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Abstract

Pyruvate phosphate dikinase (PPDK) is a key enzyme in the energy metabolism that catalyzes
the ATP- and Pi-dependent conversion of PEP to pyruvate in C4 plants, and the reverse ATP
forming reaction in bacteria and protista. Several X-ray crystal structures show extreme
conformations of the central domain (CD), as well as open and closed conformations of the
nucleotide-binding domain (NBD). Accordingly, the CD has been suggested to undergo a
swiveling motion to shuttle a phosphoryl group over ~45 A between two reaction centers, one
of the largest single domain movement observed in proteins, so far. However, investigations of
the molecular processes that explain and connect the conformational dynamics to functional
relevance have remained elusive. The goal of this thesis is therefore to discover the
conformational dynamics of PPDK and its connection to PPDK’s function.

First, I investigated the correlation of the swiveling to the opening-closing motion in the
PPDK monomer. For this, I sampled the known conformational space of PPDK using molecular
dynamics (MD) simulations. I then analyzed collective and correlated motions, and computed
the free energy profiles of the swiveling and the opening-closing motion.

Second, I investigated the intermolecular correlation of the opening-closing motions in
the PPDK dimer to validate an alternate binding change mechanism, which was proposed based
on a crystal structure of the PPDK dimer. For this, I analyzed the structural dynamics via MD
simulations, computed the free energy profile of the opening-closing motion of the NBD for
different conformations of the other monomer, and investigated the effect of the dimerization
on the structural stability via rigidity analysis.

Overall, the results reveal an intramolecular coupling of the swiveling motion of the CD
and opening-closing motion of the NBD. Furthermore, the free energy profiles indicate that
PPDK might employ a Brownian ratchet mechanism to bias thermal fluctuation to control the
directionality of the CD motion. Additionally, I identified an intermediate conformation of the
swiveling motion, which was independently resolved by X-ray crystallography. The results
support the hypothesis that PPDK dimerization influences the opening-closing motion of the
NBDs, and that this influence is mediated via the CDs of both chains. Such an influence would
be a prerequisite for an alternate binding change mechanism to occur. To the best of our

knowledge, this is the first explanation why PPDK is only active in dimers.
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Zusammenfassung

Zusammenfassung

Pyruvate-Phosphat-Dikinase (PPDK) ist ein Schliisselenzym im Energiestoffwechsel, das die
ATP- und Pi-abhéngige Umwandung von PEP zu Pyruvat in Pflanzen und die umgekehrte,
ATP-bildende Reaktion in Bakterien und Protisten katalysiert. Mehrere Kristallstrukturen
zeigen extreme Konformationen der Zentralen Doméne (CD), sowie offene und geschlossene
Konformationen einer Nukleotid-Bindungsdoméne (NBD). Folglich wird eine Schwenk-
bewegung der CD angenommen um eine Phosphatgruppe iiber eine Distanz von ~45 A
zwischen zwei entfernten Reaktionszentren zu transportieren, welche die groBite Einzeldoméne-
bewegung in Proteinen darstellt. Allerdings blieben Analysen der molekularen Prozesse,
welche die beobachteten Konformationen in einen funktionellen Zusammenhang bringen
konnten, bis jetzt aus. Das Ziel dieser Arbeit ist die Aufzukldrung von PPDK Mechanismus.

Erstens untersuchte ich den Zusammenhang zwischen der Schwenk- und der Offnungs-
/SchlieBbewegung im PPDK-Monomer. Dazu habe ich den konformationellen Raum der PPDK
mittels Molekiildynamik (MD)-Simulationen untersucht, gefolgt von Analysen von kollektiven
und korrelierten Bewegungen, sowie abschlieBender Berechnungen der freien
Energielandschaften der Schwenk- und Offnungs-/SchlieBbewegung.

Zweitens untersuchte ich einen intermolekularen Zusammenhang der Offnungs-/SchlieB-
bewegungen im PPDK-Dimer, zur Validierung eines alternierenden Bindungswechsel-
Mechanismus, der aufgrund einer asymmetrischen Kristallstruktur vorgeschlagen wurde. Dazu
habe ich die strukturelle Dynamik mittels MD-Simulationen analysiert, sowie die Energie-
landschaft der Offnungs-/SchlieBbewegung der NBD fiir verschieden Konformationen des
anderen Monomers errechnet und die Wirkung der Dimerisierung auf die strukturelle Stabilitat
untersucht.

Insgesamt zeigen die Ergebnisse eine intramolekulare Koppelung der Schwenk-
bewegung der CD mit der Offnungs-/SchlieBbewegung der NBD. Ferner deuten unsere freien
Energielandschaften darauf hin, dass PPDK den Mechanismus einer Brownschen Ratsche
anwendet, um thermale Fluktuationen der CD in eine gerichtete Bewegung zu wandeln.
Zusitzlich identifizierten wir in unseren MD Simulationen und Energie berechnungen eine
Zwischenstruktur der Schwenkbewegung der CD, welche unabhidngig davon mittels Rontgen-
kristallanalyse aufgelost wurde. Weiter stiitzen unsere Ergebnisse die Hypothese, dass die
Dimerisierung von PPDK die Offnungs-/SchlieBbewegung der NBD beeinflusst und dass diese
Einflussnahme durch die CDs beider Monomere vermittelt wird. Ein solcher Einfluss wére eine
Voraussetzung fiir einen alternierenden Bindungswechsel-Mechanismus. Nach den aktuellen

Wissensstand ist das die erste Erkldrung, warum nur dimerisiertes PPDK aktiv ist.
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Introduction

1. General introduction

1.1 Importance of proteins — interplay between function, structure, and dynamics

“The key molecular process that makes modern life possible is protein synthesis, since proteins are
used in nearly every aspect of living. The synthesis of proteins requires a tightly integrated sequence

of reactions, most of which are themselves performed by proteins.”

David Goodsell, The Machinery of Life, 2009 [4].

The importance of proteins for all living organisms cannot be underestimated. Proteins are
involved in nearly all cellular processes [5]. As enzymes, building blocks, and molecular
machines, they are responsible for a remarkably wide range of biological functions. These
include biocatalysis [6], transport [6], immune protection [6], growth control, cell
differentiation, motion generation [7], and numerous others [6]. As such, detailed knowledge
of their respective mode of action at atomic level does not only contribute to the fundamental
understanding of most biological functions but also allows us to manipulate them in various
applications, such as in medicine, biotechnology, agriculture, and pharmaceutical industry for
protein engineering and rational drug design. The key to understand how proteins execute such
a variety of functions can be found in their structure and dynamics.

The functional richness of proteins very well match the complexity of their structure at a
global level [6]. At the molecular level, proteins consist of one or several polypeptide chain(s)
of 20 commonly occurring amino acids, complemented in some cases by cofactors, e.g. metal
ions or special organic molecules. The amino acid sequence, termed primary structure (Figure
1A), defines the protein and encodes the folding into a characteristic three-dimensional shape.
Repeating structural elements, stabilized by hydrogen bonds between the backbone on an local
level, form the secondary structure of a protein with a-helices and B-sheets as main types
(Figure 1B). The interactions of the residues of a single peptide chain on the global level lead
to a specific spatial arrangement, the tertiary structure (Figure 1C). Interactions between several
peptide chains lead to the formation of multi-subunit complexes, referred to as quaternary

structure (Figure 1D).
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Figure 1: The structure of proteins. (A) The linear sequence of amino acids linked by peptide bonds (primary
structure) with the 20 commonly occurring side chains (marked with an “R”) attached to the polypeptide backbone.
The peptide bond is planar (light blue box), and rotation take place about the ® and ¥ angle. (B) An a-helix is
shown as an example of secondary structure, with a bracket spanning one amino acid. (C) Structure of myoglobin
(PDB ID: 1MBN, which was the first resolved protein structure [8]) is shown as an example of tertiary structure
with a bracket spanning one helix, and (D) the hemoglobin structure (PDB ID: 2HHB [9]) as an example for
quaternary structure with a bracket spanning one protomer.

The interactions responsible for the folding of the protein into its native conformation are
primary hydrophobic interactions, due to the tendency of hydrophobic residues to aggregate in
water to minimize their exposed surface area, but also salt bridges, hydrogen bonds, pi stacking
interactions, and cysteine disulfide bonds. The structure of the protein represents therefor an
optimal balance [6] of the various interactions between the amino acids themselves and the
solvents.

As such, the structure of proteins is not static. Substantial structural fluctuations occur in
proteins [10] and this internal motion, which often carries out the particular function, is

considered to be the essential link between structure and function [11, 12].
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1.2 Dynamics of the protein structure — key to understand function

“...if we were to name the most powerful assumption of all, which leads one on and on in an attempt
to understand life, it is that all things are made of atoms, and that everything that living things do

can be understood in terms of the jigglings and wigglings of atoms. *

Richard Feynman, Lecture of Physics, 1965 [13].

Protein dynamics, defined as any time-dependent change in atomic coordinates [14], is a
fundamental part of all proteins and needs to be considered for a complete description. As a
result of thermal energy acting on atoms, protein motion takes place on a broad time scale of
more than nine orders of magnitude, ranging from femtoseconds (10" sec) to well beyond
seconds [15], and involves a wide range of conformational changes, from the molecular
vibration of single bonds to large rearrangements of protein domains over several nanometers
(Figure 2). These intrinsic motions are crucial for all proteins [14, 16]. Already when a protein
is produced as a linear polypeptide chain by the ribosome, it starts to fold into the three-
dimensional structure encoded in the sequence. Even after the folding, internal motions of
proteins are constantly present at physiological conditions, and many proteins perform their

function by cycling between multiple conformational states [17] (Figure 3).

Local flexibility Collective motion
:F  x kR =
Methyl Loop _
rotation motion Larger domain
| ] I motions
Bond E—
vibration Side-chain rotation

Figure 2: Timescale of dynamic processes in proteins, showing different types of motions occurring in proteins

(top) at the associated typical time-scales (bottom). Adapted from [14].
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Figure 3: Examples of function-related protein motions, showing (A) the HIV-2 protease in open (gray, PDB
ID: 1HSI [18]) and closed (cyan, PDB ID: 1JLD [19]) conformation, with the closing related to binding of a ligand
(yellow), (B) the G-protein coupled receptor in inactive (PDB ID: 3D4S [20]) and active (PDB ID: 3SN6 [21])
conformations, where upon ligand binding (black box) transmembrane helix 6 (TM6) bends (illustrated by a black
line), allowing the binding of the G-protein (orange) at the other side of the membrane, (C) the structure of ATP
synthase (PDB ID: 5T40 [22]) obtained by combined cryo-EM, X-ray crystallography and NMR-spectroscopy

[22]. A proton gradient drives the rotation of the C-ring and the associated Y€ subunit, changing the conformation

of the catalytic sites (formed by the o and B subunit) in the asfs-ring between “open”, “loose binding”, and “tight

binding” states according to the binding change mechanism, and, hence, providing the energy for the synthesis of
ATP.

Collective domain motions represent spectacular examples of the flexibility of proteins
and important mechanisms for a variety of protein functions, including: catalysis, regulation of
activity, transport of metabolites, formation of protein assemblies, and cellular motion [23].
Domains are often closed around bindings sites, therefore being part of an induced fit
mechanism [24], excluding water from the active site, trapping substrates, assisting the
positioning of catalysis groups around the substrate, and preventing the escape of reaction

intermediates [23].
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The close-packing of proteins, with buried polar groups of the main chain and side chain,
strongly restrains possible conformational changes [23]. A concept to explain large-scale
domain motions by the repertoire of low-energy conformational changes that are available to
proteins has been introduced by Gerstein et. al (1994) [23]. In this concept, domain motion is
derived from two principles: hinge motions and shear motions (Figure 4). Hinge motion takes
place at regions not constrained by tertiary packing interactions by the low-energy rotation of
one or few backbone torsion angles [23]. The hinge region typically connects two domains,
which can be considered to move essentially as rigid bodies with all deformation located at the
linking hinge region [25]. Shear motion takes place at closed packed segments and are divided
into two types: perpendicular and parallel to the interface [23]. Parallel shear motions involve
the interdigitating of side chains [23]. Large shifts require the switching between different
interdigitating configurations [23]. In perpendicular shear motions the interface exists only in
one state [23]. As such, perpendicular shear motions can be a result of hinge motions outside
of the interface region [23] and involve the mostly energetic unfavorable breaking of the
interface interactions. It is important to realize that hinge and shear motions are ideal paradigms
for describing large domain motions. A real domain motion will often have a combination of

both motions, i.e. an hinge in one part of the protein and shearing interfaces elsewhere [23].

A Shear motion Hinge motion
@ Interface Hinge
w ( I NN NNNNN

Open Closed Open Closed

Figure 4: Shear and hinge mechanisms of protein domain motion. Schematic representation of (A) shear and
(B) hinge mechanism of domain motion showing an open and a closed (ligand-bound) state. Domain motions are
executed as (A) shear motions at closely packed segments involving the interdigitating of side chains or as (B)
hinge motions at a region not constrained by tertiary packing interactions (hinge) by the rotation of one (or a few)
backbone torsions. Hinge motions from outside of the region of the interface can produce a shear motion
perpendicular to the plane of the interface (so that the interface exists only in one state). Based on Gerstein ef al.
(1994) [23], adapted from [11, 26].
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1.3 Free energy landscape — representation of the structural dynamics

“For molecules, moving in a straight line would seem to be as difficult

as walking in a hurricane is for us.”

R. Dean Astumian and Peter Hanggi, Brownian motors, 2002 [27].

To understand the extent of the thermal fluctuations on protein conformations, we have to be
aware that proteins operate in a regime where thermal, chemical and mechanical energies are
of comparable magnitude (in most cases within a range of 1-1.5 of each other) [28]. In more
detail, the thermal energy at room temperature (kg7 with 7= 300 K) is 9 - 10% kcal (4 - 102 J).
This is just one order of magnitude lower than the hydrolysis of ATP to ADP at physiological
condition (the chemical energy mostly associated with biological processes), which is equal to
1,3 - 1022 keal [29] (5 - 102°J) or, in another way, ~10 kgT) [27]. This situation is even more
extreme when considering that a typical molecular motor consumes 100-1000 ATP molecules
per second, equal to 5 - 10'® to 5 - 10"'7 W, while with a thermal relaxation time on the order
of 10713 s, the power of thermal fluctuation is about 108 W [27].

Thus, the conformational dynamics of proteins resulting from thermal fluctuation is the
reason why the (common) representation of the protein as a single static structure does not fully
capture its stochastic nature. The structure of the protein is better represented as a large
ensemble of conformations, fluctuating around an average structure [30]. Such an average of a
statistical representative set of conformations might be useful for comparing and evaluating the
microscopic interactions with the macroscopic behavior observed in experiments [30].

For characterizing the complex nature of protein dynamics, one of the most important
concepts is the free energy landscape [15]. A free energy landscape describes the free energy
of the protein as a function of the conformations [31]. Since proteins inherently have 3N
configurational degrees of freedom, the energy landscape is highly multidimensional [14, 32].
Consequently, the protein can execute numerous motions, which are not all coupled to functions
[15, 31]. Therefore, a one-dimensional (or more-dimensional) cross section of the energy
landscape along (a) reaction coordinate(s) is often used to study functionally important motions
(see Figure 5). Such reduced description of the energy landscape can be provided by a potential

of mean force (PMF) calculation [17] (see 1.5.3 Potential of mean force computation).
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Figure 5: Simplified free energy landscape. (A) Two-dimensional surface (top) and contour map (bottom) of a
hypothetical free energy landscape. (B) One-dimensional cross section of the higher dimensional free energy
landscape (shown in (A)), provides information of the minima (conformational states (a and b)), thermodynamics
(relative probabilities of conformational states calculated based on the energy difference (AGay) with the
Boltzmann distribution (eq. 2)), and kinetics (transition rate between the states calculated based on the barrier high

(AGY) with the Arrhenius equation (eq. 3)).

In a sense, a free energy landscape (see Figure 5) resembles a mountain landscape with
the local minima representing highly occupied, low-energy conformations that are separated by
energy barriers. A transition is represented as a trajectory in the free energy landscape,
beginning from a local minimum (state a), proceeding through an energetic bottleneck,
corresponding to a saddle point, and ending at another local energetic minimum (state b) [17].
The energy given in kcal mol™! (or J mol™), is typically related to the thermal energy available
at room temperature (kg7 at 300 K). The probability to find the state x (P(x)) is proportional to
the energy of the state (G(x)) and the thermal energy (ksT) according to the relationship of the

Boltzmann factor (eq. 1)

G(x)
o)

P(x) « exp {— (eq. 1)

Moreover, the difference between the energetic state of two conformations (P(b)/P(a))
provides precise information on the relative probability of the conformational states

(thermodynamic) by the Boltzmann distribution (eq. 2), which relates free energy to a

probability:

P(b) AGgy

— — .2
P(a) eXp{ kBT} (eq-2)
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The height of the energy barriers, which separate the states, allows to approximate the
transition rate between the states (kinetic) by the Arrhenius equation (eq. 3):

AGH

k=Aexp {— kB_T} (eq. 3)

With k being the rate coefficient, 4 being the frequency factor, and AG* being the barrier height.

Protein motions can be described as transitions between the conformational states of
proteins [31] and can take two forms: fluctuations and relaxations [14, 15]. A change in the
system, e.g. ligand binding, protein mutation, or changing of external conditions, influences the
energy landscape and might shift the system into a non-equilibrium substate (Figure 6A). From
a non-equilibrium substate, a protein relaxes towards equilibrium by jumping from substate to
substate [15]. In equilibrium, a protein fluctuates from substate to substate [15].

A nomenclature introduced by Frauenfelder ef al. [31], based on his work on myoglobin,
used the term conformational states to distinguish between the numbers of macrostates, e.g.
with and without a bound ligand, and introduced a hierarchical classification of the
conformational substates (tier-0 to tier-2 dynamics) based on the height of the separating energy
barriers (Figure 6B). Tier-0 dynamics are separated by energy barriers of several kg7,
corresponding to time-scales of microseconds and slower at physiological conditions [14].
Typically, these are large-amplitude collective motions such as domain motions. Owing to the
relatively long substate lifetimes, these individual substates can either be observed directly or
be trapped experimentally [14]. Because they are few in numbers and different enough to be
described in detail they are termed taxonomic substates [15]. Taxonomic substates should also
not be imaged as single conformations. The protein still fluctuates within the wall of the tier-0
substate around an average structure on faster time-scales, exploring a large ensemble of closely
related conformations [14, 15]. On tier-1 dynamics, collective fluctuation of small groups of
atoms (such as loops) takes place on nanosecond timescale within the wall of the tier-0 substate
[14]. The number of substates from this point on is so large that their properties can only be
described by distributions and therefore are termed statistical substates. Each taxonomic
substate contains a large number of statistical substates. On tier-2 dynamics, local atomic
fluctuations such as side chain rotation take place on a picosecond timescale [14]. Even higher

tiers such as bond vibrations on the femtoseconds time-scales exist [14].
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Figure 6: Hierarchy of conformational (sub)states, (A) The state of the system (e.g. ligand binding, protein
mutation, or changing of external conditions) influences the energy landscape and might shift the equilibrium
between the conformations. (B) Conformational substates are separated into slow tier-0 dynamics (involving
energy barriers of several k37 and timescales slower than ps) and fast tier-1 and tier-2 dynamics (involving energy
barriers of a few kT and timescales in the ns and ps range, respectively). Based on the work of Frauenfelder et al.
[33], adapted from [14].

To what extent the hierarchy proposed by Frauenfelder et al. (Figure 6) is generally
applicable for proteins other than myoglobin is still a matter of discussion [14, 15], but it is
important to keep in mind that even the lowest energy (sub)states are in fact large ensembles of

(nearly) isoenergetic conformations [31, 32].
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1.4 Proteins as molecular machines — driving forces of directed motions

“The most basic entity of a living cell is a molecule and, consequently, the question we have to answer
is: How can a single molecule create directed motion in the presence of strong thermal fluctuations?
Or more precisely, how can a molecule, immersed in thermal noise, but provided with some kind of
low entropy energy (either in the form of chemical or electrostatic energy) perform directed work?

How does chemistry turn into 'clockwork'?”’

Peter M. Hoffmann, How molecular motors extract order from chaos, 2016 [28].

Proteins that transduce energy, e.g. ATP hydrolysis or a electro-chemical gradient at a
membrane, into mechanical work (directed motion) as part of its working cycle are described
as molecular machines [7, 28, 34]. At this position we have to mention that also other (and
stricter) definitions exist in the scientific literature [28, 35, 36], which partially demands that
the input has to be chemical energy and/or that the final output has to be mechanical work [28].
Furthermore, the terms molecular machine and molecular motor are sometimes used
interchangeably [16] and sometimes molecular motors are presented as a special subtype of
molecular machines [28]. Typical examples of molecular machines include linear motors like
myosin, kinesin, and dynein, and rotary motors like the ATP synthase (Figure 3C) and flagella.
While different input energy sources for protein and artificial molecular machines are available
[37], we will stick in the following to a chemical reaction as energy source for simplicity, as
ATP hydrolysis is the most common energy source in biological systems.

Our understanding of how directional motion in proteins takes place has been shaped by
the work of Huxley in 1957 [38], proposing a mechanism where chemical energy was not used
to move muscle filaments relative to each other but to break the connection between them. The
motion was supposed to result from random thermal fluctuation and the function of chemical
energy was supposed to bias or rectify the random thermal fluctuation into directed motion.
Directed motion resulting from undirected thermal fluctuation has been ruled out for systems
at equilibrium by the second law of thermodynamics [39], demonstrated by the thought
experiment known as ‘Maxwell’s demon’ [40] and later by mechanical models from

Smoluchowskis [41] and from Feynmans [13] (Figure 7).
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Figure 7: Feynman molecular ratchet model. Ratchet and pawl with spring (left) preventing anti-clockwise
motion and rectifying random thermal fluctuation, therefore driving the paddle wheel (right) and producing work
and unidirectional motion (middle) for systems where the random thermal force in chamber 7'/ are large enough
to overcome the spring-force in chamber 72. Therefore, the system will not work if the temperature is 7/ = 72.
Directional motion is only possible in a non-equilibrium system (here 7/ > 72). Adapted from [13].

Structural features alone therefore cannot bias Brownian motion [13, 41, 42]. A requirement to
extract directed motion from thermal fluctuation is, therefore, that the system is in out-of-
equilibrium condition [28]. In Feynmans molecular ratchet model, this is achieved by a thermal
gradient [ 13]. In proteins, a thermal gradient necessary to drive significant motion is not realistic
[28, 42, 43].

The idea of the Brownian ratchet reemerged in the early 1990s by several groups [44, 45],
which presented models for extracting directed motion from thermal fluctuations in isothermal
conditions [46]. In these models, the non-equilibrium condition comes from chemical
reaction(s) and binding events. In chemical systems at equilibrium, forward and backward
reaction rates are equal [28]. Thus, in chemically driven molecular machines the evolution of
the system toward the equilibrium of the chemical cycle moves the mechanical cycle [28].

There are two views of how molecular machines couple a chemical cycle with a
mechanical cycle, termed power stroke [47] and Brownian ratchet [48], with the main
differences lying in the generation of the force for directed motion [35]. In a pure power stroke
mechanism [35, 47], the chemical cycle is directly responsible for performing mechanical work.
The chemical energy is therefore converted into potential energy of a “tight spring”
conformation and then released in the directed motion [35, 48]. In a pure Brownian ratchet
mechanism, thermal fluctuations drive the motion and the (chemical) cycle is used to rectify
the random thermal fluctuations into directed motion. The motions there are resulting only from
thermal fluctuation and the (chemical) energy is used to block the backward fluctuation [46]

and to capture ‘favorable’ conformations [49].
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The molecular ratchet in a one-dimensional free energy profile shows a sawtooth-like
character (Figure 8) with two variants: Fluctuating ratchets (also termed fluctuating potential)
model and fluctuating force (also termed tilting ratchet) model. The fluctuation is assumed to
be a result of weak and strong, or attached and detached, binding states in both fluctuation
ratchets and fluctuating force models [28]. In the fluctuation ratchet model (Figure 8A) the free
energy profile alternates between a sawtooth-like and a flat profile [28, 50]. In the fluctuating
force model (Figure 8B), the sawtooth-like potential is tilted up and down during the
fluctuations, and as such, this later type of ratchet share characteristics with a powerstroke

driven molecular motor [28].
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Figure 8: Sawtooth-like energy profiles of fluctuation potential and fluctuating force ratchet accomplishing
net transport from left to right. (A) Fluctuating ratchet alternates between sawtooth-like potential (ON state) and
flat potential (OFF state), with the ON state (top) trapping particles in potential wells, the OFF state (middle)
resulting in free diffusion of the particles, and the ON state (bottom) transporting parts of the particle to the next
potential well and part back to their original position. (B) Tilting ratchet alternates the tilt of the ratchet potential
between positive and negative directions, where the shape of the potential enables right-ward motion and limits
left-ward motion, adapted from [51].

Although it is instructive to regard power strokes and Brownian ratchets as separate
mechanisms, the boundaries between thermal and power stroke driven mechanisms are rather
flexible [28, 35, 52] and most proteins employ a combination of both strategies [49]. A rough
but useful distinction between power strokes and Brownian ratchets mechanisms can be given
by the height of the separating barrier [49]: Thermal fluctuation trapped by rectifying
nanometer-size or larger diffusional displacements (‘big ratchets’) with barrier heights much
larger than kg7 indicates for the predominance of a Brownian ratchets mechanism, while a
sequence of small angstrom-sized steps (‘small ratchets’), with barrier heights comparable to

or smaller than kT [49], put the mechanism closer to a power strokes [49].
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1.5 Methods to analyze the dynamics of proteins

“I suppose it is tempting,
if the only tool you have is a hammer, to treat everything as if it were a nail.”

Abraham H. Maslow, The Psychology of Science, 1966 [53].

The dimension and time scale involved in domain motion makes this topic difficult to study
both experimentally and computationally [17]. As several experimental and computational
methods are available, which have their field of applications and limitations, the search for
understanding the mode of action of a protein often requires the combination, independent
validation, and interpretation of the available information from several methods. A detailed
description of all methods to analyze proteins dynamics would go beyond the scope of this
thesis. Herein, I provide a short overview of the methods of X-ray crystallography whose key
information serves as foundation of my work, and of the computational methods, which are
crucial to understand my thesis. For a broader view on the methods to analyze the structure,
dynamics, and function relationship, I would refer the reader to the excellent reviews from

Adcock and McCammon [12], Henzler-Wildman and Kern [14], and Gran et al. [54].

1.5.1 Protein structure determination with X-ray crystallography

Experimentally determined three-dimensional structures of proteins represent an important tool
to get insights into the function and construction of proteins, and serve as starting points for
further computational methods. Methods to obtain structure in atomic resolution include X-ray
crystallography, nuclear magnetic resonance (NMR) spectroscopy, and cryo-electron
microscopy (cryo-EM). X-ray crystallography is the main source of protein structures as ~89%
of all resolved structures in the PDB [55] and all complete PPDK structures were obtained by
this method.

A large part of our knowledge regarding the mechanism of domain motion has come from
comparing two (or more) different conformations derived from X-ray crystallography [23]. For
this technique, conditions have to be found in which a purified sample of protein crystallizes
[56]. This is the rate limiting step and mostly determines whether or not the structural
determination with X-ray crystallography will be possible [56]. Obtained protein crystals are
exposed to an X-ray beam, resulting in diffraction patterns, which are then processed to

calculate a three-dimensional electron density map [56]. Different approaches are used to
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determine the phases [56]. At the end, the three-dimensional structure of the protein is modeled
into the electron density and refined [56]. Since X-ray crystallography provides mainly static
information, it is often complemented by techniques that provide information on the dynamics

such as Forster resonance energy transfer (FRET), NMR or MD simulations.

1.5.2 Molecular dynamics simulations

MD simulations are a widely used computational technique and often the method of choice to
obtain fine details concerning the motion of atoms as a function of time. Since the first MD
simulation of proteins in 1977 [10], this technique developed into a robust and trusted tool,
which now is widely and routinely applied to gain insights into the dynamics of proteins [12].
MD simulations have the unbeatable edge in that it can describe protein dynamics on an atomic
level: the precise position of each atom at any instant in time for a single protein molecule can
be followed, along with the corresponding energies [14, 57].

In MD simulations, a potential energy function, called a force field, is used to derive the
forces acting on each atom of a given structure, followed by numerical solution of Newton’s
equation of motion, to derive the time evolution of the system [6, 12]. However, despite the
massive increase in computational performance over the last decades and the fast improvement
of MD simulation techniques, the amounts of computational resources is still a factor that limits
simulations of biomolecules, both in time and system size [57, 58]. To study biologically
relevant processes beyond the restriction of conventional MD simulation, various sophisticated

techniques have been devised.

1.5.3 Potential of mean force computation using the umbrella sampling method

As many biological processes are controlled by alterations in rate and relative populations rather
than by a simple ‘on-oft” switch [14], knowledge of the energetics increases the understanding
of the involved processes. A free energy profile of a process of interest can be obtained by the
potential of mean force (PMF, [59]) method, which describes the free energy F' as a function of

a reaction coordinate ¢ according to (eq. 4) [60].

F(®) = —kgT In[P()] + C (eq. 4)

Where k3 is the Boltzmann factor, 7 the temperature, P(£) the probability of the system for the
respective reaction coordinate values, and C a constant used for normalization. The reaction
coordinate may be one- or more-dimensional and is usually defined on geometrical grounds

such as an angle, or a distance [61, 62].
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While the free energy could in principle be computed directly from the probability
distribution derived from one sufficiently long MD simulation, this approach is impractical due
the lack of conventional MD simulations to efficiently overcome and sample high energy
barriers of several kg7, which in most cases prevents accurate sampling of the whole reaction
coordinate within the available computational time [63].

The umbrella sampling method [64] is commonly used as an efficient approach to sample
conformations along a reaction coordinate by introducing an additional energy term w(¢) to the
force field [62, 64]. In the “conventional” variant, this additional energy term w(¢) has the form
of harmonic restraint potentials (Figure 9A), tethering the conformations with a force constant

K to their respective reaction coordinate value & (eq. 5):
w(§) = K52 (eq. 5)

This confines the simulation to a small interval around the reaction coordinate value &, helping
to sample this region efficiently (Figure 9B) [61]. Performing a series of individual MD
simulations, restraining each of these windows to different o values, results in overlapping
distributions, which sample the whole range of the reaction coordinate
(Figure 9B) [62].

The results of the umbrella sampling have then to be unbiased and combined. For this,
the Weighted Histogram Analysis Method (WHAM) [65] has been shown to be the most
reliable approach [61], in comparison with the weighted distribution function (W-DF) method
[66], and the weighted potential of mean force (W-PMF) method [67, 68], providing
comparable results as the more computationally expensive free energy perturbations (FEP) [69]
approach [61]. In WHAM, the biasing potential introduced in (eq. 5) is subsequently removed
to obtain unbiased distributions for each window (eq. 6) [64, 70]:

Pt = P exp - 72 e (D) (. 6

where <> denotes the ensemble average.

The unbiased potential P(£)¥"P1a%¢d of the individual windows are recombined by
WHAM to extract the global distribution P($) (Figure 9C) by calculating a weighted average
of the distributions of the individual windows (eq. 7) [62].

windows

pUhiesed = N p(pmbiased py(p) (eq.7)
i=1

With the weight pi(&) fulfilling the condition ), p;(§) = 1 and calculated via (eq. 8).
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w;(§) + F;
pi(§) = N; exp (‘%) (eq. 8)
b
With the free energy constant F; being calculated by (eq. 9).
Fi — unbiased ( Wi (E))
exp(~5) = | Pyt e (-552) a (¢4.9)

Because the global (unbiased) distribution P(&)" ¢ enters (eq. 9) and the free energy constant

F enters (eq. 7) via (eq. 8), these equations have to be solved iteratively until convergence is

reached [62].
A
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Figure 9: Umbrella sampling method of potential of mean force computation. (A) Harmonic umbrella
sampling potentials are used to restrain MD simulations within small intervals of the reaction coordinate (windows,
each color represents a window). (B) Performing restrained MD simulations in series results in overlapping
distributions sampling over the whole range of the reaction coordinate (with each color representing one MD
simulation). (C) The free energy profile (PMF) can then be obtained by unbiasing and recombining the overlapping
distributions using WHAM.

An alternative approach termed adaptive bias umbrella sampling [71] covers the whole
range of the reaction coordinate in one simulation by iteratively adapting the bias w' to fit the
underlying energy landscape w'(§) = —F (£), which flattens the effective energy surface of the
restrained MD simulations and allows uniform sampling along the reaction coordinate. The
choice between “conventional” umbrella and adaptive biases sampling represents a
computational tradeoff as the simulations of a large number of windows in case of
“conventional” umbrella sampling can be done in parallel and, therefore, be more CPU-time
efficient but, on the contrary, the CPU time needed for equilibration increases with the number

of windows [62].
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1.5.4 Structural stability investigation with the Constraint Network Analysis
Constraint Network Analysis (CNA) is a graph theory-based rigidity analysis that links
biomolecular structure, (thermo-)stability, and function [72, 73] [2]. In the CNA approach, a
protein is represented as a constraint network with bodies, representing atoms, connected by
sets of bars, constraints, representing covalent and noncovalent interactions [74] [2]. A rigid
cluster decomposition of the constraint network then identifies rigid parts that are connected by
flexible links [2]. By gradually removing noncovalent constraints from an initial network
representation of a biomolecule, a succession of network states is generated that yields a
‘constraint dilution trajectory’ [75, 76] [2]. Analyzing such a trajectory via rigidity analysis
reveals a hierarchy of rigidity that reflects the modular structure of biomolecules in terms of

secondary, tertiary, and supertertiary structure [2].
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2. Background

2.1 The pyruvate phosphate dikinase (PPDK)

The enzyme pyruvate phosphate dikinase (PPDK, EC 2.7.9.1) catalyzes the ATP and
orthophosphate (P;) dependent reverse conversion of pyruvate to phosphoenolpyruvate (PEP),
pyrophosphate (PP;), and AMP according to the following reaction (1):

Pyruvate + ATP + P; = PEP + AMP + PP; (1)

PPDK can be found in Cs-plants, where it catalyzes the regeneration of the primary CO»
acceptor PEP during photosynthesis, and in low amount in Cz-plants, where the physiological
role is largely unknown. The enzyme is also found in bacteria, archaea, and protists, where it
catalyze the reverse ATP-forming reaction during gluconeogenesis [77]. The biologically active
form of PPDK in bacteria is a dimer, and PPDK also appears as tetramer in several plants [1,
78-80]. The essential role of PPDK in the cellular energy metabolism of Cs-plants and human
pathogenic protists combined with its absence in mammals make this enzyme an interesting
target for the development of C4 plant-specific herbicides, e.g., against the weeds Echinocloa
crus-galli, Eleusine indiva and Elymus repens, and anti-parasitic drugs, e.g., against the protists
Entamoeba histolytica or Trypanosoma cruzi. Because pyruvate and ATP are prominent
substrates in other parts of the metabolism, substrate-analogs of pyruvate and ATP used as
competitive inhibitors of PPDK will likely be non-selective and could proof fatal to hosts. This
drawback would not occur if herbicides or anti-parasitic drugs allosterically inhibited this
enzyme. To achieve this goal, understanding PPDK’s molecular mechanisms is in this context
of high interest.

The overall reaction (1) involves two partial reactions (2-3) in plants [81] and protists

[82], with a phosphoryl transfer via a catalytic histidine residue.

Enzyme + ATP + P, = Enzym—His—P + AMP + PP, (2)
Enzyme— His— P + Pyruvate = Enzyme + PEP 3)

This temporal separation of reactions is mirrored by a spatial separation of the reaction centers:
The structure of PPDK consists of three different domains, an N-terminal nucleotide-binding
domain (NBD), which carries out partial reaction (2), a C-terminal PEP/pyruvate-binding
domain (PBD), which carries out partial reaction (3), and a central domain (CD), which contains

the catalytic histidine that acts as phosphoryl acceptor and donor (see Figure 10).
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Figure 10: The structure of PPDK Cartoon representation of the first resolved PPDK structure (PDB ID:
1DIK [83]). The central domain (CD, yellow) contains the catalytic histidine (circled in deep purple). At the
nucleotide-binding domain (NBD, with the three subdomains depicted by three different greens) and the
PEP/pyruvate-binding domain (PBD, colored blue), where partial reactions (2) and (3) take place. The linker
domains (LD, colored red) connects the CD, PBD, and NBD.

By the start of my thesis, ten crystal structures of PPDK have been resolved, for PPDKs
of the bacterium Clostridium symbiosum, the protozoan Trypanosoma brucei, and the plants

Zea mays (see Figure 11).

PDB ID: 1VBG, 1VBH (Z. mays)
2R82 (C. symbiosum)
-€

'

PDB ID: 1DIK, 2DIK, 1GGO, 1JDE, 1KBL, 1KC7
(C. symbiosum)

Figure 11: Overlay of the crystal structures of PPDK available at the beginning of the thesis, showing the
CD in ether near the PBD (left), or near the NBD (right), and the NBD in an open (top) or closed (bottom)
conformation. The position of the catalytic histidine is indicated by a purple circle. Adapted from [1, 2].
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The overlay of the PPDK structures (see Figure 11) suggests two principal modes of
PPDK movement: First, the CD is either located near the PBD, or near the NBD. Accordingly,
the CD needs to undergo a swiveling motion to shuttle the phosphoryl group between the two
active sites, followed by a backward motion to initiate the next cycle of phosphoryl transfer.
This swiveling motion involves a rotation of ~110° of the CD, which transports the catalytic
histidine across a distance of ~45 A. This transporting motion is one of the largest found in
enzymes. Second, the NBD, which consists of three subdomains forming the ATP-grasp motif,
shows an opening-closing motion, which is assumed to be associated with ATP binding.
Research of almost 50 years shaped our understanding of PPDKs mode of action and led
to several models over time, which aim to explain all observations (Figure 13). Insights into the
enzyme mechanism, domain organization, and conformational preferences have led to the
current “swiveling domain model” [83], which underlines the importance of the central domain
movement (Figure 13).
However, a final conclusion of PPDK’s mode of action remains elusive as not all
observations can be explained with the current model, including the interaction of the opening-
closing motion of the NBD motion with the swiveling motion of the CD and the requirement

of PPDK to form a dimer (Figure 12) to be active.

Figure 12: Structure of the PPDK dimer, proposed based on crystal packing of PDB ID 1DIK [83], with the
dimer interface formed by the PBDs (indicated by the orange dashed line). Figure adapted from [83].
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Independet discovery of PPDK
in plants, protists, and bacteria
Pyruvate + ATP + Pi =& PEP + AMP +PPi
Partal reactions In plants: Partial reactions in bacteria:
Enzyme + ATP + Pi = Enzyme-P + AMP +PPi neny—| Ereyme RATE % Fis EnzymeFF e ANP
Enzyme-P + pyruvate 2 Enzyme + PEP = Enzyme-Fi-+ Fis Enzyme-F FFl
1969 Enzyme-P + pyruvate = Enzyme + PEP
ATP, AMP
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Figure 13: Historical timeline of understanding PPDK mechanism. (1968) PPDK was discovered
independently by three groups with respect to its ability to catalysis the ATP and Pi-dependent conversion of
pyruvate to phosphoenolpyruvate (PEP) in plants, protists, and bacteria by Hatch and Slack [84], Reeves [85], and
Evans and Wood [86], respectively. (1968) Further studies revealed the existence of three partial reactions in
bacteria [86] and (1969) two partial reactions in plants [81]. (1976) Insights from reaction kinetics led to the first
PPDK model of the “Swinging Arm Mechanism” involving a histidine residue that shuttles the phosphoryl group
between different reaction sites [87]. (1994) The proteolysis of PPDK into catalytically active fragments allowed
to form a model of the PPDK structure together with the “Domain Movement Model” of the mode of action [88].
(1996) The first three-dimensional PPDK structure was resolved with X-ray crystallography from C. symbiosum
and led to an improved model, which characterizes the domain movement as swiveling motion and predicted a
PPDK conformation with the CD near the PBD [83]. (2002) A X-ray structure resolved from 7. brucei provided a
conformation of the PPDK with the CD facing the NBD and the NBD in an open conformation [89]. (2005) A
PPDK structure from Z. mays [90] was also resolved in the conformation predicted from the “Swinging Domain
Model”. (2007) A PPDK structure in the predicted conformation were resolved from the same organism as the
first PPDK structure (C. symbiosum), by including repulsive mutations between CD and NBD [91]. Figures
adapted from [83, 87, 88].
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2.2 The PPDK structures from Flaveria trinervia and Flaveria pringlei
In parallel to this work, the crystal structure of PPDK from Flaveria trinervia and Flaveria
pringlei have been resolved by Minges, Winkler, Hoppner, and Groth, providing insight into
the ATP binding mode, exposing for the first time the dimeric form of PPDK in the asymmetric
unit and resolving a structural intermediate of the swiveling motion. Their results were

published in our paper Minges and Ciupka et al. [1], and are reproduced verbatim in

subchapter 2.2:

Figure 14: Movement of the PPDK domains. (A—C) Movement of the CD (yellow). (A) FfPPDK in PBD-facing
conformation (PDB ID 5JVL/C). (B) FpPPDK (PDB ID 5JVN) with CD in an intermediate position. (C) 7ThPPDK
(PDB ID 2X0S) [89] with CD in NBD-facing conformation. (D-F) Movement of the NBD (the three subdomains
are depicted by three different greens). (D) FfPPDK in nucleotide-unbound state (PDB ID 5JVJ/A). (E) FtPPDK
in semi-closed, nucleotide-bound state (PDB ID 5JVL/C). (F) FPPDK in fully closed, nucleotide-bound state
(PDB ID 5JVL/A). Taken from [1].
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Overall structure of Flaveria PPDKs.

The structure of the C4-isoform of PPDK from the flowering plant Flaveria trinervia was
determined by molecular replacement at 2.9 A resolution using the maize structure (PDB ID
1VBH) [90] as a template [1]. The structure (PDB ID 5JVJ) includes two monomers in the
asymmetric unit (ASU) forming a dimer that corresponds to the previously described biological
assembly of bacterial and maize PPDK [83, 90] with an overall well-defined electron density
for the entire monomer A and for the PBD of monomer B [1]. Parts of the NBD of monomer B
revealed only poorly defined electron density, and direct tracing of monomer B in these regions
was hampered [1]. Yet, both monomers show electron density in the PBD for the co-crystallized
substrate PEP [1]. Besides, the NBD of monomer B exhibits additional density in both the
mF, — DF. difference map and the feature enhanced maps (FEM) probably reflecting a bound
adenine nucleotide [1]. The overall shape of this additional density is consistent with structural
requirements and binding mode of adenine nucleotides in other nucleotide-binding proteins
with the ATP-grasp fold [92, 93] [1]. In addition, this density complies with those observed
when PPDK was crystallized in the presence of the nucleotide analog 2'-Br-dAppNHp (see
PDB ID 5JVL and Figure 15C) [1]. However, since the molecular identity of the bound
compound was not fully resolved at the present resolution, no compound was placed in this
density in the deposited structure [1]. Large parts of monomer B were successfully built using
monomer A as a template by iterative manual model building and refinement [1]. Yet, no
conclusive electron density was found for residues 18-22, 47-65, 83-87, 101-106, 120-124,
163-166, 192-198 and 216-236 [1]. An overall root-mean-square deviation (RMSD) of 4.8 A
was calculated from a structural alignment of the individual monomers of the PPDK dimer in
5JVIJ, indicating a substantial difference in their conformation [1]. The main difference is found
in the NBD of both monomers with the A monomer reflecting an open conformation and the B
monomer reflecting a closed conformation of this domain [1]. Overall, the orientation of NBD1
(aa 1-111 and 197-243) and NBD2 (aa 112-196) relative to NBD3 (aa 244-340) is greatly
changed in the two monomer conformations (Figure 14D-F) [1]. Superimposition of the NBD
subdomains highlights that NBD1 is reoriented by a large motion of about 40° around a hinge
region consisting of two short peptide linkers formed by residues 112-115 and 195-200 towards
NBD3 [1]. At the same time, NBD2 is displaced by about 40° to accommodate for the new
position of NBD1 [1]. The hinge motion of NBD1 and NBD2 results in the closing of the large
cleft formed in the open configuration of the PPDK monomer (Figure 14D-F) [1]. This cleft is
no longer accessible in the closed form of the PPDK monomer [1]. The presence of two

structurally distinct conformations of the PPDK monomer (NBD open versus closed) within a
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single crystal structure may suggest that these structural asymmetries reflect functional
asymmetries in substrate binding and/or catalytic turnover in the individual subunits of the
PPDK dimer [1]. A similar structural asymmetry in the monomer arrangement (open versus
closed) was observed in the crystal structure of bacterial ATP-dependent DNA helicases and
related to functional asymmetry in the mechanism of ATP hydrolysis in solution in each of the
two subunits forming the functional dimer [94, 95] [1]. When 2'-Br-dAppNHp was used for co-
crystallization (PDB ID 5JVL), the crystal contains four monomers in the ASU arranged in
terms of two dimers [1]. The dimers correspond to the subunit arrangement in 5JVJ [1]. Electron
density maps clearly indicate main chain connectivity and most of the side chain orientations
for subunits A, C and D, whereas the majority of the NBD in chain B is not traceable [1]. The
overall structures of both FfPPDK crystal forms (Figure 14A,D,E,F) are highly similar to
PPDKs from C. symbiosum, T. brucei and Z. mays [83, 89, 90] consisting of an N-terminal
NBD (aa 1-340), a CD (aa 380-515) of B-strands with associated a-helices that contain the
catalytic H456 in helix 20 involved in the phosphoryl group transfer between NBD and PBD,
and a C-terminal TIM barrel containing the PBD (aa 535-874) [1].

Figure 15: Substrate binding sites of FfPPDK. (A) Semi-closed state of the PEP binding site (PDB 5JVL/A)
with the catalytic H456 (yellow) pointing away from PEP. (B) Closed state of the PEP binding site (PDB 5JVL/C)
revealing tight interactions between PEP and surrounding residues, including the catalytic H456 (yellow).
(C) Closed state of the nucleotide-binding site of 5SJVL/D occupied with 2'-Br-d AppNHp. Interacting residues are
highlighted. Taken from [1].

For monomers C and D of 5JVL, the catalytic H456 is located in close position and appropriate
orientation to the bound PEP substrate to mediate phosphoryl group transfer from the NBD to
the PBD (Figure 15A,B) [1]. Such a close contact has never been observed in previously
reported PPDK structures, but has been resolved in Enzyme I of the E. coli
Phosphoenolpyruvate:Sugar Phosphotransferase System (PTS), a bacterial carbohydrate import
system bearing a homologous PEP binding domain [96] [1]. For structural comparison of the
catalytic sites in PTS Enzyme I and the PPDK a set of reference atoms was selected [1]. While
the catalytic histidine in the PTS Enzyme I structure is in the phosphorylated state the
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corresponding histidine in the active site of PPDK structure 5JVL is in the non-phosphorylated
form [1]. On the contrary, PPDK substrate PEP carries a phosphoryl group, whereas PTS
Enzyme I substrate inhibitor oxalate does not [1]. Hence, atoms Ne2 of the catalytic histidine
oxygen atoms O2 in oxalate and PEP in 5JVL were used for distance measurements and
structural comparison of both enzymes at their PEP binding site. In the PTS Enzyme I structure,
the distance between the phosphorylated Ne2 atom of the catalytic H189 and the oxygen atom
02 of the oxalate substrate is 4.9 A [1]. The distance between Ng2 of the catalytic H456 and
02 of the PEP substrate in chain C and D of the 2'-Br-d AppNHp-FfPPDK structure is similar
(4.5 A) (Figure 15B), which emphasizes the close structural relationship of the newly described
extreme conformation observed in 5JVL chains C and D and the PTS Enzyme I structure [1].
This close spatial arrangement of the catalytic histidine and the phosphoryl group substrate in
the PEP binding site enables efficient phosphoryl group transfer from PEP to H456 or H456 to
pyruvate in PPDK as for PTS Enzyme I [1]. The distance between the nucleophilic nitrogen
atom Ne2 of H456 in the 2'-Br-d AppNHp-FtPPDK structure and the attacked phosphorus of
PEP is around 3 A (Figure 15B) [1]. This relatively short distance is indicative for an associative
in-line displacement of the phosphoric monoester [97, 98] [1]. Therefore, the structural
conformations resolved in the 2'-Br-d AppNHp-FtPPDK structure visualize and verify for the
first time the proposed phosphoryl group transfer mechanism in the PBD and the involvement
of the catalytic histidine in the CD in this process [1]. Considering the overall CD, only small
conformational changes between the plant structures from maize and Flaveria presented here
and the non-plant structures from Clostridium and Trypanosoma are evident indicating that this
domain primarily rotates as a rigid body [1]. However, in contrast to the crystal structures of
the non-plant PPDKs where the CD is close to the NBD, the CD of FfPPDK rests alongside the
PBD (Figure 14A) as observed for PPDK from maize [90] and the Clostridium triple mutant
R219E/E271R/S262D (PDB ID 2R82) [91] [1]. The different conformations of the NBD
observed in the Flaveria structures presented in this work cover the whole range of
conformational intermediates observed with other members of the ATP-grasp family such as
synapsin [99] or biotin carboxylase [ 100] and reflect individual snapshots of the closing motion
of this domain [1]. These structural intermediates of PPDK have been previously proposed
based on structures of homologous nucleotide-binding enzymes [101] but have not been

experimentally verified until now [1].
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Structural intermediate of the swiveling motion.
In contrast to the C4 plant crystal structures from F. trinervia and maize, the structure of the Cs-
isoform of PPDK from F. pringlei (Figure 14B) contains only one monomer in the ASU (PDB
ID 5JVN) [1]. Remarkably, in this structure the CD is positioned in an intermediate state
between the NBD and PBD, thereby enlarging the solvent accessibility of the PEP binding
pocket [1]. The CD position is not enforced by crystal contacts and therefore represents a
genuine structural intermediate of the proposed swiveling mechanism [1]. The entire domain is
rather mobile resulting in higher B-factors in this region [1]. Consequently, the electron density
of several side chains in this region is not well defined [1]. Concerning the substrate and
cofactor binding site, density is visible for both ligands, PEP and 2'-Br-dAppNHp [1].
Additional density in the conformational intermediate was observed in close proximity of the
phosphoryl group of the PEP substrate [1]. This additional density might reflect an alternative
position of the PEP substrate in the PBD [1]. However, the available resolution and data quality
prevent modeling of the PEP substrate in those positions in the active site [1]. Compared to the
near-PBD positioned conformation of the CD in the Cs-isoform (PDB ID 5JVL/C and 5JVL/D)
the entire CD in the FpPPDK structure is rotated by 45° towards the NBD around a rotation
axis formed by the linker region (Figure 16) [1]. When compared to the PPDK structure from
Clostridium symbiosum (CsPPDK, PDB ID 1KBL) [83], the CD is rotated in the opposite
direction and displaced by 52° towards the PBD [1]. Focusing on the catalytic H456 in the CD,
this residue is displaced by 17 A (Cq-distance) when the F. pringlei conformational intermediate
(5JVN) and the PBD-facing FfPPDK structures (e.g. SJVL/C) are aligned, and by 24 A in the
opposite direction when the NBD-facing conformation observed in the CsPPDK is compared
to the FpPPDK structure, respectively [1]. Hence, compared to the two extreme conformations
of the CD next to the NBD or PBD previously resolved, the CD in the F. pringlei
conformational intermediate shows about 50% of the rotational and translational movement of
the proposed complete swiveling motion [1]. The CD intermediate identified in the
crystallographic studies suggests that the swiveling motion of this domain in the catalytic cycle
proceeds via at least one sub-step, starting from a position near either the PBD (Figure 14A) or
the NBD (Figure 14C) via the intermediate conformation resolved in SJVN to a position near
the other substrate binding site [1]. Similarly, stepped movements have been described e.g. for

the F1-ATPase rotary molecular motor [102-105] [1].
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Figure 16: Stepped movement of the CD. CDs of SJVL/C (1, orange) and 5JVN (2, yellow). Helix 20 containing
the catalytic H456 is depicted as cylinder with the C, atom of H456 shown as red sphere. The rotational axis for
the transitions between states A and B is depicted as a blue arrow. The distance between the C, atoms of the
catalytic H456 is shown as a dashed line. Taken from [1].
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3. Scope of this thesis

The knowledge of PPDK at the beginning of my thesis includes the separation of the reaction
into two partial reactions taking place at distance reaction centers, the domain organization, and
several conformations obtained by X-ray crystallography from which the swiveling domain

motion model was derived (see Figure 17).
A

Reaction at the NBD Reaction at the PBD
Enzyme + ATP + Pi & Enzyme-P + AMP +PPi Enzyme-P + pyruvate & Enzyme + PEP

Figure 17: Model of PPDK mode of action at the beginning of this thesis. In the “swiveling domain model”
from Herzberg et al. [83], a CD motion connects (A) the conformation where the partial reaction (2) at the NBD
and (B) the conformation where the partial reaction (3) at the PBD take place. Adapted from [83, 106].

However, a comprehensive understanding of PPDK’s mode of action was incomplete, as
the following questions have remained unanswered:

(D If and how are the intramolecular motions (swiveling motion of the CD and

opening-closing motion of the NBD) coupled?

(IT)  Are there stable intermediate conformations of the swiveling motion?

(IIH)  How is the direction of the swiveling motion of the CD controlled? The CD has
to move from near-NBD — near-PBD within the catalytic cycle and then move in
the opposite direction from near-PBD — near-NBD to complete the cycle.

(IV)  What is the driving force of the swiveling motion of the CD?

(V)  Why is the dimer of PPDK active but not the monomer? What is the effect of the
dimerization on PPDK motions?

(VI)  Are the opening-closing motions of the NBDs intermolecularly coupled?

To expand our knowledge about PPDK and find answers to these questions I investigated
the energetics, dynamics and the connection of the proposed swiveling domain motion and
opening-closing motions in the PPDK monomer and dimer using cluster analysis, principle
component analysis, homology modeling, molecular dynamics (MD) stimulations, targeted
normal mode-based geometric simulations, umbrella sampling / PMF computations, and

rigidity analysis.
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4. Materials and methods

4.1 Comparison of PPDK structures

All currently available structures of PPDK were obtained from the Protein Data Bank (PDB)
[55] or provided by the Groth group prior to its release in the PDB (Table 2) [1]. The structure
with the PDB ID 5JVL, chain B and the NMR-derived structure of the CD only (PDB ID 2FM4)
were excluded from further analysis as the NBD has not been resolved there [1]. A multiple
sequence and structural alignment of the PPDK structures was generated with PROMALS3D
[107] [1]. Residues resolved and common to all structures were identified from the alignment

and used for further analysis [1].

4.2 Cluster analysis

Cluster analysis on all PPDK crystal structures listed in Table 2 was performed with the
CPPTRAJ [108] module of the AMBER suite of programs [109] using the hierarchical
agglomerative (bottom-up) algorithm [1]. As a distance measure, the best-fit Ca atom RMSD
of all residues common in the PPDK structures with all domains resolved was used [1]. A
maximal distance between all members of two clusters (complete linkage) of < 4 A was used
as terminating criterion for the clustering [1]. For subsequent analysis, only those PPDK
structures were used that are cluster representatives in order to avoid a bias towards the number

of crystal structures in the same conformational state [1].

4.3 Principle component analysis

The essential dynamics of PPDK was describe by performing principle component analysis in
Cartesian space using CPPTRAJ [108] on a set of experimental structures and snapshots of MD
simulations of the PPDK monomer and dimer with an aggregate length of ~10 us and ~3.6 us,
respectively [1, 2]. In detail, an RMS-fit using the 15% least fluctuating residues was performed
prior to the analysis to remove global translational and rotational motion [1, 2]. The coordinate
covariance matrix was calculated for all Ca atoms [1]. The symmetric matrix was diagonalized
by an orthogonal coordinate transformation, yielding the eigenvalues and eigenvectors
(principle components) [1, 2]. An eigenvalue corresponds to the mean square eigenvector
coordinate fluctuation (the variance) and, hence, describes how much a principal component

contributes to the total coordinate fluctuations [110] [1, 2].
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To analyze the locality or collectivity of motions for the domains of PPDK, the

collectivity index x described in refs. [111, 112] was calculated (eq. 10) [1, 2]:

1
K = —exp

N
N — Z A7PlogA Fl-z} (eq. 10)
i=1

with N being the number of atoms in the domain, and A7; being the relative displacement

of the principle component [1, 2]. All values of A7; were scaled consistently such that
N AF? = 1. A value of x = 1 indicates a mode of maximal collectivity, that is, all A7; are
identical [1, 2]. Conversely, if only one atom is affected by the mode, k reaches the minimal

value of 1/N [1, 2].

4.4 Homology modeling of FfPPDK conformational states

In cooperation with the Groth group, we work on the PPDK from Flaveria trinervia. As there
was no crystal structure of FfPPDK available at the beginning of this thesis, homology models
of conformational states I, III, IV, and V were generated [1]. From each cluster (Figure 18), the
crystal structures with the highest resolution and without mutations that interfere with the
enzymatic activity were used as templates (C. symbiosum structure 1KBL and 1KC7 for state I,
Z. mays structure 1VBH and 1VBG for state II; F. pringlei structure SJVN for state IV; and
T. brucei structure 2X0S for state V) [1]. The sequence alignment of the FfPPDK sequence and
the respective template sequence(s) was generated by MAFFT [113] [1]. The sequence
identities are for conformational state I: 55%; conformational state III: 79%; conformational
state IV: 96%; conformational state V: 54% [1]. The homology models were generated using
the program MODELLER [114] in a multi-template approach, applying the dope loop model
algorithm, and including ligands (if present in the crystal structure) [1]. The quality of our
models was assessed for conformational state III, for which now PDB ID 5JVJ, chain A is
available: RMSDc, for NBD: 1.16 A, for CD including the linker domain: 1.13 A, and for the
PBD: 0.93 A [1]. Such structural deviations are close to the experimental uncertainty of the

crystal structure [1].

4.5 Generation of all-atom dimeric PPDK structures
In the crystal structure 5JVJ, which exposed for the first time the PPDK dimer in the asymmetric
unit, 86 residues (9 in chain A and 77 in chain B) out of in total 1748 residues have not been

resolved [1, 2]. To have a complete structure of the PPDK dimer, a model containing all residues
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was generated using the program MODELLER [114] [2]. For this, a sequence alignment was
prepared considering the parts resolved in the crystal structure, and the missing parts by the
template structure PDB ID 1VBG (NBD open) for chain A and the template structure PDB ID
S5JVL (NBD closed) for chain B [2]. Additional models of the PPDK dimer with both NBDs
closed, and with both NBDs open, were generated by aligning respective monomers of the 5JVJ

structure to the residues of the dimer interface (see Table 7) [2].

4.6 Molecular dynamics simulations

The crystal structure of FfPPDK 5JVL chain C (conformational state II) and homology models
of monomeric FfPPDK for conformational states I, III, IV and V as well as models of the PPDK
dimer (open/open, open/closed, closed/closed, and ATP-bound closed/closed) served as input
structures for MD simulations [1, 2]. Co-crystallized water was removed from the PPDK
structures [1, 2]. Hydrogen atoms were added using REDUCE [115], flipping side chains of
Asn, Gln, and His when appropriate [1, 2]. These model systems were placed in a truncated
octahedral box of TIP3P water [116] leaving a distance of at least 11 A between the solute and
the border of the box [1, 2]. Counter ions were added to neutralize the systems [1, 2]. All MD
simulations were performed with the ffO9SB force field [117] using the AMBER suite of
programs [109] and the GPU version of PMEMD [118] [1, 2]. Force field parameters for ATP
were obtained from Meagher et al. [119]; force field parameters for Mg?* were taken from
Aqvist [120] [1, 2]. Bonds containing hydrogen atoms were constrained using the SHAKE
algorithm [121], and long-range interactions were treated by the particle mesh Ewald (PME)
method [122] [1, 2]. A time step of 2 fs was used [1, 2]. The system was equilibrated by, first,
applying harmonic restraints to solute atom positions with force constants of at least
5kcal mol™! A2 for 100 steps of steepest descent and 400 steps of conjugate gradient
minimization [1, 2]. Second, the temperature of the system was raised from 100 K to 300 K in
50 ps of NVT-MD simulations [1, 2]. Third, 150 ps of NPT-MD simulations were performed
to adjust the system density [1, 2]. Finally, the force constants of harmonic restraints were
gradually reduced to zero during 250 ps of NVT-MD simulations [1, 2]. Production NVT-MD
simulations were carried out at 300 K, using the Berendsen thermostat [123] and a coupling
constant of 0.5 ps [1, 2]. Three independent replicates of MD simulations were performed for
each system by spawning production runs after the thermalization at temperatures of 299.9 K,
300.0 K, and 300.1 K respectively [1, 2]. The first 2 ns of each trajectory were omitted from

subsequent analyses. All unstrained MD simulations are listed in Table 3 [1, 2].



| 32

Materials and Methods

4.7 Generation of transition paths

For the potential of mean force calculations, plausible pathways of the swiveling motion and
opening-closing motion have been generated using targeted normal mode-based geometric
simulations by the NMSim approach [124, 125] [1, 2]. In detail, NMSim is a three-step protocol
for multiscale modeling of protein conformational changes that incorporates information about
preferred directions of protein motions into a geometric simulation algorithm [1, 2]. In the first
step, the protein structure is coarse-grained by the software FIRST [74, 126] into rigid parts
connected by flexible links [1, 2]. For this, an energy cut-off for including hydrogen bonds (and
salt bridges) of -1 kcal mol™! and a distance cutoff for including hydrophobic constraints of
0.35 A were used [1, 2]. In the second step, low-frequency normal modes are computed by rigid
cluster normal mode analysis (RCNMA) with a 10 A distance cutoff for considering interactions
between Cgy-atoms [1, 2]. In the third step, a linear combination of the first 50 normal modes
was used to bias backbone motions along the low-frequency normal modes, while the side chain
motions were biased towards favored rotamer states, generating 100 conformations in 100
simulation cycles with a step size of 0.5 A and side chain distortion of 0.3 [1, 2].

Targeted NMSim calculations for the PPDK monomer, were performed between
start / end states of cluster III / cluster V, cluster III / cluster I, and cluster II / cluster I, using
homology models for cluster III, V, and I, and the cluster-representative crystal structure for
cluster II [1]. For the PPDK dimer, transition paths were generated by performing targeted
NMSim calculations for five states, which vary in the conformation of chain B [1]. For chain A,
cluster III (open NBD, CD facing PBD) was used, both, as start and end conformations for all
systems, respectively [1]. The start and end conformations of chain B were in state a): cluster
III (open and unbound NBD, CD facing PBD); in state b): cluster II (closed NBD, CD facing
PBD); in state c) ATP-bound cluster II (closed NBD, CD facing PBD); in state d): cluster I
(closed NBD, CD facing NBD) and in state e¢): ATP-bound cluster I (closed NBD, CD facing
NBD) (see Figure 31) [2]. State ¢) resembles what has been found in PDB ID 5JVJ [1, 2].

4.8 Umbrella sampling / Potential of mean force computation

Free energy profiles of the swiveling motion of the CD and the opening-closing motion of the
NBD were computed along the NMSim-generated transition paths by umbrella sampling [64]
followed by the Weighted Histogram Analysis Method (WHAM) [65] [1, 2]. As a reaction
coordinate for analyzing FfPPDK’s swiveling motion, the distancecp-pep between H456¢, —

H565¢c. was used (Figure 21), as it changes monotonously between the two endpoints and
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provides an intuitive measure for the progress of the swiveling movement of the CD [1, 2]. The
opening-closing motion of the NBD of FfPPDK was analyzed along the reaction coordinate
distancenspi-nBp3, measured between S215c, — E272¢q (Figure 21) [1, 2]. These reaction
coordinates represent the swiveling and opening-closing motions very well (see Figure 21)
[1,2].

1D and 2D umbrella sampling MD simulations for the PPDK monomer were performed
along reaction coordinate(s) distancecp-rep between 10 A and 52 A (9 A and 54 A for the 2D
umbrella sampling) (and distancenspi-nsp3 between 26 A and 42 A) in intervals of 1 A, applying
harmonic potentials with a force constant of 1 kcal mol! A to tether the conformations to the
respective reference point [1]. This resulted in 42 umbrella sampling simulations for the 1D
PMFs of the swiveling motion, 17 umbrella sampling simulations for the 1D PMFs of the
opening-closing motion, and 782 umbrella sampling simulations for the 2D PMF [1]. The 1D
umbrella sampling simulations of the swiveling motion were performed for 42.5 ns each,
excluding the first 2.5 ns from the WHAM analysis [1]. The 1D umbrella sampling simulations
of the opening-closing motion were performed for 30 ns each, excluding the first 2 ns from the
WHAM analysis [2]. The 2D umbrella sampling simulations were performed for 9 ns excluding
the first 1 ns from the WHAM analysis [1].

Possible interference between the NBDs was investigated by performing multiple
umbrella sampling/PMF calculations of the opening-closing motion of chain A for systems with
chain B in states a) - €) (see above) [2]. All umbrella sampling simulations with ATP bound to
the NBD of chain B also contained Mg?* in the NBD of chain B [2]. Umbrella sampling MD
simulations for the PPDK dimer were performed for distancenspi-ngps of chain A between 26 A
and 42 A in intervals of 1 A, applying harmonic potentials with a force constant of
1 kcal mol™! A2 to tether the conformations to the respective reference point [2]. This resulted
in 17 umbrella sampling simulations, each 20 ns long, excluding the first 1 ns from the WHAM
analysis [2]. Approximately Gaussian-shaped frequency distributions were obtained for each
reference point along the reaction coordinate(s), with all such distributions well overlapping
(Figure 22, Figure 23, Figure 32) [1, 2]. The latter is a prerequisite for the successful application
of WHAM to extract a PMF from these distributions [1, 2]. The Monte Carlo bootstrapping
analysis implemented in WHAM using 200 resampling trails was applied to established the

error at the reference points [1, 2].
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4.9 Constraint Network Analysis
CNA was applied to investigate the effect of the dimerization on the structural stability of PPDK
using three sets of coordinates extracted from one MD simulation of the PPDK dimer:
coordinates of only chain A, of only chain B, and of both chains [2]. For this, the first 200 ns
of the MD simulation started with the PPDK dimer in the open/closed conformation of the
NBDs and equilibrated at 300.0 K was used, where the conformations of the NBDs remain
particularly stable (MD simulation started from open/closed and unbound conformation no. 2
shown in Figure 28B; mean distancexspingps of 38.7 A (SEM ~1.0 A) and 31.3 A
(SEM ~1.0 A) for chain A and B, respectively) [2]. With CNA, constraint dilution simulations
[75, 76] were performed on ensembles of 10,000 structures each, of which water molecules and
counter ions had been stripped off [2]. A stepwise decrease of the energy cutoff Ec. for
including hydrogen bonds from -0.1 kcal mol™! to -6 kcal mol™! in steps of 0.1 kcal mol™! was
performed [2].

Stability maps rc; were introduced in ref. [75] to characterize the local rigidity of a
biomolecule [2]. A stability map depicts rigid contacts (rc) for each residue pair (i and j),
represented by the Ca atom, respectively [2]. A rigid contact exists if the two residues belong
to the same rigid cluster [127] [2]. Notably, this stability information is not only a qualitative
by also quantitative measurement [2]. By performing constraint dilution simulations [ 128], each

rigid contact is associated with an energy Ecy at which this rigid contact is lost [2].
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5. Results and discussion

5.1 The swiveling and opening-closing motion investigated in the PPDK monomer
The following results were published in our paper Minges and Ciupka et al. [1], and are

reproduced verbatim in subchapter 5.1:

5.1.1 The conformational space spanned by PPDK structures

To investigate the conformational space of PPDK, all available PPDK structures from the PDB
were collected, combined with the newly resolved PPDK structures published in [1] (Table 2),
but excluding the structure of PDB 5JVL, chain B and the NMR-derived structure of the CD
only (PDB 2FM4) from further analysis as the NBD has not been resolved there [1]. Then, a
multiple sequence and structural alignment of the PPDK were performed with PROMALS3D
to identify the residues resolved and common to all structures from the alignment [1]. This way,
the PPDK structure were clustered with respect to structural similarity (using the parameters

described in chapter 4.2) (See Table 1) [1].

Table 1: Structural comparison of PPDK crystal structures by Ca-atom RMSD 2!

Cluster Cluster Cluster Cluster | Cluster

1 11 111 1A% \4

1DIK |2DIK [1GGO [1JDE [1KBL |1KC7 (5JVJ/|5JVL/|5JVL/|5JVL/|2R82| 1VBG |1VBH|5JVJ/| 5JVN 2X0S

ib] B A Cbl D Ib] A ib] bl

1DIK ™! 0 0.4 0.5 06/ 09 09 10.77 9.2 10.8 10.6] 11 10, 9.9] 10.9 8.1 59
2DIK 0.4 0 0.5 0.6 1 1] 10.7) 9.2 10.8] 10.6] 11 10 9.9] 10.9 8.1 5.8
1GGO 0.5/ 0.5 0 0.7 0.9 0.9 106/ 9.2| 10.7| 10.5/10.9 99 9.8/ 10.8 8 5.8
1JDE 0.6 0.6 0.7 o 1.1 1.1f 10.7} 9.2 10.8] 10.6| 11 10, 9.9] 10.9 8.1 59
1KBL 0.9 1 09 1.1 0] 0.3] 10.7) 9.2 10.7) 10.6/10.9 10| 9.9| 10.8 8 5.8
1KC7 0.9 1 09 1.1 0.3 0] 10.7) 9.2 10.7] 10.5] 11 10| 9.9] 10.9 8 59

syvys | 10.7) 10.7| 10.6| 10.7| 10.7| 10.7 0 3.2 1.5 27 5.1 45 5| 4.6 6.1 11.4
5JVL/A 921 92 92| 9.2 92| 9.2 32 0 26| 22 5 44 47 52 5.6 10.8
syvL/c®| 10.8] 10.8| 10.7| 10.8] 10.7| 10.7| 1.5 2.6 0 14 511 4.8 53 5 6.4 11.8
syjvL/p | 10.6] 10.6] 10.5] 10.6] 10.6] 10.5| 2.7| 22| 1.4 0 53] 53 57 5.7 6.7 12
2R82 11 11} 109 11} 10.9] 11| 5.1 5 5.1 53] 0 31 3.1 29 5.5 10.8
1VBG M 100 10 9.9 10f 10 10| 4.5 4.4 458 53 3 0 0.8 22 4.6 9.7
1VBH 99 99 9.8 99 99 9.9 5| 4.7 53] 57 3.1] 0.8 0 2.4 4.5 9.5
sJvi/a | 10.9] 10.9] 10.8] 10.9] 10.8] 10.9] 4.6 5.2 5| 571 29 22| 24 0 4.5 10.3
S5JVN DI 8.1 8.1 8 8.1 8 8 6.1 5.6/ 64 6.7 55 4.6/ 45 45 0 7.5
2X0S ™ 59| 5.8/ 5.8 59 58 59 11.4| 10.8 11.8] 12/10.8] 9.7/ 9.5 10.3 7.5 0]
(2l The Ca-atom RMSD was computed over all Co, atoms common and resolved in all PPDK structures with all
domains resolved; in A. Small RMSD are highlighted in blue, high RMSD in orange. Taken from [1].

[®] Cluster-representative structures.

The resulting clusters are characterized by a closed NBD combined with the CD facing the
NBD (cluster I), a closed NBD with the CD facing the PBD (cluster II), an open NBD with the
CD facing the PBD (cluster III), an open NBD with the CD in between the PBD and NBD
(cluster IV), and an open NBD with the CD facing the NBD (cluster V) (Figure 18) [1].
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Figure 18: Clustering of all currently known PPDK structures according to Ca-atom RMSD (roman numbers),
showing the CD near the PBD (left), between PBD and NBD (middle), and near the NBD (right) as well as the
NBD in an open (top) or closed (bottom) conformation. Conformational states observed for the first time in
F. pringlei and F. trinervia are marked with an orange circle. Adapted from [1].

5.1.2 Collective and correlated motions in monomeric PPDK

Next, a principle component analysis in Cartesian coordinate space (PCA) was performed,
corroborating the existence of two predominant motions: ~89% of the variance in the Ca atom
coordinates can be explained by the first two principal components (PC) (Figure 19B) [1].
Atomic displacements along the component directions and a domain-wise index of the
collectivity of motions (Figure 19A) reveal that the 1 PC predominantly characterizes a
swiveling motion of the CD (Figure 19C) [1]. The 2™ PC characterizes a coordinated opening-
closing motion of the NBD, with almost exclusively the first and second subdomain executing

the movement (Figure 19C) [1].

Notably, the 1% PC also indicates a coupling of the swiveling motion of the CD with the
opening-closing motion of the NBD as this PC leads to displacements in both domains
(Figure 19A) [1]. Cross-correlations of atomic fluctuations computed from the cluster-
representative crystal structures agree very well with this result (Figure 19D/upper triangle):
They reveal, aside from positively correlated motions of the NBD, CD, and PBD themselves,
weakly anti-correlated motions between the CD and the NBD (correlation coefficient down to
-0.2), in agreement with the collective motions described by the 1% PC (Figure 19A) [1].
Particularly, subdomains NBD1 and NBD2 move towards the CD if the latter swivels from the
PBD to the NBD and vice versa [1].
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Figure 19: Motion of PPDK (A) Representation of atomic displacements along the directions of the first two
principal components (1% PC: gold; 2" PC: silver) obtained from a PCA over the representative structures of each
cluster depicted in Figure 18. The amplitudes of the motions were scaled, and a cutoff for small displacements was
applied for best graphical representation. (B) The proportion of explained variance by each principal component
PC vs. the rank of the eigenvalue. 89% of the variance can be explained by the first two PCs. (C) Domain-wise
collectivity index x of the 1 and 2" PC. (D) Cross-correlation maps of Ca atom fluctuations of the representative
structures of each cluster (upper triangular) and from an aggregate MD simulation time of ~10 ps (lower
triangular). The two axes on the left and at the bottom refer to residue indices according to the F. trinervia
numbering. Positive correlations are indicated in blue, negative correlations in red (see color scale). Residues not
resolved in all compared crystal structures are shown in black. Substructures of PPDK are labeled on the top and
right axes. Correlated movements within domains are marked with squares, correlated movements between the
domains are marked with boxes with round corners. Adapted from [1].

To exclude any bias by the small number of available crystal structures, we further explored
the conformational space of FrPPDK by molecular dynamics (MD) simulations of in total
~10 ps length (see chapter 5.4) [1]. Cross-correlations of atomic fluctuations computed from
the MD simulations yield a qualitatively and quantitatively highly similar result compared with
correlated motions computed from the cluster-representative crystal structures (Figure 19D),

confirming the anti-correlated motions between the CD and the NBD (correlation coefficient

down to -0.15) [1].
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5.1.3 Umbrella sampling / PMF of the PPDK monomer

In order to investigate the energetics of the swiveling motion of the CD in the non-
phosphorylated and phosphorylated state and the opening-closing motion of the NBD, umbrella
sampling along three plausible transition paths of the domain motion followed by the
calculation of the potential of mean force was performed [1]. For generating a pathway, a
targeted normal mode-based geometric simulation by the NMSim approach [124] was used as
NMSim efficiently generates a series of stereochemically correct conformations that lie
preferentially in the subspace spanned by low-frequency normal modes [124] (

Figure 20) [1].

Distance g pgp

RMSD,, to 5JVN = 3.5 A

Figure 20: Transition pathway for umbrella sampling, between conformations III and I (Figure 22B/E), created
by targeted simulations with NMSim starting from homology models with the template structure PDB ID 1KBL
and 1KC7 towards homology models with the template structure PDB ID 1VBH and 1VBG. Intermediate
conformations are shown at approximately 5 A spacing along the reaction coordinate distancecp.pap (Figure 21)
(depicted next to the conformations). The generated conformations are overlaid with cluster representatives of
PPDK crystal structures (depicted in gray), and the Ca-atom RMSD is given. Taken from [1].

The two endpoints and the generated intermediate states were used as reference points for
subsequent umbrella sampling simulations [1]. Further reference points were obtained by MD
simulations of the respective endpoint structures of 50 ns length and filtering of the trajectories
for conformations in which the swiveling domain is closer to the NBD or PBD, respectively,
than in the endpoint structures [1]. At each of these reference points, MD simulations for

production of 40 ns length were performed after equilibration phases of 2.5 ns [1]. The
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conformations were tethered to the respective reference point by a harmonic restraint potential
with a force constant of 1 kcal mol A-2[1]. This resulted in approximately Gaussian-shaped
frequency distributions of the reaction coordinate values at each reference point, with all such
distributions well overlapping (Figure 22) [1]. The latter is a prerequisite for the successful
application of the Weighted Histogram Analysis Method (WHAM) [65] to extract a PMF from
these distributions [1].

The distance between H456c, — H565cq (distancecp-pep, Figure 21A, numbering
according to F. trinervia, see also supporting Table 2) was used as a reaction coordinate for the
swiveling motion of the CD [1]. This reaction coordinate represents the swiveling motion very
well (Figure 21B) [1]. This coordinate was chosen because it changes monotonously between
the two end points and provides an intuitive measure for the progress of the CD movement from

one active site in a binding domain to the other [1].
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Figure 21: Reaction coordinates of the swiveling and opening-closing motion. (A) The distancecp.psp (depicted
as gold line) and distancenspi-nsps (depicted as silver line) between H456¢c, — H565¢, and S215¢c, — E272¢,
(numbering according to F. trinervia / pringlei) are used as reaction coordinates for the swiveling motion of the
CD and the opening-closing motion of the NBD, respectively. The depicted structure was taken from
PDB ID 5JVN. The domain coloring is according to Figure 10. (B, C) Validation of the reaction coordinates to
represent the swiveling motion of the CD and the opening-closing motion of the NBD. Scatter plots of the distances
H456¢, — H565¢q (B) and S215¢, — E272¢q (C) versus projections onto the 1 (B) and 2™ (C) principle component
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obtained from the PCA over the cluster representatives (Figure 18); each dot represents one conformation
generated by MD simulations of ~10 ps length. The correlation line is shown in blue. Taken from [1].

Transition paths were generated between start / end states of FfPPDK from cluster II1 /
cluster V, cluster II1/ cluster I, and cluster I1/ cluster I (Figure 18, Table 1), so that the swiveling
motion occurs in the presence of an open NBD (Figure 22 A/D), a closed NBD (Figure 22 C/F),
or where the NBD closes when the CD approaches it and vice versa (Figure 22 B/E) [1]. A non-
phosphorylated and in a phosphorylated state of the catalytic H456 was simulated [1]. While
the opening-closing motion of the NBD was not restrained during the umbrella sampling, the
observed sampling very well represents these paths (Figure 22) [1]. Distancecp-pep was sampled

in intervals of 1 A, leading to a sufficient overlap of the sampling windows (Figure 22) [1].
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Figure 22: 1D Potential of mean force of the swiveling motion of the CD with the distance H456¢, — H565¢,
used as a reaction coordinate. Results for the non-phosphorylated state are depicted in (A-C), those for the state
with phosphorylated H456 in (D-F). (A/D) depict results obtained with open NBD, (B/E) those with a
simultaneous opening-closing of the NBD, and (C/F) with closed NBD. At the top, schematic representations of
each state at the respective endpoints of a PMF are shown. In the middle row, sampled conformations are projected
onto distancecp-rep and distancenspi-nsp3 (see Figure 21), with each color representing one MD simulation with
an umbrella potential applied at a given value of distancecp.rep. The PMFs are depicted in the bottom row. The
diamonds show projections of PPDK crystal structures in conformational states marked by Roman numbers
(Figure 18) onto the plane spanned by the two reaction coordinates (using for each organism the corresponding
residues to evaluate the reaction coordinates (Table 2)). Taken from [1].
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The obtained PMFs (Figure 22A/B/D/E) show several remarkable characteristics [1].
First, the overall precision is high, with standard deviations for all points < 0.15 kcal mol™.
Second, the free energy difference between conformational states III and I, or Il and V (Figure
22) is <2 kcal mol' (Figure 22A/B/D/E), showing that the respective higher-energy
conformational state is populated to ~2% at room temperature [1]. Third, we identify a stable
conformational intermediate of the CD swiveling motion, revealed by pronounced minima in
the PMFs at a distancecp-pep ~30 A to 35 A (Figure 22A/B/D/E), which is structurally highly
similar to the intermediate state IV found in the FpPPDK crystal structure (located at a
distancecp-pep ~25 A) as shown by a Ca atom RMSD of 2.7 A [1]. Note that the FpPPDK
crystal structure was not used for generating the transition path, hence, no information about
conformational state IV entered the PMF calculations [1]. The presence of the intermediate
state leads to a sawtooth-like PMF [1]. Fourth, the PMFs reveal for PPDK with non-
phosphorylated H456 (Figure 22A/B) that the correlated movement of the CD and the NBD
results in state I being favored over III by 1.4 kcal mol™! (Figure 22B); in contrast, if the CD
moves with the NBD remaining open, state V is disfavored over III by 2.1 kcal mol™
(Figure 22A) [1]. Therefore, movement of the non-phosphorylated CD from the PBD towards
the NBD is exergonic only if it is coupled to a closing motion of the NBD, which is in line with
the swiveling domain model [1]. This finding corroborates cross-correlations between these
motions observed from crystal structures (Figure 19D, upper triangle) and from structures
obtained by MD simulations (Figure 19D, lower triangle) [1]. Fifth, the PMFs suggest that the
phosphorylation state of the CD influences the preferred direction of motion of this domain:
When H456 is phosphorylated, state III becomes favorable over V by 1.5 kcal mol™
(Figure 22D) or is only slightly disfavored over I by 0.5 kcal mol™! (Figure 22E) [1]. Compared
to the non-phosphorylated state, the sawtooth-like PMF is thus tilted towards III. Therefore,
with phosphorylated H456, the movement of the CD from the NBD towards the PBD is
exergonic or approximately isoenergetic. This result is also in line with the swiveling domain
model [83] [1]. In the phosphorylated state, coupled motions between the CD and the NBD
have a smaller influence on the energetics of the conformational states [1]. We speculate that
the electrostatic repulsion between the phosphate group at H456 and reaction products,
including adenosine monophosphate, still bound to or being in the vicinity of the NBD fosters

the CD movement towards the PBD instead [1].
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PMFs calculated for the transition between conformational states I and II unexpectedly

do not reveal a structural intermediate along the transition path and show a marked prevalence
of state I (free energy difference > 12 kcal mol ™), irrespective of the phosphorylation state of
H456 (Figure 22 C/F) [1]. To provide an explanation for this observation and further details on
the coupling between motions of the CD and the NBD, we computed a 2D PMF, using as
reaction coordinates distancecp-psp and the distance between S215ca — E272c¢q
(distancenspi-NBD3, Figure 21, numbering according to F. trinervia, see also Table 2) for the
non-phosphorylated PPDK [1]. The reaction coordinate distancenspi-nsps represents the
opening-closing motion of the NBD very well (Figure 21) [1]. Reference points for umbrella
sampling were generated using targeted constrained geometric simulations [124] between
start/end states of FfPPDK from cluster III / cluster I (Figure 20), with further reference points
added using the conformation after 6 ns of umbrella sampling as a starting point for the next
interval [1]. The sampling windows overlap well along the two reaction coordinates (Figure
23), and the 2D PMFs are qualitatively indistinguishable irrespective whether only the first half,
the second half, or the complete sampling time is used for their -calculation

(Figure 41), strongly indicating converged results [1].
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Figure 23: Umbrella sampling. Frequency distributions of the sampled distances used as reaction coordinates
(Figure 21) for umbrella sampling are shown (A) for the 782 MD simulations covering the 2D space spanned by
both reaction coordinates (contour lines are plotted at frequencies of 5000, 10000, 15000, 20000, and 25000

conformations) and (C) for 17 MD simulations at a restrained distancecp.psp = 30 A as well as (B) for 45 MD
simulations at a restrained distancenxspinsps = 35 A. Each color represents one MD simulation. Taken from [1].
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Figure 24: 2D Potential of mean force, with
the distancecp.ppp between H456¢, — H565¢q
and the distancenspi-NBD3 between
S215¢cq — E272¢, used as reaction coordinate of
the swiveling motion of the CD and the
opening-closing motion of the NBD,
respectively, (see Figure 21) computed for
H456 in the non-phosphorylated state. The
diamonds show projections of PPDK crystal
structures in conformational states marked by
Roman numbers (Figure 18) onto the plane
spanned by the two reaction coordinates (using
for each organism the corresponding residues to
evaluate the reaction coordinates (Table 2)) (I:
PDB 1DIK, 2DIK, 1GGO, 1JDE, 1KBL,
1KC7; 11a: 5JVI/B, 1Ig: SIVL/A, Ilc: 5JVL/C,
IIp: SJIVL/D; Illa: 2R82, Illg: 1VBG, Ilc:
1VBH, Illp: SJVJ/A; IV: 5JVN; V 2X0S). The
star marks a shallow energy minimum close to
conformation I'V. Taken from [1].
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The most prominent feature of the PMF is that conformational states III and I reside in or
close to minima of the free energy landscape (Figure 24) [1]. Furthermore, a shallow free energy
minimum is identified at distancecp-pep ~28 A and distancenspi-nsps ~38 A (marked by a star
in Figure 24), lying close to the structural intermediate from the FpPPDK crystal structure
(conformational state IV, Figure 18) [1]. The transition path between conformational state I1I
and IV runs such that distancenspi-Ngp3 remains almost constant while distancecp-pep changes
by ~15 A [1]. In contrast, between conformational state IV and I, the transition paths continues
in a diagonal manner, revealing a correlation between the swiveling motion of the CD (change
of distancecppep by ~25 A) and the opening-closing motion of the NBD (change of
distancenspi-nps by ~10 A) [1]. These characteristics agree very well with those found by the
1D PMFs, where distancenspinpps only starts to decrease once distancecppsp > 25 A
(Figure 22B/E) [1]. Overall, both PMF calculations thus reveal a complex, stepped swiveling
motion of the CD with varying degrees of coupling to the NBD motions and proceeding via
conformational state IV [1]. Moreover, the 2D PMF reveals that conformational state II is
located in a region of elevated free energy (Figure 24), providing an explanation why a
transition path obtained by targeted simulations between conformational states II and I results

in a downhill motion towards state I (Figure 22C/F) [1].
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5.1.4 Unrestrained MD simulations

To support the finding that conformational state II is located in a region of elevated free energy
(Figure 24), we mapped all unrestrained MD simulations started from each of the
conformational states of non-phosphorylated PPDK onto the plane spanned by distancecp-rep
and distancenspi-nps (Figure 25A-E) [1]. The results reveal that for all but two of the 3 x 5
MD simulations of 600 ns length started from conformational states I, III, IV, and V, the
conformational sampling occurs in the vicinity of the starting structure (Figure 25A/B/C/E); in
two cases, MD simulations started from conformational state III show a conformational
transition to state IV (Figure 25A) [1]. Notably, in all three MD simulations started from
conformational state II, conformational transitions of PPDK either to state III or IV are observed

after at most 192 ns of MD simulations (Figure 25D), strongly indicating that conformational

state II is unstable [1].
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Figure 25: Unrestrained MD simulations of PPDK. Projection of conformations from MD simulations and
crystal structures of PPDK (dots; each color represents one MD simulation of non-phosphorylated FfPPDK, see
Table 3) (using the corresponding residues for each organism (Supporting Table 2), with Roman numerals
according to Figure 18) onto the reaction coordinates distancecp-pep and distancenspi-nsps (Figure 21). (I: PDB ID
1DIK, 2DIK, 1GGO, 1JDE, 1KBL, 1KC7; II: 5JVJ/B, 5JVL/A, 5JVL/C, 5JVL/D; 1II: 2R82, 1VBG, 1VBH,
SIVIJ/A; TV: 5JVN; V 2XO0S). Three MD simulations of 600 ns length each were started from (A) conformation
III, (B) conformation IV, (C) conformation V (D) conformation II, and (E) conformation I. Taken from [1].
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5.1.5 Effective driving force of the swiveling motion

Reaction at the
PBD

His -
Coupled swiveling and

P_His opening-closing motion

Pyruvate

Figure 26: Simplified model of the coupled motions in the PPDK monomer. The PPDK-catalyzed reaction
(middle row) involves a phosphoryl transfer via H456 of the CD (yellow) between the locations of the two
reactions at the NBD (green, right side) and at the PBD (blue, left side). The dotted arrows in the cartoons in the
top and bottom rows indicate motions of the CD and within the NBD. The upper row indicates the empty motion
in the direction toward the NBD and the lower row the phosphoryl transport motion in the direction toward the
PBD. Taken from [1].

The analysis of crystal structures, unrestrained MD simulations, and configurational free energy
calculations consistently and independently revealed the existence of structural intermediates
of the swiveling motions and coupled motions of the CD and the NBD for non-phosphorylated
PPDK [1]. The respective 1D PMF of PPDK with non-phosphorylated H456 is sawtooth-like
(Figure 22B), with barrier heights for the transition from state III to I between 1.5-2.5 kcal mol™!
(2.5-4.1 kgT at T =300 K) [1]. For the reverse transition with phosphorylated H456, the 1D
PMF also displays a sawtooth-like character (Figure 22E), with barrier heights of 1.8 kcal mol™!
(3 kT at T=300 K) and the free energy profile being tilted in favor of state III compared to the
non-phosphorylated PPDK [1]. The sawtooth-like free energy profiles suggest that PPDK can
exploit random thermal fluctuations for directional motion of its CD [1]. Typically, this type of
profile is indicative of a Brownian ratchet mechanism [50], pioneered by Feynman [13] and
Huxley [38] [1]. Barrier heights on the order of k3T, as associated with the CD motion in the
PPDK catalytic cycle, suggest that a Brownian ratchet biases fluctuations rather than rectifying
them [46] [1]. To drive the respective directional motions, a non-equilibrium situation needs to
be created that relaxes towards equilibrium [1]. For the non-phosphorylated PPDK, this
situation is suggested to be created by binding of ATP to the NBD, as such binding leads to a
closing of the NBD due to the progressive formation of ATP/NBD interactions [1]. Transmitted
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via coupled motions, the NBD closing then leads to a preference for the CD to be close to the
NBD, at least in the second half of the transition pathway between PBD and NBD [1]. However,
we are aware that biased Brownian ratchets and power stroke motors have the same
phenomenological behavior and are difficult to distinguish experimentally [46] [1]. Hence, we
cannot exclude that the conformational changes observed in the NBD of our structural
intermediates induce a strain in the enzyme that would directly drive the CD motion upon ATP
binding, thus resulting in a power stroke mechanism [129] [1]. Overall, this situation is similar
to ATP synthase and ATP-dependent molecular machines such as myosin, kinesin, or
chaperonin parts, where the stepped motions in the catalytic cycle are triggered by binding of
the high energy substrates PEP or ATP, respectively [105] [1]. For the phosphorylated PPDK,
at least part of the non-equilibrium situation is suggested to arise from electrostatic repulsion
between the phosphorylated H456 and the NBD [1]. A similar situation was created by
introducing appropriately charged residues into a mutant of non-phosphorylated CsPPDK,
resulting in the CD being adjacent near the PBD (PDB ID 2R82) [91] [1]. In all, our analyses
suggest that both changes of the binding state of PPDK and of its molecular identity
((non-)phosphorylation) contribute to the enzyme acting as a molecular switch with respect to
the swiveling motion [1]. Moreover, our molecular simulation data are indicative that PPDK
might employ a Brownian ratchet mechanism biasing thermal fluctuations in order to generate

a net directional CD motion [1].

5.2 The alternate binding change mechanism of the PPDK dimer

The biologically active from of PPDK in bacteria and protozoa is considered to be a dimer, and
may be a tetramer in plants [78-80] [1, 2]. The dimeric form of PPDK was exposed for the first
time in the asymmetric unit with the crystal structure 5JVJ, with the dimer interface formed by
the two PBDs [1]. Notably, the two monomers differs in the conformational state of the NBDs,
with that of chain A being in an open and that of chain B in a closed conformation [1]. The NBD
of monomer B exhibits additional electron density that might reflect a bound adenine nucleotide
[1]. The distinct conformational states of the NBD of 5JVJ have led to the hypothesis that PPDK
employs an alternate binding change mechanism [1] (also termed reciprocating mechanism
stressing its processivity [130]) similar to ATP synthase [131, 132] or bacterial ATP-dependent
DNA helicases [94] [2]. However, why PPDK is active only in as dimer and to what extent an
alternate binding change mechanism could underlie this fact has remained elusive [2]. The
following results were published in our paper Ciupka and Gohlke [2], and are reproduced

verbatim in subchapter 5.2:
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5.2.1 Native interface of the PPDK dimer

Initially, the interface found between the PBD domains in 5JVJ was investigated regarding its
role for forming the dimeric biological unit of . trinervia PPDK [2]. Using the PDBePISA tool
[133] the analysis revealed an interface area of 2077 A? , > 40 potential hydrogen bonds and
salt bridges found within the interface, a AG p-value of 0.370, and a complexation significance
score (CSS) of 0.514, these data imply that the interface plays an essential role in complex
formation rather than it being a result of crystal packing only [2]. Mutations reported to reduce
PPDK’s cold-dependent dissociation and therefore inactivation [134] appear in the vicinity of
the dimer interface (Figure 27A). Together with the high degree of conservation of the residues
forming the dimer interface (Figure 27B), found in a multiple sequence alignment performed
with MAFFT [113] on 1000 PPDK sequences obtained by BLASTp [135], this finding support

the assumption that the considered dimer interface represents the native functional dimer [2].

50% T I 1 00 %

Sequence conservation [%]

Figure 27: Validation of dimer interface. (A) Crystal structure PDB ID 5JVJ showing mutations (spheres in
purple and circled) reported to reduce PPDK’s cold-dependent dissociation and thereby inactivation [134] with the
dimer interface indicated by the dashed orange line in top view (top) and side view (bottom). (B) All-atom model
of PDB ID 5JVJ showing the degree of sequence conservation (see color scale) mapped onto the surface of chain B
of the whole structure (top) and as a close-up of the dimer interface. The conservation degree was computed from
a multiple sequence alignment obtained with MAFFT [113] of 1000 PPDK sequences identified by BLASTp [135]
in the NCBI-NR database of non-redundant protein sequences [136]. Taken from [2].
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5.2.2 Structural dynamics of dimeric PPDK
Next, all-atom structures of PPDK dimers from F. trinervia were generated with the two NBDs
in unbound closed/closed, open/closed, or open/open conformations, as well as in ATP-bound
closed/closed conformations (see Materials and Methods for details) [2]. The dimers served as
starting structures for three independent MD simulations of 300 ns length each (Table 3),

respectively, resulting in total twelve MD simulations (Figure 28) [2].
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Figure 28: Time course of the opening-closing motions of the NBDs of chain A (black line) and chain B (deep
purple line) measured by the respective distancenxspi-ngps between S215¢, — E272¢,. From the conformations
labeled on the top axis, three replica MD simulations each were started of 300 ns length, with the mean over an
interval of 60 ns shown in gray (for chain A) and light magenta (for chain B). Adapted from [2].

The MD simulations revealed a pronounced tendency for unbound, closed NBD domains
to open (six out of nine cases) with an opening usually occurring during the first 150 ns of a
trajectory [2]. In contrast, open NBD conformations remained open during the simulation time
(nine out of nine cases), and ATP-bound closed conformations remained closed (six out of six
cases), although it cannot be excluded that this finding is due to too short simulation times,
particularly in the last case [2]. Still, with respect to the question of an alternate binding change
mechanism, ten out of twelve MD simulations do not indicate a preference for one NBD of the
PPDK dimer to be in a conformation different from the other, given identical binding states of
both domains [2]. Note that the CDs stayed at their starting positions facing the PBD in all MD
simulations, in contrast to the observation from our study on monomeric PPDK [2]. The latter
observation might result from MD simulation times that are at least two-fold longer than those

here [2].
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Further, a PCA in Cartesian space was performed on coordinates derived from all twelve

MD simulations [2]. 66% of the variance in the motions of the PPDK dimers can be
characterized by the first two principal components (PC), with the 1% and 2™ PC explaining
~34%, and ~32%, respectively (Figure 29B) [2]. According to atomic displacements along PC
directions (Figure 29A), both the 1% and 2" PC primarily reflect the opening-closing motions
of both NBDs, which are predominantly executed by the first and second subdomains (NBD1
and NBD?2), as indicated by the (sub)domain-wise collectivity index (Figure 29C) [2].
Interestingly, while the 1% PC describes a symmetric motion of both NBDs (i.e., both open, or
close, simultaneously), the 2" describes an anti-symmetric one (i.e., one opens, the other
closes) (Figure 29A) [2]. Considering the almost equal proportion of variance both PCs
characterize, this finding does not support that the opening-closing motion of one NBD depends

in a defined manner on the motion of the other NBD [2].
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Figure 29: Principle component analysis of the PPDK dimer, computed from MD simulations of an aggregate
simulation time of 3.6 ps, depicting the 1* and 2" principal component (PC) in gold and silver, respectively.
(A) Representation of atomic displacements along the directions of the 1% and 2" PC on the crystal structure
PDB ID 5JVJ. The amplitudes of the motions were scaled, and a cutoff for small displacements was applied for
best graphical representation. (B) The proportion of explained variance is depicted versus the number of the
principal component (PC) ranked by its eigenvalue. 66% of the variance can be explained by the first two PCs.
(C) Domain-wise collectivity index x of the 1% and 2" PC. Adapted from [2].
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Moreover, cross-correlation analysis of Cow atom fluctuations, computed to identify a
possible coupling between the opening-closing motions, reveals, first, positively correlated
motions of the PPDK domains (NBDs, CDs, and PBDs) themselves, and, second, in part
positively and in part weakly negatively correlated motions between the PBDs (Figure 30A);
the positively correlated motions occur in those regions of the PBDs that form the dimer
interface (Figure 30B) [2]. Third, motions of the NBD of one chain are weakly negatively
correlated to those of the PBD of the other chain, which might reflect the close distances
between these domains [2]. However, motions between the NBD of one chain and the PBD of
the same chain are largely uncorrelated, as also found for monomeric PPDK (Figure 19) [2].
Finally, motions between the two NBDs are also uncorrelated (mean correlation coefficient of
0.1), implying that the opening-closing motion of one NBD is not directly dependent on the
opening-closing motion of the other NBD [2].
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Figure 30: Cross-correlations map of Co atom fluctuations of the PPDK dimer, performed on snapshots from
MD simulations. (A) For the whole structure with the residue numbering labeled on left and at the bottom, and the
substructures labeled on the top and right axes. Positive correlations are indicated in blue, negative correlations in
red (see color scale). Correlated motions within and between domains are marked with squares with solid and
dashed line, respectively. Squares with round corners indicate that no correlated motions between the two NBDs
were found. (B) Blow-up of the region displaying intermolecular correlations between the PBDs of chains A and
B, with the secondary structures as predicted by DSSP [137] in black/gray and the interface residues in blue labeled
on the top and right axes. Adapted from [2].
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5.2.3 Energetics of the opening-closing motions

To complement the unrestrained MD simulations, the PMF of the opening-closing motion of
the NBD of chain A was computed, using umbrella sampling along the distancenspi-NBD3
between S215¢, — E272¢q of chain A as a reaction coordinate. This reaction coordinate had
been shown to represent the opening-closing motion of the NBD very well (Figure 21) [2].
From the PMF of the PPDK monomer, we expected the open conformation of PPDK being
energetically preferred for the conformation of the CD facing the PBD [2]. To analyze how the
conformational and binding states of chain B modulate the PMF, umbrella sampling simulations
were performed for five states of chain B (Figure 31): With the CD facing the PBD and the
NBD being unbound and a) open or b) closed; c¢) with the CD facing the PBD and the NBD
being closed and ATP-bound; with the CD facing the NBD and the NBD being closed and
d) unbound or e¢) ATP-bound. State c) resembles what has been found in PDB ID 5JV] [2].

Conformational state of chain B

State a) b) c) d) e)
CD facing PBD; PBD; PBD; NBD; NBD;
NBD open; closed; closed; closed; closed;
ATP bound no no yes no yes

Opening-closing motion of chain A

Figure 31: Umbrella sampling of PMF computations setup for dimeric PPDK. Schematic representation of
states to validate the alternate binding change mechanism with umbrella sampling / PMF computations. Adapted
from [2].
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Intermediate states between the open and closed NBD conformations of chain A were
generated by targeted simulations with the NMSim approach [ 124, 125]. The umbrella windows
display sufficient overlap regarding the frequency distribution of values for the reaction
coordinate (Figure 32) [2]. Furthermore, although the motions of the CDs, the NBD of chain B
and ATP were not restrained, their conformational and binding states remain similar to the
starting conditions (Figure 32A-D) [2]. Finally, the PMFs using 'z or all sampled data differ by
at most ~2 kcal mol™! (Figure 32E), suggesting converged results [2].
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Figure 32: Overlap of umbrella sampling simulations, exemplarily shown for state c) (Figure 31) and
chain A (A) and B (B) in terms of frequency distributions of the distancenspi-nsps between S215¢, — E272¢q, (used
as a reaction coordinate in the case of chain A), and distancecp-psp between H565¢, — H456¢4, which was not
restrained during the simulations. The umbrella sampling simulations display well-overlapping frequency
distributions of distancenspi-ngps for chain A. (C) Overlay of the NBD and ATP coordinates to an all-atom model
of PDB ID 5JVI. For clarity, only chain B is displayed; the dimer interface is indicated by the orange line; the state
of the opening-closing motion is shown for each umbrella sampling window by an overlay of the closest-to-the-
average structures of the NBD. The ATP coordinates are shown for every 20 ps for all umbrella sampling
simulations of state c¢. (D) RMSD of ATP within the binding site with respect to the starting structure.
(E) Convergence of the PMF, computed for the first 15 ns (gray), the second 15 ns (black), and the complete 30 ns
(blue) simulation time per window. Taken from [2].
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Several points stand out in the PMFs (Figure 33B) [2]. First, for all three systems, the
global minimum is found at distancenspi-neps ~39 A, demonstrating that the unbound NBD
with the CD facing the PBD prefers the open conformation, as also indicated by the unrestrained
MD simulations of the PPDK dimer [2]. This result is also in line with PMF computations for
the non-phosphorylated PPDK monomer (Figure 24), the respective distancenspi-nsps of all
currently available X-ray structures with an unbound NBD and the CD facing the PBD (PDB
ID: 2R82 (distancenspi-nsps = 38.7 A), 5JVI (38.5 A), 1VBG (35.8 A), and 1VBH (36.8 A)
(Supporting Table 2)), and the suggested catalytic mechanism [2]. Second, the PMFs are
qualitatively indistinguishable irrespective of whether chain B is in state a) - ¢), corroborating
the above implications that the opening-closing motion of one NBD does not directly depend
on the conformational and binding state of the NBD of the other chain [2].

Opening-closing motion of chain A

State b)
State c) 16
State a)
©
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Chain A - Distance,gpnens [Al

Figure 33: Potential of mean force of the opening-closing motion. PMF of the opening-closing motion of the
NBD of chain A, with chain B having the CD facing the PBD with the NBD in the open, unbound conformation
(a, black circle), closed, unbound conformation (b, blue triangle point up), and in the closed, ATP-bound
conformation (c, green square), as well as the CD facing the NBD with the NBD in closed, unbound conformation
(d, orange triangle point down) and in closed, ATP-bound conformation (e, orange dotted line). The
distancenspi-nep3 between Ser215¢, — Glu272¢, was used as a reaction coordinate. The standard deviation for all
data points is < 0.02 kcal mol”! computed by a bootstrapping procedure (see material and methods). Adapted from

[2].
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5.2.4 Changes in structural stability due to PPDK dimer formation
As an independent way to analyze mechanical coupling within the PPDK dimer structure, CNA
[72] was performed on coordinates of chain A, chain B, or the dimer, which were all extracted
from one MD simulation of the PPDK dimer with a conformation as observed in the X-ray
structure (PDB ID 5JVJ) (see material and methods) [2].

In CNA, the molecular system is represented as a constraint network, which is analyzed
using rigidity theory [73, 138], revealing rigid clusters and flexible links in between [2]. By
performing a constraint dilution simulation [76], a stability map [128] is obtained that reports
on the hierarchy of structural stability of the molecular system [2]. It does so in terms of the
energy along a constraint dilution trajectory at which a rigid contact rc;; between a pair of amino
acids (i, j) vanishes; a rigid contact is present as long as the two residues belong to the same
rigid cluster [2]. The difference stability map calculated as rc;(Dimer) — rc;(Monomer,
chain A) — rc;i(Monomer, chain B) then reports on the influence on structural stability due to
dimerization (Figure 34) [2]. Here, only additional interactions across the interface affect the
structural stability but not conformational changes, as the conformations of the dimer and the
two monomer chains were extracted from one MD trajectory [2]. Note that this analysis allows
revealing long-range aspects to rigidity percolation, that is, whether a region is flexible or rigid

may depend on structural details that are faraway [139] [2].
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Figure 34: Differences in the structural stability of monomeric and dimeric PPDK, computed with CNA.
(A) Stability maps depicting the energy Ec. (see color scale at the bottom) at which a rigid contact is lost between
two residues along a constraint dilution trajectory of the PPDK dimer (upper triangle), the monomer with open
NBD (Chain A, top lower triangle), and the monomer with closed NBD (Chain B, bottom lower triangle).
(B) Difference stability map calculated as rc;(Dimer) — rc;(Monomer, chain A) — rc;(Monomer, chain B) for all
residues pairs in the upper triangle and for neighboring (< 5 A apart) residues in the lower triangle. The residue
numbering is given on the left and on the bottom, and the proteins domains labeled on the top and on the right.
Squares with round corners indicate were contacts between the NBDs would have been. Adapted from [2].
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The intermolecular part of the difference stability map was projected onto the PPDK
dimer structure in terms of struts connecting respective residue pairs; the color of the struts
indicates to what extent a rigid contact was stabilized due to formation of the PPDK dimer from
the monomers (Figure 35) [2]. Dimerization does not only increase structural stability of both
PBDs, as may have been expected because of additional interactions across the interface
(Figure 35G), but also that of the CD of one chain (Figure 35D/H), or the NBD of one chain
(Figure 35A/1), due to the presence of the PBD of the other chain, respectively, as may have
been inferred from the close distances between the respective domains [2]. Effects on structural
stability due to dimerization are also observed for residue pairs on the NBD of one chain and
the CD of the other chain (Figure 35B/F) [2]. This finding clearly reflects the long-range aspect
to rigidity percolation [139], as the distance between both domains is at least 50 A but additional
constraints due to dimerization are only placed to model (short-range) noncovalent interactions
(i.e., hydrogen bonds, salt bridges, and hydrophobic interactions between the monomers) [2].
Notably, however, no change in structural stability due to dimerization is observed for pairs of

residues located on either NBD (Figure 35C) [2].
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Figure 35: Effect of the dimerization on the stability of PPDK as computed by CNA. Stability map (left) of the
intermolecular differences in rigid contacts with secondary structures and residue numbering given on the left and
on the bottom and projected difference in the stability of rigid contacts (right) onto Ca atoms of the PPDK structure
5JVJ (missing atoms were added by homology modeling). Rigid contacts that are more stable in the dimer than in
the monomer are indicated in darker blue colors (see color scale at the bottom). Between (A) NBD and PBD, (B)
NBD and CD, (C) NBD and NBD, (D) CD and PBD, (E) CD and CD, (F) CD and NBD, (G) PBD and PBD, (H)
PBD and CD, and (I) PBD and NBD of chain A and chain B, respectively. Adapted from [2].
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5.2.5 Crystal packing environments of the NBDs in PDB ID 5JVJ
Finally, the structure PDB ID 5JVJ was analyzed in order to validate the presence of the two
distinct conformations of the NBD (open/closed) in the crystal [2]. The PDBePISA tool [133]
reveals six symmetry-related interfaces involving the NBD (Table 6, interfaces given in italic),
forming two different crystal packing environments for the NBDs (Table 8) [2]. We next probed
if the observed crystal packing would also be possible with the respective alternative
conformational state of the NBD by superimposing an all-residue model of the open
conformation of the NBD onto the closed conformation, and vice versa, using the coordinates

of the third NBD subdomain (aa 244-340) for overlaying [2].

D

Figure 36: Crystal contacts involving the NBDs. of the PPDK structure PDB ID 5JVJ. (A) Cartoon
representation of the PPDK dimer (including all atoms) with the PBD colored blue, the CD colored yellow, the
NBD depicted by three different greens, the dimer interface indicated by the dashed orange line, and residues
forming crystal contacts shown as spheres. Residues not resolved in the structure were modeled and are displayed
in purple. (B, C) Detailed view on chain B (closed NBD, (B)) and chain A (open NBD, (C)) with residues forming
crystal contacts shown as sticks. (D, E) Superposition of the open and closed conformation of the NBD of chain A
(D) and B (E), respectively. The respective alternative NBD conformation is shown in gray, with the distance of
respective atoms involved in forming crystal contacts shown as black lines. Published in [2].
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Excluding crystal contacts where the positions of the interacting atoms in the alternative

NBD conformations differ by > 1 A, or where positions of interacting atoms can be maintained
by sidechain rotations or motions of flexible loops, the analysis reveals that 12 crystal contacts
for chain A (open conformation) and 2 crystal contacts for chain B (closed conformation) would
break if the respective alternative conformation of the NBD were located there, rather than the
one found in the crystal structure (Figure 36 and Table 8, labeled in bold) [2]. While this
analysis is qualitative only, it suggests that the crystal packing contributes favorably to, if not
fosters, the occurrence of conformationally different states of the NBDs in the asymmetric unit
[2]. Notable support for the influence of crystal packing on the conformational state of that
PPDK structure arises from the fact that for chain B with a closed and likely adenine nucleotide-
bound NBD, the CD is located close to the PBD, rather than the NBD [2]. This arrangement is
unexpected in view of the enzyme mechanism (Figure 26) and leads to an energetically

unfavorable conformational state of that chain (see Figure 24) [2].

5.2.6 Coupling of the opening-closing motions mediated by the CDs

Although we did not find evidence for a direct coupling of the opening-closing motion or the
structural stability of the two NBDs, the fact that PPDK dissociates in a cold-dependent manner
and then becomes inactive [134] leads to the question as to why only the PPDK dimer is active
[2]. Previously, we showed for monomeric PPDK that the CD motion and the opening-closing
motion of the NBD is coupled [1] [2]. Above, we showed by CNA that the structural stability
of the CD and the NBD of one monomer is influenced by the presence of another monomer
(Figure 35A/B/F/1) [2]. Taken together, it is tempting to hypothesize that PPDK dimerization
influences the opening-closing motions of the NBDs, and that this influence is mediated via the

CDs of both chains (Figure 37) [2].
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Chain B

Chain A

Figure 37: Suggested coupling of motions and structural stability in the PPDK dimer. Intramolecular
coupling of the swiveling motion of the CD with the opening-closing motion of the NBD (indicated by deep purple
bars) was demonstrated for the PPDK monomer (see chapter 5.5). The results from the study on the PPDK dimer
furthermore indicate that PPDK dimerization influences the opening-closing motion of an NBD mediated via the
CD of the other chain. Mutual increases in structural stability due to dimerization as revealed by CNA are indicated
by orange dashed lines. Our findings lend support to the hypothesis of a binding change mechanism in the PPDK
dimer: When the NBD of chain A is closing (1), the CD of chain A swivels towards the NBD (2), the CD of chain
B swivels towards the PBD (3), and the NBD of chain B is opening (4) (illustrated by black arrows) and vice versa

(illustrated by gray arrows). Taken from [2].

Initial support for this hypothesis is found by comparing the PMFs of the opening-closing
motion of the NBD, when the CD is near the PBD, in the monomeric state (AGopen — closed
~20 kcal mol!; see Figure 24) and in the dimeric state (with the CD of the other chain facing
the PBD = state a), AGopen — closed ~16 kcal mol™!; Figure 33) [2]. The comparison indicates that
the closing of the NBD is less energetically unfavorable in the dimeric state, which could
explain why the PPDK dimer is the active form [2]. Further support for this hypothesis arises
from additional PMF computations of the opening-closing motion of the NBD (chain A) of
dimeric PPDK, in which the CD of the same chain faces the PBD but that of chain B faces the
NBD (states d) and e), Figure 33). The PMF of state d) reveals a lower free energy for the
closing of the NBD of chain A (by ~6 kcal mol' compared to states a) - c) at
distancenspi-nps ~26 A; Figure 33) [2]. The ATP-bound conformation of chain B (state e)),
which is expected to stabilize the conformation of the NBD and CD of chain B, fosters this
effect in that the free energy for the closing of the NBD of chain A is now lower by
~10 kcal mol! (at distancenspi-nsps ~26 A; Figure 33) compared to states a) - ¢) [2]. Taken
together with our previous results (chapter 5.5), these findings suggest that the conformational
states of the CDs of both chains in the PPDK dimer affect the energetics of the opening-closing

motions of the two NBDs [2]. However, a thorough validation of this hypothesis would require
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PMF computations considering both distancesnspi-nps as well as two reaction coordinates
characterizing the swiveling motion of each CD simultaneously, resulting in a 4D-PMF [2].
Given the computational burden we faced when performing 2D-PMF calculations on

monomeric PPDK, such calculations are beyond the scope of the present work [2].
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Summary, significance, and perspectives

The aim of this thesis was to analyze the internal motion of PPDK in order to resolve PPDK’s
mode of action. This task was subdivided into two manageable parts.

First, my calculations revealed an intramolecular coupling between the CD motion and
the opening-closing motion of the NBD in the PPDK monomer using all at that time available
PPDK structures, molecular dynamics (MD) simulations and configurational free energy
(potential of mean force (PMF)) computations. Further, the unrestrained MD simulations and
1D and 2D PMF calculations predicted that the swiveling motion proceeds via a conformational
intermediate where the CD is located roughly in between the PBD and NBD. The crystal
structure of PPDK from Flaveria trinervia independently confirmed this, until then, unknown
intermediate (PDB ID 5JVJ) [1]. The molecular simulations and crystallographic data
furthermore indicated that PPDK might employ a Brownian ratchet mechanism biasing thermal
fluctuations in order to generate a net directional CD motion [1].

Secondly, analyses were performed on the PPDK dimer validating an alternate binding
change mechanism proposed based on the crystal structure PDB ID 5JVIJ. Results from
unbiased MD simulations, cross-correlation analysis, PCA, PMF computations, and CNA did
not provide evidence for a direct coupling of the opening-closing motion or the structural
stability of the two NBDs in dimeric PPDK [2]. However, I provided results that support the
hypothesis that PPDK dimerization does influence the opening-closing motion of the NBDs,
and that this influence is mediated via the CDs of both chains [2]. Such an influence would be
a prerequisite for an alternate binding change mechanism to occur (Figure 37) and could result
in an overall mechanism of dimeric PPDK as displayed in Figure 38 [2]. To the best of our
knowledge, this is the first time that a possible explanation has been suggested as to why only
dimeric PPDK is active [2]. The suggestion would add another example to the rare occurrences
of asymmetric organization of protein structures, and, as in other cases [130, 140], the
asymmetry would serve a special role, here enzyme activation [2].

Besides further comprehensive PMF computations, it should be interesting to investigate
the structural dynamics and function of dimeric PPDK by single molecule spectroscopy,
applying, e.g., Forster resonance energy transfer measurements, in order to map the time-scales

of exchange and the pathways between conformational states [141] [2].
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Coupled swiveling and
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Figure 38: Proposed mechanism of dimeric PPDK. The mechanism proposed for PPDK involves the following
steps: (Ilc—1a) Transfer of a phosphoryl group from ATP to H456 of the CD of chain B. (Ig) ATP binding to the
NBD of chain A leads to the closing of this NBD, which is coupled with the CD motion of chain A swiveling from
the PBD to the NBD, and the CD motion of chain B swiveling from the NBD to the PBD; the latter CD transports
the phosphoryl group from the NBD to the PBD of chain B. (Ic—1l1a) The phosphoryl group bound to H456 of the
CD of chain B is transferred to pyruvate at the PBD of chain B to generate PEP. Steps Ilac are identical to Iac
but now the functional roles of chains A and B are exchanged. Between Ilc and 1A as well as Ic and 114, reactions

(1) and (2) mentioned in the Background section take place. Taken from [2].
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Supplementary Figures

PEP/
Pyruvat

Figure 39: Topology representation of the PPDK structure, with CD (colored yellow) containing the catalytic
histidine (circled), connected via LD (colored red) to PBD (colored blue) and to the NBD (with the three
subdomains depicted by three different greens). Helices and sheets are numbered and represented as tubes and
arrows, respectively. Taken from [1].
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] +1__ +2 _+3 _+4 __+5 +6 __+7 __+8 +9 +10
Nucleotide- NBD1 B1 K;K K;K R;R v;v F;F T;T F/F G/G K/K G/G
. g .. 10 R/R S/S E/E G/G N/N R/K D/D M/M K/K §/S
Binding ﬁ“deom'T" 20 L/L L/L G/G G/G K/K G/G A/A N/N L/L a/A O
Domain “erming 30 E/E M/M Ss/A Ss/s I/I G/G L/L S/s V/V P/P
Subdomain 2 40 Pp/P G/G L/L T/T I/I S/S T/T E/E A/A C/C .
(NBD) 50 E/E E/E Y/Y 0/Q 0/0 N/N G/G K/K S/K L/L
60 P/P P/P G/G L/L W/W D/D E/E I/I S/L E/E 7
70 G/G L/L D/R Y/Y V/V Q/Q K/K E/E M/M S§/S
80 A/A S/s L/L G/G D/D P/P S/S K/K P/P L/L
B3 90 L/L L/L S/S V/V R/R S/S G/G A/A A/A I/I
Bz 100 s/s M/M P/P G/G M/M M/M D/D T/T V/V L/L
110 N/N L/L G/G_L/L N/N D/D E/E V/V V/V A/A a5
120 G/¢ L/L A/A G/G K/K S/S G/G A/A R/R F/F
130 A/A Y/Y D/D S/S Y/Y R/R R/R F/F L/L D/D a6
140 M/M F/F G/G N/N V/V V/V M/M G/G I/I P/P
150 H/X S/s L/L F/F D/D E/E K/K L/L E/E Q/E o
160 M/M K/K A/A E/E K/K G/G I/v H/X L/L D/D
170 T/T D/D L/L T/T A/A A/A D/D L/L K/K D/D
180 L/L V/V E/E K/Q Y/Y K/K N/N V/V Y/Y V/V as
190 E/E A/A X/K G/G E/E K/K F/F P/P T/T D/D
200 P/P K/K K/K Q/0 L/L E/E L/L A/A V/V N/N -
210 A/A V/v F/F D/D S/S W/W D/D S/S P/P R/R =
ps220 A/A N/N K/K Y/Y R/R S/S I/I N/N 0/Q I/I
230 T/T G/G L/L X/K G/G_T/T A/A V/V_N/N I/I
240 0Q/Q s/c M/M V/vV [F/F G/G N/N M/M G/G N/N
Pe250 T/T S/S G/G T/T G/G V/vV L/L F/F T/T R/R
NBD3 260 N/N P/P S/Ss T/T G/G E/E K/K K/K L/L Y/Y
Subdomain: B7270 G/G E/E F/F L/L I/V N/N A/A Q/Q G/G E/E i
C-Terminal 280 D/D V/V V/V A/A G/G I/I R/R T/T P/P E/E
Subdomain 20 b»p/D L/L G/A T/T M/M E/E T/T C/C M/M P/P ai2
300 E/E A/A Y/Y K/R E/E L/L V/V E/E N/N CcC/C ai3
310 E/K I/I L/L E/E R/R H/X Y/Y K/K D/D M/M
B8320 M/M D/D I/I E/E F/F T/T V/V Q/Q E/E N/N
f9330 R/R L/L W/W M/M L/L Q/Q C/C R/R T/T G/G
" " 340 K/K R/R T/T G/G K/K G/G A/A V/V R/R I/I
Linker Domain 350 A/A V/V D/D M/M V/V N/N E/E G/G L/L I/I a14
(LD1) 30 D/D T/T R/R T/T A/A I/I XK/K R/R V/V E/E ais
370 T/T Q/Q H/X L/L D/D Q/Q L/L L/L H/X P/P aié
380 0/Q F/F E/E D/N _P/P S/S A/A Y/Y K/K_ S/S ai7
Bio pil 390 H/X V/v V/v A/A T/T G/G L/L P/P A/A S/S
B12 400 P/P G/G A/A A/A V/V G/G Q/Q V/V C/V F/F
410 s/s A/A E/E D/D A/A E/E T/T W/W H/X BA/A iy
B13420 Q/Q G/G K/K S/s A/A I/I L/L V/V R/R T/T
430 E/E T/T S/s Pp/p E/E D/D V/V G/G G/G M/M e
B14 440 H/X A/A A/A A/A G/G I/I L/L T/T A/A R/R
450 G/G G/G M/M T/T S/S H/X A/A A/A V/V V/V e
B15460 A/A R/R G/G W/W G/G K/K C/C c¢/Cc V/V s/s
B16 470 G/¢ c/c aA/A D/D I/I R/R V/V N/N D/D D/D
B17 B18 480 M/M K/K I/V F/L T/T I/I G/G D/D R/R V/V
B19490 I/I K/K E/E G/G D/D W/W L/L S/S L/L N/N
B20500 G/G T/S T/T G/G E/E V/V I/I L/L G/G K/K
Linker Domain 510 Q/Q L/L L/L A/A P/P P/P A/A M/M S/S N/N
520 »p/D L/L E/E _1/T F/F M/M_S/S W/W__A/A D/D a2l
(LD2) B21530 0Q/Q A/V_R/R[R/R L/L K/K V/V M/M A/A N/N
540 A/A D/D T/T P/P N/N D/D A/A L/L T/T A/A &5
PEP/ 22550 R/R N/N N/N G/G A/A 0/Q G/G I/I G/G L/L
Pyruvate- 560 c/C R/R T/T E/E H/X M/M F/F F/F A/A S/S az3
- 570 D/D E/E R/R I/I K/K A/A V/V R/R K/K M/M -
Binding 580 I/I M/M A/A V/V T/T P/P E/E Q/Q R/R K/K
Domain 590 v/A aA/A L/L D/D L/L L/L L/L P/P Y/Y 0Q/Q azs
600 R/R S/s D/D F/F E/E G/G I/I F/F R/R A/A
(PBD) B23610 M/M D/D G/G L/L P/P V/V T/T I/I R/R L/L
620 L/L D/D P/P P/P L/L H/X E/E F/F L/L P/P az6
630 E/E G/G D/D L/L E/E H/H I/I V/V N/N E/E 27
640 L/L A/A V/V D/D T/T G/G M/M S/S A/E D/D =
650 E/E I/I Y/Y S/S K/K I/I E/E N/K L/L S/s
660 E/E V/V N/N P/P M/M L/L G/G F/F R/R G/G az9
670 c/c R/R L/L G/G I/I s/S Y/Y P/P E/E L/L a3o
680 T/T E/E M/M Q/Q V/V R/R A/A I/I F/F Q/Q a3l
690 A/A A/A V/V S/S M/M T/N N/N Q/Q G/G V/V
p24700 T/T V/V 1I/I P/P E/E I/I M/M V/V P/P L/L
710 Vv/v G/G T/T P/P Q/Q E/E L/L R/R H/X Q/Q
720 1/1 Ss/G v/v I1I/I R/R G/G V/V A/A A/A N/N a3z
730 v/v F/F A/A E/E M/M G/G V/L T/T L/M E/D
B25740 Y/Y K/K V/V G/G T/T M/M I/I E/E I/I P/P
75 R/R A/A A/A L/L I/I A/A E/E E/E I/I G/A a33
B26760 X/K E/E A/A D/E F/F F/F S/S F/F G/G T/T _—
770 N/N D/D L/L T/T Q/Q M/M T/T F/F G/G Y/Y
780 s/s R/R D/D D/D V/V G/G K/K F/F L/L Q/Q a3s
790 I1/I Y/Y L/L A/S Q/0 G/G I/I L/L Q/Q H/X
800 D/D P/P F/F E/E V/V I/L D/D Q/Q K/K G/G
810 V/V G/G @Q/Q L/L I/I K/K M/M A/A T/T E/E -
27 820 K/K G/G R/R A/A A/A N/N P/P S/N L/L K/K
83 Vv/V G/G I/I cC/C G/G E/E H/X G/G G/G E/E az7
840 Pp/P S/S S/s Vv/v A/A F/F F/F D/D G/G V/V azs
p2880 G/¢G L/L D/D ¥Y/Y V/V S/s c/c S/S P/P F/F
860 R/R V/V P/P I/I A/A R/R L/L A/A A/A A/A a3g
870 Q/Q V/V I/V_V/V

Figure 40: PPDK sequence from F. trinervia

labeled on the right and left, respectively.

! F. pringlei. One-letter code of the amino acid sequence of
F. trinervia (first letter) and F. pringlei (second letter) with protein (sub)domains and background indicated by
colored boxes and the secondary structure by background colors (blue for helices and yellow for sheet) as well as
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Figure 41: Convergence of the 2D PMF calculation of non-phosphorylated FfPPDK. 2D PMFs computed using
umbrella sampling along the two reaction coordinates (Figure 21) are shown for (A) only the 1% half of the
sampling time, (B) the 2" half, and (C) the complete sampling time of 8 ns per window. Taken from [1].



| 65

Appendix
Supplementary Tables
Table 2: All currently known PPDK structures 12!
Cluster Organism PDB Comment Distance Distance Reference
[b] D cp-pep!Y  NBD1-NBD3!
I C. symbiosum 1DIK - 45.5 28.1 [83]
I C. symbiosum 2DIK R337A 45.8 28.0 [142]
1 C. symbiosum 1GGO T453A 45.5 28.6 [143]
I C. symbiosum 1JDE K22A 46.2 28.1 [101]
1 C. symbiosum 1KBL - 45.6 28.6 [144]
| C. symbiosum 1KC7 PEP analog bound 45.4 28.4 [144]
II  F. trinervia 5JVJ Chain B; PEP bound; CD and NBD incomplete 11.6 30.3 1]
Il  F.trinervia  5JVL Chain A; PEP and ATP analog bound 12.9 28.4 1]
1I F. trinervia SJVL Chain C; PEP and ATP analog bound 98 29.9 1]
II  F. trinervia SJVL Chain D; PEP and ATP analog bound 93 28.7 1]
1 C. symbiosum 2R82 R219E/E271R/S262D 10.4 38.7 [144]
Il Z mays 1VBG - 16.4 35.8 [90]
Il Z mays 1VBH PEP bound 17.2 36.8 [90]
Il  F. trinervia 5JVJ Chain A; PEP bound 13.4 38.5 [1]
IV F. pringlei 5JVN PEP and ATP analog bound 25.3 375 1]
V T brucei 2X0S - 49.2 355 [89]
-lel F. trinervia  SJVL Chain B; PEP bound; NBD not resolved 15.5 - 1]
e Cosymbiosum 2FM4 NMR-derived structure of the CD - - [145]

[al Crystal structures described in Minges and Ciupka et al. [1] are shown in bold. Table taken from [1].

(] The cluster number relates to Figure 18 with cluster I (closed NBD with CD facing NBD); cluster II (closed
NBD with CD facing PBD); cluster III (open NBD with CD facing PBD); cluster IV (open NBD with CD in
between PBD and NBD); and cluster V (open NBD with CD facing NBD). Within each cluster, structures are
sorted in chronological order.
[l Structure not used for analysis due to missing domains.
(41 Measured between C, atoms of residues 455-564 (C. symbiosum); 456-565 (F. trinervia); 456-565 (F. pringlei);
482-589 (T. brucei); 458-567 (Z. mays); in A.
[el Measured between C, atoms of residues 214-271 (C. symbiosum); 215-272 (F. trinervia); 215-272 (F. pringlei);
218-275 (T. brucei); 217-274 (Z. mays); in A.
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Table 3: MD simulations of PPDK 2!
Conformation Conformation Repetitions Simulation
chain A chain B length !
I: NBD closed, CD facing NBD - 3 600
II: NBD closed, CD facing PBD - 3 600
III: NBD open, CD facing PBD - 3 600
III: NBD open, CD facing PBD - 1 1500
III: NBD open, CD facing PBD - 1 700
IV: NBD open, - 3 600
CD between PBD and NBD

V: NBD open, CD facing NBD - 3 600
NBD closed, CD facing PBD NBD closed, CD facing PBD 3 300
NBD closed, CD facing PBD NBD open, CD facing PBD 3 300
NBD open, CD facing PBD NBD open, CD facing PBD 3 300
NBD closed, ATP bound, NBD closed, ATP bound, 3 300
CD facing PBD CD facing PBD

(2l Table adapted from [1, 2].
] In ns.
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Table 4: Umbrella sampling simulations of the PPDK monomer [?!
System Windows Simulation
length !

NBD open (non- phosphorylated) 42 42.5 (1785)
NBD closed while the CD approached and vice versa (non- 42 42.5 (1785)
phosphorylated)
NBD closed (non- phosphorylated) 42 42.5 (1785)
NBD open (phosphorylated) 42 42.5 (1785)
NBD closed while the CD approached and vice versa 42 42.5 (1785)
(phosphorylated)
NBD closed (phosphorylated) 42 42.5 (1785)
D 45 * 17 9 (7035)

(782) [

(2] Table taken from [1].
! for each window (Total simulation time for all windows), in ns.
[l For distancecp.rep and distancenspi-nsps respectively (total number of windows).
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Table 5: Umbrella sampling simulations of PPDK dimer 2!
Dimer Conformation Windows  Simulation
arrangement chain B length !
a) CD facing PBD, NBD open, unbound 17 30 (510)
b) CD facing PBD, NBD closed, unbound 17 30 (510)
C) CD facing PBD, NBD closed, ATP bound 17 30 (510)
d) CD facing NBD, NBD closed, unbound 17 30 (510)
e) CD facing NBD, NBD closed, ATP bound 17 30 (510)

(2l Taken from [2].
[l For each window (Total simulation time for all windows), in ns.
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Table 6: Analysis of the PPDK interfaces by PDBePISA 2l
Structure 1 Structure 2 Interface
Range N Symmetry Range N Interface A'G AlG N N CSS
res operation res area [di Pvalue — p s lel
[b] [b] [c] [e] f]
B X, A
PBD 56 Y, PBD 53 2077.4 -174 0370 34 10 0.541
z
B -x-1/2, B
LD 36 y-1/2, LD 42 1180 -10.6 0344 13 3 0
NBD3 -z NBD3
A -X, A
PBD 44 Y, PBD 43 1145.8 -6.6 0443 10 O 0
CD -z+1 CD
A -x+1/2, A
CD 19 y-1/2, NBD2- 23 440.2 24 0500 4 2 0
-z+1 3
A X, A
CD 12 y-1, NBDI, 14 364.4 -0.9 0578 3 5 0
z 3
B X, B
PBD 8 y-1, NBDI 8 203.2 -2.2 0403 4 0 0
z
B X, B
PBD 4 Y, PBD 4 161.3 -1.8 0.590 2 0 0
-Z
A x-1/2, A
PBD 3 y-1/2, NBD?2 5 102.3 2.1 0615 0 0 0
z
B x-1/2, B
NBD2 4 y-1/2, PBD 3 94.8 1.1 0.501 0 0 0
z
[l The dimer interface of PPDK is shown in bold; interfaces involving the NBD are shown in italics.
Taken from [2].
) Number of interface residues.
lel 1n A2,

[4 Solvation free energy gain upon formation of the interface, in kcal mol™'.
el Number of hydrogen bonds.

[l Number of salt bridges.

[e] Complexation significance score.
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Table 7: Conservation of dimer interface residues [l

Interface  Interacting atoms'*! ASA BSA AIG Conservat
residues!” [d] lel n jon'?!
E657 O 71.8 1.11 | -0.01  27.6
N658  Cq, C, O, Os1, Ns2 111.4 28.85 ||| -0.28 258
L659 Cq O 20.5 0.50 | 0.01 98.9
S660 O 82.6 8.83 || -0.1 55.6
E661  Cq, Cp, Cy, Cs, Og2 61.4 29.90 |||l 0.29 100.0
V662 N, O, Cg, Cy1, Cp2 143.9 64.79 |||l 0.49 67.2
N663 N, Cq, O, Cg, Cy, Os1, Ns2 97.3 96.86 |||l -0.71  100.0
P664 Cg Cs 66.4 29.97 I 0.48 100.0
M665 Cp, Cy, Ss 48.1 14.38 ||| 0.25 100.0
L666 C, O, Cp, Cy, Cs1, Cs2 102.4  102.23 ||[||IIl]I 1.17 80.5
G667 Cq C,0 18.3 18.30 ||l 0.29 100.0
F668 N, Cq, O, Cp, Cy, Cs1, Cs2, Ce1, Ce2, C; - 66.1 49.05 ||} 0.75 74.2
R672  C,, O, Cp, Cy, Cs, Ng, C, N1, Ny2 77.0 75.36 I[N} -0.6 100.0
1675 0, Cy2, Ca 47.0 46.40 ||l 0.58 52.7
S676  Cq, O, Cg, Oy 61.6 45.12 ||l 0.09 42.2
Y677 C¢ 95.8 0.16 | 0 85.8
P678  C, 43.2 2.18 | 0.03 99.7
L710 Cs 0.8 0.17 || 0 99.9
G712 C, 8.4 4.16 ||| 0.07 63.7
T713  Cg, Oy1, Oy2 38.8 34.94 I 0.47 29.2
Q715 C, Cg, Cy, Cs, Og1, Ne2 102.9 57.64 |||l 0.54 44 .4
E716 N, Cq, Cy, Cs, Oc1, Oz2 31.3 29.04 |/l 0.1 100.0
H719  Cg, Cs2, N2 80.2 9.59 ||l -0.26  29.1
1749 Cy1, Cy2, Gt 22.8 2.25 |l 0.36 52.3
P750  Cg, Cy, Cs 33.0 2.62 |l 0.52 99.7
R751 N, Cq, Cp, Cy, Cs, Ne, Cg, N2 116.3 95.03 ||} -0.73 999
L754 O, Cg, Cs1, Cs2 89.1 87.55 I 1.2 81.9
1755 Cp 294 24.53 |l 0.39 40.3
E758  Cs, Oc1, Os2 80.1 27.93 ||| -0.24 621
Q775 0O, Cy, Oa 5.6 5.64 |l -0.01  100.0
M776 Cq, O, Cg, Cy, Ss, Ce 38.7 38.73 |l 0.34 57.8
T777  Cq, O, Cy2 52.5 52.48 I 0.14 88.1
F778  C, C, O, Cy, Cs2, Cq1, Ce2, Ct 63.0 57.65 |l 0.38 75.4
G779 N, C, C 64.3 64.25 I 0.23 99.0
T780  Cq, C, Cs1, Cet, Oy 243 21.30 ||} 0.16 38.7
S781 N, Cq, Cp, Oy 43.0 42.93 |l 0.32 100.0
R782 C, 88.6 0.16 | 0 100.0
D783 (g, Cy, Os1, Os2 114.1 32.05 || 0.15 100.0
D784 C, O, Cp, Cy, Os1, Os2 76.3 66.65 ||/||I/]| -0.25 999
V785 C. 12.6 0.33 | 0.01 80.1
K787 0O, Cg, Cy, Cs, Ce, Nt 168.0  104.09 |||||I| -0.77 544
F788  Cg, Cy, Cs1, Cs2, Ce1, Ce2, Ct 60.9 59.74 I 0.96 99.2
1791 Cs, Cy2, Cs1 109.5 44.84 1|l 0.72 26.0
T792  Csi, Cet, Ce2, Cg, On 68.2 68.24 || -0.08  99.8
E795 O, C, Cs, Oz, Ne2 132.2 34.68 ||| -0.34  59.6
G79 C,0 43.4 10.50 ||| -0.06 57.8
1797 Ca, O, Cy1, Cy2, Csi 97.6 92.70 /I 1.11 79.2
L798 Cs 22.0 9.37 Il 0.15 43.1
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Q799 Ne 130.5 10.35 | -0.12  62.7
D807  C,, Os1, Os2 32.2 14.73 |||l -0.17  99.6
L809 C, C, O, Cg, C, 112.5 40.42 ||| 049 283
G810 N,C,, C, 0O 25.6 25.60 |l 0.34 100.0
E813  Cg, Cy, Cs, Oqt, N2 106.3 56.61 |||l -0.57 44.6
L814 C,, Cs1, Cs2 22.7 21.61 |l 0.35 98.0
M817 Ss, Ce 494 20.22 |||l 0.35 44.8
K821 N¢ 66.2 11.32 | -0.42  40.7

(2 Taken from [2].

[®] Interface residues, predicted by PDBePISA.

[l Residues forming hydrogen bonds and salt bridges are labeled in bold and blue, respectively.

4 Accessible surface area, in A2, predicted by PDBePISA.

] Buried surface area, in A2, with each vertical bar corresponding to 10% of total solvent-accessible surface area

buried, predicted by PDBePISA.

[l Solvent energy effect, in kcal mol”!, predicted by PDBePISA.
lel Degree of conservation, from a multiple sequence alignment obtained with MAFFT [113] of 1000 PPDK
sequences identified by BLASTp [135] in the NCBI-NR database of non-redundant protein sequences [136].
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Table 8: Crystal contacts involving the NBD in PDB ID 5JVJ 2l

Appendix

Symmetry Interacting atom HB/ Interacting atom  Distance to overlay with
interface SB at the NBD alternative NBD
conformation !
-x-1/2,y-1/2,-z B-ASP 853 ODI HB  B-ASN 250 ND2 3.6 (located on loop)
-x-1/2,y-1/2,-z B-GLN 531 O HB  B-THR 288 N 0.4
-x-1/2,y-1/2,-z B-TRP 528 O HB  B-THR 288 OGl 0.5
x-1/2,y-1/2,-z B-THR 362 OGl1 HB  B-THR 288 OGl 0.5
-x-1/2,y-1/2,-z B-ILE 873 O HB  B-ASP 291 N 0.9
x-1/2,y-1/2,-z B-ILE 873 O HB  B-THR294 OGl 13
-x-1/2,y-1/2,-z B-ASP 848 O HB  B-CYS 298 SG 1.6
-x-1/2,y-1/2,-z B-ASP 848 ODI HB  B-CYS 298 SG 1.6
-x-1/2,y-1/2,-z B-LYS 510 N HB  B-GLU 308 OEl 3.6 (side chain rotated)
-x-1/2,y-1/2,-z B-LYS 510 NZ HB  B-GLU305 OE2 0.8
-x-1/2,y-1/2,-z B-LYS 510 NzZ SB B-GLU 305 OE2 0.8
-x-1/2,y-1/2,-z B-LYS 536 NZ HB B-THR171 O 15.5
-x-1/2,y-1/2,-z B-GLN 556 NE2 HB  B-ASP 172 OD1 16.8
x-1/2,y-1/2,-z B-ALA 387 O HB  B-ARG 315 NH1 5.7 (side chain rotated)
-x-1/2,y-1/2,-z B-ARG 363 NE SB B-GLU 272 OE2 0.8
-x-1/2,y-1/2,-z B-ARG 363 NHI1 SB B-ASP 291 OD1 0.8
-x+1/2,y-1/2,-z+1  A-SER 390 OG HB  A-MET 248 O 0.8
-x+1/2,y-1/2,-z+1 A-GLN 511 NE2 HB A-GLY 124 O 8.4
-x+1/2,y-1/2,-z+1 A-GLU 290 OE1 HB/SB A-LYS 77 NZ 114
-x+1/2,y-1/2,-z+1 A-GLU 290 OE2 SB A-LYS 77 NZ 114
x+1/2,y-1/2,-z+1  A-SER 390 O HB  A-ASN 250 N 1.1 (located on loop)
x,y-1,2 A-ARG 476 NH2 HB/SB A-ASP 17 OD2 8.9
x,y-1,2 A-ASP 480 ODI SB A-LYS 318 NZ 0.6
x,y-1,2 A-ASP 488 OD1 HB A-SER 12 N 3.0
x,y-1,2 A-ASP 488 OD1 SB A-ARG 11 NE 9.0
x,y-1,z A-ASP 488 OD2 HB/SB A-ARG 11 NE 9.0
x,y-1,z A-ASP 488 OD2 SB A-ARG 11 NH2 10.1
x,y-1,z B-ASP 650 OD2 HB A-LYS 19 N 9.8
x,y-1,z B-ASP 650 OD2 HB A-SER 20 N 11.7
x,y-1,2 B-ASP 650 OD2 HB A-SER 20 OG 153
x,y-1,2 B-ASP 650 N HB A-SER 20 OG 153

2l As predicted by PDBePISA. Crystal contacts that are unique for an arrangement with chain A (open) and chain B
(closed) are shown in bold. Dotted lines separate the crystal contact effecting the NBD of chain A and the crystal
contact effecting the NBD of chain B. Taken from [2].
(®] Distance of interacting atoms after superposition with the all-atom model of the alternative NBD conformation

(see main text for details and Figure 36), in A.
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