as a connection point between the two NBDs. This analysis
had revealed the leading and lagging events but not the causal relationships. ANM-LD
results also identified the key modes for this conformational change, GNM modes 1,

5, and 6. The transfer entropy calculations for this mode combination has the same

information flow pattern as the time delay cross correlation relationships.
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T460: NBD1 §1251: NBD2 T338: Gate

kR,
‘E

Figure 3.48. Similar TD-CC and TE effects.

There is clear information flow from the NBDs to the gating areas. As the 1st mode is
the most dominant, its removal reveals latent information pathways. TE results for 2-
10 modes shows the information flowing to ICLs, which are the other key areas during
transition. Also for both 1, 5, 6 modes and 2-10 modes, there is more information flow
from the gating area to NBD2. Figure 3.48 shows the similarities of the TD-CC and
TE results.

3.2.4. Mechanism and Dynamics of CFTR Drugs

There are multiple drugs known to be effective in cystic fibrosis treatment. Potentia-
tors that increase open-channel probability and correctors that increase 3D structure
stability are two types of drugs that are commercially available. Ivacaftor is a poten-
tiator drug that is especially used for the common G551D mutant [34]. This drug is
known to bind to a cavity formed by TM4, TM5 and TMS. Liu et al., have obtained
the ivacaftor and ATP-bound crystal structure in 2019 (PDB ID: 602P). Calculations
on this structure and comparison with the ivacaftor-unbound structure reveal impor-
tant features about the mechanism of action. Figure 3.39 had shown an entropy source
cluster surrounding the ivacaftor binding cavity formed by TM4, 5, and 8. All of the

ivacaftor binding residues are entropy sources.

Lumacaftor and tezacaftor are two commercially available corrector drugs. Fiedorczuk

et al., have reported the lumacaftor bound crystal structure in both dephosphorylated
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(PDB ID: 7SVR) and phosphorylated (PDB ID: 7SVD) conformations [36]. Both of
these drugs bind to the same cavity formed by TM1, 2, 3, and 6 behind the lasso motif.
This drug is reported to work by linking these TM helices that are thermodynamically

unstable.

For the dephosphorylated conformation, Figure 3.40 shows that this exact cavity is an
entropy source cluster for 3-10 modes. For the phosphorylated conformation, this area
is revealed to be an entropy source when even more modes are removed and calcu-
lations are performed for 5-10 modes. In fact, all of the lumacaftor binding residues
perfectly align with the peaks on TMD1 for 5-10 modes. Figure 3.49 shows the drug
bound structures colored for the mode combinations that cause their binding cavities

to become entropy source clusters.

&l >

T 7
Lumacaftofy Lumacaftor
1-10 Modes 5-10 Modes 3-10 Modes

Figure 3.49. Transfer entropy results that show drug binding cavities as entropy

sources.

Next, the affected residues from TE calculations are analyzed. Understanding how
drug binding residues affect the rest of the structure is a useful tool in understanding
the mechanisms of action. Commercially available potentiator drug ivacaftor is known
to interact with F312 from TMD1. It’s also one of the entropy source residues for the
phosphorylated conformation calculated using 1-10 modes and it is highly collective

residue. Figure 3.50(b) shows that F312 has a global effect on the structure, both ATP
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binding sites and multiple TM helices are affected. Lumacaftor binding regions are also
affected, this may point to an inherent relationship between these two drug binding
regions. This is notable because these two drugs are often administered together [35].
Ivacaftor binding residues are also entropy source residues for 4-10 modes. The effects
of another ivacaftor binding residue F931 is observed. It affects ion permeation pathway

residues LL102 and Y914. For both 1-10 and 4-10 modes, the effects are global.

Potentiator drugs are known to increase the open probability of the ion transport
channel by decoupling ATPase from gate opening [34]. An interesting observation is
that three key sites affect the same areas on the structure. Ion permeation pathway
residue F337, ivacaftor binding residue F312 and ATP binding residue G551 are all
entropy sources for 1-10 modes for the phosphorylated, ivacaftor bound conformation.
Their profiles, how much entropy is transferred to other residues, are highly correlated.
The correlation coefficient between the profiles of affected residues of Ivacaftor BR
and ATP BR is 0.953. The correlation coefficient between gate and ivacaftor is 0.979.
GH51D is a common mutation treated by ivacaftor. The similarity between their effects

could point to the compensation of the allosteric effects of ATP binding by ivacaftor.

lon Permeation Ivacaftor ATP binding
F337 F312 G551

Figure 3.50. Affected residues from F337, F312, and G551.

Another commercially available drug is lumacaftor and it is a corrector drug. Lumacaftor

is known to structurally link TM1, 2, 3 and 6, and stabilize TMD1 [36]. It binds to a
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cavity behind the lasso motif. On phosphorylated CFTR with lumacaftor (PDB ID:
7SVD), a lumacaftor binding residue S364 is an entropy source for 5-10 modes. The
effects of S364 are seen specifically on TMD1 on helices TM1, 2, and 6, very local
compared to ivacaftor. For the dephosphorylated CETR (PDB ID: 7SVR), lumacaftor
binding residue F77 has a more spread out effect but mostly around ATP binding site
1 and the ivacaftor binding site. Figure 3.51 shows the both of these structures and

the effects of the selected lumacaftor binding residues.

Phosphorylated CFTR with
Lumacaftor (7SVD) Lumacaftor (7SVR)

Figure 3.51. Affected residues from S364 and F77.

3.3. Understanding the Mechanism of Action of the Manganese

Transporter

3.3.1. Analysis of Crystal Structure of PsaBC

Manganese transporter MntBC from Bacillus anthracis and PsaBC from Streptococcus
pneumoniae are part of the ABC transporter superfamily. Neville et al., have obtained
the crystal structure of PsaBC in its open-inward facing (IF') conformational state [14].
First, GNM-based transfer entropy calculations are performed on the available crystal
structure (PDB ID: TKYP). Then, these results are compared to the available models
for MntBC.
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The crystal structure lacks the ATPs and there is no ligand bound to it. As there are
no ATPs bound to the NBDs, they are separated. The exact ligand binding residues
are unknown and their prediction is of interest. Additionally, the identification of
any allosteric sites offers great potential in the manipulation of manganese transporter

function, and the control of anthrax [13].

Transfer entropy analysis is performed on PsaBC for simple GNM mode combinations.
When the first 10 slow modes are taken into account, the driver of the information
flow appears to be the NBDs. Most of the information flow occurs from the NBDs
to the TMDs. However, there is no interaction between the two NBDs. TMDs are
also interacting with each other, this might indicate the requirement for cooperative
behavior for the passing of the substrate. Additionally, collectivity of each residue is
calculated. The largest entropy source residues surround the transport channel and

the possible ATP binding sites.
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Figure 3.52. Transfer entropy maps and collectivity plots for TKYP, 1-10 modes.

Multiple known key residues are on the peaks of Figure 3.52, the largest peaks are
shown on the structure with spheres. Cytoplasmic gate (L43), coordination sites (D46,
H50), pore closure residue (L104, 1199), extracellular gate (F121, F125) are examples
(Neville et al., 2021). Four other residues are on the peaks but have not been identified
as key residues. G97, V202, S250 and V253 have been suggested as key residues
involved in substrate transport activity. The peaks for the cumulative transfer entropy

plot are labeled and shown on structure in Figure 3.53. Unknown blind predictions are
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shown on the structure. The entropy source peaks on TMDs are shown in Table 3.6,

known sites are labelled and unknown sites are suggested.

121,
97, 125
101, +
250,
4346 104 199,
. 4 253
50 202
(A)
5
o
2
]
0

Figure 3.53. Cumulative transfer entropy peaks for 7TKYP, 1-10 modes.(a) Peaks and
corresponding residues are labeled on the plot. (b) Predicted key residues are shown

on structure from top view.

Table 3.6. PsaBC transfer entropy peak residues and known or predicted key sites.

Residues with peak TE Known or Predicted Sites

L43 Cytoplasmic gate

D46, H50 Coordination site
G9I7 Unknown blind prediction
S101 TKYP is the F100SPsaBC variant
L104 Control pore closure

F121, F125 Extracellular gate
1199 Control pore closure
V202 Unknown blind prediction

5250, V253 Unknown blind prediction
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When the slowest mode is removed (2-10 modes), this reveals a latent allosteric com-

munication path. The driving domains are the NBDs. However, the largest sources

of entropy and the most collective residues are not at the NBD interface but more

towards the sides. The only entropy source residues on the TMDs are the coupling he-

lices. When another mode is removed (3-10 modes), the driving domain becomes the

TMDs. All of the entropy source residues are clustered on the cytoplasmic side of helix

TMS, specifically between residues 226-232. It’s possible that this helix is controlling

the behavior through its interaction with the membrane and it is an allosteric key site.
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Figure 3.55. Transfer entropy maps and collectivity plots for TKYP, 3-10 modes.

Another important point of comparison for the manganese transporter is comparing

it with other well characterized ABC transporters. Both structurally and from the

dynamic characterization of PsaBC, it is most similar to other type II importers.
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Specifically, it is dynamically similar to heme importer BhuUV and cobalamin im-
porter BtuCD in IF conformation [24,40]. However, both cobalamin and heme are
metal chelate complexes and manganese is an ionic metal. Therefore, manganese is

significantly smaller than both in size and has a positive charge.

This similarity allows the prediction of how manganese transporter will behave when its
substrate binding protein PsaA binds to the extracellular side of the transporter. Both
BhuUV and BtuCD have crystal structures available in SBP bound conformations.
Figure 3.56 shows the transfer entropy map for SBP-unbound (PDB ID: 5B57) and
SBP-bound (PDB ID: 5B58) conformations of heme importer BhuUV. In the SBP-
unbound conformation, the information transfer occurs between cross domains (NBD1-
TMD2, NBD2-TMD1). However, unlike PsaBC the TMDs aren’t interacting. For both
PsaBC and BhuUV, the driving domains are the NBDs. The similarity between the
SBP-unbound TE maps, supports the idea that these two transporters behave similarly
dynamically. In the SBP-bound conformation BhuUV-T, the entropy source residues
are on the NBDs and the periplasmic gates on the TMDs. SBP is also an entropy

source.
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Figure 3.56. Transfer entropy maps and collectivity plots for 5B57 and 5B58 for 1-10

modes.

It’s reasonable to assume that for the manganese transporter ATP binding occurs
before the binding of SBP and manganese transport. Acar et al., have shown evidence

of this claim for another type II ABC transporter BtuCD [9]. Neville et al., have
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hypothesized that nucleotide binding drives the rearrangement of TMDs, rather than
the docking of SBPs [14]. Transfer entropy results also point to NBD control in the
inward facing state. It’s likely that ATP binding to the NBDs trigger a change in the
TMDs. The periplasmic residues on the TMDs then interact with the SBP. After the
SBP is bound, SBP and NBDs coordinate to facilitate substrate transport.

3.3.2. Analysis of MntBC Models

While calculations are performed for PsaBC from Streptococcus pneumonia, the actual
protein of interest is MntBC from Bacillus anthracis. MntBC is the manganese trans-
porter protein that is directly related to the disease-causing mechanism of anthrax.
There are multiple models for MntBC, a homology model based on PsaBC, Hidden
Markov model with HHPred [41] and the AlphaFold model based on neural network
algorithms [42]. The dynamic characteristics of these models are analyzed using the
transfer entropy model and compared against the results from PsaBC. While MntBC
and PsaBC are not from the same species, they are significantly similar in terms of
sequence and structure. This analysis also provides feedback on the reliability of the

tested models.
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Figure 3.57. Transfer entropy maps and collectivity plots for HHPred model of
MntBC for 1-10 modes.

Out of the four models, HHPred model appears to deviate the most from the PsaBC
results. The RMSD between HHPred model and PsaBC is 6.39. For 1-10 modes,
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the entropy source results are no longer at the NBD interface. The entropy sources
surrounding the translocation cavity have shifted downwards towards the cytoplasmic
side. Notably, there is also low collectivity for 2-10 and 3-10 modes. Figure 3.57 shows
the TE map and collectivity plots for the HHPred model for 1-10 modes.

The RMSD between the AlphaFold model and PsaBC is 2.53. It’s less than the HHPred
model but notably there is an extended helix at both TMD terminals. This helix
appears to distort the results. For 1-10 modes, entropy source residues are spread out
towards the sides of the NBDs, rather than at their interface near the ATP binding
sites. For lower mode combinations the effect of the extended helix is more pronounced.
Figure 3.58 shows the TE map and collectivity plots for the AlphaFold model for 1-10
modes. The translocation cavity is also not covered with entropy sources as it was for

the crystal structure of PsaBC.
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Figure 3.58. Transfer entropy maps and collectivity plots for AlphaFold model of
MntBC for 1-10 modes.

The calculations are repeated by manually removing this helix from the model. When
the helix is removed, the profile becomes similar to the PsaBC TE map. Most notable
change is at the previously described allosteric cavity on the cytoplasmic side of the
TMDs. The entropy source cluster has shifted to the neighboring helix onto residues
129-141. Figure 3.59 shows the differing sites for PsaBC (7TKYP) and AlphaFold model.
It’s possible that these two helices form a cavity, and both of them are significant.
However, AlphaFold is not as reliable for non-monomer structures or structures with

multiple stable, known conformations.
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7KYP AlphaFold
Res. 225-234 Res. 129-141

Figure 3.59. Transfer entropy peak cluster from 3-10 modes for TKYP and AlphaFold
model of MntBC.

The homology model results are almost identical to the PsaBC results. The RMSD
between these structures is 1.21. Figure 3.60 shows the TE map and collectivity plots
for the homology model. All of the entropy source peaks are at the same locations as
Figure 3.52. These residues include residues that control pore closure, ion coordination
sites, periplasmic gates, and cytoplasmic gates. Along with likely ATP binding sites.
Again for 3-10 modes, the entropy source cluster on TMS is present. Residues 228-
236 appear to form an allosteric cavity, especially G229 and 1233 are good candidates
for mutational analysis. This similarity supports the usage of this model for further

calculations.
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Figure 3.60. Transfer entropy maps and collectivity plots for Homology Model of
MntBC for 1-10 modes.
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3.4. Dynamic Characterization and Classification of ABC Transporters

There have been multiple characterization and classifications of the ABC transporter
superfamily. Initial classifications were made based on the transport direction. Others
have used sequential information and evolutionary relationships for classification [16].
Recent developments in x-ray crystallography and cryo-EM imaging have made it pos-
sible to determine the 3D structures of many proteins including ABC transporters.
These developments have made a classification based on TMD folds and structure pos-
sible [22]. There are seven types based on TMD folds, for this analysis on types I, 11,

and IV are considered.

Another key aspect to transporters is their dynamics. There are many key questions
to uncover the dynamic characteristics. How do the four core domains of ABC trans-
porters and the other accessory domains interact with each other? Which domains are
the drivers of key events? Is it possible to obtain the same behavior without the pres-
ence of a substrate binding protein (SBP)? How can symmetrical or pseudo-symmetrical
structures produce asymmetrical behaviors? How does the information flow change be-
tween conformations? Which key sites, such as cytoplasmic and periplasmic gates, ATP

binding sites, coupling helices etc., are information sources?

Previous results sections have highlighted similarities between different members of
the ABC transporter superfamily. Even though CFTR is not an active transporter like
the other type IV ABC transporters its correlated movements was similar to the global
rigid body movements of TmrAB as shown on Figure 3.11and Figure 3.30. Information
flow patterns obtained from transfer entropy method highlighted that CFTR lacks the
cytoplasmic gate found in other ABC transporters, through the lack of entropy sources
around that area. The comparison of manganese transporter MntBC, with cobalamin
transporter BtuCD and heme transporter BhuUV revealed the interaction between
TMDs and SBPs. These conclusions were only possible through the comparison of
the dynamics of ABC transporters. This section aims to characterize many ABC
transporters in a similar manner and to utilize the similarities between them to make

new conclusions.
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In order to answer these questions and more, multiple computational approaches have
been utilized. Mainly, the transfer entropy method was used to understand the in-
formation flow patterns between domains [10]. Collectivity of each residue is also
calculated as described in the Methods section [15]. For each of the transporters the
conformation and bound ligands are reported in the summary tables along with the
driving domain and if the ligand binding sites are entropy sources. Some type I and II
transporters feature substrate binding proteins (SBP). Results are repeated with and
without the SBPs. One feature to consider is that importers tend to have a resting
state in the outward facing conformation (OF), whereas exporters tend to rest in the
inward facing conformation (IF) [21]. The results presented in this section are only

considering 1-10 modes for the transfer entropy calculations. This characterization of

ABC transporters has shown that transporters with similar TMD folds tend to have

similar dynamic profiles [22].

Table 3.7. Dynamic characterization results for Type I transporters.

Driving Peak
Transporter | PDB | Conformation | Ligands
Domain Match
OF with SBP Maltose, | NBD + SBP Yes
MalFGK 3PUY
OF ATP(2) TMD Yes
(maltose)
3FH6 IF - TMD Yes
AlgM1M2SS
4TQU IF Alginate TMD Yes
(Alginate)
OF with SBP Tre., NBD + SBP Yes
SugABC TCAG
OF ATP(2) TMD Yes
(trehalose)
7CAD IF - TMD Yes
OF with SBP | Molybdate | NBD + SBP Yes
ModBC 20NK
OF - TMD -
(molybdate)
3D31 IF - TMD -
MetNI 6CVL | OF with SBP ATP(2) All Yes
(methionine) | 3TUI IF ADP(2) TMD No
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Type I proteins are all importers; their substrate is written in parentheses in the
transporter column. Type I transporters like MalFGK are driven by TMDs in IF
conformation and by the NBDs and the substrate binding protein in OF conformation.
When the SBP is removed (but the rest of the protein at OF conformation) TMDs
become the driving domain. For the tested type I proteins, regardless of conformation,
functional sites appeared to be highly collective and entropy source residues. The

results for type I transporters are summarized in Table 3.7.

For Type II transporters like BtuCD, NBDs are driving for both IF and OF con-
formations, independent of SBP presence. None of the crystal structures of Type II
proteins did not feature the substrates, instead some of the proteins were presented in
ATP-bound conformations. The known ATP binding sites matched the entropy source
peaks, regardless of conformation. However, it should be noted that only BtuCD (PDB
ID: 4R9U) is in OF conformation. The results for type II transporters are summarized

in Table 3.8.

Table 3.8. Dynamic characterization results for Type II transporters.

. . Driving | Peak
Transporter | PDB | Conformation | Ligands

Domain | Match

AR9U OF ANP(2) | NBD Yes
IF with SBP NBD Yes
BtuCD 2Q19 -
[F (apo) All Yes
(B12)
IF with SBP NBD Yes
AFT3 ANP(2)
IF (apo) NBD Yes
BhuUV oBb7 IF - NBD -
(heme) 5B58 | IF with SBP ; NBD ;
PsaBC
7KYP |  IF (apo) . NBD ;
(manganese)

For Type IV transporters, for most of the structures in this dataset, TMDs are driving

for IF conformation and NBDs are driving for OF conformations. However, there are
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exceptions to this pattern. Ligand binding residues appeared to be entropy sources in
the outward facing conformation and close to the entropy source residues in the inward
facing conformation. This was a common pattern observed for all type IV proteins. The
variety in the results of type IV transporters could be due to the differences in substrate
variety or difference in transport direction. The results for type IV transporters are

summarized in Table 3.9.

Table 3.9. Dynamic characterization results for Type IV transporters.

Driving | Peak
Transporter | PDB Conf. Ligands
Domain | Match
TM237/288 | 4Q4A | IF ANP(1) | TMD | Partial
(export) 6QUZ OF AGS(2) NBD Yes
IF
6RAF ATP, ADP TMD Partial
TmrAB (narrow)
(export) IF
6RAN ATP, ADP NBD Partial
(wide)
6RAJ OF AOV, ATP | TMD Yes
IrtAB IF
6TEJ - TMD -
(import) (apo)
McjD Peptide,
4PLO OF All Yes
(export) ANP(2)
YbtPQ
6P6J IF Substrate TMD No
(import)
Sav1866
20NJ OF ANP(2) NBD Yes
(export)
CFTR S5UAK IF - TMD No
(ion channel) | 6MSM OF ATP(2) All Yes

Different mode combinations reveal different interactions within the same structure.
For this preliminary work, the results for 1-10 GNM modes are reported. However

detailed results for TmrAB and CFTR had shown that latent information flow patterns
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are revealed with conformation changes and substrate binding. This also holds true
with the binding of SBPs. The information flow patterns when SBPs are bound can
be observed in SBP-unbound conformations in other mode combinations (2-10 or 3-
10). Other mode combinations can also reveal differences between proteins of the same
type. While a definitive classification is not presented in this work, this preliminary

work shows promise.
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4. CONCLUSION AND RECOMMENDATIONS

4.1. Conclusions

ABC transporters are responsible for the translocation of diverse substrates that are
essential to key cellular functions [25]. Understanding the function of ABC transporters
requires the understanding of the dynamics, and the allosteric network. In this work,

three case studies were investigated and a novel dynamic classification is proposed.

Heterodimeric multidrug exporter TmrAB is one of the best characterized ABC trans-
porters. Hofmann et al., obtained nine crystal structures in different conformations
during the translocation cycle [12]. The transitional pathways of TmrAB explored by
many successful ANM-LD simulations between four different conformations (Asym,
IF1, IF2, OF) were able to relieve the key modes enabling the transitions. The cor-
related fluctuations provided the basis of dynamic connectivity among the functional
sites such as the ATP binding sites, substrate binding residues, and ICLs. TM6 of both
TMDs appeared as a key helix controlling the cytoplasmic entrance of the transloca-
tion cavity. Furthermore, the transfer entropy calculations revealed that information
transfer patterns in correlated sites are conserved for all conformations, but their or-
der differs, i.e. the conformations prime the distinct patterns of dynamic correlations
while having the information for the others in store as latent. TMDs are driving the
movements in Asym conformation, NBDs are driving in the IF conformations, and all

domains are information sources in OF conformation.

Cystic Fibrosis transmembrane conductance regulator (CFTR) is directly responsible
for the life threatening disease cystic fibrosis [29,30]. ANM-LD simulations between the
dephosphorylated ATP-free conformation (PDB ID: 5UAK) and the phosphorylated,
ATP-bound conformation (PDB ID: 6MSM) revealed the key modes for transition.
The movement of the NBDs essential for transition, which was mainly encoded in

ANM modes 1, 3, and 7. The leading and lagging/following regions by the time delay
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cross correlations suggested a dynamic cycle, plausible signature dynamics of this spe-
cific transition. The movement of NBD1 is followed by the movement of the gating
area, which is followed by NBD2, followed by the movement of ICL2 and ECL1. The
causal relationship between residues by the TE calculations disclosed the information
flow patterns for different mode combinations. NBDs are mainly the driving domains
for the dephosphorylated conformation, which also displayed information flow from
the periplasmic gating area and the regulatory domain binding area as latent causal
interrelation. ATP binding sites and periplasmic gating residues are driving for the
phosphorylated conformation. When transfer entropy was calculated using the key
GNM modes determined from ANM-LD simulations, the information flow pattern was
remarkably similar to the leading/lagging segments calculated from the time delay
cross correlations. This shows that not only are NBDs leading the gating residues, but

they are causing the movements.

The mechanism of two CEFTR drugs; ivacaftor (potentiator drug), and lumacaftor (cor-
rector drug) are investigated. Ivacaftor and lumacaftor drug binding cavities can be
identified by the TE calculations as entropy sources for 1-10 and 5-10 modes, respec-
tively. The ivacaftor has a similar global effect on the structure as the combination
of ATP binding and ion permeation residues. Whereas, lumacaftor only affects TM

helices it is known to stabilize; TM 1, 2, 3, and 6 [36].

The transfer entropy analysis of PsaBC from the gram-positive bacterial pathogen
Streptococcus pneumoniae revealed the information pathways in the inward facing con-
formation [14]. Testable predictions were made regarding residues responsible substrate
translocation and an allosteric pocket on the cytoplasmic side of TMDs. Four possible
gating residues G97, V202, S250 and V253 are identified along with a possible allosteric
pocket on transmembrane helix 8. The comparison of MntBC-A models revealed the
homology model to have the closest dynamic profile to the crystal structure and to be
the most dependable model. Finally, manganese transporter was compared with other
Type I ABC transporters and the relationship between TMDs and substrate binding

protein was deciphered.
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A novel classification based on the dynamics of ABC transporters is presented. This
classification works as an addition to the one presented by Thomas et al. based on
the TMD folds [22]. For this classification most common types of ABC transporters
(I, II and IV) were characterized using the transfer entropy method. The effects of
ligand binding and SBP binding were observed on the dynamics. It was observed that
Type I transporters, such as MalFGK are driven by TMDs in IF conformation and by
the NBDs and the substrate binding protein in OF conformation. When the SBP is
removed (but the rest of the protein at OF conformation) TMDs become the driving
domain. Type II transporters like BtuCD, NBDs are driving for both IF and OF
conformations, independent of SBP presence. For Type IV transporters, TMDs are
driving for IF conformation and NBDs are driving for OF conformations. However,
the variety in substrate size and charge and the transport direction makes type IV

more variable.

4.2. Recommendations

The ANM-LD results for heterodimeric multidrug exporter TmrAB have been pre-
sented in this thesis. The equal time cross correlation relations have been calculated
and analyzed. In further research, the time delay cross correlations can be calculated
using custom window sizes, and time delay amounts. This would reveal specific events
during the translocation cycle of TmrAB. By performing many ANM-LD simulations
between different TmrAB conformations, the key modes for transition have been iden-
tified. As it was done for CFTR, transfer entropy analysis using the most selected
modes can be performed to reveal causal relationships essential for transition. Compar-
ing these causal relationships and the order-of-events from the time delay calculations

can illuminate the translocation cycle.

In this work, a preliminary classification based on the dynamic characteristics of ABC
transporters have been presented. For this task, transfer entropy and collectivity anal-
ysis has been used. The primary classification metrics were the identification of the
driving domain between conformations and if the known key sites were the most col-

lective. Other classification parameters can be included regarding the locations of the
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entropy source clusters. This would allow easier identification of key sites and allosteric
pockets. For this work, only 1-10 mode subset was used. Using other mode subsets
would reveal latent connections between residues. Finally, the classification will be

expanded to include all ABC transporters with available structural information.
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