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1. Introduction

The concepts of entropy as introduced in statispbgsics and in information theory
share a close mathematical analogy. This relgi@mits the estimation of physical entropy
using methods borrowed from information technology,well as the interpretation of the
information content of physical states. In physiestropy via the quantity of free energy
determines the stability of equilibrium states ahd direction of spontaneous processes.
Among methods estimating free energy, an excegtrofais held by computational methods
that are able to compute the absolute conformdtemaopy of equilibrium states. In the first
part of my work, | will be introducing such a methdeveloped by myself. Furthermore, the
theoretical formula for equilibrium entropy can taetorized to the sum of the entropy of
independent elementary parts (oscillators) formihg molecular system, and to mutual
information terms resulting from their two- or mabgdy interactions. Calculating mutual
information itself thus lends us information oneimtal interactions present in the system and
any resulting correlation effects. Correlated msi play an essential role in establishing the
function of proteins as molecular systems. An inga example of such effects is the
phenomenon of allostery in proteins, where spat@itant regions and binding sites interact
with each other through correlation effects and ulate each other’s function. Allosteric
effects appear in a markedly interesting way in ABXOP-Binding Cassette) transporter
proteins, where they are responsible for coupling?Ainding and hydrolysis to substrate
transport. The second part of my work describesr@egnt advances in understanding this
process. The elucidation of the allosteric effent&\BC transporter proteins would open a
new frontier on rational drug design targeting éhpsoteins for combating several associated

human diseases.

2. Estimating the Conformational Entropy of Molecular

Ensembles

2.1. Background and Aims of Research

The equilibrium properties of systems in molecut@alogy are determined by the
physical quantity of free energy. Significant thewal efforts have been devoted to the
calculation of free energy difference between twaildrium states of molecular systems.

For methods that work by integrating along a pa#diween the two states, such as



thermodynamic integration (TI, [1]), free energyrtpebation (FEP, [1, 2]) and histogram
analysis methods [3], the appropriate definition afreaction coordinate and possible
significant structural differences between the tstates can hinder calculations [4]. Other
methods, which calculate the absolute free enefgysingle state, can pose an alternative. In
this case, however, it is essential to devise &ivieit method that is able to estimate the
conformational entropy of the system in an equilibr state.

The individual conformations constituting an edwilim state of the system are
usually generated by a sampling method, e. g. mtaeaynamics (MD) simulations or
Metropolis Monte Carlo (MC) sampling. Several nueth exist for entropy estimation of
such molecular ensembles, usually approximatingotiese space density of the system and
calculating the information entropy of the resudtidistribution. One of the earliest methods
to calculate conformational entropy is based on dbasiharmonic approximation, which
estimates the phase space density of the systeannmastivariate Gaussian distribution [5].
What makes this method most appealing is that #ranpeters of the distribution can be
readily derived from the data and the entropy efrsulting distribution can be analytically
calculated. The interpretation of the quasiharm@sisumption is also simple, as the axes of
the Gaussian distribution determine vibrational esdf the system that are considered to be
independent by the method, while all higher orderedation effects are neglected.

The original quasiharmonic method employed the BA&WBond-angle-torsion”)
coordinate system, which uses bond lengths, bogtesrand torsion angles to describe the
position of atoms. The use of such internal cowtis is favorable because the different
vibrational modes are easily separable, and coatelnresponsible for forming specific
conformations are identifiable. In practice, hoagwefining such a non-redundant internal
coordinate system is not a trivial task, and tleatment of periodic coordinates can cause
difficulties. As a solution, a version of the gumemonic method adapted to Cartesian
coordinates was introduced by Schlitter, which als#tes into account the entropy
contribution of the kinetic degrees of freedom, adds the quantum mechanical treatment of
molecular vibrations [6].

Behind the quasiharmonic approximation lies theuwrgdion that the system
undergoes harmonic fluctuations around a singlajmal energy state. Systems in molecular
biology, however, typically exhibit a complex, etahte energy landscape and visit multiple
locally minimal energy basins at relevant tempeegtuwhich are separated by low energy
barriers. These motions contribute to the anhareitgrof vibrational modes in the system.

It is also a serious error to assume the indepexedehthe quasiharmonic modes, essentially



ignoring second and higher order correlations whichntribute significantly to
conformational entropy [5, 7]. Several solutiomsl anethods have been proposed to tackle
these problems.

To account for the anharmonicity of vibrational medmore accurate methods have
been applied for sample based density estimatian, garametric estimation based on Fourier
series [8], or non-parametric estimation based oisotropic kernel functions [9]. The
entropy estimation method devised by Numataal estimates the value of the density
function at the sample points using tk@earest neighbor density estimation method [10],
which has the advantage that it doesn’t makeagwriori assumption on the form of the
density function. However, the disadvantage of¢henethods is that a large number of
samples (~19 is needed to reach convergence.

A different approach is used by the 2D entropy meétlleveloped by Wang and
Bruschweiler, which performs density estimation hwiGaussian kernels along each
guasiharmonic component, and uses numeric integréti calculate their information entropy
content [11]. The 2D entropy method also incorfggaanharmonic effects, but the
bandwidth of the Gaussian kernel is left as a patamwhich is not transferable among
different systems [11, 12], and which heavily ieftices the calculated value of entropy.

The contribution of second and higher order coti@la to conformational entropy
can be separated using mutual information expar(&i), which expresses the entropyf
the system [13] as

@) = Y S0) T 0,0 T 15(6 6,00 -
= <) i<j<
Here, S are the univariate, marginal entropies of indialdgoordinates, and the mutual
information termdy can be shown to quantify thkth order correlation between coordinates
[14-16]. Thekth order mutual information terms can be calculdtedh thekth and lower

order entropies, e. g. fé&r= 2,

12(0, 02) = Si(a) + Si(0,) — S,(01, 9)
The mutual information expansion is used in seven#tlopy estimation methods [10, 13, 17].
The method of Numatat al uses second order mutual information terkns 2) to enhance
entropy estimation.
The aim of my doctoral work was to develop and t@shovel method for the
estimation of the conformational entropy of molecutystems, based on Gaussian mixture

functions. To test the method, five systems oflspeptides whose entropy can be calculated



by anab initio method were generated, and used as referencalisaty the results yielded
by the Gaussian mixture method and other methosizithed in the literature.

The Gaussian mixture method was implemented infdha of Octave, Python and
Perl scripts. The coordinates of the test systerase generated using the SYBYL 7.3
molecular modeling software suite. The energynalividual conformations was estimated
using the GROMACS software suite and the GROMOS#8&d atom force-field [18]. Other
methods taken from the literature were implemeate®ctave scripts, except for the method

of Numataet al, for which the software was kindly provided by thghors.

2.2. Novel Scientific Results

1. Established an entropy estimation method baseddsaussian mixture functions.

The creation of a method to estimate conformatiaalopy based on Gaussian
mixture functions was motivated by the need to reeenceptionally simple, comprehensible
method that is able to handle complications arignegn the complex energy landscape of
larger molecules with many degrees of freedom. s&aun mixture functions are weighted

sums of independent, multivariate Gaussian funstion
K
f(x8) =2 pa(xm,oy)
k=1

whereg(x; m, gy is a Gaussian function centeredhatwith a covariance matrix ofk, 6 is

the set oimy, ox parameters, and is the number of Gaussian components. Gaussigiunmi
functions can be used to approximate any smoothtiumto arbitrary accuracy [19]. The
method works by approximating the phase space tyenfsine system by fitting a normalized
Gaussian mixture function on the given conformatl@nsemble using maximum likelihood
estimation (MLE), and then estimating the inforraatientropy of the resulting continuous
distribution. For likelihood maximization, the esqgiation maximization (EM) method was
used. The entropy of the resulting Gaussian mexfunction is then calculated using the
method described by Hubet al [20]. This method uses second order Taylor sewes
estimate the contribution of other Gaussian inndighborhood of each Gaussian component,

which can then be calculated analytically.



2. The Gaussian mixture based method is able to aocately estimate the

conformational entropy of molecular systems.

The difficulties in estimating the conformationaltepy of molecular systems mostly
arise due to the complexity of the energy landscape the anharmonicity of fluctuations
around states of local energy minima. The Gaussiature method was therefore tested on
small peptide systems. The molecules were chaselemonstrate the applicability of the
method to proteins, as well as to select molecul#ls side-chains having many different
rotameric states to model a complex energy langscap

To evaluate the method, the results were compargidtd a reference entropy value
calculated by arab initio method, and then to results of other existing washused to
calculate conformational entropy. Four other mdthalescribed in the literature were
implemented: the original quasiharmonic method laydtus and Kushick [5], the covariance
matrix based method of Schlitter [6], the 2D enyropethod of Wang and Brischweiler [11]
and the method of Numatet al [10], for which the software was kindly provideg the
author.

Five different molecular systems (AJaAla-Val-Ala, Ace-lle-Nme, Ace-Val-Nme,
Val, peptides) were created for the study, having 4,53 and 4 rotatable torsion angles,

respectively (Figure 1).

ala-val-ala ile

Figure 1. Small peptides and derivatives selectddr the calculations. The selected molecules were Ala
(“ala3”), Ala-Val-Ala (“ala-val-ala”), Ace-lle-Nme(“ile”), Ace-Val-Nme (“val”) and Va} (“val2”). The
carboxy and amino termini of all peptides were w@rghed. United carbon atoms are shown as grey,eoxsgd
nitrogen as black, and hydrogen as white sphefBse rotatable torsion angles representing the @ésgoé
freedom of the systems are indicated by arrows.



The first step after generating each test systers wwa create the full set of
conformations, which was acquired by the unifornrmglng of the complete internal
coordinate space (rotatable torsion angles). TiHesét of conformations was used faip
initio calculation of conformational entropy of the systéebased on the statistical physics
definition of entropy, by numerical integration ovthe complete configurational space
(referred to as “exact” entropy). The full set adnformations also served as a basis for
Monte Carlo (MC) sampling to generate an input de¢h of a canonical ensemble of
conformations. Also, molecular dynamics (MD) siatidn with two different settings were
performed to generate two additional conformatie@rsemble datasets for each system. Due
to their construction, the entropy values calculdte the MC sampled ensembles are directly
comparable to the exact entropy values. The oeati the MD dataset was motivated by the
fact that molecular dynamics is a popular sampiirethod for biomolecules. However, in
MD simulations, bond angles are usually treatexilfly, and bond lengths are either allowed
to vary or kept fixed. Because of this, two difiet MD ensembles were created, one having
flexible bond angles and fixed bond lengths (“MIMAS”), and the other with both bond
lengths and angles flexible (“MD/Unc”). The flel@bcoordinates increase the degrees of
freedom of the system, therefore the entropy vatasulated for these ensembles are not
directly comparable to the calculated exact entnoglyes.

The results calculated for the “val2” system arevat on Figure 2 to illustrate the
most essential findings of the study. It was fotimat for the MC ensembles, entropy values
calculated by the Gaussian mixture method showllexteagreement with the exact values
(average deviation 2.04%). The quasiharmonic ntedidarplus and Kushick (QH) gives a
systematic overestimation of the exact value agexeg [6], although the average deviation is
relatively small (10.4%). The variation of the gqiumarmonic method by Schlitter uses
Cartesian coordinates instead of internal (tordjoneoordinates, this method was
implemented in two versions. In the first versitme coordinates of all atoms were input to
the method (Schlitter/AA), this gave significantirger entropy values than the exact value
(average deviation 39.97%). In the second versmmy atoms defining the internal
coordinate torsion angles were used (Schlitter/Til),this case the exact value was
underestimated systematically (average deviatiori728). Similarly, the 2D entropy method
was also found to underestimate the exact entrgbhyev With this method, however, the
resulting entropy values heavily depended on dhgandwidth parameter. The method of
Numataet al yielded results having a relatively good agreemeith the exact values

(average deviation 17.54%), but underestimate@timpy in three out of five cases.
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Figure 2. Entropy values calculated for the “val2” system with five different methods for the three
ensembles. The exact entropy value is indicated by a horizohitee. In the case of MC ensembles, the
Gaussian mixture method gave the best overall agreewith the exact value. The MD ensembles haweem
degrees of freedom (bond lengths and angles),taidexact entropy is not known. In their case, ¢hlculated
entropy depends to a great extent on how the gntroptributions of bond length and angle vibratians taken
into account.

The entropy values of the MD ensembles were foorfeetgenerally higher than those
of the MC ensembles. The MD/Unc ensembles gavéehigntropy values than the
MD/LINCS ensembles in almost all cases, the difieeg however, was relatively small. This
indicates that the contribution of bond length &tions to the conformational entropy is
small. It is also apparent that using Cartesiardioates (methods of Schlitter and Numata
et al) yields significantly higher entropy values forthoMD ensembles than for MC
ensembles. In contrast, for methods employingrmaiecoordinates (quasiharmonic, 2D
entropy and Gaussian mixture methods), this diffeees much smaller. This shows that the
bond angle vibrations contribute significantly teetconformational entropy, but is mostly
neglected by methods using internal coordinates.

Based on the results for the five peptide systdnisind that the Gaussian mixture
method vyields entropy values in excellent agreenweitit the exact values, while other
methods perform significantly poorer (average diéwia 10-40%).

The differences in performance among the methodsheae various causes. One
could be that they are based on different prinsipl&€he Gaussian mixture method, similarly
to the quasiharmonic and 2D entropy methods, relsly on the observed configurational
samples, whereas the other two methods are baseuhysical assumptions behind the

observed data. This difference is apparent alsm fthe fact that unlike the methods of
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Schlitter and Numata, the Gaussian mixture methoels chot use atomic masses for the
calculations. Methods projecting a physical mdukhind the data often employ the quantum
mechanical treatment of oscillators, which alsoorporates the kinetic contribution to the
entropy, but these are not taken into account ey&aussian mixture method.

These two groups of methods differ from each otiso in the kind of coordinates
used for the calculations. The methods of Schilgtel Numata use Cartesian coordinates and
thus take into account contributions arising frdma vibration of bond lengths and angles, as
opposed to the other three methods. However, laoge vibrations exhibit a significant
extent of coupling to torsion angle fluctuationsiieh cannot be neglected, and also appear in
entropy differences between two states [5]. In ¢hee of methods employing different
coordinate systems, the Jacobian of the transfawmabetween the two systems also
contributes to the resulting entropy differencet this is not taken into account by the

methods introduced in this work.
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3. The Allosteric Mechanism of ABC Transporters

3.1. Background and Aims of Research

Mutual information can directly be related to high@rder correlation effects in
molecular systems [13], which play an essentia inlestablishing the function of proteins
[21, 22]. Mutual information has been used in @asi studies to quantify and locate intrinsic
correlated motions in proteins [23-25]. Such ssdian also aid in identifying functionally
important amino acids. In the second part of mykwbam reporting a quantitative study of
correlated motions within ABC exporter proteinsngsmutual information.

The ABC (ATP-Binding Cassette) family of proteingnsists mostly of membrane
transporter proteins, which utilize ATP binding &rdhydrolysis to drive the active transport
of substrates across biological membranes. Theseecarrently 49 ABC transporters
identified in the human genome, whose dysfunctiommany cases causes various diseases
(e. g. cystic fibrosis [26, 27], Dubin-Johnson syde [28], type 2 diabetes mellitus [29], or
adrenoleukodystrophy [30]). An often occurring pbmenon during chemotherapy is the
multi-drug resistance of cancer cells, the mairseaaf which is the overexpression of certain
ABC transporters that pump the drugs from the icgtl the extracellular medium [31-33].
The modulation of various ABC transporters thusremportant clinical significance, for
which the detailed knowledge of the structure anecmanism of ABC transporters is
essential.

Functional ABC proteins have two cytoplasmic nutié® binding domains (NBD)
and two transmembrane domains (TMD) [34, 35]. bheding of ATP to the nucleotide
binding domains induces their symmetric, tight asgon, with the nucleotides binding on
the domain interface [36, 37]. In the ATP-boundl¢ state, the cytoplasmic regions of the
transmembrane domains also contact each othethartdansporter forms a “bottom-closed”
conformation. In the absence of nucleotides (apt@)} X-ray structures show a separation of
the NBDs [38-40], and based on the extent of séiparaa “bottom-closed” and “bottom-
open” apo conformation can be distinguished. Tureenitly known three apo structures show
that the extent of NBD separation can vary widdlyt it is not consistent with distance
measurements based on double electron-electromaiese (DEER) spectroscopy [41] and
chemical cross-linking [42]. In light of the artifal conditions used in X-ray crystallography,
it remains a question how the resulting proteimcdtres should be interpreted, and what

relevance they bear for modeling thevivo state of the transporters.

13



Several mechanistic models have been proposedB@r thansporter function [43-48].
These differ basically in whether they assume anevo ATP hydrolysis events in a single
transport cycle, and whether they assume a constamict between the NBDs during
function. The “processive clamp” or “switch” moddi6-48] postulates that the processive
hydrolysis of both ATPs is necessary for the diggamn of the NBDs, while the “alternating
sites” model [44] proclaims that the binding sitegdrolyse a single ATP molecule per
transport cycle, in an alternating fashion. Then&tant contact” model [45] also assumes a
single hydrolysis event per transport cycle, butairway that the NBDs do not separate
considerably from each other. Thus, there is neaugally accepted, consensus model for the
mechanism of ABC transporters.

The nucleotide binding and transmembrane domains ABC transporters
communicate with each other via a sophisticateastdtic mechanism. This is indicated by
the fact that substrate binding in multidrug expmst which was shown to happen in the
TMDs [49, 50], enhances basal ATPase activity i@ MBDs, whereas ATP hydrolysis is
necessary for active transport against a concéenmtrgradient. Several loops and residues
have been identified between the NBDs and TMDs timatld take part in the allosteric
mechanism. The most important of these are thplicmuhelices in the TMDs, which reside
at the NBD-TMD interface [51], the Q-loop in the NBwhich is able to differentiate
between bound ATP and ADP [51, 52], and the X-laglpich is in contact with the coupling
helices [53, 54].

Several studies employing molecular dynamics sitiaria discuss the stabilizing
effect of nucleotides in isolated NBD dimers [4%-58]. Although there is no clear
indication whether hydrolysis at one site facibwthe hydrolysis at thieans site [58, 59],
most simulation results and a half-open X-ray ditfron structure of the NBD dimer suggest
post-hydrolytic conformational changes where thear@ X-loops move together [45, 55].
Due to the large computational efforts requiredy fudies report simulations of whole
length ABC transporters in a lipid membrane. la tase of the BtuCD bacterial transporter,
it has been shown that ATP binding induces conftional changes in both the NBDs and
the TMDs [60], and an asymmetric closure of the ARnd transporter was observed,
which supports the alternating sites model [61limu@ations performed on the whole length
Sav1866 bacterial transporter have highlightedageresidues in the Q and X-loops that can
take up several different conformations, and cars thct as molecular switches to transmit

conformational changes between the NBD and TMD.[53]nce now, however, there has
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been no report of a systematic study of the fulthpay of conformational changes
originating from the NBD and transmitted toward TéD.

The aim of my work was to characterize and descitilee changes occuring in the
pattern of correlated motions in the full transpordue to ATP hydrolysis, furthermore, to
compare the collective motions present in the laold apo states. The motion of the system
was simulated by molecular dynamics, and relevata @as extracted from the trajectories.
During the simulations, the whole length transponas embedded into a lipid bilayer and a
solvent composed of explicit water molecules to etdtle physiological environment. All
molecules were modeled at an atomic level. Toyaealhe effect of ATP hydrolysis in the
holo state, the X-ray structure of the Sav1866 dy&it transporter, co-crystallized with
nucleotides, was used to create an ATP/ATP systmtgining ATP at both nucleotide
binding sites), and an ATP/ADP system (containirigPAat one site and ADP at the other) to
model the state of the transporter before and hfterolysis. For comparing the dynamics of
the holo and apo states, homology models of theahuMDR1 protein were used, which
were built upon the Sav1866 (holo) and mouse MDRB@o) transporter structures as

templates (Figure 3).

holo apo

Figure 3. The two conformation of ABC exporters used in moledlar dynamics simulations. The figure
shows the “bottom-closed” holo (left) and the “loottopen” apo (right) homology models of the humabRA
protein.
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3.2. Novel Scientific Results

1. The hydrolysis of a single ATP molecule in thed&1866 transporter changes the
conformational correlation patterns of residues, with could initiate the opening of the

transporter at the cytoplasmic side.

To assess the differences between the dynamicseofATP/ATP and ATP/ADP
systems, the mutual information between each torsiogle pair was calculated for both
systems, using five simulation trajectories, eathtdeast 50 ns in length, for each system.
The sum of mutual information of torsion angles éach amino acid pair was used to select
pairs of residues which show significant conformiail correlation. The calculation of total
mutual information between amino acid pairs wadgoered using the Mutinf method by
McClendon et al, which was successfully used to rtep allosteric mechanism of the
interleukin-2 protein [25].

The network of residue pairs that exhibit signifitc@onformational correlation was
built for both systems, which showed tightly coateld clusters of residues as well as several
differences between the ATP/ATP and ATP/ADP systemim the ATP/ATP system,
correlated residues form clusters around the GInd2@ Glu473 residues, but these two
clusters are practically independent of each otfAdre conserved Glu residue at position 473
is part of the X-loop, which plays an importanterah transmitting conformational changes
from the NBD to the TMD [53, 54]. Another importastructural element appearing in the
network and coupled to the X-loop is the tetraxhdbundle, which is formed by the
cytoplasmic regions of the TM3 and TM4 transmeméraelices in the “bottom-closed”
conformation.

The correlation network of the ATP/ADP system shoavsimpler structure, the
residues generally exhibit less coupling. The telissof residues found in the ATP/ATP
system are lost, which indicates the decouplinthefX-loop and the tetra-helix bundle. This
decoupling could facilitate the dissociation of taga-helix bundle, which has been shown in
targeted MD simulations to be an important steghancatalytic cycle [62]. The central role
of the Glu473 residue is taken over by the ATP-sen&In422 residue in the Q-loop, which
appears to be correlated with residues of the augiplelices in the ATP/ADP system. These
results show that the hydrolysis of even a singlé®Anolecule can change the correlated

motion patterns of residues in the transportert twuld facilitate the opening at the
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cytoplasmic side and the transition to the apaest&everal other residues could be identified
based on the correlation network (e. g. Met311,48dn Asn495, Asn252, Asp323) which,
due to their tight dynamic coupling, could playiarportant role in establishing the allosteric
pathway between the NBD and the TMD required forcfion.

2. The “bottom-open” apo structure exhibits instablity in MD simulations. Based
on this instability, and the collective motions obsrved in the holo conformation, |
suggest that the “bottom-closed” apo structure is g@hysiologically more relevant model

of the apo state of the transporters.

The attempt to compare the dynamics of the holo d&bdttom-open” apo
conformations failed because the apo hMDR1 moddlibébed structural instability in
molecular dynamics simulations. To verify thatsthinstability was not caused by
inaccuracies in the homology model, the simulati@s repeated with the mouse MDR3 X-
ray structure that was used as a template for mogieding. However, the experimentally
determined structure also proved to be unstabéenuilations, undergoing marked distortions
similar to the homology model. The RMSD (root mesguare displacement) values
calculated for the Catoms of individual domains and the full transpoghow that while the
domains show less change in internal structuret tblative position changes significantly.
The displacement of the domains is caused by tb& db secondary structure in the TMDs,
where only 63.13% of initially helical residuesystiominantly helical, as opposed to 90.04%
for the Sav1866 “bottom-closed” conformation. Timest affected regions are near the
interface between the TMDs and NBDs, causing theadtenent and displacement of the
NBDs from the cytoplasmic regions of the TMDs.

One of the possible causes of the instability canddhe high amount of hydrophobic
surface exposed to the solvent in the “bottom-o#nicture. A comparison to the “bottom-
closed” holo structure shows that the intracelllbaps contain several hydrophobic residues
whose solvent exposed surface is unfavorably iseg@n the “bottom-open” structure. The
increase can be 20-30 fold for certain residueshe Tnstability could mean that the
experimentally derived structure is only stableemithe conditions of crystallization, but not
under native conditions. The influence of nonv®tonditions during crystallization is also
indicated by the fact that the crystal unit celflsboth “bottom-open” structures (mouse
MDR3 and MsbA) contain more than one full transpodubunit, which share a significant

non-native contact surface near the NBD—TMD inzfa
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Due to the instability of the “bottom-open” apoustiure and the non-native crystal
contacts | propose the “bottom-closed” apo confaiona observed in X-ray structures of the
MsbA transporter, to be a better model of the daptes In the “bottom-closed” apo structure,
the NBDs display smaller separation and a sidewhgglacement in opposite directions,
relative to the axis connecting their centers ofssna The analysis of collective motions
observed in the “bottom-closed” holo conformatiadicates that intrinsic motions present in
the transporter allow a transition toward the “bottclosed” apo conformation. Based on
these results | suggest that the “bottom-closedd apructure could serve as a better,

physiologically more relevant model of the apoestatin the “bottom-open” structure.

4. Possible Utilization and Applicability of Results

During testing of the Gaussian mixture method, esyst with a small number of
degrees of freedom (3-5) and a fixed number of 8anscomponents (10) were used. In
these cases, rapid convergence was observed amdstiiéng entropy values were in good
agreement with calculateab initio exact values. The running time of Gaussian meéxtur
fitting and entropy estimation even in the casdhef “ala-val-ala” system having the most
number of degrees of freedom did not exceed 54shonran Intel Xeon E5430 computer.
For larger systems, the size of the matrices dasgiindividual Gaussian components
increasesd? matrix elements fod degrees of freedom), and additionally, a largemiper of
Gaussian componentg) (might be necessary. The scaling of the curneqiementation of
the method isO(nd’k), where n is the number of conformations in the ensemble.
Convergence in larger systems would thus be haaleeach. To reduce the number of
degrees of freedom in larger systems (e. g. preteseveral methods could be applied. Using
full correlation analysis (FCA, [63]), the systermncbe partitioned into minimally coupled
subspaces [9], and subsequently, mutual informagigpansion could be used to further
reduce the number of dimensions [13]. The entmipthe subsystems could then be easily
and rapidly calculated using the Gaussian mixtuethod. To estimate the number of
necessary Gaussian components, clustering metloadis lse used (e. g. fuzzy clustering) to
identify compact, less coupled clusters.

My current work serves as a demonstration thadfigroach using Gaussian mixtures
is a viable and accurate method to estimate thdigtoational entropy of non-diffusive
molecular systems. The Gaussian mixture methoddcbe used as a basis for the
development of further methods to calculate thefigarational entropy of larger systems

(e. g. proteins).

18



The modulation and regulation of the function of@Bansporter proteins could pose
a solution for the treatment of several severe humizeases. A possible method for
modulation is the design of small molecule drugs #ither enhance or inhibit the function of
certain ABC transporters. A further fine-tuning ofodulation could be achieved by
identifying allosteric binding sites that affectettommunication between the NBDs and
TMDs. In the case of the CFTR (Cystic FibrosisnBrmembrane conductance Regulator)
protein, theAF508 deletion resulting in cystic fibrosis causemmaged NBD/TMD interface
[54]. Small molecule chemical chaperones have baetessfully used to recover the
functional structure of the mutant protein, and poomds enhancing the function of the
protein have also been identified [64-66]. Underding the structure and dynamics of
transporters could also help in elucidating theechanism of action. By utilizing the
allosteric effect, the function of transporters Idoeven be manipulated from the extracellular
side. The viability of this approach is demonstdaby the 5D3 antibody that is able to bind
to the ABCG2 transporter from the extracellular esichnd sense function-related
conformational changes occuring on the cytoplasude (e. g. ATP binding) [67, 68].

Rational drug design requires the knowledge ofctireect membrane-bound structure
of the transporters, and in order to interpreteaffect of certain small molecule modulators,
the detailed knowledge of the mechanism and dyngmaperties of the target protein might
also be necessary. My work is a contribution usiogiputational methods to unravel the
details of the transport cycle after ATP hydrolysaiad to aid the interpretation of atomic

resolution structures derived by experimental mgtho
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