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1. Introduction

The demental composition diving cells is very similaacrosslifferent tissues and species
but differs drasticallyfrom the elemental composition dheir usualhabitatg1, 2]. The pesence
of particular elementi the living cells isdeterminedoy their physicochemical propertidsfe,
as we know itrests on theonstruction of polymers, so tkeells are composed primarily of atoms
that form stable covalent bonds at temperatures that occur on Earth. Polymers composed of carbc
nitrogen and oxygen are accompanied by ions that participate in the managemerttrod ele
charges and redox states in the [#ll Phosphateontaining molecws are universally used as an
energy depot due to their ability to form stable kégiergy bonds, hydrolysis of which can be
triggered by proteinp4]. Finally, sufur atoms are alseidespreadn cellular molecules owing to
their abundance on Earth and ability to act as potent electron transfer ¢&friers

The dundant presence okgatively charged molecules (particularly with carboxyl and
phosphate groups) in cetlemands positively charged groups or ions to balance the overall charge
of the cytoplasm. In extant living cellshis role is primarily fulfiled by potassium ions.
Omnipresent divalent metal cations are primarily designated to more chemically specific roles:
Mg?* often acts as a efactor in reactions involving nucleotides, Zn as a cefactor in many
enzymes and regulatory proteins, transition metal$"(fén?* ard Ni?*) are crucial for many
redox reaction$6]. K* and N4 ions serve as cofactors feeveralenzymes as well, but despite
their chemical similarities and omnipresence in living organisms, all cells maiathigh
concentration of Kinside the cytoplasm, while Naons are continuously expelled into the cell
bathing fluids(see[7, 8] and references thereinfhis is especially puzzling since Nians are
much more abundant than" Kons in most aquatic environments and on Earth in gefgyal
Specific preference of cells for'Kover N& was ascertaineds early as 1926, when Archibald
Macallum noted thatvhile there are similarities in the total ion concentrations between cellular
fluids and the sea water, concentrations ef specific ions differ between the cell cytosol and
outside fluids, such as sea water or organismal fii@dasblood and lymph([2].

Thus, most cellsnaintain a concentration of tie& ions higher than 100 mivall while the
surrounding media hassimilar or higher concentration of N@ns[2]. Both cations leak throug
the membrane into the cell owing to the negative charge of the cytopa&mmpared to the
extracellular phasébut larger K ions have lower desolvation penalty so they leak faster.,Thus
the cell can maintain th€*/Na" disequilibriumby justactivelyand selectivelgxpeling Na" ions
out of the cel[9]. This process must be performed by transporterstrairovide enough energy

to push the ion against concentratipadientsandcandiscriminate betweenand Nd ions.The
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average cell spends up to half of all the energy it generates on maintonicentration gradients
of the monovalent catiorf40].

Potassium involvement in the translation systenofien credited as one of the main
reasons for a cell to accumulategbcationg 7]. In addition to the translation, many other cellular
processes require monovalent cations and exhibit a sorefgrence for Kand NH" ions over
Na’ ions. One of such processes in the protein folding, as GroEL/GroES complex and Hsc70
complex, both require Kions[11, 12]. In the case of GeoEL/GroES'Kons can be partially
substituted by N& and RB, but smaller ions such as Nand Li" are inactivg 11]. Another key
K*-dependent process is splicing, which again, gagshrfaster in the presence of larger cations
than in the presence of smaller cati¢h8]. The innate demand for*Kons of major cellular
processes dictates the accumulation dfidas in the cell and the expulsion of N&ns to the
outside medium.

Translation is performed by a ribosome, ubiquitous large RNAcontaining
multimolecularassemblythatrequires specific metal cations to uphold its structure and to support
its functions.Both K* and Md"* ions contribute to the stability and function of the ribosome, as
well as other RNA structes (see[14] and references thereinyhe sgnificant difference in
physical properties of Kand Md¢* ions precludes competition between them and together the two
metals exhibit a more pronounced synergistic effect on the RNA stability and a¢tigjty
Potassiumonsbind to ribosomal RNA at specific positions, altgownly afew of such binding
sites have been determined with certajad]. The peptidyl transfer cent@PTC)of the ribosome,
where the formation of peptide bandccurs cettainly requires potassiumA recent study
attributed 7 K ions to the PTC inner shell and 23 more to the surrounding rgdidin
Furthermorefwo K" ions play important role in conformational rearrangements of the decoding
cenerassociated with the binding of tRNAA4].

The translation machinery requires the energy of GTP hydrolysis notfaintiie protein
synthesis itselfbut also to support and controtc@mpanying processes, such as ribosome
assembly and construction aminoacyitRNAs. GTP hydrolysis for such needs is performed by
various GTPases, many of whialere shown to be Kdependent. One such case is the GTPase
MnmE, which contributes modificatns to certain tRNA moleculg¢46]. Potassium dependence
was shown also for many GTPases associated withonfsssembly and maintenance, such as
Era, Nugl, RbgAand other$17]. Furthermore, translation factors, which are directly involved in
the translationalso show increased activivhenK™ ionsare presentven when the ribosome is

absen{18-21]. The majority of these proteins are ubiquitous acros@cied22, 23].



Translation factors, as well as other GTPases catering for the ribosomal madielwery
to a large superfamily of-op (phosphatéinding loop) nucleotide triphosphatases (NTPases)
[24]. Proteins of this superfamily catalyze ATP and GTP hydrolysis to fuel multiple processes in
the cell anccanamount to18% of all cellular gene productf24-26]. The @atalytic activity of P
loop NTPaseasually requires an introduction of an activating Lys or Arg residue, which is
insertedinto the active site bgnother protein, adjacent monomer in the oligoraea different
domain of the same prot€ia7]. In K*-dependent foop NTPases, thactivatingK™ ioniis located
similarly tothe positively chargedide.chainnitrogen of the Arg/Lys fing€eli28, 29]. Notably, in
most K-dependent foop NTPases NH ions can functionally replace *Kons, but Na ions
camot[18, 28, 30-40]. Furthermore, the processing of the phosphoanhydodds in the absence
of any enzymes also has a preference fgelkaions, such as'KRb"” and NH" over smaller ions,
such as Naand Li* [4]]. This suggests that the cation size determimesome way how
monovalent cations interact with the phosphate chain and facilitate its hydrolysis.

In this work,a combination of molecular modeling and evolutionary approaches is used to
addresgshe NTP hydrolysis catalyzed by monovalent cations and by tlumPNTPases. First,
the distinctive effect of cations on the NTP hydrolysis is investigated by molecular dynamics (MD)
simulations of ATP and GTP ihe water in the presence differentmonovalent cationgnd in
the absence of them. Second, two cases dehéd"-dependent proteins are also investigated by
MD simulations: tRNA modification GTPase MnmE and the translation factofTUEF
accompanied byomparative structure analysis séveral othelP-loop proteins.Further the
mechanism of NTP hydrolysis withe participation of cations is used as a template to assess the
common features of the catalytic mechanism across all classetoop Proteins, using both
comparative analysis of particular representative structures and statistical survey ofalevail
structures.

Since cellsuse energy texpel Nd ions and maintain their concentration gradiémese
ions contribue strongly to the electrochemical potential across the cell membFaeegradient
of Na" ions can be used as an energy source iareifit process€see[9] and references therein)
Particularly, a plethoraofsmal | ed fisecondary transporterso
across the membrane by utilizing the energy of gfadien42].

Extracellularsodium ions are known to birtd the eukaryotic G proteinoupled receptors
(GPCR), particularly of class M3]. These proteins govern a plethora of cellular processes by
triggering the appropriate response to varisigmalingmolecules. It was suggested, that upon
activation of the receptor, the N@n could be transported into the cytoplabsn membrane

potential thusfueling the necessargonformational changgd43]. Here, Na-binding in class A
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GPCRsareexamined using the evolutionary biochemistry approAsfailable structures of the
GPCRs in the Nabound state&verecompared with the recently réged structures of N@umping
microbial rhodopsins, revealirthe shared origin of the two superfamilies and common features
in thear activationassociated conformational changd@$ie siggested ability of GPCRs to
translocate Naions is supported by furér similarities with other heptahelical proteins,
transporting ions across the membraFtee ability of GPCRs to translocate Nand subsequent
dependence of the receptor activity on the membrane voltage is further explazetivagion

modeling and compative structure and sequence analysis of class A GPCRs.



2. Methodology of the Evolutionary Biophysics Approach

This chapter descrils¢he strategyehindthe combination o€omputational biologynd
bioinformatic methods appliedhere towards understanding the fundamental mechanisms
employed inP-loop containing nucleoside triphosphatasBdopp NTPases and G-protein
coupled receptorsJPCRS.

While all organisms function in accordance with the laws of molecular biochemistry, they
are also subjects to the laws of evolutidalvances in genomics, protein sequence analgsid
protein structure determination leadtb@ emergence of evolutionary genomics (phylogenomics)
and provided enormous insights into the evolution and strufitntion relationships in proteins.
Comparative analysis of protein sequences and structures can be used to reveal two types
information. First, it brings forward conserved residues and structure elements in proteins.
Features, conservedthin entire (sper)families of proteins are likely to be crucial for the general
structure or function, attributed to that (super)famalyg are usually considered to be inherited by
the proteins from their common ancestor. Second, comparative analysis of proteiyigsuilpes
can reveal featurdbat are conserved only within particular subfamilies or subgroups of proteins
within one large (super)family. Such featuresre likely to beassociated with more specific
functions, underlying the functional diversity of gmtfamilies within larger groupdR0sitions in
the protein sequence that exhibit such subgspgzific conservation must be functionally
relevant, as follows from theiraptial conservation, but not crucial for the main protein function,
as follows fromtheir variability between the subgrougs. this work comparative structure
analysis and phylogenomics were applied to bekhop NTPases and GPCRs.

Advances in XRay crystallography, nuclear magnetic resonance spectroscopy (NMR)
and cryogenic electramicroscopy (CryeEM) have made available a plethora of 3D structures of
diverse protein and protein complex@ie @undance of experimental structures of different
proteins within a particulgsuper)familymakes it possible to identify universal featyi@smmon
for all proteins in this grouplhe task of retrieving and analyziggeat volumes oflata from
biological databases is a central component of bioinform&tarsinstance, over 7000 structures
in the Protein Data Bank depict proteins, containiigdp domains. Comparative analysis of such
volume of data is only possible with a systematic automated approach, fulfilled by bioinformatics
tools.However thedesign of the protocol for sucAnapproachandinterpretation of the resulting
data isonly possible after manual inspection of a smaller representative set of strukcbgesber,
manual inspection and automatic survey atif available structures reveétaures that are

ubiquitous and/or conserved among albBp proteinsthus establishing the fundamental basic
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mechanism of NTP hydrolysis in those protels. the GPCRnly 218 experimental structures
are available, which is still an impressive numlzemhembrane proteins that are notoriously hard
to crystallize. Sincéhe majority of those structures contain mutated proteins and cover proteins
with very high sequence similarity, manual analysis of all relevant structasgsossible.

Living cells arecomprised of a diverse range of complex and simple molecules involved
in intricate interactions with each other. When such molecules are isolated and examined
individually, they conform to all the physical and chemical laws that describe the behavior of an
inanimate matter, as do all the processes occurring in living organisms. Thus, the very nature of
life itself is a complex network of interactions between molecules that obey the physical and
chemical laws that govern the universe in general. It may Hesnany process in the living cell
can be described with a series of equations, corresponding to the appropriate laws of physics and
chemistry. Andindeed,in many cases, it is so. One of such cases is the method of molecular
dynamics (MD) simulations. lapplies the basic laws of Newtonian physics and structural
biochemistry to describe the structure and physical movements of atoms and molecules. When
applied to biological molecules, MD simulations describe internal motions and resulting
conformational canges within such molecules, as well as interactions between them, providing
insight into various biomolecular mechanisr8sich analysis, however, is only possible when
experimental structures can provide a reliable starting point for the simulationbiitgiand
quality of crystal structures almost always inform the choices of the specific objects for the MD
simulations.

In this work, MD simulations were applied to two types of systems: small molecules in
water and proteins in complex with other malles. First, MD simulations of the ATP and GTP
molecules in water were performed, in the presence of different monovalent cations. These
simulations reveal the effect those cations had oplibsphate chaishape of the ATP and GTP
molecules, contributingp the explanation of the effect different monovalent cations have on the
NTP hydrolysis in water. Second, MD simulations were performed for two ed¢ipendent
GTPases MnmE and EFRu. Comparative analysis of conformations attained by the GTP
molecules bund to the proteins in the presence and the absence of cations pointed at the particular
role that cations play in the NTP hydrolysis in such proteins. These findings, however, only
describe corresponding particular cases, and while they provide ant imsaythe mechanism
underlying NTP hydrolysis, general claims could not be made based on those results alone.

Described here combination of the physicochemical methods, bioinformati¢ aodls
phylogenetic analysis comprises the evolutionary biophygpsoach to the study of protein

(supenfamilies. Investigation of the proteins (super)families thith approach providesdeep
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understanding of the respective molecular mechanisms together with the context of their

emergence and evolution.

2.1. Molecular Dynamics Simulations

2.1.1. Principles of Molecular Dynamics Simulations

Computer simulations are carried out in the hope of understanding the properties of
biomolecules and their assemblies, particularly in terms of their structure and the microscopic
interactios between them. Molecular dynamics (MD) simulations and molecular modeling are
essential research instruments in biochemistry and cell biology that complement experimenta
data, guide rational approacheghe design of experiments, provide access tomemdata and
models, and yieldnatomic level understanding of cellular processes. MD is a method of computer
simulation for studying the physical movements of atoms and molecules and their behavior in
time.

The method of molecular dynamics simulatiaves first used by Alder and Wainwright in
the late 1950444, 45| to study the interaction between solid particles, which resenthked
behaviorof simple liquids. The next milestone in MD development was 1964 when Rahman
carried out the first simulatioof liquid argon[46]. The first realistic system simulation was done
by Rahman and Stillinger in their simulation of liquid water in 19Z4. The first protein
simulations appeared in 1977 for the bovine pancreatic trypsin inHiB8prThe latest advances
in MD simulation methodthatcombine moleculamechanics anquantum mechanics methods
were awarded the Nobel prize in chemistr2013 which was granted jointly to Martin Karplus,
Michael Levitt and Arieh Warshel "for the development of multiscale models for complex
chemical systems".

Today one routinely findgn the literaturemolecular dynamics simulations of solvated
proteins proteinDNA complexes as well as lipid systems addressing a variety of issues including
the thermodynamics of ligand binding and the folding of small proteins. The number of simulation
techniques has greatgxpandedand many specialized techniquemed atparticular problems
are available now. Molecular dynamics simulation techniques are widely used to accompany
experimental procedures such asay crystallography and NMR structure determination.

During MD simulation the atoms and molecules are altbteeinteract for a fixed period

of time, giving a view of the dynamical evolution of the system. In the most common version, the
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trajectories of atoms and molecules are determined by numerically solving Newton's equations of
motion forthesystem ofnteracting particleswhere forces between the particles and their potential
energies are calculated using molecular mechanics force fields.

INnMD si mul ati ons Newt ara $olvedar gaysaemiofdNratomso f mot i o
(2.1.1) O a —hC p8Y

The forces arebtained from a potential function tte negative derivatives:

(2.1.2) Ko J—

Newt onds second | aw of moti oniofdnassmalonfdpes t he
a coordinateir The force Facting upon particledepends on the positions of all other particles in
the system which makese potential energy surface extremely complex and impedes direct
integration. Instead, tedious numerical integraionsmall time steps are needed, making MD
simulations computathally costly.

The forcefield for MD simulations includes the potential energy function equation and all
constants in that equation which describe a set of standard biological molecules (e.g. all standard
aminoacids, solvent molecules, membrane lipids,)eThe potential function connec¢keatomic
coordinates of a system tohe potential energyWhile a single particulastructure refers to one
configuration in theconformational space of theystem the potential function gives a complete
description of theentire potential energy surface. The potential function consists of two
components, the Bonded terms and the-Nonded termg¢eq. 2.1.3Figure2.11). Bonded terms
are those describing bond, angle, and dihedral interactions, whikbdaled terms account for

distant interactions and describe electrostatic and Van der Waals interactions.

2.1.3

These equations are solved simultaneously with small (on the femtosesuahe) time
steps. Tis process is repeated to describestygtem for some time, provided that gressurend
temperaturgemain at thg@re-setvalues, and the coordinates aevedo an output file at regular
time intervals.The main result of the MD simulation is the trajectotlge set ofcoordinates as a

function of time.Provided the system was at equilibrium, the resulting set of coordinates (the
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trajectory) represents the ensemble of conformations, attained by the system (e.g. by a protein:

a solution).

A. The potential function B. Bonded interactions

VG)= Y k(b= bo)’

bonds

+ Z kg (8 — 0g)?

angles
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Figure 2.11 Interactions and forcearetaken into account in MD simulations calculationeeT

total potential energy of any molecule is the sum of simple allowing for bond stretching, bond
angle bending, bond twisting, van der Waals interactiamg electrostatics. Many properties of a
biomolecule can be simulated with such an empirical erfergion.

Forcefields provide the means for calculating forces during MD. They argitbtvithin
the simulation method and the parameters can be moddiétclude new data or adapt to a
specific system or taslistill, the incorporation of particulaorcefields in the MD softwarées
subject to limitations.In this study the CHARMM force field [49] that is incorporated in
GROMACS|[50] softwarewas usedIn version 5.0.15 usdutkre the force fielddoes not contain
fine-tuning of bonded interactions, cannot incorporate polarizabilitiessgrairadditive gxcept
for the long-rangeCoulomb forces). Th@aumber of atoms in the system and tbpology (the
connectivity between atonend partial charggsremairs unchanged all the time during energy
minimization and classical MD simulation.

Before the MD simulatiorthe object of interest structuneust beprepared inhefollowing
manner: 3Dstructure of a molecule(s) under investigation is put in the simulation box providing
at least 10A between the molecule of interest and the edges of the box. This construct is referre
to asaunit cell. Sincethe system size isisuallysmallrelative to ealistic systemsatoms of the
systemwill have a lot ofundesiredboundaies with the environment (vacuum). This must be
avoided in the simulation of a bulk systein avoid real phase boundaries periodic boundary
conditions were appliedPeriodic boundar conditions (PBCs) ar¢ypically applied to the

simulation box during MD to approximate a large system (realistic solution in case of biological
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objects) by using a small pdrta unit cell. When a molecule passes through one side of the unit
cell, it reappears on the opposite side with the same velocity. During the simulation, only the
properties of the original simulation box need to be recorded and propagated. These conditions
allow fast simulationsinceonly asmall area of solution arourtide molecde of interest has to be
calculated, instead of realistic volumes of solution.

The wnit cell containing molecule(s) of interest is then filled with water molecules (this
procedure is callethe solvation of the system). Water molecules are placed evergwhehe
unit cell except for areas already taken by some atoms. To create realistic water molecule
placement additional procedures will be taken at later stagie simulation.At the next step,
some water molecules are replaced by iongst ofterNa* and/or Cl. lonization of the system is
done to creatarealistic concentration of salt in the system and different amounts of cations and
anions are added to compendatethe existingcharge of the systenthe reutral total charge of
the system is aracial requirement for MD simulations.

Preparedn the described manngystem is then followed to the energy minimization (EM)
procedure, and then for the MD simulation itself. The initial conformation of the system before
the MD cancontain unnatural geoetries, for examplegs a resulbf manual structure editing,
crystallization aiifacts, automatic solvation, et¢hus theenergyminimization (EM) is usually
the firststepprecedinghe MD simulation.

GROMACS [50] software provides a simple forwf local energy minimization, the
steepest descent methdebr biologically relevant system&d potential energy function is a
complex landscape (or hyper surface)niiimerousdimensions.In additionto the oneglobal
minimum, a large number of local mimaare usually presenivhere all derivatives of the potential
energy function with respect to the coordinates are zero and all second derivatives are nonnegative.
Given a starting configuration, it is possible to find the nearest local minimum. Neardbes
not necessarily meamearest in geometricabrms (i.e., the least sum of square coordinate
differences), but the minimum that candreved atby systematicalljollowing the steepest local
gradient.

The steepest descentethod uses derivativeformation.As in MD programsthe partial
derivatives of the potential energgn be calculatedith respect to all coordinates this method is
very popular. This algorithmepeatedlyshifts the system coordinates followittge direction of
the negative gradiengnoringthe historyof previous steps. The step sizan beadjustedsothat
the searclgoesfasier but thedownhill motion isguaranteedThis is aeliable but somewhat blunt,

method:theconvergence can vather slow, especiallyearthe local minimum.
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Before the first step of the simulatigmoper the size and shape (usually a box) of the
simulation cell have to be defined, atfe coordinates and velocities of atbmsin the system
have to be sefhe boxsize is determinesimply by the three basis vectondnless the simulation
is a continuation of a previous run, it staatst = b, andthe coordinates at t 5 have to be
determined by the usefhen the leaffrog algorithm is used tpropagatehe timne st ep wi
which meansthat the velocities att 1 @t / 2hava to e establishe¥elocities could be
available from previous simulations, but if not, the initial atomic velocitiesv1 . . . 3Nare

generateavith a Maxwellian distributiontea settemperature T:

(2.14) A0 —c

whereki s Bo | t z ma fhisé soneby gesetatimprimally distributed random numbers
which arethen multiplied by the standard deviation of the velocity distribi 'QN& . The
resulting total energy will not correspopceciselyto thesettemperature Tsoa correctiormust
bemadeby, first, removingthe cener-of-mass motionand second, scalingll velocitiesuntil the
total energy correspongseciselyto T.

After that following steps of the MD can be calculated. At every, $tepes acting on each
atom are calculated from the forcefield, which provides new coordinates that each atom will take
after a time stepAt certain intervalsthe geometry of the system is wen to the trajectory file,
which is analyzed as a main result of the MD simulation. The general scheme for the MD algorithmr
(often call ed 0t hgura2.4.2. Ehgmam result af the MDssimglationstady i n
isatrajectorja set of c omse cuwtnif wihend@yktemeawniges with certain
timestep. Before doing any analysis procedures simulation results (partitudetrigjectory) were
inspected manually using VM[31].

Some preprocessing of the trajectory files is often required to speed up the analysis. This
includes such procedures as merging several files into one, reassigning the center of coordinat
and/ or unit cell wal |ofmoleaulssibétweenpsriodica@ellpandeto/fie n t
molecules broken by cell walls, removal of water molecules in some cases to decrease the size
the files and provide faster analysis. All manipulations with trajectories were done using VMD
[51].
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1.Initial conditions:
r — positions of all atoms in the system
v — velocities of all atoms in the system

2. Compute forces:
The force on any atom F; = ——

is computed by calculating the force between non-bonded
atom pairs: F;=Y; F;; —
plus the forces due to bonded interactions

plus restraining and/or external forces.

The potential and kinetic energies and the pressure tensor

are computed
3. Update configuration:
The movement of atoms is simulated by numerically

solving Newton’s equations of motion

d?ry Fi dar; dv; Fi
dt m; dt dt m;

4. Output:
Write positions, velocities, energies,
temperature, pressure, etc.

Figure 2.1.2. The global MD algorithm. Figure from GROMAQJS0] User Guide.

To estimatethe overall flexibility of the system and/or its parts the root mean square
fluctuation (RMSF) analysis is performed. The RMSF is a measure of the deviation between the

position of particle and some reference position:

(2.1.5) YOV -B i & ,

where T is the time over which one wants to average i&hrkfers to the reference position of
particlei. Typically this reference position will be the tirageraged position of the same particle
i. For comparison of particular struces the root mean square deviation (RMSD) can be also
applied.The dfference between RMSD and RMSF is that the RMSF is averaged over time, giving
a value for each particle For the RMSD the average is taken over the particles, giving time
specific vales.RMSF analysis was performed with the corresponging-ins forVMD [51].
Interaction between small molecules in solution can be evaluated using radial distribution
function (RDF). The RDF is an example of a pair correlation function, which describes how (on

average) the atoms in a system are packed around each other. Thsstprbeea particularly
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effective way of describing the average structure of disordered molecular systems such as watc
solutions. For example, in a simulation of a mixturetwd components A and ,Bhe radial
distribution function gs(r) would be calculated as follows

(2.1.6) ™ 0 i wB, B, 0i ,
where V is the volume and P(r) is the probability of findimgpbomB at the distancer from an
atomA. In any systemtwo groups of atoms A and B can be defined byser by assigning
particular atoms by their numbers to each grdupe RDF is usually plotted as a function of the
interatomic distance. A typical RDF plot showseveralimportant features. First, at short
distancesthe RDF is zero. This indicates thdeetive width of the atoms since they cannot
approach any more closely. Second, one or more obvious peaks can appear, which indicates tt
the atoms pack around each otherfshell. The location of this peak shows the distance of
atomic noncovalent ineraction and the heigfitthe probability of such interaction. Usually, at
high temperaturethe peaks are broad, indicating thermal motion, whildhetow temperature
they are sharp. Advery long rangeevery RDF tends to a value of 1, which happestsabse the
RDF describes the average density at this ranghis work MATLAB scriptswere usedor all
RDF calculations.

VMD was usedto visualizethe mobility of residues formingparticular interactions.
MATLAB scripts were used to measure particdigtances, angleand dihedral angles, analyze
and plot the resultsBiomolecular processes, such as folding or complex formation, can be
described inheterms of the molecule's free energy:

(2.1.7) Y'Ci YO0 D1 a0 h
or

(2.1.8) Ci oY D,
whereks is the Boltzmann constant, P is the probability distribution of the molecular system along
some coordinate (called the order parameter), angaPdenotes its maximum, which is often
subtracted t o hedawssufreeeenam$ mirimudn. Arderrparamedeschosen to
represent a reaction coordinate for the process under investigagerenergyalues are plotted
along the coordinates which correspond to the significant changes in the molecule cooformati
Typically, the free energy is plotted along two such order parameters, giving rise to a (reduced)
free energy surface. lilmis work, 2D plots of ATP conformations in solutiodirectly show the
probabilites of conformations instead dlhe free energy wface due to incomplete coverage of
conformational space during MBimulations MATLAB scripts were usedto calculate all

probability distributions and free energy plots.
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Thus,MATLAB softwarewas usedor statistical analysis of geometrical featureghef
molecule during simulation. A set of scripts were written to calculate the distances between
particular atoms during MD arttle probability distribution of said distances. VMD softwaras
usedto visualizethe conformation of molecules during simutats and to plot RMSF data for
large protein systemByMol softwarg 52] was useddr protein structures superposition, analysis

and visualization of separate structures obtained after simulations.

2.1.2. Simulations of ATP and GTP in Water

To examinethe effectsthe cation bindinghas on the conformationof the MgNTP
complexes, MD simulationsere conducted favig-NTP complexes im purewater solution and
with the additiorof M™ ions (K*, Na", or NHs"). In addition totheseions, Ct ions were added to
bring thesum ofcharge in the systento zero In the simulatios of Mg-NTP (Mg-ATP and Mg
GTP)complexes ira purewater solution(without caions, other than Mg), two dummypositive
chargesvereusedto neutralizethe systemTheseatomscarried each aingle positive charge and
were affixedto ther locationswith positional restrainfpreventingany interactionsvith the ATP
or GTP molecule. In akimulations the ATP or GTP molecule position was restrainethe
cener of thesimulationcell with positional restraintsvhich wereappliedto the N1 atom.

For simulations, ATP, GTR and NH* molecules were described with the parameters
from CGenFF v.2b§49]. The TIPS3P water model was used, compared tother classical
models TIPS3P hasan additional set of van der Waals parametetisat describeinteractions
between water molecul§s3]. For Nd and K ions, parameteittsy Joung and Cheathalfs4] were
used.The M¢#* ion was described with parametdes/elopedy Callahan et a[55].

Non-bonded interactions were computed udimgparticle mesh Ewald methpthereal
space cutoff for electrostatic interactiomas set at 10A, the van der Waals interactarisff was
set asswitching functions between 10 and 12A. The multiple t8te&® method wassedto
describeelectrostatic forces-inally, the nonbonded interaction list wasomposedising a cutoff
of 14A, updated every 20 steps. TBEIAKE algorithm was used to constraiovalent bondghat
includehydrogen atomfs6] (the MD integration sted, fs). The total ionic strength in the system
was0.2 M, after the addition of water moleculg@sa” or K*, andor neutralizing ions.

All productive runsveresetin the NPT ensemble .HE Berendsen thermostat was used to
maintain thetemperature at T= 298 K with a coupling parameter of'% [&]. The Langevin
piston method was used to maintain pnessue at one atm with the piston mass 100 awihile
the Langevin collision frequencyas set ab00 ps! [5§].
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Prior to productive rungachsystem was optimizday performing aenergy minimization
run, and them 20 ns equilibration run. MD simulations weneecutedn three independent runs
of 170 ns(totaling at500 ns)for each system (K Na“, NHs*, no M’). Additional series o$hort
(20i 25 n9 simulation runs were performed for both ATP and GTP complexds further
investigate the effect of monovalent catiobsding on Mg coordination Finally, two
simulations otheMg-ATP complex with K ions bound to the phosphate chain and restrained to
their positions were conducted. All simulations are listeBable2.1 MD simulation calculations
were performed with Gromacs v.4.5[59 software with MPI implementatiorusing the
computational resourcesbfh e s uper c o mp ut eoftheBMéstow Stat€Uniwdrsitys h e
Computational Center

MD dataanalysiswas performedusingMATLAB software[60]. For the visualization of

the trajectories obtained from MD simulatiptisee VMD softwarg51] was used.

Table 2.1. Molecular dynamics simulations of NTPs in water

No. | System Simulation time | Number of repetitions
1 Mg-ATP 167 ns 3
2 Mg-ATP, K" 167 ns 3
3 Mg-ATP, Na& 167 ns 3
4 Mg-ATP, NHs" 167 ns 3
5 Mg-ATP 20 ns 25
6 Mg-ATP, K* 20 ns 25
7 Mg-ATP, N& 20 ns 25
8 Mg-ATP, NH,* 20 ns 25
9 Mg-GTP 20 ns 20
10 | Mg-GTP, K 20 ns 20
11 | Mg-GTP, Nd 20 ns 20
12 | Mg-GTP, NH* 20 ns 20
13 | Mg-ATP, K, with positional restraint{ 10 ns 2

2.1.3. Simulations of K -dependent GTPase MnmE

Therole of the monovalentatiors in the GTPase Mnmiasstudied by MD simulations
of the Mg-GTP/MnmE complex The following three states have been modelled: (1) the active
stateof the dimer ofMnmE G-domains, with K ions boundin both domairs (PDB ID 2GJ8,
resoluton 1.7 A, source: E.coli), (2) the inactigtate (monomer) with the-loop in its active
conformation an@ water moleculeccupying the K-binding site,(PDB ID 2GJ8, resolution 1.7
A, source: E.coli), andinally, (3) the inactive stattmonomer) with disordered-toop (PDB ID
3GEl, resolution 3.4 A, sourc€hlorobium tepidur
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As mentioned previouslythe availability and quality of crystal structures almost always
inform the choice of objects for MD simulations. In the cabK*-dependent Ploop NTPases,
MnmE is the only protein for which both active state of tHedp domain with resolved Kon
structureand an inactive state structure are available. Still, these structures are not perfect.
Specifically, since the Hoop is disordeed in the inactive state, it is unresolved in the
corresponding crystal structure. For MD simulations, this loop must be reconstructed. A similar
modelingof disordered protein loopsasperformedearlier in a collaboration with Prof. Dr. Karin
Busch to nodel fluorescent sensor proteins fused to membrane subunits of respiratory
supercomplex[61]. Existing experimental structures dfhe green fluorescent proteinnd
cytochrome oxidase subunits were ussdemplateto modelthe respective parts of the fusion
construct, but the mobile disordered linkers between these two parts had to be coradiroitted
To model these loops each construct structure wasfitshized with the variable target function
method with conjugate gradients, and then refined using molecular dynaviadslier v.9.25
build-in extensior{62]) with simulated annealinghe resulting modelsvere used to describe the
mobility and environment of the constructs within the respiratory supercomplex, which
corresponded well with the experimental data on fluorescence lifetimes of the $6fjsorbus,
the same method, as described in more detdbih was implemented here to reconstrun t
missing loops in the structure of the inactivBp domain of MnmE (PDB ID 3GEl).

Each protein complex was placed in a cubic cell filled with TIP3P water with standard
periodic boundary conditiong.he mnimal distance between any atom of the protma the
periodic cell wall was set at 12 A. In each ¢d$tand Cl ions were added tthe surrounding
media.Eachproductive MD simulation run wak00 nslong. All simulations of GTPase MnmE
are listed inTable2.2. Simulation conditions were the same, as for simulations of ATP and GTP

in water, as described @hapter2.1.2

Table 2.2. Molecular dynamics simulations of GTPase MnmE

Simulation | Number of
No. | System ; "

time repetitions
1 Mg-GTP-MnmE, inactive, no Koop, 3GEI 100 ns 1
2 Mg-GTP-MnmE, inactive, Kloop, no K, 2GJ& | 100 ns 1
3 Mg-GTP-MnmE, active dimer with K 2GJ& 100 ns 1
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2.1.4. Simulations of EF -Tu with GTP and RNA

Cation binding and conformational mobility of GTP in-ER/ribosome complex &re
studied by molecular dynamics (MD) simulations. Simulations were performed with Gromacs
v.4.5.5 softwardg59]. Protein/RNA complex was placed in a cubic cell filled with TIP3P water
with standard periodic boundary conditiofke nminimal distance between any atomloé protein
and the periodic cell wall was set at 12 A. lon$, (Mg?*, CI) were added to the solution to create
a physiological concentration of cations and neutralize the system, as desc8ketian3.2.5

For simulations, the CGenFF v.2b8 force field was used for the &itthe CHARMM36
force field was used for the protein and RNA fragm@4@ For the Mg*ion parametes designed
by Calahan et a]55] were usedFor K' ions parameters by Joung and Cheatfadhwere used

Two systems were prepared for MD simulations: one with miplaced manually in the
AG site, andhe othemwithout. Each system was first optimizbg anenergy minimizatiorrun
followed by an equilibration runof 20 ns Equilibration runs were performed with constant
temperature and cell volume (NVT ensempl@)sitional restraintsvere applied to the RNA,
protein, and the GTP moleculeroductive runs we performed with constant temperature and
pressure (NPT ensemble) with the temperature of 303.15 K, controlled byHdoser
thermostat, and the pressure of 1 atm, controlled by ParriRalionan barostat. Lorgnge
electrostatic interactions weoalcdatedby implementing thearticle mesh Ewald method with
Verlet cutoffscheme63] and a 12 A distance cutoff for direct electrostatic and van der Waals
interactionsThe svitching function was set to 10 A to gradually reduce van der Waals potentials,
reaching O at the cutoff distance. The geometry of bonds betwedemgens and heavy atoms was
constrained to the lengths and angles defined by the force field using LINCS (LINear Constraint
Solver) algorithn]64].

Six independent simulations of 100 ns each (productive runs) were performed: a single rur
for the first system (with Kion placed manually in the AG site), and five runs for the second
system (with K ions randomly distributed dhe start of the simulation). All simulations thie
EFTu/tRNA/SRL complex are listed imable 2.3. The positional restraints were applied to all
RNA fragments in the system for the duration of the production runs. The entifa, EFTP-

Mg?*, as well as all surrounding ions and water molecuese free of positional restraints.
During simulations, conformations of the whole system were saved every 0.1 ns. Productive run:
were used to extract characteristic frames to represent the geometry of the GTP binging site wit
visual molecular dynamics (VMO51]) and to calculate statistics of structure movement using
MATLAB R2017[60].
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Table 2.3. Molecular dynamics simulations of ERuI/tRNA/SRL complex

Simulation | Molecules in the GTP| Molecules in the solution| Length
number bindingsite
1 EFTu, SRL fragment, 70 K ions 100 ns
tRNA fragment, 10 M¢?* ions
GTP-Mg?*, K* (AG site), | 51 Clions
Mg?* (SRL) 19878 water molecules
2-6 EFTu, SRL fragment, 70 K" ions 100 ns
tRNA fragment, 10 M¢?* ions
GTP-Mg?*, 50 Cf ions
Mg?* (SRL) 19880 water molecules

2.2. Protein Sequence and Structure Analysis

In the course of evolution, proteins advanced from a common ancestor by sequence
modificationsi substitutions, deletions, or insertions of residuegiving rise to families of
homologous proteins. Not a#tsidues in a prote@re equally susceptible to mutatipagicesome
of themmay be crucial to maintain structure or function and ttarsesponding positions in the
sequence amnstrained in the allowed residue typ@&s. Such positions with residues conserved
acrosgheentire familes of proteinsvere the first to attract attenti¢6]. Some residues can be
conserved within a smaller group of proteins, united by a specific function, while not being
conserved across the entire (super)family of proteins. Those residues can be associ#tted with
functional diversity between particular protein families within a superfamily, or generally between
smaller groups of proteins within a larger group. Finally, variable residues exhibit no detectable
conservation across groups of homologous proteinsthns are likely to not be directly
responsible for the protein function and structdifee degree of conservation of each particular
residue, or even larger parts of a protein (e.g. particular elements or groups of elements of the
secondary structuré loops, Uhelices or b-strands) can be obtained from multiple sequence
alignments and structure superposiiasf homologous proteins. While consulting multiple
sequence alignmenits many occasios) this work primarily utilizes structure superposition for
the identification of residues, that are conserved (universally or partially) within (super)families
of proteins

Comparison of protein structures as essential step in establishing the evolutionary

relationships between proteins and protein families I®\thgh sequence similarity almost always
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implies structural similarity, the opposite is not tr@&pecifically remote homologs can hawe
similar structure and other common features, such as functional residues, but share no detectak
sequence similagt[67]. It is therefore expected thathreedimensionaktructurealignment will
provide more clues towards protein evolution and propertiesathaquencalignment alongby
revealing similarities between extremely distant homolddse similarity analysis of protein
structures can also provide insightoithe protein function mechanism and the roles of particular

structural elements

2.2.1. Protein Families and Multiple Sequence Alignment s

Protein sequence analysis typically involwée constructionof pairwise ormultiple
sequence alignmen{MSAS) of relevant sequenceBrotein sequence alignment is a notion of
sequences that places sequences in rows one amatber so that identical or similar residues are
placed in the same columns. Thisis achievetheg d di t i on of fAgapso, wh
residues or stretches of residues so that the overall similarity of residues across all columns i
maximized. In the case of pairwise alignment, all possible variations can be explored to identify
alignment with the best possible score. Alignment scores higher when it matches identical residue
and residues with similar sidechains, wtitke introduction of gas and their length reduce the
score. However, su@napproach is too computationally demanding to be applied for the multiple
sequence alignments. MSAs are an essential part of protein family analysis. The MSA is
constructed in the hope that it will reft the structural and functional similarity between the
proteins, positioning in the same column residues that have similar locations in the structure an
presumably have the same function or similar functions.

Before constructingraMSA one must determe the set of sequences that are to be aligned.
The standard routine for thisassimilarity searchwhichis performed to retrieviEom asequence
database(&ll protein sequences that share at least some similarity witiméher sever sequences
of interest query sequence(s)

Sequence similarity search is typically performed byBhAST software[68, 69]. This
set of tools constructs pairwise sequence alignments between the query sequence and all prote
sequences in the target database. Although BLAST tool set can be used also for DNA and RN/
sequences, in this work it was applied onlyptotein sequences and corresponding databases.
BLAST stands for thé&asic Local Alignment Search Tool (BLAST), which signifies, that rather
than aliging entire sequences, the algbm finds regions of local similarity between sequences.
Each time a shoregion of a query sequence matches a sequence in the target databasd, the loc
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alignment between the two fragments is extended to cover as much of the sequence length as

possible and the score of the resulting alignment is calculated, based on itateliggnumber

of identical and similaresiduepairs The significance of a match is

(e-value which shows how mangnatches would have occurred with the saoere by chance

when searching an entirely random same of the same lengthin an entirely random database.

Protein matches detected by BLAST with high significance can be used to infer functional and

evolutionary relationships between sequences as well as help identify members of protein families.
The MSAs in this work were constructed usingT-Coffee software (Treébased

Consistency Objective Function for Alignment Evaluatiatt). This software constructs a library

of pairwise alignments for all pairs of sequences in the input set, which are then used to guide the

construction of the MSA. It can also use data from MSAs obtained by various other methods. In

the end, TCoffeeproduces a MSA that is consistent with most of the intermediate tgi@irwise

alignments and MSAs produced by other methods. In this work, the online version of the software

was used, either directly Viutp://tcoffee.crg.catbr the web service implementedialView [71].

The latter was also used for visualization and manual inspesftalhalignments.

Alternatively, MSA containing protein(s) of interest can be obtained from protein family
databases, which already contain such alignments representing various proiiés.famthis
work, the gotein family databasBfam [72] was usedEach entry in the Pfam database contains
a Aseedo MSA of gpartculaepgrotes family gr doenaire This alignment forms
the basis for a profile hidden Markov d& (HMM) which is used to automatically recognibe
presence of particular domains/families in protein sequefibesHMM profile is usedo search
for matching protein sequences ipfamsecdatabase, which is specially created and curated for
this useAll protein sequences in tifamseglatabase that match the profile well enough are also
alignedwi t h each ot her acnodmpfirsieseed oa sfiefquulelnoc edS A,0 al s
Pfam em r y . I n addition to the HfAseedo and Afull o
visualized as sequence logos that highlight individual conserved residues andtinabtéise
characteristic for a particular family/domain. Generally, Pfam aims to coveraag protein
sequences as possible with the fewest number of models. This sometimes leadsdntiffam
uniting proteins/domains which have varying activities or functions, so that many Pfam families
can be further subdivided into stdmilies. Forexample Pf am family PFOO0006 (
al pha/ beta sububingdgohgondbmdessinATPboth regul a
of the rotary ATP synthase®n the opposite side, some superfamilies consist of proteins with
similar structure and functip butthesequenceare saifferentthat a single profile HMM cannot

coverthem all Such cases are addressed by Riams, which unitenultiple Pfam entries that are
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known to be evolutionarily related to each other. Specifically, albop containing
famiiesd omai ns in Pfam are u-shiobed Nilnftlasswerk Pfam a n
database (available https://pfam.xfam.org/was used to access MSA of particular families as

well as logo representationstdMM profiles of particular protein families.

2.2.2. Protein Structure Analysis

The main source of structural data used in this work is the Protein DataEHaBk|[({3].
Since 1971, thé°’DB archive has served as theain repository ¢ information about the 3D
structures of proteins, nucleic acids, and complex assemblies. The data, typically obta{red by
ray crystallographyNMR spectroscopyor fitting models intaryo-electron microscopys

submitted byscientistdrom around the wdd and isfreely accessible on the Internet via the

websites of its member organization®DBe at http://www.ebi.ac.uk/PDBe/ PDBj at
http://PDBj.org/ and RCSB ahttp://www.rcsb.orgl. The PDB is overseen byhe Worldwide
Protein Data Bank, wiRDB[74].

Currently every newly determined protein structur@sho be deposited with the protein

data bank before the scientific papeporting onthe structure can be published. The number of

structures in th&DB has exceeded 150 000, as indicated dnttat//www.rcsb.org/ However,

one should remember that this number doegeftéct the number afiniqueproteins In many
casesthere are many entries of the same protein in the datakasee variants with amino acid
mutations some complexes witHifferent bound molecek (substrate analogs, inhibitors,-co
factors),molecules crystallizeah different conditionsetc.

In the analysis of crystal structures frétDB, electron density datshould be considered

as well. Such data &vailable at the Uppsala Electron DenSlgrver EDS; http://eds.bmc.uu.se/

[79]. EDS is a welbased facility that provides access to electtensity maps and statistics
concerning the fit of crystal structures and their maps. Maps are available for approximately 87%
of the crystallographi®DB entries foiwhich structure factors have been deposited and for which
straightforward map calculations succeed in reproducing the publisivatu& to within five
percentage points. This datan be usetb inspects electron density in poorly resolved parts of
the stucture and observihe electron density of particles with low occupancy which were not
resolved in théDBfile.

Over the last decadetherehas been a huge increasdhe numbers of protein sequences
and structures determined. In parallel, many methuasee been developed for recognizing

similarities between these proteins, arising from their common evolutionary background, and for
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clustering such relatives into protein families. Since protein function is intrinsically linked to its
precise shape 3D structure can often be used to detect very remote evolutionary relationships,
even after the amino acid sequence has changed beyond recogitsoworkhadrelied on the
InterPro databasesa source of structwtgased protein classification.

InterPro provides functional analysis of proteins by classifying them into families and
predicting domains and important sites. This is achieved by combining protein signatures from
severalmember databases into a single searchable resource, capitalizing omdivegual
strengths to produce a powerful integrated database and diagnostic tool. InterPro is used by
research scientists interested in the lesgale analysis of whole proteomes, gengnaewl
metagenomes, as well as researchers seeking to charaicigivmual protein sequences. In this
work, InterPro was used to identify and assess all structures contaitong Bomains.

Structure analysis dfansmembrane proteirsuch asnicrobial rhodopsingMRs)and G
protein coupled receptors (GPCR®quires information ortheirrelative position and orientation
in the membrane. Due tbe specifics of purification and crystallization methods, crystal structures
of membrane proteins usually do not contain membrane lipids, but often contain molecules of
detegent used in protein purification and crystallization experimehit® psition of these
moleculestogether withithe distribution of polar and hydrophobic residues on the protein surface
can point to the positioaf the protein in the membrania this wak "Orientation of Proteins in
Membranes"@QPM) databas§76] was usedo obtain protein structures with assigned membrane
limits. OPM provides spatial arrangements of membrane protdais/eto the hydrocarbon core
of the lipid bilayer. This database includes all uniqgue experimental structures of transmembrane
proteinsas well assome peripheral proteins and membrantive peptides. Each protein is
positioned inthe lipid bilayer of approprate thickness by minimizing its transfer energy from
water to the membrane. OPM database is availalét@t/opm.phar.umich.eduivherePDB-

format files with dummsyatoms indicating membrane borders can be doaddd.

While OPM providesvisual representation of the boundaries of the hydrophobic layer of
the membrane, structure analysis of transmembrane proteins can benefd rimone explicit
representation of the locations of lipid molecules around theiprétarticularly in this studyhe
relative locations of the hydrophobic and hydrophilic parts of the membrane were crucial for the
discussion of the suggested sodium ion pathway in GPCR. For this puap@skatom structure
of a GPCR molecule in theembrane was constructed using CHARMBWUI [77]. CHARMM-

GUI is a webbased platform fothe interactive building of complex systems, which can be used

for biomolecular simulations. This platform is particularly useful for the studies of membrane
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proteins, as it supports a wide variety of lipid molecules as well as different types of lipid
asemblies (e.g. micelles and nanodiscs).

Specialized databases can be an extremely useful source of additional data. Such databas
arise in response to a particular interest in the scientific community towapkciicgroup of
proteins, type of interaang or a type of small molecules present in experimental structures.
GPCRsare one of such targets of special interest sincerttake up the largest family of human
membrane proteins and drug targets. BfeCR database;PCRdb serves the wide GPCR
commurity since 1998, providingeference data, web server analysis toalsd dynamic

visualization of data and statistif88, 79]. Available athttps://gpcrdb.org/GPCRdb provides

contains data, diagramasnd web tools for GPCRs, including all GPCR structures and the largest
collections of receptor mutants. this work, GPCRdb was used to survey all available structures
of GPCRs and theeferencealignment betweertlass A GPCRsReferencestructurebased
sequence alignments of GPCRs take into account helix bulges and constrictions

Analysis of the abundance of available protein structtgqgires rapid construction of
protein structuresuperpositions In contrast to the sequence alignnserthreedimensiamal
alignment is based on the comparison of geometrical positions of a@uidaesidues in the
structure, rather than the biochemical properties. Here several methods for protein structur
superpositiorare discussed as they arsed for different tasks ithis studyFor the (super)family
of P-loop NTPasescomparative structure analysis was performed, which required superposition
of multiple proteins, often sharing only local structure similarity. For the (super)families of
heptahelical transmembrane f@ios structure analysis required extensive search for the structure
similarity to ascertain possible relations between the two (super)families under invesfigation
microbial rhodopsins and-@rotein coupled receptorStructure superposition methods used to
address these tasks a@escribedelow.

For the comparativestructure analysis of the P-loop NTPasesmultiple structures
representativeof particularprotein families were selectednanually.All proteinsof this group
havean easilyidentifiable and highly conservedstructuralmotif of a b-strandandfollowing U-
helix, that flank the titular P-loop. Hence,superpositiorof eventhe mostdistanthomologswas
possiblevia directsuperpositiorof their P-loop regions.This procedurevasperformedwith the
PyMol build-in function "super”. This function aligns two selections, each including a molecule
or its fragment. It does sequencendependent structuieased dynamic programming alignment
followed by a series of refement cycles intended to improve the fit by eliminating pairing with

high relative variabilityThis function was used to constrtiee superposition of multiple foop-
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containing proteins by matching theld®p regions of all structures under investigation onto the
singlereference structure.

On a larger scale, all available structures-tddp NTPases were analyzed systematically
using an automated procedutde list of PDB IDs for this analysiobtained fromthe InterPro
entry IPR027417 andarrowed dowrusingthe search engine of tiRCSBPDB [8(] to include
only structures contaiing Mg?* ion andat leastone of thefollowing NTP-like moleculeRCSB
PDB chemical IDs): ATRor GTP,non-hydrolyzableATP/GTP analogsANP, ACP, AGS, GNP,
GCP, andGSP), or transition state analog&DP/GDP complexes withAIFs/AlFs, VO4*, or
BeR/BeR). MATLAB software[60] was used tevaluatethe distancedetweenthe NTPsor
analogous moleculeendthe surrounding Lys/Arg residuethis evaluation was used to identify
thestructures where tHeTPs or analogous moleculegrebound toa Lys residug(implying that
the moleculeis not only present bubound to the Foop with the Rloop Lys residueresen).
MATLAB software[60] was usedilsoto evaluatethe phosphate chaishapsin each NTRike
moleculeor the transition statmimicking complex This automated procedure produced data that
reflects the shape and binding patterns of different-Nké°molecules that occur in tH&loop
NTPasestructures.

Thesecondgroupof proteins addressetiere aretheheptahelicatransmembranproteins
I G-proteincoupledreceptorandmicrobialrhodopsinsDiversestructuresuperpositioomethods
wereappliedto searchfor structuresimilarity betweermember=f thetwo (super)familiesThis
task was addresse by using a structureof sodum-pumpingmicrobial rhodopsinto performa
PDB-wide searchfor similar structures.The besttools for this task are the JFATCAT-rigid
algorithm[81] andthe PDBeFOLD server{82] becausdoth of thesemethodsarecomparatively
fast and can perform similarity searchacrossall structuresin the entire PDB database.
Furthermoreboththesealgorithmsproducedsequencalignmentghatmatchedhe resultsof the
respectivestructuralsuperpositiona

Theadvantagef thejFATCAT -rigid algorithmis the availability onthe PDB web-server
[80] of pre-calculatedsuperpositiondor a set of representativestructures[81, 83]. The java
version of the JFATCAT algorithm is also available athttp://www.rcsb.ord?DB
ID/workbench/workbench.dd@he FATCAT (Flexible structure AlignmenT by Chaining Aligned

Fragment Pairs with Twistgpproach simultaneousfddresses the two major goals of flexible

structure alignment; optimizing the alignment and minimizing the number of-bagig
movements (twis) around pivot points (hinges) introduced in the reference protein. In contrast,
currently existing flexible structure alignment programs treat hinge detection aspaquess of

a standard rigidbody alignment.
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PDBeFold service performs tHeDB-wide similarity searctlusing theSSM (Secondary
Structure Matchglgorithm[82] implementedat http://www.ebi.ac.uk/msdrv/ssm/ The SSM

algorithm of protein structure comparison in three dimensions includes an original procedure of
matching graphs built on the protein's secondanycture elemas, followed byan iterative 3D

ai gnment of p r o atcens. RDBdF @l derbiae p@vides (hairwise and multiple
comparisos and 3D alignment of protein structures, as welltresexamination of a protein
structure for similarity with the wholBDB archive or SCOP archive. In most casbge SSM
algorithm works very fast. A typical querynatching a protein of a few hundred residues against
the wholePDB or SCOP archivetakes less than a minute, a significant part of which falls on the
network canmunication.

For pairwise superposition of structures with high similarignother algorithm
implemented in th®yMol packagg52] wasused For proteins with decent sequence similarity
(identity >30%) the "align" function produces the best structure superposition results. This
function performs a sequence alignment followed by a structural superposition and then carries
out zero or more cycles of refinement in order to reject structural outliers found duringThesfit.
functionwas usedo superpose 7TM proteins within one family (e.g. microbial rhodopsins with
other microbial rhodopsinskinally, PyMol [52] was useddr the visualization of all structures

and structure superpositiopeesented here
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3. P-loop Nucleoside Triphosphatases

3.1. Background

3.1.1. Nucleoside Triphosphatases of the P -loop Fold

Living organisms can acquire energy from photons (phototrapig@nisms) or chemical
reactions (chemotrophic organisms). In the cell, this energy can be then transformed into one of
three forms: as an electrochemical ion gradient (e.g. of protons), as macroergic compounds, or as
the reducing potential of electron dars. Hydrolysis of macroergic (higgnergy) compounds
releases a lot of energy and can be coupled with certain reactions in the cell, shifting the chemical
equilibrium of those reactions in favor of the produyét.

Nucleoside triphosphates (NTPs), particularly adenosine triphosphate (ATP) and
guanosine triphosphate (GTP) are the most important and universal macroergic comi@gunds
A nucleoside triphosphate (NTP) is a molecule containing a nucleobase (adenine, guanine, or
other), a 5carbon sugar (ribose in ATP and GTB)d three phosphate residues. NTPs and their
derivatives also serve as the building blocks for nucleic acids (DNA and RNA) and pktkora

of other roles in cell metabolism and regulation.

ATP GTP ”
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g P\
I Il I i I [ I
HO—R O g0~ Fa o I N HO—P—0—b—0—P5-0 o ™ NH,
OH  OH  OH C|JH OH  OH
OH  OH OH OH

Figure 3.11. Structure of NTPs: ATP and GTP. Figure created with ChemSKa&ggh

NTP molecules mainly serve as the storage and the transfer route for the free energy in
cells. Macroergic compounds able to release a greater amount of energy than NTP exist, but they
are not asvidely used. One of the reasons for the ubiquitous use of ATP and GTP is the relative
stability of the phosphate anhydride bond, which is resistant to spontaneous hydrolysis (unlike
other anhydrides) and undergoes splitting only in the presence of enzymes.

Although many different nucleotide triphosphates can be found in a cell, the majority of
energyconverting systems operate with either ATP, or GTP, or [#&h88]. Some process,

however, require specifictype ofnucleotide, so the equilibrium between the concentrations of
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different nucleoside triphosphates must be maintained. This is achieved by the exchange c
terminal phosphate between different nucleoside diphosphatd?) @ triphosphates (NTP) in
a reaction

XDP + YTPwK XTP + YDP,

where X and Y each represent differenticledbase e.g. adenine or guanine. This reaction is
catalyzed by the nucleosidigphosphate kinas¢84].

Many pioperties of NTPs are well studied on the example of the ATP, but since the GTP
has a very similar structure (segure3.11) majority of propertiesre shared in equal measure
by ATP and GTH87, 88].

Hydrolysis of NTPs tawucleosidadiphosphates is crucially important for many processes
in the cell[24, 89]. The reaction itself is exothermic and can be coupled with endothermic
energetically unfavorable reactionsaibow their progres§90]. NTP binding and hydrolysis can
also cause conformational changes in protein performing "switching" the protein from one state tc
another and causirdgjfferent signaling from if91-95]. Finally, direct transfer of phosphate from
NTP to a substrate (e.g. in creatine kinase reaction, recently revie\\@})ior a protein itself
(e.g. in histidine kinases, for a recent review[§&§) can occur.

The most widespread NTPases arealted Ploop fold NTPases that make to 10-20%
of gene products in a typical c§ll4-26]. They are found in rotary ATP synthases, DNA and RNA
helicases, proteins that hydrolyze ATP to perform mechanical work, such as kimgssim and
dynei n, many GTPases, i ncl udi msgbuntisbof gjgnalitgo u s
heterotrimeric Goroteins, as well as in other enzymedo® fold domains appear to be some of
the most ancient protein domains dating back to thelWaisersal Cellular Ancestor (LUCAR4,

26, 65, 98-102. The Rloop fold (CATH annotation 3.40.50.300; SCOP superfamily c.37.1,
PFAM clan CL0023) is a-B ay er Ub (J24, 4G8-h06 witi contains the GxxxxGES/T]
sequence motitommonly denotethe Walker A motiff107], seeFigure3.12. This motif bing

the triphosphate chawof an NTP moleculand isalsoreferred to as the-®op (phosphatebinding
loop) motif[10§ or, in GTPases, &1 motif[109. In the Ploop fold, the conserved Lys residue
forms hydrogen bads (Hbonds) with the & 0o x y g e n  aphosphatecahd &=t o m- o f
phosphate groups of the NTRefeafter, the atormomenclaturefollows the recentlUPAC
recommendationgl1(], seeFigure3.12). Usually, the Rloop connects the firdi-strand and the
first U-helix of the Ploop domain. The Walker B motifhhtD, wherethdstands fola hydrophobic
residue, provides the conserved Assidue that usually serves as an additionaNigand[107];

in G-proteins (Ploop GTPases) this motif is also called Switchlll1] or G3[109. One more
functionally important motif in Groteins is the Sweh | or G2 motiff109, 111], located between

29



the Walker A and B motifs with only a single Thr'Sanino acid conserved. In-@oteins the
sidechain of this Thr/Ser residue coordinatesMagn, while its backbone nitrogen forms an H
bond wi-phdsphatehgeoupo

In this work amino acids of conserved motifs Walker Adép, G1), Switch | (G2),rad
Walker B (Switch I, G3) are referred to by their positions relative to the signature residues, namely
Lys (K) of the Walker A (Hoop) motif, Thr (T)or Ser (S)of the Switch | (G2) motif, and Asp
(D) of the Walker B (Switch 1l, G3) motif, respectiveBeeFigure3.12. For example, the Ser/Thr
residue in the K+1 position coordinates the?Mgn in all Rloop fold NTPasesHigure3.12).

An uncontrolled NTP hydrolysis would be detrimental for the cell survival. Therefore, the
specific feature of most-op fold ATPases is their activation arp each turnover. To achieve
that the NTP hydrolysis reaction is divided into two stdfisst, an NTP molecule binds to the P
loop domain and attains a strained, catalytically prone conformation that is characterized by the
ecl i psed or i-emtdphtsphatas eofdrcedt bly the dignature Lys residue and the
cofactor M@* ion, as shown irFigure 3.12 [106, 112-116. Second, the #oop fold domain
interacts with a proper physiological partner, which could be a domain of the same protein, a
separate protein, and/or a DNA/RNA molecule. Upon this interaction, a stimulating moiety, e.qg.
an Arg residue ("finger")is inserted into the catalytic site and the cleavage of the NTP molecule
takes placg28, 29, 115123. The need for a specific activating interaction ensurasttte fast
NTP hydrolysis proceeds not spontaneously, but in a controlled manner. Both the NTP binding
and its hydrolysis can be accompanied by leatme conformational changes that could be used
for performing mechanical work, see, €9, 124].

To provide a distinction from the term Aact.
protein, a separate protein, or a DNA/ RNA mol
hereafter for those moieties that activate the NTP hydrolysis by pokioghe catalytic site.
Noteworthyt he ori gi nal Lat iini amesahnairnpg sotfi chAks tui sneudl utsod
them to keep movingo (quoted from -hnicelyps: / / ww:

describes the function of Lys and Arg fingerdialogical motors.
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Figure 3.12. Phosphate chain binding irléop NTPases complexe&. Crystal structure of the
transition state analog GO¥gFs™ bound to the RhoA/RhoAGAP comple®DB ID 10W3
[125). B. Crystal structure of the transition state analog QU bound to the K-dependent
GTPase MnmERDB ID 2GJ8[28]). Proteins are showrsaey cartoons, conserved residues of
signature motifs are shown as sticks and colored as on panel®Ciddg are showin green
water molecules are shown as red spheaesConserved motifs in @roteins and other-Pop
NTPases. As an example, moiiisRho GTPase and relatedpBoteins are showm. Naming of
atoms according to IUPAC recommendations for nucleoside triphospha@snd typical Mg*
coordination

It is customary to refer to the conformations dbBp fold NTPases in the presence of their
activating partners with stimulating moieties inserted as "datally active" conformationg106,
117, 126, 127]. Correct identification of the active (catabally productive) conformation in

distinct Rloop fold NTPases is important because enzymes attain these conformations
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