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1. Introduction

The elemental composition of living cells is very similar across different tissues and species
but differs drastically from the elemental composition of their usual habitats [1, 2]. The presence
of particular elements in the living cells is determined by their physicochemical properties. Life,
as we know it, rests on the construction of polymers, so the cells are composed primarily of atoms
that form stable covalent bonds at temperatures that occur on Earth. Polymers composed of carbon,
nitrogen, and oxygen are accompanied by ions that participate in the management of electric
charges and redox states in the cell [3]. Phosphate-containing molecules are universally used as an
energy depot due to their ability to form stable high-energy bonds, hydrolysis of which can be
triggered by proteins [4]. Finally, sulfur atoms are also widespread in cellular molecules owing to
their abundance on Earth and ability to act as potent electron transfer carriers [5].

The abundant presence of negatively charged molecules (particularly with carboxyl and
phosphate groups) in cells demands positively charged groups or ions to balance the overall charge
of the cytoplasm. In extant living cells, this role is primarily fulfilled by potassium ions.
Omnipresent divalent metal cations are primarily designated to more chemically specific roles:
Mg?* often acts as a co-factor in reactions involving nucleotides, Zn>" - as a co-factor in many
enzymes and regulatory proteins, transition metals (Fe**, Mn?" and Ni®") are crucial for many
redox reactions [6]. K™ and Na" ions serve as cofactors for several enzymes as well, but despite
their chemical similarities and omnipresence in living organisms, all cells maintain a high
concentration of K* inside the cytoplasm, while Na* ions are continuously expelled into the cell
bathing fluids (see [7, 8] and references therein). This is especially puzzling since Na' ions are
much more abundant than K" ions in most aquatic environments and on Earth in general [2].
Specific preference of cells for K™ over Na" was ascertained as early as 1926, when Archibald
Macallum noted that while there are similarities in the total ion concentrations between cellular
fluids and the sea water, concentrations of the specific ions differ between the cell cytosol and
outside fluids, such as sea water or organismal fluids (e.g. blood and lymph) [2].

Thus, most cells maintain a concentration of the K* ions higher than 100 mM, all while the
surrounding media has a similar or higher concentration of Na* ions [2]. Both cations leak through
the membrane into the cell owing to the negative charge of the cytoplasm as compared to the
extracellular phase, but larger K™ ions have lower desolvation penalty so they leak faster. Thus,
the cell can maintain the K*/Na* disequilibrium by just actively and selectively expelling Na* ions
out of the cell [9]. This process must be performed by transporters that can provide enough energy

to push the ion against concentration gradients and can discriminate between K™ and Na" ions. The
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average cell spends up to half of all the energy it generates on maintaining concentration gradients
of the monovalent cations [10].

Potassium involvement in the translation system is often credited as one of the main
reasons for a cell to accumulate these cations [7]. In addition to the translation, many other cellular
processes require monovalent cations and exhibit a strong preference for K™ and NH4" ions over
Na" ions. One of such processes in the protein folding, as GroEL/GroES complex and Hsc70
complex, both require K* ions [11, 12]. In the case of GeoEL/GroES K" ions can be partially
substituted by NH4" and Rb", but smaller ions such as Na” and Li" are inactive [11]. Another key
K'-dependent process is splicing, which again, goes much faster in the presence of larger cations
than in the presence of smaller cations [13]. The innate demand for K* ions of major cellular
processes dictates the accumulation of K ions in the cell and the expulsion of Na* ions to the
outside medium.

Translation is performed by a ribosome, a ubiquitous large RNA-containing
multimolecular assembly that requires specific metal cations to uphold its structure and to support
its functions. Both K* and Mg?" ions contribute to the stability and function of the ribosome, as
well as other RNA structures (see [14] and references therein). The significant difference in
physical properties of K* and Mg?* ions precludes competition between them and together the two
metals exhibit a more pronounced synergistic effect on the RNA stability and activity [15].
Potassium ions bind to ribosomal RNA at specific positions, although only a few of such binding
sites have been determined with certainty [ 14]. The peptidyl transfer center (PTC) of the ribosome,
where the formation of peptide bonds occurs certainly requires potassium. A recent study
attributed 7 K* ions to the PTC inner shell and 23 more to the surrounding region [14].
Furthermore, two K" ions play important role in conformational rearrangements of the decoding
center associated with the binding of tRNA [14].

The translation machinery requires the energy of GTP hydrolysis not only for the protein
synthesis itself, but also to support and control accompanying processes, such as ribosome
assembly and construction of aminoacyl-tRNAs. GTP hydrolysis for such needs is performed by
various GTPases, many of which were shown to be K*-dependent. One such case is the GTPase
MnmE, which contributes modifications to certain tRNA molecules [16]. Potassium dependence
was shown also for many GTPases associated with ribosome assembly and maintenance, such as
Era, Nugl, RbgA, and others [17]. Furthermore, translation factors, which are directly involved in
the translation also show increased activity when K ions are present, even when the ribosome is

absent [18-21]. The majority of these proteins are ubiquitous across all species [22, 23].



Translation factors, as well as other GTPases catering for the ribosomal machinery, belong
to a large superfamily of P-loop (phosphate-binding loop) nucleotide triphosphatases (NTPases)
[24]. Proteins of this superfamily catalyze ATP and GTP hydrolysis to fuel multiple processes in
the cell and can amount to 18% of all cellular gene products [24-26]. The catalytic activity of P-
loop NTPases usually requires an introduction of an activating Lys or Arg residue, which is
inserted into the active site by another protein, adjacent monomer in the oligomer, or a different
domain of the same protein [27]. In K*-dependent P-loop NTPases, the activating K ion is located
similarly to the positively charged side-chain nitrogen of the Arg/Lys finger [28, 29]. Notably, in
most K'-dependent P-loop NTPases NH4" ions can functionally replace K* ions, but Na" ions
cannot [18, 28, 30-40]. Furthermore, the processing of the phosphoanhydride bonds in the absence
of any enzymes also has a preference for larger ions, such as K*, Rb™ and NH4" over smaller ions,
such as Na" and Li" [41]. This suggests that the cation size determines, in some 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
address the NTP hydrolysis catalyzed by monovalent cations and by the P-loop NTPases. First,
the distinctive effect of cations on the NTP hydrolysis is investigated by molecular dynamics (MD)
simulations of ATP and GTP in the water in the presence of different monovalent cations, and in
the absence of them. Second, two cases of the key K'-dependent proteins are also investigated by
MD simulations: tRNA modification GTPase MnmE and the translation factor EF-Tu,
accompanied by comparative structure analysis of several other P-loop proteins. Further, the
mechanism of NTP hydrolysis with the participation of cations is used as a template to assess the
common features of the catalytic mechanism across all classes of P-loop proteins, using both
comparative analysis of particular representative structures and statistical survey of all available
structures.

Since cells use energy to expel Na' ions and maintain their concentration gradient, these
ions contribute strongly to the electrochemical potential across the cell membrane. The gradient
of Na" ions can be used as an energy source in different processes (see [9] and references therein).
Particularly, a plethora of so-called “secondary transporters” facilitate translocation of substrates
across the membrane by utilizing the energy of Na™ gradient [42].

Extracellular sodium ions are known to bind to the eukaryotic G protein-coupled receptors
(GPCR), particularly of class A [43]. These proteins govern a plethora of cellular processes by
triggering the appropriate response to various signaling molecules. It was suggested, that upon
activation of the receptor, the Na* ion could be transported into the cytoplasm by membrane

potential, thus fueling the necessary conformational changes [43]. Here, Na'-binding in class A
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GPCRs are examined using the evolutionary biochemistry approach. Available structures of the
GPCRs in the Na'-bound state were compared with the recently resolved structures of Na-pumping
microbial rthodopsins, revealing the shared origin of the two superfamilies and common features
in their activation-associated conformational changes. The suggested ability of GPCRs to
translocate Na" ions is supported by further similarities with other heptahelical proteins,
transporting ions across the membrane. The ability of GPCRs to translocate Na* and subsequent
dependence of the receptor activity on the membrane voltage is further explored by activation

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



2. Methodology of the Evolutionary Biophysics Approach

This chapter describes the strategy behind the combination of computational biology and
bioinformatic methods applied here towards understanding the fundamental mechanisms
employed in P-loop containing nucleoside triphosphatases (P-loop NTPases) and G-protein
coupled receptors (GPCRs).

While all organisms function in accordance with the laws of molecular biochemistry, they
are also subjects to the laws of evolution. Advances in genomics, protein sequence analysis, and
protein structure determination lead to the emergence of evolutionary genomics (phylogenomics)
and provided enormous insights into the evolution and structure-function relationships in proteins.
Comparative analysis of protein sequences and structures can be used to reveal two types of
information. First, it brings forward conserved residues and structure elements in proteins.
Features, conserved within entire (super)families of proteins are likely to be crucial for the general
structure or function, attributed to that (super)family; and are usually considered to be inherited by
the proteins from their common ancestor. Second, comparative analysis of protein (super)families
can reveal features that are conserved only within particular subfamilies or subgroups of proteins
within one large (super)family. Such features are likely to be associated with more specific
functions, underlying the functional diversity of protein families within larger groups. Positions in
the protein sequence that exhibit such subgroup-specific conservation must be functionally
relevant, as follows from their partial conservation, but not crucial for the main protein function,
as follows from their variability between the subgroups. In this work, comparative structure
analysis and phylogenomics were applied to both P-loop NTPases and GPCRs.

Advances in X-Ray crystallography, nuclear magnetic resonance spectroscopy (NMR),
and cryogenic electron microscopy (Cryo-EM) have made available a plethora of 3D structures of
diverse protein and protein complexes. The abundance of experimental structures of different
proteins within a particular (super)family makes it possible to identify universal features, common
for all proteins in this group. The task of retrieving and analyzing great volumes of data from
biological databases is a central component of bioinformatics. For instance, over 7000 structures
in the Protein Data Bank depict proteins, containing P-loop domains. Comparative analysis of such
volume of data is only possible with a systematic automated approach, fulfilled by bioinformatics
tools. However, the design of the protocol for such an approach and interpretation of the resulting
data is only possible after manual inspection of a smaller representative set of structures. Together,
manual inspection and automatic survey of all available structures reveal features that are

ubiquitous and/or conserved among all P-loop proteins, thus establishing the fundamental basic
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mechanism of NTP hydrolysis in those proteins. For the GPCRs, only 218 experimental structures
are available, which is still an impressive number for membrane proteins that are notoriously hard
to crystallize. Since the majority of those structures contain mutated proteins and cover proteins
with very high sequence similarity, manual analysis of all relevant structures was possible.

Living cells are comprised 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 seem that any process in the living cell
can be described with a series of equations, corresponding to the appropriate laws of physics and
chemistry. And indeed, in many cases, it is so. One of such cases is the method of molecular
dynamics (MD) simulations. It applies 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 changes within such molecules, as well as interactions between them, providing
insight into various biomolecular mechanisms. Such analysis, however, is only possible when
experimental structures can provide a reliable starting point for the simulations. Availability and
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 molecules. 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 on the phosphate chain shape of the ATP and GTP
molecules, contributing to the explanation of the effect different monovalent cations have on the
NTP hydrolysis in water. Second, MD simulations were performed for two cation-dependent
GTPases MnmE and EF-Tu. Comparative analysis of conformations attained by the GTP
molecules bound 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 an insight into the mechanism
underlying NTP hydrolysis, general claims could not be made based on those results alone.

Described here combination of the physicochemical methods, bioinformatic tools, and
phylogenetic analysis comprises the evolutionary biophysics approach to the study of protein

(super)families. Investigation of the proteins (super)families with this approach provides a deep
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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
interactions between them. Molecular dynamics (MD) simulations and molecular modeling are
essential research instruments in biochemistry and cell biology that complement experimental
data, guide rational approaches in the design of experiments, provide access to complex data and
models, and yield an atomic 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 simulations was first used by Alder and Wainwright in
the late 1950s [44, 45] to study the interaction between solid particles, which resembled the
behavior of simple liquids. The next milestone in MD development was 1964 when Rahman
carried out the first simulation of liquid argon [46]. The first realistic system simulation was done
by Rahman and Stillinger in their simulation of liquid water in 1974 [47]. The first protein
simulations appeared in 1977 for the bovine pancreatic trypsin inhibitor [48]. The latest advances
in MD simulation methods that combine molecular-mechanics and quantum mechanics methods
were awarded the Nobel prize in chemistry in 2013 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 finds in the literature molecular dynamics simulations of solvated
proteins, protein-DNA 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 greatly expanded, and many specialized techniques aimed at particular problems
are available now. Molecular dynamics simulation techniques are widely used to accompany
experimental procedures such as X-ray crystallography and NMR structure determination.

During MD simulation the atoms and molecules are allowed to interact 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 for the system of interacting particles, where forces between the particles and their potential
energies are calculated using molecular mechanics force fields.

In MD simulations Newton’s equations of motion are solved for a system of N atoms:

dzi.
(2.1.1) E=mﬁ£J=LW

The forces are obtained from a potential function as the negative derivatives:

av
(2.1.2) Fi=—u

Newton’s second law of motion describes the acceleration of a particle i of mass m; along
a coordinate ;. The force F; acting upon particle i depends on the positions of all other particles in
the system which makes the potential energy surface extremely complex and impedes direct
integration. Instead, tedious numerical integrations in small time steps are needed, making MD
simulations computationally 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
amino acids, solvent molecules, membrane lipids, etc.). The potential function connects the atomic
coordinates of a system to the potential energy. While a single particular structure refers to one
configuration in the conformational space of the system, the potential function gives a complete
description of the entire potential energy surface. The potential function consists of two
components, the Bonded terms and the Non-bonded terms (eq. 2.1.3, Figure 2.1.1). Bonded terms
are those describing bond, angle, and dihedral interactions, while Non-bonded terms account for

distant interactions and describe electrostatic and Van der Waals interactions.

(2.1.3)
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These equations are solved simultaneously with small (on the femtosecond scale) time
steps. This process is repeated to describe the system for some time, provided that the pressure and
temperature remain at the pre-set values, and the coordinates are saved to an output file at regular
time intervals. The main result of the MD simulation is the trajectory - the set of coordinates 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 in

a solution).

A. The potential function B. Bonded interactions
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Figure 2.1.1 Interactions and forces are taken into account in MD simulations calculations. The
total potential energy of any molecule is the sum of simple allowing for bond stretching, bond
angle bending, bond twisting, van der Waals interactions, and electrostatics. Many properties of a
biomolecule can be simulated with such an empirical energy function.

Forcefields provide the means for calculating forces during MD. They are not rigid within
the simulation method and the parameters can be modified to include new data or adapt to a
specific system or task. Still, the incorporation of particular forcefields in the MD software is
subject to limitations. In this study, the CHARMM force field [49] that is incorporated in
GROMACS [50] software was used. In version 5.0.15 used here, the force field does not contain
fine-tuning of bonded interactions, cannot incorporate polarizabilities, and is pair-additive (except
for the long-range Coulomb forces). The number of atoms in the system and the topology (the
connectivity between atoms and partial charges) remains unchanged all the time during energy
minimization and classical MD simulation.

Before the MD simulation, the object of interest structure must be prepared in the following
manner: 3D structure 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 referred
to as a unit cell. Since the system size is usually small relative to realistic systems, atoms of the
system will have a lot of undesired boundaries with the environment (vacuum). This must be
avoided in the simulation of a bulk system. To avoid real phase boundaries periodic boundary
conditions were applied. Periodic boundary conditions (PBCs) are typically 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 part — a unit cell. When a molecule passes through one side of the unit
cell, it re-appears 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 simulations since only a small area of solution around the molecule of interest has to be
calculated, instead of realistic volumes of solution.

The unit cell containing molecule(s) of interest is then filled with water molecules (this
procedure is called the solvation of the system). Water molecules are placed everywhere in the
unit cell except for areas already taken by some atoms. To create realistic water molecule
placement additional procedures will be taken at later stages of the simulation. At the next step,
some water molecules are replaced by ions, most often Na" and/or CI". Ionization of the system is
done to create a realistic concentration of salt in the system and different amounts of cations and
anions are added to compensate for the existing charge of the system. The neutral total charge of
the system is a crucial requirement for MD simulations.

Prepared in the described manner system 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 can contain unnatural geometries, for example, as a result of manual structure editing,
crystallization artifacts, automatic solvation, etc., thus the energy minimization (EM) is usually
the first step preceding the MD simulation.

GROMACS [50] software provides a simple form of local energy minimization, the
steepest descent method. For biologically relevant systems the potential energy function is a
complex landscape (or hyper surface) in numerous dimensions. In addition to the one global
minimum, a large number of local minima are usually present, where 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. Nearest here does
not necessarily mean nearest in geometrical terms (i.e., the least sum of square coordinate
differences), but the minimum that can be arrived at by systematically following the steepest local
gradient.

The steepest descent method uses derivative information. As in MD programs the partial
derivatives of the potential energy can be calculated with respect to all coordinates this method is
very popular. This algorithm repeatedly shifts the system coordinates following the direction of
the negative gradient, ignoring the history of previous steps. The step size can be adjusted so that
the search goes faster but the downhill motion is guaranteed. This is a reliable, but somewhat blunt,

method: the convergence can be rather slow, especially near the local minimum.
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Before the first step of the simulation proper, the size and shape (usually a box) of the
simulation cell have to be defined, and the coordinates and velocities of all atoms in the system
have to be set. The box size is determined simply by the three basis vectors. Unless the simulation
is a continuation of a previous run, it starts at t = to, and the coordinates at t = to have to be
determined by the user. Then the leap-frog algorithm is used to propagate the time step with At
which means that the velocities at t = to —At/2 also have to be established. Velocities could be
available from previous simulations, but if not, the initial atomic velocities v, i=1 ... 3N are

generated with a Maxwellian distribution at a set temperature T:

2
_mlvi

(2.1.4) p(v;) = |[—e 2T,

2mkT

where k is Boltzmann’s constant. This is done by generating normally distributed random numbers,

which are then multiplied by the standard deviation of the velocity distribution \/W The
resulting total energy will not correspond precisely to the set temperature T, so a correction must
be made by, first, removing the center-of-mass motion, and, second, scaling all velocities until the
total energy corresponds precisely to T.

After that following steps of the MD can be calculated. At every step, forces acting on each
atom are calculated from the forcefield, which provides new coordinates that each atom will take
after a time step. At certain intervals, the geometry of the system is written to the trajectory file,
which is analyzed as a main result of the MD simulation. The general scheme for the MD algorithm
(often called “the integrator”) is given in Figure 2.1.2. The main result of the MD simulation study
is a trajectory — a set of consecutive “frames”, conformations of the system written with a certain
timestep. Before doing any analysis procedures simulation results (particularly the trajectory) were
inspected manually using VMD [51].

Some pre-processing 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 coordinates
and/or unit cell walls positions to prevent “jumps” of molecules between periodic cells and to fix
molecules broken by cell walls, removal of water molecules in some cases to decrease the size of
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

v

2. Compute forces:

The force on any atom F; = —%
is computed by calculating the force between non-bonded
atom pairs: F;= ZJ,- Fij —

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; ﬂ Fi

—t== or L=y =
dtz  m; dt Vodt my

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

Figure 2.1.2. The global MD algorithm. Figure from GROMACS [50] User Guide.

To estimate the 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 i and some reference position:
2.1.5) RMSF, = [z 37 i |ri(t;) =17 |2]1/2,
where T is the time over which one wants to average and 1 refers to the reference position of
particle i. Typically this reference position will be the time-averaged position of the same particle
i. For comparison of particular structures, the root mean square deviation (RMSD) can be also
applied. The difference between RMSD and RMSF is that the RMSF is averaged over time, giving
a value for each particle i. For the RMSD the average is taken over the particles, giving time-
specific values. RMSF analysis was performed with the corresponding plug-ins for VMD [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. This proves to be a particularly
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effective way of describing the average structure of disordered molecular systems such as water
solutions. For example, in a simulation of a mixture of two components A and B, the radial

distribution function gag(r) would be calculated as follows:

(2.1.6) 4mr2gap(r) =V 3y 08 P(r)
where V is the volume and P(r) is the probability of finding an atom B at the distance » from an
atom A. In any system, two groups of atoms A and B can be defined by a user by assigning
particular atoms by their numbers to each group. The RDF is usually plotted as a function of the
interatomic distance 7. A typical RDF plot shows several important features. First, at short
distances, the RDF is zero. This indicates the effective width of the atoms since they cannot
approach any more closely. Second, one or more obvious peaks can appear, which indicates that
the atoms pack around each other in “shells”. The location of this peak shows the distance of
atomic non-covalent interaction and the height — the probability of such interaction. Usually, at
high temperatures the peaks are broad, indicating thermal motion, while at the low temperature
they are sharp. At a very long range, every RDF tends to a value of 1, which happens because the
RDF describes the average density at this range. In this work, MATLAB scripts were used for all
RDF calculations.

VMD was used to visualize the mobility of residues forming particular interactions.
MATLAB scripts were used to measure particular distances, angles, and dihedral angles, analyze
and plot the results. Biomolecular processes, such as folding or complex formation, can be
described in the terms of the molecule's free energy:

(2.1.7) AG(r) = —kgT - [In(P(r) — In(Prax)]),
or

(2.1.8) G(r) = —=kgT - In(P(1)),
where kg is the Boltzmann constant, P is the probability distribution of the molecular system along
some coordinate » (called the order parameter), and P4 denotes its maximum, which is often
subtracted to ensure AG = 0 for the lowest free energy minimum. Order parameter (7) is chosen to
represent a reaction coordinate for the process under investigation. Free energy values are plotted
along the coordinates which correspond to the significant changes in the molecule conformation.
Typically, the free energy is plotted along two such order parameters, giving rise to a (reduced)
free energy surface. In this work, 2D plots of ATP conformations in solution directly show the
probabilities of conformations instead of the free energy surface due to incomplete coverage of
conformational space during MD simulations. MATLAB scripts were used to calculate all

probability distributions and free energy plots.
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Thus, MATLAB software was used for statistical analysis of geometrical features of the
molecule during simulation. A set of scripts were written to calculate the distances between
particular atoms during MD and the probability distribution of said distances. VMD software was
used to visualize the conformation of molecules during simulations and to plot RMSF data for
large protein systems. PyMol software [52] was used for protein structures superposition, analysis,

and visualization of separate structures obtained after simulations.

2.1.2. Simulations of ATP and GTP in Water

To examine the effects the cation binding has on the conformation of the Mg-NTP
complexes, MD simulations were conducted for Mg-NTP complexes in a pure water solution and
with the addition of M" ions (K, Na*, or NH4"). In addition to these ions, CI” ions were added to
bring the sum of charges in the system to zero. In the simulations of Mg-NTP (Mg-ATP and Mg-
GTP) complexes in a pure water solution (without cations, other than Mg?"), two dummy positive
charges were used to neutralize the system. These atoms carried each a single positive charge and
were affixed to their locations with positional restraints, preventing any interactions with the ATP
or GTP molecule. In all simulations, the ATP or GTP molecule position was restrained in the
center of the simulation cell with positional restraints, which were applied to the N1 atom.

For simulations, ATP4, GTP4+ and NH4" molecules were described with the parameters
from CGenFF v.2b8 [49]. The TIPS3P water model was used, as compared to other classical
models TIPS3P has an additional set of van der Waals parameters that describe interactions
between water molecules [53]. For Na” and K' ions, parameters by Joung and Cheatham [54] were
used. The Mg?* ion was described with parameters developed by Callahan et al. [55].

Non-bonded interactions were computed using the particle mesh Ewald method, the real
space cutoff for electrostatic interactions was set at 10A, the van der Waals interactions cutoff was
set as switching functions between 10 and 12A. The multiple time-step method was used to
describe electrostatic forces. Finally, the non-bonded interaction list was composed using a cutoff
of 14A, updated every 20 steps. The SHAKE algorithm was used to constrain covalent bonds that
include hydrogen atoms [56] (the MD integration step, 1 fs). The total ionic strength in the system
was 0.2 M, after the addition of water molecules, Na* or K*, and/or neutralizing ions.

All productive runs were set in the NPT ensemble. The Berendsen thermostat was used to
maintain the temperature at T= 298 K with a coupling parameter of 5 ps~! [57]. The Langevin
piston method was used to maintain the pressure at one atm with the piston mass 100 amu, while

the Langevin collision frequency was set at 500 ps~! [58].
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Prior to productive runs, each system was optimized by performing an energy minimization
run, and then a 20 ns equilibration run. MD simulations were executed in three independent runs
of 170 ns (totaling at 500 ns) for each system (K*, Na", NH4", no M"). Additional series of short
(2025 ns) simulation runs were performed for both ATP and GTP complexes to further
investigate the effect of monovalent cations binding on Mg?** coordination. Finally, two
simulations of the Mg-ATP complex with K™ ions bound to the phosphate chain and restrained to
their positions were conducted. All simulations are listed in Table 2.1 MD simulation calculations
were performed with Gromacs v.4.5.5 [59] software with MPI implementation using the
computational resources of the supercomputer SKIF ‘Chebyshev’ of the Moscow State University
Computational Center.

MD data analysis was performed using MATLAB software [60]. For the visualization of

the trajectories obtained from MD simulations, the VMD software [51] 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, NH4" 167 ns 3
5 Mg-ATP 20 ns 25
6 Mg-ATP, K" 20 ns 25
7 Mg-ATP, Na* 20 ns 25
8 Mg-ATP, NH4" 20 ns 25
9 Mg-GTP 20 ns 20
10 | Mg-GTP, K" 20 ns 20
11 | Mg-GTP, Na" 20 ns 20
12 | Mg-GTP, NH4" 20 ns 20
13 | Mg-ATP, K", with positional restraints | 10 ns 2

2.1.3. Simulations of K-dependent GTPase MnmE

The role of the monovalent cations in the GTPase MnmE was studied by MD simulations
of the Mg-GTP/MnmE complex. The following three states have been modelled: (1) the active
state of the dimer of MnmE G-domains, with K* ions bound in both domains (PDB ID 2GJS,
resolution 1.7 A, source: E.coli), (2) the inactive state (monomer) with the K-loop in its active
conformation and a water molecule occupying the K*-binding site, (PDB ID 2GJ8, resolution 1.7
A, source: E.coli), and, finally, (3) the inactive state (monomer) with disordered K-loop (PDB ID
3GE]I, resolution 3.4 A, source: Chlorobium tepidum).
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As mentioned previously, the availability and quality of crystal structures almost always
inform the choice of objects for MD simulations. In the case of K'-dependent P-loop NTPases,
MnmeE is the only protein for which both active state of the P-loop domain with resolved K" ion
structure and an inactive state structure are available. Still, these structures are not perfect.
Specifically, since the K-loop is disordered in the inactive state, it is unresolved in the
corresponding crystal structure. For MD simulations, this loop must be reconstructed. A similar
modeling of disordered protein loops was performed earlier in a collaboration with Prof. Dr. Karin
Busch to model fluorescent sensor proteins fused to membrane subunits of respiratory
supercomplex [61]. Existing experimental structures of the green fluorescent protein and
cytochrome oxidase subunits were used as templates to model the respective parts of the fusion
construct, but the mobile disordered linkers between these two parts had to be constructed ab initio.
To model these loops each construct structure was first optimized with the variable target function
method with conjugate gradients, and then refined using molecular dynamics (Modeller v.9.25
build-in extension [62]) with simulated annealing. The resulting models were 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 sensors [61]. Thus,
the same method, as described in more detail in [61], was implemented here to reconstruct the
missing loops in the structure of the inactive P-loop domain of MnmE (PDB ID 3GEI).

Each protein complex was placed in a cubic cell filled with TIP3P water with standard
periodic boundary conditions. The minimal distance between any atom of the protein and the
periodic cell wall was set at 12 A. In each case, K and CI" ions were added to the surrounding
media. Each productive MD simulation run was 100 ns long. All simulations of GTPase MnmE
are listed in Table 2.2. Simulation conditions were the same, as for simulations of ATP and GTP

in water, as described in Chapter 2.1.2.

Table 2.2. Molecular dynamics simulations of GTPase MnmE

Simulation | Number of
No. | System s o
time repetitions
1 Mg-GTP-MnmE, inactive, no K-loop, 3GEI 100 ns |
2 Mg-GTP-MnmE, inactive, K-loop, no K*, 2GJ8w | 100 ns 1
3 Mg-GTP-MnmE, active dimer with K, 2GJ8k 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 EF-Tu/ribosome complex were
studied by molecular dynamics (MD) simulations. Simulations were performed with Gromacs
v.4.5.5 software [59]. Protein/RNA complex was placed in a cubic cell filled with TIP3P water
with standard periodic boundary conditions. The minimal distance between any atom of the protein
and the periodic cell wall was set at 12 A. Tons (K*, Mg**, CI') were added to the solution to create
a physiological concentration of cations and neutralize the system, as described in Section 3.2.5.

For simulations, the CGenFF v.2b8 force field was used for the GTP, and the CHARMM?36
force field was used for the protein and RNA fragments [49]. For the Mg?" ion parameters designed
by Calahan et al. [55] were used. For K ions parameters by Joung and Cheatham [54] were used.

Two systems were prepared for MD simulations: one with a K™ ion placed manually in the
AG site, and the other without. Each system was first optimized by an energy minimization run
followed by an equilibration run of 20 ns. Equilibration runs were performed with constant
temperature and cell volume (NVT ensemble); positional restraints were applied to the RNA,
protein, and the GTP molecule. Productive runs were performed with constant temperature and
pressure (NPT ensemble) with the temperature of 303.15 K, controlled by Nose-Hoover
thermostat, and the pressure of 1 atm, controlled by Parrinello-Rahman barostat. Long-range
electrostatic interactions were calculated by implementing the particle mesh Ewald method with
Verlet cutoff-scheme [63] and a 12 A distance cutoff for direct electrostatic and van der Waals
interactions. The switching function was set to 10 A to gradually reduce van der Waals potentials,
reaching 0 at the cutoff distance. The geometry of bonds between hydrogens and heavy atoms was
constrained to the lengths and angles defined by the force field using LINCS (LINear Constraint
Solver) algorithm [64].

Six independent simulations of 100 ns each (productive runs) were performed: a single run
for the first system (with K* ion placed manually in the AG site), and five runs for the second
system (with K* ions randomly distributed at the start of the simulation). All simulations of the
EF-Tu/tRNA/SRL complex are listed in Table 2.3. The positional restraints were applied to all
RNA fragments in the system for the duration of the production runs. The entire EF-Tu, GTP-
Mg?*, as well as all surrounding ions and water molecules, were free of positional restraints.
During simulations, conformations of the whole system were saved every 0.1 ns. Productive runs
were used to extract characteristic frames to represent the geometry of the GTP binging site with
visual molecular dynamics (VMD, [51]) and to calculate statistics of structure movement using

MATLAB R2017a [60].
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Table 2.3. Molecular dynamics simulations of EF-Tu/tRNA/SRL complex

Simulation | Molecules in the GTP- | Molecules in the solution | Length
number binding-site
1 EF-Tu, SRL fragment, 70 K" ions 100 ns
tRNA fragment, 10 Mg?* ions
GTP-Mg?*, K* (AG site), | 51 CI ions
Mg?* (SRL) 19878 water molecules
2-6 EF-Tu, SRL fragment, 70 K" ions 100 ns
tRNA fragment, 10 Mg?* ions
GTP-Mg?*, 50 CI" 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
modifications — substitutions, deletions, or insertions of residues — giving rise to families of
homologous proteins. Not all residues in a protein are equally susceptible to mutations, since some
of them may be crucial to maintain structure or function and thus corresponding positions in the
sequence are constrained in the allowed residue types [65]. Such positions with residues conserved
across the entire families of proteins were the first to attract attention [66]. 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 associated with the
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 proteins and thus are likely to not be directly
responsible for the protein function and structure. The 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 structure — loops, a-helices, or B-strands) can be obtained from multiple sequence
alignments and structure superpositions of homologous proteins. While consulting multiple
sequence alignments on many occasions, 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 is an essential step in establishing the evolutionary

relationships between proteins and protein families. While high sequence similarity almost always
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implies structural similarity, the opposite is not true. Specifically, remote homologs can have a
similar structure and other common features, such as functional residues, but share no detectable
sequence similarity [67]. It is therefore expected that a three-dimensional structure alignment will
provide more clues towards protein evolution and properties than a sequence alignment alone, by
revealing similarities between extremely distant homologs. The similarity analysis of protein
structures can also provide insight into the protein function mechanism and the roles of particular

structural elements.

2.2.1. Protein Families and Multiple Sequence Alignments

Protein sequence analysis typically involves the construction of pairwise or multiple
sequence alignments (MSAs) of relevant sequences. Protein sequence alignment is a notion of
sequences that places sequences in rows one under another so that identical or similar residues are
placed in the same columns. This is achieved by the addition of “gaps”, which represent “missing”
residues or stretches of residues so that the overall similarity of residues across all columns is
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 residues
and residues with similar sidechains, while the introduction of gaps and their length reduce the
score. However, such an approach 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 reflect the structural and functional similarity between the
proteins, positioning in the same column residues that have similar locations in the structure and
presumably have the same function or similar functions.

Before constructing an MSA one must determine the set of sequences that are to be aligned.
The standard routine for this is a similarity search, which is performed to retrieve from a sequence
database(a) all protein sequences that share at least some similarity with the one or sever sequences
of interest (query sequence(s)).

Sequence similarity search is typically performed by the BLAST software [68, 69]. This
set of tools constructs pairwise sequence alignments between the query sequence and all protein
sequences in the target database. Although BLAST tool set can be used also for DNA and RNA
sequences, in this work it was applied only to protein sequences and corresponding databases.
BLAST stands for the Basic Local Alignment Search Tool (BLAST), which signifies, that rather
than aligning entire sequences, the algorithm finds regions of local similarity between sequences.

Each time a short region of a query sequence matches a sequence in the target database, the local
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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 its length and the number
of identical and similar residue pairs. The significance of a match is estimated by an “expect value”
(e-value) which shows how many matches would have occurred with the same score by chance
when searching an entirely random sequence of the same length in 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 using T-Coffee software (Tree-based
Consistency Objective Function for Alignment Evaluation) [70]. 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, T-Coffee produces an MSA that is consistent with most of the intermediate data — pairwise
alignments and MSAs produced by other methods. In this work, the online version of the software

was used, either directly via http://tcoffee.crg.cat/ or the web service implemented in JalView [71].

The latter was also used for visualization and manual inspection of all alignments.

Alternatively, MSA containing protein(s) of interest can be obtained from protein family
databases, which already contain such alignments representing various protein families. In this
work, the protein family database Pfam [72] was used. Each entry in the Pfam database contains
a “seed” MSA of proteins representing a particular protein family or domain. This alignment forms
the basis for a profile hidden Markov model (HMM) which is used to automatically recognize the
presence of particular domains/families in protein sequences. The HMM profile is used to search
for matching protein sequences in a pfamseq database, which is specially created and curated for
this use. All protein sequences in the pfamseq database that match the profile well enough are also
aligned with each other and “seed” sequences to comprise a “full” MSA, also available for each
Pfam entry. In addition to the “seed” and “full” MSAs, Pfam provides the HMM profiles,
visualized as sequence logos that highlight individual conserved residues and motifs that are
characteristic for a particular family/domain. Generally, Pfam aims to cover as many protein
sequences as possible with the fewest number of models. This sometimes leads to Pfam entries
uniting proteins/domains which have varying activities or functions, so that many Pfam families
can be further subdivided into sub-families. For example, Pfam family PF00006 (“ATP synthase
alpha/beta subunits”) includes “ATP-binding” domains of both regulatory and catalytic subunits
of the rotary ATP synthases. On the opposite side, some superfamilies consist of proteins with
similar structure and function, but the sequences are so different that a single profile HMM cannot

cover them all. Such cases are addressed by Pfam clans, which unite multiple Pfam entries that are
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known to be evolutionarily related to each other. Specifically, all P-loop containing
families/domains in Pfam are united in the clan CL0023 “P-loop NTPase”. In this work Pfam

database (available at https://pfam.xfam.org/) was used to access MSA of particular families as

well as logo representations of HMM profiles of particular protein families.

2.2.2. Protein Structure Analysis

The main source of structural data used in this work is the Protein Data Bank (PDB) [73].
Since 1971, the PDB archive has served as the main repository of information about the 3D
structures of proteins, nucleic acids, and complex assemblies. The data, typically obtained by X-
ray crystallography, NMR spectroscopy, or fitting models into cryo-electron microscopy is
submitted by scientists from around the world and is freely accessible on the Internet via the
websites of its member organizations (PDBe at http://www.ebi.ac.uk/PDBe/, PDBj at
http://PDBj.org/, and RCSB at http://www.rcsb.org/). The PDB is overseen by the Worldwide
Protein Data Bank, wwPDB [74].

Currently, every newly determined protein structure has to be deposited with the protein
data bank before the scientific paper reporting on the structure can be published. The number of

structures in the PDB has exceeded 150 000, as indicated on at http://www.rcsb.org/. However,

one should remember that this number does not reflect the number of unique proteins. In many
cases, there are many entries of the same protein in the database - some variants with amino acid
mutations, some complexes with different bound molecules (substrate analogs, inhibitors, co-
factors), molecules crystallized in different conditions, etc.

In the analysis of crystal structures from PDB, electron density data should be considered

as well. Such data is available at the Uppsala Electron Density Server (EDS; http://eds.bmc.uu.se/)

[75]. EDS is a web-based facility that provides access to electron-density maps and statistics
concerning the fit of crystal structures and their maps. Maps are available for approximately 87%
of the crystallographic PDB entries for which structure factors have been deposited and for which
straightforward map calculations succeed in reproducing the published R-value to within five
percentage points. This data can be used to inspects electron density in poorly resolved parts of
the structure and observe the electron density of particles with low occupancy which were not
resolved in the PDB file.

Over the last decades, there has been a huge increase in the numbers of protein sequences
and structures determined. In parallel, many methods have 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, a 3D structure can often be used to detect very remote evolutionary relationships,
even after the amino acid sequence has changed beyond recognition. This work had relied on the
InterPro database as a source of structure-based 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
several member databases into a single searchable resource, capitalizing on their individual
strengths to produce a powerful integrated database and diagnostic tool. InterPro is used by
research scientists interested in the large-scale analysis of whole proteomes, genomes, and
metagenomes, as well as researchers seeking to characterize individual protein sequences. In this
work, InterPro was used to identify and assess all structures containing P-loop domains.

Structure analysis of transmembrane proteins, such as microbial rhodopsins (MRs) and G-
protein coupled receptors (GPCRs), requires information on their relative position and orientation
in the membrane. Due to the specifics of purification and crystallization methods, crystal structures
of membrane proteins usually do not contain membrane lipids, but often contain molecules of
detergent used in protein purification and crystallization experiments. The position of these
molecules, together with the distribution of polar and hydrophobic residues on the protein surface
can point to the position of the protein in the membrane. In this work "Orientation of Proteins in
Membranes" (OPM) database [76] was used to obtain protein structures with assigned membrane
limits. OPM provides spatial arrangements of membrane proteins relative to the hydrocarbon core
of the lipid bilayer. This database includes all unique experimental structures of transmembrane
proteins as well as some peripheral proteins and membrane-active peptides. Each protein is
positioned in the lipid bilayer of appropriate thickness by minimizing its transfer energy from

water to the membrane. OPM database is available at http://opm.phar.umich.edu/, where PDB-

format files with dummy-atoms indicating membrane borders can be downloaded.

While OPM provides a visual representation of the boundaries of the hydrophobic layer of
the membrane, structure analysis of transmembrane proteins can benefit from a more explicit
representation of the locations of lipid molecules around the protein. Particularly in this study, the
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 purpose, an all-atom structure
of a GPCR molecule in the membrane was constructed using CHARMM-GUI [77]. CHARMM-
GUTI is a web-based platform for the 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
assemblies (e.g. micelles and nanodiscs).

Specialized databases can be an extremely useful source of additional data. Such databases
arise in response to a particular interest in the scientific community towards a specific group of
proteins, type of interactions, or a type of small molecules present in experimental structures.
GPCRs are one of such targets of special interest since they make up the largest family of human
membrane proteins and drug targets. The GPCR database, GPCRdb serves the wide GPCR
community since 1998, providing reference data, web server analysis tools, and dynamic

visualization of data and statistics [78, 79]. Available at https://gpcrdb.org/, GPCRdb provides

contains data, diagrams, and web tools for GPCRs, including all GPCR structures and the largest
collections of receptor mutants. In this work, GPCRdb was used to survey all available structures
of GPCRs and the reference alignment between class A GPCRs. Reference structure-based
sequence alignments of GPCRs take into account helix bulges and constrictions.

Analysis of the abundance of available protein structures requires rapid construction of
protein structure superpositions. In contrast to the sequence alignments, three-dimensional
alignment is based on the comparison of geometrical positions of amino acid residues in the
structure, rather than the biochemical properties. Here several methods for protein structure
superposition are discussed as they are used for different tasks in this study. For the (super)family
of P-loop NTPases, comparative structure analysis was performed, which required superposition
of multiple proteins, often sharing only local structure similarity. For the (super)families of
heptahelical transmembrane proteins structure analysis required extensive search for the structure
similarity to ascertain possible relations between the two (super)families under investigation —
microbial rhodopsins and G-protein coupled receptors. Structure superposition methods used to
address these tasks are described below.

For the comparative structure analysis of the P-loop NTPases multiple structures,
representatives of particular protein families were selected manually. All proteins of this group
have an easily identifiable and highly conserved structural motif of a -strand and following a-
helix, that flank the titular P-loop. Hence, superposition of even the most distant homologs was
possible via direct superposition of their P-loop regions. This procedure was performed with the
PyMol build-in function "super". This function aligns two selections, each including a molecule
or its fragment. It does a sequence-independent structure-based dynamic programming alignment
followed by a series of refinement cycles intended to improve the fit by eliminating pairing with

high relative variability. This function was used to construct the superposition of multiple P-loop-
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containing proteins by matching the P-loop regions of all structures under investigation onto the
single reference structure.

On a larger scale, all available structures of P-loop NTPases were analyzed systematically
using an automated procedure. The list of PDB IDs for this analysis obtained from the InterPro
entry IPR027417 and narrowed down using the search engine of the RCSB PDB [80] to include
only structures containing Mg?* ion and at least one of the following NTP-like molecules (RCSB
PDB chemical IDs): ATP or GTP, non-hydrolyzable ATP/GTP analogs (ANP, ACP, AGS, GNP,
GCP, and GSP), or transition state analogs (ADP/GDP complexes with AlFs/AlFs, VO4*, or
BeFi/BeFs). MATLAB software [60] was used to evaluate the distances between the NTPs or
analogous molecules and the surrounding Lys/Arg residues. This evaluation was used to identify
the structures where the NTPs or analogous molecules were bound to a Lys residue (implying that
the molecule is not only present but bound to the P-loop with the P-loop Lys residue present).
MATLAB software [60] was used also to evaluate the phosphate chain shapes in each NTP-like
molecule or the transition state-mimicking complex. This automated procedure produced data that
reflects the shape and binding patterns of different NTP-like molecules that occur in the P-loop
NTPase structures.

The second group of proteins, addressed here, are the heptahelical transmembrane proteins
— G-protein coupled receptors and microbial rhodopsins. Diverse structure superposition methods
were applied to search for structure similarity between members of the two (super)families. This
task was addressed by using a structure of sodium-pumping microbial rhodopsin to perform a
PDB-wide search for similar structures. The best tools for this task are the JFATCAT-rigid
algorithm [81] and the PDBeFOLD server [82] because both of these methods are comparatively
fast and can perform similarity search across all structures in the entire PDB database.
Furthermore, both these algorithms produced sequence alignments that matched the results of the
respective structural superpositions.

The advantage of the JFATCAT-rigid algorithm is the availability on the PDB web-server
[80] of pre-calculated superpositions for a set of representative structures [81, 83]. The java-
version of the JFATCAT algorithm 1is also available at http:/www.rcsb.org/PDB
ID/workbench/workbench.do. The FATCAT (Flexible structure AlignmenT by Chaining Aligned

Fragment Pairs with Twists) approach simultaneously addresses the two major goals of flexible
structure alignment; optimizing the alignment and minimizing the number of rigid-body
movements (twists) around pivot points (hinges) introduced in the reference protein. In contrast,
currently existing flexible structure alignment programs treat hinge detection as a post-process of

a standard rigid-body alignment.
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PDBeFold service performs the PDB-wide similarity search using the SSM (Secondary
Structure Match) algorithm [82] implemented at http://www.ebi.ac.uk/msd-srv/ssm/. The SSM

algorithm of protein structure comparison in three dimensions includes an original procedure of
matching graphs built on the protein's secondary-structure elements, followed by an iterative 3D
alignment of protein backbone Ca atoms. PDBeFold service provides pairwise and multiple
comparisons and 3D alignment of protein structures, as well as the examination of a protein
structure for similarity with the whole PDB archive or SCOP archive. In most cases, the SSM
algorithm works very fast. A typical query - matching a protein of a few hundred residues against
the whole PDB or SCOP archive - takes less than a minute, a significant part of which falls on the
network communication.

For pairwise superposition of structures with high similarity, another algorithm
implemented in the PyMol package [52] was used. 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 during the fit. This
function was used to superpose 7TM proteins within one family (e.g. microbial rhodopsins with
other microbial rhodopsins). Finally, PyMol [52] was used for the visualization of all structures

and structure superpositions presented 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 (phototrophic organisms) 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 carriers. Hydrolysis of macroergic (high-energy) 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 products [84].

Nucleoside triphosphates (NTPs), particularly adenosine triphosphate (ATP) and
guanosine triphosphate (GTP) are the most important and universal macroergic compounds [85].
A nucleoside triphosphate (NTP) is a molecule containing a nucleobase (adenine, guanine, or
other), a 5-carbon sugar (ribose in ATP and GTP), and three phosphate residues. NTPs and their
derivatives also serve as the building blocks for nucleic acids (DNA and RNA) and have a plethora

of other roles in cell metabolism and regulation.
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Figure 3.1.1. Structure of NTPs: ATP and GTP. Figure created with ChemSketch [86].

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 as widely 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
energy-converting systems operate with either ATP, or GTP, or both [87, 88]. Some processes,

however, require a specific type of nucleotide, so the equilibrium between the concentrations of
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different nucleoside triphosphates must be maintained. This is achieved by the exchange of
terminal phosphate between different nucleoside diphosphates (NDP) and triphosphates (NTP) in
a reaction

XDP + YTP <— XTP + YDP,

where X and Y each represent different nucleobase, e.g. adenine or guanine. This reaction is
catalyzed by the nucleoside-diphosphate kinases [84].

Many properties of NTPs are well studied on the example of the ATP, but since the GTP
has a very similar structure (see Figure 3.1.1) majority of properties are shared in equal measure
by ATP and GTP [87, 88].

Hydrolysis of NTPs to nucleoside diphosphates is crucially important for many processes
in the cell [24, 89]. The reaction itself is exothermic and can be coupled with endothermic,
energetically unfavorable reactions to allow their progress [90]. NTP binding and hydrolysis can
also cause conformational changes in protein performing "switching" the protein from one state to
another and causing different signaling from it [91-95]. Finally, direct transfer of phosphate from
NTP to a substrate (e.g. in creatine kinase reaction, recently reviewed in [96]) or a protein itself
(e.g. in histidine kinases, for a recent review see [97]) can occur.

The most widespread NTPases are so-called P-loop fold NTPases that make up to 10-20%
of gene products in a typical cell [24-26]. They are found in rotary ATP synthases, DNA and RNA
helicases, proteins that hydrolyze ATP to perform mechanical work, such as kinesin, myosin, and
dynein, many GTPases, including ubiquitous translation factors and o-subunits of signaling
heterotrimeric G-proteins, as well as in other enzymes. P-loop fold domains appear to be some of
the most ancient protein domains dating back to the Last Universal Cellular Ancestor (LUCA) [24,
26, 65, 98-102]. The P-loop fold (CATH annotation 3.40.50.300; SCOP superfamily c.37.1,
PFAM clan CL0023) is a 3-layer apo sandwich [24, 103-106]. It contains the GxxxxGK][S/T]
sequence motif, commonly denoted the Walker A motif [107], see Figure 3.1.2. This motif binds
the triphosphate chain of an NTP molecule and is also referred to as the P-loop (phosphate-binding
loop) motif [108] or, in GTPases, as G1 motif [109]. In the P-loop fold, the conserved Lys residue
forms hydrogen bonds (H-bonds) with the O'® oxygen atom of B-phosphate and O*“ atom of -
phosphate groups of the NTP (hereafter, the atom nomenclature follows the recent IUPAC
recommendations [110], see Figure 3.1.2). Usually, the P-loop connects the first -strand and the
first a-helix of the P-loop domain. The Walker B motif #2hhD, where A’ stands for a hydrophobic
residue, provides the conserved Asp residue that usually serves as an additional Mg** ligand [107];
in G-proteins (P-loop GTPases) this motif is also called Switch II [111] or G3 [109]. One more
functionally important motif in G-proteins is the Switch I or G2 motif [109, 111], located between
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the Walker A and B motifs with only a single Thr/Ser amino acid conserved. In G-proteins, the
sidechain of this Thr/Ser residue coordinates Mg®" ion, while its backbone nitrogen forms an H-
bond with the y-phosphate group.

In this work amino acids of conserved motifs Walker A (P-loop, G1), Switch I (G2), and
Walker B (Switch II, G3) are referred to by their positions relative to the signature residues, namely
Lys (K) of the Walker A (P-loop) motif, Thr (T) or Ser (S) of the Switch I (G2) motif, and Asp
(D) of the Walker B (Switch II, G3) motif, respectively, see Figure 3.1.2. For example, the Ser/Thr
residue in the K+1 position coordinates the Mg?" ion in all P-loop fold NTPases (Figure 3.1.2).

An uncontrolled NTP hydrolysis would be detrimental for the cell survival. Therefore, the
specific feature of most P-loop fold ATPases is their activation upon each turnover. To achieve
that, the NTP hydrolysis reaction is divided into two steps. First, an NTP molecule binds to the P-
loop domain and attains a strained, catalytically prone conformation that is characterized by the
eclipsed orientation of the - and y-phosphates enforced by the signature Lys residue and the
cofactor Mg?* ion, as shown in Figure 3.1.2 [106, 112-116]. Second, the P-loop 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.g.
an Arg residue ("finger"), is inserted into the catalytic site and the cleavage of the NTP molecule
takes place [28, 29, 115-123]. The need for a specific activating interaction ensures that the fast
NTP hydrolysis proceeds not spontaneously, but in a controlled manner. Both the NTP binding
and its hydrolysis can be accompanied by large-scale conformational changes that could be used
for performing mechanical work, see, e.g. [91, 124].

To provide a distinction from the term “activating partner” which refers to a domain of the
protein, a separate protein, or a DNA/RNA molecule, the term “stimulating moiety” is used
hereafter for those moieties that activate the NTP hydrolysis by poking into the catalytic site.
Noteworthy, the original Latin meaning of “stimulus” — “a sharp stick used to poke cattle to get
them to keep moving” (quoted from https://www.dictionary.com/browse/stimulus) - nicely

describes the function of Lys and Arg fingers in biological motors.
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Figure 3.1.2. Phosphate chain binding in P-loop NTPases complexes. A. Crystal structure of the
transition state analog GDP:MgF3;™ bound to the RhoA/RhoAGAP complex (PDB ID 10W3
[125]). B. Crystal structure of the transition state analog GDP:AIF4 bound to the K*-dependent
GTPase MnmE (PDB ID 2GJ8 [28]). Proteins are shown as grey cartoons, conserved residues of
signature motifs are shown as sticks and colored as on panel C. Mg?" ions are shown in green,
water molecules are shown as red spheres. C. Conserved motifs in G-proteins and other P-loop
NTPases. As an example, motifs in Rho GTPase and related G-proteins are shown. D. Naming of
atoms according to [IUPAC recommendations for nucleoside triphosphates [110] and typical Mg?>*
coordination

It is customary to refer to the conformations of P-loop fold NTPases in the presence of their
activating partners with stimulating moieties inserted as "catalytically active" conformations [106,
117, 126, 127]. Correct identification of the active (catalytically productive) conformation in

distinct P-loop fold NTPases is important because enzymes attain these conformations
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immediately before reaching their elusive transitional states so that the active conformations are
usually used as a starting point in the QM modeling, see [128] for a recent review. Important hints
for clarifying the catalytic mechanism of P-loop NTPases are provided by their structures with
bound transition state analogs, such as NDP:AlF4+ or NDP:MgF3™ or NDP:VO4 complexes [28,
123, 125, 129-134]. The structures with NDP:AIFs or NDP:MgF3™ bound revealed a "catalytic"
water molecule W near the PY atom and almost in line with the bond between O® and P atoms,
see Figure 3.1.2A, B. In the NDP:VO4 complexes, one of the four oxygen atoms of vanadate
occupies the position of the catalytic water molecule [133, 135]. These structures, in support of
earlier suggestions, indicate that the ultimate cleavage of y-phosphate is triggered by the apical
nucleophilic attack of a polarized water molecule/hydroxyl Wea) on the terminal P¢ phosphorus

[4, 121-123, 134, 136-140].

3.1.2. Cation-dependent P-loop Nucleoside Triphosphatases

Some P-loop NTPases functionally depend on monovalent cations instead of the Arg/Lys
fingers (see Figure 3.1.3, Table 3.1). Many of these GTPases are functionally associated with
ribosomes. These include the tRNA modification GTPase MnmE [28], Nugl GTPase, essential
for 60S subunit assembly and nuclear export [31]; RbgA, the ribosome biogenesis GTPase A [32];
YjeQ/ RsgA, the ribosome-associated GTPase of unknown physiological function [141]; YchF, a
universally conserved ribosome-binding ATPase [35]; HfIX, the ribosome-associated GTPase
possibly involved in ribosome assembly [36]; Era (Escherichia coli Ras-like protein), a highly
conserved GTPase involved in ribosomal biogenesis [36]; EngA/Der, a protein involved in
ribosome biogenesis with two GTPase domains, each with K'-dependent activity [37, 38];
EngB/YsxC, a ribosome biogenesis GTPase [36]; YqeH, GTPase crucial for the maturation of
small (30S) ribosomal subunit [39]; and Drgl, a GTPase that interacts with translating ribosomes
[142]. These and other cation-dependent P-loop proteins are listed in Table 3.1. Notably, many
ubiquitous translation factors require K™ or NH4" ions for both intrinsic and ribosome-dependent
GTPase activity [18-21, 33, 143-145]. The K*-dependence of multiple ATPases and GTPases of
ancient families prompted phylogenetic analysis, which indicated that the K'-dependence was an
ancestral trait, lost in some families that employ arginine or lysine fingers instead [7, 8].

Crystal structures with potassium cation bound in the active site are available for two such
GTPases, namely MnmE — PDB ID 2GJ8 [28] and FeoB — PDB ID 3SS8 [146]). As seen in Figure

3.1.3, the K" ion occupies the same position as the positively charged amino group of the Arg/Lys
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finger in other TRAFAC NTPases, interacting with the oxygen atoms of phosphate groups.
Characteristic features of K'-dependent NTPases include an elongated Switch I region (the K-
loop) and two conserved Asn residues, Asn®3 and Asn** (see [7, 29, 39] and Figure 3.1.3). The
side chain of Asn® serves as the major K* ligand whereas Asn®" stabilizes the K-loop. The K-
loop provides two backbone oxygen atoms (from T-4 and T-6 residues) as further coordinating
ligands for the K™ ion [28, 29, 36, 39, 146]. Another common feature of K*-dependent NTPases is
the absence of a polar, "catalytic" residue; they belong to HAS NTPases (from Hydrophobic
Amino Acid Substituted) [147]. In MnmE and FeoB GTPases, catalytic water molecules are
stabilized by the backbone carboxyl of signature Thr residue of Switch I (K-loop) and the backbone

amino group of the GlyP"

residue of Switch II.

In most K*-dependent P-loop NTPases, Na" ions cannot functionally replace K* ions [32,
35, 38, 148-150]. The dependence on K* ions of multiple ubiquitous NTPases and the translation
system are often credited as one of the major reasons for the cells to maintain [K']/[Na']
ratio >>1.0 in cytoplasm [7]. Since natural habitats usually have more Na" than K, cells can spend
up to half of their energy to maintain the necessary [K"]/[Na'] ratio [151]. It was suggested that
the first cells originated in K'-rich environments, which would explain the K*-dependence of the
ancient cellular systems [7, 8]. However, it is unclear why the cellular machinery did not switch
its preference from K* to Na" over the course of evolution, despite the abundance of Na" in various
habitats [152]. The switch to Na-dependent systems instead of K-dependent would have been
extremely beneficial, particularly for the marine organisms, since they must expend a lot of energy
to deal with the [K']/[Na'] ratio of around 0.02 in sea water [153]. For P-loop NTPases, the
adaptation to Na" ion as a stimulating cofactor is, in principle, possible: NTP hydrolysis in certain
dynamins and dynamin-like proteins are stimulated by Na* as well as by K" ions [30, 154]. The
structures of such proteins show that Na' ions bind similarly to the K" ions in K'-dependent
NTPases [29]. Thus, the pervasive preference for K ions in other NTPases remains unclear.

Reactions dealing with phosphoanhydride bonds exhibit a preference for K* ions even in
the absence of proteins. As early as in 1960, larger monovalent cations, specifically Rb" and K™,
were shown to stimulate the transphosphorylation reaction more efficiently than similar ions of
the smaller size, such as Na" and Li" ions [41]. Notably, even the NH4" ions have this effect,
stimulating transphosphorylation on par with K ions, more effectively than smaller ions. These
findings suggest that the stimulating effect of the positively charged Arg/Lys fingers and K ions

could have a common mechanism and be defined mainly by the cation size.
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Table 3.1. Monovalent cation dependence of P-loop GTPases and ATPases

M. maripaludis

Protein name UniProt ID Cation Refs.
dependence
TRAFAC class
Dynamin-1 DYNI HUMAN | K™>Na" [30]
Dynamin-related protein 1A DRPIA ARATH |K' Na' [154]
GTPase Nugl GOSEW3 CHATD | K">Na" [31]
Ribosome biogenesis GTPase A RBGA BACSU K, noNa" | [32]
Ribosome biogenesis GTPase RsgA(YjeQ) RSGA ECOLI K* [141]
Elongation Factor Tu, E. coli EFTU1 _ECOLI K"™>Na" [18]
Elongation Factor Tu, H. marismortui EF1IA HALMA K"™>Na" [33]
Eukaryotic translation initiation factor 5B IF2P_ CHATD Na", K* [21]
Initiation factor IF-2 IF2 ECOLI K" [20]
tRNA modification GTPase MnmE MNME_ECOLI K", noNa" | [28]
Ferrous iron transporter B Q5M586 STRT2 | K',noNa" | [34]
Ribosome-binding ATPase YchF YCHF _ECOLI K", noNa" | [35]
GTPase HAX* HFLX BACSU | K [36]
GTPase Era ERA BACSU K", noNa" | [36]
GTP-binding protein EngA** B. subtilis DER BACSU K*,noNa" | [36,37]
GTP-binding protein EngA** T. maritima DER_THEMA K", noNa" | [38]
NO-associated protein 1 NOA1 ARATH K" [149]
Ribosome Assembly GTPase YqeH YQEH BACSU K*,noNa" | [39]
Developmentally-regulated GTP-binding DRG1_HUMAN | K" [142]
protein 1
GTP-binding protein EngB ENGB BACSU K™ [36]
Human GTPBP3 GTPB3 HUMAN | K" [155]
RecA-like family
Human meiotic recombinase Dmcl DMC1 HUMAN |K' [156]
Human DNA repair protein RADS51 RAD51 HUMAN | K* [157]
K", noNa" | [40]
Yeast DNA repair protein RADS51 RADS51_YEAST K* [158]
DNA repair protein RadA from M. voltae RADA METVO K" [159]
DNA repair protein RadA from RADA METMI K", noNa" | [160]

In the ‘Cation dependence’ column, ’K*” indicates that only K*-dependence has been shown; "K”,
no Na" indicates hydrolysis stimulation by K" ions and a lack of stimulation by Na" ions;
"K™>Na"” denotes more effective stimulation by K™ than by Na" ions; K", Na™ and "Na*, K"’ is
used when both cations have similar effects, with the more effective one listed first.

* The GTPase activity was measured at the same concentrations of KCl and NaCl of 200 mM, and
for some proteins (the second GTPase domain of EngA, HfIX, EngB, all from B. subtilis), the lack
of stimulation by cations has been reported [36]. However, higher concentrations of ions may be
required for these proteins in the absence of their activating partners, as has been shown for the

second GTPase domain of EngA [37].

** This protein has two P-loop GTPase domains, activity measurements were reported for the

whole protein.
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Figure 3.1.3. The active site of cation-dependent GTPase MnmE (PDB ID 2GJ8). Protein
surrounding the NTP-binding site is shown as a cartoon, functionally relevant residues are shown
as sticks, water and cations are shown as spheres: water in red, Mg in green, K in purple. The
phosphate chain is shown as sticks with oxygen atoms in red and phosphorus in orange; 7y-
phosphate mimicking group AlF4 is shown in gray and light blue. P-loop lysine and following
helix are shown in green, Asn®- is shown in purple, Switch I/K-loop is shown in yellow, Walker
B motif aspartate is shown in red. All distances measured in A.

3.1.3. Translation Factors

Most known cation-dependent P-loop NTPases belong to the TRAFAC class, named after
the translation factors. Protein synthesis on a ribosome is assisted by a plethora of proteins, many
of which contain GTPase domains with a characteristic P-loop fold and comprise several protein
families within the TRAFAC class, see [127, 161-171] for reviews.

Four translation factors are ubiquitous in bacteria, archaea, and eukaryotes. One of these
factors is the elongation factor EF-Tu (named eEF1A in eukaryotes and aEF1A in archaea) that,
in its GTP-bound state, is able to bind an aminoacyl-tRNA (aa-tRNA) by clasping it between the

GTPase domain from one side and the C-terminal domain from the other side. The resulting ternary
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complex binds to the ribosome; the GTP hydrolysis, however, takes place only if the aa-tRNA
corresponds to the mRNA codon. One more ubiquitous elongation factor EF-G (eEF2 in
eukaryotes, aEF2 in archaea) promotes the further translocation of tRNA and mRNA. Two other
ubiquitous factors have slightly differing functions in bacteria and archaea/eukarya, respectively.
In bacteria, the initiation factor IF2 recruits the Met-tRNA to the ribosome whereas its orthologs
elF5B in eukaryotes and alF5B in archaea promote binding of initiator tRNA to the small
ribosomal subunit (SSU) and its subsequent assembly with the large ribosomal subunit (LSU) into
a ribosome. Accordingly, in archaea and eukaryotes, elF-2 recruits Met-tRNA to the ribosome
whereas its bacterial ortholog SelB is specialized in the delivery of selenocysteine (Sec)-tRNA to
the ribosome [167, 172]. In archaea and eukaryotes, the latter function is performed by EFsec, an
apparent paralog of EF1A [172, 173]. Similar GTPase domains are also found in a plethora of
domain-specific translation factors, such as bacterial EF4, LepA, BipA, RF3, archaeal EF-1a,
eukaryotic eRF3, Hbs1, and even viral translational GTPases [165, 166, 174].

Translational GTPases are believed to have common ancestry [24, 171]. The four
ubiquitous factors are attributed to the Last Universal Cellular Ancestor (LUCA) [22, 171, 175].
Their genes stem from gene duplication events that preceded the LUCA [171, 176, 177].

By analogy with other P-loop fold NTPases, it was initially speculated that some Arg
residues might be involved in the hydrolysis stimulation in translation factors [178]. However, the
first crystal structure of the large ribosomal subunit revealed no Arg residues in the vicinity of the
GTP molecule [179]. Instead, the structure indicated that the activation of elongation factors EF-
Tu and EF-G might be mediated by one of the RNA loops of the large ribosomal subunit, namely
the so-called sarcin-ricin loop (SRL) [179]. SRL is one of the longest universally conserved
ribosomal RNA sequences (nucleotides 2653-2667, in E. coli numbering) [180]. The SRL loop
interacts with the GTP-binding site of translation factors immediately before GTP hydrolysis [127,
161, 167, 169, 179, 181, 182], see Figure 3.1.4.

Ramakrishnan and colleagues scrutinized the decoding-related structural changes in the
EF-Tu from Thermus thermophilus [127]. They showed that the ternary complex, formed by EF-
Tu, Mg-GTP, and aa-tRNA, binds to the "shoulder" of SSU. The recognition of cognate codon
takes place on the same SSU, but some 80 A away from the GTP-binding site of EF-Tu.
Recognition of the proper, "cognate" codon triggers a chain of conformational changes, including
conformational changes in the aa-tRNA and a "closing" motion of the SSU shoulder which moves
towards the LSU and shifts the GTPase domain of EF-Tu by 8 A enabling its binding to the SRL
of the LSU. The phosphate group of the invariant A2662 residue of the SRL forms a hydrogen
bond (H-bond) with a HisP** residue (His85°™* in T.thermophilus, His84P** in E.coli) of EF-Tu,
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which corresponds to the "catalytic" GIn®™*in other TRAFAC GTPases, and orients the side chain
of HisP™ so that an H-bond is formed between His®™* and a water molecule in the pre-attack
position [127]. In this way, recognition of the cognate codon enables the GTP hydrolysis, which
drives the translocation of the aa-tRNA towards the peptidyl transferase center. This coupling
ensures that the energy of GTP hydrolysis is released when it could be properly used. A similar

relation between codon recognition, the interaction of EF-Tu with SRL, and activation of the

catalytic water molecule was envisioned also for other translational GTPases [127, 161, 167, 169,

181-183].

Figure 3.1.4. The active site of translatlon factors. A. Translation factor EF-Tu bound to tRNA
and ribosome (PDB ID 4V5L). B. Translation initiation factor eI[F5B (517-858 fragment) (PDB
ID 4TMZ). Proteins surrounding the NTP-binding site are shown as a cartoon, functionally
relevant residues are shown as sticks, water and cations are shown as spheres: water in red, Mg in
green, K in purple. Non-hydrolyzable NTP analogs are shown as black sticks. P-loop lysine is
shown in brown, signature residues of cation-dependent G-proteins K-3 and Switch I loops are
shown in magenta, conserved glycine residues are shown in yellow, conserved threonine residues
are shown in cyan, Walker B motif aspartates are shown in red. RNA fragments (tRNA and SRL
loop) are shown as blue sticks, with oxygen and phosphorus atoms colored red and orange,
respectively. All distances measured in A.

These seminal findings, however, did not clarify how the fast GTP hydrolysis could take
place without positively charged stimulating moiety that interacts with the phosphate chain oxygen
atoms in all other classes of P-loop fold NTPases [115, 119, 121]. Indeed, the backbone of the
SRL is negatively charged. According to Adamczyk and Warshel, the minor reorientation of
HisP™ is unlikely to provide the same electrostatic impact as the insertion of an external Arg or

D+4

Lys finger [184]. And anyway, the His” ™ residue does not reach the phosphate chain [127, 167,
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183]. Hence, the counterpart of a stimulating Arg or Lys finger in the EF-Tu and other translation
GTPases has remained obscure.

Even earlier, it was noted that the K*-binding Asn®- residue of the K*-dependent GTPases
has an Asp as a counterpart in translational GTPases [7]. In K'-dependent GTPase YqeH, the
replacement of Asn® with Asp®~ did not affect the enzyme activity [39]. Translation factors have
been repeatedly shown to have K or NHy4" -activated GTPase activity starting from the 60s [18-
20, 143-145, 185-187], see also Table 3.1. Based on these observations, the available structure of
EF-Tu [127], and sequence comparison, translational GTPases were suggested to be K'-dependent
GTPases and a K* ion could be coordinated by Asp®?, Gly™2, and phosphate oxygen atoms of
GTP [7].

More recently, Kuhle and Ficner succeeded in crystallizing the GTPase domain of eIF5B
with K or Na" ions bound, see Figure 3.1.4B, and [21, 188]. These particular structures were
obtained with a truncated protein that formed non-physiological dimers in the crystal, so that the
Switch I loop of one protein was stabilized by a similar adjoining protein; in these non-

physiological dimers, the His?**

residue was turned away of the phosphate chain, see Figure 3.1.4B
and [21]. Still, this protein-protein interaction - by chance - shaped Switch I in a such way that it
could bind a monovalent cation, see [21, 188] for details. These authors also showed that GTP
hydrolysis by free eIF5B and aEF1A (archaeal analog of EF-Tu) was stimulated by monovalent
ions, whereby the hydrolysis by aEF1A was specifically stimulated by K* ions but not Na* ions.
Based on their data, Kuhle and Ficner suggested that monovalent cations serve as structural and
catalytic cofactors in translational GTPases [21]. In the structures of e[F5B, the monovalent ions
were coordinated by 0?4, 0% and O°C atoms of the phosphate chain, the side chain of the
Asp533%-3 residue of the P-loop, and the carbonyl oxygen of Gly555™2 of the Switch I loop [21],
in exact accordance with the earlier prediction for EF-Tu [7].

With free EF-Tu from E. coli, it was shown that its intrinsic GTPase activity (in the absence
of ribosomes and tRNA) was manifold stimulated by K" ions in the WT, but not in the mutant
where the Asp21%- residue was replaced by alanine [21, 189]. In the case of programmed (protein-
synthesizing) ribosomes, the Asp21%3 to Ala mutation caused a 640-fold drop in the GTP
hydrolysis rate, whereas the Asp21%to Asn mutations slowed the reaction only by the factor of
ten [189].

Still, even despite these spectacular data, the idea of translation factors being K*-dependent
GTPases [7, 21] has not obtained common acceptance. Specifically, Rodnina and colleagues
argued that the K* ion was not seen next to the phosphate chain in available ribosome structures.

They suggested that Asp® and HisP** residues and water molecules in the catalytic pocket form
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an H-bonded network so that "the million-fold rate acceleration brought about by the ribosome is
achieved solely by electrostatic stabilization and shielding effects, which were collectively denoted
as “allosteric™" (quoted from [189]). In the most recent comparative analysis of the mechanisms
of the EF-Tu and EF-G, it was noted that the activation of these GTPases involves a structural
allosteric effect; the nature of this effect was not specified [190].

Not only in the case of translation factors, but also in general there is no consensus on how
the interaction with an activating partner initiates the attack by Wea. Specifically, some authors
emphasized, based on structural analyses and mutant studies, that the insertion of the stimulating
group leads to reorientation of a “catalytic” polar residue towards Wa and its participation in the
catalysis as a base that accepts a proton from Weca, see [27, 140] for reviews. Jin and colleagues
coupled the activation with the reorganization of the hydrogen-bonded (H-bonded) network in the
catalytic site and increasing the nucleophilic properties of Weca by positively charged stimulating
Arg residue [123, 191, 192]. Warshel and colleagues argued that the common feature in P-loop
NTPases is the electrostatic stabilization of the transition state by cationic stimulating moieties
with the catalytic residue(s) playing only a secondary role of positioning Weae [ 122, 193]. Gerwert
and colleagues proposed, for small GTPases, that the stimulating Arg finger rotates the o-
phosphate towards an eclipsed conformation with respect to B- and y-phosphates, which would
destabilize the triphosphate chain [116, 194, 195]. Important hints are provided by protein
structures that were obtained in the presence of the NDP:AIF4 or NDP:MgF3™ complexes. In such
structures, a water molecule is usually seen in the apical "attack" position next to the Al/Mg atom,
so that the NDP:AlF4 or NDP:MgF3™ complexes are believed to be the most exact mimics of the
transition states [123, 131, 134, 196].
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3.2. Results and Discussion

3.2.1. Interactions of Monovalent Cations with NTPs in Water

The preference for large monovalent cations is an attribute not only of P-loop NTPases but
of the ATP transphosphorylation reaction that occurs in solution in the absence of proteins [41].
Notably, both K" and NH4" ions have a stronger effect on the reaction, than the smaller Na" ions
[41]. This indicates that the catalytic effect is mostly determined by a positively charged sphere of
a certain size, rather than by intrinsic properties of metals. Thus, molecular dynamics simulations
can be applied to this system, to investigate the binding of different monovalent cations to the
phosphate chain of NTPs and explain the effect cation of different sizes may have on the hydrolysis
reaction.

Molecular dynamics (MD) simulations were conducted, describing the behavior of the
Mg**-ATP and Mg?"-GTP complexes (hereafter Mg-ATP and Mg-GTP). The simulations were
conducted separately in pure water and in water with the addition of K, NH4", or Na" ions
(hereafter M"), see Chapter 2.1.2 for details. For the initial structure for the MD simulations, the
conformation of the Mg-ATP complex was generated, with the Mg?" ion placed between O'® and
0°S oxygens of the B- and y-phosphate groups and four water molecules placed manually around
Mg?* to complete its coordinational sphere (see Figure 3.1.2D). The chosen mode of
Mg?* coordination is referred to as bidentate or Py coordination. Such coordination was reported
for the Mg-ATP complex in water by NMR studies [197-200]; and can be seen in experimental
structures of P-loop NTPases with NTPs or NTP-like molecules (see [108, 117, 201, 202] and
Figure 3.1.2). Before the MD simulations, the Mg-ATP complex conformation was optimized in
a vacuum with the PM3 Hamiltonian. To prepare the simulation cell, the optimized structure was
placed in a box, then six M" ions, 4 CI" ions, and 1200 water molecules were added. The total ionic
strength of the final solution was 0.2 M.

Since the P-loop NTPase structures contain specifically the By conformation of the Mg-
ATP complex, to gather enough data on this specific conformation additional MD simulations
were conducted, in 25 independent 20-ns long runs, with and without M ions. The simulations
were conducted for both Mg-GTP and Mg-ATP complexes (Table 2.1). The conformations
sampled from MD simulations were used to analyze the shapes attained by the phosphate chain
depending on the presence of particular M ions. Generally, the results for the ATP and GTP
complexes were very similar, therefore hereafter only the Mg-ATP data is described. The

corresponding data for Mg-GTP complexes are shown in Supplementary Figures S1-S2.
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3.2.1.1 Binding of monovalent cations to Mg?*-NTP complexes in water

MD simulation data was used to obtain distance distributions, which reveal that M" ions
can form different coordination bonds with ATP phosphate chain oxygen atoms. The respective
lengths of these bonds were 2.2 A for Na®, 2.6 A for K*, and 2.7 A for NH4" ions (Figure 3.2.2).
These distances match well with the distances observed in crystallographic structures [203-205].
Cation binding was also evaluated by calculating the number of ions within the 4 A distance of the
phosphate chain, on time average. In the case of both Na" and NH4", 1.5 cations were present, and
in the case of K - 0.75 cations (see Figure 3.2.1). For each of the three ions, the first interaction
occurs at distances shorter than 4 A and a less prominent second interaction is at around 6 A.
Monovalent cations can be seen interacting with all free oxygens of the phosphate chain (Figure
3.2.2). The phosphate chain contains two ester bond oxygens, but only the O*® between B- and y-
phosphates is involved in interactions with cations. This atom interacted less often with NH4" than
with K™ and Na". All M" ions occur more often near oxygen atoms of y-phosphate than near p- or
a-phosphates (Figure 3.2.2). The peak distances from the cations to the oxygens were the same 2.7
A for K" and NH4" ions, and for Na* the peak occurs at 2.2 A (Figure 3.2.2).

Two distinctive binding sites for M" ions were identified from the radial distributions of
ions around specific oxygen atoms (Figure 3.2.2) and the superposition of the system
conformations, sampled from MD simulations (Figure 3.2.3). Cations in the first site are
coordinated by the oxygen atoms of - and y-phosphates, and the second site - by oxygens of a-
and y-phosphates. Hereafter these binding sites are referred to as BG and AG sites,
correspondingly. An additional site of M" ions binding can be seen at the distal end of the ATP
triphosphate chain, as the ions are coordinated by an oxygen atom(s) of the y-phosphate (the G
site(s), Figure 3.2.3). This aggregation of ions near the y-phosphate is referred to as the G site.
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Figure 3.2.1. Quantitative evaluation of cations binding to the ATP in the MD simulations. A.
Probability distribution functions plotted for M" ions around the phosphate chain. The plots show
the number of ions within an area around NTP phosphorus atoms as a function of the area radius.
B. Free energy of the M" binding plotted as a function of the distance from the phosphate chain,
estimated from the probability data shown on panel A.
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Figure 3.2.2. Radial distribution of cations around phosphate chain oxygen atoms.
A. Atom names, according to the CHARMM naming scheme [49] and the IUPAC
recommendations [110]. B-D. Radial distributions of K*, NH4" and Na" ions, respectively around

specific oxygen atoms. Dashed lines show graphs for the oxygen atoms of ester bonds (O** and
O°B). For the NH4" ions, the distances were measured to the nitrogen atom.
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Figure 3.2.3. ATP phosphate chain conformations sampled from the MD simulations, superposed.
The triphosphate chain is shown with a-phosphate on the top and y-phosphate on the bottom.
Cations are colored differently to differentiate between the AG and BG sites. lons outside these
sites are shown as transparent spheres. Conformations were sampled with a 5-ns interval and
superposed to align the positions of the phosphate chain atoms.

To describe M" binding separately in the AG site and the BG site, the distances were
measured between each M" ion and the nearest oxygen atom of a-, B-, and y-phosphates (see
RAG and RBC in Figure 3.2.4). The occupancy of each site was calculated, as shown in Figure
3.2.4B-D, as the number of M" ions present in or near each binding site on time average. All ions
exhibit a prominent peak in the REC distribution. Notably, the RBC values peak at the same
distances as the distances to individual oxygens (Figure 3.2.2B-D). This shows that the M" ions in
the BG site formed coordination bonds simultaneously with two oxygen atoms. In the AG site,
both NH4" and Na* ions exhibit peaks in the RAY distribution with the maxima at 2.7 A and 2.3 A,
matching the values for individual distances as well. The same is true for K" ions, however, the
peak in a RASvalue of 2.6 A was wide, as compared to other cations. Still, the distance
distributions plotted for individual oxygen atoms show that oxygens of y-phosphate had the most
frequent contact with K™ ions, see Figure 3.2.2.

While M" ions occupy the same binding sites, they exhibit different affinity, in decreasing
order: Na" > NH4" > K" (Table 3.2). This corresponds to experimental studies, showing that ATP
affinity to Na* ions is higher than to K" and NH4" ions, although the monovalent cation affinity
data is only available for ATP without Mg?* (Table 3.2). Occupancy observed in the AG site was
much lower than in the BG site for all M" ions; on time average the occupancy of the BG site was
calculated as 0.95 for Na*, for NH4" it was 0.72, and 0.5 for K, while for the AG site it was 0.15
for Na', 0.2 for NH4", and 0.05 for K" (see Figure 3.2.4B-D).

In the MD simulations of Mg?>*-GTP complexes, monovalent cation binding exhibits the

same features as in the simulations of Mg?"-ATP complexes, see Supplementary Figure S1.
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Figure 3.2.4. Characterization of cation binding sites on the ATP phosphate chain. A. Mg-ATP
complex with two M" ions bound, in AG and BG sites, respectively. Distances from M" ions to
the binding sites (hereafter R*% and RS, respectively) were estimated as an average of two
distances to the corresponding oxygens, as shown on panel A. B-D. RS and RBY distributions for
potassium, ammonium, and sodium ions, respectively.

Table 3.2. Experimental data on monovalent cation binding to ATP and Mg?*-ATP complex.

Cation Ionic radius igi;lﬁl;%rﬁo()f Binding to ATP in the absence of|Binding to Mg-
b - 2+ o

(A) ylation, %, ¢ Mg?* (log(Kg), 25°C ATP (log(Ks)

Na* 1.02 28 1.31+0.03¢ | 1.989+0.007 | 1.93¢ 2.76

K" 1.38 64-73* 1.17+0.03¢ | 1.873+0.005¢ | 1.99¢ |0.88

NH, |1.44 27 N/A 1.76

* measured for different salts: 64% with KCI and 73% with K>SOas.

a —data from [41]; stimulation of transphosphorylation by 100 mM M" in the presence of 50 uM
MnCl; b — data from [205] ; ¢ — data from [206] ; d — data from [207]; e — data from [208]; /—
calculated from MD simulations

Comparatively weak K" binding in the AG site can be explained by thermodynamic and
structural analysis of the phosphate chain shape in the Mg-NTP complex with two K" ions bound.

However, this analysis was hindered by the low population of such complexes (with two K ions
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bound) in the simulations. Therefore, additional MD simulations were conducted with the cations
fixed by positional restraints (see the full list of all simulations in Table 2.1). These simulations
consisted of 10-ns simulations of either Mg-ATP complex in the By coordination and K" ion placed
in the BG site; or Mg-ATP complex in the By coordination with two monovalent cations, placed
one in each site. All K™ and Mg?* ions and the N1 atom of the adenine base were secured in their
relative locations by positional restraints. The simulations show that when the second K ion binds
in the AG site it stabilizes all the three phosphate groups in a conformation close to fully eclipsed
so that the phosphorus-oxygen bonds are almost coplanar between a-, -, and y-phosphate groups
(see Figure 3.2.5; Table 3.3). Only in such conformation, the distances between the oxygen atoms

of a- and y-phosphates were short enough to allow the second K* ion binding in the AG site.

Table 3.3. Dihedral angles values in the Mg-ATP phosphate chain with K ions bound.

Structure pop T T
?gflgﬁi?riulaﬁon) +69+31° | +10+25° N/A*

?g/lgl_)ﬂriﬁﬁion) +23+£40° | -4+18° +9+65°
?gflgﬁi?riflﬁon) +13£24° | -2748° 1 1226°

A dihedral angle is defined as an angle between two planes that is defined by four atoms. The
dihedral angles between phosphates were defined as follows: ¥*P = 2O?A-PA-PB.O?B; whr = L O!B-
PB-PS-Q!S; and ¥*7 = 20'A-PA-PS-0O%C, see also Figure 3.2.5. During the analysis of MD
simulation data, the average and standard deviation values for dihedral angles were obtained by
fitting the angle distribution histograms with normal functions, using the MATLAB function “fit”.
All angle distributions were fitted with one-term Gaussians, with the exception of the ¥# angle
in the case of the Mg-ATP with two K ions; this distribution was fitted with two-term Gaussian,
and parameters are shown for the highest peak. Distribution histograms and fitted curves are shown
in Figure 3.2.5.

* The rotation of a-phosphate is unrestricted and the corresponding dihedral angles can take any
values between -180° and 180°.
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Figure 3.2.5. Eclipsed conformation of the phosphate chain, induced by M™ ion binding.

A. Mg-ATP complexes bound to one and two K" ions as sampled from MD simulations. B.
Dihedral angle distribution histograms, describing phosphate chain conformations obtained from
MD simulations, blue — ATP-Mg-K complex, purple — ATP-Mg-2K complex. Normalized
histograms are shown as thin lines, fitted normal distribution functions are shown as thick lines.
Dashed lines point to centroid values of each fit. All dihedral angle distributions were fitted with
one-term Gaussians, except for the PP angle in the Mg-ATP-2K complex, which distribution was
fitted with the two-term Gaussian. C. Scheme illustrating the definition of the dihedral angle on
the example of W*7.
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3.2.1.2 Phosphate chain shape in Mg?*-NTP complexes in water as observed

in MD simulations

Hydrolysis of the bond between B- and y-phosphates proceeds via a planar transition
complex, so that the PB-O*B-PC angle widens when approaching this transition state [122, 123,
134, 140, 209-212]. Thus, the PB-O*B-PY angle can indicate how susceptible is a particular
conformation to the cleavage of this bond. Another important structural characteristic of Mg-ATP
complex is the overall shape of the phosphate chain, which could be straight or curled/bent in a
bow. The PA-PS distance was used as an indicator of the general phosphate chain shape — longer
distances indicate that the phosphate chain is straight, while shorter distances indicate that the
phosphate chain is curled. During the MD simulations, distances P*-P®and angles PB-O3B-
PS attain values that indicate several distinct conformations of the Mg-ATP complex (Figure
3.2.7). These conformations correspond to different types of Mg?*ion coordination by the
triphosphate chain (see Figure 3.2.6). The ATP molecules were observed switching between the
By conformation and the tridentate so-called ofy conformations. In the latter, the Mg”* ion is
coordinated by three oxygens of the phosphate chain, one from each phosphate. This type of Mg**
coordination, as well as the bidentate By coordination, was reported in *'P NMR studies [199, 213]
and can be seen in some protein structures [214, 215]. In the MD simulations reported here, slightly
different variations of the apy conformation were observed, as the Mg®" ion was coordinated by
different specific oxygen atoms of the triphosphate. Additional series of short simulations were
performed to evaluate the effect of monovalent cations on the lifetime of the By conformation
(simulations 5-8 in Table 2.1). These simulations did not show significant differences in the
stability of the By conformation of the Mg-ATP complex depending on the type of monovalent
cation present in the simulation (Supplementary Table S1).

The distance PA-PY and angle PB-O*B-PS were used to evaluate the conformation of the
ATP phosphate chain and its dependence on the type of M" ions present. These measurements
were taken from each conformation sampled from the MD simulation (Figure 3.2.7, Table 3.4).
All M" ions seemed to induce shorter conformations of the phosphate chain, indicated by shorter
PA-PY distances, as compared to the Mg-ATP complex in the absence of M*. However, the PA-PS
distances were longer in the simulations with K ions, than in the simulations with NH4" or
Na' ions. Additionally, in the presence of Na”and NH4", the phosphate chain was attaining an
even shorter, curled conformation. These curled conformations were not present at any point in

the simulations with K* ions or in simulations without additional M* ions (Figure 3.2.7, Table 3.4).
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Conformations sampled from the MD simulations were plotted on heatmaps using the P5-
O’B-PS angle and PA-PS distance as coordinates (Figure 3.2.8). The coloring of each cell represents
the probability (estimated as normalized frequency) of the Mg-ATP complex structure that fits the
corresponding measurements. Since the Py coordination of Mg?" corresponds to the NTP
conformations seen in the structures of P-loop proteins, these conformations were also sampled
from additional simulations and plotted separately. Among those, the longest PA-PC distances, up
to 5.5 A, were seen in the absence of monovalent cations (Figure 3.2.8). In the presence of M*
ions, the longest PA-PC distances were observed in the simulations with K* ions. The addition of
M" ions to the system prompted a notable decrease in the PA-PY distances (Figure 3.2.8, Table
3.4). However, there were no notable differences in the PE-O°B-PS angles between the simulations
with different M ions or without such ions (Figure 3.2.8, Table 3.4).

The conformations of triphosphate chains in Mg-GTP complexes observed in the
simulations with and without monovalent cations were similar to those observed for Mg-ATP

complexes, see Supplementary Figure S2.
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Figure 3.2.6. Coordination bonds between Mg?* ion and the phosphate chain oxygen atoms in MD
simulations of Mg-ATP complex. Black vertical lines mark borders between individual simulation
runs. The names of oxygen atoms are shown in Figure 3.2.2.
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Figure 3.2.7. Phosphate chain geometry of Mg-ATP complex tracked throughout MD simulations.
Left — tracks of PA-PS distances (top) and the PB-O°B-PY angle (bottom). Measurements observed
in MD simulations are shown in gray, moving average with a 2 ps window is shown in red. Boxes
show fragments of the simulations, which were chosen for further analysis of particular
conformations of the Mg-ATP complex; corresponding conformations of Mg-ATP and
surrounding M" ions are shown on the right. The color scheme is the same as in Figure 3.2.3.
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Table 3.4. Effects of M" ions on the triphosphate chain shape of Mg-ATP complex in water.
Phosphate chain conformation Mg-ATP?

By-coordination,
"curled" phosphate chain

Added | By-coordination apy-coordination

cation pA_po PB_OB_pC | pApo PB_OB_pCG | pApC PB_OB_pO
distance, A | angle distance, A | angle distance, A | angle

None | 546034 |1223+35 | N/A 476+0.18 | 124.9+33

Kt 491+024 | 122.0+3.3 | N/A 432+024 | 128.0+3.5

Na* 4.69+0.22 [ 1229+32 [4.60+0.22 |124.0+33 |426+037 | 127.7+3.6
NH,* 4.85+0.22 [ 1223+33 | 456+0.21 |124.6+33 |4.22+0.16 | 127.8+3.9

@ _The conformations of the Mg**-ATP complex (see Figure 3.2.7). The mean values and the
standard deviations of distance PA-PS (in A) and angle PB-O*B-PC (in degrees) were calculated
over the corresponding parts of the MD simulations. Time periods corresponding to By and afy
coordination of Mg?" were determined by measuring distances between Mg?" and nearest non-
bridging oxygens of the phosphate chain; time periods corresponding to the “curled” conformation
were determined from PA-PY distance tracks (Figure 3.2.7). Distances and angles for the ofy
coordination of the Mg?* and for the curled phosphate chain conformations were obtained from

simulations 1-4 in Table 2.1; measurements of the fy-coordination were obtained from simulations
5-8 in Table 2.1.
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Figure 3.2.8. Heat maps of the phosphate chain conformation distributions of the Mg-ATP
complex as observed in MD simulations. Conformations were sorted based on distances PA-P¢ and
angles PB-O°B-PY and plotted as heatmaps. Heatmaps for systems with M" ions show only those
conformations of Mg-ATP complexes, that have at least one M ion present within a 4 A radius of
the phosphate chain. The colors reflect the probability (estimated as normalized frequency) of the
corresponding conformation. Dashed lines outline areas of the conformational space of NTP-
mimicking molecules observed in X-ray structures of P-loop proteins: blue for the non-
hydrolyzable analogs, red for the transition state analogs (see Figure 3.2.9). A. Data from
simulations no. 1-4 in Table 2.1. B. Data from 4 x 20 ns simulations ATP exclusively with the By
coordination of Mg** ion (no. 5-8 in Table 2.1).
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3.2.1.3 Phosphate chain shape in the P-loop NTPase structures

The binding of the Mg-NTP complex to a P-loop NTPase inflicts constraints on the
phosphate chain so that only certain conformations are allowed. The conformations of the
substrate, as seen bound in the catalytic site of an enzyme appear to be catalytically prone.
Specifically, for the P-loop NTPases, binding of an NTP molecule to a P-loop domain alone,
without an activating partner was shown to increase the hydrolysis rate by several orders of
magnitude relative to the hydrolysis of NTP in water [216, 217].

Crystal structures of P-loop NTPases were analyzed to describe the conformations of
triphosphate chains and the relative locations of positively charged groups in the vicinity. This
data was compared with the conformations of Mg-ATP complexes observed in MD simulations.
The InterPro [218] entry for ‘P-loop containing nucleoside triphosphate hydrolase’ (IPR027417)
lists 2,899 X-ray and 55 NMR structures of proteins with P-loop domains. From that list only those
X-ray structures were selected, that contain Mg?* ions, resulting in a list of 1,333 PDB IDs.
Selected structures were analyzed with MATLAB scripts to identify and select structures that
contain an NTP molecule, or a non-hydrolyzable analog, or an NDP complex mimicking the
transition state. Additionally, NTP-like molecules were only considered if at least one Lys residue
was present in their vicinity so that the distance from the NZ atom of Lys sidechain to the nearest
of the phosphate chain phosphorus atoms (or the corresponding atoms in transition state-like
complexes) was less than 4.5 A. In total, 1357 complexes of NTP-like molecules with proteins
have been identified and used in the phosphate chain shape measurements. Protein structures with
proper ATP/GTP molecules, non-hydrolyzable NTP analogs, and analogs of the transition state
were analyzed separately. Structures with the transition state analogs, such as ADP and GDP
complexes with AlF3/BeF;/MgF3™ or AlF4 moieties that mimic the y-phosphate group [123, 131,
132] were taken as the closest approximations of the most catalytically prone phosphate chain
shapes.

Structures with native ATP/GTP and different analogs have been analyzed separately. ATP
and GTP molecules are usually present in the structures of inactive proteins, so the majority of
such structures do not represent productive phosphate chain conformations. Non-hydrolyzable
analogs cover exhibit smaller values of the PB-O°B-PY angle since, in such molecules, the ester
oxygen between P® and PY is replaced with a different atom (N in ANP, GNP; C in ACP, GCP).
In GSP and ASP instead, one of the oxygens of the y-phosphate is replaced with S. Transition state
analogs represent a variety of conformations from hydrolysis-prone conformations of the substrate,

via conformations that correspond to different steps of hydrolysis, to completely separated
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products. In the latter case, the distance between P* and P® (or corresponding atom in analogs)
exceeds 5.5A, indicating complete separation of the y-phosphate-mimicking group from
ADP/GDP; whereas the “PB-O*B-PS” angle decreases due to the displacement of the former ester
oxygen atom that becomes the free terminal oxygen of B-phosphate. For comparison with the MD

data, only the major cluster of true transition state-like conformations was considered.
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Figure 3.2.9. Phosphate chain conformation of NTP analogs in X-ray structures of P-loop
NTPases. The most populated areas as shown by the heat map isotherms of the conformations
distribution. Isotherms selected to represent crystallographic data for the comparison with the
conformations sampled from MD simulations are shown as bold lines. A. Conformations of ATP
and GTP molecules. B. Conformations of non-hydrolyzable analogs (PDB IDs: ANP, ACP, AGS,
GNP, GCP, GSP). C. Conformations of complexes, mimicking the transition state (ADP or GDP
in complex with AlF3/AlFs", BeFs/BeF4, or VO4*). While ADP:BeF; and ADP:BeF4 complexes
can attain both the shape of the transition state and the ground state, depending on the geometry
of the active site [219], they were grouped with the transition state analogs.

To investigate the phosphate chain shapes of NTP and NTP-like molecules bound to the P-
loop proteins, the same parameters were used as for the analysis of MD simulation results, namely
the distance PA-PY and the angle PB-O*2-PS (or the analogous distance and angle in NTP-like
molecules). These two parameters were used as coordinates, in which the geometries of NTP-like
molecules from the X-ray structures were plotted (see Figure 3.2.9). The resulting plots were
superimposed onto heatmaps of the Mg-ATP phosphate chain conformations, obtained from MD
simulations (Figure 3.2.8). Heat maps of the top row of Figure 3.2.8, include all conformations of
Mg-ATP, including those not observed in X-ray structures of P-loop NTPases, but only in MD
simulations in water. Particularly, this includes all conformations with afy coordination of Mg**,
see Figure 3.2.7. Thus, the conformational space of Mg-ATP complexes observed in MD
simulations overlaps only partially with the conformations of NTP-like molecules bound to the P-

loop NTPases (Figure 3.2.8A). The scope of the overlap is different depending on the nature of
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the M" ion used in MD simulations: with K* it was the highest and with Na* - the lowest. Notably,
conformations of Mg-ATP complex sampled from MD simulations correspond better to the shapes
of non-hydrolyzable analogs, than to the shapes of the transition state analogs (see Figure 3.2.8A).
However, phosphate chain geometries, obtained from simulations with K ions overlap with both
types of experimental structures (non-hydrolyzable analogs and transition state analogs) better,
than the geometries observed in the simulations in the presence of sodium cations. Furthermore,
the overlap between the conformational spaces of transition state analogs, sampled from X-ray
structures, and Mg-ATP as observed in the MD simulations with Na" ions is completely absent.
For further analysis of the phosphate chain conformation with By-coordinated Mg?" ion
more conformations of Mg-ATP and Mg-GTP complexes were sampled from short MD
simulations (simulations 5-12 in Table 2.1). These conformations were compared with the data
from X-ray structures, as described above. Conformation spaces of the phosphate chain in MD
simulations plotted as heat maps show that without any M" ions the phosphate chain attains
remarkably elongated geometry, indicated by large P*-PC distances. Such shapes could not be
observed in the simulations with monovalent cations and are not present in the X-ray structures.
In the simulations with added M" ions, the P“-PY distances were shorter. Particularly in the
presence of sodium cations, the phosphate chain of Mg-ATP complex was notably shorter than in
X-ray structures of P-loop proteins (Figure 3.2.8B, C). In contrast, MD simulations with K or
NH4" ions produced the phosphate chain shapes that match almost exactly to the conformational
space of the NTP analogs obtained from the crystal structures of P-loop proteins. Phosphate chain
shapes sampled from these simulations overlap well with the conformations of non-hydrolyzable
NTP-like molecules and even cover partially the space of the transition state analogs (Figure
3.2.8B, C). Still, some of the transition state analog conformations have severely widened PB-O3-
PY angle (>135°) and did not overlap with any of the structures sampled from MD simulations.
Altogether, Figure 3.2.8B/C and Figure S2 show that in molecular dynamics simulations
of Mg-ATP and Mg-GTP the phosphate chain attains conformations, similar to those present in
X-ray structures of P-loop proteins when with K™ or NH4" ions are present in the system, while in
the presence of Na"ions such overlap between protein-bound experimental structures and

simulated solution structures is noticeably smaller.
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3.2.2. Cation Binding in P-loop NTPases

For further specific analysis of M" ions role in P-loop NTPases, 10 X-ray structures of P-
loop proteins from different families were selected as representatives. All selected structures
contained bound NTP-like molecules (or complexes) so that positions of all three phosphates could
be seen. Selected structures were superposed onto the structure of the K'-dependent P-loop
GTPase MnmE (PDB ID 2GJ8) [28] by aligning their P-loop regions (see Figure 3.2.10). Finally,
positively charged residues (Lys and Arg), as well as cations (where present), around the phosphate
chain were shown. Figure 3.2.10 reveals that the M" ions binding sites seen in the MD simulations
(Figure 3.2.10A) are also taken by the positively charged residues or ions in X-ray structures of P-
loop proteins (Figure 3.2.10B, C). Specifically, the BG site is always inhabited by the side chain
amino group of the signature P-loop lysine. The AG site in different proteins is taken by either an
M ion (Figure 3.2.10B) or a positively charged side chain of the stimulating residue, e.g. an
arginine finger (Figure 3.2.10C). In some structures of K* dependent proteins, this space is taken

by a water molecule.

Figure 3.2.10. Distribution of positively charged moieties near the phosphate chain of Mg-GTP
and Mg-ATP complexes. A. Cation positions sampled from MD simulations with K ions. Only
one conformation of the Mg-ATP complex is shown, all K positions were sampled from
complexes with By coordination of Mg?*. B. Superposition of cation-dependent P-loop NTPases:
dynamin-like protein (PDB ID 2X2E), translation factor eIF-B5 (PDB ID 4TMZ), Fe transporter
FeoB (PDB ID 3SS8), and GTPase MnmE (PDB ID 2GJS), see Table 3.6 for details. C.
Superposition cation-independent P-loop NTPases: Rho/RhoGAP complex (PDB ID 5JCP),
atlastin (PDB ID 4IDQ), Fi-ATPase (PDB ID 1H8E), GTPase of the nitrogenase complex (PDB
ID 1N2C), ATPase subunit of human 26S proteasome (PDB ID 6MSB), DNA helicase Pifl (PDB
ID 506B).Atoms are colored the same as in Figure 3.2.3; proteins are shown as grey cartoons, Lys
are Arg residues are shown as sticks, with sidechain nitrogen atoms shown as blue spheres.
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Table 3.5. Activation mechanisms within TRAFAC and RecA/F1-like classes of P-loop NTPases

Superfamily Family Stimulating | Activation mechanism
charge
Kinase-GTPase division, TRAFAC class
Classic translation | EF-G/EF-2 K" Functional interaction with
factor GTPases EF-Tu/EF-1A K" ribosomal RNA/other
EIF2G K* protein(s)/other domain(s) of the
ERF3 K* same protein
IF-2 K [18, 20, 21, 31-33, 35-38, 141, 142,
LepA K 149, 155]
OBG-Hf1X-like HfIX K"
GTPases OBG K"
NOG K"
YchF/OLAL1 K"
YIgF/YawG NOG2 K"
GTPases RsgA K"
TrmE-Era-EngA- EngA (Der) K*
EngB-Septin-like EngB K"
GTPases Era K"
FeoB K" Dimerization (e.g. mRNA-
MnmE K* associated in the case of MnmE)
Septin Arg finger | [30, 220, 221]
Toc34-like Arg finger
Dynamin-like hGBP Arg finger
GTPases Dynamin K'/Na*
Extended Ras Ras family Arg finger | Interaction with a specialized
Go subunits Arg finger | activating protein or domain [27,
Myosin/kinesin Myosin Arg finger | 222]
Kinesin Arg finger
ASCE division, RecA/F1-like class
DNA-repair and | RecA Lys finger | DNA/RNA-dependent
recombination RadA K oligomerization [223]
ATPases
Rho helicases Rho Arg finger | Interaction an adjascent subunit in a
T3SS ATPases YscN Arg finger | hexamer [224-227]
Flil Arg finger
F-/V-type ATPases | V-type A
F-type
V-t};i))e[; Arg finger
F-type a
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In all selected representative P-loop NTPase structures, the phosphate chain attains the
extended conformation, of a similar shape to the conformations present in MD simulations with
larger K" and NH4", but not smaller Na* ions (Figure 3.2.8). This elongated shape is enforced by
numerous interactions between the phosphate groups and the P-loop motif residues, see [121].

Two classes of P-loop NTPases include both M*-dependent and independent proteins. The
activation mechanisms for these classes are summarized in Table 3.5. Generally, a wide variety of
activation mechanisms has been described for different families of P-loop NTPases. These
mechanisms involve interactions of the P-loop domain with other domains within one protein, or
with other proteins (e.g. an adjacent subunit in an oligomer), or nucleic acids. These interactions
commonly result in the introduction of a positively charged moiety - an M" ion or an Arg/Lys
residue into the catalytic site [16, 27,28, 113, 146, 150,201, 227, 228]. NTP hydrolysis stimulation
by the insertion of Arg/Lys residues or other groups into the AG sites in different proteins of the
P-loop NTPases (super)family is discussed further in Chapter 3.2.6. Here, mainly the structures of
P-loop ATPases and GTPases that are dependent on M" ions are discussed.

Crystal structures are available for only a few P-loop NTPases with experimentally shown
K*-dependent activity. Such structures were investigated to describe M" ions binding to the NTP
phosphate chain and compare with the Mg**-ATP-2K" and Mg**-ATP-2Na* complexes observed
in MD simulations. Totally, 17 structures of M"-dependent P-loop proteins bound to NTP analogs
and monovalent cations were analyzed (Table 3.6). For each structure, the same measurements
used earlier to characterize the conformation of the phosphate chain were taken. Additionally, the
coordination spheres of the M" ions in the AG site were examined. In all analyzed structures, the
distances P“-PS (or corresponding distances between analogous atoms in NTP analogs) were
between 4.9 and 5.3 A for the non-hydrolyzable analogs, and between 5.3 and 5.6 A for transition
state analogs (Table 3.6). These PA-PC distances are similar to the values obtained from MD
simulations with K" ions (see Figure 3.2.8 and Table 3.4).

The majority of K'-dependent NTPases, and the special case of the Na'-adapted family of
dynamin-related GTPases, are members of the TRAFAC class [24]. Un these proteins M* ion
binding involves the so-called K-loop [29]. This loop lies over the NTP-binding site and
contributes two backbone carbonyl groups as M " ligands (see Figure 3.1.3). Unfortunately, only
seldom structures of M*-dependent proteins contain K™ ions in the AG site (cf. Table 3.1 and Table

3.6). Moreover, in most cases, the K-loops are either distorted or unresolved (Figure 3.2.11).
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Table 3.6. Binding of M" ions in X-ray structures of P-loop ATPases and GTPases.

Occupation of the AG site f}l:;psghate chain
PDB | Bound Distance | Distance
Protein ID NTP to the to the pA-PS PB-O%B-
entry | analog Cation | closest O | closest O | distance, | PY angle,
atom of | atomof |A? degrees®
PA, A PG, A ab
Kinase-GTPase division, TRAFAC class
GTPase 2¢j8 | GDP AlFy | K" 2.8 2.6 5.4 136.3
MnmE 2gja | GDP AIFs | NH4" | 2.9 2.5 5.4 136.9
(TrmE) 2¢i9 | GDP AlFs | Rb™ |29 2.8 55 131.6
GTPase 3ss8 | GDP AlFy | K' 2.8 2.6 5.4 144.9
FeoB
Dynamin - | 2x2e | GDP AlFs | Na' 4.0 2.5 5.3 131.2
like proteins [ >f | GDP AlFs | Na® | 4.1 2.6 5.3 133.6
3wé6p | GDP AlFs | Na® 4 2.4 5.5 135.3
3t34 | GDP AIFs | Na® 3.8 2.4 5.6 149.3
GTPase Era | 3r9w | GNP H,O° |3 34 5.1 129.2
Eukaryotic | 4ncn | GTP Na* 2.4 2.4 5.0 126.6
translation | 4tmy | GSP Na* |24 2.8(S)¢ |49 126.3
}23:;‘?2&5]3 4tmw | GTP Na* |24 24 4.9 125.9
4tmz | GSP K* 2.7 33(S)¢ |49 122.1
ASCE division, RecA/F1-like class
DNA 3ew9 | ANP K* 6.2 3.3 5.1 124.5
recombinase | 2flh | ANP K 6.6 3.5 53 125.3
RadA 2fpm | ANP K |59 2.6 5.1 1242
Ixu4 | ANP K" 6.1 2.7 52 125.0

?— distances and angles measured in PyMOL,;

® _ distance to the closest F atom was taken for the structures with AlF4~ complex;

¢ — While GTPase Era is K'-dependent [36, 229], it was crystallized in a medium without K* ions,
but in the presence of Na*, thus a water molecule occupies the cation-binding site and forms H-
bonds with K'-binding residues; still, as the K-loop is fully resolved, the structure was included in
this list;

4 _GDP-monothiophosphate (GSP), non-hydrolyzable GTP analog, has O'S atom of y-phosphate
replaced with a sulfur atom

Crystal structures both with and without stimulating K ion resolved were available only
for MnmE, the tRNA modification GTPase, see Table 3.6 and Figure 3.2.12. Active and inactive
structures of MnmE were compared to further the determinants of K*-binding. MnmE functions
as a dimer, where monomers are connected by their N-terminal domains, and the P-loop fold
GTPase domains (G-domains) only come in contact during the catalytic turnover. Accordingly,

the crystal structure of inactive MnmE shows interactions between the N-terminal domains, which
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form a central hinge of the dimer, while the helical domains and P-loop domains are located on
the opposite sides of the hinge (PDB ID 3GEIL Figure 3.2.12). In this structure, the distance
between the P-loop domains (with bound non-hydrolyzable GTP analogs) is about 20 A [28, 156].
The K-loops are not resolved in this structure, and K* binding is absent. The activation of MnmE
involves conformational changes, which allow dimerization of their P-loop domains [16, 150].
Crystal structure of isolated P-loop domains of MnmE can be used as a representation of the active
state of this protein (PDB ID 2GJS, Figure 3.2.12). In this structure P-loop domains are bound to
GDP:AlFy4 (transition state analog), and dimerized via the K-loop regions (see Figure 3.1.2 for K-
loop definition), both K-loops and K" ions in both sites of the dimer are resolved (PDB ID
2@GJ8, Figure 3.2.12). Unresolved disordered K-loop in the structure of MnmE in the inactive state
and resolved, stabilized K-loop in the P-loop domain dimer suggest that the GTP hydrolysis could
be stimulated by dimerization via stabilization of the K-loops, which should lead to the binding of
K" ion in the active site.

One of the structures was included in the survey of K -bound NTPase structures despite
not having a resolved cation in the AG site (see Table 3.6). It is the structure of the GTPase Era,
which is K*-dependent, but was crystallized in the presence of Na* ions, and not K* ions (PDB ID
3ROW [230]). Still, the structure depicts a fully resolved K-loop, while the AG site is taken by a
water molecule (id 624) which is located within 2.9-3.4 A of six potential K* ion ligands (see also
Figure 3.2.13).

Apart from the TRAFAC class proteins, very few cases of M*-dependent P-loop NTPases
are known, all of them are RecA-like recombinases (Table 3.1). Together with the rotary ATPases,
these proteins belong to the RecA/F1-like class of ASCE division (Additional Strand, Catalytic
E), owing to the presence of an additional strand in the core B-sheet and a conserved Glu residue
[24]. RecA-like recombinases are drastically different from the proteins of the TRAFAC class and
do not possess loops corresponding to Switch I/K-loop or Switch II. The X-ray structure of the K-
activated recombinase RadA (PDB ID 3EW9 [160]) shows two K" ions bound (Figure 3.2.14).
One of these ions binds roughly in the AG site, although it is shifted closer to the y-phosphate and
further away from the a-phosphate. The other cation is situated between the catalytic Glu residue
and the y-phosphate, in the location that corresponds to the G-site, the relatively low-occupancy

site seen in MD simulations of ATP and GTP complexes in water (Figure 3.2.3).
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YgeH, PDB 3EC1 YchF , PDB 2DBY YlgF , PDB 1PUJ

Asn130%2

\
HfIX, PDB 3KXI Der, PDB 5DN8 Der, PDB 5DN8
N-ter domain (res. 1-164) C-ter domain (res. 173-434)

Asn185K3

Figure 3.2.11. Crystal structures of K'-dependent P-loop GTPases. In each protein, both Asn
residues associated with the binding of monovalent cations are present [29]. Residues, associated
with K*-dependent activity are shown in magenta, P-loop Lys, and Mg?* ions (where present) - in
green, K-loop region — in orange, GDP and GNP molecules — in red.

Figure 3.2.12. Activation of the GTPase MnmE. A. Inactive MnmE dimer bound to non-
hydrolyzable GTP analog (PDB ID 3GEI) The P-loop domains are shown in grey, the absent K-
loop is indicated by orange asterisks, the N-terminal and helical domains of the two monomers are
colored in different shades of blue. B. Active dimer of isolated P-loop domains of MnmE, in
complex with a transition state analog GDP:AlF4 and K" ion (PDB ID 2GJ8). The K-loops are
shown in orange, K" ions are shown in purple. C. Schematic representation of the conformational
changes upon activation in MnmE dimers, domains are colored as on panel A (reproduced after
[231]).
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A. Inactive conformation of Era C. Cation-binding site of Era

Figure 3.2.13. Conformational changes upon RNA binding and activation of the GTPase Era. A.
RNA-free Era bound to GDP (PDB ID 3IEU [232]), protein is shown in two projections. B. RNA-
bound Era bound to GNP, a non-hydrolyzable analog of GTP (PDB ID 3R9W [230]), the complex
is shown in two projections. C. Cation-binding site of RNA-bound Era, catalytic water molecule,
and water molecule in the AG site are shown as red spheres (PDB ID 3R9W [230]). The black line
indicates the relative position and conformation of the K-loop in the inactive, RNA-free GDP-
bound structure (PDB ID 3IEU [232]). The P-loop region is in light blue, the K-loop region is
shown in orange, the RNA-binding domain is shown in magenta, GDP and GNP molecules are
shown in red.

Asp2110 \_ Asp144°
, y

Figure 3.2.14. Potassium ions and Lys fingers in RecA-like recombinases.
A. K'-dependent recombinase RadA from Methanococcus voltae (PDB ID 2FI1H [233]). B.
Cation-independent recombinase RecA from E. coli (PDB ID 3CMX [223]). NTP binding site is
shown in green, adjacent monomer is shown in light blue, adjacent domain in the RadA
recombinase was reconstructed from superposition with the RecA complex, K™ ions are shown as
purple spheres Mg?* ions - as green spheres.
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3.2.3. Molecular Dynamics Simulations of GTPase MnmE

The only K'-dependent-NTPase with both K'- bound and K'-free experimental structures
available is MnmE. Structure PDB ID 2GJ8 contains dimers of K"-bound P-loop domains, and
PDB ID 3GEI contains inactive, K'-free dimer of the full-length protein, albeit with K-loops
unresolved (Figure 3.2.12). To investigate the effect of K ion binding on the phosphate chain of
the Mg-GTP bound to MnmE, MD simulations of the protein in both its active and inactive states
were executed. The active state was modeled after the X-ray structure PDB ID 2GJ8. Cation
positions (Mg?* and K*) were taken directly from the crystal structure, transition state analogs
(complexes GDP:AlF4) in both monomers were replaced by GTP molecules. Hereafter this
system is referred to as 2GJ8k. To model K'-free, inactive state two systems were created. The
first was modelled as a monomer from the 2GJ8 X-ray structure, with the transition state analog
replaced by GTP and the K" ion replaced with a water molecule. Hereafter this system is referred
to as 2GJ8w. This system was modeled as a monomer since in the absence of K* ions dimerization
of MnmE P-loop domains does not occur [16]. The second inactive system was modeled as a P-
loop domain monomer as well, but PDB ID 3GEI (inactive full-length protein) was used as a
starting structure. The non-hydrolyzable GTP analog GNP (guanosine 5'-imidotriphosphate) was
changed to a GTP molecule and the absent K-loop was reconstructed. The resulting three protein
complexes were placed in the simulation boxes, filled with water and KCl. Simulations of all
systems were 100 ns long (see Table 2.2).

The main features to characterize the active site of MnmE during the MD simulations are
the location and shape of the K-loop, coordination of Mg?** by the GTP, and stability of the H-
bonds between GTP and the P-loop residues. In the simulation of the 3GEI system, the movement
of the K-loop broke the coordinating bond between the conserved Switch 1.K-loop Thr and the
Mg** ion. This led to a distortion of the Py coordination of Mg?* so that the phosphate chain
switched between the By- and apy-coordination of Mg?" ion. Despite these fluctuations, the H-
bond between the backbone nitrogen atom of Thr248%*2 (Ser231%*2 in the 2GJ8 structure) and the
O'* atom of the a-phosphate remained remarkably stable during the whole simulation (Figure
3.2.15). The corresponding H-bond in the 2GJ8k and 2GJ8w systems between the backbone
nitrogen of Ser231%" and the O'” atom remained stable as well (Figure 3.2.15B, C). In the
2GJ8w system, the K-loop remained in its place throughout the MD simulation, maintaining the
coordination of Mg?* and its By coordination by the phosphate chain, despite the absence of K* ion

in the AG site.
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A. Inactive MnmE
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Figure 3.2.15. Length of H-bonds measured during MD simulations of the GTPase MnmE.

A. Inactive monomer with disordered K-loop (system 3GEI). B. Inactive monomer MnmE with
ordered K-loop, but in the absence of K" ion in the active site (system 2GJ8w). C. Dimer with
ordered K-loops and bound K" ions (system 2GJ8k, distances in the two monomers are plotted

separately in blue and green.
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Figure 3.2.16. Conformational changes observed in MD simulations of MnmE. A. Superposition
of the active sites of monomeric MnmE (system 2GJ8w, orange) and the active dimer of MnmE
with bound K" ions (system 2GJ8k, green); representative structures sampled from MD
simulations are shown. Proteins are shown as cartoons; ions are shown as spheres; GTP and
relevant amino acid residues are shown as sticks. Black dashed lines show H-bonds and cation
coordination that are present in both systems. B. Scatter plot of the WY*V dihedral angle (Y-axis)
against the length of the H-bond between the backbone nitrogen of Asn226% and the O*“ atom
(X-axis) as obtained from the MD simulations: (1) red, inactive monomeric P-loop domain of
MnmE with disordered K-loop (system 3GEI), (2) orange, monomeric P-loop domain of MnmE
with a water molecule bound in the AG site (system 2GJ8w); green/blue, active dimer of P-loop
domains with K" ions bound in the respective AG sites (system 2GJ8k, green and blue colors
correspond to individual monomers). C. Dihedral angles between the GTP phosphate groups, as
obtained from MD simulations of the MnmE dimer with K" ions in AG sites (system
2GJ8k system, green and blue colors correspond to two individual monomers) and the monomeric
MnmE with a water molecule replacing K ion in the active site (system 2GJ8w, orange). Solid
lines show dihedral angle distribution plotted as normalized histograms, dashed lines show fitted
normal distribution functions. Vertical lines show the centroid values of the fits. Black vertical
lines mark ¥ = 0°, which indicates a fully eclipsed conformation, while ¥ =+ 60° indicates a fully
staggered conformation.
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Due to unstable Mg?* coordination in the 3GEI system, the two systems with a stable K-
loop (2GJ8w and 2GJ8k) were used to compare the shapes of the GTP phosphate chain with and
without K* ion in the AG site. The distances between 0?4 and O°C atoms indicate, that in the
presence of K* and its coordinational bonds these two atoms are pulled closer together (Figure
3.2.16, Figure 3.2.17). In the 2GJ8w system, the average distance between O** and O°Y was 5.3
A, while, in the 2GJ8k system, the decreased to 4.7 A (see Figure 3.2.17). By forming
coordinational bonds with O°*¢ and O?, the K*ion pulls the atoms closer together. While a-
phosphate is secured by the bond with the K+2 residue (Thr248%*? in 3GEI, Ser231%? in 2GJ8),
the y-phosphate seems to be less restricted in its movement. Thus, the K™ ion pulling on the O*¢
atom forces the y-phosphate to turn. As a result, the O?° atom of the y-phosphate is pulled closer
to the backbone nitrogen of Asn226%3 and forms a new H-bond with this atom (Figure 3.2.16).
Notably, the Asn226%3 residue is directly involved in the coordination of the K*ion (Figure
3.2.16A). The new H-bond between Asn226%7 and O?° atom was not observed in the systems

lacking the K™ ion in the AG site (2GJ8w and 3GEI systems) (Figure 3.2.15A, B, Figure 3.2.16B).
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Figure 3.2.17. Distances distance between O** and O°¢ atoms in MnmE-bound Mg-GTP as
obtained from MD simulations. Data for the active dimer of P-loop domains with K" ions bound
(system 2GJ8k, blue and green for individual monomers) and inactive, monomeric P-loop domain
of MnmE with a water molecule in the AG site (system 2GJ8w system, orange). A. Distributions
of the 0**-O%C distances during MD simulations. Distribution histograms are shown as solid lines,
Gaussian fits are shown as dotted lines, vertical dashed lines indicate centroid values of the
corresponding fits. B. Scatter plot of the dihedral angle W7 (Y-axis) plotted against the O*A-
O°C distance (X-axis).

To further investigate the changes in the phosphate chain conformation triggered by the
presence of K' ion in the active site, the dihedral angles between the GTP phosphate groups were

evaluated, namely WP = 20**-PA-PB.0?8, wPv= LO!B-.PE.PC.O!S and ¥*'= O'A-PA-PS-
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O°C (see Figure 3.2.16). As in the 3GEI system, Mg?" coordination was not stable, it was not taken
into further comparison. Oxygen atoms of a- and B-phosphates remained in the positions close to
the staggered conformation, which is more energetically favorable, in both systems. The angle ¥*
P angle only slightly decreased from 53° to 47° with the introduction of the K" ion (Figure
3.2.16C). Angle ¥*" was close to the eclipsed conformation in both systems, supported by the By
coordination of Mg?* and the H-bonds between B- and y-phosphates and the P-loop Lys229. The
average WPV angle in the 2GJ8k system was 6°, and slightly wider in the 2GJ8w system - 16°
(Figure 3.2.16A, C). Angle Y*' changed most drastically between the two systems. In the
2GJ8w system a- and y-phosphates were close to the staggered conformation, with an average W™
¥ of 66° (Figure 3.2.16A, C). In the 2GJ8k system, with K* ions in the AG sites, the y-phosphate
was rotated by ~30°, bringing the W*" angle to an average of 38°, so that relative positions of
oxygen atoms of a- and y-phosphates moved closer towards the eclipsed conformation (Figure
3.2.16A, C). Overall, the presence of the K* ion bound by the O** and O*C atoms leads to a more
eclipsed conformation of the triphosphate chain. This near-eclipsed state was achieved mainly due
to the turn of the y-phosphate group, with relatively minor shifts of the a- and B-phosphates (Figure
3.2.16A, C).

3.2.4. Cation Binding in Translation Factors

TRAFAC class of P-loop NTPases is unique in its diversity of activation mechanisms,
employed by the members of this class. Previous chapters were focused on cation-dependent
members of this protein group, with their unique features, responsible for K"/Na" binding.
Remarkably, while translation factors are a titular (super)family within the TRAFAC class and
share a lot of features similar to those of cation-dependent GTPases (such as MnmE), involvement
of K" ions in the stimulation of GTP hydrolysis by the translation factors on the ribosome remains
debatable. This chapter describes available structural data on the translation factors and the
existing evidence of cation binding. In the next chapter, this information is used to model
translation factor EF-Tu in its active state, bound to Mg-GTP, tRNA, and ribosome, to further
investigate cation-binding sites in this complex.

In order to gather evidence for cation binding next to catalytic sites of translational
GTPases, all their structures available from the Protein Data Bank (PDB) were inspected.
Crystallographic and cryo-EM structures of translational GTPases with the resolution of <4A were
selected for the structure survey. Since the focus of this study was on the mechanism of GTP

hydrolysis, the analysis was limited to those structures that contained a Mg-GTP complex or its
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analog bound to the P-loop. In total, 84 structures were analyzed, which included 37 structures of
translational GTPases bound either to an entire ribosome or a ribosomal subunit. All inspected
structures with relevant data are listed in Table 3.7. In each structure, the GTP binding site was
inspected for the presence of metal cations and/or water molecules. Water molecules were
investigated as potential hubs of H-bonding networks.

Figure 3.2.18A and B show representative structures of translational GTPases that were
determined in the absence of ribosomes or their parts (hereafter "solo structures", see also Table
S2). K" and Na" ions are seen in the aforementioned structures of eIF5B, see Figure 3.2.18, Table
3.6 and [21, 188]. As already noted, and as seen in Figure 3.2.18, the monovalent cations are
coordinated by 0?4, O*8, and 03¢ atoms of the phosphate chain, the side chain of the Asp533%-3
residue of the P-loop, and the carbonyl oxygen of Gly55572 of the Switch I loop [21]. Both K* and
Na' ions were bound by the same ligands; however, because coordination bonds for a Na™ion (2.0-
2.5 A) are shorter than for a K ion (2.6-3.2 A) [115, 203, 234, 235], the Na" ion dwells closer to
its ligands than the K" ion [21].

Representative structures of translational GTPases in Figure 3.2.18B disclose water
molecules that occupy the same positions in different structures, see Table 3.7. Specifically, the

D*4 residue of Switch II is often occupied by a water

position between the y-phosphate and His
molecule. Hereafter a water molecule in this position will be denoted as w''S. One more water
molecule is found between the side chain of Asp®~ and the O°S atom of y-phosphate, the water
molecule in this position is hereafter denoted as w”5F. Several structures show a water molecule
approximately in the position that is taken by a K™ ion in K'-dependent NTPases (cf. Figure
3.2.18A). For instance, the structures of EF-Tu with the highest resolution (PDB ID 2C78 with the
resolution of 1.4 A and PDB ID 2C77 with the resolution of 1.6 A [236]) report a water molecule
bound between Asp21%3 Gly60™% and O°Y atom of the phosphate chain. Finally, two water
molecules can be seen coordinating the Mg** ion bound to the GTP analog (Figure 3.2.18B). All
water molecules found in these positions are listed in Table 3.7.

It is noteworthy that the His®** residue is turned away from the phosphate chain and does

not interact directly with the w''® molecule in all solo structures of translational GTPases (Figure

3.2.18A, B).
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Table 3.7. Cation binding sites in structures of translation factors

PDB Uniprot name NTP | Complex BG SRL | AG Water molecules near | Other water molecules
1D site site site the phosphate chain
1EFT EFTU_THEAQ GNP | protein Mg | - w- w-426 in position w''S w-490 and w-491 coordinate
482 Mg2+GTp
1B23 EFTU_THEAQ GNP | protein- Mg | - - w-412 in position w''S w-410 and w-419 coordinate
tRNA Mg2+GTp
ITTT EFTU_THEAQ GNP | protein- Mg - - None w-409 coordinates Mg> rp
tRNA
10B5 EFTU_THEAQ GNP | protein- Mg - - None None
tRNA
4PC7 EFTU1_ECOLI GNP | protein Mg - W- None None
501
S5UYM | EFTU1 ECOLI GCP | ribosome Mg Mg - None None
SUYQ | EFTUl ECOLI GCP_| ribosome Mg - - None None
5UYQ | EFTU1 ECOLI GCP | ribosome Mg - - None None
2C78 EFTU1_THET10 GNP | protein Mg | - - w-2046 in position w''S; | w-2010 coordinates Mg grp
w-2320 in position wAS?
IEXM | EFTU1_THETH GNP | protein Mg | - w- w-411 in position w''S w-414 and w-417 coordinate
473 Mg2+GTp
4H9G EFTUl_THETH GNP | protein Mg - - w-617 in position wiS; w-612 and w-628 coordinate
w-664 in position w"S? Mg* Grp; W-698 near O' atom
4LBV | EFTUl_THETH GNP | protein Mg | - - w-607 in position w'S; | w-604 and w-608 coordinate
w-628 in position w"S? Mg* Grp; w-783 near O' atom
4LBW | EFTU1_THETH GNP | protein Mg | - - w-894 in position w''S; | w-602 and w-906 coordinate
w-692 in position wASP Mg2+(GTP); w-769 near O'*
atom
4LBY | EFTU1_THETH GNP | protein Mg | - w- w-601 in position w''S w-657 and w-662 coordinate
628 Mg2+GTp
4LBZ | EFTU1_THETH GNP | protein Mg | - w- w-607 in position w''S w-747 and w-796 coordinate
795 Mg? grp; w-722 near O'” atom
4LCO EFTUl_THETH GNP | protein Mg | - w- w-606 in position wHiS w-720 and w-721 coordinate
635 MgZ+GTP
2BVN | EFTU2 ECOLI GNP _| protein Mg | - - w-2082 in position wAS* | w-2003 coordinates Mg*'Grp
6EZE EFTU2_ECOLI GNP | protein Mg | - - w-603 in position w''S w-511, w-515 and w-517
coordinate Mg grp
10B2 EFTU2_ECOLI GNP | protein/- Mg - - None None
tRNA
SWDT | EFTU2 ECOLI GNP | ribosome Mg Mg - None w-501 near ribose atom O2'
SWE4 EFTU2 ECOLI GNP _| ribosome Mg Mg - None None
SWE6 EFTU2 ECOLI GTP | ribosome Mg Mg - None None
SWES EFTU2 ECOLI GTP | ribosome Mg Mg - None None
2C77 EFTU2_THETS8 GNP | protein Mg | - - w-2057 in position w''S; | w-2042 and w-2082 coordinate
w-2015 in position w** | Mg*'Grp
4V5L EFTU2 THETS8 GCP | ribosome | Mg | - - w-2001 in position w''S | None
3VMF | EF1A_AERPE GTP | protein Mg | - w- w-602 in position w''S w-656 and w-657 coordinate
6 1 9 Mg2+GTp
3WX EF1A_AERPE GTP | protein Mg | - w- w-616 in position w''S w-712 and w-792 coordinate
M 605 Mg”mp
6J12 EF1A AERPE GTP | protein Mg - Na None w-602 coordinates Mg grp
4V90 | EFG ECOLI GCP | ribosome | Mg | Mg | - w-901 in position w'S None
4V9P EFG ECOLI GCP | ribosome | Mg | - - w-901 in position WS None
4V9J EFG THET2 GNP _| ribosome Mg - - None None
4VIK EFG_THET2 GNP | ribosome Mg - - None None
4V90 EFG_THETS8 GCP | ribosome | Mg | Mg | - w-2002 in position w''S; | None
w-2001 in position wAS?
4V9H | EFG_THETS8 GCP | ribosome | Mg | Mg | - w-903 in position w''S; | w-801 and w-802 coordinate
w-804 in position wASP Mg*' e
2BV3 EFG THETH GNP _| protein Mg - - None w-2157 near O'* atom
2J7K EFG_THETH GCP_| protein Mg - - None None
3JCJ IF2 ECOLI GNP _| ribosome - Mg - None None
4B48 IF2 THETS8 GTP_| protein Mg | - - w-2004 in position w"'S | None
1KK1 IF2G_PYRAB GNP | protein Mg | - - w-1020 in position w''S | w-1024, w-1038, w-1032
coordinate Mg*'grp
4RD4 | IF2G_SACS2 GNP | protein Mg | - - w-605 in position w'S; | w-608 and w-985 coordinate
w-656 in position wASP Mg*' e
4RD2 | IF2G_SACS2 GNP | protein Mg | - - w-606 in position w'S; | w-601 and w-612 coordinate
w-886 in position wAS? Mg* Grp
4RCZ | IF2G_SACS2 GNP | protein Mg | - - w-609 in position w'S; | w-601 and w-604 coordinate
w-650 in position wAS? Mg* Grp
4RDI IF2G_SACS2 GTP | protein Mg | - w- w-601 in position w'S; | w-606 and w-611 coordinate
648 w-887 in position wAS" Mg*'Gre
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4RJL IF2G_SACS2 GCP | protein Mg | - - w-606 in position w'S; | w-921 and w-604 coordinate
w-625 in position wAS? Mg? Grp;w-886 near O'A atom;
w-981 near N2
4RCY | IF2G_SACS2 GTP | protein Mg | - w- w-644 in position w''S w-610 and w-604 coordinate
768 Mg2+(‘,'rp
4M53 IF2G_SACS2 GCP | protein Mg | - w- w-618 in position w''S; | w-602 and w-673 coordinate
889 w-625 in position w”S? Mg* Grp
6H6K IF2G_SACS2 GCP | protein w- - w- w-654 in position w'S ; w-774 and w-686 coordinate
606 617 | w-718 in position wS? w-606; w-724 is coordinated
by O'C atom
4QFM | IF2G _SACS2 GCP | protein Mg | - - w-617 in position wiS; w-940 and w-810 coordinate
w-811 in position w”S? Mg* Grp
4NBS IF2G_SACS2 GCP | protein Mg | - - w-608 in position wiS; w-601 and w-797 coordinate
w-603 in position wAS" Mg** e
2AHO | TF2G SACS2 GNP | protein Mg - - None w-513 coordinates Mg*'grp
4QHY | IF2G_SACS2 GCP | protein Mg - - None w-604 and w-605 coordinate
ngGTP
6SWC | IF2G_SACS2 GNP | ribosome Mg - - None None
6SW9 IF2G_SACS2 GNP | ribosome Mg - - None None
6FYX IF2G YEAST GCP | ribosome Mg - - None Zn-301 near ribose oxygen O2'
3JAP IF2G_YEAST GCP | ribosome Mg - - None None
6GAZ IF2M_HUMAN GSP | ribosome Mg - Na None w-1001 and w-1002 coordinate
Mg gre
6GAW | IF2M_HUMAN GSP | ribosome Mg Mg Na None w-1001 and w-1002 coordinate
Mg2+GTP
6GB2 IF2M_HUMAN GSP | ribosome Mg Mg Na None w- 12001 and w-1002 coordinate
Mg*Gre
6RWS5 IF2M_HUMAN GNP | ribosome Mg - - None w-901 and w-902 coordinate
Mg gre
4TMX | IF2P_CHATD GTP | protein Mg | - Na w-1089 in position w''S | w-1085 and w-1086 coordinate
Mg2+GTP
4TMV | IF2P_CHATD GSP | protein Mg | - Na w-1076 in position WS | w-1074 and w-1075 coordinate
Mg2+GTP
4TMW | IF2P_CHATD GTP | protein Mg | - Na w-1059 in position WS | w-1060 and w-1061 coordinate
Mg* 6rp
4TMT | IF2P_CHATD GSP | protein Mg | - w- w-1066 in position w''S | w-1064 and w-1065 coordinate
1 070 Mg2+GTp
4NCN | IF2P_CHATD GTP | protein Mg | - Na w-1103 in position w'™S | w-1101 and w-1102 coordinate
Mg2+GTI’
4TMZ | IF2P_CHATD GSP | protein Mg | - K w-1015 in position w''® | w-1013 and w-1014 coordinate
Mg? Grp; w-1016 and w-1104
coordinate K*
4TN1 IF2P_CHATD GSP | protein Mg | - - w-1028 in position w''® | w-1029 and w-1030 coordinate
Mg2+GTI’
1G7T IF2P_METTH GNP | protein Mg - - None w-844 coordinates Mg’ rp; W-
737 near O’¢ atom, but not in
wHS position
4V85 RF3_ECOLI GNP | ribosome Mg - - None w-532 takes place of the P-
loop lysine amino group; w-
531 coordinated by Asp*-
outside of the AG site
4V89 RF3 ECOLI GNP _| ribosome Mg - - None None
5LZD SELB _ECOLI GNP | ribosome | Mg | Mg - w-801 in position WS w-802 coordinates Mg**Grp
5IZL SELB_HUMAN GCP | protein Mg | - - w-1110 in position w'® | w-1104 and w-coordinate
Mg2+GTI’
2YWF | LEPA_AQUAE GNP | protein Mg - - None w-901, w-981 and
w-993 coordinate Mg**grp
3JCE LEPA ECOLI GNP | ribosome Mg - - None None
5J8B LEPA THET8 GCP_| ribosome Mg Mg - None None
SLZT ERF3A HUMAN GCP | ribosome Mg - - None None
5M1J | HBS1_YEAST GNP | ribosome | Mg | Mg | - None w-806 near His"™, but outside
of the active site
SLZZ HBSIL HUMAN GCP | ribosome Mg - - None None
SLZW | HBSIL HUMAN GCP | ribosome Mg - - None None
SLZX HBSIL HUMAN GCP | ribosome Mg - - None None
SLZY HBS1L HUMAN GCP | ribosome Mg - - None None
6GZ3 N/A GNP | ribosome - Mg - None None
6GZ4 N/A GNP | ribosome - Mg - None None
6GZ5 N/A GNP | ribosome - Mg - None None
47ZKE SKI7 YEAST GTP | protein Mg | - Na w-916 in position w''S w-928 and w-951 coordinate

Mg* e

“w-" followed by a number indicates a water molecule
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Figure 3.2.18. Cation binding in cryo-EM and crystallographic structures of translation factors.
Proteins are shown as light blue cartoons, monovalent cations are shown as purple spheres, Mg?*
ions - as green spheres. Water molecules outside common binding sites are shown as pink spheres,
water molecules within common binding sites are colored as follows: w'™ — red, w”SP — blue,
coordinating Mg?" bound to GTP analog — yellow. GTP analogs are shown as black sticks, catalytic
HisP*™ residues are shown in yellow, SRL regions of the ribosome are shown as blue sticks with
oxygen and phosphorus atoms colored red and orange, respectively. A. K™ ion bound to the
separately crystallized translation initiation factor eIF5B (517-858 fragment) (PDB ID 4TMZ). B.
Water molecules in the AG site of separately crystalized translation factors (PDB IDs 1EFT, 4PC7,
1EXM, 4LBY, 4LBZ, 4LC0, 3VMF, 3WXM, 4RCY, 4M53, 6H6K, 2C77, 4RD4, 4RJL). C.
Cations binding in the AG site of translation factors bound to the ribosome. The green, orange,
and magenta cations bound in the AG site correspond to the structures with PDB IDs 6GAW,
6GAZ, and 6GB2, respectively). D. Water molecules in the GTP-binding sites of ribosome-bound
translation factors (PDB IDs 4V90, 4V90, 4V9H, 5LZD, 5UYM, 5J8B, 5M11J). The full list of
analyzed structures is available in Table 3.7.

The solo structures of eIF5B with K™ and Na" ions bound (see Figure 3.2.18, Table 3.7 and
[21, 188]) demonstrate that translational GTPases provide five ligands for K" ion: these are the

0%, 0°8, and O°S atoms of the phosphate chain, the side chain of the Asp*~ residue of the P-loop,
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and the carbonyl oxygen of Gly'? of the Switch I loop [21]. Four ligands are provided by the P-
loop and tightly bound GTP molecule, and one ligand, Gly', is provided by the flexible Switch I
loop. Hence, the formation of a functional K'-binding site specifically requires stabilization of the
Switch I loop, which could be physiological, within a ternary complex docked to the SRL, or non-
physiological, being caused by intracrystal contacts as in the eIF5B structures. It is noteworthy
that some of the e[F5B structures contain non-hydrolyzed GTP molecules in spite of a full-fledged
ion binding site (with a Na” ion bound). One of the reasons might be the non-active conformation
of HisP** of the Switch II motif in all these structures. Hence, activation of hydrolysis requires a
proper interaction of P-loop with Switch I and Switch II loops.

Figure 3.2.18C and D show representative structures of translational GTPases that were
determined in the presence of ribosomes; these structures provide information on the potentially
activating interactions between the GTPase domain, tRNA, and SRL, see also Table 3.7 for the
list of analyzed structures. In these structures, the His®™ residue is turned towards the phosphate
chain because of the H-bond with the O'P atom of the phosphate group of A2662 nucleotide [127,
167, 183].

A Na" ion was recently reported in the AG position next to the phosphate chain for three
cryo-EM structures of the mitochondrial initiation factor 2 (mtIF2) bound to the ribosome [237].
These ions are bound by Asp190%-3, Gly212™2, and the O** atom of the phosphate chain. However,
the respective coordination bonds, as indicated in Figure 3.2.18, are too long for a Na* ion, cf. refs.
[203, 235, 238] and Table 3.2. Furthermore, the Methods section of the respective article reports
that only K* and Mg®" ions were present in the solutions used for dissolving the samples [237].
Since Mg?*-coordinating bonds (2.0-2.3 A) are even shorter than for a Na" ion [235], the respective
atom in these three structures could be either a K* ion or an oxygen atom of a water molecule. The
latter possibility is less likely because the atom in the AG position makes bonds with the side chain
oxygen atom of Asp190%-3, carbonyl oxygen of Gly212™2, and O** atom of the phosphate chain
(see the 6GB2 structure in Figure 3.2.18C). A water oxygen atom can hardly interact with three
surrounding oxygen atoms. Hence, it is plausible that these three structures contain the long-sought
K" ion almost in the AG site of ribosome-bound mtIF2s. Unfortunately, this ion/atom could not
make the key bond with the O*C atom of y-phosphate because the co-crystallized non-hydrolyzable
GTP analog had a sulfur atom instead of O¢. Further efforts would be needed to obtain a
translation factor structure with a fully bound K ion.

The superposition of many representative structures in Fig. 2D shows a Mg?" ion between
the Asp21%3 of the translation factor and the phosphate of A2662 nucleotide, i.e. the same

phosphate group that interacts with the His®** residue via its O'F atom, see Table 3.7 and [167,
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183, 239, 240] for previous reports on a Mg?" ion in this position. Hereafter this Mg?" ion is
denoted as Mg?*sr1 to distinguish it from the Mg?* ion interacting with the - and y-phosphates of
GTP (hereafter Mg**Grp). Such Mg?*srr ions were identified in 17 structures of ribosome-bound
translational GTPases, as indicated in Table 3.7. As it is seen from Figure 3.2.18D, the position of
this Mg?" ion varies in different structures; the Mg?" ion is sometimes closer to the A2662
nucleotide residue, whereas, in other structures, it is closer to the Asp® residue. The distance
between the Mg?*sgL ion and the nearest oxygen atom of the A2662 phosphate varies between
3.2A and 4.7A, whereas the distance to the nearest oxygen of the Asp®? carboxyl group varies
from 2.7A to 7A owing to different orientations of the Asp side chain.

Because of the lower resolution as compared to the solo structures (cf. Figure 3.2.18A, B),
only a few water molecules could be identified in the catalytic sites of translational GTPases bound

to ribosomes. Several structures contain a w'l

5 molecule between the His®™ residue and y-
phosphate (Figure 3.2.18D); this water molecule was suggested to be the "catalytic" one [127,
183]. In two structures (PDB IDs 4V90 and 4V9H), a w”S? molecule is bound between the Asp®™
residue and the O*Y atom of y-phosphate, see Table 3.7 and Figure 3.2.18D. Both these structures
also report a Mg**srr ion bound (Figure 3.2.18D).

The EF-Tu and its close homologs appear to be the best-studied translational GTPases;
they were crystallized both solo and in different ribosomal complexes many times. This abundance
of structures allowed us to compare the shapes of the Switch I loop in differently prepared samples.
In K'-dependent NTPases, Switch I has a shape of an elongated loop (K-loop) and coordinates the
K" ion by backbone carbonyl oxygen atoms of the residues in positions T-4 and T-6 (Figure 3.1.4).
In translational GTPases, this segment folds into short a-helix(es) so that only backbone oxygen
of Gly'?, owing to a backbone protrusion, is close enough to coordinate a cation in the AG
position, as seen in the structures shown in Figure 3.2.18.

The Switch I region is disordered and usually not resolved in the structures of solo
translational GTPases; however, in few structures of EF-Tu, the full length of this region is
resolved, most likely owing to stabilization by intracrystal contacts, even in the absence of
activating partners, see gray cartoons/structures in Figure 3.2.18A. The structures of aa-tRNA-
bound GTPases show that tRNA stabilizes the Switch I closer to the catalytic site (cyan
cartoons/structures in Figure 3.2.18A). Finally, in the structures of ternary complexes bound to
ribosomes, the Switch I is pushed even closer to the active site with the backbone oxygen of Gly'
2 approaching the phosphate chain of GTP at a distance of up to 5.3 A (green cartoons/structures
in Figure 3.2.19). This data illustrates how the gradual formation of a functional EF-

Tu/tRNA/ribosome complex brings the Switch I loop closer to the phosphate chain. Specifically,
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the codon recognition shortens the distance between the two K*-ligands — the O°2 atom of GTP
and the carbonyl oxygen of Gly'? — enabling the binding of a K* ion between them (Figure 3.2.19).
These data are in agreement with earlier evidence on the involvement of aa-tRNA in activation of

GTP hydrolysis [241, 242].

Switch |

Figure 3.2.19. Conformation changes of the Switch I loop of the EF-Tu. A. Superposition of EF-
Tu structures shows the difference in Switch I position relative to the triphosphate chain. Structures
of translation factors that were crystallized solo are shown in gray (PDB IDs 4L.C0O, 4LBZ, 4LBY,
4LBW, 4LBV, 4H9G, 1EXM, 1EFT); structures of EF-Tu-tRNA complexes are shown in cyan
(PDB IDs 10B2, 10BS, 1TTT, 1B23); structures of ternary complexes bound to the ribosome are
shown in green (PDB IDs SWE4, SWDT, 5UYQ, SUYM, 4V5L). The EF-Tu binding to the tRNA
and subsequent binding to the ribosome causes tightening of the K-binding site, as indicated by
shortening of the distance between O atom of GTP (or the corresponding atom of GTP analog)
and the backbone oxygen of Gly60™2. B. Superposition of EF-Tu/aa-tRNA/ribosome complex at
different stages of the elongation cycle obtained from time-resolved cryogenic electron
microscopy. In blue: cognate structure II-A, compact EF-Tu/GTP complex on the ribosome with
the SSU in the open conformation (PDB ID 6WD2 [182]). In red: cognate structure I1I-A, EF-
Tu/GTP complex pre-GTP-hydrolysis state on the ribosome with the SSU in the closed
conformation (PDB ID 6WDS8 [182]).

Recently Korostelev and colleagues, by using time-resolved cryogenic electron
microscopy, revealed 33 states through which programmed ribosomes were passing [182]. These
structures were not included in the comparative analysis because Mg grp ions were not resolved
in them. Still, several of these structures contained GTP so they were analyzed separately. These
structures were expected to capture the dynamics of secondary structure elements such as helices
or loops. Figure 3.2.19B shows the overlap of a structure obtained immediately before the codon
recognition (Step 1I-A, PDB ID 6WD2, blue) and that obtained after it, but before GTP hydrolysis
(Step I1I-A, PDB ID 6WDS, red). The Switch I loop with Gly"' residue appears to get closer to

the phosphate chain after the codon recognition.
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3.2.5. Molecular Dynamics Simulations of EF-Tu

To check whether a K™ ion could bind in the GTP-binding site of a ribosome-bound
translational GTPase, MD simulations of EF-Tu/GTP complex bound to the fragments of aa-tRNA
and ribosome in the presence of potassium ions were performed. As a starting system for
simulations crystallographic structure of ribosome-bound EF-Tu from Thermus thermophilus was
chosen (PDB ID 4V5L [127], Figure 3.1.4A).

MD simulations of an entire ribosome complex would require an enormous amount of
computational resources. Since this study is focused on the active site of the translation factor, the
simulation system included only relevant parts of the ribosomal complex: the entire EF-Tu, the
SRL region of the large ribosomal subunit (23S rRNA, nucleotides 2655-2664, here and further
numbering is given for PDB ID 4V5L) and the fragment of Trp-tRNA in the proximity of the P-
loop domain of EF-Tu (nucleotides 1-6 and 64-77). Non-hydrolyzable substrate analog GCP was
changed into a GTP molecule by replacing a carbon atom between B and y phosphates with an
oxygen atom. The Mg? e ion and the w'™ molecule (number 2001) that were present in the
crystal structure were retained (Figure 3.1.4A). One more Mg?" ion was placed near the SRL loop
to serve as Mg®'sre seen in 17 structures of ribosome-bound translational GTPases, see Table 3.7
and Figure 3.2.18D. Finally, two water molecules were placed manually near the Mg?*rp ion, in
the same positions as in the experimental structures (see Table 3.7 and Figure 3.2.18B, D). In all
simulations, K and Mg ions were added to the solution to mimic their physiological
concentrations, and Cl” ions were added to bring the total sum of charges in the system to zero.
The resulting solvated and ionized complexes were used to run the productive MD simulations,
after energy minimization and equilibration of each system, see the Methods section for further
details.

MD simulations were performed for two distinct systems. One system (see simulation #1
in Table 2.3 of the Methods section) had a K* ion placed manually in the AG site to mimic the ion
seen in some crystal structures (Figure 3.2.18). In the second system (simulations #2-6 in Table
2.3), a K" ion was not initially put in the AG site; all K* ions were placed randomly in the solution
around the protein/tRNA/SRL complex. Simulations of the second system were performed five
times (simulations #2-6 in Table 2.3). The duration of each productive MD simulation run was

100 ns.
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3.2.5.1 Cation binding in the catalytic pocket

In the simulation where a K™ ion was initially placed in the space between the O** and O°
oxygen atoms of the phosphate chain (the AG site, see Figure 3.2.20), this ion remained there for
the whole duration of the simulations (tracks #1 in Figure 3.2.21). In the simulations where all K*
ions were placed randomly in the solution, one of these free cations entered the catalytic site and
occupied the AG site within the first 12 ns of the simulation; the K" ion remained bound throughout
each of the five simulations (tracks #2-6 in Figure 3.2.21). Potassium ion in the AG site (K'ac)
was coordinated by O*4, O*8, and O°C atoms of the GTP phosphate chain, the side chain oxygen
atom of Asp21%-3, the backbone oxygen of Gly60™2 and a water molecule (hereafter w, see Figure

3.2.20). These bonds mostly remained stable during simulations (Figure 3.2.21).

\

Figure 3.2.20. Cation binding in the P-loop domain of EF-Tu as revealed from MD simulations
(the shown conformation was sampled from simulation #3 in Table 2.3). Protein is shown as a
light blue cartoon, protein loop containing the Switch I motif and its residues are shown in
magenta, K* ion - purple, Mg>" ions - green, SRL fragment is shown as blue sticks with oxygen
and phosphorus atoms colored red and orange, respectively. Functionally relevant protein residues
are shown as sticks.
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A. Distance from Mg?*gg, to A2662

Figure 3.2.21. Interactions of the K* ion during MD simulations, see Figure 3.2.20 for the
structural information. A. Distances from the K" ion to the OP! (blue) and OP? (red/orange) atoms
of the Asp21%- of the P-loop. B. Distance from the K* ion to the backbone oxygen atom of Gly60™"
2, C. Distances from the K" ion to the nearest water molecule (w*). D, E, F — Distances from the
K" ion to the oxygen atoms O**, O°B, and O°C of the GTP phosphate chain. Green lines mark the
distance of 3A. Track numbers correspond to simulations in Table 2.3.
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Figure 3.2.22. Distances between Mg**sr. and surrounding oxygen atoms, see Figure 3.2.20 for
the structural information. A. Distances from Mg?'srr to the O'? (red) and O°" (orange) atoms of
the A2662 residue of the SRL. B. Distances from Mg?*sry to the OP! (red) and OP? (orange) atoms
of the Asp21%-3 of the P-loop. Green lines mark the distance of 3A. Track numbers correspond to
simulations in Table 2.3.
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In all six MD simulations, the Mg?'srL ion remained bound to the O?" atom of the
phosphate group of the A2662 residue (Figure 3.2.20, Figure 3.2.22A). In five simulations out of
six, this Mg?'srL ion becomes simultaneously coordinated by the side chain of Asp21% thus
linking the phosphate group of SRL with the EF-Tu (Figure 3.2.20, Figure 3.2.22B). In simulations
#1 and #2, however, this bond was only established after 73 and 48 ns of simulation, respectively,
this bond never formed, and in simulation #5. It is noteworthy that the Mg?*sr1 ion remained bound
and did not exchange with Mg?" ions from the solution during the simulations.

During the simulations, additional cations from the solution (both Mg?" and K*) are bound
to the RNA fragments. Several additional Mg**-binding sites can be seen next to the SRL fragment
(Figure 3.2.23). One such site is next to the C2658 nucleotide residue, the other site is between the
phosphate group of G2663 and the side chain of Glu55 of the Switch I region. Furthermore, a K*
ion was often seen bound to the SRL near the G2661 residue. Further Mg®" and K" ions are seen
next to the tRNA fragment, but all these sites are located further than 12A from the GTP-binding
site. Finally, a single K" ion binds between the backbone and the side chain oxygens of Asp51 of
the Switch I region (Figure 3.2.23).

Figure 3.2.23. Occupancy of K*- and Mg?"-binding sites during MD simulations. Cation positions
from 20 structures are shown, structures were samples from simulations 1, 2, 3, and 6 (as shown
in Table 1) with 20 ns period. Protein is shown as a light blue cartoon, K" ions are shown as purple
spheres, Mg?* ions - as green spheres, SRL, and tRNA fragments are shown as blue sticks with
oxygen and phosphorus atoms colored red and orange, respectively. GTP molecule is shown as
black sticks, Asp21%- is shown as red sticks.
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3.2.5.2 Hydrogen bonded network in the catalytic site and its changes in

response to the K* binding

The MD simulations revealed a complex bonding network that involves the GTP molecule,
A2662 residue of SRL, Mg*" and K" ions, as well as many amino acids and water molecules
(Figure 3.2.27). The core of this network is formed by the aforementioned bonds which stabilize
the triphosphate chain in its extended, strained conformation. Conserved hydrogen and
coordinational bonds in the NTP-binding site of P-loop NTPases are listed in Table 3.8 and some
of them are shown in Figure 3.2.24. Specifically, the O'* atom of a-phosphate forms H-bonds with
the backbone amino group of the Thr26%*? residue. The O'® atoms form H-bonds with the
backbone amino groups of the signature Lys24 residue and the Gly23%! residue, an invariant
residue of the P-loop motif. The O** atom between a- and B-phosphates forms a weak H-bond
with the backbone amino group of Gly23%-!. The O?® atom makes an H-bond with the backbone
amino group of the Thr25%*! residue. The OB atom between B- and y-phosphates forms an H-bond
with the backbone amino group of the Asp21%3 residue. In addition, the O'B and O*Y atoms form
H-bonds with the side chain amino group of the signature Lys24 residue; its amino group is

9K and a weak H-

additionally stabilized by an H-bond with the carbonyl oxygen atom of Hisl
bond with the carbonyl oxygen atom Glyl18%°, The O°® and O'S atoms are coordinated by the
Mg?*Grp ion, which is, in its turn, coordinated by further protein residues. Most of these
interactions are common for all P-loop fold NTPases, as they involve universally conserved
residues or backbone amino and carbonyl groups of the P-loop; this bonding pattern is seen in
high-resolution structures of EF-Tu [236]. In all six simulations, all these bonds remained stable,
indicating a proper GTP binding throughout the simulations (Figure 3.2.25).

In addition to these “universal” bonds, two more H-bonds are common for the proteins of
the TRAFAC class. First, the backbone amino group of the signature Thr residue of Switch I forms
an H-bond with the O°S atom of y-phosphate whereas its side chain interacts with the Mg" ion,
see Figure 3.2.27. In MD simulations of EF-Tu, the H-bond between the O3C atom of y-phosphate
and the backbone amino group of the signature Thr62 of Switch I was mostly stable and broke
only in the middle of simulation # 4 (Figure 3.2.26). Second, an H-bond is often formed between
the O?C atom of y-phosphate and the backbone amino group of GlyP" residue of the Walker B
motif, see Figure 3.2.24, Figure 3.2.26 and [121]. This bond between Gly84°" and O*° atom of
v-phosphate was present only in simulation runs #2 and # 6 and was absent in other simulations
(Figure 3.2.26), where the interaction between Gly84P™ and O?C appeared to be mediated by the

wHIS molecule (Figure 3.2.27).
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Figure 3.2.24. Universally conserved and class-specific bonds in P-loop GTPases and ATPases.
Universal bonds are shown as follows: hydrogen bonds between protein and GTP/ATP are shown
in black, Mg?" coordination bonds are shown in green, distances from catalytic water molecule to
the PS or corresponding atom are shown in red. Blue dashes show hydrogen bonds, different
between protein families, yellow dashes show bonds with the catalytic residues, also different
between protein families. Proteins are shown as blue cartoons, GTP, ATP, and functionally
relevant protein residues are shown as sticks, catalytic residues are highlighted in yellow. Ions and
water molecules are shown as spheres, water molecules in red, K* in purple, Mg?" in green. A. EF-
Tu (PDB ID 4V5L). B. GTPase MnmE (PDB ID 2GlJ8). C. Helicase Pifl (PDB ID 506B).

Table 3.8. Conserved hydrogen and coordinational bonds in the NTP-binding site of P-loop
NTPases

Bond EF-Tu MnmE Ras Pif1

(PDB 4VSL) | (PDB 2GJS8) (PDB 1WQ1) | (PDB 506B)
Res‘i(.iue atom g:r{rll)gr prqtein Dist. prqtein Dist. prqtein Dist. prqtein Dist.
position atom residue | (A) |residue | (A) |residue | (A) |residue | (A)
N/A MG | 0% N/A 22 |N/A 20 | N/A 1.8 | N/A 2.0
N/A MG | Q¢ N/A 22 |N/A 1.9* | N/A 2.3* | N/A 1.9%
K NZ |O'B Lys24 |3.0 |Lys229 |28 |Lysl6 |2.8 |Lys264 |2.6
K NZ | 0% Lys24 | 3.8 |Lys229 |2.9*% | Lysl6 |2.8* | Lys264 |2.8*
K+2 N o' Thr26 | 3.2 |Ser231 |29 |Alal8 |28 |Ile266 |2.7
K+2 0" o™ Thr26 |2.8 |Ser231 |28 |Alal8 |N/A |1le266 | N/A
K-1 N (O Gly23 [3.6 | Gly228 |32 |Glyl5 |33 |Gly263 |32
K-1 N O'B Gly23 |32 | GIy228 [3.0 |Glyl5 |3.0 |Gly263 |3.1
K N O'B Lys24 |27 |Lys229 |29 |Lysl6 |28 |Lys264 |3.0
K+1 N 0% Thr25 |[3.5 |Ser230 |29 |Serl7 |3.4 |Ser265 |3.0
K NZ |K-6(0) | Lys24-|3.3 | Lys229- | 3.7 | Lysl6-|3.3 | Lys264-|3.0

Glyl8 Gly223 Glyl0 Ser259
K NZ | K-5(0) | Lys24-|2.8 |Lys229- | 2.9 |Lysl6-|2.7 |Lys264-|3.2

His19 Arg224 Alall Gly258
K-3 N 0’8 Asp21 | 2.7* | Asn226 | 3.0 | Glyl3 |2.7 |Gly261 |29
K-3 N 0% Asp21 |44 | Asn226 |3.1 | Glyl3 |3.9* | Gly261 |3.2*

* - Distances measured to carbon or fluoride atoms that replace oxygen atoms in NTP analogs
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A. Distance from OB to Lys24N? B. Distance from O%C to Lys24N2 C. Distance from O'A to Thr26N
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Figure 3.2.25. Conserved hydrogen bonds in the active site of EF-Tu. Green lines mark the
distance of 3A. Track numbers correspond to simulations in Table 2.3.
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A. Distance from Thr62N to Q36 B. Distance from Gly84Nto 026 C. Distance from Asp21Nto 026
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Figure 3.2.26. Hydrogen bond network in the catalytic site of EF-Tu. A. Distance from the
backbone nitrogen of Thr62 of the Switch I to the O3C atom of y-phosphate. B. Distance from the
backbone nitrogen of Gly84P™ to O?Y atom of y-phosphate. C. Distance from the backbone
nitrogen of Asp21%- to the O?° atom of y-phosphate. D. Distance from the NF? atom of His85"*
to the O'" atom of A2662 residue of SRL. E. Distance from the backbone nitrogen of Thr26%*2 to
the O'A atom of a-phosphate. F. Distance from the backbone nitrogen of Asp21%-3 to the O*® atom
of B-phosphate. Green lines mark the distance of 3A. Track numbers correspond to simulations in
Table 2.3.

In the MD simulations, HisP** of EF-Tu was facing the y-phosphate and forming an H-
bond between the N2 atom of its side chain and O'? oxygen of the A2662 phosphate (Figure
3.2.27, Figure 3.2.26). In this conformation, the NP! atom of the His®** formed an H-bond with
the "catalytic" water molecule w!''>| which, in its turn, made an H-bond with the O*Y atom of the
y-phosphate. In most simulations, His®** remained oriented towards the phosphate chain, but its
imidazole ring rotated several times (Figure 3.2.26D).

MD simulations #2-6, where the K" ion was not initially placed in the AG site, reveal the
changes in the catalytic site that happened in response to the K* binding. The K* ion, by linking
O** and O°C atoms of o- and y-phosphates, caused rotation of the y-phosphate group (Figure
3.2.28). The same K'-induced rotation made possible a new H-bond between the O*¢ atom and

1 K-3

the backbone amino group of Asp2 residue. This bond was present in all MD simulations
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(Figure 3.2.26C). Also, the rotation of y-phosphate resulted in an almost eclipsed conformation of
the triphosphate chain (Figure 3.2.28A).

Glyg40+3 |

-
4
4
ﬁ_ |
\ -.‘ !"‘.
:'f J"
/ |

Figure 3.2.27. Bonding network and water molecules in the catalytically active conformation of
EF-Tu as revealed from MD simulations (the shown conformation was sampled from simulation
#3 in Table 2.3). Protein is shown as a light blue cartoon, K™ ion is shown in purple, Mg?" ions are
shown in green, SRL fragment is shown as blue sticks with oxygen and phosphorus atoms colored
red and orange, respectively. Functionally relevant protein residues and water molecules are shown
as sticks, the residues of the Switch I motif are shown in magenta, the catalytic His®** residue is
shown in yellow.

The K ion, by "fixing" the conformation of Asp21% residue and of the Switch I loop,
specifically stabilized the entire H-bonded network of water molecules in the catalytic pocket
(Figure 3.2.27). To visualize the stability of individual water molecules in each position, the
distances from each water molecule to the surrounding moieties were traced; Figure 3.2.29 shows
the data from simulation #3, whereas data from other simulations are shown in Supplementary
Figures S3-S7. Remarkably, despite the high mobility of His?™, the molecule w'!'S remained stable
through MD simulations (Figure 3.2.29, S3-S7). It was additionally H-bonded with the backbone

D+3 D+4

amino group of Gly84~" so that even when His”"™ was not in a position to provide an H-bond, the

81



wHiS molecule stayed in its position. That said, the w!''> molecule was exchanged with the bulk

several times during the 100 ns simulation (Figure 3.2.29A, S3-S7).
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Figure 3.2.28. Rotation of y-phosphate upon K* binding and formation of an H-bond between the
O?S atom and backbone amino group of Asp21%3. A. Coordinational and hydrogen bonds in the
active site of EF-Tu with K bound, as sampled from simulation #3 (see Table 1). Superposition
of two conformations is shown: in blue — conformation sampled before K* binding in the AG site,
in green — conformation sampled shortly after. B. Conformational space of GTP during the MD
simulation of EF-Tu. Scatter plot of the ¥*” dihedral angle (O**-PA-PS-0°F) against the length of
the H-bond between the O*° atom and the backbone nitrogen of Asp21%- as sampled from the MD
simulation #3; the color of each dots corresponds to the point of time during the simulation, see
the scale below the X-axis. Larger blue dots correspond to conformations, sampled before K*
binding in the AG site. The green arrow on the color scale indicates the moment of K™ binding.
Data from other simulations are shown in Supplementary Figure S8.

In addition to the w'™ molecule, three more water molecules, at least, appear to be involved
in the H-bond network around the y-phosphate of GTP. One of them is the w5 molecule seen in
the X-Ray structures (Figure 3.2.18B, D). In the MD simulations, w*5" molecule was located close
to the K*ac ion but stayed too far for a coordination bond. Instead, w*S* formed H-bonds with OP?
atom of Asp® and the O°“ atom of y-phosphate, as also seen in the crystal structures (Figure
3.2.18B, D). The w*SF molecule is rarely exchanged with the solution (Figure 3.2.29B).

One more water molecule dwelled between the W' and wASP

molecules (Figure 3.2.27).
Since this molecule appears to form a weak H-bond with the O° atom of y-phosphate, hereafter
denoted as w°. Since w° did not form H-bonds with amino acid residues, this water molecule was
the least stable one and frequently exchanged with the bulk (Figure 3.2.29C, S3-S7). Finally, one
of the water molecules, coordinating Mg**sri. (wSRL in Figure 3.2.27) made an H-bond with w"5F,

Interactions between Mg?" ions and coordinating water molecules were very stable; as long as
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Mg?*srL stayed bound to the phosphate group of A2662, the w Rl molecule was also present

providing an H-bond to the w*S? molecule and stabilizing the latter (Figure 3.2.29D, S3-S7).
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Figure 3.2.29. Stability of water molecules in the active site of EF-Tu as seen in MD simulations.
Data from simulation #3 is shown, data from other simulations are shown in Figs. S3-S7. Water
molecules nomenclature as shown in Figure 3.2.27. A. Distances measured from oxygen atom of
water molecules in position w!S to NP! atom of HisP**, backbone nitrogen of GlyP*?, and the O*¢
atom of GTP. B. Distances measured from the oxygen atom of water molecules in position wS?
to the K*ag ion, the nearest OP'/OP? oxygen atoms of Asp®~* sidechain, and the O*“ atom of GTP.
C. Distances measured from the oxygen atom of the wS water molecule to oxygen atoms of water
molecules w''S and w*S?, and the O*¢ atom of GTP. D. Distances measured from the oxygen atom
of wS water molecule to the O'P atom of A2662, the oxygen atom of the w”S? water molecule and
the Mg?*srL ion. All distances were measured to oxygen atoms of water molecules; different colors
correspond to different individual water molecules, within each panel same colors correspond to
the same molecules. Data are shown only for the cases when a short distance (<5A) was maintained
for at least 1 ns.
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The overall pattern of bonding in the catalytic site of EF-Tu resembled that described
earlier for the FeoB GTPase [146]) and MnmE GTPase [28, 115], see Figure 3.2.30. Presented
here data clarifies the role of the A2662 phosphate group of SRL in the activation of GTP
hydrolysis by translation factors. While the O'” atom of this group, by making an H-bond with the
His85P* residue, kept it in the "catalytic" orientation, the O* atom laid a Mg?*srL-mediated bridge
towards the Asp21% residue of EF-Tu and K* ion (Figure 3.2.20, Figure 3.2.27). Hence, SRL
interacts with EF-Tu via two routes, at least, namely the H-bond with His85°** and Mg**sr1-
mediated bridge to Asp21%3.

Earlier it was shown that the recognition of the cognate codon by aa-tRNA enables the
interaction of the GTP binding site of EF-Tu with SRL and, in addition, affects the conformation
of tRNA [127, 167, 170, 181, 182, 241-243]. Figure 3.2.19 shows that the position of the Switch I
loop depends on the interaction of EF-Tu with its partners. It appears that the interaction with the
aa-tRNA alone affects the conformation of the Switch I loop and pushes the Glu60™ residue closer
to the phosphate chain, towards the K'-binding position (green structures Figure 3.2.19), which is
in agreement with the earlier observation that aa-tRNA directly sends a signal of its acceptance
during decoding to the GTP-binding site [241, 242]. Upon the codon recognition, the Glu60™>
residue comes on the coordination distance to the K" ion due to the Switch I interaction with SRL
and tRNA (blue cartoons, Figure 3.2.19). Concurrently, the His85P™* and Asp21%-* attain their
"catalytic" positions after the docking of the GTP-binding site to SRL. Hence, the K* ion
"integrates" several conformational signals, which decreases the probability of erroneous
stimulation of the GTP hydrolysis. Owing to the coordination by a K" ion, the codon recognition

is precisely synchronized with the GTP hydrolysis.
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Figure 3.2.30. Comparison of the H-bond networks in the GTP-binding sites of EF-Tu and MnmE.
A, C - K*-binding site (A) and hydrogen bonds around y-phosphate (C) in EF-Tu, as sampled from
simulation #3 (see Table 2.3). B, D — K'-binding site (B) and hydrogen bonds around the v-
phosphate mimicking AlIF4 group, as seen in the crystal structure of MnmE (PDB ID 2GJS).
Proteins are shown as blue cartoons, functionally relevant residues are shown as sticks, K-3
residues and conserved Thr of the Switch I are shown in magenta, catalytic His852** — in yellow.
Cations are shown as spheres, K* in purple, Mg?" in green.
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3.2.6. Comparative Analysis of P-loop NTPases

Structural analysis and molecular dynamics simulations of MnmE and EF-Tu revealed
significant similarities in the activation mechanism of these enzymes. Both proteins follow the
same steps, that lead to the nucleophilic attack by the catalytic water molecule:

i.  Mg-NTP binding to the P-loop motif drives the triphosphate chain into an extended
conformation, with - and y-phosphates in a near-eclipsed conformation;

ii.  Cationic moiety (monovalent cation in MnmE and EF-Tu) is inserted into the catalytic site
and interacts with the y-phosphate, which is rotated towards an almost eclipsed
conformation;

iii.  The new position of y-phosphate is stabilized by an additional H-bond with the backbone

amino group of the K-3 amino acid of the P-loop motif.

Potassium-dependent NTPases appear to be evolutionary old; most of them interact with
ribosomes, arguably, the oldest cellular endowment [7, 8, 22, 175, 176, 244-249]. Modeled here
proteins MnmE and EF-Tu both have been attributed to the Last Universal Common Ancestor
[175, 250]. Hence, the catalytic mechanism, as suggested for evolutionary old, K -dependent P-
loop NTPases could be envisioned as basic.

In this chapter available structures and activation mechanisms of P-loop NTPases of
different classes are analyzed to identify ubiquitous features that underlie the common basic
mechanism of NTP hydrolysis stimulation. First, the conservation of the P-loop motif structure
was analyzed to illustrate that in all P-loop proteins the phosphate chain is bound in the same
conformation. Second, representative proteins from each class of P-loop NTPases were analyzed
in the context of available literature data, to determine the stimulating moiety, analogous to the
monovalent cations in MnmE and EF-Tu, as well as residues, characterized as “catalytic” or
“essential” and other residues involved in the coordination of y-phosphate and/or catalytic water
molecule. Finally, all available structures of P-loop NTPases were analyzed to investigate the
possibility of the new H-bond between the O*° oxygen atom and the backbone amino group of the
K-3 residue of the P-loop motif.

The abundance and diversity of the P-loop fold domains in NTPases with solved 3D
structures make their structural analysis a complex and arduous task. In the SCOP database [251],
the P-loop fold entry contains 24 families. In the CATH database, the P-loop superfamily
3.40.50.300 includes 140 structural clusters and 2,438 functional families [252]. In the InterPro

database [218], the “homologous superfamily” IPR027417 has 698 family and domain entries. In
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the ECOD database [253], the topology-level “P-loop NTPase” entry contains 193 families. In the
Pfam database [254], the P-loop NTPase clan CL0023 contains 217 families. To both provide
detailed analysis and cover all available structures, in this work manual inspection of the selected
representatives from diverse classes of P-loop NTPases was combined with systematic
computational analysis of all available structures of P-loop fold NTPases with bound NTP-like
molecules.

For each class of P-loop NTPases, one or several proteins with available crystal structures
were selected as representatives. Each selected structure contained a Mg?" cation and either a metal
fluoride transition state analog (when available) or a non-hydrolyzable substrate analog. To
evaluate the conservation of the P-loop motif structure, all chosen representative structures were
superposed with the structure of AlF4-containing, K*-dependent GTPase MnmE (PDB ID 2GJ8)
by aligning 20 amino acids of the P-loop region with the corresponding amino acids 217-236 of
MnmE. Not only the sequence motif but also the shape of the P-loop is strictly conserved across
all classes of P-loop NTPases (Figure 3.2.31A). Accordingly, the following interactions of the
triphosphate chain with amino acids and the Mg?" ion appear to be conserved across the whole
superfamily (Table 3.8).

In all manually inspected structures, the NTP molecule (or its analog) is bound to the P-
loop domain in catalytically prone extended conformation that is characterized by the eclipsed
orientation of the  and y phosphates as seen, for instance, in Figure 3.1.2A, B, see also [115, 216,
255, 256]. This strained, extended conformation of the NTP molecule is enforced by a plethora of
highly conserved bonds that mostly involve the amino acids of the P-loop motif [115, 121], see
Figure 3.2.31 and Figure 3.2.24. Specifically, the O'* atom of a-phosphate forms an H-bond with
the backbone amino group of the K+2 amino acid, while the O* atom between o- and P-

K+1another invariant amino

phosphates forms an H-bond with the backbone amino group of Gly
acid of the P-loop motif. The O atom between B- and y-phosphates forms an H-bond with the
backbone amino group of the K-3 amino acid. The O'B and O°C atoms, respectively, form H-bonds
with the signature Lys residue of the P-loop motif, while O*® and O'® atoms coordinate Mg*" ion,
which is, in its turn, is coordinated by protein residues. All these interactions are common for all
P-loop fold NTPases, as they involve universally conserved residues or backbone amino groups
of the P-loop. Most of these interactions involve backbone nitrogens of the P-loop motif residues,
namely K-3, K-1, K, K+1, and K+2 (Figure 3.2.31B). The consistent presence of H-bonds formed
between the backbone groups of K-3, K-1, K, and K+1 residues and a- and B-phosphate oxygen

atoms was noted earlier for ATPase motor proteins [140]. Three of these residues (K-1, K, and
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K+1) are universally conserved within the P-loop motif GxxxxGK][S/T], so these bonds are likely
to be universally present in all P-loop/NTP complexes (Figure 3.2.24).

While the K-3 position is not universally conserved among the P-loop proteins, it is
conserved within many families and almost always is represented by a Gly or another small residue
(Figure 3.2.32). The notable exceptions are cation-dependent proteins in the TRAFAC class,
which, as mentioned earlier, carry a K'-binding residue in this position: Asp in translation factors,
and Asn in MnmE and others. It was suggested, that the backbone amid of K-3 residue plays a
pivotal role in the catalysis by stabilizing the O*® atom of the substrate in Ras-like GTPases [257].
Conservation of not only the position of the backbone, but the residue itself in the K-3 position
indicates, that this residue may play an even bigger role in the catalysis, specifically by stabilizing

one of the oxygen atoms of y-phosphate right before and during the transition state.
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Figure 3.2.31. Conservation of the P-loop motif structure across protein families. A. Structures of
proteins, representing different classes of P-loop NTPases and described in Table 3.9 are shown
superimposed on the P-loop region of GTPase MnmE (PDB ID 2GJ8 [28]). For the MnmE
GTPase, the P-loop region is shown as a cartoon. For all the proteins, the last seven residues from
the motif GxxxxGK][S/T]x, as well as the Asp residue of the Walker B motif and NTP analogs are
shown in lines and colored as follows: LysW* in green, Gly/Ala/Asn® in purple, Asp™® in red;
NTP analogs are shown in black with ester oxygen atoms in red. Other protein residues are shown
in gray with backbone nitrogen and oxygen atoms shown in blue and red, respectively. Mg*" ions
are shown as yellow-green spheres. B. Coordination and H-bonds between the Walker A motif
residues and Mg-NTP moiety. Specific residues and numbers are given for the RhoA GTPase
(PDB ID 10W3 [125]).

Additionally, an H-bond is formed between the backbone of K+2 residue and the O'* atom
of a-phosphate (Figure 3.2.24). While this residue is not conserved across all P-loop proteins, the
location of its backbone nitrogen group in the structure is invariable, so this bond always can be

formed. Finally, the sidechain amino group of the signature lysine residue is anchored by two

88



backbone oxygen atoms of residues K-5 and K-6. In crystal structures, the distance between P-
loop Lys and the backbone oxygen of K-6 does not always support the H-bond formation (Table
3.8). Still, the formation of both bonds with K-5 and K-6 is possible in all P-loop proteins.

FeoB-like family,
TRAFAGC class (PF02421) N [T
SRP family,
SIMBI class (PF00448) T -I- |
Thymidylate kinase family,
Kinases class (PF02223) E O TT
AAAfamily,
AAA+ class (PF00004) I KT
ABC transporters class
(PFO0005) I KST
I
T2SSE family,
PilT/ViIrD class (PF00437) 1 T S KT T
DEAD family,
SF1/2 helicases class T > KT
(PF00270) [

Figure 3.2.32. Conservation of the K-3 residue in the P-loop motif of some protein families.
Sequence logo representations were obtained using JalView [258] for the “seed” alignments of
individual protein families from the Pfam database [254] and superposed to match the conserved
lysine residue. The black box indicates the position corresponding to the K-3 residue.

3.2.6.1 Activation mechanisms in representative P-loop NTPases

For the comparative structure analysis, representative structures were manually selected
for each class of P-loop proteins based on literature data and structure availability. When available,
structures with transition state analogs, e.g. NDP:AlF4~ or NDP:MgF3™ complexes, were analyzed.
For classes that did not have such structures available, structures with non-hydrolyzable analogs
of ATP or GTP were used. In total 21 structures have been selected to represent diverse classes of
P-loop NTPases (Table 3.9).

For each class one or several representative structures were checked for the following
features: (1) amino acids that coordinate the Mg-triphosphate moiety; (ii) positively charged,
potentially stimulating moiety(ies) that are introduced into the catalytic site during the activation
and interact with the phosphate chain; (iii) amino acid that interacts with the catalytic water
molecule; and (iv) other auxiliary amino acids that interact with oxygen atoms of the y-phosphate
group (or its analogs).

The generic numbering scheme for residues in conserved motifs introduced in Chapter

3.1.1 is used here as well to refer to functionally relevant residues across diverse classes of P-loop

89



proteins. Additionally, a generic numbering is introduced and employed here for the strands in the
B-pleated sheet. In some P-loop NTPases, the Mg**-stabilizing Walker B motif aspartate residue
is located at the C-terminal tip (hereafter C-cap) of the B-strand. However, in other NTPases, the
Walker B motif could be at the C-cap or even at the N-terminus of other B-strands [259]. This
diversity results in a rather confusing numbering of B-strands that is used for major classes of P-
loop NTPases. Otherwise in this work, for simplicity, the B-strand, which is in-line with the
triphosphate chain is referred to as “Walker B strand” or WB-strand. This strand is easy to find in
a structure because it stabilizes Mg?" by an Asp or, rarely, a Glu residue as described in [259].
Other strands of the same B-pleated sheet, independently of their position in the amino acid
sequence, are numbered by their position relatively to WB-strand as WB-1, WB-2, etc., or WB+1,
WB+2, etc., as shown in Fig. 1A. For the sake of brevity, “WB” could be omitted, and the strands
could be numbered -1, -2, 0 (for the WB strand), +1, +2, and so on, as depicted in Figure 3.2.33
and Figure 3.2.36.

Kinase-GTPase division

According to [24, 26], P-loop NTPases form two divisions: Kinase-GTPase division and
ASCE (Additional Strand Catalytic E (glutamate)) division [24, 26]. The Kinase-GTPase division
unites three classes of NTPases: the TRAFAC (from translation factors) class of translational
factors and regulatory NTPases, SIMIBI (signal recognition, MinD, and BioD) class of regulatory
dimerizing ATPases and GTPases, and the class of nucleotide kinases (Figure 3.2.33).

In the NTPases of the TRAFAC class, the ai-helix is followed by an elongated Switch [
loop that contains a single conserved Thr residue and is specific to the class (Figure 3.1.2, Figure
3.2.33). This elongated loop goes into a B-strand, which is antiparallel to all other B-strands in the
core B-pleated sheet of the P-loop domain (Figure 3.2.33). Apart from the TRAFAC class, all other
classes of P-loop NTPases have predominantly all-parallel core B-pleated sheets. In the most well
studied Ras-like GTPases, Switch I interacts with diverse physiological modulators of activity
[260], whereas the activating domains bind to the Switch II loop, which follows the Walker B
motif (Figure 3.1.2A). In most TRAFAC NTPases, the HN group of the signature Thr of Switch I
motif forms an H-bond with y-phosphate (Figure 3.1.2A, B, Figure 3.2.34). The Wca molecule,
when seen next to the transition-state analogs in crystal structures, is usually stabilized by the
backbone oxygen atom (CO) of the same Thr residue whereas its side chain oxygen atom interacts
with the Mg?* ion (Figure 3.1.2A, B, Figure 3.2.34). In addition, the D+1 and D+4 residues are

usually involved in the stabilization of Wy, see e.g. Figure 3.2.34.
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Figure 3.2.33. P-loop domain organization and conserved motifs of P-loop proteins in Kinase-
GTPase division. Proteins are shown as gray cartoons, strands forming the core of the P-loop
domains are numbered and colored pink, P-loop is shown in blue, the following a-helix is shown
in green, K-loop/Switch I and corresponding regions are shown in yellow. GTP analogs are shown
as black sticks, Mg?" ions — as green spheres. Strands are numbers relative to the Walker B motif-
containing strand.

Previous chapters have already covered the activation mechanisms in cation-dependent
GTPases of the TRAFAC class. Here, it is important to note the differences in the coordination of
the Wear. Most cation-dependent GTPases, including MnmE and dynamin, belong to the family of
HAS (hydrophobic aminoacid substitution) GTPases [147]. The W¢a: molecule is stabilized not by
“catalytic” side chain(s), but only by nearby atoms of protein backbone, e.g. COT, HNT, and HNP*2
in the case of the MnmE GTPase (Figure 3.1.2B). In dynamins (Figure 3.2.34A), these are CO’
and HNP*, In the classical translational GTPases, W is uniquely stabilized by the side chain of

HisP™ residue in addition to NH of Gly®** and CO of Thr!, whereby the sidechain of His turns
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towards Weca in response to the activating interaction of the Switch II with the small ribosomal
subunit and tRNA [127].

Septins and septin-like proteins, which also belong to TRAFAC class, are stimulated by
Arg fingers, reciprocally inserted upon dimerization of the NTPase domains as, supposedly,
induced by interaction with the activating partner(s). In septins, the NH» group of the Arg finger
of the Switch I loop enters the AG site and links the O** and O°C atoms (see e.g. PDB ID 3FTQ
[261]). Another example of TRAFAC proteins that utilize Arg fingers is GBI/RHD3-type
GTPases (e.g. atlastin), where the Arg finger is in the K-3 position of the P-loop and links O** and
0% atoms of GTP when two protein monomers dimerize in response to the interaction with an
activating partner (PDB ID 4IDQ [262], Figure 3.2.34B). In both these cases, Arg fingers stimulate
GTP hydrolysis in the very same P-loop domain they belong to, but the P-loop domain
dimerization is required for the interaction of Arg residues with “their” phosphate chains. In
atlastin, Weat is seen stabilized by COT and HNP*? (Table 3.9, Figure 3.2.34B).

One of the best-studied groups in the TRAFAC class is the extended Ras-like (from rat
sarcoma) protein family, which includes Ras-GTPases believed to be among the most powerful
oncogenes. These small regulatory GTPases are usually stimulated by an Arg finger provided by
a specific partner protein GAP (GTPase activating protein). Similar Ras-like proteins can have
fully unrelated GAPs, see [121, 260, 263] for reviews. In most structures of Ras-like GTPases, the
stimulating Arg finger is inserted between a- and y-phosphates and links O** and O*¢ atoms of
GTP, see Figure 3.1.2A.

The specific feature of Ras GTPases is that the stimulating Arg residue, in addition,
mobilizes a further catalytically important residue in the D+4 position. The backbone carbonyl
oxygen of the Arg finger makes an H-bond with the side chain amino group of GIn®™, which
brings this residue (GIn61°™ in Ras GTPase, GIn63°** in Rho GTPase) in a position where its side
chain carbonyl interacts with Wea, see Figure 3.1.2A and [92, 117, 121, 122, 191, 192, 264].

The GTPase domains of the a-subunits of heterotrimeric G-proteins are closely related to
Ras-like GTPases. Here, the intrinsic Arg finger, as provided by a family-specific insertion
domain, links O** and O°¢ atoms of GTP as well, and the side chain of GIn** residue and HNP*
are involved in Wy stabilization in addition to CO'. Notably, the Arg finger is also directly
involved in the interaction with the D+4 residue, providing a backbone CO group to orient the side

chain of GInP** towards the y-phosphate [130](PDB ID 1TAD, Figure 3.2.34C).
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Figure 3.2.34. Representative NTPases of the TRAFAC class. The protein backbone is shown as
a gray cartoon, nucleotides, their analogs, and functionally relevant residues are shown as sticks,
water, and cations are shown as spheres: water in red, Mg?" in yellow-green, Na* in blue. P-loop
lysines are shown in green, K-3 residues are shown in magenta, conserved residues from Switch
I/K-loop are shown in yellow. All distances are measured in A. A. Dynamin (PDB ID 2X2E [30]).
B. Atlastin-1 (PDB ID 4IDQ [262]). C. Ga.i2 subunit of heterotrimeric G-protein (PDB ID 1TAD
[130]). D. Myosin IT (PDB ID 1W9J, Morris C.A. et al., to be published).

apa 3+ Thr1777 g

Finally, a unique stimulation mechanism, that employs neither monovalent cations nor Arg
fingers is realized in the kinesin and myosin families. In these proteins, the position of conserved
Thr in Switch I motif is taken by the signature Ser residue, which provides its side chain oxygen
atom to coordinate the cofactor Mg?* ion (Figure 3.2.34D). The AsnS* residue gets inserted
between a- and y-phosphates [265-267], so that the side chain amino group of Asn%* links the O?*
and O’¢ atoms. Additional coordination of the y-phosphate appears to be provided by the sidechain
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of Ser/Thr** of the P-loop and Ser®! of Switch I The CO® and, likely, the side chain of Ser>! form
H-bonds with Wea. One more H-bond with Wy is provided by HN of GlyP*™ (Figure 3.2.34D).

The SIMIBI class NTPases include ATPases and GTPases that dimerize upon interaction
with the activating partner in a such way that the catalytic sites of monomers interact “face to
face”. Each monomer inserts, into the catalytic site of the other monomer, either a stimulating Lys
residue (Figure 3.2.35A) or an Arg residue (in complexes of signal recognition particles (SRPs)
with their respective receptors (SRs)), see Figure 3.2.35B and [268, 269] for reviews. Many
SIMIBI class ATPases and GTPases contain so-called “deviant” Walker A motifs KGGxGK][S/T]
with an additional conserved Lys®™ residue that is inserted into the active site of the partner subunit
in a dimer [269]. Lysine fingers, as used by SIMIBI proteins, form H-bonds with both O** and
O°Y atoms (Figure 3.2.35A). Many SIMIBI proteins have a Gly®*3 residue [24], which can provide
its backbone amide for additional coordination of the y-phosphate, similarly to Gly®** in TRAFAC
class proteins (Figure 3.2.35A). Additional coordination of y-phosphate is provided by amino acids
located outside of conserved motifs. Such residues are protein family-specific and are often
introduced into the active site from the adjacent monomer upon the interaction with an activating
partner and dimerization.

Signal recognition particle (SRP) and its receptor (SR) stand separately within the SIMIBI
class. Their GTPase domains form a pseudo-homodimer, where the two GTP binding sites interact
face-to-face, but GTP hydrolysis occurs in only one of the two monomers. Instead of a Lys finger,
these proteins employ Arg residues that are inserted reciprocally between the GTP binding sites
so that the guanidinium group interacts with the a- and y-phosphate of the GTP molecule bound
by “its” subunit and the a-phosphate of the GTP molecule bound by another subunit (Figure
3.2.35B). Still, the formation of such a GTPase dimer alone is not enough to trigger the GTP
hydrolysis. It was suggested that only upon he interaction with the RNA tetraloop, the “catalytic”
Glu residue of SRP (Glu277 in Figure 3.2.35B) is rotated towards the y-phosphate group of the
SR-bound GTP and contributes to the stabilization of Wea so that hydrolysis can occur, see Figure
3.2.35B and [270]. This Glu residue is specific to the SRP family and is located outside of the
common Walker A/Walker B motifs.

Many other SIMIBI class NTPases display similar activation pattern, where an NTP-bound
(homo)dimer demands the interaction with an activating protein (or RNA in SRP/SR complexes)
to bring specific “catalytic” residues in a position next to the y-phosphate group where they can
additionally contribute to the H-bond network around Wa [268].

The Wea molecule is stabilized by HN of the Gly®* residue and residues of the SIMIBI-
specific Switch I motif. Although SIMIBI NTPases lack the antiparallel B-strand of the TRAFAC
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class, they have a loop that is located similarly to Switch I and is also called Switch I (Figure
3.2.33). Conserved Asp from this region is involved in the stabilization of Wca (see Table 3.9,
Asp665™ in Figure 3.2.35A, and Asp1365™ in Figure 3.2.35B).

Nucleotide Kinases are ubiquitous enzymes that usually transfer the y-phosphoryl residue
of ATP to a wide range of substrates, primarily nucleotides and other small molecules [26, 271].
The key role in the catalysis by P-loop kinases is played by Arg or Lys residue(s) located in the
so-called “lid” domain, a small helical bundle domain that "covers" the catalytic site and often
carries several positively charged residues [26, 271, 272], see Figure 3.2.35C, D, Figure 3.2.33.
Thus, P-loop kinases do not need other proteins or domains to provide stimulating Arg/Lys fingers.
Instead, the binding of their substrate molecules is enough to trigger the lid domain rearrangement
that results in the introduction of Arg/Lys finger(s). Whereas Arg residues serve as stimulating
moieties in most kinases (Figure 3.2.35C), a Lys residue appears to perform this function in
adenylyl sulfate kinases (Figure 3.2.35D) [273].

Arg finger of the lid domain binds in the AG site between the a- and y-phosphates, forming
H-bonds with O* and 03¢ atoms. In those cases, where several Arg residues are involved around
the substrate-binding site, one of them occupies the AG site whereas others interact with its y-
phosphate and the second substrate molecule (e.g., in adenylate kinase, Figure 3.2.35C). In the
case of the adenosine-5'-phosphosulfate (APS) kinase, the lid domain inserts a Lys finger that
interacts directly with the y-phosphate and is connected with a-phosphate via a water molecule
(Figure 3.2.35D).

In kinases, the hydrolysis of the phosphoryl donor molecule is mediated by the acceptor
molecule, which, similarly to Wcat in other reactions of NTP hydrolysis, initiates the nucleophilic
attack and formation of the pentavalent intermediate. As in other P-loop NTPases, this reaction is
assisted by arginine and lysine fingers that position the interacting molecules and neutralize the
negative charges of phosphate groups [123, 274]. Some families of kinases have an Arg residue in
positions D+1 - D+5 [26]. Such Arg residue may assist in binding the phosphate acceptor molecule
(Figure 3.2.35C).
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Figure 3.2.35. Representatives of the SIMIBI and kinase classes. The residues of the adjacent
monomers in dimers are shown in light blue. Arg and Lys residues of the lid domains in kinases
are shown in blue. Other colors as in Figure 3.2.34. All distances are measured in A. A. ATP-
binding component of the dark-operative protochlorophyllide reductase (PDB ID 2YNM [275]).
B. Signal recognition particle (FtsY/Ffh) complex (PDB ID 4C70 [276]). C. Adenylate kinase
(PDB ID 3SRO0 [274]). D. Adenosine 5'-phosphosulfate kinase (PDB ID 4BZX [277]).
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ASCE division

The NTPases of the ASCE division have all-parallel B-pleated sheets in the core of the P-
loop domain with an additional, as compared to the NTPases of the Kinase-GTPase division, 3-
strand in the WB+1 position (Figure 3.2.36). In many classes of this division, further inserted 3-
strands were identified (Figure 3.2.36), see also [278-280]. Typically, ASCE NTPases use a
catalytic glutamate residue on the C-cap either of the Walker B strand or on the C-cap of the WB+1
strand to stabilize W, in addition to protein backbone groups. These features define the name of
this division: additional strand, catalytic E (ASCE) [24, 281-283]. According to current views
[278-280], the ASCE NTPases are divided into two clades that roughly differ by the number of 3-
strands in their P-loop domains (Figure 3.2.36). The group of “middle-size”” domains with up to
five-six B-strands includes AAA+ ATPases, helicases of superfamily 3 (SF3), as well as STAND
and KAP ATPases. The clade of “large” ATPase domains, with many B-strands, includes classes
of VirD/PilT-like ATPases, FtsK-HerA-like ATPases, helicases of superfamilies 1 and 2 (SF1/2),
ABC-ATPases, and RecA/F1 ATPases.

A. AAA-type B. ABC ATPases C. RecA/F1-type

C-ter
: domain

Figure 3.2.36. P-loop domain organization and conserved motifs of P-loop proteins in ASCE
division. Proteins are shown as gray cartoons, strands forming the core of the P-loop domains are
numbered and colored pink, P-loop is shown in blue, the following a-helix is shown in green, K-
loop/Switch II and corresponding regions are shown in yellow. GTP analogs are shown as black
sticks, Mg?" ions — as green spheres. Strands are numbers relative to the Walker B motif-containing
strand, see the main text.

AAA+ ATPases are ATPases associated with various cellular activities, where "+" stands
for ‘extended’. These enzymes contain an N-terminal P-loop domain and an additional a-helical
C-terminal domain, see [119, 120, 281, 284] for comprehensive reviews. The P-loop domain of

the AAA+ ATPases carries conserved Arg residue(s) from the side that is opposite to the P-loop
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[285]. P-loop domains of AAA+ proteins interact upon oligomerization (most often a hexamer is
formed [120]), so that the nucleotide-binding site of one subunit receives Arg finger(s) from the
neighboring subunit and, in some protein families, an additional Arg residue from its own C-
terminal helical domain ( [120], Figure 3.2.37A). One of the stimulating residues occupies the
space between o- and y-phosphates (Figure 3.2.37A). This stimulation pattern is also typical for
superfamily 6 helicases (SF6 helicases) [120]. No structures with transition state analogs are
available for AAA+ ATPases; therefore, the coordination of Wea remains unclear; but Glu*!
residue is believed to be involved [120].

Helicases of superfamily 3 (SF3 helicases) are very similar to AAA+ proteins but
compose a separate group/class owing to the different topology of their C-terminal helical domain
[284]. While the overall structural organization and activation mechanism of SF3 helicases follow
those of AAA+ proteins, these NTPases, instead of one or two Arg residues, insert one Lys and
one Arg residue into the active site, see Figure 3.2.37B and [284]. Both these residues are provided
by the adjacent monomer. The Lys residue forms H-bonds with both a- and y-phosphates, whereas
the Arg residue interacts with the y-phosphate and also is in a position to stabilize Wca together
with Asp474P*! and Asn529 of the WB-1 strand (Figure 3.2.37B).

Two more classes, STAND (signal transduction ATPases with numerous domains)) and
KAP (named after Kidins220/ARMS and PifA) are likely to have activation mechanisms similar
to the AAA+ proteins, based on their sequence similarities [283, 286]. However, the exact moieties
involved in the hydrolysis stimulation in these proteins remain uncertain. Even though several
structures of STAND ATPases are available and contain bound NTP analogs, all of them depict
Apaf-1 (Apoptotic protease activating factor 1). This multi-domain ATP-binding protein does not
exhibit any ATPase activity, and serves only as a signaling protein, undergoing large
conformational changes upon binding to ATP and cytochrome c in the cell cytoplasm, which lead
to heptamerization of Apaf-1/cytochrome c complexes and formation of the apoptosome,
launching the caspase cascade of the apoptosis [286-290]. While the ATP-binding site of Apaf-1
highly resembles that of other ASCE proteins, it cannot serve as a representative for the entire
STAND class. For the KAP class, no structures are available.

SF1/2 class helicases are mostly monomeric or dimeric with each polypeptide chain
containing two P-loop domains [291]. In these proteins, the N-terminal domain carries the
functional Walker A and B motifs and binds the nucleotide molecule, whereas the C-terminal
domain, although having a P-loop-like fold, lacks the Walker A and B motifs and does not bind
NTPs. Upon interaction with an RNA or a DNA, the C-terminal domain inserts two Arg residues

into the nucleotide-binding site of the N-terminal domain [292]. One of these Arg residues forms
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H-bonds with both a- and y-phosphates, whereas the other Arg residue interacts with y-phosphate
(or its analog) and Wea (Figure 3.2.37C). In addition, Wy is stabilized by the catalytic Glu342P*!
and class-specific Gln and Arg residues (Figure 3.2.37C).

ABC (ATP-binding cassette) ATPases are multidomain proteins that usually operate as
homo- or heterodimers [293]. Members of the ABC class are divided into families named
alphabetically from A to I [294]. Most of these families contain transmembrane domains and
operate as genuine ATP-driven membrane transporters where the P-loop domain performs ATP
hydrolysis. However, the members of ABCE and ABCF families have no transmembrane
domain(s) [295].

In dimers of ABC-NTPases, the nucleotide-binding sites of P-loop domains are located on
the interface between the monomers, in the same way as in dimers of SIMIBI NTPases, cf. Figure
3.2.35A, B. Instead of an Arg or Lys residue, each monomer inserts a whole signature motif
LSGGAQ into the catalytic pocket of the other monomer (Figure 3.2.37D, Figure 3.2.36B). In this
motif, the last residue could be also Glu(E) or even Trp(W) [296]. Some soluble ABC-NTPases
have a non-canonical signature motif (e.g. CSAGQ in Rad50 [297] and xSTFx) in MutS [298]).
Thus, the serine residue appears to be the most conserved in the motif.

In the structure of the maltose transporter complex, the only structure available with a
transition state analog bound (Figure 3.2.37D), the serine side chain and the backbone amino group
of the second glycine residue interact with the O3 atom of y-phosphate [299]. In this interaction,
the serine side chain is located between the a- and y-phosphates of the phosphate chain,
approximately in the position of a Na™ ion in dynamin-like proteins, cf. Figure 3.2.37D with Figure
3.2.34A.

Several amino acids commonly found in the active sites of ABC transporters can stabilize
Woat, see Figure 3.2.37D. These include the GluP*! residue, and a histidine residue on the C-cap of
the WB-1 strand in the case of the maltose transporter [299, 300]. Additionally, the activating
monomer in a dimer contributes to the coordination of Wea: by providing a backbone CO group of
a residue that is located outside of the signature motif (Figure 3.2.37D).

Two more classes of the ASCE Division are likely to have a similar to AAA+ stimulation
mechanism. In VirB/PilT-like class the class-specific PAS-like domain provides the Arg finger to
the AG site of the bound NTP molecule of the same subunit; an additional Arg finger can interact
with the y-phosphate, see [301-304]. In FtsK-HerA pumping ATPases recent structures report an
Arg residue analogous to the arginine finger of the AAA+ superfamily, that interacts with the NTP-
binding site of the adjacent subunit [305]. However, in the absence of structures with transition-

state analogs, the exact stimulation mechanisms in these two classes remain uncertain.
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Figure 3.2.37. Representatives of AAA+ ATPases, SF3 helicases, SF1/SF2 helicases, and ABC
ATPases. The protein backbone around the NTP-binding sites is shown as a gray cartoon,
functionally relevant residues are shown as sticks, the Mg?" cations are shown as green spheres,
Weat is shown as a red sphere. The signature lysines of the Walker A motif are shown in green, the
K-3 residues are shown in magenta. The adjacent monomers and their Arg and Lys residues are
shown in light blue. The Arg residues from the C-terminal helical domain are shown in deep blue
(panels A, C). All distances are measured in A. A. ATPase of human 26S proteasome (PDB ID
6MSB [306]). B. Replicative hexameric helicase of SV40 large tumor antigen (PDB ID 1SVM
[307]). C. ATP-dependent DNA helicase PIF1 (PDB ID 506B [308]). D. Structure of an outward-
facing maltose transporter complex (PDB ID 3PUW [299]).

Glu159P%
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RecA/F1 NTPases class encompasses oligomeric ATP-dependent motors, involved in
homologous recombination and DNA repair (RecA and RadA/Rad51), catalytic subunits of rotary
F- and V-type ATP synthases, helicases of superfamilies 4 and 5 (SF4 and SF5), as well as several
other protein families. In NTPases of this class, similarly to some AAA+ ATPases, the stimulating
moiety(is) is/are inserted in the catalytic site by the P-loop domain of the adjacent monomer.

The stimulation mechanism appears to differ between rotary Fi-ATPases/SFS5 helicases, on
the one hand, and recombinases/SF4 helicases, on the other hand. In Fi-ATPases, the stimulating
Arg residue of the adjacent monomer is inserted into the AG site and interacts with both a- and -
phosphates, whereas an additional, intrinsic Arg residue coordinates the y-phosphate, approaching
it apically (see Figure 3.2.38A). A similar stimulation mechanism is realized in SF5 helicases, see
e.g. Rho helicase (PDB ID 6DUQ [309]).

The Wecar molecule is seen in the catalytic position only in the ADP:AlF4-containing
structure of the bovine F1-ATPase (PDB ID 1HSE, Figure 3.2.38A) [132]. While in most ASCE
ATPases the Wea-stabilizing GluP*! residue directly follows the Asp of the Walker B motif, the
Weat -stabilizing Glu188 is on the C-cap of the WB+1 strand. In addition, Wca is also stabilized by
Arg260P**; this residue concurrently interacts with the activating neighboring monomer, which
also provides a backbone CO to stabilize Wea (Figure 3.2.38A).

In recombinases/SF4 helicases, two stimulating positively charged moieties interact only
with the y-phosphate group, in contrast to F1-ATPases. In several families, the adjacent subunit
provides one Lys residue and one Arg residue that form a short KxR motif [8], which interacts
only with y-phosphate. These are, for instance, the circadian clock protein KaiC (Figure 3.2.38B),
bacterial helicase DnaB ([310] and PDB ID 4ESV), and gp4d helicase from bacteriophage T7
([311] and PDB ID 1E0J). In bacterial RecA recombinases, the adjacent monomer in the
homooligomer provides two Lys residues which approach the phosphate chain laterally from the
adjacent subunit and interact only with y-phosphate, see Figure 3.2.38C and [223]. In archaeal and
eukaryotic RadA/Rad51-like recombinases, the positions of terminal groups of Lys/Arg are
occupied by two K ions, which appear to interact only with the y-phosphate of ATP, see Figure
3.2.38D and [8, 233].

In the case of RecA-like ATPases, AlF4-containing structures of the RecA recombinase of
E. coli [223] and the bacterial DnaB helicase [310] are available. However, Wcat is not seen in
these structures and the position of AIF4” moieties corresponds not to the transition state but rather
to a post-transition state, as discussed elsewhere (manuscript in preparation). Therefore, the
mechanism of Wy stabilization in RecA-like ATPases (Figure 3.2.38B-D) remains obscure; it

potentially could involve polar residues at the C-caps of the WB-1, WB, and WB+1 strands, as
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well as one or both of stimulating positively charged moieties [291, 312]. Generally, the H-bonded
networks around y-phosphate and Wca seem to be richer in RecA/F1-NTPases than in other classes
of P-loop NTPases.

Overall, the activation mechanisms in all classes of P-loop NTPases involve the interaction
between the P-loop domain and another domain, protein, or a subunit in the complex that
introduces the stimulating moiety into the active site. The types of stimulating moieties display a
remarkable variety, they could be monovalent cations; Arg, Lys, or even Asn residues; or groups
of residues, like the characteristic LSGGQ motif of the ABC ATPases. All these moieties have
cationic nature and are inserted in the active site in a similar manner by attacking the triphosphate
chain from its exposed side, approximately corresponding to the K'-binding AG side that was
defined above. While most stimulating moieties interact with o- and y-phosphates, in some
families, the interaction involves only the y-phosphate. Still, all types of stimulating moieties,
described above have the potential to rotate/tilt the y-phosphate.

Another prominent similarity between diverse classes of P-loop NTPases is the abundance
of polar residues, coordinating the catalytic water molecule and additional, auxiliary residues, that
provide backbone NH groups or positively charged sidechains to coordinate y-phosphate.
However, there is little to no conservation of these features across classes, and sometimes even

within particular classes, these features are diverse.
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Figure 3.2.38. Representative proteins of the RecA/F1-like class of the P-loop NTPases.

The protein backbone around NTP-binding sites is shown as a cartoon, functionally relevant
residues are shown as sticks, the Mg?* cations are shown as green spheres, K* ions are shown as
purple spheres, water molecules are shown as red spheres. The signature lysines of the Walker A
motif are shown in green, the K-3 residues are shown in magenta. The adjacent monomers and
their Arg and Lys residues are shown in light blue. Arg residue from the P-loop domain proper is
shown in deep blue (panel B). All distances are measured in Angstroms. A. Bovine F1-ATPase
(PDB ID 1HS8E [132]). B. RecA recombinase (PDB ID 3CMX [223]). C. RadA recombinase (PDB
ID 3EW9 [160]). D. Circadian clock protein kinase KaiC (PDB ID 4TL6 [313]).
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Table 3.9. Activation mechanisms in different classes of P-loop fold NTPases

Key catalytic moieties

P-loop class, Representative PDB NTP Walker A motif Stimulating
activation mechanism protein structure ID analog (K and K-3 moiety in the Wea stabilization®
residues) AG site
Kinase-GTPase division
TRAFAC MnmE 2GJ8 | GDP:AIFs | Lys229 | Asn226 | (KY) Thr251%-0, Gly249™2-HN,
Stabilization of the Switch I Thr250™!-HN, Gly273P*3-HN,
loop upon interaction with Gly273P13.0*
GAP, ribosome, or Dynamin 2X2E | GDP:AIFs | Lys44 | Ser4l | (Na") Thr657-0, Gly139P*3-HN, Gly139°*3-
dimerization O*, GIn40%*-OE1*
Rho 10W3 | GDP:MgF; | Lys18 | Alal5 | Arg851-NH2 | Thr37'-0, GIn63°*-OE1
Gaiz ITAD | GDP:AIFs | Lys42 | Glu39 | Argl74-NH1 | Thr1777-0, Gly199P*3-HN,
GIn200°"*-NE1
Atlastin 4IDQ | GDP:AIFs | Lys80 | Arg77 | Arg77%3-NH2 | Gly149°"-HN, Thr120'-O,
Gly149°3-0*, Asp152P*6-OD2*
Myosin II 1W9J | ADP:AIFs+ | Lys185 | Glyl82 | Asn233-ND2 Ser2375-0, Ser236%'-0G, Gly457P*3-
HN, Gly457°*3-0, Arg2385"1*.NH1,
Glu459°"*-OEl
SIMBI GET3 2YNM | ADP:AIFs | Lys42 | Gly49 | Lys371-NZ Asp66°V-0D2, Asp1551-OD1,
In a homodimer, monomers Lys685VI-NZ, Gly154P*3-HN,
provide stimulating Lys or Lys371-HN*
Arg fingers for each other Signal recognition | 4C70 | GDP:AIFs | Lys112 | Glyl09 | Argl411-NH2 | Glyl191P*-HN, Asp1365*-0OD2,
particle GTP+-03°, Asn108%4-0OD1*,
Gly191P*3-0* Glu2771-OE1*
Kinases Adenylate kinase | 3SR0 | ADP:AlIF4 | Lys13 | Glyl0 | Argl24i-NH1 | The second substrate (phosphate
Rearrangement of the lid acceptor) is coordinated by
domain upon substrate Argl50f-NH2, Arg85-NHI1,
binding Arg85-NH2, Arg36-NH1, Arg36-NH2
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activate the next subunit

Adenosine 5'- | 4BZX | ANP Lys456 | Gly453 | Lys5621-NZ The second substrate (phosphate
phosphosulfate acceptor) is coordinated by
kinase Lys562f-NZ
ASCE division
AAA+/ SF3 Helicases 26S  proteasome | 6MSB | ATP Lys180 | Glyl77 | Arg344+-NH1 | Glu234P*1#* Asn280Slx*
In a hexamer, ATP regulatory subunit
binding/hydrolysis in one 10B
subunit causes SvV40 large T |1SVM | ATP Lys432 | Asp429 | Lys418f-NZ Asp474P*1-0D1, Asn5295"-0D1,
conformational changes antigen helicase Argd987-NH1, Arg5401-NH2,
activating the following (SF3)
subunit; involves class-
specific helical domain
Helicases SF1/2 Multifunctional | 506B | ADP:AlIFs | Lys264 | Gly261 | Arg4173-NH2 | Glu342P"!-OEl, GIn381%"-OE1,
Rearrangement of the C- helicase Piflp Arg737f-NH1, Gly709i-HN
terminal domain upon DNA
or RNA binding
ABC ATPases Maltose 3PUW | ADP:AIF4 | Lys42 | Gly39 | Glyl361-HN GIn82-NE2, Glul59°*1-OEl,
In a homodimer, monomers | transporter Gly1377-HN Glul159P*1-OE2, Asn1637-O,
provide stimulating LSGGQ His1925"_-NE2
motifs for each other
Fi/RecA-like RecA E. coli 3CMX | ADP:AIFs | Lys72 | Ser69 Lys2487-NZ Glu96**
In an oligomer, ATP RadA M. voltae 3EW9 | ANP Lyslll | Glyl08 | K'-503 Glul51**
binding/hydrolysis in one Fi-ATPase IHSE | ADP:AIFs | Lys162 | Glyl59 | Arg3731-NH1 | Glul88-OEl, Arg260°*-NH2,
subunit causes Ser344+-0O
conformational changes that | KaiC 4TL7 | ATP Lys52 | Gly49 | Lys2241-NZ Glul1835"-OF]1

Residue numbers are as in the listed PDB ID structures; “ — polar atoms, located within 3.6A from the catalytic water molecule;

1 - residues from polypeptide chains other than P-loop containing ones; } - residues from domains other than the described P-loop domain;
* residue coordinates the attacking water molecule via another water molecule (e.g. Figure 3.2.35); ** catalytic water molecule not resolved, coordinating
residue(s) were inferred from structure superposition and literature data; Swl — residues from Switch I region in SIMIBI, that lacks the conserved Thr;
Snl — residues from Sensor I region in AAA+ and related proteins
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3.2.7. Universal Activation Mechanism of P-loop NTPases

Comparative structure analysis and molecular dynamics simulations, reported in Chapters
3.2.2-3.2.5, revealed the details of the activation mechanism in cation-dependent P-loop NTPases.
These findings served as a basis for the wider analysis of all P-loop NTPases which unveils the
basic mechanism, universal for the entire superfamily. This mechanism is based on the ubiquity
of certain features (i.e. their presence in all classes of P-loop NTPases) and certain features being
conserved (i.e. not only present but represented by same or similar residues in all classes of P-loop

NTPases).

3.2.7.1 P-loop/Walker A and Walker B motifs: ubiquitous and conserved

The structural elements responsible for the stabilization of the triphosphate chain by the
amino acids of the Walker A motif are almost universally conserved (Figure 3.2.31). The
conservation of the invariant residues in the [ G/AJxxxxGK[T/S] motif has straightforward reasons:
the Gly®! and Gly*® residues mark the beginning and the end of the P-loop and enable the bending
of the backbone; Gly*'!, in addition, electrostatically stabilizes the O** atom of a-phosphate. The
signature Lys residue electrostatically interacts with O'® and O?° atoms and additionally appears
to stabilize the P-loop by interacting with backbone carbonyl oxygens of K-5 and K-6 residues
(Figure 3.2.31). The T/S¥*! residue is involved in Mg** coordination.

Invariant residues that stabilize the Mg>" ion are provided by the Walker A motif
(Thr/Ser®*!) and the Walker B motif (the signature Asp or Glu residue) see Fig. 1, 3-6 and a recent
comprehensive analysis [259, 280]. The AspP residue interacts with Mg?" via water molecules of
the first coordination shell, whereas a Glu® residue, in some cases, can reach Mg?" directly. In
addition, Mg*" is coordinated by O*® and O'¢ atoms of the triphosphate chain. The rest three
ligands are either water molecules or family-specific residues [280]. Overall, the coordination of
the Mg?" ion is very similar among all classes, as it involves the substrate itself, the conserved
Thr/Ser®"! of the Walker A, and the signature Asp/Glu of the Walker B motif.

A special role among the residues of the Walker A/P-loop motif is attributed to the K-3
residue. In many families, this position contains a conserved Gly or other small residues (Ala or
Ser). In some cases, this residue is explicitly involved in the activation process: in cation-
dependent proteins of the TRAFAC class, this position contains the K'-coordinating Asp/Asn (or

Na*-coordinating Ser). Furthermore, in atlastins, Arg? directly acts as a stimulating moiety
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(Figure 3.2.34B). Still, in all P-loop proteins, the backbone nitrogen of the K-3 residue occupies
the same position relative to the phosphate chain of the substrate. Before activation and in the early
pre-transition stages this group compensates the negative charge on the bridging O® atom between
B- and y-phosphates [257]. As seen in MD simulations of MnmE and EF-Tu, this residue can also
form an H-bond with the y-phosphate, provided the latter is already involved with the stimulating
moiety. Finally, crystal structures of post-transition state P-loop NTPases indicate that the
backbone nitrogen of K-3 residue again forms the H-bond with the O*8 atom of the leaving group

[192, 314].

3.2.7.2 Stimulating moieties: ubiquitous but not conserved

MD simulations reported in Chapters 3.2.3 and 3.2.5 revealed that the interaction with
stimulating moiety twists y phosphate, which is then stabilized by a new H-bond between NH¥
and OC. It is noteworthy that in structures where the stimulating residues interact only with y-
phosphate or its analog, as in dynamin (Figure 3.2.34) and ABC-NTPases (Figure 3.2.37) the
position of stimulating moiety between a- and y-phosphates is compatible with twisting of the vy-
phosphate group.

Comparative structural analysis showed that each class of P-loop NTPases can be
characterized by its signature mechanism(s) of introducing the stimulating cationic moiety into the
active site (see Figures 3.2.23-26). In most cases, the interaction is driven by specific interactions
with an activation partner - another domain(s), or protein(s), or RNA/DNA molecules. Activation
mechanisms typical for P-loop NTPases of different classes are shown in Figures 3.2.23-26 and
summarized in Table 3.9. The highly diverse stimulating moiety(ies) interact with the phosphate
chain in only two distinct ways that may complement each other. In most classes of P-loop
NTPases, at least one cationic moiety, as provided either by the same P-loop domain or by another
domain/protein, gets inserted between a-and y-phosphates and interacts with O** and O°6. A
simultaneous interaction with the two oxygen atoms is possible only on the condition of twisting
the y-phosphate group.

In most proteins, other positively charged groups — backbone amides and/or additional
Arg/Lys residues — are involved in coordinating the oxygen atoms of y-phosphate in addition to
the stimulating moieties. Interactions of such auxiliary Arg/Lys residues are often promoted by the
same protein-protein interaction that inserts the stimulating moiety. This is observed in AAA+
NTPases (Figure 3.2.37A), SF1/2 helicases (Figure 3.2.37B), ABC NTPases (Figure 3.2.37D),
hexamers of Fi/RecA-like ATPase (Figure 3.2.38), and so on. In some hexameric AAA+ ATPases,
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the Arg finger in the AG site comes from the similar domain of the adjacent subunit in hexamer,
whereas an additional Arg residue next to y-phosphate is provided by the C-terminal domain of
the same subunit (Figure 3.2.37A) [120]. Similarly, the lid domains of kinases and C-terminal
domains in SF1/2 helicases often (but not always) carry two Arg residues on the interface directed
towards the P-loop domain. One Arg residue is inserted into the AG site, while the other one
interacts only with y-phosphate (Figure 3.2.37C). These auxiliary basic residues are poorly

conserved even within individual families of P-loop NTPases.

3.2.7.3 Auxiliary moieties: not ubiquitous and not conserved

In most cases, additional positively charged groups — backbone amides and/or additional
Arg/Lys residues — are involved in coordinating the oxygen atoms of y-phosphate in addition to
the “main” stimulating moiety. This is observed in AAA+ NTPases (Figure 3.2.37A), SF1/2
helicases (Figure 3.2.37C), ABC NTPases (Figure 3.2.37D), hexamers of Fi/RecA-like ATPase
(Figure 3.2.38), and so on. In some hexameric AAA+ ATPases, the Arg finger in the AG site
comes from the P-loop domain of the adjacent subunit in hexamer, whereas an additional Arg
residue next to y-phosphate is provided by the C-terminal domain of the same subunit (Figure
3.2.37A) [120]. Similarly, the lid domains of kinases and the C-terminal domains in SF1/2
helicases often (but not always) carry two Arg residues on the interface directed towards the P-
loop domain. These auxiliary residues are poorly conserved even within individual families of P-
loop NTPases.

Such auxiliary residues are close to y-phosphate and some of them are often involved in
the stabilization of Wca. However, sequence alignments show no polar residues in this position in
most TRAFAC NTPases (see Fig. 2 in [24]). Specifically, many members of the HAS GTPase
family of the TRAFAC class lack any catalytic polar sidechains around Weat [147], so that Wea s
stabilized only by HNP* and CO" of Switch I (e.g. Figure 3.1.2A, B). Hence, the participation of
the polar D+4 residue in many Ras-like GTPases is family-specific and appears to be optional for
the mechanism. By structure analysis, some other optional solutions for stabilizing Wcar could be
found. For instance, the MnmE GTPase, additionally, uses a Glu residue of its second a-helix to
stabilize the H-bonded network around W, (Figure 3.1.2A). Although this Glu is not conserved
within the family, its replacement by Gln or Ala results in the loss of catalytic activity [28]. In

other classes of the Kinase-GTPase division, not only the position but also the nature of Wca-
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stabilizing polar residues (if present) varies between classes and families (Figure 3.2.33, Figure
3.2.36).

In contrast, in the ASCE division, the catalytic residue, which gives the name to the whole
division, is usually Glu, but its exact position varies between classes, see Figure 3.2.36. In most
enzyme classes, the GluP*! residue serves as catalytic, see Figure 3.2.37 and [120, 259, 278]. In
Fi/RecA ATPases, the catalytic Glu residues could be located on the adjacent WB-1 and/or WB+1
strand, so that three B-strands appear to be involved in the Wy stabilization (Figure 3.2.38) [278,
279, 315]. Still, their replacement by non-polar residues usually affects the catalytic function.

In many cases, the stabilization of We¢a by specific protein groups is coupled with the
introduction of the stimulating moiety. In Ras-like NTPases, the backbone carbonyl oxygen of the
stimulating Arg residue reorients this residue towards Wca by making an H-bond with the side
chain amino group of the catalytic GIn®** (Figure 3.1.2A). Similarly, in translation factors, the
activating interaction with the sarcin-ricin loop of the large ribosomal subunit rotates the catalytic
HisP** towards Wea ( see Chapter 3.1.3 and [127]).

In some cases, the activating partner directly provides not only the stimulating moiety but
also a polar group interacting with Wea. In some Ras-like NTPases, GAPs can provide both the
Arg finger and the catalytic Gln [316]. In SIMIBI NTPases, the “activating” monomer of the dimer
provides not only a Lys finger but also an Asp residue that stabilizes Wea (Figure 3.2.35A). In the
ABC ATPase of the maltose transporter (Figure 3.2.37D) and F1-ATPases (Figure 3.2.38A), the
adjacent monomer that provides the stimulating moiety also provides a backbone CO atom to
coordinate the catalytic water molecule (Figure 3.2.37D, Figure 3.2.38A). Such behavior, where
both the stimulating moiety and the W a-stabilizing residue(s) are controlled by the interaction
with an activating partner, might indicate a kind of a “two-key mechanism” for better control and
preventing incidental undesired NTP hydrolysis.

Hence, in most P-loop NTPases, Wt is stabilized by a combined action of evolutionary
conserved and variable moieties. The somewhat conserved part is represented by residue(s)
following Walker B motif (e.g. Switch Il in TRAFAC NTPases) that bind either Weat alone or W
and y-phosphate, such as Gly** and GInP** of small GTPases or GluP*! in most ASCE ATPases.
The variable residues are provided by C-caps of WB-1 and WB+1 B-strands, family-specific

protein loops (e.g. Sensor I in AAA+ proteins), or even external activating proteins/domains.
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3.2.7.4 The minimal mechanistic model of NTP hydrolysis by P-loop NTPases

Building on the results of comparative structural analysis and MD simulations, as well as
on available experimental and theoretical data, the activation of a P-loop NTPase could be
described by a simple mechanistic model that is shown in Figure 3.2.39. The minimalistic version
of the model includes ubiquitous Walker A and B motifs, Mg?*-NTP, a single, simple stimulating
moiety, such as a K” ion or a Lys residue, and a catalytic water molecule. The model, however,
can be easily expanded/modified to fit distinct NTPase families by adding further stimulating
moieties, auxiliary residues, and further water molecules and Wa-stabilizing residues.

According to the model, the catalytic transition proceeds in the following steps shown in
Figure 3.2.39:

A) Upon Mg-NTP binding to the P-loop, the energy of binding is used to bring the Mg-
NTP molecule into an extended configuration with eclipsed - and y-phosphates. The interaction
of the phosphate chain with multiple positively charged moieties makes it more prone to
hydrolysis.

B) An activating interaction between the P-loop domain and the activation partner (another
protein or a separate domain of the same protein and/or an RNA/DNA molecule) leads to the
insertion of a stimulating moiety next to the phosphate chain and also brings auxiliary/catalytic
residues closer to y-phosphate.

C) In most cases, the stimulating moiety links the O** and O*° atoms as depicted in Figure
3.2.39C. Otherwise, the stimulating moiety interacts only with y-phosphate. Either way, the
activating interaction, via twisting/pulling of y-phosphate brings the triphosphate chain into a near-
eclipsed configuration which is stabilized by a novel H-bond between O?S and NHX. This
interaction weakens the O*2-PY bond, promotes the transition of y-phosphate into a more planar
conformation.

D) Concurrently with the twisting of y-phosphate, the Wat- site is formed with obligatory
participation of residues of auxiliary/catalytic residues. In any case, HoOca in the apical position
attacks PY without notable delay [317].

E) Nucleophilic attack results in the formation of a covalent bond between OHca and PS,
the planar y-phosphate repulses the oxygen atoms of - and a-phosphates, which leads to
elongation of the bonds between PY and P® and its cleavage.

The steps (C) — (E) are separated for the sake of clarity, but most likely these steps proceed

in a concerted way.
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Figure 3.2.39. Basal activation mechanism of NTP hydrolysis by P-loop NTPases.

A. Triphosphate binding to the P-loop ensures catalytically prone conformation with eclipsed -
and y-phosphates. B. Interaction with the activating partner brings a stimulating moiety into the
AG site between a- and y-phosphates. C. Interaction with the stimulating moiety leads to rotation
of the y-phosphate and its planarization due to the new H-bond with the backbone of K-3 residue
of the P-loop. D. Planarized and conformationally strained y-phosphate is susceptible to the
nucleophilic attack by a polarized catalytic water molecule. E. Pentavalent intermediate precedes
the bond cleavage. F. The phosphoester bond between - and y-phosphates is broken. See the main
text for more details.
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4. Eukaryotic G Protein-Coupled Receptors
4.1. Background

G-protein coupled receptors (GPCRs) are heptahelical transmembrane proteins (7TM) that
contain seven transmembrane helices around a relatively polar core [318-320] (see Figure 4.1.1A-
C). In the majority of GPCRs, binding of an endogenous ligand (agonist) by an "inactive"
conformation of the protein triggers conformational changes in the protein (Figure 4.1.1). The
GPCR in its activated conformation interacts with a G-protein, which then launches the signaling
cascade in the cell. GPCRs are widespread among eukaryotic organisms and are exhaustively
studied for their involvement in various cellular processes. Human GPCRs are targets for around
half of all known drugs [318].

GPCRs are grouped into several classes: class A includes rhodopsin-like receptors, class B
- secretin receptors, class C - glutamate receptors, class D - fungal mating pheromone receptors,
class E - cAMP receptors, and class F includes frizzled receptors. In humans, class A GPCRs
constitute the largest protein family, encoded by more than 700 genes, while only about 150 genes
have been attributed to all other classes of GPCRs combined [321].

The recent surge of new high-resolution X-ray structures, depicting GPCRs without
ligands, as well as with agonists and antagonists bound, uncovered many crucial features of their
functioning (see [318-320, 322-331] and references therein). One such feature is that the activation
of GPCRs is accompanied by a large motion of the cytoplasmic end of the helix 6. Conserved Trp
residue serves as a pivot for this movement motion (see Figure 4.1.1C and [319, 323, 332-338]).

For GPCRs a generic scheme of residue numbering is used in most studies to ease the
comparison of the findings across different GPCRs and ensure uniformity of the nomenclature
[339, 340]. This scheme exploits highly conserved residues present in each of the seven
transmembrane helices. Within this scheme each residue is denoted by two numbers: first one
indicates the number of the helix (1-7) and the second number denotes the exact position of the
residue. In each helix the most conserved residue was identified and assigned the number 50, and
the rest of the residues within the same helix are numbered relatively to this residue [339, 340].
For example, the mentioned above conserved Trp in the helix 6 is located in the middle of the
helix, and is referred to as Trp6.48, because the most conserved residue in helix 6 — among GPCRs
- is Pro 6.50. This numbering scheme is used throughout this study to refer to particular residues

in GPCRs.
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Another feature revealed by crystal structures is the binding of Na* ions near the ligand-
binding sites in class A GPCRs (see [43, 326, 329, 330, 341, 342] and references therein). The
Na'-binding site in GPCRs is located between the helices, in the center of the protein and is open
to the extracellular side but is isolated from the cytoplasm by a hydrophobic residue cluster (Figure
4.1.1A, B and [43, 338]). Residues, involved in Na" binding are highly conserved across class A
GPCRs [43, 342], which indicates that the Na* ion binding must be functionally important. This
has been confirmed by mutagenesis experiments: replacement of the key Na'-binding residue
Asp2.50 (see Figure 4.1.1) can lead to an increase of the association constants with the agonist by
2-3 orders of magnitude (see [43, 342-347] and references therein). Furthermore, Na" depletion
was shown to increase the basal activity of several receptors even in the absence of agonists,
indicating that the Na" ion is responsible for stabilization of the inactive state of the protein ( [43,
342-348] and references therein). Finally, Na" ions cannot be observed in the structures of active
GPCRs (bound with agonists. As compared to the inactive structures, upon activation the Na'-
binding pocket shrinks from ~200 to 70 A* due to TM helices movement (see Figure 4.1.1, [43,
326, 342, 349-351] and references therein). Since the active structures do not seem to have the
space for a Na' ion to bind, it is likely that the Na" ion leaves the GPCR upon activation.

The evolutionary relationships between GPCRs and another large group of sensory
transmembrane proteins, namely microbial rhodopsins (MRs), have been pondered by biologists
for decades. Both groups unite proteins which consist of 7 transmembrane helices surrounding a
polar core [352-354]. MRs (also referred to as type I rhodopsins) contain retinal and function either
as light sensors or as light-driven ion pumps primarily in bacteria and archaea, but also in some
eukaryotes [353, 355-359]. MRs are a distinct family that belongs to a larger group of bacterial
7TM receptors [360, 361], distinguished by the binding of retinal in the center of their heptahelical
bundle. The GPCR (super)family unites primarily eukaryotic receptors that bind various small
molecules, but also includes visual rhodopsins, which contain retinal and serve as light sensors in
animals [322-324, 353, 357].

The comparative analysis of MRs and GPCRs is complicated by the uncertainty of the
monophyletic origin of the eukaryotic 7TM-receptors, including GPCRs [321, 360-363].
Additionally, some groups of eukaryotic 7TM-receptors, so-called GPCR-like proteins, have been
shown to operate independently from G-proteins [361, 364]. Finally, no statistically significant
sequence similarity could be found between the GPCRs of class C (glutamate receptors) and other
classes. Phylogenetic analyses were able to trace the class C and class E (cAMP receptors) to a
eukaryotic root, and class E has was proposed to be the ancestral group for the GPCR classes A,

B, D, and F [321, 362]. However, the first two resolved structures of glutamate receptors have

113



revealed their striking similarity to the structures of other GPCRs [365, 366], encouraging the
suggestion, that all GPCR-like proteins did have a common origin.

In 2013 the first sodium-translocating microbial rhodopsins were discovered [367, 368]
and soon later the structures of one such Na'-transporting rhodopsin from Krokinobacter eikastus
(hereafter KR2) have been reported [369, 370]. This data opens a new opportunity to address the
long-standing question of the evolutionary relationships between GPCRs and MRs. In many
GPCRS, particularly of class A, sodium ions are known to affect the agonist binding and signaling
[43]. Furthermore, binding of a Na* ion in the center of these receptors has been characterized in
detail [43, 326, 329, 330, 371]. Thus, in this work, the shared ability of class A GPCRs and Na-
transporting MRs was used as a starting point for the comparative structure analysis of these two
protein families. Results of this comparison and its discussion are presented in Chapters 4.2.1 and

4.2.2, accordingly.

Figure 4.1.1. Structures of GPCR in active and inactive conformations. A, B. Cavities in the
structures active and inactive states of the muscarinic receptor M, A - inactive state, PDB ID
3UON [328], B - active state PDB ID 4MQT [350]. Cavities are shown as blue volume, yellow
dashed circle highlights the location of the Na* ion, GPCR helices are colored in rainbow order.
In 2014, a seminal suggestion was made by Katritch and colleagues. They suggested, that
upon GPCR activation instead of returning to the extracellular space, the Na ion in GPCRs is
expelled into the cytoplasm [43]. This would require at least a temporary opening of a channel for
the Na* ion. Available structures of activated GPCRs show no Na* binding within the heptahelical
bundle and no evidence of such channel (see Figure 4.1.1) [349-351]. Still, some computer

simulations have shown the formation of a transient water-filled channel leading from the Na'-

binding site to the cytoplasmic side [336, 347, 372, 373]. Since the cytoplasm is negatively charged
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in relation to the extracellular medium, the translocation of Na" ion to the cytoplasm would give
an energy gain, beneficial for the GPCR activation [43]. If GPCRs benefit from the membrane
potential, depolarization of the membrane would notably affect the activation of GPCRs. Indeed,
such effects have been observed for multiple receptors. However, while some GPCRs were
inhibited by depolarization, others show no such effect (see [374, 375] for reviews and Table 4.1
for further references). Thus, the relationship between the transmembrane gradient of Na* ions and

the activation of GPCRs requires further investigation.

Table 4.1. Experimental data on voltage-sensitive activation of GPCRs

Receptor Agonist Agonist type | Voltage Method  of | Refs.
effect on activity
activation | measurement
M2 muscarinic receptor | Acetylcholine | Full agonist | Enhanced | GIRK [376,
(endogenous) currents 377]
M2 muscarinic receptor | Oxotremorine | Full/strong Enhanced
agonist
M1 muscarinic receptor | Acetylcholine | Full agonist | Decreased
(endogenous)
M2 muscarinic receptor | Acetylcholine | Full agonist | Enhanced | GIRK [378]
(endogenous) currents
M2 muscarinic receptor | Acetylcholine | Full agonist | Enhanced | ACh- [377,
(endogenous) activated K™ | 379]
M2 muscarinic receptor | Pilocarpine Partial Decreased | current
agonist
M2 muscarinic receptor | Acetylcholine | Full agonist | Enhanced | ACh- [377,
(endogenous) activated K" | 380]
M2 muscarinic receptor | Pilocarpine Partial Decreased | current [381]
agonist
M2 muscarinic receptor | Bethanechol | Agonist (low | No effect
affinity)
M1 muscarinic receptor | Carbachol Full/strong Decreased | FRET-based | [377,
agonist assays 382]
M3 muscarinic receptor | Carbachol Full/strong Enhanced
agonist
mGIluR3 glutamate Glutamate Full agonist | Enhanced | K" currents | [383]
receptor (endogenous) and Cl-
mGluR 1a glutamate Glutamate Full agonist | Decreased | currents
receptor (endogenous)
a2A-AR adrenergic Noradrenaline | Full agonist | Enhanced | FRET-based | [384]
receptor (endogenous) assays
B1-AR adrenergic Isoprenaline Full agonist | Enhanced | FRET-based | [385,
receptor assays 386]
B1-AR adrenergic Adrenaline Full agonist | Enhanced
receptor (endogenous)
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Dopamine D2L receptor | Dopamine Full agonist | Enhanced | GIRK [173,
(endogenous) currents 387]
Dopamine D2L receptor | Quinpirole Full agonist | Enhanced
Dopamine D2S receptor | Dopamine Full agonist Enhanced | GIRK [388]
(endogenous) currents
Dopamine D2S receptor | Dopamine Full agonist | Enhanced | GIRK [387,
(endogenous) currents 389]
Dopamine D2S receptor | P-tyramine Partial Decreased
agonist
Dopamine D2S receptor | M-tyramine Partial Decreased
agonist
dopamine D2S receptor | Phenylamine | Partial Decreased
agonist
Dopamine D2S receptor | S-5-oh-dpat Full agonist | No effect GIRK [387,
Dopamine D2S receptor | R-5-oh-dpat Full/strong No effect currents 389]
agonist [387]
Dopamine D2S receptor | R-7-oh-dpat Full/strong No effect
agonist
Dopamine D2S receptor | Ris-oh-dpat Full/strong No effect
agonist [387]

4.2. Results and Discussion

4.2.1. Comparative Analysis of G-protein Coupled Receptors and Microbial

Rhodopsins

For the initial analysis, likely Na‘-binding ligands of KR2 (PDB ID 4XTL [369]),
identified in refs. [358, 367-370], and the Na'-binding ligands of Na'-bound 8-opioid receptor
(hereafter 6-OR, PDB ID 4N6H [329]) were superposed manually. In both proteins, the entire sets
of potential Na-coordinating residues are located in helices 3/C and 7/G. Manual superposition of
the (predicted) sodium-binding sites of the two structures was constructed in PyMol [52] and was
able to match the locations of these ligands (not shown). Following this finding, several different
software packages for sequence alignment and structural superposition were applied to align the
entire proteins. Structure superposition methods used here are discussed in more detail in Chapter
2.2.4.

The "3D-similarity" option on the web server of the Protein Data Bank (PDB) [80] provides
protein structure alignments, pre-calculated by the JFATCAT-rigid algorithm [81, 83]. In the

ranked list of proteins with detected structure similarity to KR2, MRs were followed by structures
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of diverse GPCRs including several Na*-bound GPCRs, namely the proteinase-activated receptor
1 (PDB ID 3VW7, RMSD 4.27 A, P-value 1.53E-8), A2A adenosine receptor (PDB ID 4EIY,
RMSD 4.16 A, P-value 1.84E-8), Bl adrenergic receptor (PDB ID 4BVN, RMSD 4.6 A, P-value
2.37E-8), and the §-OR (PDB ID 4N6H, RMSD 4.49 A, P-value 2.38E-8).

A better superposition was produced for KR2 (PDB ID 4XTL [369]) and the 6-OR (PDB
ID 4N6H [329]) by the SSM (secondary structure match) method available at the PDBeFold server
[82]. This superposition had an RMSD of 3.8 A, aligned all helices (189 residues in total), and
matched all Na" ligands. Additionally, for visualization purposes only, the PDBeFold algorithm
[82] was used to construct a superposition that included only the most conserved parts of the
structures, excluding helices 4/D and 5/E. The resulting superposition matched the same residues,
as the full-protein alignment, but provided better overlap of the structures in the Na'-binding site

and surrounding area with RMSD of 2.97 A across 135 residues (Figure 4.2.1).
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Figure 4.2.1. Superposition of Na"-binding sites in §-OR and KR2. Left panel - Na*-binding site
of 3-OR (PDB ID 4N6H), right panel - Na‘-binding site of KR2 (PDB ID 4XTL), middle panel —
superposition the proteins. Proteins are shown with extracellular side on the top. Only three helices
are shown (3,6,7 and C, F, G). The Na" ion is shown as a transparent pink sphere. Retinal bound
to lysine in KR2 is shown in grey with the Schiff base nitrogen shown as a blue sphere; water
molecules are shown as red spheres. Residue numbers are given in accordance with Ballesteros—
Weinstein nomenclature [339, 340].

In this structural superposition, helices 3/C and 7/G were matched, and KR2 residues that
were predicted to coordinate the Na* ion as it passes through the middle of the membrane [367-
370, 390] overlapped with the residues that coordinate Na* in its binding site of 5-OR. In GPCRs,
Na" ligands form the Na"-binding pocket not only in 8-OR (Figure 4.2.1), but also in the protease-
activated receptor 1 (PAR1) [371], A2a adenosine receptor [326], and in Bi-adrenoreceptor [43,
330]. Specifically, Asp116 of the characteristic NDQ motif of Na'-transporting MRs [368] in the
helix C of KR2 matched with Asn131%% of §-OR (superscripts give Ballesteros—Weinstein residue

numbering [339, 340]), while residues Ser254 and Tyr258 of KR2 helix G matched with
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Asn3107% and Asn31474 of §-OR, respectively. In addition, Asn112 of the NDQ motif of KR2
(helix C) matched Asp128332 of §-OR, whereas Asp251 of KR2 matched Tyr30874* of §-OR.
The pairwise structural alignment of KR2 (PDB ID 4XTL [369]) and 6-OR (PDB ID 4N6H
[329]) was used to construct superposition of multiple representative MR and GPCR structures, as
well as the corresponding sequence alignment. Representative structures of GPCRs and MRs used
in this superposition are listed in Table 4.2. Microbial rthodopsins (MR) structures and GPCR
structures for this superposition were selected manually from the PDB ID. All MR structures were
aligned to the KR2 structure (PDB ID 4XTL [369]), and all GPCR structures were aligned to o-
OR (PDB ID 4N6H [329]) using the results produced by the JFATCAT-rigid algorithm [81]
(Figure 4.2.2). The resulting sequence alignments were inspected manually and corrected in a few

cases to ensure the best matching to the respective structural superposition (Figure 4.2.3).

Table 4.2. Structures of MRs and GPCRs used for the superposition. All GPCRs listed belong to
class A, except for the glutamate receptor (Class C).

Number
PDB ED;[SD’ of aligned | Protein name Ref.

residues®

Microbial rhodopsins, aligned to KR2 ( PDB ID 4XTL)
4XTL | N/A N/A Sodium pumping rhodopsin (KR2) [369]
3QBG | 3.30 231 Halorhodopsin [391]
3QAP | 2.97 216 Sensory rhodopsin II [392]
6EID | 3.00 220 Channelrhodopsin [393]
2JAF | 3.20 223 Halorhodopsin [394]
S5AX0 [3.22 225 Rhodopsin I unpublished
4JQ6 |2.02 196 Blue-light absorbing proteorhodopsin [395]
4HYJ | 2.39 233 Proton-pumping bacteriorhodopsin [396]
3DDL | 2.43 247 Xanthorhodopsin [397]

G-protein coupled receptors, aligned to 6-OR (PDB ID 4N6H)

4AN6H | N/A N/A 0-opioid receptor (6-OR) [329]
4DKL | 0.67 216 u-opioid receptor [398]
4BVN | 1.96 169 1-adrenoceptor [330]
2RH1 | 1.55 184 B2-adrenoreceptor [399]
3PBL | 3.12 218 Dopamine D3 receptor [400]
3VW7 [ 2.39 197 Protease-activated receptor 1 [371]
4E1Y | 2.99 204 A(2A) adenosine receptor [326]
4BUO | 2.67 223 Neurotensin receptor 1 [401]
4IAR | 1.69 191 Serotonin receptor [402]
3V2Y | 3.54 198 Lipid G protein-coupled receptor [403]
AMQS | 1.98 181 M2 muscarinic acetylcholine receptor [350]
4MBS | 1.75 226 CCR5 chemokine receptor [404]
1U19 | 2.85 193 Visual pigment rhodopsin [405]
40R2 | 3.01 202 Glutamate receptor 1 (Class C GPCR) [365]

* Alignment properties are given as provided by the JFATCAT algorithm on the PDB website [81,
83].
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The alignment in Figure 4.2.3 offers a reason as to why earlier attempts to establish
relatedness between MRs and GPCRs from sequence similarity have not yielded convincing
results: these studies targeted animal visual rhodopsins, which, evidently share the least similarity
with MRs. Meanwhile, other GPRCs, particularly those with Na*-binding sites [43, 318, 326, 329,
330, 371], exhibit much more similarity of structures and sequences to MRs (Figure 4.2.3). The
major divergence of sequences between animal rhodopsins and non-opsin GPCRs seems to be

associated with the residue Lys’*

which is located on the same helix 7/G as the retinal-binding
Lys residues in MRs [353] albeit in a different position within the helix (Figure 4.2.3). Hence,
results presented here, on the one hand, strongly indicate homology of MRs and GPCRs, while on
the other hand, still support the notion that the use of retinal in MRs and GPCRs is a result of

convergent evolution (see e.g., [406]).

Figure 4.2.2. Superposition of representative structures of MRs and GPCRs. Only transmembrane
helices are shown, helices 1-7 and A-G are colored in the rainbow color order.

According to the alignment in Figure 4.2.3, only one residue is conserved throughout MRs
and GPCR: Trp in the middle of helix 6/F, e.g. Trp215 of KR2 or Trp274%*3 of 5-OR. Remarkably,
in both groups of proteins, these residues have been shown to play an integral role in protein
function. In MRs, this residue couples retinal photoisomerization with the conformational changes
in helix F (see Figure 4.2.4), which lead to either ion translocation (e.g., in bacteriorhodopsin [407-
410], halorhodopsin [411], Na'-translocating rthodopsin [412] and channelrhodopsin [413, 414])

6.48

or signal transduction (e.g. in sensory rhodopsins [353, 415]). In GPCRs, Trp®>** also mediates the
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signal transduction as it interacts with agonists (see Figure 4.2.4), and coordinates the Na" ion via
a water molecule, (see Figure 4.2.1 and [43, 319, 371]).

Conformational change of the conservative Trp residue in helix 6/F in response to either
agonist binding (see Figure 4.2.4 and [319]) or photoisomerization of the retinal in rhodopsin [323,
324] triggers the tilting and rotation of helix 6/F. The conservation of this "pivotal" Trp residue
[323, 324] likely reflects an already mentioned [407] underlying similarities of the molecular
mechanisms of MRs and GPCRs. Most of these proteins seem to rely on forcing a reorientation of
this large and restrained by hydrogen bonds residue, which leads to the conformational changes in
the helix 6/F. The pivotal role of the aminoacid in this position remains even in those rare cases
when the Trp is replaced, e.g. in the human PARI, this position is taken by Phe, which can still
fulfill this role [371].
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Figure 4.2.3. Multiple sequence alignment of MRs and GPCRs constructed based on the structure
superposition. Sequences used in the alignment are listed under their UniProt IDs. The most
conserved residue (.50 according to Ballesteros—Weinstein nomenclature [339, 340]) in each helix
is labeled in black, residues, involved in the coordination of Na" ion are labeled in green.
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Figure 4.2.4. Conserved Trp movement in MRs and GPCRs. A. Coupling of the retinal
conformation with the orientation of Trp222 and tilting of the helix F in MRs. Structures of azide-
bound halorhodopsin from Natronomonas pharaonic are shown, unphotolyzed state (PDB ID
3ABW) is shown in orange, the reactive state (PDB ID 3VVK) is colored green. Water molecules
are shown as spheres. B. Sidechain positions of Trp6.48 in GPCRs with different signaling
molecules bound. Superposition of three receptors is shown: dopamine D3 receptor (PDB ID
3PBL, green), the 6-opioid 7TM receptor (PDB ID 4N6H, red), and the M> muscarinic receptor
(PDB ID 3UON, orange)

To explore the similarity of MRs with other classes of GPCRs the superposition of the class
C human G protein-coupled metabotropic glutamate receptor 1 (GluR, PDB ID 40R2) with 6-OR
and KR2 was constructed. The PDBeFold server was used for the similarity search between the
GluR and the whole PDB archive. Among the best matches were turkey -1 adrenergic receptor
(PDB ID 2VT4, RMSD 2.82 A on 195 residues) and bacteriorhodopsin (PDB ID 1X0K, RMSD
3.87 A on 189 residues). Those matches were used to build the presented superposition of GluR
with 6-OR and KR2.

Currently available structures of GPCRs of Class C [365, 366], show structural similarity
to other GPCRs, but do not contain bound Na" ions. Structural superposition of KR2, 3-OR (class
A GPCR), and metabotropic glutamate receptor 1 (class C GPCR, PDB ID 40R2) in Figure 4.2.5,
reveals the conservation of a Trp residue in the helix 6/F. However, the orientation of this Trp
residue sidechain in KR2 appears to be intermediate between two different orientations, present in
the representative class A and class C GPCR structures (Figure 4.2.5). In §-OR (class A) Trp®*

6.48 ;

coordinates the Na" ion via a water molecule, while in the class C receptor, Trp®*® is turned away

and stabilizes helix 5, which, is positioned closer to the center of the 7TM bundle, as compared to

other GPCRs [365, 366].
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6/F

Figure 4.2.5. Human glutamate receptor (class C GPCR) superposed with 6-OR (Class A GPCR)
and KR2. Glutamate receptor 1 (PDB ID 40R2) is shown in orange, 3-OR (PDB ID 4N6H) is
shown in magenta, KR2 (PDB ID 4XTL) is shown in blue.

Aravind and co-workers [361] have reported comparative genome analysis of the GPCR
signaling system. According to their data, some of the early 7TM proteins, which could be already
present in the LECA (Last Eukaryotic Common Ancestor), resemble certain bacterial 7TM
receptors and show a relationship with the class C GPCRs "suggesting that the latter type could
have emerged secondarily from a precursor of the former type" (quoted from [361]). This
conclusion supports the notion that class C GPCRs originated directly from a eukaryotic root,
independently from other GPCRs [321, 362, 363]. The structural alignment in Figure 4.2.2 and
corresponding sequence alignment support the common origin of all GPCRs from MRs and affirm
the importance of the Trp residue in the helix 6/F, which is conserved in the glutamate receptors
as well. However, the intermediate position of the KR2 structure and sequence between class A
and class C GPCRs supports the notion that class C GPCRs might have evolved independently
from GPCR of other classes [321, 361-363].

Thus, the evidence from comparative genomics studies [360, 361], phylogenetic analyses
[321, 362, 363], and reported here comparative structure analysis indicate that the LECA could
already contain 7TM receptors of two types. One of them could be an independent 7TM receptor
which likely developed from an ancient KR2 with retained Na™-binding site, that would spawn
classes A, B, D, and F of GPCRs. Another type of 7TM receptors in LECA could contain an RGS
domain and emerge from bacterial 7TM receptors (which are, in their turn, traceable to bacterial

rhodopsins [360]) and later develop into the glutamate receptors (class C GPCRs).
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4.2.2. Common Origin of G-protein Coupled Receptors and Microbial

Rhodopsins

Proposed here origin of a large group of transmembrane proteins from an ancient sodium
pump evokes at least one other case of a (super)family of membrane proteins, that likely originated
from an ancient system of Na/K homeostasis. Namely, bacterial and archaeal Na'-translocating
ATP synthases have remarkably similar Na"-binding sites. From their structural superposition, the
common ancestor of diverse rotary ATP synthases was revealed to be an ATP-driven Na'-pump
[416-419]. Already the primordial cells should have possessed systems that expelled Na®, since,
as discussed above in Section 3.1.2, several ancient cellular systems, attributed to the Last
Universal Cellular Ancestor (LUCA) require K* ions and are inhibited by Na" ions [7, 8, 416].
With these results in mind, a similar approach was used here in a comparative analysis of the Na™-
binding sites in KR2 (PDB ID 4XTL [369]) and various GPCRs.

Earlier attempts to establish evolutionary relatedness or detect significant similarity
between MRs and GPCRs were hindered by the lack of a common function, so that one could not
identify a common structure-function relationship or a mechanism, uniting the two groups of
proteins, despite obvious overall similarities between the protein families. In this work, the
common ability to bind sodium ions was used a such a common function. Availability of crystal
structures of GPCRs with bound Na" ions and structures of novel Na-pumping rhodopsins with
surmised Na'-coordinating residues was used not only to establish the structural similarity between
the two protein (super)families but also to reveal other common structure-function relationships.
Namely, conservation of a Trp residue in helix 6/F, the involvement of this residue in the coupling
of the signal (retinal isomerization or agonist binding) with the conformational changes in the
protein, and the large movement of the helix 6/F upon the activation are all common for MRs and
GPCRs. Multiple sequence alignment of MRs and GPCRs, build on the pairwise alignment of 6-
OR and KR2 (Figure 4.2.3), shows that KR2 acts as an intermediate between other MRs and
GPCRs of class A. This relation might indicate its proximity to the common ancestor of the two
(super)families, which, contained a Na-binding site and likely was a light-driven Na* export pump
(KR2).

Uncovered here conservation of particular structural elements in MRs and GPCRs was
used to constructs the most likely evolutionary scenario, describing the evolution of 7TM receptors
and the emergence of different GPCRs and MRs from an ancient light-driven sodium export pump
(Figure 4.2.6). Pumping Na" ions necessitates a path through the membrane laced with negatively

charged or polar groups, which could compensate the positive charge of the ions [420]. To ensure
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one-way pumping, the system also requires a switching mechanism [421]. In the modern ion-
pumping MRs, such switching relies on the conserved Trp residue of the helix 6/F; as the light-
induced movement of this helix opens a passage for the ions [407-414]. Since both MRs and
GPCRs utilize a turn and/or tilt the helix 6/F starting from the conserved Trp, the ancestral protein
likely also already possessed this mechanism. Forced tilting of the helix that starts in the middle
of a transmembrane segment, additionally accompanied by other significant conformational
changes [407-414, 422], is not a common feature, and likely only emerged once, shaped by the
tight-triggered isomerization of the retinal.

The ancestral light-driven sodium pump could have evolved further into heptahelical
proteins with different functions. As shown in Figure 4.2.6, the relationships between these 7TM
proteins can be explained as a series of gains and losses of the Na* and/or retinal binding residues.
For instance, proton- and Cl-pumping rhodopsins, along with various sensory rhodopsins, have
fewer ion-binding residues than KR2 [358-361, 423-426]. Thus, these proteins could have evolved
from the Na"-pump after a loss of some of the Na" ligands left the protein unable to transport Na®,
but still able to transport small or negatively charged molecules (H" or CI"), or at least still undergo
conformational changes in response to the light-induced retinal isomerization. Conversely, the
emergence of additional charged or polar groups within the transmembrane path of the translocated
ion could increase the conductivity, thus leading to the emergence of channelrhodopsins, which
act as light-gated channels for various ions [425, 427].

In parallel with the gains and losses of ion-coordinating residues in MRs, the loss and gain
of the retinal-binding residue likely shaped some of the diversity of GPCRs. Such precedent exists,
as the loss of the retinal-binding Lys residue was described in some MR lineages [428, 429]. In
the ancestral Na-pumping rhodopsin, the loss of the retinal moiety would have left an empty pocket
in its place, thus structurally compromising the protein. However, this protein could be stabilized
by forming a full-fledged permanent Na'-binding site out of the residues, that coordinated the

230 could

passing through ions. Newly emerged Na'-coordinating residues in GPCRs, e.g. Asp
thus functionally replace the retinal (see Figure 4.2.1). Without retinal, the Trp residue of the helix
6/F would be able to reach the Na* ion in the new site and form an additional coordination bond
via a water molecule. The remaining cavity could be filled by small organic molecules, which
would push down in the Trp6.48, assuming the role of the retinal and triggering the helix 6/F
movement. These changes lead to the emergence of Na“-binding heptahelical receptors for small
molecules, which are likely to be the ancestors of many, if not all, modern GPCRs (see Figure

42.6).
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Finally, the ability to bind retinal and utilize its isomerization to detect light could have
been re-acquired by the animal rhodopsins. This is evident from the overwhelming differences
between the animal visual rhodopsins (class A GPCRs) and MRs. First, the lysine residues, binding
the retinal moiety are located in the helix 7/G in both types of rhodopsins, but they are located at
different depths within the membrane and their orientation relative to the membrane plane is also
different. Second, the light cycles and the isomers of the retinal, observed at each stage also differ
between animal and microbial thodopsins. Specifically, in animal rhodopsins, 11-cis retinal after
absorbing light isomerizes into an all-trans form, which has to leave the protein and be regenerated
into 11-cis retinal in the cytoplasm [430, 431]. In microbial rhodopsins, the light is absorbed by
an all-trans retinal molecule, which isomerizes into 13-cis form, which, in turn, relaxes into the
original all-trans form without leaving the protein [432, 433]. Finally, the overall sequence and
structure similarity between MRs and animal visual rhodopsins is much lower, than the similarity
between MRs and other class A GPCRs (Figure 4.2.3). This divergence can be explained by the
protein, first, losing the ancestral, bacterial type retinal, and then acquiring a new, animal type
retinal, thus being forced to re-adapt its structure to accommodate for the new type of retinal
binding and isomerization. Thus, while insisting on the common origin of GPCRs and MRs, this
study still supports the emergence of retinal-based light sensors in the two (super)families of 7TM

proteins as a result of the convergent evolution.
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Figure 4.2.6. Suggested scheme of MRs and GPCRs evolution. Only three helices of the proteins
are shown. Helix 3/C is shown in blue, helix 6/F is shown in brown ("closed" conformation) and
orange ("open" conformation), helix 7/G is shown in green. The scheme depicts the proposed order

of Na'-ligands and retinal binding losses and gains leading to the emergence of particular functions
of the proteins in the course of evolution.
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4.2.3. Modeling of Class A GPCR activation

A model of GPCR activation was developed in a manner similar to earlier approaches to
GPCRs modeling [381, 434-436]. Additionally, the model includes the possibility of Na®
translocation coupled to the transmembrane potential during receptor activation, similar to the
processes occurring in membrane energy-converting proteins [437].

Here, the solution of the model of GPCR activation, as obtained in collaboration with Dr.
D.A. Cherepanov of the Russian Academy of Sciences, is presented (Figure 4.2.7A, B). The model
describes three possible binary transitions of the receptor: (i) between inactive and active states,
(i) between Na'-bound and Na'-free states, and (iii)between agonist-bound and agonist-free
states. These transitions are defined within the model by their equilibrium constants: L - receptor
activation constant, M - Na" association constant, N - agonist association constant. Together all
three transitions can be displayed as a cubic graph, where each vertex corresponds to one of the
eight states (Figure 4.2.7B, Table 4.3). Additionally, the allosteric coefficients a, B, y, and 6 were
used to describe the effect of the coupling between the transitions, i.e. to account for their
interdependence. The model was built in two versions to reflect the two possible operation modes
of the receptor: carrier-on mode, in which the Na" ion is translocated into the cytoplasm, and
carrier-off mode, in which Na" ion is returned into the extracellular space.

Na" ion translocation is described with the probabilistic Boltzmann-like electrostatic terms
with @1 and @, , which are equal to

@1=exp(0-e-Ay/ksT) (4.1)
and

Dr=exp((0-1)-e:Aw/ksT) 4.2)
where 6 is the coefficient reflecting the relative depth of the Na™ ion in the membrane, with =0
when Na" ion sits on the extracellular surface of the membrane and 6 = 1 when Na" ion sits on the
cytoplasmic surface membrane; e is the elementary charge; Ay is the transmembrane potential, ks
is the Boltzmann constant, and 7' is the temperature.

In total, the model describes 12 transitions, each corresponding to an edge of the cube
shown in Figure 4.2.7B. The slowest transitions in the system are assumed to be the transitions of

the receptor between R (inactive) and R* (active) states.
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Figure 4.2.7. Model describing the Na" behavior upon GPCR activation.

A. The scheme of the two modes of GPCR activation. In both cases, the Na* ion binds to the GPCR
in its inactive state, but not in its active state. When agonist binding triggers the activation of the
receptor, the Na* ion must leave its binding site. In the carrier-on mode, the Na" ion is expelled
into the cytoplasm, thus traversing the membrane. In the carrier-off mode, the Na* ion relocates to
the extracellular space. B. Model of GPCR activation as a facultative Na'-transporter. Inactive
states (R) are shown in green, active states (R*) are shown in red, transitions between R and R*
states are shown as thick black arrows. Transition probabilities are defined in Table 4.3.

In the carrier-off mode, the receptor is presumed to be in thermodynamic equilibrium,
meaning that all transitions are equal so that the principle of detailed balance can be applied to all
active and inactive receptor states. Probabilities Py, ..., Ps are determined by the corresponding
equilibrium constants (see Table 4.3, right column) and thus can be calculated directly using the

normalization requirement:

P=1

i=1..8

In the carrier-on mode of operation, the principle of detailed balance can only be applied
separately to inactive (green arrows in Figure 4.2.7B) and active (red arrows in Figure 4.2.7B)
states of the receptor, while the transitions from active to inactive states and back (black arrows in
Figure 4.2.7B) must be treated as nonequilibrium transitions. Thus, only eight rate constants have
been considered explicitly. These include k., - the rate constants of the four forward transitions
from inactive states n to active states m; and kmn - the rate constants of the respective backward
transitions. All the other transitions were presumed to remain in thermodynamic equilibrium and
thus are determined by corresponding equilibrium constants (see Table 4.3, left column). However,
because the activation of the receptor is much slower than any other transitions in the model, the
detailed balance principle can be applied separately to all inactive and all active receptor states

(the left-hand and right-hand sides of the cubic diagram in Figure 4.2.7B, respectively).
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The probabilities Py, ..., Ps were determined as follows. The cumulative R—R* and R*—R
transition probabilities match each other:

kisPy 4 kyPy + k37P3 4 kygPy = ks1Ps + keaPs + k73P7 + kgyPs, (4.3)
where P14 are the probabilities of the inactive states, Ps.s — of the active states, and k., and ki, are
corresponding transition rate constants. While the transition rate constants are not fully
independent, but they do satisfy the thermodynamic equation

—AG/RT

kforwaral kback = € , 80 Eq. 4.3 can be rewritten thusly:

kis(Py + a'/2P, + BY/2P; + (aB8)'/?Py) = ks1(Ps + a™/*Pg + B/2P; + (aB8) /2 Py)
4.4)
The membrane potential affects the probability of certain transitions in both carrier-on and
carrier-off modes. Specifically, the cation translocation is affected as the equilibrium constants of
sodium binding are changed in both inactive and active states (@1 and ®», respectively). This leads
to the following equation:

B=¢-LR

where
L = kis/ksi

and

1+ X, + 7Y+ (afd) Dy X, Y

out

1+ a0,X, + Y + (afS) 2D,y X, Y

(4.5)
where X;=M[Na"]in, Xou=M[Na ]Jou, and Y=N[agonist], respectively. Finally, the probabilities

normalization requirement is be added to these equations:

>r-i

i=1..8

The resulting set of equations provided a solution to the model.

129



Table 4.3. Probability coefficients for the model of GPCR activation

Relative probabilities
Receptor state N. ] )
carrier-on mode carrier-off mode

Inactive 1 |1 1
Inactive withaNa"ion |2 | ®;-M[Na']*" ®-M[Na" ™
Inactive with an agonist |3 | N-[A] N-A]
Inactive with an agonist | 4 | y"N[A]-®;-M[Na"]*" v'N[A]- ®1-M[Na ‘"
and a Na" ion
Active 5 |L L
Active with a Na* ion 6 | o-L-®y'M[Na']" a-L-®;-M[Na" "
Active with an agonist 7 | B-L-N[A] B-L-N[A]
Active with an agonist 8 | S(y(L-BN[A]-a®2M[Na']™) | 8(y(L-BN[A]-a® 1 M[Na‘]*"))
and a Na' ion =afyd-L-N[A]-®>-M[Na ™ =afyd-L-N[A]-®M[Na ™"

Each receptor molecule exists in a steady-state balance between the active (R*) and
inactive (R) states; an agonist can shift the distribution in favor of the active states, while Na*
stabilizes the inactive state (Figure 4.2.7A). Both active and inactive states are known to exist as
an ensemble of quickly exchanging conformational sub-states [319, 438-440]. For simplicity, these
sub-states were not included in the model. Additionally, the interaction of the receptor with other
components, such as G-protein or arrestin, was not included in the model as well.

Without any agonists and Na" ions present, the proportion of the receptors in the active
state is determined only by the activation constant L. In principle, the value of L should be about
1; if not, the receptor would be stuck in one of the two states. However, the exact value of L is
unknown; its experimental determination would require estimating the proportion of receptors in
the two states in the absence of agonists and Na" ions, such conditions are difficult to create. In
this study, the value of L was set to one.

The initial values of the association constants for the agonist and sodium ions were set to
N=1x10"M"'and M =1 x 10> M}, respectively, to conform to the physiologically relevant
concentrations of agonist and Na" ions (see [341, 382, 384] and references therein).

The allosteric coefficients a, B3, v, and & model the coupling between the transitions and
their interdependence (see Table 4.4). The coefficient a reflects the effect of sodium binding on
the receptor activation. Based on experimental data, Na* ions inhibit receptor activation [43, 342-
347], and thus this coefficient should be <<1. This way the receptors would exhibit very little

activation in the presence of Na' ions, but still display some activity in their absence (since L=1),
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and this reflects the behavior reported in experimental systems (see [43, 319, 341, 343, 345-347,
438].

The coefficient f reflects the effect of agonist binding on the receptor activation. Naturally,
as agonist binding triggers the activation of the receptor, this value must be >>1. The coefficient y
reflects the effect of agonist binding on the Na" ion binding. Available crystal structures of GPCR
with Na' ion in its binding site usually do not contain any agonist molecules, while corresponding
structures with agonists bound do not have the space for the Na* ion [43]; thus, the value of y
should be <<1. Finally, the triple allosteric interaction coefficient 6 reflects the coupling between
all three transitions. Two more parameters affecting the probabilities of individual states are the
concentrations of sodium in and outside of the cell. Here the physiological values of [Na']ou = 140
mM and [Na']in = 10 mM were used (Table 4.4).

Both carrier-on and carrier-off models were implemented separately as functions in
MATLAB R2017a [60].

Multiple studies have reported experimental data on voltage sensitivity in different GPCRs
(see Table 4.1 and [374, 375] for reviews). The membrane voltage with negatively charged
cytoplasmic side activated GPCRs in most cases. Although in few cases, e.g. in the muscarinic
receptor M, the membrane voltage instead decreased the receptor activity [376, 378, 382]. In most
studies, GPCR activation at different voltages was evaluated by following the downstream
reactions, e.g., by tracking the conductance of the ion channels, regulated by the GPCR under
investigation (see Table 4.1, [374, 441] and references therein). It is important to note, however,
that such GPCR-regulated channels are themselves voltage-sensitive, which muddles the
interpretation of such data. Thus, here the scope of experimental data on the voltage dependence
of GPCR activation is limited to only the data obtained by using FRET-based biosensors [349,
382, 384]. Such sensors react to the movement of the helix 6, which is directly linked to the
receptor activation [319, 323, 332-338]. Using this method, Rinne and colleagues reported that
membrane voltage increases the sensitivity of 024 adrenoreceptor to agonist norepinephrine [384].
Also, membrane voltage was shown to increase the sensitivity of muscarinic receptors M3 and M5
to acetylcholine and carbachol (full agonists), but in the muscarinic receptor M1, the sensitivity to

those agonists was decreased [382].
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Table 4.4. Initial parameters of the model

Parameter | Value Description®

M 10° M™! Association constant of the sodium ion (initial value)

N 10’ M Association constant of the agonist (initial value)

L 1 Receptor activation constant

. . Intrinsic efficacy of sodium: ratio of affinity of sodium for R*
and R

B 10 Intrinsic efficacy of the agonist: ratio of affinity of the agonist
for R* and R
Binding cooperativity between the sodium ion and the

Y 102 agonist: ratio of affinity of A for R-Na and R, or Na for R-A
and R
Activation cooperativity between the sodium ion and the

) 10? agonist: ratio of affinity of A for R*-Na and R-Na, or of Na
for R*-A and R-A

[Na*]out 140 mM | [Na'] in the extracellular medium

[Na']in 10 mM [Na'] in the cell cytoplasm

? The designations of the parameters are taken from ref. [435].

The reported here model was tested to see if it can describe the data reported by Rinne and
colleagues [382, 384]. To perform the fitting, experimental data points were extracted from the
respective publications. In each case, fits were performed separately for the carrier-on and carrier-
off modes. For each of the two operation modes, two sets of data points (as obtained at two voltage
values, e.g. -90 and +60 mV) were fitted. The two fit curves were calculated by using the same
sets of parameters (see Table 4.4), with the only difference being the voltage values that were taken
from the respective publications. Both curves were fitted at the same time by adjusting only two
parameters, specifically, the Na* binding constant M and agonist binding constant N. Thus the M
and N parameters were kept the same for both curves at different voltages. All other parameters
were kept constant at values listed in Table 4.4. In addition, separate fits with f = 100 were
performed (Table 4.5).

The fit curves are shown in Figure 4.2.8 and the fit parameters are listed in Table 4.5. In
each case, one of the two operation modes produced a good fit to the experimental data, while the
other mode did not. In the cases where the receptor sensitivity was increased by the membrane

voltage, the carrier-on model fitted the experimental data. For the data in Figure 4.2.8C, where the
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membrane voltage decreased receptor sensitivity, the carrier-off mode provided a good fit.
Notably, varying the 0 value did not lead to noticeable fit improvements. It is important to note,
that the fitted agonist association constants N, shown in Table 4.5, do not correspond to the
observable association constants (Ko»s), but rather the intrinsic association constants (K,), which

can be much smaller [381, 442].

Table 4.5. Sodium ion and agonist binding constants as obtained from fitting experimental data

B=1000 =100
Receptor — agonist Na® Agonist Na" Agonist
pairing Mode association | association | association | association
constant, constant, constant, constant,
M M M1 M
o2a-AR with 1, carrier-on 2.4x10* 2.6x10° 8.7x 10° 1.1x10°
norepinephrine
M3 muscarinic receptor | 1, carrier-on 3.5x 10° 8.4 3.1x10° 87.9
with carbachol
M| muscarinic receptor | 2, carrier-off | 2.1 x 10’ 6.4x 10° 22x10° 2.6x 10°
with carbachol

Thus, reported here GPCR activation model was able to quantitatively fit experimental data
on the membrane voltage effect on the activation of GPCRs while using the same set of parameters
(Table 4.4) and only varying N and M (agonist and Na" binding constants) (Table 4.1). An example
of such a fit is presented in Figure 4.2.9.

Results of the experimental data fitting do not indicate obligatory translocation of Na™ ions
into the cell upon GPCR activation. It appears, that while in some cases the translocation does
occur, in other cases the Na" ion is expelled into the extracellular medium upon receptor activation.
Still, the carrier-on mode model fits better to the activation curves of those receptor-agonist pairs,
where membrane voltage increases the sensitivity. This type of membrane dependence seems to

be prevalent, according to the experimental studies (Table 4.1).
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Figure 4.2.8. Experimental data on voltage sensitivity of GPCRs fitted with carrier-on and
carrier-off models. Fits for the carrier-on model are shown as solid lines, fits for the carrier-off
model are shown as dashed lines. A. Data on o2a adrenoreceptor (c2aAR) activation by
norepinephrine (full endogenous agonist) from [384]. B. Data on muscarinic M3 receptor

activation by carbachol (full agonist) from [382]. C. Data on muscarinic M receptor activation by
carbachol (full agonist) from [382].
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Figure 4.2.9. Experimental data on voltage sensitivity of muscarinic acetylcholine receptor Ma.
Experimental data on M2 receptor activation by acetylcholine (Ach, full endogenous agonist) and
Pilocarpine (Pilo, partial synthetic agonist) from [379]. A. Concentration-response curves fitted
with the model in carrier-on mode. B. Concentration-response curves fitted with the model in
carrier-off mode.

4.2.4. Suggested Mechanism of Na* Translocation Upon GPCR Activation

Here, Na'-dependent GPCRs are considered as putative electrogenic Na® carriers. Their
ability to translocate a Na" ion is supported by the following data: (i) the results of MD simulations
[336, 346, 347,372, 373]; (i1) structural similarity and the evolutionary related ness of GPCRs and
Na“-pumping MRs (see chapters 4.2 and 4.3, and [443]); and (iii) the data on the "gating currents"
or "sensory currents", exhibited in some GPCRs in response to an imposed membrane voltage (see
[378, 444] and references therein), which may indicate the movement of a GPCR-bound Na"ion
into the cytoplasm [441].

The primary role of the Na” ion in the GPCR seems to be the stabilization of the inactive
state, thus helping to counteract these intrinsically unstable and noisy receptors, preventing
signaling in the absence of agonists. However, such stabilization also imposes rigidity on the
receptor, decreasing its sensitivity. To trigger the activation of such Na'-stabilized receptor
significantly higher concentrations of agonists would be required. This disadvantage can be
negated by recruiting some source of free energy which would have to be coupled to the receptor
activation. Since some GPCRs exhibit higher sensitivity under the effect of the transmembrane
electric field (Figure 4.2.8A, B, and Figure 4.2.9), they evidently use the energy of this field.
However, this energy can be only be used if the receptor activation is mechanically coupled to the

translocation of the ion.
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There are even more benefits from the activation-coupled translocation of the Na* ion into
the cell. Because the equilibrium constants between the active and inactive states of GPCRs are
low (Table 4.4), there could be multiple mechanisms that shift this equilibrium in response to the
binding of signaling molecules to different sites within the agonist-binding pocket. Translocation
of sodium ion upon activation can only be used for the signal amplification, if the agonist, when
bound to the receptor, blocks the pathway for the sodium ion into the extracellular space, thus
forcing it to escape into the cytoplasm [43]. In the inactive state, the sodium binding site is located
at the bottom of the large agonist-binding pocket, which is open to the extracellular side (Figure
4.1.1A, B). The retreat of sodium ions into the extracellular space through this opening would be
much easier, than traversing the receptor in the opposite past layers of hydrophobic residues.
However, if the agonist binds in a way that blocks the escape of the sodium ion, the latter is forced
to find its way into the cell. It appears, that such specific agonist binding does occur, albeit not in
all receptor-agonist pairings, as voltage dependence patterns, indicating the coupling of the
receptor activation with translocation of Na', are not universal among GPCRs (Table 4.1).
Specifically, certain receptors show voltage-amplified signaling with some agonists, but others
(Table 4.1). Thus, the signal of some agonist molecules, presumably the ones that effectively shield
the Na'-binding site from the extracellular space, is amplified by the electric field, as the receptor
functions in the carrier-on mode. The signal of other molecules, e.g. partial agonists would be
inhibited by the electric field, while the receptor functions in the carrier-off mode. Such a
mechanism of discrimination between different agonists would dramatically increase receptor
selectivity.

Experimental data suggest that endogenous agonists, which naturally occur as the primary
signaling molecules for particular GPCR, induce the carrier-on mode of signaling and fully benefit
from the membrane voltage. Specifically, in the muscarinic receptor M, the signal from
acetylcholine (full endogenous agonist) is amplified by voltage, while the signal from pilocarpine
(partial synthetic agonist) is decreased by voltage (see Figure 4.2.9, [379, 380], and Table 4.1).
Notably, the voltage dependence of the M» receptor is affected by mutations of the orthosteric
ligand-binding site residues, supporting a direct connection between the mechanics of the agonist
binding and the voltage dependence [379].

Somewhat similarly, the voltage dependence of muscarinic acetylcholine receptor M3 is
exhibited differently with different agonists. Specifically, signaling triggered by acetylcholine (full
endogenous agonist) and carbachol (full synthetic agonist) is increased by the voltage, while
signaling trigged by choline or pilocarpine is decreased (see Table 4.1, Figure 4.2.8B and [382]).

Rinne and coworkers suggested that voltage dependence is determined by the differences in the
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binding of specific agonists. In support of this suggestion, they have shown that the mutation of
Asn6.52 to Gln reversed the effect of the membrane potential on the carbachol-triggered signaling,
but had no effect on the acetylcholine signaling [382]. Rinne and coworkers concluded that this
data reinforces the important role of the helix 6 in the activation mechanics of acetylcholine
receptors.

Another example is the dopamine D»s receptor. Its sensitivity to dopamine (endogenous
full agonist) is increased by the voltage, but the sensitivity to agonists B-phenethylamine and p-
and m-tyramine (synthetic) is decreased (see [387, 388] and Table 4.1 for further references).
However, sensitivity to endogenous agonists being increased by voltage is not universal. For
example, signaling of the muscarinic receptor M is decreased by the membrane voltage both for
acetylcholine (endogenous agonist) and carbachol (synthetic agonist) (see Figure 4.2.8C and Table
4.1). Such behavior can be described by the carrier-off mode model, where the Na" ion is expelled
into the extracellular space upon receptor activation. It would appear, that in the M, receptor Na*
is not translocated, independent of which agonist triggers the receptor activation.

Finally, several receptors have been reported to be insensitive to the membrane voltage
(see Table 4.1). Within the suggested model of GPCR activation, this can be explained by the lack
of coupling between Na™ binding/exit from the receptor and the receptor activation (8<<1.0). This
can occur, for example, if sodium ion leaves the receptor before agonist binding triggers any major
conformational changes in the protein.

The effect of the membrane voltage on GPCR activation is contingent on the coupling
between the protein activation and electrogenic translocation of Na* ion across the membrane.
Maintaining a sodium ion in the thick of the membrane demands a lot of energy due to the high
desolvation penalty for a cation [445]. Thus, every residue in such membrane Na* binding site is
crucial. Particularly, in Na*-dependent ATP synthases, Na" binding is granted by six amino acids
[417, 446]; after losing even a single one of them the protein is no longer able to translocate Na*
and is only capable of proton transport [417, 446, 447]. Since Trp6.48 is involved both in Na*
binding and activation-associated conformational changes in GPCR, this residue is the prime
suspect for coupling activation with translocation of sodium. This residue is conserved in most
GPCRes, particularly of class A (Table 4.6) and changes its sidechain conformation upon agonist
binding (see Figure 4.1.1C and [319, 323, 332-338]). The coordinational bond between Na* ion
and a water molecule, that forms an H-bond with Trp6.48 is present in structures of several GPCRs,
e.g. o-opioid receptor (PDB ID 4N6H), Aza adenosine receptor (PDB ID 4EIY), and Pi-
adrenoceptor (PDB ID 5AS8E). Most likely, Trp6.48 is similarly involved in this interaction

network in other GPCRs of class A as well. As the bond network around Na* ion is destabilized
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upon agonist binding and Trp6.48 movement, the further stay of the ion in the think of the
membrane becomes increasingly unlikely, leading to the Na ion leaving the protein and thus
coupling its movement with the receptor activation. Thus, whether GPCR activation is
accompanied by translocation of Na" across the membrane, or by the expulsion of the sodium ion
into the extracellular space, this process would be affected by the membrane voltage, albeit in
opposite directions.

To identify other elements of the structural mechanism of Na* translocation and its path
through the receptor, structures of the muscarinic receptor M> in its inactive and active states (PDB
ID 3UON [328] and PDB ID 4MQT [350], respectively) were compared (Figure 4.2.10). These
structures were chosen as they clearly show the differences between the two states [350, 448] and
the voltage dependence of the M» receptor suggests that it can operate in the carrier-on mode (see
Figure 4.2.8, Table 4.1 and [378, 379, 448, 449]). Due to the high sequence and structure similarity
among class A GPCRs, particularly in the Na'-binding region ([43], Table 4.6), the results of this
analysis should apply to other receptors as well. Specifically, several motifs are universally
conserved in class A GPCRs: LxxxD in helix 2, DRY in helix 3, WxP in helix 6, and NPxxY in
helix 7 [318, 450-452]. Relative positions of this motif in the structure are shown in Figure
4.2.10B, and the extent of their conservation is reported in Table 4.6.

Structures of M» receptor in active and inactive states show the difference in the helix 6

0%4® residue. A notable difference can also be observed in the

positions starting at the Trp40
position of the Leu65%4° of the LxxxD motif and the NPxxY motif residues (Figure 4.2.10). In the
inactive state structure, a large agonist-binding cavity above the Na"-binding site is open to the
extracellular space, while the cavity on the cytoplasmic site reaches only up to the NPxxY motif.
Two layers of hydrophobic residues block the passage between these two cavities (see yellow and
orange residues on Figure 4.2.10B and [336, 347, 372, 373, 453, 454]. In Figure 4.2.10B, the first
hydrophobic layer contains Leu65*4¢, Leul 14*4, Val111°%°, Tle117>46, 11e392°4°, Leu393%4!, and
Phe396%4* (Figure 4.2.10). These residues are primarily located in helices 2, 3, and 6 and were
previously suggested to be involved in the conformational changes upon receptor activation [336,
347, 372, 373, 453, 454]. Furthermore, the majority of these residues are very conserved among
class A GPCRs (Table 4.6). This first hydrophobic barrier is structurally supported by residues of
the second hydrophobic shell: Val44!->3, 11e62%4, Trp148*3°, Pro198°2°, Met20234, Tyr206°8,
and 11e389%37. While these second shell residues are not as conserved, as the residues from the first
layer, their positions are still taken mostly by hydrophobic amino acids in the class A GPCRs
(Table 4.6).
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Figure 4.2.10. Conserved motifs in active and inactive state structures of GPCRs. A. Structure
superposition of M» receptor, the structures shown are PDB ID 3UON (inactive state [328]) and
PDB ID 4MQT (active state [350]). Helix 6 is shown in orange in the inactive state and light blue
in the active state; the NPxxY motif is shown in purple in the inactive state and blue in the active
state; residues, involved in the coordination of Na* ion are shown in red; agonist LY2119620 and
antagonist 3-quinuclidinyl-benzilate molecules are shown in grey. B. Location of hydrophobic
residue clusters and conserved motifs of class A GPCRs. The structure of adenosine Aza receptor
is shown (PDB ID 51U4 [455]). Residue Trp6.48 is shown in black; hydrophobic residue clusters
are shown in yellow (first layer) and orange (second layer); Na“-binding residues are shown in red;
NPxxY motif — in green; DRY motif - in pink.

The first hydrophobic layer is centered on Leu65**¢ of the LxxxD motif (Figure 4.2.10B).
Notably, the sidechain of this residue attains different rotamers in active and inactive states (Figure
4.2.10A). A minor rotameric transition of this strictly conserved residue can potentially open a
passage for the Na” ion into the cell (Figure 4.2.11). The LxxxD motif is highly conserved and
likely plays a central role in the Na* translocation. While Asp2.50 directly coordinates Na* ion,
Leu2.46 contributes to the interface between helices 2 and 3.

Since the ability to bind Na" ions was likely inherited by GPCRs from an ancient Na'-
translocating microbial rhodopsin (see Chapter 4.2.2 and [443]), the mechanism and pathway of
cation translocation may still hold some resemblance between GPCRs and MRs. In the Na'-
translocating rhodopsin, the pathway for the Na" ion is formed by helices C/3, F/6, and G/7 [369,
370, 443, 456]. Corresponding helices have been implicated in Na® binding and possibly
translocation in GPCRs as well [43, 336, 347, 443].

Recently, a structure of Na-translocating rhodopsin KR2 with Na" ion trapped within the
protein was resolved (PDB ID 6XYT [457]). In this structure the Na" ion is trapped between

Asnl110 and Aspl14 residues of the characteristic NDQ motif, apparently in one of the transient
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binding sites of the ion. The Asnl110 and Aspl14 residues of KR2 correspond to Asp3.32 and
Asn3.35 of GPCRs (Figure 4.2.1). The structure of d-opioid receptor, used in this work as the most
similar to MRs, depicts a water molecule bound between these two residues, in the position similar
to that of the Na" ion trapped in the novel KR2 structure (Figure 4.2.1). Unfortunately, Asp3.32
and Asn3.35 bridged by a water molecule face the extracellular cavity that precedes the Na'-
binding site of GPCRs, so that these new structural data do not help in determining the pathway
of Na" translocation from the Na'-binding site into the cytoplasm by GPCRs.

Based on the structure analysis of the active and inactive states of muscarinic Ma receptor
(Figure 4.2.10) and the previously discussed similarities between GPCRs and Na'-translocating
microbial rhodopsin KR2 (Chapters 4.2.1 and 4.2.2, [443]) the following pathway of Na®
translocation by class A GPCRs can be suggested. As an agonist binds and blocks the retreat of
the sodium ion into the extracellular space, the cation remains in its binding pocket, albeit in an
unstable state due to the displacement of one of its ligands — Trp6.48. Electric field pushes the Na*
ion towards the cytoplasm, forcing the rotameric transition of Leu2.46. This transition is
accompanied by the breakage of the coordination bond between Asp2.50 and the Na* ion. As the
Na" ion escapes, residues of the NPxxY motif undergo conformational changes, blocking the Na*
ion from returning to its binding site. Specifically, Tyr7.53 residue forms a new Hbond via a water
molecule with Tyr5.58, while the Asn7.49 residue turns towards Asp2.50 (Figure 4.2.10A, [335-
337]). These new hydrogen bonds stabilize the active state of the receptor, which is achieved
additionally by displacement of several helices, the collapse of the Na*-binding pocket, and closing
of the cytoplasmic Na" passageway (Fig. 1B). The suggested mechanical coupling between
residues Leu2.46, Asp2.50, and Tyr7.53 and their involvement in the Na" ion translocation is
supported by the results of MD simulations reported by Filizola and colleagues [347].

The Na" ion could escape from the protein either by reaching the water phase directly from
the cytoplasmic side, passing straight between the helices, or even earlier, by sliding between
helices 2 and 3 near the DRY motif (Figure 4.2.11). In the latter scenario, the Na* ion would be
released into the phosphate group layer of the membrane lipids. Negatively charged phosphates
can serve as potent Na* ligands, thus attracting the Na* ion and helping it pass between the protein
helices. This is where that path of the Na® ion could safely end. MD simulations of membranes
have shown that Na“ ions commonly reside among the phosphate groups of membrane

phospholipids and compensate for their negative charges [458].
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Figure 4.2.11. Two proposed pathways of Na" translocation to the cytoplasm upon activation of
class A GPCRs, shown in the example of the M receptor (PDB ID 4MQT). A. Na" ion exits into
the cytoplasm through the center for the heptahelical bundle. B. Na" ion exits through the opening
between helices 1, 2, and 7. Helices are colored as follows: 1 — gray, 2 - red, 6 - orange, 7 — green.
Residues DRY of the ionic lock are shown in blue. Lipid molecules of the membrane around the
protein were constructed with CHARMM-GUI software [77].

Suggested here mechanisms of facultative Na* translocation by class A GPCRs open a new
aspect of structure-function relationships in this undoubtedly important protein (super)family.
Reported here activation model was able to describe experimental data on voltage-dependent
activation in receptors that exhibit increased, as well as decreased signaling at higher membrane
voltages. This model can be useful in the future in interpreting the new experimental data and
could be instrumental in identifying the mode of operation for GPCR activation triggered by novel
agonists. Structure analysis reported here suggests, that the specific pattern of agonist binding,
which blocks the access for the Na'-binding site to the extracellular space, is crucial in determining
the carrier-on mode of operation, allowing the receptor to increase its sensitivity by utilizing the
energy of the membrane potential. This mechanism can be exploited in the design of novel
agonists, which can be made specifically to trigger carrier-on or carrier-off mode of receptor
activation. Finally, provided here evidence of the ability of the GPCRs to function as Na*
transporters further supports their common origin with MRs from ancient Na* pumping rhodopsin.
With multiple new structures of 7TM proteins being released every year, more common

mechanisms, uniting these two groups of proteins, could be discovered.
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Table 4.6. Conservation of functionally important residues in Class A GPCRs

Residue in Generic Most common | Second most Residue type, %

M; receptor number residue common residue

(PDB: 3UON) AA | % AA | %
Na' coordination

Asn4l 1.50 N 98 S 1 Polar, 100

Asp69 2.50 D 92 N 3 Polar, 98

Ser110 3.39 S 72 T 8 Polar, 83

Trp400 6.48 W 68 F 16 Aromatic, 87

Asn432 7.45 N 67 S 11 Polar, 93

Ser433 7.46 S 64 C 13 Polar, 72
(C)WxP motif

Thr399 6.47 C 71 S 10 Small, 86

Trp400 6.48 W 68 F 16 Aromatic, 87

Pro402 6.50 P 99 N/A | N/A Helix kink, 99
The hydrophobic shell around the Na* pocket

Leu65 2.46 L 90 M 4 Hydrophobic, 99

Vallll 3.40 I 40 A% 24 Hydrophobic, 88

Leul14 3.43 L 73 I 10 Hydrophobic, 98

llel17 3.46 I 56 L 16 Hydrophobic, 99

11e392 6.40 A% 37 I 28 Hydrophobic, 93

Leu393 6.41 \Y 41 L 20 Hydrophobic, 91

Phe396 6.44 F 75 A% 4 Hydrophobic, 92
The second hydrophobic shell

Val44 1.53 A% 65 A 14 Hydrophobic, 92

[le62 2.43 L 36 I 35 Hydrophobic, 97

Trp148 4.50 W 96 F 1 Hydrophobic, 99

Pro198 5.50 P 79 \% 5 Hydrophobic, 95

Met202 5.54 I 33 M 30 Hydrophobic, 90

Tyr206 5.58 Y 72 S 5 Hydrophobic, 86

11e389 6.37 L 38 A% 21 Hydrophobic, 91
NPxxY motif

Asn436 7.49 N 72 D 20 Polar, 98

Pro437 7.50 P 94 A 2 Hydrophobic, 98

Tyr440 7.53 Y 89 F 4 Aromatic,93
DRY motif (ionic lock)

Asp120 3.49 D 64 E 21 Polar, 97

Argl21 3.50 R 95 H 1 Polar, 98

Tyr122 3.51 Y 66 F 10 Hydrophobic, 87

Glu382 6.30 E 26 K 15 Polar, 79

Residue conservation is presented as obtained from the GPCRdb database [459] alignment of
human Class A (Rhodopsin-like) GPCRs. Relative positions of the residues in the structure are
shown in Figure 4.1.1.
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5.

1.

Conclusions

Molecular dynamic simulations of ATP and GTP molecules in complex with Mg?*

revealed the effect different monovalent cations have on the phosphate chain shape. The
binding sites on the phosphate chain were shown to be similar for all studied cations.
Furthermore, both binding sites are routinely occupied by positively charged moieties in
experimental structures of P-loop NTPases. Specifically, the binding site between 3- and
v-phosphates harbors the universally conserved Lys of the P-loop/Walker A motif. The
binding site between a- and y-phosphates harbors activating cations in the M *-dependent
NTPases or positively charged protein residues in non-M'-dependent NTPases. Analysis
of available experimental structures also revealed that the phosphate chain shape of P-
loop bound NTP-like molecules is similar to the Mg-NTP conformations sampled from
MD simulations with K or NH4" ions, longer than the triphosphate chain conformations
sampled from the simulations with smaller Na" ions, and shorter than in the simulations

in the absence of K/Na"/NH4" ions.

Molecular dynamic simulations of K'-dependent tRNA modification GTPase MnmE
showed that the activating K* ion links the oxygen atoms of a- and y-phosphates, leading
to the turn of the y-phosphate. This brings the phosphate chain of the GTP to a catalytically
productive near-eclipsed conformation. The y-phosphate turn also results in a new

6K-3

hydrogen bond with the backbone nitrogen atom of the Asn22 residue, which

coordinates K™ ion.

MD simulations of translation factor EF-Tu in the presence of K™ and Mg?" ions showed
that the K" atom enters the catalytic site and occupies the same place as K" ions in K -
dependent GTPases. The binding of a K™ ion between a- and y-phosphates lead to the
rotation of y-phosphate, the emergence of a new H-bond with the backbone amino group
of Asp21%- and rearrangement of the H-bond network. These data support the suggestion

that the activation of EF-Tu and other translation factors on the ribosome is K* -dependent.

Building on the results of MD simulations, comparative analysis of representative
structures of P-loop NTPases revealed the following steps of the common activation

mechanism of these proteins:
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1.  Mg-NTP binding to the P-loop motif drives the triphosphate chain into an extended
conformation, with - and y-phosphates in a near-eclipsed conformation;

ii.  Cationic moiety (monovalent cation, Arg/Lys/Asn residue or backbone nitrogens of the
characteristic motif) is inserted into the catalytic site and interacts with the y-phosphate,
which is rotated towards an almost eclipsed conformation;

iii.  The new position of y-phosphate is stabilized by an additional H-bond between the O*°

oxygen atom and the backbone amino group of the K-3 amino acid of the P-loop motif.

5. Comparison of high-resolution structures of the sodium-translocating bacterial rhodopsin
and various Na'-binding GPCRs revealed striking similarities of their sodium-binding
sites. This similarity was used to construct a structure-guided sequence alignment for the
two (super)families, which highlighted their evolutionary relatedness. These results
support a common origin and a shared underlying molecular mechanism for both families
that involves a highly conserved aromatic residue playing a pivotal role in the rotation of

the 6th transmembrane helix.
6. Modeling and structure analysis of Class A GPCRs suggests that Na'-binding GPCRs

translocate Na" ions upon their activation and exploit the energy of the transmembrane

sodium potential to increase their sensitivity and selectivity.
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6. Outlook

The cytoplasm of all living cells contains much more potassium ions than sodium ions.
Modern cells maintain this gradient of ions using sophisticated pumps, energy-dependent proteins
that are embedded in advanced ion-tight membranes. The first cells could not possess such
structures, and could not sustain the difference in concentrations of small molecules and ions
between protocell contents and their environment. Yet, many ubiquitous and, by extension, ancient
proteins require potassium ions in high concentrations. Sodium ions cannot replace potassium in
such systems, and sometimes even inhibit their activity. Thus, the distinct ionic composition of the
cytoplasm and specific requirements of the ancient proteins have been attributed to the origin of
the first cells in a potassium-rich environment, supposedly of anoxic geothermal fields [7].

Many of the ubiquitous proteins, attributed to the Last Universal Cellular Ancestor
(LUCA) belong to the P-loop NTPase fold. Furthermore, the P-loop structural motif itself was
suggested to be one of the peptide ancestors that preceded the modern diversity of domain folds
[102]. Reported here MD simulations of ATP and GTP in water revealed that the phosphate chain
shape in the presence of K ions (or similar in size NH4" ions) resembles the phosphate chain shape
of the P-loop bound nucleotide. This consonance supports the emergence of the P-loop structural
motif in a K'-rich environment as well.

Since the primary function of the P-loop motif is merely binding of the phosphate chain in
an extended conformation, it is easy to imagine how NTP hydrolysis at the early stages of cellular
evolution was catalyzed by the free K* ions from the solution, while the short P-loop motif-
containing peptides were responsible for binding and transportation of the NTP molecules. The
next step in the development of modern NTPases was the emergence of K'-binding sites, which
allowed coupling of K™ binding and NTP hydrolysis with specific interactions, ensuring that NTP
hydrolysis occurs in a controlled manner. This mechanism is still employed in many modern
NTPases that are involved in protein synthesis. Alongside tRNA modification GTPase MnmE and
translation factor EF-Tu, covered in this work, this group of proteins includes most other
translation factors and a vast variety of ribosome-associated NTPases.

The next step was the recruitment of Arg/Lys fingers and other activating moieties to
replace the cations in the active site. The ample variety of activating moieties in the TRAFAC
class even allows reconstruction of their evolution, revealing the independent emergence of
different types of Arg fingers in different families [8]. Other classes of P-loop fold NTPases have
more homogeneous activation mechanisms within each class, suggesting that the emergence of

their corresponding activation mechanisms occurred concurrently with the acquisition of new
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domains and expansion of the P-loop domain core. Still, even the most sophisticated of the P-loop
machines employ the same basic activation mechanism, that is employed by small ancient K'-
dependent NTPases and was uncovered in this work.

Since the cytoplasm already in the very first protocells must have contained high
concentrations of potassium, the invasion of the living organisms into more common habitats, such
as marine or fresh waters, would require adaptations that would allow cells to maintain the
concentration gradient on the membrane. Such adaptations were ion-tight membranes composed
of complex lipids and transmembrane proteins, pumping ions across the membranes. Many
families of proton pumps include subfamilies of sodium-pumping proteins. Some modern
organisms have entirely sodium-based energetics, utilizing membrane proteins transporting
sodium ions instead of protons.

In 1986, Vladimir Skulachev and his colleagues analyzed a variety of such organisms and
proposed the term "Sodium World" to describe their common features [460-462]. Later, the
Sodium World expanded with the discoveries of Na-pumping proteins in different families
involved in membrane bioenergetics. In this work comparative analysis of modern Na*-pumping
microbial rhodopsins and eukaryotic G-protein-coupled receptors (GPCRs) reveals their common
origin from an ancient light-driven sodium export pump. Such an ancient pump would be of great
use to the first cells, not only in maintaining the vital concentration of K™ but also in creating an
ion concentration gradient on the membrane as a depot of consumable energy.

Reported here study of class A GPCRs reveals that these proteins retained not only the Na-
binding site in the center of the transmembrane heptahelical bundle but also the ability to
translocate this ion. Harvesting the energy of this translocation GPCRs can increase both their
sensitivity and selectivity. These features underlie the effectiveness of GPCR as sensors, which
explains the abundance and diversity of these receptors. The human genome alone contains 700
representatives of class A GPCRs and hundreds of other GPCR and GPCR-like coding genes.
Thus, GPCRs, the largest protein family coded by the human genome, stem from the Sodium

World, which encourages exploration of other Na-dependent enzymes of eukaryotes [9].
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7. Summary

In this work the evolutionary biophysics approach is applied to the two of largest protein
superfamilies present in human genomes, namely P-loop NTPases and G-protein coupled receptors
(GPCRs). This approach combines comparative analysis of protein structures and sequences with
molecular modeling techniques, in order to reveal not only the conservation of particular residues
among proteins within each superfamily but also their role in the fundamental mechanisms
underlying common functions.

The study of the hydrolysis activation mechanism in P-loop NTPases started with the
molecular dynamics simulations of Mg-NTP complexes (Mg-ATP and Mg-GTP) in the presence
of K", NH4", and Na" ions. These simulations have shown that in the presence of large cations (K*
and NH4") the phosphate chain of ATP and GTP attains longer conformations, with large distances
between a- and y-phosphates. These conformations resemble the shape of ATP and GTP molecules
and their analogs, as seen in the crystal structures of various P-loop NTPases. Comparison with
the structures of cation-dependent P-loop NTPases revealed that cation binding sites, observed in
MD simulations in water coincide with the location of positively charged moieties in the protein
NTP-binding sites.

To clarify the role of monovalent cations in P-loop proteins, MD simulations were
conducted for two cation-dependent GTPases: tRNA modification GTPase MnmE and translation
factor EF-Tu. MD simulations of Mg-GTP/EF-Tu complex bound to the tRNA and ribosome
fragment in the presence of K* ions have shown consistent binding of cations from the solution to
the AG site, similar to the cation binding in MnmE and other cation-dependent P-loop GTPases.
In both proteins binding of K™ ion in the AG site lead to the rotation of y-phosphate, which brought
this group closer to the eclipsed state with a-phosphate. The new rotated position of the -
phosphate was stabilized by a novel H-bond between the O*C oxygen atom of y-phosphate and the
backbone nitrogen of the K-3 residue (relative to the ubiquitously conserved Lys) of the P-loop
motif.

The activation mechanism, observed in MD simulations of MnmE and EF-Tu could be
envisioned as basic for P-loop NTPases, as these cation-dependent proteins are among the most
ancient members of the P-loop superfamily. This mechanism was used as a basis for extensive
comparative analysis of representative proteins from all major classes of P-loop NTPases. Based
on the established conservation and presence of the key features in active sites of P-loop NTPases,
the chain of events leading to the nucleophilic attack and y-phosphate cleavage has been proposed

as the basic universal activation mechanism of NTP hydrolysis in P-loop NTPases.
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The first stage of the proposed mechanism involves binding of the NTP molecule to the
phosphate chain and attaining an extended, hydrolysis-prone conformation. This conformation is
secured by interactions with the signature Lys residue of the P-loop/Walker A motif, backbone
atoms of the P-loop, and Mg?" ion, which is in its turn secured by residues of Walker A and B
motifs. At the second stage, a stimulating moiety is introduced to the active site by a specific
partner — another domain, adjacent subunit in a dimer or oligomer, or an entirely separate protein.
P-loop NTPases from different classes and families exhibit a wide range of activating partners and
interactions, as well as stimulating moieties. Still, a cationic stimulating moiety that interacts with
either both a- and y-phosphates, or only the y-phosphate was identified in all protein families with
available structures of active state complexes. Triggered by the introduction of the stimulating
moiety the y-phosphate is rotated towards an eclipsed conformation with a-phosphate and forms a
novel hydrogen bond with the backbone nitrogen atom of K-3 residue of the P-loop motif. Finally,
the catalytic water molecule is stabilized in its attacking position by auxiliary residues.

The second part of this work explores the activation of GPCRs as sodium-translocating
receptors. Crystal structures of the novel Na-pumping microbial rhodopsin along with the recent
avalanche of GPCR structures provided the basis for comparative structure analysis, focused on
investigating the similarities in the Na-binding sites of the two superfamilies. Structure
superposition of GPCRs and MRs based on comparison of their Na-binding sites was used to
produce structure-guided sequence alignments of the two superfamilies. Non-opsin GPRCs,
particularly those that have sodium binding sites, were shown to be more similar to MRs, than
visual rthodopsin. The only residue, universally conserved between the two superfamilies was Trp
in the helix 6/F (Trp6.48 in GPCRs). In both families, the signaling mechanism directly involves
this residue, which is likely to be an ancient feature, inherited from the common ancestor of MRs
and GPCRs —Na-pumping light-activated rhodopsin.

The similarity of GPCRs with light-activated sodium pumps endorses the suggestion, that
GPCRs also function as Na' ion translocators. A model of GPCR activation accompanied by
translocation of Na* was constructed to demonstrate how this mechanism can explain the voltage
sensitivity of certain Class A GPCRs. Two modes of activation were modeled — one where Na*
ion is transported into the cytoplasm, and the one where Na" ion is expelled to the intracellular
space. The two modes fit well with experimental data on voltage-activated and voltage-suppressed
receptors, respectively. Finally, further structure scrutiny and rotamer analysis provided a plausible

pathway of Na* transmembrane translocation through the helical bundle of GPCRs.
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Abbreviations

2D

3D
7™M
aa-tRNA
ACP
ADP
AGS
amu
ANP
ATP
cAMP
ChR2
cryo-EM
DNA
5-OR
FRET
GAP
GCP
GDP
GIRK
GIluR
GNP
GPCR
GSP
GTP
H-bond
HMM

KR2
LECA
LSU
LUCA
MD
MR
mRNA
MSA
NDP
NMR
NTP
PBC
PDB
RDF
RGS
RMSD

Two-dimentional

Three-dimentional

Heptahelical transmembrane (protein)
aminoacyl-tRNA

Adenosine 5'-[f,y-methylene]triphosphate
Adenosine-5'-diphosphate

Adenosine 5'-[y-thio]triphosphate

Atomic mass unit

Adenosine 5'-[B,y-imido]triphosphate
Adenosine-5'-triphosphate

Cyclic adenosine monophosphate
Channelrhodopsin 2

Cryogenic electron microscopy
Deoxyribonucleic acid

d-opioid receptor

Fluorescence resonance energy transfer
GTPase-activating protein

Guanosine 5'-[f,y-methylene]triphosphate
Guanosine-5'-diphosphate

G protein-gated inwardly rectifying potassium (K*)
Metabotropic glutamate receptor 1
Guanosine 5'-[B,y-imido]triphosphate
G-protein coipled receptor

Guanosine 5'-[y-thio]triphosphate
Guanosine-5'-triphosphate

Hydrogen bond

Hidden Markov model

Na'-transporting rhodopsin from the bacterium Krokinobacter eikastus
Last eukaryotic common ancestor
Large subunit (ribosomal)

Last universal cellular ancestor
Molecular dynamics

Microbial rhodopsin

Messenger RNA

Multiple sequence alignment
Nucleoside diphosphate

Nuclear magnetic resonance
Nucleoside triphosphate

Periodic boundary conditions
Protein Data Bank

Radial distribution function
Regulators of G-protein signaling
Root mean square deviation
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RMSF
RNA
rRNA
SR
SRL
SRP
SSU
tRNA
WB

Root mean square fluctuation
Ribonucleic acid

Ribosomal RNA

Signal recognition particle receptor
Sarcin-ricin loop

Signal recognition particle

Small subunit (ribosomal)

Transfer RNA

Walker B (motif)
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Supplementary Information

Table S1. Lifetimes of the By-conformation of Mg ATP complex in MD simulations

Cation K* Na* NH4* no M*
Average lifetime (ns) 9.49 10.59 11.04 9.45
Standard deviation 6.52 8.28 7.82 7.85
Lifetime (ns) for each | 7.68 13.18 0.88 0.91
MD run (total run time, | 16.16 0.15 19.75 343
20 ns) 16.8 1.18 19.55 0.61
7.93 11.8 8.48 14.73
4.93 4.03 2.71 20
0.28 20 2.21 12.38
6.06 20 1.58 20
2.75 7.01 12.8 19.23
11.76 3.86 10.71 0.26
6.33 20 2.65 0.93
13.43 2.36 20 20
2.65 20 16.98 6.2
8.11 20 17.66 0.21
11.21 20 9.16 10.58
4.9 20 20 3.03
8.03 16.41 1.18 13.38
0.7 3.15 1.21 1.03
14.68 2.25 1.06 5.31
20 10.93 8.36 0.36
20 0.18 20 9.11
0.38 6.83 5.63 20
4.68 20 20 6.2
8.01 0.66 20 8.48
19.75 0.83 13.38 20
20 20 20 20

For each system, 25 independent 20-ns MD simulation runs were conducted, each starting with
the Mg-ATP complex in the By conformation. The stability of the By conformation was tracked by
measuring the distance from the Mg?" ion to the nearest oxygen atom of o-phosphate, and the time
periods during which the y conformation was retained were compared between different systems.
The one-way ANOVA analysis did not reveal any significant dependence of the stability of the
By-coordination on the monovalent cation present. For each monovalent cation, the Py-
coordination was retained during the whole 20 ns in at least four cases (shown by bold numbers).
These simulations were used to characterize the shape of the phosphate chain of ATP with By-
coordination of the Mg** ion.
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Figure S1. M" ions binding to Mg-GTP as observed in MD simulations. Cation distances to the
binding sites (RS and RB%) were calculated as shown on Figure 3.2.4). A-C. Distributions of
distances for K", NH4", and Na" ions, respectively.
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Figure S2. Heat maps of the phosphate chain conformation distributions of the Mg-GTP complex
as oserved in MD simulations. Conformations were sorted based on distances PA-PS and angles
PB-O*B-PC and plotted as heatmaps. Heatmaps for systems with M" ions show only those
conformations of Mg-GTP complexes, that has at least one M" ion present within 4 A radius of
the phosphate chain. The colors reflect the probability (estimated as normalized frequency) of the
corresponding conformation. Dashed lines outline areas of the conformational space of NTP-
mimiking molecules observed in X-ray structures of P-loop proteins: blue for the non-hydrolasable
analogs, red for the transition state analogs (see Figure 3.2.9). Data from simulations no. 9-12 in
Table 2.1.
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Figure S3. Stability of water molecules in the active site of EF-Tu as seen in MD simulation #1.
Water molecules nomenclature as shown in Figure 3.2.27. Stability of water molecules in the
active site of EF-Tu as seen in MD simulations. A. Distances measured from oxygen atom of water
molecules in position w'S to NP! atom of HisP**, backbone nitrogen of GlyP*?, and the O*° atom
of GTP. B. Distances measured from the oxygen atom of water molecules in position w to the
K" ion in the AG site, the nearest OP!/OP? oxygen atom of Asp® sidechain, and the O*S atom of
GTP. C. Distances measured from the oxygen atom of the w" water molecule to oxygen atoms of
water molecules w''' and wS?, and the O*Y atom of GTP. D. Distances measured from the oxygen
atom of w® water molecule to the O'F atom of A2662, the oxygen atom of the w”S? water molecule
and the Mg?*srr ion. All distances were measured to oxygen atoms of water molecules; different
colors correspond to different individual water molecules, within each panel same colors
correspond to the same molecules. Data are shown only for the cases when a short distance (<5A)
was maintained for at least 1 ns.
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Figure S4. Stability of water molecules in the active site of EF-Tu as seen in MD simulation #2.
Water molecules nomenclature as shown in Figure 3.2.27. A. Distances measured from oxygen
atom of water molecules in position w'™ to NP! atom of HisP**, backbone nitrogen of Gly®**, and
the O°C atom of GTP. B. Distances measured from the oxygen atom of water molecules in position
wSP to the K* ion in the AG site, the nearest OP!/OP? oxygen atom of Asp®~ sidechain, and the
09 atom of GTP. C. Distances measured from the oxygen atom of the w® water molecule to
oxygen atoms of water molecules w''™ and w*S?, and the O*Y atom of GTP. D. Distances measured
from the oxygen atom of w® water molecule to the O'" atom of A2662, the oxygen atom of the
wASP water molecule and the Mg**srr ion. All distances were measured to oxygen atoms of water
molecules; different colors correspond to different individual water molecules, within each panel
same colors correspond to the same molecules. Data are shown only for the cases when a short
distance (<5A) was maintained for at least 1 ns.
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Figure SS. Stability of water molecules in the active site of EF-Tu as seen in MD simulation #4.
Water molecules nomenclature as shown in Figure 3.2.27. A. Distances measured from oxygen
atom of water molecules in position w'™ to NP! atom of HisP**, backbone nitrogen of Gly®**, and
the O%S atom of GTP. B. Distances measured from the oxygen atom of water molecules in position
wASP to the K* ion in the AG site, the nearest OP!/OP? oxygen atom of Asp®~ sidechain, and the
0% atom of GTP. C. Distances measured from the oxygen atom of the w® water molecule to
oxygen atoms of water molecules w''™ and w*S?, and the O*Y atom of GTP. D. Distances measured
from the oxygen atom of w® water molecule to the O'" atom of A2662, the oxygen atom of the
wSP water molecule and the Mg?*srr ion. All distances were measured to oxygen atoms of water
molecules; different colors correspond to different individual water molecules, within each panel
same colors correspond to the same molecules. Data are shown only for the cases when a short
distance (<5A) was maintained for at least 1 ns.
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Figure S6. Stability of water molecules in the active site of EF-Tu as seen in MD simulation #5.
Water molecules nomenclature as shown in Figure 3.2.27. A. Distances measured from oxygen
atom of water molecules in position w'™ to NP! atom of HisP**, backbone nitrogen of Gly®** and
the O°C atom of GTP. B. Distances measured from the oxygen atom of water molecules in position
w?SP to the K* ion in the AG site, the nearest of OP!/OP? oxygen atoms of Asp®- sidechain, and
the O°C atom of GTP. C. Distances measured from the oxygen atom of the wY water molecule to
oxygen atoms of water molecules w'™ and w*S?, and the O*Y atom of GTP. D. Distances measured
from the oxygen atom of w® water molecule to the O'" atom of A2662, the oxygen atom of the
wSP water molecule and the Mg?*srr ion. All distances were measured to oxygen atoms of water
molecules; different colors correspond to different individual water molecules, within each panel
same colors correspond to the same molecules. Data are shown only for the cases when a short
distance (<5A) was maintained for at least 1 ns.
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Figure S7. Stability of water molecules in the active site of EF-Tu as seen in MD simulation #6.
Water molecules nomenclature as shown in Figure 3.2.27. A. Distances measured from oxygen
atom of water molecules in position w''S to NP! atom of His®**, backbone nitrogen of Gly®*?, and
the O%¢ atom of GTP. B. Distances measured from the oxygen atom of water molecules in position
wASP to the K* ion in the AG site, the nearest OP!/OP? oxygen atom of Asp®~ sidechain, and the
O°S atom of GTP. C. Distances measured from the oxygen atom of the w® water molecule to
oxygen atoms of water molecules w!''> and w*S?, and the O°Y atom of GTP. D. Distances measured
from the oxygen atom of w® water molecule to the O'" atom of A2662, the oxygen atom of the
wASP water molecule and the Mg?*srr ion. All distances were measured to oxygen atoms of water
molecules; different colors correspond to different individual water molecules, within each panel
same colors correspond to the same molecules. Data are shown only for the cases when a short
distance (<5A) was maintained for at least 1 ns.
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Figure S8. K*-induced rotation of y-phosphate and formation of an H-bond between the O*¢
oxygen atom and the backbone nitrogen atom of Asp21%-3. Conformational space of GTP during
MD simulation of EF-Tu is shown as a scatter plot, where Y-axis shows the W*7 dihedral angle
and the X-axis shows the length of the H-bond between the O%Y oxygen atom and the backbone
nitrogen atom of Asp21%3; the color of each dots corresponds to the point of time during the
simulation. Data from simulations as listed in Table 2.3.
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